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MIDWEST RESEARCH INSTITUTE 
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To: Ron Myers, EPA 

From: Greg Muleski 

Subject: 

This memo summarizes the results of the stepwise regressions that you and I have talked 
about over the past few months. As we discussed, I assembled the unpaved road PMIO 
emission factor data base without regard to the type of vehicle (e.g., haul trucks) as long 
as the vehicle is moving along an unpaved surface. Thus, test results for public rural 
roads with light-duty traffic would be included with tests of haul trucks at steel plants, 
quarries and surface mines. Furthermore, scrapers in the "travel" mode (Le., fully loaded 
or unloaded and moving) would be included. The ranges of vehicle weightslspeeds are 
shown below: 

Regression results for unpaved road PMIO emission .tests 

~~ 

Type of Road 

Industrial I 40 I 2-280 I 20 I 5 - 4 3  11 
Public I 1.8 1 1 . 5 - 2 . 5 1  36 I 15-55  11 

The assembled data set is shown in Attachment A. Note that only tests of uncontrolled 
and watered roads were considered. The assembled data sets comprises 203 individual 
test results. This includes the 6 "total" PMIO tests I developed from the report to the 
National Stone Association and presented in the set of comments that I sent you last 
month. It also includes the Reno, NV unpaved road tests conducted as part of Bill 
Kuykendal's PM2.5/PM10 study. On the other hand, the tests from Raleigh, NC and the 
first tests that Chat conducted at our Field Station in Grandview, MO are not included 
because those tests (BJ-1 through BJ-4 in Raleigh and BG-I through BG-5 at the Field 
Station) have not yet been formally reported. However, I did reserve the 9 tests for 
validation purposes. This is discussed later in the memo. 

Emission Factor Development 

Stepwise multiple linear regression was used with the data set. The potential correction 
factors include: 

- surface silt content, s 
- surface moisture content, M 



- mean vehicle weight, W 
- mean vehicle speed, S 
- mean number of wheels, w 

All variables were log-transformed in order to obtain a multiplicative model as in the past. 

The data base was then sorted by whether the test represented uncontrolled or watered 
conditions. The first analysis involved the stepwise regression of the uncontrolled tests 
using the potential correction parameters of s, W, S, and w (silt, weight, speed and 
number of wheels). Note that moisture content was not considered. In this case, W 
entered the regression first, and silt on the second step. The resulting model is of the 
following form: 

e a s00'W36 (2) 

(This first regression is roughly analogous to repeating how the unpaved road emission 
factor was derived. As before, only uncontrolled tests were included in the data set. In 
this case, however, the effort focused on the PMIO size fraction of emissions. The 
resulting emission factor is roughly comparable to the current AP-42 unpaved road 
emission factor equation. The silt content has almost a linear ("power of 1") relationship 
with the emission factor. In addition, emissions follow a "less-than-linear" relationship with 
vehicle weight. In Equation (I), however, the exponent for W is roughly half that in the 
current AP-42 equation. 

Next, uncontrolled and watered tests were considered separately, but this time with 
moisture content included as a potential correction parameter. For the 137 uncontrolled 
tests, weight and silt were again the first two variables to enter the regression. Moisture 
entered on the third step and speed on the fourth, with the resulting model of the form: 

(2) e a 05 W 49 SO 29 MO 25 

Inclusion of speed is somewhat tentative, in that its level of significance is just slightly 
greater than 10%. Had the requirement for a variable to enter been tightened, speed 
would not have entered. 

For the 43 watered tests, only two correction parameters entered the regression, silt and 
weight. The resulting model is of the form 

(3) 0 7 2 ~ 5 7  e a  s 

Finally, both uncontrolled and watered tests were considered as one data set, again with 
M included as a potential correction parameter. In this instance, weight and silt again 
entered first and second, with moisture entering on the third step. As before, speed S 
entered on the fourth iteration. The resulting model is of the form 

(4) 0 0 5 W 5 0 ~ 0 3 2 , ~ 0 2 9  e a  s 

Again, inclusion of the variable S may be viewed as somewhat contingent. As opposed 
to Equation (2), S enters at the 10% level of significance in this regression. Still, its 
inclusion is definitely the product of the data set being used. For example, the exclusion 
of only one or two certain low-speed tests from the data set would probably result in S not 



entering the regression at all. On the other hand, dropping those tests would essentially 
have not effect on the rest of the model. 

Unlike vehicle weight (which spans two orders of magnitude), most speeds in the data set 
lie in a fairly tight band between 15 and 35 mph. In addition, the emission factor is found 
to have a reasonably weak (0.3 power) dependence on speed. Had the requirement for a 
variable to enter the regression been tightened from 10% to 5% level of significance, 
speed would not enter the equation, and the resulting model would have the form: 

(5) e a so.82 w46 / M0.28 

Fairly strong cases could be argued for selecting either Equation (4) or Equation (5). I 
first thought that (4) is preferrable for the following reasons: 

1. 

2. 

For the majority of cases when the average speed is roughly between 15 and 35 
mph, the two equations have roughlx the same predictive accuracy. 

Equation (4) would allow an AP-42 user to account for instances with either low- or 
high-speed traffic. Equation (4) is likely to have greater accuracy in those cases. 

However, in performing some of the validation studies, I found that, when part of the data 
base was held back for validation purposes, the number of wheels rather than speed 
would enter on the last step. It appears to me that the fourth variable is just a little too 
much on the "ragged" edge. Equation (5) somewhat sidesteps the'issue, but it is still 
based on good science and allows one to perform more straightfolward validation 
analyses. 

The unpaved road emission model I recommend incorporating into AP-42 is based on 
Equation (5) and thus has the general form, 

e = 1.6 ( S / I ~ ) ~ . '  (W/3)"' I (6) 

where 
e = PMIO emission factor (Ib/vmt) 
s = surface material silt content (%) 
W = mean vehicle weight (tons) 
M = surface material moisture content (YO) 

Note that the "normalizing factors" of 12% silt and 3 tons are the same as for the current 
AP-42 model. This allows one to compare the leading term of 1.6 Ib/vmt in Equation (6) 
to the factor of 2.1 Ib/vmt inherent in the current version of the unpaved road predictive 
model. This is consistent with my earlier finding that "re-centering'' the current factor to 
PMIO data would require reducing the leading term by about 30%. 

Validation Studies 

The first validation study made use of a cross-validation analysis. In this approach, each 
data point is eliminated one at a time. The regression obtained from the "reduced" data 
base is used to estimate the missing data value. In this way, a set of "n" quasi- 
independent obsetvations is obtained from the data set of "n" tests.' 

The cross-validation (CV) shows that the model is fairly accurate for a very broad range of 



Source conditions. Table 1 indicates that, although the model may slightly under- or 
overpredict emission for some specific subset of the data base, the general agreement is 
quite good. The CV analysis further found that, for the quasi-independent estimates of 
the measured emission factors, 

0 52% are within a factor of 2 
0 73% are within a factor of 3 
0 90% are within a factor of 5 
0 98% are within a factor of 10 

In examining the residuals (Le., the error between the predicted and observed emission 
factors), I found that Equation (6) tends to overpredict the lowest and underpredict the 
highest observed factors. In other words, the model appears to have a systematic bias at 
the extremes of the parent data base. This is not believed to be overly restrictive, given 
AP-42's goal to represent "average" conditions. No other significant relationship was 
found for the residuals. 

A limited second validation study involved reserving approximately 20 to 25% of the data 
base for validation purposes. Test data were randomly selected for inclusion in either the 
"development" or the "validation" data set. Two separate random selections were 
performed. The development data set is used to develop the relationship which is used 
to estimate tests in the validation set. The first development set led to the following 
predictive model 

e = 1.55 ( S / I ~ ) ~ ' *  (W/3)044 / 

and Development Set 2 led to the following model 

e = 1.72 (~ /12) "~  (W/3)043 / (M/1)026 

Note that both development sets led to models very similar to that in Equation (6). When 
the two models were used to predict data in the validation sets, the following summary 
statistics result: 

No. of Ratio of Predicted to Observed 
Validation Set Cases Minimum Maximum Geo. Mean Geo. Std. Dev. 

1 n = 4 1  0.123 29.3 0.926 2.92 
2 n = 4 0  0.125 6.58 1.27 2.63 

A final validation study involved the 9 emission tests that have not yet been formally 
reported. Table 2 shows the results of the comparisons of predicted to observed PMIO 
emission factors. Predictions based on both Equation (6) and the current AP-42 model 
are considered. In general, agreement is quite good for the new unpaved road model. 

Summary 

A revised unpaved road emission factor of the type presented in Equation (6) 
satisfactorily predicts emissions from a broad range of vehicles traveling over unpaved 
surfaces. It appears that this model could replace not only the "generic" unpaved factor 
in Section 13.2 but also the haul truck factor in the surface coal mine section. 
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Run 

BJ-I 
BJ-2 
BJ-3 
BJ-4 

BG-1 
BG-2 
BG-3 
BG-4 
BG-5 

Silt 
(%) 

4.01 
2.9 

4.26 
3.7 

7.2 
6.22 
6.07 
7.56 
7.97 

Table 2. Application of new model to Raleigh and Grandview data 

Ratio of Predicted to 
Observed 

Measured 
Moisture Weight Speed No. of PMlO EF Equ. Current 

(%) (tons) (mph) Whls (Iblvmt) (6) AP-42 

0.1 2 30 4 1.23 0.88 0.43 
0.1 2 30 4 1.29 0.65 0.30 

0.07 2 30 4 0.84 1.51 0.67 
0.09 2 30 4 1.32 0.80 0.37 

7.2 2 30 4 0.503 0.95 1.89 
0.65 2 30 4 0.925 0.95 0.89 
0.54 2 30 4 1.12 0.81 0.71 
1.38 2 30 4 0.118 6.95 8.44 
1.12 2 30 4 0.0884 10.30 11.88 

NOTE: BG-4 and -5 conducted under mist and rainy conditions. 
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Table 1. Re 
I 

Uncontrolled/ 
Type of Vehicle/Road Watered1 

Haul trucks I U 

I W 

I Overall 

Light-medium duty 

traffic on industrial 
roads 

Light-medium duty 
traffic on public 
roads 

U 

I Overall 

Heavy duty traffic on 
industrial roads I U 

Scrapers in travel mode I U 

I W 

I Overall 

ilts of Cross-validation 

measured emission factor 

Cases 

Geo. Mean Geo. Std. Dev. 

39 I 0.98 I 2.44 

34 I 1.10 I 2.49 

73 1.03 2.45 
I I 

2.36 I 0.97 43 I 

72 I 1.02 I 2.54 

3 1.28 1.39 

23 I 0.82 I 3.62 

9 1 .oo 5.13 

32 0.87 3.93 
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for PM-IO. Also. a reapplication Ofthe peWleum resin had an csdmatd lifetime of 23,000 vehicle p-s 

for PM-IO. 

A cost effectivemss was calculated for each Of the three controls as follows: the Petro Tac initial 

application was $O.O6/lb of PM-10 reduced; thc Coherexa initial application was $OM/ Ih of PM-IO 

reduced; the Coherex* reapplication was $O.16/lb of PM-10 reduced; and the water application was 

$1.30/lb Of PM-10 d u w d .  

?.2.14 

This d y  was conducted to develop emission factors for major surface coal mining activities 

occurring in the western United States. Results arc rcporad of testing conducted in 1979 and 1980 at thne 

surface coal mines located in Wyoming, Nortb Dakota, and New Mcxico. Sampling was conducted on thc 
following mining operations: drilling, blasting. coal loading, bulldozing, dragline operations, haul trucks, 

light- and mediumduty trucks, scrapers, graders, and wind erosion of exposed areas. Particulate sizes 
measured include, TSP, E’, and PM-2.5. 

Exposun profiling was uscd to measure emissions from Lim source activities such as vehicle haffic 

on unpaved roads and from scraping and grading. Comparisons of data from protiling and upwind- 

downwind methods were made for scrapers and haul roads. A modified exposure profiling methodology 

was utilized for blasting emission measurements, and a wind tunncl was ustd to mcasurc wind erosion 

emissions. Area source emissions such as coal loading were tested with an upwindldownwind 

methodology. 

The exposure profiling method used a downwind profiler with four sampling heads located at 

heights of 1.5 to 6.0 m. A standard hi-vol sampler (2.5 m), a hi-vol sampler fitted with a cascade impactor 

(2.5 m), and two dichotomous samplers (1.5 and 4.5 m) were located downwind. Dust fall buckets were 

placed upwind and downwind at a height of 0.75 m to measure the particle deposition. Upwind 

concentrations were measured with one dichotomous sampler and one standard hi-vol sampler, both located 

at a height of 2.5 m. Wind spccd was measured with warm w i n  anemometers downwind at heights of 1.5 

and 4.5 m. 

4-13 
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PREFACE 

This repon was prepared by Midwest Research Institute MU) for the Office of Air Quality I 
Planning and Standards (OAQPS), U. S. Environmeod Protection Agency (EPA), under Contract 
No. 68-D24159, Work Assignment No. 4-02, Mr. Ron Myen was the requester of the work. 
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EMISSION FACTOR DOCUMENTATION FOR AP-42 SECTION 13.2.2 - 
1. INTRODUCTION 

The document Compilation of Air  Polluranr Emission Factors (AP-42) has been published by the 

U. S. Environmental Protection Agency @PA) since 1972. Supplements to -42 have been routinely 

published to add new emission source categories and to update exisring emission factors. AP-42 is 

routinely updated by EF'A to respond to new emission factor needs of EF'A, State and local air pollution 

control programs, and industry. 
- 

An emission factor is a representative value that attempts to relate the quantity of a pollutant - 
released to the afmosphere with an activity associated with the release of that pollutant. Emission facton 

usually are expressed as thc weight of pollutant divided by the unit weight, volume, distance, or duration 

of the activity that emits IJE pollutant. The emission factors presented in AP-42 may be appropriate to use 

in a number of siatations, such as making source-specific emission esiimatcs for area wide inventories for 

dispersion modeling, developing control sintegies. screening sources for compliance purposes, 

establishing operating permit fees, and making permit applicability determinations. The purpose of this 

report is to provide background information from test reports and other information to support revisions to 

AP-42 Section 13.2.2, Unpaved Roads. 

. 

This background report consists of five sections. Section 1 includes the introduction to the report. 

Section 2 gives a characterization of unpaved road emission sources and a description of the technology 

used to control emi&ons resulting from unpaved roads. Section 3 is a review of emission data collection 

and emission measurement procedures. It describes the literature search, h e  screening of emission dam 

reports, and the quality rating system for both emission data and emission equations and methods of 

emission fictor determination. Section 4 details how the r e v i d  M-42 section was developed. It includes 

the review of specific data sets, a description of how candidate the emission equation was developed, and a 

summary of changes to the AP-42 section. Section 5 presens the AP-42 Section 13.2.2, Unpaved Roads. 

Throughout this report, the principal pollutant of interest is PM-llbparliculate matter (PM) no 

greater than 10 wnA (microns in aerodynamic diameter). PM-10 forms the basis for the current National 

Ambient Air Quality Standards (NAAQS) for particulate matter. PM-IO thus represents the particle size 

range that is of the greatest regulatory interest. Because formal establishment of PM-IO as the standarj 

,. 
1-1 
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basis for the NAAQS occurred in 1987, many earlier emission tern (and in fact the current version of the 

unpaved road emission factor) have been referenced to other panicle size ranges, such as. 

TSP 

- 

SP 

IP 

FP 

Total Suspended Particulate, as measured by the standard high-volume (hi-vol) air sampler. Total 
suspended paniculate, which encompasws a relatively coam size range, was the basis for the 

previous NAAQS for PM. Wind tunnel d e s  have shown that the particle mass capture 

efficiency c w e  for the hi-vol sampler is very broad, extending from 100 percent capture of 

particles smaller than 10 micrometers to a few percent capture of particles as large as 
100 micromeurs. Also, the capture efficiency c w e  varies with wind spced and wind direction, 

Ir_U.r --'-L.- .- ", ---=A..I-- .-. .."*"-..-I----. ----An- Thz, &-vel p ~ p l e r  not provide definitive size 

information for emission factors. However, an effective cutpoint of 30 pm aerodynamic diameter 
is frecjkently assigned to ihe standard hi-vol sampler. 

Suspenhed Particulate, which is often used as a smogate for TSP, is defined as PM with an 
aerodynamic diameter 110 greater than 30 rmA. SP may also be denorcd as 'PM-30.' 

Inhalable Paniculate is defined as PM with an aerodynamic diameter no greater than 15 rmA. IF' 

may also be denoted a~ 'PM-15.' 

Fine Particulate is defined as PM with an aerodynamic diameter DD greater than 2.5 pmA. FP 

may also be denoted as 'PM-2.5." 

As of this writing, thcEPA plans to promulgate new PM NA4QS based on PM-2.5. 

1-2 
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2. SOURCE DESCRIPTION 

2. I SOURCE CHARACTERIZATION' 

Particulate emissions occur whenever vehicles travel on unpaved roads. Dust plumes tailing 

behind vehicles on unpaved roads are a familiar sight in rural arm of the United States. Many industrial 

area also have active unpaved roads. When a vehicle travels an unpaved road. the force of the wheels on 

the road surface causes pulverization of surface material. particles arc lifted and dropped from the rolling 

-wheels, and the road surface is exposed to strong air currents in turbulent shear with the surface. The 
turbulent wake behind the vehicle continues to act on the road srtrface after the. vehicle has passed. 

2.2 EMISSIoNS'2 

The emission of -rn from unpav roads is particulate matter (PhQ including PM less than 

10 microns in aerodynamic diameter (PM-IO). The guantity of dust emissions from a given segment of 

unpaved road varies linearly with the volume ofhaffic. Field invesligatianr also have shown that 

emissions depend on correction parameters that characterize (a) the condition of a particular road and 

(b) the associated vehicle traffic. Parameters of interest in addition to the source activity (number of 

vehicle passes) should include the vehicle characteristics (e.g., vehicle weight), the properties of the road 

surface material being disturbed (e.g. silt content, moisture content), and the climatic conditions (e.&, 

frequency and amounts of precipitation). 

eg 

Dust emissions from unpaved roads have been found to vary directly with the fraction of silt in the 

road surface material. Silt consists of particles less than 75 pm in diameter, and silt content can be 

determined by measuring the proportion of loose dry surface dust that passes through a 20Chesh screen. 

using the ASTMC-136 method. 

2.3 HISTORY OF THE UNPAVED ROAD EMISSION FACTOR EQUATION IN AP42 

The current version of the AP42 unpaved road emission factor equation for dry conditions has the 

following form:' 
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~~ ~ 

I 30pm' I 3 0 ~  I 15pm s lOpm SSpm s2.5pm 

. 1.0 0.80 0.50 0.36 0.20 0.095 

E = k 5.9 (L)( -)( s T )  w O.' (T)'" 
12 30 

1.4 ,' 7 

where: 

E = Emission factor, pounds per vehicle-mile-Uaveled. (IblVMT) 

k = Particle size multiplier (dimensionless) 

- s = Silt content of road surhcc material ( W )  

I - 
W = mean vehicle weight, megagrams (Mg) (ton) 

w = mctin number of wheels (dimensionless) 

vrkic!r ~ d ,  kilnmeters pr hour (kmlhrl ~milcs per hour [mph]) 

AP-42 discusses how Equation 2-1 can be extrapolated to annual conditions ttrrough the 

simplifying assumption that emissiom an present at tht 'dry' level on days without mmmable 

precipitation and conversely, arc abscm on days with more than 0.1 in. (0.254 mm) of precipitation. 

Thus, the emission factor for am~ual conditions is: 

where all quantities are as before and: 

p = number of days with at least 0.254 mm (0.01 in.) of precipitation per year 

The particle size multiplier 'k" for different particulate size ranges is shown below. 

Aerodvnamic Particle Size MultiDlier W for Emation 2-1 1 

2-2 
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The earliest emission factor equation for unpaved roads firn appeared in AF'42 in 1975. The 

current version of the emission factor equation appeared in 1983 as part of Supplement 14 to the third 

edition of AP-42. 

The earliest version of the unpaved road emission factor equation included the first two correction 

terms shown in Equation 2-1 (i.e., silt content and mean vehicle speed). However, the data base for that 

version was limited to tests of publicly accessible unpaved roads travelled by lightduty vehicles and had a 

small range of average travel speeds (30 to 40 mph)3 Subsequent emission tcsting (upecially roads at 

- iron and steel plants) expanded the ranges for both vehicle weight and vehicle speed. In 1978, a modified 

equation that included silt, speed, and weight was published in an EPA report! In 1979, the current 

version (Equation 2-1) was first publi~hed;5 it incorporated a sliat reduction in the exponent for vehicle 

weight aad atkled the wheel correction term. 

Although the emission factor equation for unpaved roads has been modified over the past 20 yean. 

all versions have importaat common features. AU were developed using multiple linear regression of the 

suspended paniculate emission factor against m e d o n  parameters that describe source conditions. The 
silt content bas comistently been found to be of critical impownce in the predictive equation. The fust 

version of the predictive equation (and each subsequent refinement) included a roughly linear (power of 1) 

relationship between the emission factor and the road surface silt content.' 

In addition to the unpaved road emission factor equation discussed above, other studies have been 

undertaken to model emissions from unpaved road vehicular traffic. For example, the 1983 background 

document for this section of AP-42 lists three other candidate emission factor equations6 Equation 2-1 

was recommended over the other candidates on the basis of ie wider applicability. 

Additional studies ad- emissions from restricted classes of unpaved roads. In particular, a 

1981 report included separate emission factors for (a) light-to mediumduty uaffic, and @) haul huclrs on 

unpaved roads for use at western surface coal mines.' Neither equation bore resemblance to the generic 

unpaved road emission factor (Equation 2-1). A 1991 study (described in Section 4 of this report) 

addressed emissions due to relatively high-speed traffic on publicly accessible roads in Arizona2 

*Note that during the 1970s. the exponent for the silt content was rounded to Unity because of the grearer 
computational ease. Recall that this equation predated inexpensive calculators with "x to the y' capability. 

2-3 
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 hemo ore, in rrsponse to Section 234 of the Clean Air Act Amendments, the western surface coal 

mining emission factors were Results from that study are also described in Section 4. 

2.4 EMISSION CONTROL TECHNOLOGYIJ~JI 

Controls to reduce particulate emissions from unpaved roads fall into three general categories as 

follows: source extent reductions, surface improvements, and surface treatment. Each of the categories is 

dj,d below. - 
---- c-..-- --tmt -I--_ . . - r l ~ t i ~ ~ ~  limit -. the amrnct nf aaffic m duct particulate emissions. ThC emissions 

directly correlate to b e  vehicle miles traveled on the road. An example of limiting traffic is restricting road 

use to cemiu%ehicle types. The iron and steel indushy. for example, has instituted some employee busing 

programs to eliminate a large number of vehicle passes during shift changes. 

Surface improvements o&r a long tern control technique. Paving is a surface improvement !bat is 

a highly effective control, but can be cost prohibitive cspcciaUy on low volumc roads. From past 

experience, paving has an estimapd 99 percent conirol efficiency for PM-10. Control efficiencies 

achievable by paving can be cstimatcd by comparing emission factors for unpaved and paved road 

conditions. 'Ihe predictive emission factor equation for paved roads, given in AP42 Section 13.2.1, 

requires estimation of the silt loading on the traveled portion of the paved surface, which in turn depends on 

(a) the intensities of deposition processes that add silt to the surface, and (b) whether the pavement is 

periodically cleaned. 

Other surface improvements include covering the road surface with a new material of lower silt 

content. For example a dirt road could be covered with gravel or slag. Also, regular maintenance 

practices, such as grading, of gravel roads help to retain larger aggregate sizes on the traveled portion of 

the road and thus help reduce emissions. The amount of emissions reduction is directly tied to the reduction 

in surface silt content. 

Surface tfearments include control techniques that require reapplication such as watering and 

chemical stabilization. Watering increases the road surface moisture content, which conglomerates the silt 

particles and reduces their likelihood to become suspended when a vehicle passes over the road surface. 

The control efficiency of watering depends upon (a) the application rate of the water, @) the time between 

applications, (c) traffic volume during the period, and (d) the meteorological conditions during the period. 
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Chemical stabilization attempts to change the physical characteristics of the road and its surface to 

suppress emissions. Common chemical dust suppress an^ form a hardened cement-like road surface. The 

control effectiveness of chemical dust suppressanm depends on the dilution rate. application rate, time 

between applications, and mffic volume between applications. Other factors that effect the performance of 

dust suppressants include the vehicle characteristics (e& averag vehicle weight) and road characteri~dcs 

(e.g. bearing strength), The variabilities in b above factors and in individual products make the control 

efficiencies of chemical dust suppressants difficult to calculate. Past experience has shown that chemical 

dust suppressants provide a PM-10 control efficiency of about 80 percent when applied at regular 

-Figure 2-1 presents control efficiency relationships averaged over two wmmon application intervals. 

/ 2 weeks and 1 month. 

2-5 
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3. GENERAL DATA REVIEW AND ANALYSIS PROCEDURES 

3.1 LITERATURE SEARCH AND SCREENING 

To reduce the amount of literature collected to a iiml group of references from which emission 

factors wuld bt developed, the following general criteria wen used. 

1. Emissions data must be from a primary reference. 
- 

a. Source testing must be from a referenced study that does not reitcrate information from previous 

studies. 
= 

b. The document must codtu te  the original source of test data. For example, a technical paper 

was not included if the original study was contained in the previous document. If the exact source of the 

data could not be determined, the document was eliminated. 

2. The referenced study must contain test d o  based on more than one test tun. 

3. The report must contain sufficient data to evaluate the testing procedures and source operating 

conditions. 

A final set of reference materials was compiled after a thorough review of the pertinent repom, 

documents, and information according to these criteria. 

3.2 DATA QUALITY RATING SYSTEM' 

As part of the analysis of the emission data, the quantity and quality of the information contained in 

the final set of reference documents were evaluated. The following data arc to be excluded from 

consideration: 

1. Test series averages reported in units cannot be convened to the selected reponing units. 

2. Test series representing incompatible test methods. 

3- 1 
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3. Test series of wntrolled emissions for which the WnUOl method is not specified. 

4. Test series in which the source proccss is not clearly identified and described. 

Test data sets that were not excluded were assigned a q d i t y  rating. The rating system used was 

that specified by EPA for preparing AP-42 d O n s . ’  The data were rated as follows: 

A Multiple esB that were performed on the same source using sound methodology and 

reported in CMU@ &ail for adequate validation. Thcse (csts do not necessarily conform 

2 Ut =~!!!kN’e!cgy ~ c i f i c ? !  in FPA reference fest methods. although these methods were 

used as a guide for the methodology actually used. 
L 

B Tests tbat wee performed by a g c d y  sound rnethodologv, but lack enough detail for 

adequate validation. 

C Tests that were based on an untested or new methodology or that lacked a significant 

mount  of background dam. 

D Tests tbat were based on a generally unacceptable method but may provide an orderof- 

magnitude value for the source. 

The following criteria were used to evaluate source test rem for sound methodology and 

adequatedetail: - 

1. &mLQpwm ’ . The manner in which the source was operated is well documented in the 

report. The source was operating within typical parameters during thc est. 

2. . Thc sampling procedures conformed to a generally acceptable 

methodology. If actual procedures deviated from accepted methods, the deviations are well documented. 

When this occurred, an evaluation wai  made of the extent such alternative procedures could influence the 

test results. 

3. . Adequate sampling and proccss data are documented in the report, 

and any variations in the sampling and process operation are noted. If a large spread between test results 

3-2 



cannot be explained by informahon contsined in the rut report, ttLe daQ are suspect and were given a lower 

raring. 

4. 
' . The test repons contain original raw data sheets. The nomenclature 

and equations used were compared to those (if any) specified by EPA to establish equivalency. The depth 

of review of the calculations were dictated by the reviewer's confidence in the ability and conscientiousness 

of the tester, which in turn was based on f a ~ r s  such as consistency of results and completeness of ocher 

areas of the test report. 
- 

3.3 EMISSION FACTOR QUALITY RATING SYSTEM' 

The qbality of the emission fanon developed from analysis of the test data was rated using the 

following general criteria: 

A: - Developed from A- and &rated source rut data taken from many randomly chosen 

facilities in the indu~ay population. The source category is specific enough so that variability within the 

source category population may be minimized. 

-: Developed only from A- or Erafed test data from a reasonable number of 

facilities. Although no specific bias is evident, it is not clear if the facilities tested represent a random 

sample of the industries. The source category is specific enough so that variabilify within the source 

category population may be rnnumud. . .  . 

- 
C: - Developed only from A-. E and/or C-rated test data from a reasonable number of 

facilities. Although no specific bias is evident, it is not clear if the facilities tested represent a random 

sample of the industry. In addition, the source category is specific enough so that variability within the 

source category population may be minimized. 

-: The emission factor was developed only from A-, E, and/or C-rated test data 

from a small number of facilities, and there is reason to suspect that these facilities do not represent a 

random sample of the industry. There also may be evidence of variability within the source category 

population. Limitations on the use of the emission factor are noted in the emission factor table. 
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-: The emission factor was developed from C- and D-rated test data, and there is reason to 

suspect that the facilities tested do not repnsent a random sample of the indusUy. There also may be 

evidence of variability wifhin the source category population. Lknitations on the use of these factors are 

footnoted. 

The use of these criteria is somewhat subjective and depends to an extent upon the individual 

reviewer: Details of the r a h g  of each candidate emission factor am provided in Section 4. 

3 . 4  METHODS OF EMISSION FACTOR  DETERMINATION^ 

Fugitive dust emission rates and particle sizC distributions are difficult to quantify because of the 

diffuse and vaFiable nature of such sources and the wide range of particle Size involved including particles 

which deposit immediately adjacent to the source. Standard source testing methods, which are designed for 

application to confined flows under steady state, ford- f low wnditions. arc not suitable for measurement of 

fugitive emissions unless the plume can be drawn into a forced-flow systcm. The foUoiving pnsents a brief 

overview of applicable measurement techniques. 

. .  3.4.1 

Because it is usually impractical to enclose open dust sources or to capture the entire emissions 

plume, only the - . and- . methods are suitable for mcasunment of 

paniculate emissions from most open dust sources3 Thcse two mefhods are discussed separately klow. 
- 

The basic procedure of the upwinddownwind method involves the measurement of particulate 

concentrations both upwind and downwind of the pollutant source. The number of upwind sampling 

instnunens depends on the degree of isolation of the source operation of concern (Le., dw absence of 

interference from other sources upwind). Increasing the number of downwind inmumcnts improv~~ the 

reliability in determining the emission rate by providing better plume definition. In order to reasonably 

define the plume emanating from a point source, instruments need to be located at two downwind distances 

and three crosswind distances, at a minimum. The same sampling requirements perrain to line sources 
except that measurement need not be made at multiple crosswind distances. 

Net downwind &e., downwind minus upwind) concentrations are used as input to dispersion 

equations (nonnally of the Gaussian type) to backcalculate the particulate emission rate (Le., source 
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mngth) required to generate the pollutant concentration measured. Emission factors are obtained by 

dividing the calculated emission rate by a source activity rate (e.g., number of vehiclu, or weight of 

material transferred per unit,time). A number of meteorological pameters must be concurrently reponed 

direction and speed must be recorded on-site. 
5 -/by cLvd-=Jz~;s c r ; . f i - / ,  /er 

e m ~ r ; m  fit-+,- d e + e r w w d  4, - V .  & i w ~  

to M y  all types of sources, it has significant,, M , y  

limitations with regard to development of source-specific emission factors. 4 follows: 
L -  \ 

1. In attempting to quantify a large area source. overlapping of plumes 
\ 

sources may preclude the determination of the specific contribution of the area source. 
4 5. 

2. Because of the impracticality of adjusting the locdtim ofthe sampling \Lx 
\9. Q b  P '  3 '*, Y. dispersionmodel. 

Y 2 .  
.u \' 
'i 

direction during sampling, it cannot be assumed that plume position is fued in the application of the s*-&,c ~;~~ 

++, , - 
' v 

.\ 
3. The usual assumption that an area source is uniformly emitting does not allow for realistic c. 

.. > $  
,'j- I $, 4 representation of spatial variation in source activity. 

4. The typical use of uncalibrated atmospheric dispersion models introduces the possibility of 

substantial error (a factor of three according to Reference 4) in the calculated emission rate. even if the 

single point) source configuration is met. 

stringent requirement of unobstructed dispersion from a simplified (e.g., constant emission rate from a 

. ,  

The other me+xement technique, exposure profiling, offers distinct advantages for source-specific 

1 quantification of fugitive emissions from open dust sources. The method uses the isokimtic profiling 
-.. 1 
1 h concept that is the basis for conventional (ducted) source testing. The passage of airborne pollutant 

4 ? 3 ' over the effective cross rction of the fugitive emissions plume. This technique uses a mass-balance 

'* 2 

immediately downwind of the source is measured directly by means of simultaneous multipoint sampling 

** 
b -< *< calculation scheme similar to EPA Method 5 stack testing rather than requiring indirect calculation Uuough 

" R . 1  
h the application of a generalized amosphcric dispersion model. 

For measurement of nonbuoyant fugitive emissions, profiling sampling heads are distributed over a 

network positioned just downwind (usually 5 rn) from the source. If total particulate emissions are 
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to be measured, sampling in&s are pointed into the wind and sampling velocity is adjusted to match the 

. 

9 The size of the sampling grid needed for ex e protiling of a particular sdurce may be estimated 

by observation of the visible size of the plume or by d c  ation of plume dispersion. Grid size adjustments 

may be required based on the rcsults of preliminary &g. Pardculate sampling heads should be 
symmetrically disiributed over the concenuated portion of the plume containing about 90 percent of the total 

mass flux (exposure). For example, assuming that the exposure from a p i n t  source is normally distributed. 

-the exposure values measured by the samplers at du. edge ofthe grid should be about 25 percent of the 
...ntulinr LIIYICIWC -- 1--1 -_-= 

To calculate emission rates using the exposure profiling technique, a conservation of mass approach 

is used. The passage of airborne particulate (is.. the quantity of emissions per unit of source activity) is 

obtained by spatiat integration of disaibutcd measurements of exposurr (mass/area) over the effective cross 

section of the plume. The exposure is the point value of the flux (mass/arca/time) of airborne particulate 

derived simply as the geomethc mean of the individual emission factors calculated from each test of that 
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3. Climatic parameters (e& number of precipitation-fm days per year on which emissions tend ,, 

to be at a maximum). 

. Pr %;+#, - An emission factor equation is useful if it is successful 

variance in emission factor values on the basis of cormponding 

This enables more reliable estimates of source emissions on a 

much of the observed 
uc79 ?<&I 

in spccific source parameters. b+/.,e 
nk:,&* In general. an equation’s 9 ’  

i success in explaining variance is gauged by the R-squarut value. If an equation has an R-squared value of 

0.47 then it is said to ‘explain’ 47 percent of the variance in the set of emission factors. *, $wever. L~ 
.M,d 

-datasethhjrd : f e I + S d d  gwa// I *.LA V ~ P I ~ T , ~  (9 f i / z - * m t k -  

& p d f ~ ~  -rtpn a high value of R2 may somerimes prove misleading in developing an emission factor equation.&+ % 

+=-5&, a. p -27 e x C e + 5 i r t  v z - , z f , . m  1% o k , - + z - a - e A * >  
, 

For -le, an equation may be Hnc tuued‘ to the developmental data set by including an 

additional correction parameter. but in a manner that is umhary to the physical phenomena of the dust 

generation process. This was illustrated in a field study eonducoed for ?he Arizona Deparmncnt of 

Environmental Quality (as described in Section 4) that found that inclusion of moisture and silt content as 
correction parameters would require that they enter into the equation in a manner opposite to common 

sense. That is to say, emissions would in- with inmasing moisture content and would decrease wifh 

increasing silt content. In that irmance, it is important to recognize that the god of an emission factor 

equation is not to provide a near-perfect fit to the emission measurements in the developmental dam base. 

but rather to provide nasonably reliable estimates of emissions for situations where no M dam arc 
available. 

A generic emission factor equation is one that is developed for a source operation deiined on the 

basis of a single dust generation mechanism that crosses industry lines. An example would be vehicular 

mffic on unpaved roads. To establish its applicability, a generic equation should be developed from test 

data obtained in different indumies. As will be discussed in Section 4, the approach raken to develop a new 

unpaved road equation has been to combine (to the extent possible) all emission tcsts of vehicles traveling 

over an unpaved surface. The combmtion is made without regard to previous groupings in M-42. In 

particular, tests at surface Mal mines are combmed with tests of unpaved roads within other industries and 

tests of publicly accessible unpaved roads. 
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1. 

3.5 EMISSION FACTOR QUALITY RATDIG SCHEME USED IN THIS STUDY' 

me uncontrolled emission factor quality rating scheme used in this study represents a refinement of 

the rating system developed by EPA for AF'42 emission factors, as described in Section 3.3.- The scheme ' 
entails the rating of test data quality followed by the rating of the emission factor($ developed from the test 

described below. 

Test data that were developed from well documented. sound methodologies arc assigned an A 

Data generated by a methodology that was gencdly sound but either did not meet minimum test 

~fi&tion remi"- a B raw. 

In evSlliating whether an upwinddownwind sampling strategy qualifies as a sound methodology, the 

At least five particulate rmaming devices must be 

with oae device locatcd upwind aud the othca located at lwo downwind and three 
requirement of measurements at mosswind distances is waiva  for the case of 

and specd must be monitored concurrently on-site. 

The minimum requirements for a sound exposure profiling program are the following. A OIIC- 

for mcasurrment of emissions from line or 

samplers is required for quantification 

must be operated to measure 
,./,,t,~~,..-f klMd d;,ec7!;m, 

~ _ I . H 4 ~ ~ * C ~ / d ' 5 f X r 4 ~ ~ *  

Neither the upwinddownwind nor the exposure pmHing method can be expected to produce A- 

rated emissions data when applied to large, poorly defined area sources, or under very light and variable 

wind flow conditions. In these situations, data ratings based on degree of compliance with minimum test 

system requirements were reduced one letter. 

After the test data supporting a particular single-valued emission factor are evaluated, the criteria 

c presented in Table 3-1 are used to assign a quality rating to the nsulting emission factor. These criteria ' were developed to provide objective definition for (a) industry representativeness; and (b) levels of 

- d variability within the data set for the source category. The rating system obviously does not include 3 estimates of statistical confidence, nor does it reflect the expected accuracy of fugitive dust emission factors b &elative to conventional stack emission factors. It does, however, serve as a useful tool for evaluation of the 

x V 8  

$, ' 
o#- c r ;  AA 2 f a r  r31;wy jA, cd2h ~ ~ 4 ? e  +2 
Q ~ / / C C + ;  .KC a c+i C+sf f o  { g r  Y V ~  , 

i y, st/+ V$ wo;sb@,  9 ./..e,! ,4ee/,/ 
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A L quality of a given set ofemiss~on facton relative to the entire a&le fugitive dusI emission factor dam 
2 5  

Minimum in dust^^ representativeness is defined in t e r n  of number of DSC sites and number of tests 

These criteria were derived from two principles: 

- 
/ 

1. Traditionally, three tests of a source represent the minimum requirement for reliable 

2. More than two plant sites are needed to provide minimum indusay representativeness. 

The level of variabiity wimin an emission factor data set is defined in terms of the spread ofthe 

original emission factor data values about the mean or mcdian single-valued factor for the source category. 

It is recognized that this criterion is not insensitive to sample size in that for a sufficiently large 

to be a problem because most of the current single-valued factors for fugitive dust sowces are 

test series, at least one value may be expected to fall outside the factor-of-two Limits. However, this is not 

based on relatively small sample sizes. 

Development of quality ratings for emission factor equations also requires consideration of data 

representativeness and variability, as in the case of single-value emission factors. However, the criteria 

used to assign ratings (Table 3-2) are different, reflecting the more sophisticated model beiing used to 

represent the test &a. -As a general principle, the quality raring for a given equation should lie between the 

test data rating and the rating that would be assigned to a single-valued factor based on the test data. The 

following criteria are used to determine whether an eminion factor equation has the same rating as the 

supporting test data: 

1. At least three test sites and three tern per site. plus an additional three tests for each 

independent parameter (p) in the equation. 

2. Quantitative indication that a significant portion of the emission factor variation is amibutable to 

the independent parameter(s) in the equation. 
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Loss of @ty rating in the UamlatiOn Of these &la to an emission factor equation OCCUTS when 

these criteria are not met. In Practice, the fim criterion is far more influential 
emission factor equation, because development Of an equation implies that a substantial portion of the 

emission factor variation is amibutabk to the independent parametcr(s). As indicated in Table 3-2, the 

rahg is reduced by one level below the test data rating if the number of tests does not meet the first 

criterion, but is at least three times grater than the number of independent parameters in the equation. The 
rating is reduced two levels if this supplementary criterion is not met. 

the second in rating an 

- The rationale for the supplemenary criterion follows from the fact that the likelihood of including 

k k  ::kkxz!i;: t . t ~ r t m  
equation increases BS the ratio of the number of independent panuneters to sample s k  incrtases. For 

e=ple, a fahr equation based on five tests would exhibit perfect explanation (Rz = 1.0) of the 
emission factor data, but the relationship exprtssed by such an equation cannOt k expecrcd to hold me in 
independent applications. 

cfqxnde~ va i ibk  !e~&spinw) nnd the independent parameters in the 
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I 1 2 2 

8 =  1 2 2 

>F2 -3 

> E l  -4 

9 1 1 1 - -4 

3-1 1 

Code 

1 

2 

3 

No. of te~ls per Adjustment for EF 
No. of test sites site Toel No. of testsa ratingb 

23 23 2(9 + 3P) 0 

22 23  2 3P -1 

2 1  - < 3P -1 - 
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4. REVIEW OF SPECIFIC TEST REPORTS 

4.1 INTRODUCTION 

A total of 12 field test reports were identified as being either potentially directly useful data on 

PM-10 emissions from unpaved roads or data that could be used to interpolate the necessary PM-10 

information. These reports are described in Section 4.2 of this report. 

4.2 REVIEW OF SPECIFIC DATA SETS - 
4.2.1 B&mcgJ 

This letter report presents results of sampling of an unpaved road and a paved road in Washoe 

County, Nevada, in May and Junc of 1996. The study was undertaken to provide sitc-specific test dam u) ' 

supplement a yearlong road surface sampling program. Also. the study supported ongoing EF'A reviews of 

the PM-2.5 fraction of PM-10 emissions from paved and unpaved roads. 

Exposure profiling was employed downwind to measure particulate emissions. For the unpaved 

road tests, three hi-vol samplers each fitted with a cyclone prrseparator were located downwind of the test 

road at heights of 1.3, and 5 m. Reference method PM-10 samplers were located upwind and downwind 

only lightweight captive vehicles at low vehicle speeds. The test data were assigned an "A" rating. 

Table 4-1 presents summary test data and Table 4-2 presens detailed test information. 
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4.2.2 K e h X l l d  

This study developed improved particulate emkion  factors for construction activities and paved 

roads in western States. Sampling results an reported from testing in June and July, 1995, at three 

construction s i w  located in Nevada and California. Also. surface silt loading measurements were taken 

-from paved roads in four separate arcas in Nevada and California. 

This test program presents the results of sampling at two store crushing plant quarries in August 

1995. This study was undertaken to accurately measure PM-IO, PM-2.5, and PM-1 emissions from a 

controlled haul road at a stone quarry. Testing occumd at Martin Marietta's Gamer and Lemon Springs 

quarries in North Carolina. 

The study uscd an upwinddownwind profiling technique that varied from the more commonly used 

exposwe profiling method. Downwind samples were drawn into 10 sample nozzles 8 to 10 inches in 

diameter that joined a single downcomer connected to an 18 in. horizontal duct. Sampling occurred along 

the 18 in. horizontal duct using €PA Method 2OlA for in-stack measurements of PM-IO. Particle 
l w h z f w a s  % r r z d w i d p .  d& *a#. fk ,%ifia/dt#f-r)& h ~ t p + ( G , ~ ) -  
k h 3 3  w-5 t7cl h e i p h f p  fsCcve4;c/+2 
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distribution for downwind measurements were collected with a cascade impactor and a nephelometer. 

Upwind measurements were made using a hi-vol sampler at a height of 15 ft, a cascade impactor. and a 

nephelometer. Analysis included polarizing light microscopy (PLM) that measured particles of combustion 

products. . 

Thee emission tests were completed at both Gamer and Lemon Springs. All samples wen  

considered controlled through water application during the test periods. Specific water application rates 

were not reported, although the watering is said to have occurred approximately every 2.5 to 3 hours. 

- Table 4-5 presents summary test data and Table 4-6 presents detailed M information. Noncombustible 

particulate emissions are presented in Table 4-5 as reported in the study, however, the emissions calculation 

in the study did not adjust for noncombustible particles in the upwind measurements. For the development 

of the AP42Z'emission equation, combustible material was factored into the emissions. 

At the Garner test location, a large rock wall that stood immediately behind the downwind sampling 

site may have intempted natural wind flows and/or created a local recirculation event. The potential wind 

obstruction and the variation in methodology from common exposure profiling methods accounted for a 'B' 
ratingofthe tcstdatlrsd. t.c G - M w ~ = ~ c +  7rl. L- Zo-k,w pe5fi ' 25  a s r p n ~ 8  
LL-72 " A  &#%/ - 
4.2.4 E&m&& 

Januarv. 
- 

This test report presents results of sampling during September and October 1992 at a surface coal 

mine near Gillette, Wyoming. This study was undertaken to address issues identified in the Clcan Air Act 

Amendments of 1990 regarding the potential overestimation of the air quality impacts of western surface 

coal mining. The principal objective was to compare field measurements against available emission factors 

for surface coal mines and revise the factors as necessary. 

The study focused on characterizing paniculate emissions from line sources such as haul roads and 

scrapers at a surface mining site. Four haul road sites (No. 1, 1B. 2. and 4) and one scraper site (No. 5 )  

were characterized using downwind exposure profilers for PM-10 fined with cyclone preseparators, a 

Wedding PM-IO sampler, and two hi-vol samplers for TSP. The exposure profiling arrays consisted of 

four samplers located from 1 m to 7 m in height. Upwind concentrations were monitored with a Wedding 
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PM-10 sampler and one cyclone pnscparator. Wind dircdon at one height (3 m) and wind speed at three 

bights (1 m, 3 m, and 5 m) were recorded at the downwind sites. Additional sampling studies included 

measuring the near-source pardcle size di%iibutions combmuon cyclone pnseparator and a 

' (3 PM-10 tern) were perfonned on haul roads. The haul road tesU spanned a large range of wind speeds 

from 4.5 mph to 22 mph. Approximately half of these tcsts w e n  conaolled by w of waterlsurfaclant. 

I b e  water/surfdctant pmvidcd a w n w l  efficiency from 40 to 70 percent for PM-10 and from 30 to 

J, wpc,w"r.". .ppD A.,. . .."-- A --m*ry of emiwiom data are urescnted in Table 4-7 and detailed tea information ',. - ------ 
is presented in Table 4-3. f Q c i m .  A 9 - L  13 

c. 

The study evaluated the independent haul road tist data against the AP-42 Western Surface Coal 4 
2 Mine, the AP-42 Unpaved Road, and the Wyoming Department of Environmental Quality emission factor 

none to adequately cstimatc independent emissiom. With the exception of the generic 

mad emission factor (Le.. Equation 2-1) for PM-30, each model considered exhibited a 
bias toward over- or under-prediction. It is important to ~ t t  that the AP-42 Section 8.24 (now 

haul road emission factor equation generally performed no better in predicting the 

independent haul road emission factor rcsulu than did the 'generic' unpaved mad equation in AP-42 

Section 11.2 (now Section 13.2). 

The 1992 field study also provided new independent test data against which the performance of the 

Section 8.24 (now Section 11.9) factor for light- to mediumduty traffic oould be assed. That same 
model was found to be capable of providing unacceptable cstimatcs in some CBSCS. "his is believed to be 

the result of the model's dependence on the fourth power of moismre content. Again, the generic AP-42 

unpaved road emission factor equation (Equation 2-1) performed at least as well as the equation in the 

surface coal mining section. As noted in Section 4.3 of this report, thue findings prompted thinking to 

combine all unpaved wvel  emission t e a  into one large data set for emission factor development. 

The test data were assigned a rating of A. The repon included adequate detail and the methodology 
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4.2.5 

This test report presents test data from measurements at a granite quarry in Knighrdale, North 
Carolina. The tesring program occurred in October 1994 and focused on PM-10 emissions from an 

unpaved haul road. - 
The testing protocols followed what the report termed a "push-pull method." Four 3 6 i h  diameter 

circulating fans were utili on the upwind si& of the road and large hoods were located downwind to 

capture panidate emissions. Two sets of two hoods stacked vertically were collocated. A set of hoods 

consisted of two hoods each four ft  high by seven ft wide with one located 2 ft and the other seven ft above 

the ground. Emissions captured in a set of hoods were drawn through a common 12 inch duct and sampled 

for PM-IO using EPA Method 201A. One hi-vol PM-10 ambient sampler was located upwind of the 

circulating fans. Wind specd and wind direction were also monitored. 

Three controlled tests and four mconwlled mts were performed. All seven mts utilized both sets 

of hoods and the results from both sets were averaged for the emission factor calculations. Testing was 

discontinued when wind speeds exceeded 3 mph. ConuoUed tests utilircd wakr as the dust suppnssant 

For the conuolled tests, watering occurred on average every 3.6 hr. however, the water application rate 

mcasuring open source. paniculate emissions. Strong evidence of recirculation of emissions to thc upwind 

sampler is provided by the fact that the upwind concenttations increased by roughly an order of magnitude 

from the controlled to the uncontrolled tests. The low sampling height at relatively low wind conditions 

used for this test program potentially allows the paniculate plume to pass over the sampling device without 

capme. The test data were assigned a 'D" rating and were not used in the development of the -42 

emission factor equation. 

M 2 9 f  

h 0  

4-5 
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4.2.6 

I .  

This study performed field sampling on h n a  rural roads in Pima, Pinal, and Yuma counties. 

The study also recommended a mathematical model to cstimate emissions from unpaved rural roads for arid 

and semiarid regions, b a d  on a review of historical data as well as Arizona-specific field sampling results. 

-Particle emission sizes of interest in this soldy were TSP and PM-IO. Contrary to expectation, the 
S.IpIIYLIpYYU ---:--J-- " L  -C.I.- -1 .--..- h:-+ArrI A=* -- ha- Aid not find a svstematic underprediction of emissions from unpaved 

roads in the arid portions of the Western United Stam. 
c 

Exposure profiling formed the basis of the mtasunment technique used at the Arizona sampling 

sites. For this study, two downwind arrays were deployed 5 m from the road. Each array had duce 

sampling heads located at heights of 1,3, and 5 m. One doornorind unit was fitled with cyclone 

prescparators. The other downwind unit was equipped with cyclones for half thc sampling periods and with 
standard high volume roofs for the other sampling periods. In addition. OM pair each of high volume and 

dichotomous samplers wcn operated at a 100 fi downwind d i m e .  Upwind measurements wen obtained 

with a vertical array containing two sampling heads, a standard hi-vol sampler. and a dichotomous sampler. 

A ;tal of 27+-10 and 9 TSP emission tests were conducted during May and Junc 1990. Vehicle 

passes were controlled during testing periods and three vehicle speeds were tested (35, 45, and 55 mph). 

The test data were assigned an 'A' rating. Table 4-1 1 presents summary tcst data and Table 4-12 presents 

detailed ten information. The repon examined how well the data dewloped in the field tests agreed with 

the current version of the AP-42 emission factor. 

AIrhough the AP42 equation provided reasonably accurate results when applied to the field ~CSLS 

conducted in this study, another emission factor model was developed. Common travel specds on rural 

unpaved roads in Arizona generally fall outside the range of values in the AP42 model's underlying data 

base. As a result of the numerous industrial road tests, the data base generally reflected heavier vehicles 

than are common on rural roads. Given the interest in rural unpaved road emissions in Arizona. 

development of an empirical relationship specific to that situation was warranted. 

:c r e k  F - ~ C  adkLwfiC 4-6 cup,e >yceJf -1 +ee dzfz Fk+ be !-r fv ;rxe z /e$' 3L.4 
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4.2.7 

This testing program focused on paved and unpaved road particulate emissions at an integrated iron 

and steel plant near Philadelphia, Penusylvania, in November 1989. Exposure profiling was used to 

characterize one unpaved road (Site 'X") located near the cemr of the facility and used principally as a 

-"shortcut" by lightduty vehicles. 

Two tests were conducted using a profiliog array, with sample heights from 1.5 rn to 6.0 rn, rhat 

measures domwind mass flux. A high-volume. parallel-slot cascade impactor was employed to measure 

the downwind particle distribution and a hi-vol sampler was utilized to determine the downwind TSP mass 

combination. 

period. Therefore, the results of this test program were not included in the development of an uncontrolled 

unpaved road emission equation. The data may be d to eJtimatc the degree of dust control provided by 

the chemical suppressants. The control efficiencies for PM-10 were estimated to be 80 to 90 percent. 

Control efficiencies for TSP were estimated at 70 percent to 80 percent for fhc unpaved road chemical 

suppressants. Table 4-13 presents summary information and Table 4-14 presents detailed test information. 
- 6 rj-p -4 & /??-as- ~ ; 5 5 ; m 3  5 &or% 

4 
4.2.8 

~ ~ ~ L V I J J I / e c i L  A f i  fummgT 

" IJ. S. -. - -  

This study obtained data on the control effectiveness of common dust suppressants used in the iron 

and steel indusuy. Tests were conducted from May through November, 1985, at LTV's Indiana Harbor 
Works in East Chicago, Indiana, and at Armco's Kamas City Works in Missouri. The tuting program 

measured control performance for five chemical dust suppressants including two petroleum resin products 

(Coherex@ and Generic 2). a emulsified asphalt (Petro Tac), an acrylic cement (Soil Sement), and a calcium 

chloride solution. 

4-7 



Total particulate, IF', PM-IO, and PM-2.5 were measur#l during this study. A control efficiency 

This study included seven tests of controlled, uupaved surfaces and four tests of uncontrolled, 

unpaved surfaces at a power plant. Data were given an 'A' rating. Airborne panicle size fractions of 

interest in this study are total particulate, TSP. IP, PM-IO, and PM-2.5. A section of road within the 

facility's coal yard was tested in August 1985. The road was a permanent ramp up the main stockpile aad 

is used by scrapers for both stockpiling and reclaiming operations. 

ParIiculate emissions were characterized using three downwind exposure profilers, each consisring 

of four profiling heads at heights of 1.5, 3.0, 4.5 and 6.0 m. (The use of three profiling systems allowed 

continuous testing after water application by staggering the operation of the samplers.) Three high-volume, 
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downwind particle size distribution at a height of 2.2 m. One cyclonelipactor combiaation was used to 

characterize the upwind particle size distribution and toral particulate concenaation. Wind speed was 

measured with warm-wire anemometers at two heights (3 and 6 m) and wind direction was measured at a 

single height (4.5 m). Also, incoming solar radiation was measured with a mechanical pyranograph. 

Yy 

For the controlled tests, the road and surrounding areas were watered for approximately 30 mnutes h 

k j *  

‘a 
# q y  

-f3 
before the start of air sampling. Water was applied to the surface at a mean rate of 0.46 gallyd’ and found & > 
to provide effective control for 3 to 4 hours with 35 vehicle passeslhr. The control efficiency for TSP 

-averaged 74 percent over h e  3 hours and the PM-10 control efficiency ;vera@ 72 pcrcent over 3 hours. 

The control efficiency c~ose~y correlated to the s~rface moisture content, with a higher moisture content f \ 3 
increasing the control efiiciency. Summary of eminciions dam are presented in Table 4-17 and detailed tcst 

information isprescnted in Table 4-18. 

\ \\p 

4 wwf,  6vl p % ~p #,b~-reJ f o r  d!p M,, 

j + ~  ~a.,.,y/+5 , h , d / c  i y l r / - k ,  / j  J - d J A  *-j//o?* y d  

This report presents test results from a June, 1984, M at U.S. Sed’s Gary Works in Gary, 

independent testing organizations to characterize fugitive emissions originatiap from vehicular mffic. The 
Indiana. The rmdy conducted to compare exposure protiling methodologies as used by five 

~ 

source tested was a paved road simulated as an unpaved road &ugh the addition of exceptionally high 

road surface loading-(6OO.ooO Ib/mile). 

An exposure profiler with 5 sampling heads (located at heights of 1.5.3.0, 4.5.6.0, and 7.5 m) 

was used to characterize d&wind emissions. Panicle sizing was determined using cydone/impcton 

located alongside the exposure profiler. Particle sizes of interest in this study included total partidate 

v), <30 pm, < 15 r m ,  < 10 pm , and c 2 . 5 m  in aerodynamic diameter. One cyclonelimpactor and 

This test program was not included in the development of the unpaved road emission factor 

equation because the source was a “simulatcd“ unpaved road that was formed by artificially loading a paved I 

I 
! 

I 

cm M 
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PM-2.5/PM-10 ratios discussed in Section 4.3. Table 4-19 presents summary test data and Table 4-20 

presents detailed test information. 

4.2.11 R c b l X d l  

This study reports the results of testing conducted in 1981 and 1982 at industrial unpaved and paved 

-roads and at nnal unpaved roads. Unpaved industrial roads were ocsod at a stone crushing facility in 
*,----- - ----I --A --.-I -----..:-- L.-:l'*l ;r Y--nm a d  I ,--v =dhg  &@y in f imm The MILIPJ,O-.YY61~.*.~.VU...6...~.,Irll.--..I---rr-- 

rural unpaved road testing OcCIpfed in Colorado, Kansas, and Mkniri. The study was Conducted to 

in- the e-ng data basc for size-specific particulate emissions. The following particle sizcs were of 
specific interest for the study: IP, PM-10, and PM-2.5. 

Exposure profiling was utilized to characterize particulate emissions. Five sampling heads, located 

at heights of up to 5 m, were deployed on the downwind profiler. A standard hi-vol sampler and a hi-vol 

sampler with a 15 pm size selective inlet (si) were also deployed domarind. In addition, two cyclone 

impactors were operated to measure particle size distribution. A hi-vol sampler, a hi-vol sampler with an 

ssi. and a cvclone imuactor were utilized to characterize the u~wind oariiculate concentrations. Wind d 

assigned an 'A" rating. Eleven indushial unpaved road were conducted as follows: five unpaved road 

tests at the stone crushing plant, thrce unpaved road teso at h e  sand and gravel processing plant, and thrce 

unpaved road tests at the copper smelting plant. For rural unpaved roads, six tcstc were conducted on roads 

with a crushed limestone surface in Kansas, four tests were conducted on dirt roads in Missouri, and two 
tests were conducted on gravel roads in Colorado. Rural road rests only measured emissions from light 

duty vehicles at speeds from 25 to 40 mph. The industrial road tests were conducted with medium duty 

vehicles at the stone crushing and copper smelting plants and heavy duty vehicles at thc sand and gravel 

processing facility. Table 4-21 presents summary test data and Table 4-22 presents detailed test 

1 4 4  p.M-2~-  +--4fkp P";tM % 
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4.2.12 

This test report centered on the measurement of the effectiveness of different control techniques for 

particulate emissions from Open dust sources in the iron and steel iadlrmy. ’Ihe test program was 

performed at two integrated iron and steel plants, one located in Houston, Texas, and the other in 

- Middletown, Ohio. Water and petroleum resin were used to reduce emissions from Uaffic on unpaved 

roads. Control techniques to reduce 

Particle emission sizes of interest in 

from paved roads and coal storage piles were also evaluated. 

totd particulate (TF’). E’, and PM-2.5. 
= 15 & c04de4 ? 

The exposure profiling method was used to measure unpaved road emissions at Armco’s 

Middletown Imn and Steel plant. For this satdy, one downwind profiler with four or five heads located at 

heigbts of 1 to 5 m was deployed. Two high volume paraUel slot caseade bnpactors samplers, one at Im 

and the other at 3m, measured the downwind partide Sisc disnibution. A sgadard hi-vol sampler and an 
additional hi-vol sampler fitted with a size selective inlet (SSI) were located downwind at a height 2 m. One 
standar hl vol sam ler and two hi-vol sam l e a  wi SSIs were loca upwind f r background collections. 
k h 2  !.- @.if- f&r;psdy  ; d ~ r  b d w - f l c u e A ~ c  Y he)  K la+wtccc /+#>;ha/ 
d i ,pq iM et H7 
drI+,-bsw*/..w fk ...hLdofi d~YIT-~\dcr))(ICda-ar? 

e m p a d  . ~ r  f i ~  ~rp*=es-H/e &+4Ci-- 
Nineteen unpaved r o d  tests for controlled and uncontrolled emissions were performed. Testing 

included 10 runs of heavy-duty uaffic ( > 30 tons) and 9 runs of ligbt-duty uaffic (< 3 tons). Si heavy 

duty traffic tests were controlled and four were unconnolled, whereas, the lightduty uaffic had five 

conEolled tests and four uncontrolled tests. The test data were assigmd an ‘A” rating. Table 4-23 presenu 

summary test data and Table 4-24 presents detailed test information. dZf.2 f 7 7 p  TW/;:t”rJ 
p,q -a#s F h d b ~  i h c / u U i n +  T ~ L ,  w6,s+Te cw AJ- +- 
af -  /e~$+- j k  u - u r e & d / / r r / d f X L  ~ L ~ ~ p / ) ( c f r ~ ~ ~ & e p d ~ / L ( J I . , .  

For heavy-duty traffic, a 17 percent solution of Coherex’ in water applied at a rate of 0.19 gal/ydt, 

provided an average control efficiency of 95.7 percent for TP, 94.5 percent for IP, and 94.1 percent for 

PM-2.5 over a 48 hr period. Water was applied at a rate of 0.13 gallydt and, ‘h hour after application, 

was found to decrease emissions by 95 percent for all particles. Control efficiencies 4.4 hours after the 

55.0 percent for TP, 49.6 percent for IP, and 61.1 percent for 
+.?rL d t Y  f& + Z . ( F , F  a4.4 442sjr 

A 17 percent solution of Coherexo in water was the only control applied during testing for the light- 

duty traffic. The Coherex’ solution was applied at a rate of 0.19 gallydt and, 51 hr after application, 



This study centered on the reduction of pa.r&iculate emissions for miow dust suppressants used on 

unpaved roads in the iron and steel indusay. Long-term control effectiveness of the dust suppressants was 

determind through testing at iron and steel plants located in East Chicago, Indiana and Kansas city,  

-~issouri. water, an emulsified a s p ~ t ,  and a petroleum =in were the dun suppressants used. particle 
. .  . -.--- -I:--- 4- ..,.... TCD TP PM i n  *,,,.I ~ ~ - 2 . 5 .  S U Y J J L V Y  - "& ...I._. Y w -___ _ _ _  , - , - -.----, __ - - ~ 

The eXposun profiling method was used to mcasun unpaved road emissions at the Jones and 

Laughlin's (J&L's) Indiana Harbor Works and h c o ' s  Kansas City Works. For this study, one downwind 

profilier, with four sampling heads at heights of 1.5 to 6 m. was deployed during all testing. High volume 

c a s d e  impacrors located at heights of 1.5 and 4.5118 measured particle sizcs. A high volume cascade 

impactor was also used to characterize the upwind partide distribution. Warm-wire anemometers at two 

(Petro Tac) applied at 0.7 gd/yd2, water applied at 0.43 gal/yd2, and a 20 percent solution of petroleum 

resin (Coberex*) applied at 0.83 @/yd follo ed by repcat application of 12 percent solution 44 days 
later. l y r  f d r T I y l ; ) f t M  d i Y  %iz&k p"d 

7.u4 74 b s  rYc/n& I * r h d  - 
The control c&ctivcness was reported as the number of vehicle passes that occurred as the control 

efficiency decayed to zero. ' h e  initial asphalt emulsion application had an estimated lifetime of 

91,000 vehicle passes for PM-IO, the initial petroleum resin application had an estimated lifetime of 

7,700 vehicle passes for PM-IO. and the water application had an estimated lifetime of 560 vehicle passcs 

4-12 
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for PM-IO. Also, a reapplication of the petroleum resin bad an estimated lifetime of 23,000 vehicle passes 

for PM-IO. 

A cost effectiveness was calculated for each of the three controls as follows: the Petro Tac initial 

application was W.06flb of PM-10 reduced; the Cohere%* initial application was SO.641 Ib of PM-IO 

reduced; b e  Coherexa reapplication was W.16flb of PM-IO reduced; and b e  water application was 

$1.30flb o~PM-IO reduced. 

-4.2.14 

This study was conducted to develop emission factors for major slaface coal mining activities 

occurring in the western United States. Results are reponed of testing wnducted in 1979 and 1980 at three 

surface coal mines located in Wyoming, North Dakota, and New Mexico. Sampling was conducted on the 

following mining operations: drilling. blasting, coal loading. bulldozing, dragline operatiom. bad trucks. 

light- and mediumduty truck, scrapers, graders, and wind erosion of exposed areas. Particulate sizes 

measured include, TSP, IP. and PM-2.5. 

Exposure profiling was used to measure emissions from line source activities such as vehicle traffic 

on unpaved roads and from scraping and grading. Comparisons of dam from pmfiling and upwind- 

downwind methods were made for scrapers and haul roads. A modified exposure profiting methodology 

was utilized for blasting emission measurements, and a wind tunnel was used to mcasure wind erosion 

emissions. Area source emissions such as coal loading were tested with an upwindldownwind 

methodology. 

The exposure profiliog method used a downwind profiler with four sampling heads located at 

heights of 1.5 to 6.0 m. A standard hi-vol sampler (2.5 m), a hi-vol sampler fitted with a cascade impactor 

(2.5 m). and two dichotomous samplers (1.5 and 4.5 m) w e n  located downwind. Dust fall buckets were 

placed upwind and downwind at a height of 0.75 m to measure the particle deposition. Upwind 

concentrations were measured with one dichotomous sampler and one standard hi-vol sampler, both located 

at a height of 2.5 m. Wind speed was measured with warm w i n  anemometers downwind at heights of 1.5 
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A total of 256 tests were performed in the study. Fifty-six of the tests were used in the 

development of the AP42 emission factor equation. The source activity distribution for unpaved road ttss 

was as follows: 20 unconuolled haul road tests, 8 controlled haul road tests. 10 unconaolled light- and 

mediumduty vehicle tests, 2 uncontrolled light- and mediumduty vehicle em, and 15 uncontrolled scraper 

For unpaved roads, an emission factor equation is much more successful than a single-valued 
avcragc I l l  pw*- r-"".U..." "LI."L -. Aiffr-nt e i t r ~  &.& \n_~.yinz w u r e  parameten. 'Ihis semon . ---s-L-- - - .~ .*l--  --;-*;--e .I* 

describes the development of the emission factor equation hat will be proposed for the updated AP-42 

- 

built upon findings from E+,.,, 

the reviewed data sets. F i i  the decision was made to include all tests of vehicles traveling over u n p a v e d s i Y  T f i  
surfaces. For example, tern of scrapers in the 'travel mode" between cut and fill areas were included.rcy d14(w/+ 

Also, tests of very large off-road haul n u c k  used in the mining industry were also included in the n,Tp d,4Kj  an^ 
developmental data set. On the other hand, gradm blading an unpaved road were not included because. of f'v 

Pzcz.rt k-> 
f-0 he.z'rurC 

the low specd involved. This decision had the effect of greatly expanding the historical data base. Not only P & < /  

&- iw is far more data available, but a wider range of vehicle weights and navel speeds is available. The M u ,  
- 

syzed /; m? /&fed 

m4 be 
rb& @ decision was based on findings from Reference 4, which dealt with the western surface coal mining 

indushy. It was found that the general unpaved road emission factor equation (Equation 2-1) performed as a,e rz3+" a e*"" well in estimating emissions from haul truck and light- to mediumduty 

specifically for those sources within western surface coal mines. 
5&d @ $ h e  

f& &'7 
4p*P J44'  

+7 * 
Next, the decision was made to add tests of watered roads to tests of I;*+-? ,oZd 

chemically controlled unpaved roads were not considered becausc those treatments cause. lasting physical 
e& JP'ifb 

ehnq'f 
w l e h d y f  

current AP42 paved road equation. In that case, controlled and uncontrolled tests w% c.ke& & 

changes to the road surface.) This decision also was based on findings in the Reference 4 study. That 

study and a later review included moisture as a potential correction parameter in developing a predictive 

unpaved roads. It was found that both the old (Reference 14, circa 1980) and new 
p d w e  p $ d  

4, 1992) haul nuck data could be successfully fitted with one equation that applied to boththa 

uncontrolled surfaces. The decision was also supported by a similar approach taken in ?I&- 
f t  1 5  

combined. 
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Inclusion of watered surfaces in the data base reoongi2es a furuiamental difference in how the 

addition of water conuols emissions (as opposed to the addition of other types of suppressants). First. the 

addition of water is a short-term control measure. In addition, it c a m  no permanent change in the mad 

&ce characteristics. To an extent, one could argue that a road subject to frequent rain is no different 

than a road which is routinely watered.- 
f 

I @ & P h f - - V  
on PM-10 emission tests. Because Equation 2-1 was 1 

PM-10 N A A Q S ~ , ~ ~ ~  represents a major departure from 

- the way in which the current AP-42 factor was developed. ThC focus on PM-IO was also the approach 

taken in developing the newest Ap-42 emission factor for paved roads. The approacb requires that the 

models developed for different parficle size rangcs be 'consktent," in the sense discussed below. 
z 

As a first step, the "developmental' data base was prepared from the test reports discussed in the 

seetion, with the following exceptions: 

No test data were included from Reference 5. As noted earlier, these data'were rated "D.. 

No data were included from Reference 7. because the uapaved road considered had k n  

treated with a chemical dust suppressant. 

3. No emission data were included 

formed by artificially loading a paved road. Note, however, that ratios of different 

rangzs were included for the purpose of developing PM-15 and PM-2.5 emission facton. 

Finally, some additional preparation of the data base was required. For example, References 12 

PM-10 emission factors; values were developed by l o g - n o d  interpolation of the 

to total particulate emissions. Inaddition, References 1, 12. and 13 did not 

report individual surface moisture contents. However. because silt content is determined after oven drying, 

the necessary information was readily available for Reference 1, which was beiig prepared at the same 

time that the current work was being undertaken. In Reference 12, some individual tests had moisture 

contents reported and a few additional tests were associated with moisture contents as well. Furthermore, 

the data from Reference 3 had been corrected for "combustible" content (although upwind concentrations 

,had not). Using information contained in the repon, 'total" ( is . ,  without regard to chemical composition) 

PM-IO emission factors were calculated for inclusion in the developmental data set. 

4-15 
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Model development relied on the stepwise lincar regression routine conained in the SYSTAT, 

Version 4 s t  of statistical routincS. The default level of significance uscd by SYSTAT for a variable to 

"enter" the stepwise linear regression is 0.15 (15 percent). In this context, "level of significance" refen to 

the probability of making a so-called Type I error. The possibility of makillg this kbd of error arises 

because we are dealing with samples drawn from a parent population. That is to say, under the default 

Sning, samples drawn from two completely independent populations would be found to have a significant 

relation-- 15 timcs out of 100. The 15 percent level of significance was used for 

exploratory data analysis; refined analysis relied on spcci- a 5 0; IO percent significance level. 
i n FA - / f a  j - 8 ~  J O P p c r ~ & s i  n d ' - c ~  /ewe! "/?'p 

~=?Z;E --.1+!e !be% n,~ssmn -n used to develop a predictive emission factor equation from 
A,-.- a-g- 2.t;- /e52 pp+c is;/*,  G~ er-y/c 

i f 1 dn& e y r f %  t%?m/S*,>h the data set. Five potential corndon parameters were included: 
L 

fa be LL;H,,w z& ,-,, 

~ 

I 

1. Surface silt content, s; 
2. Surface moisfure comcnts, M; 

3. Mean vehicle weight, W; 

1. Whether the tea was of an uncontrolled or a watered surface; 

2. The type of road; 

a. publicly accessible unpaved road 

b. unpaved travel surface at an industrial facility 

c. 'simulated" unpaved road 

3. The predominant type of vehicle traveling the road; 

Light or mediumduty vehicles; 

Scrapers in the travel mode; and 

5. Haul trucks, 

7. Heavy-duty, over-the-road trucks. 

4-16 
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For the initial analyses, the data base was sorted by whether the test represented uncontrolled or 

watered conditions and by the type of road (indUSaial VS. public unpaved road). There were two main 

objectives in this step. The first objective was to determine simply whether the different portions of the 

data base could be successfully combined. The second objective was to determine whether an emission 

factor model resulting from the large combined data would be consistent. The term 'consistenf" refers 10 

(a) whether or not the same basic set of correction parameters could be uscd to estimate emission levels and 

(b) whether or not the relationships were similar between different subsets in the data base. 

For example, suppose that stepwise regression of one portion (0 of the data base (e&, 

uncontrolled industrial roads) showed that emissions were highly dependent on variable X but independent 

of variable Y. If stepwise regression of another portion ( I0  of the data base, on the other hand, indicated 

that emissionk were very dependent upon Y but not on X, then the results for the two podons would not be 

viewed as consistent. The consistency in the relationships terween independent and dependent variables is 

also important. To continue the example, suppose that regression of portions I and 11 both showed that the 

emission levels depend on variable X. If, however, for @on I, emissions depended on the 0.5 power of 

- 

X while in portion 
viewed as 'inconsistent;" 

evaluation of consistency cannot always follow hard and fan rules. For example, one would reasonably 

expect that the emissions from watered tests would depend on the surface material moisture content. The 
lack of a discernible relationship between moisture and emissions from the uncontrolled rests in the data 

base would not necmarily indicate inconsistency. Furthermore, determining how "close" two relationships 

are. requires considerable judgment as well. For example, both a power of 0.86 and power of 1.1 indicate 

a roughly linear relationship. . .  

The analysis began by stepwise regression of only uncontrolled tests in the data base, using the 

potential correction parameters of silt, weight, speed and number of wheels. Note that moisture content 

was not included. In this case, mean vehicle weight entered the regression fust, and surface silt content on 

the second step. This first regression was roughly equivalent to repeating how the current N-42  unpaved 

road emission factor was derived. Unlike the past, however, the effort focused on PM-IO. The resulting 

emission factor for PM-IO exhibited an almost linear (power of 1) relationship with silt content. 

Furthermore, emissions were shown to follow a "less-than-linear" relationship with vehicle weight, 

although the exponent was roughly half of that contained in the current N-42 equation. 
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Next, unconuoUed and watered teats w e n  conSidered separately, but this time with moisture 

content included as a potential correction parameter. For the 137 unconuolled M. weight and silt were 

again the first two variables to enter the regression. The exponents for both these variables were consistent 

with &e values obtained for only the uncontrolled tests. However, two additional variables entered the 

stepwise regression in this case. Surface moisture content entered on the third step and mean vehicle speed 

on me fourth. +4 c?pzf;mf M 9~ p w d x e ~ ~  p f ;  

Inclusion of speed was somewhat tentative, in that its level of significance was just slightly greater 

-than 10 percent. The default significance level for a variable to enter the regression was I5 percent. If the 

~ , q i i e ~ ~ :  k : *.ziib!t e e ~ ~ r  be &!I ti~htcwcl m the 10 prccnt level of significance. sped would 

not have entered the relationship. 
az 

For the 43 watered teats, only two correction pamneters entered the n g n s s i o ~ i l t  and weight. 

The powers for silt and weight w e n  reasonably coaristCnt with thc results obtained when the uncontrolled 

tests were considered separately. The reasonably consistent relationships for both silt and weight suggested 

that the two uncontrolled and watered portions of the data basc could be successfully combined.b 

When both uncontrolled and watered tests wcre considered as one data set, weight and silt again 

entered first and second, with moisture entering on the third step. Speed entered on thc fourth iteration. 

The resulting emission factor equation has the form 

'Working versions of the emission factor equation are presented. In this context. the term "working" 
refers to factors that require that weight be expressed in tons, speed in mph, and silt and moisture contents 
in percent. Furthermore, the emission factor must be expressed in I b m .  In this case, the constant of 
proportionality has a complicated set of dimensions. The model recommended later in Equation 4-3 has 
been "normalized" by dividing, for example, weight by a default vehicle weight of 3 tons. In that case. the 
constant of proportionality has the same dimensions as the emission factor iaelf and can be readily 
converted from one set of units to another. 

4-18 
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,h a)ternative to Equation 4-1 rcsula L o . .  m tlghtesmg the significance requirement, from 10 percent to 

. t c e n t ,  for a variable to enter the regression. In this case, speed does not enter the equation, and the 

equation i u s  the form: 

,$ e -  - k w0.46 d . 2 8  

Equations 4-1 and 4-2 represent the two candidate emission factor equations considered in this study. 

~nitidly, preference was given to -tion 4-1 because the inclusion of speed was viewed as providing 

additional predictive accuracy for instances involving very slow or very fast traffic. Furthermore, tbe 

resulting equation would (like the current AP-42 model) allow one to 
a control technique. Equation 4-1 was initially chosen aad validation of that model proceeded. 

5 

However, in performing the next step, it was found that 

when part of the data set was held back for validation purposes. When roughly 25 percent of the data set 

was reserved for validation purposes (as described in the next seetion). weight, silt and moistwe entered 

level of significance set as the criterion for a variable entering the regression, the 

resulting model wuld be too close to b e i i  uasgble. Although vehicle speed entered at the 10 percent lev 
Equation 4-1, the inclusion of speed was highly dependent on the data set b e i i  used. For? h 

of onty one or two Iow-speed tests fmrn mC data resulted in s p ~ d  not entering the 

regression at even the IS percent level of significance. On the other hand, &oping those (csts had no 

effect on the other terms in the model. Thus, the four-parameter model (Equation 4-1) appeared to be 

relatively unstable. - 

Further justification in selecting the ‘no-speed” model expressed as -tion 4-2 WBS based on a 

comparison of the power of 0.32 to exponents developed in other tcst programs designed to directly 

consider the effect of vehicle speed. For example, Reference 6 test data support a rclatioaship between 

emissions and speed rajsed to the 1.86 power. Oher studies have developed models with powers of speed 

ranging from roughly 1 to 2. The inconsistency between the r d t  found here and that found in other 

, 
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In summary, thc following emission factor equation is recommended for estimating PM-IO 

emissions from vehicles traveling over unpaved surfaces: 

elo = 1.6 (~/12)~.* ("13) 0.4&.3 

where: 

PM-IO emission factor (IbNMT) 

surface material silt content (W) 

mean vehicle weight (tons) 
,...A- "."&.,I mni@+..rr *o"""' fcR\ 

\ - I  1.1 - .,-...- --.- -- .--- - ---.-. 

Note-t the "normalizing factors" of 12 percent silt and 3 tom arc thc same as for the current 

(4-3) 

M-42 model. This allows one to compare h e  leading term of 1.6 lb/VMT in Equation 4-3 to the factor of 

2.1 lb/VMT inherent in the cumnt version of the unpaved road predictive model! This agrees with an 

earlier finding that 're-antcring' the cumnt factor to available PM-10 data would require reducing the 

leading term by about 30 percent. 

The development of emission factor equations for other PM size ranges depended upon the how 

many tests were available for the purpose. The p n f e m d  approach relied on the same type of stcpwise 

regression used to obtain the PM-IO model. For TSP (considered as PM-30), stcpwise regression of the 

92 available tests led to the foUowing model \e 

where all the variables are the m e  as bef re and 
.,g j f  4 K j t C - l  . h C ? p  

= TSP emission factor (Iblvmt) 

The form of the TSP emission factor equation is clearly consistent with the form of PM-IO model. 

the other hand, stepwise regression of the emission tests for PM-2.5 and PM-15 did not lead to models 

of the same form as for PM-IO. For PM-15, silt enrered on the tirst step and weight on the second; powers 

dThat is, the leading value of 5.9 (in Equation 2-1) times the aerodynamic particle size multiplier of 0.36 
for PM-IO. 

4-20 
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Unconaolled (n = 108) 

Watered (n=20) 

Overall (n= 128) 

for both variables were comparable to those in the PM-IO model. The differences between the results for 

, 
Geomemc mean ratio 

PM-2.5 I PM-10 PM-15 I PM-10 

0.140 1.53 

0.1% 1.46 

0.148 1.52 

PM-10 and PM-15 were due tnaidy to difference in the size of the available data base for PM-15. Not all 

tests were associated with moisture content, and the dependence of PM-I5 emissions on moisture content 

could not be discerned. 

s .= surface material silt content (96) 

W = mean vehicle weight (tons) 

M = surface material moisture content (96) 

. .  

p . 4-21 ’ ” 
I 

. .  



 he parametea for size-specific emission factors in Equation 4-5 arc given below: 

C 4 . 3  

1 Empir idwnSant  I PM-2.5 I PM-IO I PM-15 I P M - 3 4  

-0.3 -0.3 

0.4 0.4 0.4 0.5 

1 -0.4 

. .  4.3.1 

A series of validation studits were mdaakcn to uaminc du predictive accuracy of the various 

emission factors recommended in the preceding section. Validation focused on the PM-10 model. 

The first two PM-IO validations used the data base assembled for developing the model. The first 

made usc of a cross-validation analysis of the PM-10 data a t .  In this approach, each data pint  is 

eliminated one at a time. The regression obtaincd from the 'reduced" data base is used to estimate the 

missing data value. In this way, a set of 'n' quasi-iadependent observations is obtaincd from the data set of 

"n" tests. 
- .  

The PM-IO cross-validation (CV) shows that tbe model is fairly accurate for a very broad range of 

source conditions. Table 1 indicates that. although the model may slightly under- or overpredict emission 

for some specific subset of the data basc, the general a p e m e n t  is quite good. The CV analysis further 

found that, for the quasi-independent estimates of the m d  emission factors. 
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Validation set 

1 
2 

In examining the PM-IO residuals (i.e., the error between the predicted and observed emission 

factors), it was found that Equation 4-5 unds to overpredict the lowest and underpredict the highest 

observed factors. In other words, the model appears to have a systematic bias at the extremes of the parent 

data base. This tendency is expected of most models developed from regression techniques and is not 

-/smw - 
The only other significant relationship found for UE residuals in the PM-10 cross-validanon 

involved the tendency of the equation to overpredict emissions for very slow speeds. The equation does 

- not exhibit this bas for mean vehicle speeds I5 mph and higher. Beca& roughly 90 percent of the tern in 

the PM-10 data base have speeds at least 15 mph, the tendency should not be overly restrictive. 

Nevertheless, AP-42 Section 13.2.2 
A. du~rrv& j& re.& we 
1 vd /;/ef.prepewF-r 

A limited second validation of the PM-IO factor reserved approximately 20 to 25 percent of the 

data base for validation purposes. Test data were randomly selected for inclusion in either the 'develop 

ment" or the "validation" dala set. Two separate random selections were. performed. The development data 

set is used to develop the relationship which is used to estimate tem in the validation set. The first 
development set led to the foUowing predictive equation for PM-10: 

/ 
No. of cases Minimum Maximum G o .  mean Geo. nd.dev. 

n = 41 0.123 29.3 0.926 2.92 
n = 4 0  0.125 6.58 1.27 2.63 

and Development Set 2 led to thc following equation for PM-IO 

Note that both development sek led to equations very similar to that in Equation 4-3. When the two 1. 

I I I , I  . I '  , \ 

Unlike the quasi-independent estimates obtained in the cross-validation, the above huly represent 

independent applications of an emission factor model developed through stepwise regression technique. 

4-23 
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For that rea.mIL, this limited validation leads to a slight bias in the resulting esnmates, underpredictmg In 

the first set by 7 percent and overestimating by r O u a y  30 percent in the second. Nevertheless, the spread 

(variation) in the estimates is quite comparable to that found in the cross-validation and the estimates 

g e m d y  a p e  well with the measured values in the validation data set. 

I 

A final PM-IO validation study involved the nine emission tests that had not been formally reported 

when the study began (Referem 15). Table 4-29 shows the rrsulo of the comparisons of predicted to 

observed PM-IO emission facton. Prrdictions based on both Equation 4-5 and the currcnt AP-42 equation 

-are considered. In general, agreement is quite good for the llcw unpaved road equation. 

Limited validation of the PM-30 and other emission factors was undertaken. For the PM-30, a 

cross-validatii% led to resulo very comparable to those in the PM-10 cross-validation. Interestingly, 

however, there was no significant relationship between the residuals and spced for the PM-30 equation. In 

other words, unlike the PM-10 equation, the PM-30 equation docs not appear to systematically 

overprcdidunderpredict at very fast/slow wvel spcds. 

For the emission factors scaled against the PM-IO model. application of Equation 4-5 to the 

available PM-2.5 and PM-15 data sets lead to the following results: 

45 of 94 (48 percent) arc within a factor of 2 

57 of 94 (6l- percent) are within a factor of 3 

73 of 94 (78 percent) are within a factor of 5 

For PM-11 

42 of 94 (45 percent) are within a factor of 2 

62 of 94 (66 percent) are within a factor of 3 

82 of 94 (87 percent) are within a factor of 5 

Because these are essentially independent applications of the predictive equation (Le., the individual 

test r e d s  were not directly used in the development of the equation), a broader spread of the predicted-to- 

observed is to be expected. Nevertheless, both the PM-2.5 and PM-15 factors in Equation 4-5 provide very 

acceptable estimates of measured emission factors. 

4-24 
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4.4 DEVELOPMENT OF DEFAULT VALUES FOR ROAD SURFACE MATERIAL PROPERTIES 

As noted earlier. all previous versions of the AP-42 unpaved road emission factor have included the 

road surface silt content as an input variable. The predictive equations recommended in the last section are 

no exception. AP-42 Section 13.2 has always stressed the impomce of using site-specific input 

parameters to develop emission estimates. Recognizing that not all users will have access to site-specific 

information, AP-42 has included methods to allow readers to determine default values appropriate to their 

situation. 
- 

Table 13.2.2-1 currently in - 4 2  contains default silt information for various applications. As 
part of this update, the table was modified to (a) include updated inforamton on construction sites and log 

yards and (b)%format the information for publicly accessible roads. Item (a) was a relatively 

saaightfomard process. On the other band, item (b) required a thorough reexamination, as described 
below. 

Furthermore, it was necesmy to develop default information for moisture content. Because 

mosture content is raised to such a low power (exponent of0.3 in Equation 4-3). the use of default values 

should not result in unacceptable levels of uncednty in lhe resulting emission estimates. For example, 

when the recommended default value of 1 percent moistun is used for uawnmlled industrial roads, then 

% percent of the resulting emisison factor estimates are within a factor of 2 

72 percent of the resulting emission factor estimates are within a factor of 1.5 

52 percent cf the resulting emission factor estimates are within a factor of 1.25 

of the emission factor estimate based on the site-specific moisture content. Similarly, when a default value 

of 0.5 percent is used for publicly accessible roads in the developmental data set, all 43 of the resulting 

emission factor estimates are within a factor of 2 of the value based on site-specific moisute content. 

T h e  inclusion of the surface moisture content as an input variable is not considered to represent an undue 
burden on the users of AP-42. In particular, the methods presented in M-42 Appendix C.2 require oven 
drying before sieving. In other words, determination of the silt content of a road surface sample requires 
that the moisture content of the sample also be determined. nus, users of AP-42 who have already 
determined site-specific values for road surface silt content should have corresponding moisture content 
information available as well. 

4-25 
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In order to develop default information for publicly accessible unpaved roads. a data set of 

available silt and moisture contents was assembled. ThC 78 dam points were collected either as part of a 

field emission testing program or as input ne=- to prepan emission inventories. Note that several of 

samples were aggregated from subsamples collected from different road segments within 

Data are classified 89 being from either an 'tastern" or a %%tern' location. based on the common 

disticntion between 'pedalfer" and 'pedocal" soils. For pedalfer soils common in the m r n  US.,  

-precipitation exceeds evaporation. Conversely, evaporation is greater than precipitation in the Wea and the 
.. J L - > - - - , . V L - M . i  . .  . 

W 1 I S  .UT &,,U.aA yruvcoy. .,* 7 ,w 9EZ* is rc*j e&Z;dk=3 vi& &$ *:idkg !k t.t'-.--I! @?!fer 

and pedocal soils. Also, to the extent practical, data were classified as being from a 'gravel" or "dirt' type 

of unpaved r S d  surface. 

Statisrical analysis of the data set was undertaken to examine whether significant differences exist 

between the characteristics of eastern vs. western and gravel vs. dirt roads. Because the available data set 

had not been developed for this use, Le., specif idy to explore how unpaved road slaface cbaractcriStics 

vary because of different road surface materials or different locations in the country, thc data set contains 

unequal subsets of data. The 78 data points arc disuibuted as shown below: 

' 

- 
Din 

Gravel 

Unknown 

lacatipn 

Earr mst 
10 14 

31 I5 
0 8 

Tbe u n c q d  sample sizes makc it difficult to efficiently examine. differences. First, the choice of 

statistical tests becomes limited. Generally, the most powerful methods to examine mmnent  and inteation 

effects rely on having equal number of observations per cell. On an even more fundamental basis, there is 

a question whether the available data represent a reasonably representative, random sample from publicly 

accessible unpaved roads. That assumption would underlie any statistical test undertaken. 
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~ e c a u ~ e  ofthe data limitations, a series of painvise comparisons such as, 

. eastern gravel vs. eastern dirt roads . eastern vs. western roads . gravel vs. dirt roads 

were undertaken to determine if then existed significant differences in either moisture or silt content. The 

small-sample comparison of means test was used with the level of significance set at 10 percent. When 

-appropriate, a one-sided alternative hypothesis was used. For example, one could reasonably expect, on an 

apdpri basis, that on average 

. gravfi roads have lower silt contents than dirt roads 
moisture contents arc lower in the western U.S. tbarr in the East . 

When there was no iLpripri rcason available, a two-sided alternative hypothesis was seleacd. For example, 

there was no reason to suspect that one set of gravel roads would have higher silt contents than the other. 

In that case, the alternative hypothesis selected was that the mean silt contents for eastern vs. western gravel 

roads are not equal. 

Given the limitations on the available data set, it is not parIicularly surprising that the pairwiSe 

comparisons led to somewhat contradictory findings. For example, although the data set indicated b t  

eastern dirt roads had a higher average moisture content than castcrn gravel roads, that d t  was not found 

for western roads or-for roads overall. Similarly, gravel surfdces w e n  found to have a lower mean silt 

content than dirt when (a) only eastern roads and (3) all mads w e n  compared. That is, no significant 

difference was found for silt contents between western gravel and dirt roads. 

Results from the pairwise comparisons are summarized below. In the table, 's" and 'M" indicate 

that a significant different (10 percent level of significance) in the mean value of the silt and moisture 

content, respectively, was found in the comparison. 

Comparison of 

East s M 
West S 
Overall S - 

Comparison of 
E a s w J h t  

Gravel - - 
Dirt - M 
overall - - 
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In keeping with the findings summanzed ' above, it was decided to provide separate default silt values for 

gravel and dirt roads, for use throughout the United States (Le., no disdnction between east and west). 

Furthermore, only one default moisture content would be provided for IISC on any type of publicly 

accessible unpaved road in the country. The default values for silt content are based on the correspondin,o 

mean values in the assembled data set: 

M a  

- Gravel Roads 6.4 percent 
Dm Roads 11 percent 

The mean ovyall moisture content for the data set is 1.1 percent However, miS value submntially differs 

from the mean moisture content of 0.6 percent for tests of emissions from public unpaved roads. It is 

recommended t b t  this IIQI serve as the basis for a default value in AP-42. Inncad, a default value of 

0.5 percent is recommended for publicly accessible wpaved roads. 

4.5 SUMMARY OF CHANGES TO AP-42 SECTION 

Changes to the text in Section 13.2.2 had several blocks within the section updated to describe the 

new unpaved road equation. Many of the changes are the result of the addition of moisture as an equation 

parameter and the removal - of speed, mean number of wheels, and precipitation as parameters. Also. 
Table 13.2.2-1 was modified and updated to provide default silt content and moisture contents from various 
locations within the continental United Statcs. Section 13.2.2 follows with kxt  removed from the old 

AP-42 version s m k d  out. New wording added since the last version is in bold between brackets [ 1. The 

figures are not presented here, but are included in Section 5 of this report. 

13.2.2 Unpaved Roads 

13.2.2.1 General 

Dust plumes trailing behind vehicles traveling on unpaved roads are a familiar sight in rural 

areas of the United States. When a vehicle travels an unpaved road, the force of the wheels on the 
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road surface causes pulverization of surface material. Particles are Liftcd and dropped from the 

rolling wheels, and the road surface is exposed m strong air currents in turbulent shear with the 

surface. The turbulent wake behind the vehicle continues to act on the road surface after the 

vehicle has passed. 

13.2.2.2 Emissions Calculation And Correction Parametersp4 

* .i P C  . 

materials? The silt fraction is determined by measuring the proportion of loose dry surface dust 

that passes a 2OCLmcsh screen, using the ASTM-C-136 method. Table 13.2.2-1 Summarizes 

mcasurcd silt values for industrial and d [public] unpaved mads. 

Since the silt content of a rural dirt road will vary with whit] location, it should be 

measured for use in projecting emissions. AS a conservative approximation, the silt conteot of the 

than in the s?lrrounding parent soil, because the furcs are continually removed by the vehicle traffic, 

parent soil in the area can be uscd.,Tcsts, however. show that mad silt contem is normally lower 
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W t l  Table 13.2.2-1. TYPICAL SILT CONTENT VALUES OF SURFACE MATERIAL - - 
ON INDUS 

-~usay 
Copper smelting 

G a n d  steel production 

sand and gravel processing 

Taconite mining and 
processing 

Western surface coal 
mining 

[Construction sites 

FMbersaHmills 

fbd-mds 

Municipal solid waste 
landfills 

Plant road 

Plant road 

Plant road 

=res 

Plant road 

fhdluad 

-1 raad 

Service road 

Haul road 

Haul road 

Access road 

Scraper route 

Haul road 
(freshly g r a d 4  

Scraper routes 

Logyards - 
Bill 

Disposal routes 

NPAVl 

Plant si* 
1 

19 

1 

1 

- 
- 

2 

t 
4 

1 

1 

3 
2 

3 

2 

7 

2 

3 

7 

3 

4 - 

ROADS' 

No. Of 

3 

135 

3 

1 

10 

te 
20 

8 

12 

21 

2 

10 

5 
20 

2 

9 

* 
26 

20 

~~ 

Silt Content (96) 

@-e 

16- 19 

0.2 - 19 
4.1 -6.0 

- 

2.4 - 16 
5e-15 

5.0.15 

2.4 - 7.1 
3.9 - 9.1 
2.8 - 18 
4.9 - 5.3 
7.2 - 25 

18 - 29 
0.523 

4.812 

5e-13 

++--a 
e4-43 

2.2 - 21 

. .  - .,--- 
I..- 

17 

6.0 

4.8 

?;I! 

10 

M 

8.31 

4.3 

5.8 

8.4 

5.1 

17 

24 

8.9 

8.41 
8 3  

tz 
5 3  

6.4 - 
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Silt Content ( W )  

IMumy SurfaceMaterial Siw Samples Range Mean 
Road Use Or Plant No.Of 

i- 

where k, 2, b and c are e n p i r i d  constants (REF 6) given below and 

e = 
s = 
W = 
M = 

sizespecitie emision factor Qb/wt )  
surface material silt content (56) 
mean vehicle weight (tom) 
surface material moisture content (%I 

The constants for Equation 1 bawl on the stated ae"Iynamic particle she are as follows: 

I 

4-3 I 

[Publicly accessible roads G r a v d d e d  
limedone 9 46 0.10-15 6.4 

Dirt 8 24 0.83-68 111 



Constant 

k Ob/vM") 

8 

b 

C 

Qualityrating 

PM-2.5 PM-10 PM-15 PM-30 

0.24 1.6 2.4 5.3 

0.8 0.8 0.8 0.8 

0.4 0.4 0.4 0.5 

-0.3 -0.3 -0.3 -0.4 

B A B A 

Equation 1 was developed by the stepwise regression of the results from field 

measuranents of PM-10 emissions and TSP &ions (or its surrogate - PM-30 emissions) 

from vehicles traveling over unpaved surfaces. Both uncontrolled and watered roads were 

included in the data base of 180 PM-10 and 92 TSP tests. The values given for the remaining 

particle sue ranges were developed from mean measured PM-2.5 to PM-10 ratios and PM-15 

to PM-10 ratios. 

Roadsilt 
content.% 

1.2-35 

4-32 

Mean Mean 
&de  vehicle Road 
W W t ,  - 9  speed, MeanNo. moisture 

1.4-260 1.5-290 8-88 sssp 4-7p o.os20 

Mean,- ton -hw-m mph oiwi1eei5 content,% 
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It iF important to wte that Equation 1 calk for the average characteristia of all 

vehicles traveling the road. For example, if 98 percent of baffie on the road are 2-ton can 

and trucks while the r c m h h g  2 percent eonsists of 20-ton trucks, then the mean weight is 

2.36 tons. More specifidy, Equation 1 b nof intended to be used to calculate a separate 

emission factor for each vehicle dass. Instead, only one emission factor should be calculated 

that reprewntc the "fleet" average of all vehicles traveling the road.] 

Moreover, to retain the quality rating of thc equation when addressing a specific unpaved 

road, it is necessary that reliable correction parameter values be determined for the road in 

question. The field and laboratory procedures for determining road surface silt content are given in 

Ap-42 Appendices C.l and C.2. In the event that site-specific values for correction parameters 
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cannot be obtakd,  the appropriate mean values from Table 13.2.2-1 may be used, but the qualiry 

rating of the equation is reduced by 1 letter. 

[As noted earlier, Equation 1 was developed from tests of traffic on unpaved surfaces, 

either uncontrolled or watered. Unpaved roads have a hard, g e n e d y  nonporous surface 

that u m d y  dries quiddy after a rainfall or waterhg. The quality ratings given above pertain 

to uncontrolled (dry) conditions. To estimate annual or seasonsl conditions one should 

determine an appropriate d u e  for the average surface moisture eontent, taking into account 
that tbk may not always . .  natural precipitation and any . w e .  Recogmq 

k ~y=zik=!, P y d c ~  1 
simplifying assumption that w i s i o n s  occur at the athnated rate on days without measurable 

prexipihtion and, conversely, are absent on days with wrrpurable (more than 0.254 nun 
[0.01 inch]) precipitation. In other words, when the simplifying assumption is made, the 

h i o n  factor for uncontrolled (dry) conditions should be multiplied by the ratio 

he &r~-p!!ted tn a ~ n w !  nr m n a l  mnditinnc under the 

365 - p 
365 

where p = number of days witb at least 0.254 nun (0.01 inch) of precipitation per year. 

Fmre 13.2.2-1 gives the geogrsphid distribution for the mean annual number of 'wet' days 

for the United States. 

Clearly, the effect of water/naturpl mitigation depend on not only how much 

precipitation falls, but also on factors dfkting the evaporation rate, such as ambient air 

temperature, wind speed, humidity, and -IC rates. When the simplifying assumption is 

applied to annuaVseasonal estimates, the quality rating should be downgraded by 1 letter.] 

For calculating annual average emissions. &e equation is to be multiplied by annual vehicle 

distance traveled (VDT). Annual average values for each of the correction paramercrs are to be 

substituted for the equation. Worst-case emissionr, comsponding to dry road conditions, may be 

calculated by setting p = O[.] & 
rqmrtian): A s e p a r a t e s e t o f m n d h a k w  mction parameters and a higher than normal VDT 

value may also be justified for the worst-case average period (usually 24 hours). Similarly, in 

using the equation to calculate emissions for a 91-day season of the year, replace the term 
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(365-p)/365 with the term (91-p)/91. and set p equal to the number of wet days in the 91-day 

period. Use appropriate seasod values for the nonclimatic correction parameters and for VDT. 

13.2.2.3 C o n t r ~ l s t g t f I " ~ ~ ~ ~  

Common control techniques for unpaved roads arc paving. surface treating with penemtion 

chemicals, working stabilization chemicals into the roadbed. watering, and uaffic control 

regulations. me Meet that moisture addition has on emissions can be evaluated by use of 

Equation 1 if the cyde of moisture content is knowa] Chc&cal stabilirs work either by 

binding the surface material or by enhaacing moisture retention. Paving, as a control technique. is 

often not economically practical. Surface chemical treauncnt and watering can be accomplished at 

moderate to low ccsts, but frequent mauncnts arc required. Traffic controls, such as sped limits 
and traffic volume restrictions, provide moderate emission reductions. but may be difficult to 

enforce.+c E 

- 

. .  

The control efficiencies achievable by paving can be estimated by comparing emission 

factors for unpaved and paved road conditions, relative to airborne particle size range of interest. 

The predictive emission factor equation for p v e d  mads, given in Section 13.2.4. requires 

estimation of the silt loading on the traveled portion of the paved surface, which in tun depends on 

whether the pavement is periodically cleaned. Unless d i n g  is to be installed. the effects of 

vehicle excursion onto shoulders (berms) also must be taken into account in eJtimacing [the] control 

efficiency [of pavind. 

The control efficiencies afforded by the periodic usc of road stabiliration chemicals an 

much more difficult to estimate. The application parameters that determim control efficiency 

include dilution ratio, application intensity, mass of diluted chemical per road area, and application 

frequency. Other factors that affect the performance of chemical stabilizers include vehicle 

characteristics (e. g., uaffic volume, average weight) and road characteristics (e. g., b r i n g  

strength). 

Besides water, petroleum resin products historically have been the dust suppressants most 

widely used on indusmal unpaved roads. Figure 13.2.2-2 presents a method to estimate average 
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control efficiencies asJociated with petroleum reaius applied to unpaved roads.'' Several items 

should be noted: 

Period 

1. The term "ground inventory" rcprcscnts the total volume (per unit area) of petroleum 

resin eoncentrate (nor sokrrion) applied since the stan of the dust control season. 

Ground inventory, Avenge control 
*?WYYa21 efficiency, 'Rp. 

2. Because petroleum nsin produco mus! bc periodically reapplied to unpaved roads. the 

w of a he-averaged control efficiency value is appropriate. Figure 13.2.2-2 

presents control efficiency values averaged over 2 e o m o n  application intervals, 2 
; GOB& c&& qjpz&OG &-ST"-& =:: ;+-AT kq&-$-. 

3. Note that zero efficiency k assigned until thc ground inventory rcaehes &Hm-pc~ 

sqaahmekrfHmpf(o.05 gaUon per squan yard f W ~ & l .  

As an example of the application of F i p  13.2.2-2, suppose that thc equation was used to 

esrimate an emission factor of 

ASO, suppose ttiat. starting on my 1. the road is mted with - 9 0 . ~ ~ 1  g a t / y ~  of a solution 

(1 part petroleum resin to 5 parts water) on the first of each month through September. Then, the 

following average controlled emission factors an found: 

.1 IbNl\dTJ for PM-10 from a particular road. 

Average eontrolled 
emission factor. 

t g f w f f [ l b m  

h Y  

July 

- 

JUne 

August 

W[0.037] 

e53[0.0731 

esep.111 
8r67I0.151 

0 
62 

68 

74 

Newer dust suppressants are successful in controlling emissions from unpaved roads. 

Specific test results for those chemicals, as well as for petroleum resins and watering, an provided 

in References -117 through 201. 
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4.5.2 

Analysis of the test data exhibited an emission factor equation appropriate for average conditions. 

The equation no longer contains speed and mean number of wheels as parameters. The current data base 

shows a correlation of emissions to the surface moisture content, which was added as a parameter. The 

addition of surface moisrun content to the new equation nullifies the need to account for annual 

precipitation, which was removed from the equation. As with the old equation, the new equation allows for 

the emission calculations of different particle shes (PM-2.5. PM-10, .PM-15. and PM-30) with the use of 

-appropriate constants. The old Section 13.2.2 Equation ( 1 )  is presented below (&ked wt) followed by the 

new Section 13.2.2 Equation (1). 

Old Equation' (1) -w*tM= 

whcrc 

k = particle sizc multiplier (dimcnsionlcss) 

S - 

7* - 

New Equation (1) e = k (~112). (w13)b Mc 

where k, a, b and c are empirical constants given below 

e = size-specific emission factor (Iblvmt) 

s =: surface material silt content (96)  

W = mean vehicle weight (tons) 

M = surface material moisture content (W) 
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Connants for Equation 1 based on the sad aerodynamic panicle size 

CQnant m2.5 P&lQ 

a 0.8 0.8 

C -0.3 -0.3 

1.6 k (IbNMT) 0.24 

b 0.4 0.4 

F!Md5 rM3Q 
2.4 5.3 
0.8 0.8 
0.4 0.5 
-0.3 -0.4 
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Control 
method Testrun 

None BKI-BK4 Unpaved road 

PM-IO emission factor. IbiVMT 
Test No.of . 

Stacc date tests Geom. mean Range 

Nevada 5/96 4 0.820 , 0.309-2.65 

I Paved road 

Meteorology 
5 

PM-IO 
&ion Avg. 

Unpnvedmad . factor. Dudion, Tmp.. wind. 
Lclt Np) I b m  mio. % * p u s s  

BK-1 0.375 59 R 6.0 

BK-2 0.309 29 70 6.5 

BK-3 1.48 47 70 6.6 

BK-4 2.65 27 71 6.6 

Vehicle i n f d t i o n  

MMU M m  
No. of vehicle Mcan vehicle 
vchicla weight, No.of qad. 

ton W h L  mph sit .  'k 

138 1.5 4 15 7 3  

150 1.5 4 15 53 

100 2.0 4 15 5.9 

8 0 ,  2.0 4 15 6.6 

Nom - I Nevada I 5/96 I 3 0.002f I 0.0(1zZ-0.~8 I I I 

Control 
method 

Nom 

None 

wlctring 

Nom 

I IbNMT = 281.9gNKT 

NO. PM-10 &ion factor, IbNMT 
unpaved road Test of 
kdtm Staca d.te tau Gwm. mean h e  

BAI-BA2 Nevd. 6/95 2 8.19 6.05 -11.1 

BA3-BA6 California 6/95 4 0.838 0.5S1.32 

BAS-BA9 California 6/95 2 0.174 0.090.0.340 

3.33-12.5 BAWBAIZ California 7/95 3 7.24 

Operation 

Scraper 

Scraper 

scraper 

Light duty 
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TABLE 4-4. DETAILED INFORMATION FOR UNPAVED ROAD TESTS - REFERENCE 2 
I I I I I I 

0.340 13 70 42 86.7 4.1 16 4.11 4.14 \ 
r 

IA-8 

:A-9 0.090 16 70 74 79.6 4.1 16 3.35 5.69 

:A-10 3.33 29 105 32 2.8 4.3 2s 15.5 0.27 \ 
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- 1 lbNMT = 281.9 g N K T  

I 
34-9. SUM 

Tat¶ 

I PM-10 emiaaion factor. 

W-2OlA-I to 
W-201A-3 

D201A-1 to 
D201A4 

StatC 

NorthCuDLina 

NorchCamLina 

date wu Gwrn.muui Range 

8/95 3 0.112 0.055M.217 

8/95 4 1.74 0.5284.70 



w 
II 
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TAB1 - 
unp.vb 
r d t r s  

A G I  

AG2 

AG3 

AG4 

AGS 

AG6 

AG7 

AGE 

AG9 

A G l O  

A G l l  

AJ-1 

AJ-2 

AJ-3 

AJ-4 

AI-5 

4J.6 

U-7 

4J-8 

4J-9 

w-10 

01-11 

u-12 

01-13 

U-14 

U-15 

U-16 

U-17 

u-18 

NPI - 
25 

28 

23 

32 

30 

34 

31 

28 
31 

-26. I - 
PM-IO 

nnirS iOl  
hnor, 

IbNMl 

1 

134 

5.55 

3.82 

0.097 

0.248 

0.035 

0.136 

0.610 

1.54 

1.11 

c 

0335 

4.17 

2.62 

2.14 

0.060 

0.560 

0.493 

0.490 

0.022 

1 .05 

1.49 

0.904 

2.23 

0.006 

0.183 

0313 

0.098 

0.066 

0.373 

Duntion 
min. 

31 

106 

99 

107 

128 

166 

202 

100 

75 

76 

62 

48 

46 

50 

79 

67 

46 

90 

89 

126 

50 

65 
60 

190 

240 

131 

140 

125 

119 

- 

- 

FORMATIOh 

71 

69 

70 

52 

69 

87 

71 

70 

69 

6.5 

74 

n 
76 

80 

90 

85 

78 

66 

70 

69 

62 

65 

61 

57 

42 

49 

55 

65 

43 

,logy 

wind, 
mph 

4.2 

7.4 

5.8 

2.7 

4.8 

6.6 

2 3  

3 2 

6 3  

3.4 

2.6 

3 3  

2.0 

4.2 

6.1 

5.6 

4.4 

3.6 

5.8 

5 3  

2.8 

3.1 

7.7 

8.2 

12 

8.8 

4.9 

7.9 

5.0 

- 
Avg. 

- 

- 

3R UNPAVED ROAD TESTS FOR RE- 

- 
No. of 
vehicle 
PLaVs 

27 

30 

22 

79 

120 

160 

84 

93 

31 

49 

62 

45 

47 

50 

86 

71 

49 

60 

120 

120 

44 

61 

60 

150 

250 

107 

140 

120 

115 

- 

- 

M u n  No. 
of whceb 

9.8 

7.3 

6.6 

9 3  

10 

13 

10 

9.1 

6.1 

8.1 

5.8 

6.0 

6.0 

7.1 

6.1 

6.0 

5.9 

5.9 

7.2 

6.4 

6.0 

6.0 

6.0 

6.0 

6.0 

6.0 

6.0 

6.0 

6.0 

M a n  vehicle 
w. mpb 

15 

17 

16 

I5 

14 

I5 
16 

14 

13 

13 

14 

15 

15 

15 

I5 
I5 

I5 

I5  

I5 

I5 

20 

19 

21 

18 

22 

17 

23 

20 

22 

:E 13 - 

sils % - 

4.9 ' 
5 3  2 
- 
1.9 ' 

6. I 

4 3  ' 
5.7 

ND 
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CE 15 TEST 
I 

No. of 
W h e e l  

4 

4 

4 

4 

4 

4 

4 

4 

4 

DATA 

M-d  

emission 
PM-10 Predicted VI. observed 

factor. Current 
bNMT Equation45 AP42 

1.23 0.88 0.43 

1.29 0.65 0.30 

0.840 1.51 0.67 

1.32 0.80 0.37 

0.503 0.95 1.89 

0.925 0.95 0.89 

1.12 0.81 0.71 

0 118 6.95 8.44 

0.088 10.3 11.9 

USING 

Weight. 
Run Silt. 46 Moulurc. 46 tom 

El-1 4.01 0.10 2 

RJ-2 2.90 0.10 2 

BJ-3 4.26 0.07 2 

B J 4  j.’/U C.G L 

BG-1 7.20 7.2 2 

BG2 6.22 0.65 2 

BG-3 6.07 0.24 2 

B l r 4  7.56 1 .* 
BG5 7.97 1.1 2 

4 

.. * - _  

REFERU 

Spsed. 
mph 

30 

30 

30 

*n _I* 

30 

30 

30 

xn 

30 

*” 



Type of vebklelroad 

Haul trucks 

Light-medium dutyltraffic on 
industrial roads 

Ratio of Quasi-Independent estimate 10 
mcasurcd emission factor 

UnCOllkOkd/ NO. Of 
watered C a X S  Gco. mean Geo. nd. dev. 

U 39 0.98 2.44 

W 34 1.10 2.49 

Overall 13 1.03 2.45 

U 29 1.09 2.85 

Light-medium dutylaaffic on 
public roads 

L 

Heavy dutyltraffic on 
industrial roads 

4-69 

U 43 0.97 2.36 

overall n 1.02 2.54 

U 3 1.28 1.39 

Scrapers in travel mode 
~~ 

U 23 0.82 3.62 

W 9 1 .oo 5.13 

Overall 32 0.87 3.93 
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5 .  PROPOSED AP-42 SECTION 

The proposed AP-42. Section 13.2.2 Unpaved Roads. is presented on the following pages as it would 
appear in the document. 
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DRAFT 
This is pnlimillKy material, in drafi form, for purposes of review. This material must not be 

quoted, cited, or in any other way considered or d as final work. 

13.2.2 Unpaved Roads 

13.2.2.1 General 

Dust plumes sailing behind vehicles traveling on unpaved roads an a familiar sight in rural areas 

-of the United States. When a vehicle travels an unpaved road, the force of the wheels on the road Jurface 
causes pulverization of surface material. Particles an lihcd and dropped from the rolling wheels, and the 

road surface is exposed to strong air m n 8  in turbulent shear with the surface. The turbulent wake 

behind the ve&icle continues to act on the road surface after the vehicle has passcd. 

13.2.2.2 Emissions Calculation And Correction  parameter^'^ 

The quantity of dust emissions from a given segment of unpaved road varies linearly with the 

volume of traffic. Field investigations also have shown hat emissions depend on correction parameters 

that characterize the condition of a particular road and the associated vehicle traffic. 

Dust emissions from unpaved roads have been f o d  to vary directly with the fraction of silt 

(particles smaller 75 micrometers brn] in diamctcr) in the road s~rfacc materials.' n e  silt tiaction 

is determined by measuring the proportion of loose dry surface dust hat passc~ a 2Wmesh screen, using 

the ASTMC-136 method. Table 13.2.2-1 summarizes rncasured silt values for indusnial and public 

unpaved roads. 
- 

Since the silt content of a rural din road will vary with geographic location, it should be measured 

for use in projecting emissions. As a conservative approximation, the silt content of the parent soil in the 

area can be used. Tests, however, show that road silt content is normally lower than in the surrounding 

parent soil, because the fines are continually removed by the vehicle traffic, leaving a higher perCCnQgC of 

coarse particles. 

13.2.2-1 
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Road Silt 
Content, 96 

1.2-35 

The following empirical expression may be used to estimate the quantity in pounds (Ib) of 

size-specific particulate emissions from II unpaved road, per vehicle mile lraveled 0: 
e = k (sll2)' (w/3)b (1) 

where k, a. b and c are empirical constants (Reference 6) given below and 

e = size-specific emission factor (lbNMT) 
s = surface material silt content ( W )  
W = mean vehicle weight (tons) 
M = surface material moisture content (9%) - 

The mehc  conversion from IbiVMT to grams (g) per vehicle ldlometcr havelcd (VMT) is as follows: 

1 Ib/VMT = 281.9 g N K T  
G 

The constants for Equation 1 based on the stated aerodynamic particle size are as follows: 

Mean 
Vehicle M W  

Mean, Weight, Mean, Vehicle Mean No. Road Moisture 
M g  ton hh S@,mph ofwheels Content, 96 

1.4-260 1.5-290 8-88 5-55' 4-78 0.03-20 

constant PM-2.5 

0.24 

0.8 

0.4 

-0.3 

R 

PM-IO 

-0.3 

7 -0.3 

PM-30 

-0.4 

The above table also contains the quality ratings for the various size-specific versions of Equation 1. The 
equation retains the assigned quality rating, if applied witbin the following ranges of source conditions that 

were tested in deve6pkg the equation: 

Although mean vehicle speed and the mean number of wheels do not explicitly appear in the 

predictive equation, these variables should be considered when determining quality ratings. During the 

Miscellaneous sources 13.2.2-3 



validation of Equation 1, it was found that the predictive equation tends to overpredict emissions for very 

low mean vehicle speeds. The equation does not exhibit this bias for mean vehicle speeds of at least 

15 mph. The equation's predictive behavior should be remembered if the emission factor is used for an 

in,gance with mean vehicle speed lcss than 15 mph. Although the mean number of wheels was not found 

to exhibit a systematic bias, the reader is skdarly advised of the equation's accuracy outside the range of 

mean number of wheels given above. 

- Equation 1 was developed by the stepwise regrcssion of the resuln from field measurements of 

PM-IO emissions and TSP emissions (or its surrogate - PM-30 c&ons) from vehicles traveling over 

unpaved surfaces. Both unwntrokd and watered roads were included in the dam basc of 180 PM-10 and 

92 TSP tcsts.;lhe values given for the remaining particle size rangcs were developed from mean 

measured PM-2.5 to PM-10 ratios and PM-15 to PM-10 ratios. 

It is imporant to note that Equation 1 calls for the average sptcd, weight, and number of whais 

. of all vehicles traveling the road. For example, if 98 percent of traffic on the road are 2-ton cars and 
mcks while the remaining 2 percent consists of 204011 aucls, then the mcan weight is 2.36 tons. More 
specifically, Equation 1 is nut intended to be used to calculate a rpamte emission factor for each vehicle 

class. Instead. only one emission factor should be calculaotd that represents the "fleet" average of all 

vehicles traveling the road. 

Moreover, to retain the quality raw of the equation when addressing a specific unpaved road, it 

is necessary that reliable correction parameter values be determined for the road in question. The field 

and laboratory procedures for determining road surface silt content are given in AP-42 Appendices C. 1 

and C.Z. In the event that site-specific values for correction parameters cannot be obtained. the 

appropriate mean values from Table 13.2.2-1 may be uscd, but the quality rating of the equation is reduced 

by 1 letter. 

As noted earlier, Equation 1 was developed from tcsts of traffic on unpaved surfaces, either 

unconuolled or watered. Unpaved roads have a hard, generally nonporous surface that usually dries 

quickly after a rainfall or watering. The quality ratings given above pertain to uncontrolled (dry) 

conditions. To estimate annual or seasonal conditions, one should determine an appropriate value for the 

average surface moisture content, taking into account natural precipilation and any anthropogenic 

watering. Recognizing that this may not always be practical, Equation 1 can be extrapolated to annual or 

W.WUI conditions under the simplifying assumption that emissions occur at the estimated rate on days 

13.2.2-4 EMISSION FACTORS 
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without measurable precipitation and, conversely, are absent on days with measurable (more than 0.34  

mm (0.01 inch]) precipitation. In other words, when the simpljfying assumption is made, the emission 

factor for uncontrolled (dry) conditions should be multiplied by the ratio 

(365 - p) 
365 

i r v  
G ,,, where p = number of days with at least 0.254 mm (0.01 inch) of precipitation per year 

-Figure 13.2.2-1 gives the geographical dimibution for the a w n  annual number of "wet" days for the 

united states. 

Cleady, the effect of water/natural mitigation depend on not only how much precipitation falls, but ' f  
% a also on factors affecting the evaporation rate, such as ambient air temperalure. wind spced, humidity, and 

w f i c  rates. m e n  the simplitjii &Fsumpfion is applied to annd/-d csfimatcs, the +ty rating J\ q 
should be downgraded by 1 1ette.r. 

For calculatiag annual average emissions, the equation is to be multiplied by annual vehicle 

distance traveled (WIT). Annual average values for each of the comction parameters are to be 

substituted for the equation. Worst-case emissions, wmspondiug to dry road conditions, may be 

calculated by setting p = 0. A separate set of correction parameters and a higher than normal VDT value 

may also be justified for the worst-case average period ( d y  24 hours). Similarly, in using the equation 

to calculate emissions for a 91-day -n of the year. replace thc term (365-p)B65 with the term 
to the number of wet days in the 91day period. Use appropriate seasod 

correction parmeters and for VDT. 

common conuo~ 

chemicals, working stabilization chemicals into the roadbed, watering, and traffic control regulations. The 
effect that moisrure addition has on emissions can be evaluated by usc of Equation 1 if the cycle of 

enhancing moisture retention. Paving, as a control technique, is often not economically practical. 

chemical treatment and watering can be accomplished at moderate to low costs. but frequent treatments are 

reductions, but may be difficult to enforce. 

required. Traffic controls, such as speed limits and traffic volume rcmictions, 

U 
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DRAFT 
The control efficiencies achievable by paving can be estimated by comparing emission factors for 

unpaved and paved road conditions, relative to airborne @cle size range of interest. The predictive 

emission factor equation for paved roads, given in Section 13.2.4, requires estimation of the silt loadins on 

the traveled portion of the paved surface, which in turn depends on whether the pavement is periodically 

cleaned. Unless curbing is to be installed, the effects of vehicle excursion onto shoulders @ern) also 

must be nken into account in estimating the control efficiency of paving. 

- The control efficiencies afforded by the periodic usc of road stabiliation chemicals arc much 

more difficult to estimate. The application parameten that determine control efficiency include dilution 

ratio, application intensity, mass of diluted chemical per road area, and application frequency. Other 

factors that affect the performance of chemical sgbitizers include vehicle characteristics (e. g., uaffic 

volume, average weight) and road characteristics (e. g., bearing saength). 

Besides water, petroleum resin products historically have been mC dust suppressants most widely 

used on indushial unpaved roads. Figure 13.2.2-2 presents a method to estimate average control 

efficiencies associated with petroleum resins applied to unpaved roads.'' Several items should be noted: 

1. The term "ground inventory" represents the mal  volume (per unit area) of petroleum rcsin 

concentrate (not sokcrion) applied since the stu t  of the dust control season. 

2. Because petroleum resin producu must be periodically reapplied to unpaved roads, the use of 

a time-averaged - control efficiency value is appropriate. Figure 13.2.2-2 presents control 

efficiency values averaged over 2 common application intervals, 2 weeks and 1 month. Other 

application intervals will require intetpolation. 

3. Note that zero efficiency is assigned until the ground inventory reaches 0.05 gallon per square 

yard (gallyd2). 
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Ground Inventory. Average Control 
- Period gaIlyd2 Efticicncy, 96' 

&Y 0.037 0 

JUne 0.m 62 

0.11 68 
August 0. I5 74 

September 0.18 80 

L. 

July 

Average Controlled 
Emission Factor, 

lbNMT 

7.1 

2.7 

2.3 

1.8 

1.4 
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- Minnesota Pollution Control Agency - 
W 

October 29,1997 

Mr. Ronald E. Myers 
U.S. Environmental Protection Agency (MD-14) 
Research Triangle Park, North Carolina 2771 1 

RE: Comments on Draft AP-42 Section 13.2.2, Unpaved Roads, and the Associated Draft Report 

Dear Mr. Myers: 

The Minnesota Pollution Control Agency (MPCA), Air Quality Division would like to comment 
on the draft AP-42 Section 13.2.2, Unpaved Roads, and Emission Factor Documentation for AP-42 
Section 13.2.2 (Draft Report). 

We appreciate the efforts of the U.S. Environmental Protection Agency (EPA) on revising 
fugitive emission factors from unpaved roads. We realize the importance of these emission 
factors to our air quality programs in Minnesota. Table 1 summarizes the findings of the h4PCA 
staff in a thorough review on statistical analysis of the emission data provided by the EPA. 

Table 1. Empirical Constants from Statistical Analysis of Uncontrolled Particulate Emission Facton '  - 
PM2J ww EElll EMlp 

ihlmIlt2 €zkalUw MEA' m.afL4w MEA RdL4W M E A  r.wuH2 M E A  
k, IbNMT 0.24 3.57 I .6 1.72 2.4 3.41 5.3 6.08 

a 0.8 0.67 0.8 0.77 0.8 0.72 0.8 0.97 
b 0.4 0.24 0.4 0.43 0.4 0.29 0.5 0.52 
C -0.3 -0.55 -0.3 -0.24 -0.3 -0.06 -0.4 -0.45 

Cases, n ? 77 I80 141 ? 77 92 65 
R-squared ? 0.125 0.345 0.384 ? 0.255 ? 0.512 
Adj. R-sq ~ ... ? 0.089 ? 0.371 ? 0.224 ? 0.488 
0. Ratine B ? A ? B ? A ? 

I 

Regression ? Forced Stepwise Stepwise ? Forced Stepwise Stepwise 

Notes: 
P - P 

I ,  Unpaved.dat (July 31,1997) posted on l T N  web site was used by the MPCA staff  for statistical analysis. Accordin 
to Greg Muleski of Midwest Research Institute. some tests results were missing from this posted tile. However. 
our comments do not rely significantly on the completeness of the test results in this data tile. 
Constants k, a, b. and c are obtained from fitting the emission data (item I above) with the following equation: 

where E is the size-specific emission factor in IbNMT; s is the road surface material silt content in percent; W is 
the mean vehicle weight in tons; and M is the road surface material moisture content in percent. 
SPSS for MS Windows Release 6. I was used in the MPCA's statistical analysis. Draft AP-42 data resulted from 
statistical analysis completed with SYSTAT Version 4. Little difference in the results is expected due to software. 
Section 3.3 of the Draft Repolr provides the basis for the letter rating, which is not related to the goodness of tit 
that may be judged with statistics such as R-squared, adjusted R-squared, and SO on. 

2. 
E = k (~/12)'(W/3)~ (MI)' 

3. 

4. 

The fitting constants' quality ratings, the potential dual role of road surface material moisture 
content, the annual adjustment for precipitation, and the disappearance of vehicle speed are the 
major concerns to the MPCA. We believe, however, that the PM,, emission factor equation 
(IbNMT) with the fitting constants is acceptable from the statistical analysis standpoint. 

520 Lafayette Rd. N.: St. Paul, MN 55155-4194: (612) 296-6300 (Voice); (612) 282-5332 ( r Y )  

Equal Opportunity Employer Primed on recycled paper containing at leas1 2046 fibers from paper recycled by COnEUmerS 

Regional Offices: Duluth * Brainerd - Detroit Lakes * Marshall Rochester 



Mr. Myers 
Page 2 

Quality Rating Scheme 

Emission Factor Documentation for AP-42 Section 13.2.2 (Draft Report) describes in section 3.3 
emission data and emission factor quality rating scheme used for unpaved roads source category. 
It states, “(t)he uncontrolled emission factor quality rating scheme used for this source category 
represents a refinement of the rating system developed by EPA for AP-42 emission factor. The 
scheme entails the rating of test data quality followed by the rating of the emission factor(s) 
developed from the test da ta....” 

The quality control and quality assurance efforts in the development of emission factors for this 
source category are important. However, we believe that the final quality rating, as seen in Table 
1 for PM,,, should also be more related to the goodness of fit of the regression model. In plain 
words, we think the ratings of A and B in Table 1 should be lower, e.g., C and D. 

To f i~ the r  exp!zk c ’ ;~  coiicciii wit\ fiiciiri rzihgs, ier’s iooic at another rating and the 
assumptions we make about it. An emission factor rating of A is given to the SO2 emission 
factor for No. 6 oil fired, normal firing utility boilers in the current AP-42 Table 1.3-1. People in 
the regulatory and regulated communities are very confident in using such an emission factor. 
Now, when an emission factor rating of A is given to the uncontrolled PM,, emission fitting 
constants, it has some profound implications. First, it implies that the predicted uncontrolled 
PM,, emission for unpaved roads from the regression model is the best (true), however it also 
implies it is directly comparable to that of the SO2 emission factor for No. 6 oil fired, normal 
firing utility boilers in the current AP-42 Table 1.3-1 (not true). People using these factors, who 
tend to take a number out of a table without carefully reading the context, will assume these 
factors are of equally high quality. Second, when people realize that less than 40 percent of the 
total variance in the emission data is explained by the regression model (see PM,, column in 
Table 1) and rating A still is given to ths regression model, they are going to seriously doubt the 
reliability of all the emission factors from AP-42 -- stack emissions and fugitive emissions. 

We believe that people can be satisfied with the notion that, because of inherent variability, 
fugitive emission factors can never achieve the same level of quality rating. Therefore, we would 
urge you to lower the factor ratings associated with the proposed AP-42 for unpaved roads. 

Road Surface Material Moisture Content 

The efficiency of water application to control particulate emissions is not analyzed statistically in 
this study, although equation (3) is presented in the Draft AP-42 for estimating control efficiency 
for water applications. Input parameters for this equation include water application parameters 
and pan evaporation rate, all of which to a great extent determine road surface material moisture 
content. 
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There is a potential for double-counting the road surface material moisture content and watering 
control efficiency. If road surface material moisture content resulted from a control technology 
application, the road surface material moisture content the application should be used to 
establish the regression equation with fitting constants shown in Table 1. We would like 
confirmation from the EPA that this was done correctly. 

The inclusion of road surface material moisture content makes sense in reflecting the reality, if 
data collection to establish the equation in Table 1 was done correctly. However, users of the 
equation still may double count the moisture contribution by using post-application moisture 
value in the equation to predict uncontrolled emissions and adding control efficiency due to 
water application to get the “controlled” fugitive emissions. Of course, we realize that each 
regulatory agency just needs to guard against dual use of moisture. 

Table 2 presents moisture content data associated with PMlo emissions, uncontrolled, watered, 
and the combined data set. There is a significant overlap between the uncontrolled data and the 
watered data, suggesting the difficulty in preventing dual usage of moisture from happening. 

Table 2. Road Surface Material Moisture Content for PMlO Emission Data 

Number of valid observations 145 37 I82 
Missing observations 27 4 31 
Mean 1.611 4.751 2.249 
Standard deviation 2.049 4.099 2.879 

........................................................................................................................................................................................... 

Skewness 1.786 2.170 2.621 
Range 8.5 19.8 20.1 

........................................................................................................................................................................................... 

Minimum 0 0.3 0 

Annual Adjustment for Precipitation 

Section 2.4 of the Draft Report (page 2-4) indicates the control efficiency of watering depends 
upon (a) the application rate of the water, (b) the time between applications, (c) traffic volume 
during the period, and (d) the meteorological conditions during the period. This suggests the 
annual simplifying assumption of (365-p)/365, which reflects only first term, is an over 
simplification on the effects of natural precipitation, which is equation (2) in the drafk AP-42 
Section 13.2.2. 

In our experience with mining operations, 0.01 inches of precipitation in a 24-hour period cannot 
achieve 100 percent control of particulate emissions from unpaved roads. A multi-tier approach 
would be better such as minimal controi for 0.01 inches, moderate control for 0.10 inches, near- 
maximum control for 0.50 inches, and maximum control for 1 .OO inches or more. This could be 
done by developing four maps similar to Figure 13.2.2-1 using current monthly climatological 
data such as that in the enclosed Climatological Data, Minnesota, February 1997. 
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Vehicle Speed 

Section 4.3 of the Drat? Report @age 4-27) states, “it is obvious to any one who has driven on an 
unpaved road that vehicle speed affects emissions, with faster vehicles generating more dust than 
slower ones. For this reason, it was decided to incorporate the findings of the captive traffic 
studies into the AP-42, independent of the emission factor equation.” Unfortunately, the 
corresponding section of the draft AP-42 Section 13.2.2 (page 13.2.2-8) is unclear on how this 
should be calculated. 

The MPCA staf f  did confirm the apparent difficulty with vehicle speed in our statistical analysis 
of the data file, unpaved.dat (July 3 1, 1997). We are unable at this point of time to propose any 
better way of dealing with this variable in a statistically acceptable manner. As for the emission 
factor adjustment for vehicle speed reduction in the draft AP-42 Section 13.2.2, we strongly 
suggest that some examples be provided to clarify how this adjustment should be calculated for 
regulatory purposes. The text on page 1’3 7 2-8 allndes tn I 30 percent r e d ~ & x  in er isskr~ f ~ :  
a vehicle speed reduction fiom 50 mph to 35 mph; however, it is unclear why 50 mph is the 
appropriate reference vehicle speed when (1) the proposed emission factor equation lacks any 
reference vehicle speed, and (2) the SYSTAT regressions indicate vehicle speed adds little to the 
R2-values 

In closing this letter, the MPCA would like to be informed of future changes to the draft AP-42 
Section 13.2.2. We also are willing to assist the EPA in any additional statistical analysis, if 
needed. Please contact Hongming Jiang, of my staff, for the detail of our review. 

Sincerely, -. 

“ 

Acting Division Manager 
Air Quality Division 

MJS:yma 

Enclosure 

cc: Todd Biewen, Air Quality Division 
Dennis Becker, Air Quality Division 
Paul Kim, Air Quality Division 
Hongming Jiang, Air Quality Division 
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December 3 1, 1997 

MEMORANDUM 

TO: U. S. Environmental Protection Agency 
Office of Air Quality Planning and Standards 
Emission Factor and Inventory Group 
Research Triangle Park, NC 2771 1 
Attention: Mr. Ron Myers (MD-14) 
E-mail: myers.ron@epamail.epa.gov 
FAX: (919) 541-0684 

FROM: Val Bohdan 
Idaho Division of Environmental Quality 
Technical Services Bureau 
1410 N. Hilton 
Boise, Idaho 83706 
FAX: (208) 373-0417 

SUBJECT: Comments on AP-42 DraR, Section 13.2.2 (Unpaved Roads) 

Philip E. Ban. Governor 

Summary 

The Idaho Division of Environmental Quality (DEQ) appreciates the opportunity to provide 
comment on changes to Section 13.2.2 (Unpaved Roads). We respecthlly request these 
comments be incorporated in the document. 

General Comments: 

1) We would like to compliment EPA for the undertaking to update the unpaved road 
emission-factor section of Ap-42. This section is particularly usehl for Idaho’s many rural 
and fanning area roads. 
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It is very commendable that EPA is proposing in the draf 
factor formulas but also to simplify them. Both of these r 
enlisting better partnerships and cooperation among indi 
environmental groups to improve the environmental conc 

The backup studies cited in this draft appear to have no r 
cementkoncrete industry- a significant number of which 
contrast, much data backup originated as studies of the c 
existing in Idaho. This raises the question of eventual ap 
emissions formulas in terms of country regional fit. 

The issue of control efficiency factoring which can be ~ 

reduction is very conhsing and needs to be resolved mor 
reduction, especially on the lower range, needs to be incc 
emissions reduction. 

We would like to suggest the use of clear statements in tl 
13.2.2. Instead of “should be, ” the direction heeds to be 
give some assurance to the eventual user of this section. 

Notwithstanding the derivation process for the formulas, 
should be mathematically simplified for the eventual user 
can intimidate those not acquainted with higher math and 
by placing the exponent as a positive number in the deno; 
numerical constants should be camed out as far as possit 
ease for the user. 

Concerning the default moisture content value of 0.5%: I 
which is considered “high desert” area, the 0.5% default ’ 
glean this value from the 1996-1997 “Pocatello Road Dust : 
which was performed, however, on an unpaved MgCl treate 
of this study indicated the moisture content value of 0.6%. 

Specific Comments: 

Comments pertaining to the Section 13.2.2 Draft 

(a) Page 13.2.2-3; The first equation should be simplified to bl 

E = (W7.03) (s)’.’ (W/3)b ( I M )  

Notice that “a” factor has been replaced by 0.8. This is proper si 
for all the particulate sizes considered in the equation. Also notic 
is positive. Thus, Table 13.2.2-2 supporting Equation 1 needs ai 
“a” (since the constant remains the same for all particulate sizes) 
for “c” factor to a plus sign (or better yet, no sien in front of it a 



(b) Page 13.2.2-4; 
(1 54 /15)  if you intend the factor to drop linearly from 15 to zero vehicular speed ‘5”. It needs to 
be stated more clearly that the emissions factor remains constant at speeds above 15 mph. 

At the bottom ofthis page, the formula should be changed to read S/15 not 

In Table 13.2.2-3, (Range of Source Conditions for Equation 1) on this page, we recommend that 
column headings also contain the appropriate letter symbols (s, W, S, and M-- in that order) from 
Equation 1. This will aid all users, especially the infrequent users. 

(c) Page 13.2.2-5; The equation on this page should also be simplified to become 

E (W7.03) (s)”* (W/3)b ( l h 4 b c )  [(365-p)/365] (2) 

The issues identified in Paragraph “a” (just above) also apply to this equation. Moreover, your 
use of the term M/1 appears overly simplistic and should be shortened to just M. 

Page 13.2.2-6; Insert the word “directly” at the sign of * in the third sentence from the bottom, 
which reads: “Although vehicle speed does not appear * as a parameter, it is obvious ...” 

(d) Page 13.2.2-8; 
very conhsing and should be either clarified or deleted. The use of a power factor for vehicular 
speed “S” is very misleading and counters earlier statements. However, the power factor SM may 
best represent the emissions factor relationship for speeds below 15 MPH. If that is the case, then 
it should be so stated. A simple graph may be the best way to explain and clarify this point. 

The above comments represent a summary response by DEQ about the proposed changes to 
Section 13.2.2 (Unpaved Roads). We appreciate the opportunity to comment. As always, the 
public review process will result in improved guidance documents. We thank EPA for its efforts 
regarding this important issue and look forward to continuing to work with you on the revision of 
this guidance document. 

The second paragraph (control efficiency afforded by speed reduction) is 
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DEQ is pleased to offer comments on the Emission Factor Documentation for AP-42. Section 
13.2.2 (the front portion which details the documentation and reasoning for the proposed 
changes; pages 1-1 to 4-90) to EPA in the Attachment which follows these pages. We hope you 
accept this detailed constructive criticism as a reasoned contribution toward the creation of an 
improved eventual document. 

Sincerely, 

Val A. Bohdan, PE 
Senior Engineer 
Technical Services Bureau 

VB/ibb (g:\ahwbiegel\data\wp6 1 \va1.2) 

Attachment 
cc: Matt Stoll 

Robert Wilcosz 
COF 
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Attachment to Review and Comments on the Draft AP-42 Section 13.2.2. Unnaved Roads 
from the Idaho Division of Environmental Oualitv (IDEO) 

The following are the commentdsuggestions compiled by the Technical Services Bureau, Air and 
Hazardous Waste Section, Idaho DEQ, in response to the invitation to comment on the Draft AP- 
42 Section 13.2.2. The cover letter addresses the AP-42 draft section whereas the following 
comments are more broad-based and address the background document and the overall 
methodology for the study. 

General comments: 

In making such sweeping changes to a set of equations which govern the emission estimation 
process from a major source category for tne next aecadecsj, mole iesiiiig wid siiidizs cia 
warranted. The much touted ease of use is achieved by sacrificing the fine dependencies afforded 
by specific governing parameters, such as number of wheels and speed. The moisture term is a 
definite improvement but can be already enhanced in its application and by reference from other 
studies already performed. It is strongly recommended that this equation be implemented in a 
test-mode for one or two years before finalizing it. This would allow more time to analyze and 
study the effects of these proposed changes. 

What were the basic guidelines used to select studies used in the background document? 
The IDEQ is aware of two other studies, performed in Idaho with guidance from the 
Midwest Research Institute (MRI) that meets established screening criteria, which could 
have been used as background information for developing this emission factor. As those 
studies were conducted in Idaho, they would have provided some regional representation, 
a more extensive database, and made the factors more robust and applicable to regions 
like Idaho. 

The studies chosen have no representation from the cementkoncrete industry. Are the 
differences accounted by the silt content adequate to characterize emission factor 
dependence on significant parameters? The cementkoncrete industry constitutes a 
significant number of sources in Idaho. 

The document seems to primarily focus on PM,,. Is there a similar study planned for 
PM2,1 to decipher the relationships between significant parameters that contribute to fine 
particle emissions? This is especially relevant in light of the fact that geologically derived 
material and agricultural impacts contribute to regional contributions of fine particles from 
studies in the west. This is also an issue of focus since the promulgation of the new PM,, 
standards in mid-1997. 

There appears to be a preference to test unpaved roads in iron and steel industries in the 
east and coal industry in the west. Are these thought to be major contributors of 
emissions form this source category? Is there any test that was reviewed from unpaved 
roads in agricultural rural areas? IDEQ feels that such information is key to have in the 
database as most western states have agriculturally-dependant areas from which emissions 
have to be quantified, as accurately as possible, if any sort of control scenario is desired to 
be achieved. 
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5 )  The IDEQ is aware of several studies to characterize emissions from paved and unpaved 
roads by the Washington State University in Pullman from 1994 to 1997 using tracers 
(The Measurement of Roadway PM,, Emission Rates using Tracer Techniques, 
Washington State Department of Transportation, Technical Report # WAR 397.1). This 
study had important findings related to road emissions compared to relative humidity. 
There seems to be no mention of the same. 

6 )  The Columbia Plateau PM,, study reports a number of wind erosion studies, and 
techniques to address them. Specifically, the soil erosion factor, and the surface 
roughness factor, are mentioned as key parameters for wind erosion. Would this also not 
be a major factor in emissions from unpaved roads? (See related comment beginning of 
next section). 

7) As there seem to be key omissions in the literature search conducted, to compile the 
database for the study, IDEQ is skeptical as to the comprehensiveness and soundness of 
the proposed equation to adequately provide an accurate emission factor for every region 
in the country. 

IDEQ is also concerned that the use of this forum to review and provide comment is 
instituted at a stage later than at which key directional changes to the study can be 
implemented. What procedures are followed at each phase of the study to ensure 
participation and encourage input from state and local agencies, to make the study more 
robust and applicable to all regions? This process would also foster confidence in the final 
product. 

8) 

Specific comments: 

Chapter 2. Background Document: 

. Is it not intuitive that over time, over a given surface area, that the suspendable particulate 
loading would decrease (by advection, carry-out, etc.), provided new material is not 
significantly added to the road surface (relates to erosion factors)? Is there, then, any 
decay factor, or parameter (added or planned) to be added to the equation as a correction 
for this effect? The effect of not having this correction would be an assumption that 
constant surface loading is available for re-suspension over an infinite amount of time 
resultingin gross overestimates - as compared to realistic measurements. 

. How is the effect of relative humidity in the friction layer of the planetary boundary layer 
on characteristics of suspended particles accounted for? Although there may be no 
measurable precipitation on the ground surface, high relative humidity associated with 
high pressure events and associated inversions may result in decreased circulation events 
in the surface friction layer closest to the ground and cause suppression of dust, as in a fog 
with some precipitable water content. 



ChaDter 3. background document: 

. In the last paragraph of page 3-7 the comments suggest, that tests from various sources 
have been combined to derive the new equation. This approach suggests that a large 
amount of testing was conducted to come up with gross average. As explained elsewhere 
in the document, a mathematical fit needs not always imply a reality fit. A log-normal 
distribution conveniently encompasses a wide range. This approach is good as screening 
criteria but not for hrther refined purposes as is applied from the AP-42 for permitting, 
PSD, and SP purposes. For refined purposes, an industry-by-industry equation should be 
considered. Although the final equation may or may not differ much, the approach makes 
the study more robust and increases user confidence as the database would be broad. At 
the very least, a comparative study should be undertaken to establish the applicability and 
usefidness of industry specific equations. 

Chaoter 4. background document: 

. It is interesting to note that tests continue to be accepted as approved even as the emission 
factor values spread over 2-3 orders of magnitude without hrther investigation as to this 
extensive spread. The finai caicuiations of emissions a d  the dkietioii, as ;G which  de: 
of magnitude to choose, is le!? to the field operator or engineer in the absence of any 
hrther supporting documentation on application of such ranges of values. In a practical 
regulatory sense this scenario leaves emissions From certain categories in “grey areas.” 

Please correct table columns on Table 4-8 I 

. The comment on page 4-20 that Equation 2-1 performed as well in estimating emissions as 
did factors for specific sources in the coal industry could also mean that the specific 
industry factors were somehow biased. It does not necessarily mean the general Equation 
2-1 is adequate and correct. It seems a hndamentally gross over-generalization to then 
lump all the tests, in all studies reviewed, to come up with one large data set for the 
emission factor development. Is this the only specific industry factor test that provided the 
impetus to lump all the test data? 

. It is not clear whether reference 12 was used in the final equation development as it did 
not have moisture content or PM,, factors listed. What is the exact meaning of “data was 
used in the expanded data analysis, they were not included in equation development”? 

. If as mentioned in page 4-26 the effect of speed could not be isolated due to unavailability 
of speed segregated data. Such data should probably be obtained to study the effects of 
speed on emission factors. This leads to  the conclusion that if a model does not simulate 
reality to some extent then, perhaps, the fundamental assumptions that went into creating 
the model are flawed, and are unable to be verified. It could lead to serious errors if the 
equation is used in this manner. The speed correction factor seems like an extreme ad hoc 
measure to solve this problem. 
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. Different size fractions may have different influences and effects, as related to the 
determined significant parameters, in that multiplication of PM,, emission factors by 
appropriate size fraction would only be applicable as a rule-of-thumb calculation. 

. It is interesting to note that a high measure of reliability is established using equation 4-5, 
as established by Table 4-32 without inclusion of speed in the equation! It is also 
particularly worrisome that the emissions increase with decreasing speed. This table also 
demonstrates the effect of high humidity (misty conditions) on the suppression of 
emissions. 

The attached graph demonstrates the effect that speed multiplier will have on the emission 
factor. The emission increases linearly with decreasing speed from 15 mph to 0 mph, and 
also causes an anomaly of having emissions from a stationary vehicle with a ‘B’ rating! 
The text implies the need for an inverse effect. So, the multiplier has to be inversed, as 
mentioned in the cover letter. 

. What is the rationale for using 12, 3, and 1 as the norms’ for silt content, mean vehicle 
weight, and moisture content, respectively? 

Chauter 5.  Prouosed Ap-42 section: 

. It is possible for the end-user of the equation to obtain daily precipitation totals and 
relative humidity readings from the National Weather Service (NWS), Local 
Climatological Data (LCD’s). It should be made feasible to incorporate short term 
relative humidity and precipitation data into daily or hourly estimates of emissions. 
Annual data can then be very accurately totaled from this equation. This approach is 
preferred to the national precipitation data map provided. 

. The number of samples in determining silt content values in the Table should be at least IO 
or more to provide an adequate level of confidence in the data. 

These comments are complementary to the comments that are provided in the cover letter to this 
attachment, IDEQ would greatly appreciate your consideration of the commentdsuggestions, and 
hopes that these will hrther the quality of the new equation. 
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PORTLAND CEMENT ASSOCIATION 
5420 Old Orchard Road, Skokie. Illinois 60077-1083 8471966-6200 
Telex 91024071 63 ESL UQ * Facsimile 8471966.9781 

November 14, 1997 

Mr. Ronald E. Myers 
Emission, Monitoring, and Analysis Division 
Emission Factor and Inventory Group 
United States Environmental Protection Agency 
Mail Drop 14 
Research Triangle, NC 27711 

Comments on the Draft Unpaved Road Emission Factor  Document 

Dear Mr. Myers: 

The Portland Cement Association (PCA) has the following comments on the September 1997 
draft version of the following U.S. Environmental Protection Agency (EPA) report: 

Emission Factor Documentation for A P - 4 2 ,  Section 13.2.2 Unpaved Rouds, (the "AP-42 
Unpaved Road Documenr"), 

PCA appreciates the opportunity to review this document 

All portland cement manufacturing facilities require large amounts of limestone and other 
naturally occurring materials such as slate, shale, etc. Because of this fact, each cement plant 
operates quarries and crushing operations to provide these materials to the manufacturing 
facility, and therefore, constructs and maintains unpaved haul roads for the transportation of 
these materials. 

The quarries are developed so that the most efficient transportation as possible of raw materials 
from the source to the cement plant can be accomplished. To nuve the volume of limestone and 
other materials required by the manufacturing facility, only larze dump trucks or similar vehicles 
are used, and the trucks are operated at fairly consistent speeds from the quarry operation to the 
crushing and screening machinery. Smaller vehicles, such as pickup trucks or cars, are a limited 
percentage of the vehicles traveling the unpaved roads within the facility. 

Due to the availability of limestone and similar materials, the unpaved roads at the quarry and 
manufacturing facility are constantly constructed and maintained with the raw materials being 
extracted. Overall, cement plants are very similar to limeston: quarries that provide crushed 
stone to the road-building and construction indusrries. 



PORTIMND CEMENT ASSOCIATION 

Mr. Ronald E. Myers 
November 14, 1997 
Page 2 

Although several studies of unpaved roads related to the stone industry are included in the AP-42  
Unpaved Road Documenr, some very dissimilar industries are also included in the development 
of the emission factor equations. Industries such as coal mining, copper smelting, and the iron 
and steel industry may require different types of vehicles, have variations in the traffic patterns, 
and use other materials in the construction of the their unpaved haul roads. For example, 
multiple types of aggregate may be used at the above industries due to the lack of the avAilAhi!i!y 
of road-building materials. 

The emission factor equations in the A P  -42  Unpaved Road Document are also dependent on data 
collected from unpaved roads used by pickup trucks and cars. The use of these vehicles results 
in great variations in possible dust generation due to the differences in tires, vehicle speeds, and 
vehicle aerodynamic effects. 

Therefore, PCA requests that the EPA consider including the emission factor equations 
developed by the National Stone Association (NSA) in the A P - 4 2  Unpaved Road Docurnenr. 
PCA believes that the NSA equations are more representative of the unpaved roads found at a 
cement facility. The inclusion of the NSA equations will allow a cement manufacturing facility 
to select the equation that best represents the possible emissions from the haul roads related to its 
operations. For your reference, a copy of the cover page of the report summarizing the NSA 
findings is attached. 

If you have questions or comments regarding this matter, please contact me by telephone at 
(847) 966-6200, ext. 319 or by electronic mail at garth_hawkins@portcemt:nt.org. 

Sincerely, 

A&+ Garth J. Hawkins, P.E. 

Environmental Engineer 
EnvironmentaUProcess Technology 

Enclosure 

Copy to: A. Doug-herty, A.T. O H a r e  



REVIEW OF THE EPA UNPAVED ROAD EQUATION 
AND ITS APPLICABILITY TO 

HAUL ROADS AT STONE CRUSHING PLANTS 

Prep& for: 

Robert G. Bartlett, P.E. 
President, National Stone Association 

1415 Elliot Place,N.W. 
Washington, D.C. 20007-2599 

Prepared by: 

John Richanis, Ph.D., P.E. and Todd Bmzell 
Air Control Techniques, P.C. 

301 East Durham Road 
Cary, North Carolina 27513 

(919) 460-78 1 1 

May 1996 
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Portland Cement Association 
5420 Old Orchard Road 
Skokie, Illinois 60077-1083 

Fax Transmittal Sheet 

TO: Ronald E. Myers U.S. Environmental Protection Agency (919) 541-0684 

cc: Andrew T. O'Hare Americqn Portland Cement Alliance (202) 408-0877 
Ann Dougherty PCA 

FROM: Garth J. Hawkins 

DATE: November 17,1997 

PAGES: 4 (Including this cover) 

Comments on the AP-42 Unpaved Road Emisions Document 

Attached please 6nd c o m n c s  on the USPEAs Section 13 2.2 Unpaved Roads, Emission Fnctor 
Documentation for AP42. 

Sincerely, 

phone: (847) 966-6200, Ed. 319 
Fax: (847) 966-5272 

~ ~ ~ 

Email: garth-hawkins@portcement.org 



m PORTLAND CEMENT ASSOCIATION 
5420 Old Orchard Road. Skokie, Illinois 60077-1 083 847D66-6200 
Telex 9102407163 €31 UQ * Facsimile 847/966-9781 

November 14, 1997 

Mr. Ronald E. Myers 
Emission, Monitoring, and Analysis Division 
Emission Facror and Inventory Group 
united %ares Environmnrai Frotccdun Agency 
Mail Drop 14 
Research Triangle, NC 27711 

- _  

Comments on the Draft Unpaved Road Emission Factor Document 

Dear Mr. Myers: 

The Portland Cement Association (PCA) has the foUowing comments on the September 1997 
drat? version of the following US. Environmental Protection Agency (EPA) report: 

Emission Factor Docmenranon for AP-42.  Section 132.2 Unpaved Rorids, (che "AP-12 
Unpaved Road Document"), 

PCA appreciates the opportunity to review this document. 

All portland cement manufacturing facilities require large amounts of limestone and other 
naturally occurring materials such as slate, shale, etc. Because of this fact, each cement plant 
operates quarries and crushing operarions to provide these materials to the manufacturing 
facility, and therefore, constructs and maintains unpaved haul roads for the transportation of 
these materials. 

The quarries are developed so that the most efficient h i spor ta t ion  as possible of raw materials 
from the source to the cement phnt  can be accomplished. To nwve the volume of limestone and 
other materials required by the manufacturing facility, only large dump trucks or similar vehicles 
are used, and the trucks are operated at fairly consistent speeds from the qumy operation to the 
crushing and screening machinery. Smaller vehicles, such as pickup trucks 01' cars, are a limited 
percentage of the vehicles traveling rhe unpaved roads within the facility. 

Due to the availability of limestone and similar materials, the unpaved roads at the quarry and 
manufacturing facility are constantly constrocred and mainrained with the raw materials being 
exuacted. Overall, cement plants are very similar [o limesrone qu;irries that provide crushed 
stone to the road-building and construction industries. 
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PORTLAND CEMENT ASSOCIATION 

MI. Ronald E. Myers 
November 14, 1997 
Page 2 

P. 313 

Although several studies of unpaved roads related to [lie stone indusrry arc included in the AP-42 
Unpaved Road Documenr, some very dissimilar industries are also included in the development 
of the emission factor equations. Industries such as coal mining, copper smelting, and the iron 
and steel industry may require different types of vehicles, have variations in the traffic patterns, 
and u x  other materials in the construction of the their unpaved haul roads. For example, 
multiple types of aggrcgace may be used at the above industries due to the lack of the availability 
of road-building materials. 

The emission factor equations in the AP-42 Unpaved Rood Documenr are also dependent on data 
collected from unpaved roads used by pickup uucks and cars. The use of these vehicles results 
in great variations in possible dust generation due to the differences in tires, vehicle speeds, and 
vehicle aerodynamic effects. 

Therefore, PCA requests that the EPA consider including the emission factor equations 
developed by the Natiod Stone Association (NSA) in the AP-42 UnpaLed Road Docwnenr. 
PCA believes that the NSA equations are more representative of the unpaved roads found at a 
cement facility. The inclusion of the NSA equations will allow a cement manufacturing facility 
to select the equation that best represents the possible emissions from the haul roads related to its 
operations. For your reference, a copy of the cover page of the repon sunmarizing the NSA 
findings is artached. 

I f  you have questions or comments regarding this matter, please contact me by telephone at 
(847) 966-6200, ext. 319 or hy electronic mail at garth_hawkins~portcemtnt.org. 

Sincerely, , 

A&+ Garth T. Hawlcins, P.E. 

Environmental Engineer 
EnvironmentaPmcess Technology 

Enclosure 

Copy to: A. Doqher ty ,  A.T. OHarc 



nsa Natlonal StoneAssocfatlon 

Mr.RonMyem 
U.S. E n v i r o n m d  Prolecticm Agency 
Reoearch Triangle Park, NC 277lI 

Re: Cornmenb Concerning the Prupawd Revisions to AP-42, 
Section 13.2 Unpaved Roads . 

Dear Mr. Myem 

Thank you far We opportunity to submit constructive technical comments concerning 
the proposed mvisiona to AP&, Stdon  132.2, “Unpaved Roads“. These camrnemts 
concern Sections 4.23 and 4.25 of the repmt titled, “Emission Factor Documentmiion for 
AP-42, Section 132.2, Unpaved Roads (Draft)”. This ipport wan prepared by Midwest 
Research Institute in accordance with EPA Contrsct 66-02-0159, Work Assignment No. 
4 0 2  ScCtFom 4.23 and 4.25 concern stone crushhg plant haul road emission factor 
testa sponsored by the National Stone Association F A ) .  Recommendations for 
changes in the Emission Fador Docwnentatian report am provided as part of this 
submittal. 

NSA is also w o w  with Air Control Techniques, P.C. concerning comments on Draft 
Section 13.2.2. These comments are being provfded in a letter fmm Air Control 
Techniques, P.C 

NSA will be glad tu meet with you to disruso these comments and those provided in the 
Lettet from Air Conttol Techniques, P.C W e  look forward to continuing to work with 
EPA in a cooperative mmum to develop accurate and representative PMlo and PM2.5 

emission factors for the aggregates indetry. 



Technical Comments Concerning Sections 4.2.3 and 4.2.5 of 
Emission Factor Documentation for AP-42, Section 13.2.2, Unpaved Roads (Draft) 

TECHNICAL COMMENTS CONCERNING 
SECTIONS 4.2.3 AND 4.2.5 OF THE REPORT TITLED, 

"EMISSION FACTOR DOCUMENTATION FOR AP-42, SECTION 13.2.2 
UNPAVED ROADS (DRAm" 

1. BACKGROUND INFORMATION 

1.7 Scope of Comments 
This document presents technical comments concerning Sections 4.2.3 and 4.2.5 of the report titled, 
"Emission Factor Documentation for AP-42, Unpaved Roads, (Draft Report)." This report, dated 
September 1997, was prepared by the Midwest Research Institute (MRI) for the US.  EPA, Emission 
Factor and Inventory Group under Contract 68-D2-0159, Work Assignment No. 4-02. The comments 
and recommendations prepared by the National Stone Association (NSA) and Air Control Techniques, 
P.C. primarily concern the following two sections of the MRI report. 

Section 4.2.3: Reference 3 titled, "Air Control Techniques; PMlo, PM2.5, and PMI Emission 
Factors for Haul Roads at Two Stone Crushing Plants." 

Section 4.2.5: Reference 5 titled, "Entropy; PMlo Emission Factors for a Haul Road at a 
Granite Stone Crushing Plant." 

Recommendations for changes in the MRI report are provided in Section 2. The basis for these 
recommendations is provided in Sections 3 and 4. 

2. RECOMMENDATIONS 
The National Stone Association requests the following changes concerning the material presented in 
Sections 4.2.3 and 4.2.5 of the draft MRI report. 

2.1 Recommendations Concerning Section 4.2.3 
The "B" rating assigned to the Gamer test should be changed to "A," 

MRI should remove the sentence that states, "Specijic water application rates were not 
reported? although the watering is said to have occurred approximately every 2.5 to 3 hours. 

2.2 Recommendations Concerning Section 4.2.5 
MRI should remove the sentence stating that, "Two sets ofhoods stacked vertically were 
collocated." 

MRI should remove the sentence stating that, "Testing was discontinued when wind speeds 
exceeded 3 mph." 

National Stone Association 1 November 24, 1997 



Technical Comments Concerning Sections 4.2.3 and 4.2.5 of 
Emission Factor Documentation for AP-42, Section 13.2.2, Unpaved Roads (Draft) 

MRI should remove the sentence stating that, "The colocated hoods showedan order of 
magnitude difference between the left and right hoods in the concentrations sampled in three 
out of the seven tests. 

MRI should remove the sentence stating, "For the controlled tests, watering occurred on 
average every 3.6 hr, however, the water application rate was not reported. 

3. COMMENTS CONCERNING SECTION 4.2.3 

3.1 Adequacy of the Testing Methodology 
The first sentence of paragraph 2 of Section 4.2.3 makes an implied statement that the rnethndo!ogy Y I P  
not adequate. 

"The study used an upwind-downwind profling technique that variedfrom the more commonly 
usedexposure profiling method." 

A similar statement was included in the fourth paragraph of Section 4.2.3. This statement goes on to 
dec!ar thz: s !zg reek .;;n!! cicn:cd iiiiicpicjeiii&c tcsiiiig cunuiuons. .... 

'Xt the Gamer test location, a large rock wall that stood immediately behind the downwind 
sampling site may have interrupted natural windflows ancUor created a local recirculation 
event. The potential wind obstruction and the variation in merhodologyfrom common exposure 
profiling methods accounted for a "B" rating of the test a k a  at the Garner quarry. The Lemon 
Springs test wus ussigned an "A" raring." 

It is apparent that MRI has assigned a "B" rating to this test report due to the presence of the "large rock 
wall" and due to the testing methodology. NSA objects to these statements and to the "B" rating. 

The clearly expressed intent of the NSA sponsored studies was to evaluate fugitive particulate emissions 
from quarry haul roads. A major fraction of a quarry haul road at stone crushing plants is in the quarry 
pit that varies in depth from 50 feet to more than 300 feet. 

One of the testing locations selected for this test program was a portion of the haul road at the Garner NC 
quarry of Martin Marietta. As shown in the photographs included with the test report, this location was 
approximately 100 feet below the top of the quarry and next to a "large rock wall." The Gamer site is 
hiahlv representative of quarry haul roads in the stone crushing industry. The other test location selected 
for this test program was at the top of the Lemon Springs NC quarry of Martin Marietta. This site is 
representative of the portion of the quarry haul road outside of the quarry pit. NSA believes that the 
selection of these two sites was technically correct and iustifiable. 

There is, in fact, air recirculation due to the close proximity of the face of the quarry wall to the 
downwind side of the quarry haul road. This is the natural wind flow condition that exists in a deep 
quarry pit, and it must be taken into account during emission factor testing. This recirculation condition 
makes the emission profiling technique referred to by MRI difficult to apply for the following reasons. 

The haul road and its "shoulder" are not sufficiently wide for the fifteen meter upwind and 
five meter downwind spacing of the monitoring instruments 

National Stone Association 2 November 24, 1997 



Technical Comments Concerning Sections 4.2.3 and 4.2.5 of 
Emission Factor Documentation for AP-42, Section 13.2.2, Unpaved Roads'(Draft) 

The downwind particulate matter concentration does not necessarily approach ambient levels 
at the 21 foot elevation. Accordingly, there is no clear limit to the concentration profile 
integration. 

Due to the proper selection of the test sites at the Gamer and Lemon Springs quarries, the emission 
factor data are highly representative of stone crushing plant haul roads. The "B" rating is entirely 
inaoorooriate for the Gamer tests. Exclusive use of the "commonly used emission profiling technique" 
outside of the quarry where there was sufficient room for the monitoring towers would have clearly been 
non-representative of quarry pit haul roads. 

3.2 Adherence to the Test Program Protocol 
NSA and its contactor, Air Control Techniques, P.C., fully adhered to the test protocol. The first version 
of this protocol was submitted by NSA to EPA on May 8, 1995. Based on EPA comments, the protocol 
was revised and re-submitted by NSA on July 20, 1995. Both of these versions included the following 
statement. 

"Due to the short distances between the downwind side of the haul road and the edge of the 
quarry cliff, the ambient PMIO monitors may be influenced by PMIO emissions from the quarry 
itself or PMloparticles formed due to the turbulent eddies that exist at the edge of the cliff." 

This comment was included in a section of the protocol explaining why the "commonly used emission 
profiling technique" was not applicable. NSA believes that this statement also clearly indicates our 
intent to test in the quarry pit itself, not just on the upper portion of the quarry haul road. During an 
extended negotiation in the three month period prior to the beginning of these tests in late August 1995, 
EPA personnel, at no time, indicated that the proposed test location in the quarry pit or the testing 
methodology described in the July 20, 1995 version of the protocol was inadequate. The tests were 
conducted under the belief that EPA personnel had every opportunity to review the testing approach and 
that all EPA concerns had been fully satisfied. Accordingly, NSA is surprised that MRI has taken the 
position on behalf of EPA that the Gamer tests should be rated "B" due to the test location and the test 
methodology. NSA have done everything in our power to work in a fully cooperative manner with EPA. 
Furthermore, we have conducted these tests in complete adherence to the test protocols. The rating of 
"B" for the Gamer test is comoletelv inaoorooriate. 

3.3 Water Application Rates 
The second sentence of paragraph 3 of Section 4.3.2 of the MRI report states the following. 

'Specific water application rates were not reported, although the watering is said to have 
occurred approximately every 2.5 to 3 hours." 

Appendix D of the emission test report for Gamer and Lemon Springs (pages 100 through 124) 
specifically lists the exact time that every haul truck, water truck, pickup truck, tractor, car, and van 
passed the sampling assembly. This MRI comment seems to imply that Air Control Techniques omitted 
an important variable and was careless in test documentation. This is not correct. 

NSA and Air Control Techniques, P.C have fully reviewed the May 8, 1995 and July 20, 1995 test 
protocols submitted to EPA prior to the tests. It is clear in these protocols that we did not intend to 
record the water application rates. Furthermore, it was not our intent to analyze the data in any manner 
that might involve EPAs wet suppression efficiency equation. To our knowledge, this is the only 
equation that uses the water application rates as an independent variable. Accordingly, we are surprised 

National Stone Association 3 November 24. 1997 



Technical Comments Concerning Sections 4.2.3 and 4.2.5 of 
Emission Factor Documentation for Ap-42, Section 13.2.2, Unpaved Roads (Draft) 

that MRI has taken the position that we failed to include these data. This MRI criticism is even more 
surprising considering that MRI and EPA have included water application rate data in the revised 
haul road equations. If the water application rate data had been present, it is clear that it would have 
been ignored by MRI and EPA. This MRI criticism is clearly unnecessary. 

NSA would like to emphasis that we adhered fully to the revised test protocol that we submitted to EPA 
more than a month before the tests began. At no time during the pretest negotiations did EPA personnel 
request these data. NSA requests that MRI's criticism regarding the water application rate data be 
removed from their document. 

4. COMMENTS CONCERNING SECTION 4.2.5 
A q Ths I l m  -8Ph-#---a-A n..-L m-.,. , * - -  I ._ .. . .._ --- -. w I . Y ~ ~ . ~ ~  ru-nrruti RUUUS 

Paragraph five of Section 4.2.5 states the followidg. 

"The 'push-pull' method used for this study is not considered an accepted methodology for 
measuring open source particulate emissions." 

Paragraph 4 of Section 4.2.5 states the following. 

"The low sampling height at relatively low wind conditions used for this test program potentially 
allows the particulate plume to pass over the sampling device without capture." 

After reviewing the Entropy emission test report (Reference 5). NSA and Air Control Techniques, P.C. 
believe that the emission factor calculation procedures have not been clearly described, and we 
understand how MRI could have misinterpreted these results. Actually, the "push-pull" method 
described in the Entropy emission test report is a straight-forward adaptation of the of upwind-downwind 
concentration monitoring often used for measurement of fugitive dust emissions. Entropy did 
calculate the emissions based solely on the quantity of air captured by the hoods. It was also not 
necessary for the hoods to capture 100% of the haul road emissions in order to facilitate an accurate 
measurement of the downwind concentration. It is clear from the sample emission factor calculation 
shown on page 12 of the Entropy report that the average wind velocity (not the hood capture velocity) 
through the entire testing zone was used to calculate the emission factor. Accordingly, this test used a 
conventional upwind-downwind concentration measurement technique. 

Entropy used the hoods simply to gather a sufficient gas stream sample to measure the downwind 
concentration. As shown in Figure 2-3 of the Entropy report, the hoods were located approximately 
1 meter from the side of the haul road. This is considerably closer than the 5 meter position used in MRI 
tests. Accordingly, there is considerably less vertical dispersion from the point of dust release next to the 
haul road surface to the monitoring site in the Entropy tests as compared to MRI tests. Due to the 
extremely close position of the Entropy hoods, a representative sample of the downwind concentration 
was obtained 

NSA and Air Control Techniques, P.C. do not believe that significant quantities of dust escaped over the 
top of the hoods. Almost all of the particulate matter is emitted close to the road surface. This belief is 
consistent with the particulate matter emission mechanism descnbed in draft Section 13.2.2.1 of AP-42. 
"Particles are lifted anddroppedfrom the rolling wheels, and the road surface is exposed to strong air 
currents in turbulent shear with the surface." The hoods used at Knightdale extended up to ten feet 
above the road surface, and smoke tracer tests confirmed that during truck passage, the large majority of 
the emissions remained at less than the 10 foot elevation and were sampled by the hoods. It should also 
be noted that hoods were located immediately adjacent to a 60 foot cliff that was part of the quany pit 

National Stone Association 4 November 24, 1997 
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Technical Comments Concerning Sections 4.2.3 and 4.2.5 of 
Emission Factor Documentation for AP-42, Section 13.2.2, Unpaved Roads (Draft) 

wall. The 60 foot cliff less than 4 meters from the edge of the haul road also precluded the use of an 
emission profiling tower located 5 meters from the haul road. 

It should also be noted that the fans on the upwind side of the haul road were used to enhance particle 
capture and reduce vertical dispersion of the plumes from the wakes of the haul road trucks. These fans 
increased the average wind speed across the road surface and drove the particulate toward the hoods. 

4.2 Adherence to the Emission Test Protocol 
The "push-pull" upwind-downwind concentration test procedure used at the Knightdale quany was first 
proposed in a series of meetings attended by EPA personnel and NSA personnel in the fall of 1993. It 
was described in an emission testing protocol dated December 3, 1993 and submitted to the Emission 
Measurement Branch by NSA. EPA personnel did not raise any objections to this test procedure over the 
ten month period proceeding the test program. The only comments received was a telephone call from 
Dr. Chatten Cowherd of MRI on the fnst day of testing. NSA and Air Control Techniques believe that 
more than an adequate opportunity was provided to EPA and MRI to review the test procedure and raise 
any issues necessary. It was clearly unreasonable to delay the comments for over ten months and then 
raise issues after the equipment was set-up and testing was underway. It is also unreasonable to declare 
that the testing procedure is not an accepted methodology. 

4.3. Co-located Hoods 
Paragraph 4 of Section 4.2.5 states the following. 

"The co-located hoodr showed an order of magnitude difference between the left and right hoodr 
in the concentrations sampled in three out of seven tests.'' 

It is important to note that the side-by-side hoods were not used in a co-located manner. The emissions 
data from the two sets of hoods were combined. This is entirely different than the procedures used for 
co-located ambient monitors. The term "co-located" was 

The term "order of magnitude" means a factor of 10. A review of the left and right hood concentrations 
at Knightdale indicates that MRI is exaggerating with respect to these differences. The data shown in the 
Table below have been taken from Entropy Table 3-3. One of the tests (Uncontrolled Run 4) was a 
factor of seven different, and two of the tests (Controlled Runs 1 and 2) were approximately a factor of 
five different. 

NSA and Air Control Techniques, P.C. have reviewed the Entropy data and believe that the difference is 
caused primarily by the location of the left hood relative to an intersection of two haul roads and the 
quarry pit haul road near the test site. It was sometimes necessary for haul road trucks to stop and idle 
while another vehicle passed through the intersection. The stopping point for vehicles exiting the pit and 
approaching the primary crushers was close to the let? hood. Air Control Techniques, P.C. believes that 
the high concentrations observed in the left hoods during the first two runs were due to the capture of 
these idling emissions. 

used in the Entropy report. 
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Technical Comments Concerning Sections 4.2.3 and 4.2.5 of 
Emission Factor Documentation for AP-42, Section 13.2.2, Unpaved Roads (Draft) 
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Figure 1. Arrangement of Test Equipment at the Knightdale Quany 
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Variability of Particulate Emission Factor Data 
(MRI Conducted Emission Factor Tests) 

MRI I Run# I Lbs.NMT I Difference I Silt, % I Moisture, % 

Technical Comments Concerning Sections 4.2.3 and 4.2.5 of 
Emission Factor Documentation for AP-42, Section 13.2.2, Unpaved Roads (Draft) 

, 

NSA and Air Control Techniques can not find any indications of the possible cause for the difference in 
the Left and Right Hood during Uncontrolled Run 4. However, we do not believe that Uncontrolled Run 
4 should be treated as an outlier and discarded. Also, it should be noted that more than a factor of seven 
variability was described in many of the references used by MRI in developing the proposed unpaved 
road equation. The following examples illustrate the extent of differences in these other tests. 

All three studies were conducted by MRI, and all three sets of runs were conducted at similar moisture 
and silt levels as indicated in the table above. MRI chose not to discuss the factor of 6 to 14 variability 
in their tests runs but was highly critical of the factor of five to seven variability in the Entropy data. 
In fact, variability is a common problem in the large majority of fugitive emission testing projects. 

4.4. Recirculation Air Flow 
The fourth paragraph of Section 4.3.5 states the following. 

"Strong evidence of recirculation of emissions to the upwind sampler is provided by the fact that 
the upwind concentrations increased by roughly an order of magnitudefrom the controlled to the 
uncontrolled tests. " 

There is no technical basis for the criticism. The upwind concentrations increased "...roughly an order 
of magnitude.. ." because the upwind ambient air sampler had to be located close to a portion of the 
unpaved quarry haul road (see Figure 1). During the uncontrolled tests, this section of the road was not 
watered. 

Air Control Techniques has recalculated the uncontrolled emission factors by ignoring the contribution 
of the upwind dust concentrations to the measured downwind concentrations. By taking this approach, 
the data are biased to higher-than-true levels. It is apparent that the revised emission factors (ignoring 
upwind dust concentrations) are only slightly higher than the emission factors reported in the test report. 
The order of magnitude increase in the ambient air concentrations uuwind of the test location did not 
have a significant imoact on the reoorted uncontrolled emission factors as indicated in the table below. 
Except for one of the four runs, ignoring the contribution of the upwind air concentration entirely results 
in an increase of only 7% to 20% in the calculated emission factor. 

It is important to note that a quarry haul road has an entirely different configuration than a public 
unpaved road and haul roads at iron and steel plants. The quarry haul road inherently has a swirl pattern 
necessary to allow heavy duty trucks to descend several hundred feet into the pit. Furthermore. there 
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Technical Comments Concerning Sections 4.2.3 and 4.2.5 of 
Emission Factor Documentation for AP-42, Section 13.2.2, Unpaved Roads (Draft) 

must be one or more approach roads to allow the heavy duty trucks, graders, and water trucks to reach the 
swirling quarry pit road. In most quarries, an ideal upwind ambient air monitoring site is hard to find due 
to the complex road pattern in a compact industrial site. Air Control Techniques believes that Entropy 
properly selected a monitoring site and accurately measured the actual upwind dust concentration 
approaching the portion of the haul road tested. There is no basis for the "...recirculation " criticism 
expressed by MRI. 

4.5 Testing Was Discontinued During Certain Wind Conditions. 
The third sentence of the third paragraph of MRI Section 4.2.5 states the following. 

"Testing was discontinued when speeds exceeded 3 miles per hour. " 

This statement is a misinterpretation of the comments and data provided in the Entropy report. As stated 
in the Entropy report: "Furthermore, the tesf was delayed ifwinds in excess of 3 miles per hour shifred 
and camefrom the North or East. As indicated in Figure I, the hoods were located directly west of the 
portion of quarry pit haul road tested. The testing was conducted whenever the winds were from the west 
or northwest. Furthermore, testing was conducted during all low wind speed conditions (< 3 mph) 
because the upwind side fans generated a west-to-east air flow of approximately 3 mph. Accordingly, the 
testing continued during all conditions when the air was flowing in the proper direction. 

The testing was interrupted whenever there.were strong winds that were not in the proper direction. The 
testing was restarted when the winds shifted back to the acceptable direction. Winds from the north or 
east that exceeded 3 mph would have caused a bias to lower-than-true emissions because the hoods were 
not in a proper downwind orientation during these time periods. The procedures used by Entropy were 
correct. Furthermore, these procedures are entirely consistent with those used by MRI in tests of 
unpaved roads. 
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Office (91 91 460.781 1 
Fax (919) 460-7897 

Control Techniques, P.C. 
301 EOSI Durham Rood 
Cory, North Carolina 27513 

November 24, 1997 

Mr. Ron Myers 
U.S. Environmental Protection Agency 
Research Triangle Park, N.C. 27711 

Re: Draft AP-42 Section 13.2.2, Unpaved Roads 

Dear Ron, 

Thank you for the opportunity to comment on Draft AP-42 Section 13.2.2 concerning unpaved roads. 
Air Control Techniques, P.C. is providing comments in two separate submittals. This letter provides 
constructive comments on the following two aspects of this material included specifically in the Draft 
AP-42 Section 13.2.2. 

' Applicability of the equation to stone crushing plant haul roads 

General comments concerning the use of the equation 

A separate submittal prepared by the National Stone Association and Air Control Techniques, P.C. 
provides comments concerning Sections 4.2.3 and 4.2.5 Emission Factor Documentation Report prepared 
by Midwest Research Institute for EPA. These sections concern the emission factor tests conducted by 
Air Control Techniques, P.C. and Entropy, Inc. for the National Stone Association. 

1. Applicability of the Draft Unpaved Road Equation to Stone Crushing Plants 
We believe that the predictive equation developed based strictly on emission factor tests at stone 
crushing plants is a better predictor of PMlo and PM2.5 emissions than the general emission factor 
equation for all types of unpaved roads. This position is consistent with the following statement included 
on page 3 of the Fifth Edition of AP-42. 

"If representative source-specific data cannot be obtained, emissions information from ... actual 
test data from similar equipment, is a better source of information for permitting decisions than 
an AP-42 emission factor. When such information is not available, use of emissions factors may 
be necessary as a last resort.'' 

The predictive equations developed based on NSA sponsored tests at stone crushing plants located at 
Knightdale, Gamer, and Lemon Springs, N.C. are shown below as Equation 1 and 2.. 

Equation 1 

Equation 2 

Where: 
EPMIO = PMlo Emissions, Lbs.NMT 
EPMZ.~ 
S = Silt content, % 
M = Moisture content. % 

= PM2.J Emissions in Lbs.NMT 
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The use of the precipitation factor from Section 13.2.2 can be used to adapt this equation for predicting 
annual emissions. This results in Equations 3 and 4. 

E,,,, = (s/ 3)0.8(M 12) 

E p ~ 2 . 5  = 0 . 2 5 ( ~ / 3 ) ' . ~ ( M / 2 )  

Equation 3 

Equation 4 

We believe that these equations are more representative of the PMIO and PMz.5 emissions from stone 
crushing plant haul roads for the following reasons. 

All tests were conducted on quany haul roads representative of the stone crushing industry. 
One of the three tests was conducted in the quarry pi!. 
The vehicle weights and speeds during the test program were representative of the stone 
crushing industry. 
The silt and moisture contents of the road surfaces were representative of the stone crushing 
industry. 
The surface characteristics of stone crushing plant haul roads are different from other types 
of unpaved roads due to the frequent watering, the compaction caused by the heavy duty 
trucks, and the high degree of road maintenance provided by plant operators. 

A comparison of Equation 1 with the measured PMloemission factors at the three stone crushing plants is 
shown in Figure 1. The R2 correlation coefficient for this equation is approximately 59%. A comparison 
of the measured PMlo emission factors with the draft unpaved road equation is shown in Figure 2. The 
RZ correlation coefficient is 54%, slightly lower than for NSAs Equation 1. This means that the NSA 
equation explains the variability of the data slightly better than the EPA equation. 

The EPA unpaved road equation appears to have a significant bias to higher-than-observed PMlo 
emissions for stone crushing plant plants having high haul road moisture levels. This bias is indicated by 
the intercept of the linear regression line with the y-axis at a value of approximately 2.0 IbsNMT. We 
believe that this bias is due to the fact that the material present in the silt at stone crushing plants is 
inherently more wettable than the silt present on rural unpaved roads (e.g. clay), western surface coal 
mines (e.g. coal dust and clay), and iron & steel plants (e.g. slag). Use of the new unpaved road equation 
may penalize the operators of stone crushing plants that are the most conscientious in maintaining high 
moisture levels on their haul roads. 

The emission factor data obtained in the NSA sponsored tests appear to be more representative of PMIO 
and PM2.5 emissions from stone crushing industries. This is indicated by the more reasonable form of the 
relationship shown between the predicted and observed emission factor data shown in Figure 1. 
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0 I 2 3 4 5 
Observed PMlO Emissions, Ibs.NMT 

Figure 1. Comparison of NSA test data and NSA's Equation 1 

0 1 2 3 4 5 
Observed PMlO Emissions, Ibs.NMT 

Figure 2. Comparison of NSA test data and the draft unpaved road equation 
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2. General Comments 

Road Surface Moisture Levels 
We believe that the EPA draft equation in its present form underestimates the benefits of moisture. 
Extrapolation of the curve defined by the equation to the 20% moisture level yields predicted PMlo 
emission factors in the range of 1.0 IbsNMT as shown in Figure 3. Air Control Techniques, P.C. 
believe that the new equation over-predicts PMIO emissions at high moisture levels. 

0 5 10 15 20 

Moisture Level. % 

Figure 3. PMloEmissions Predicted by the Draft Section 13.2.2 Unpaved Road Equation 
as a Function of the Moisture Content (Table 13.2.2-3 Specified Range: 0.03% to 20%) 

The curve generated by the equation should approach very low emission factor values at twenty percent 
moisture levels. The particulate emissions from essentially all unpaved road surfaces should be very low 
at this very high moisture level. The mathematical form of the equation should be reviewed to determine 
if there is a more appropriate exponent for moisture that provides a better representation of emissions 
from highly moist unpaved road surfaces. 

Despite the apparent deficiencies at high moisture levels, the equation appears to have the proper form 
for low moisture levels. As indicated in Figure 3, the predicted emissions have an asymptotic 
relationship with moisture at levels below approximately 0.3%. We have observed the same relationship 
in tests conducted for the National Stone Association. 

Precipitation Factor 
We agree with the inclusion of the precipitation factor, [(365-p)/365] in Equation 2 of Draft Section 
13.2.2, and with the statement that, “...all roads are subjecr to some natural mitigation because of 
rainfall and other precipitation. ” However, it would be helpful to add a statement that the precipitation 
days should include all days that the road surface is covered by snow or ice, irregardless of the amount of 
precipitation occurring on each specific day. 
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Vehicle Speed and Other Factors 
It is apparent in the Emission Factor Documentation report and in the draft Section 13.2.2 that the EPA 
and MRI authors are not entirely confident in the form of the new unpaved road equation. For example, 
the following statement is included in Section 13.2.2.3. 

"Although vehicle speed does not appear as a correction parameter, it is obvious to anyone who 
has driven on an unpaved road that (visible) emissions increase with vehicle speed. " 

Air Control Techniques, P.C. agrees with this comment regarding the importance of the speed factor. 
Furthermore, we believe that there are a number of other important factors that have a direct and 
significant impact on PMlo and PMz.5emissions. A partial list of these factors include the following. 

Vehicle road clearance and the associated magnitude of the turbulent wake as a function of 
the vehicle speed 
The tire tread characteristics with respect to the tendency to pick-up and entrain particles into 
the turbulent wake of the vehicle 
The tire tangential velocity with respect to the tendency to release particles from the tire into 
the turbulent wake of the vehicle 
The actual pressure exerted by the vehicle tire on the road surface that causes pulverization 
of silt particles to form PMlo and PM2.5 particles 
The grindability of the silt particles 
The extent of compaction of the road surface under various wet suppression and/or natural 
precipitation conditions 
The extent to which tailpipe exhaust contributes to particle entrainment into the turbulent 
wake of the vehicle 

Obviously, neither EPA nor NSA has the budget necessary to accurately analyze the possible impact of 
all of these important variables. Accordingly, Air Control Techniques, P.C. recommends that EPA 
conduct a fundamental particle formation and emission study using modem computational fluid dynamic 
modeling (CFD) techniques. These are "First Principle" models that are being actively used in a wide 
variety of aerospace design projects, automotive design projects, process equipment design projects, and 
air pollution control equipment optimization projects. We have had the opportunity to work on a number 
of projects involving CFD, and we are very impressed with the capability and accuracy of this 
technology. CFD would provide an economical way to provide a sound technical basis to the unpaved 
road equation. For too long, this equation has been based simply on layer after layer of empirical studies 
concerning only a few of the important variables affecting emissions. There is now a readily available 
technology to provide improved emission factor equations. 

I hope that these comments are helpful in finalizing draft Section 13.2.2. 

JwRichards,  Ph.D., P.E. and Todd Brozell, P.E. 
Air Control Techniques, P.C. 



State of North Carolina 
Department of Environment, 
and Natural Resources 
Division of Air Quality 

James B. Hunt, Jr., Governor 
Wayne McDevitt, Secretary 
Alan Klimek, P.E., Director 

October 22, 1997 

Mr. Ronald E. Myers 
U.S. Environmental Protection Agency 
Emission Factors & Inventory Group 
Mail Drop 1 4  
Research Triangle Park, NC 277 1 1 

Dear Ron: 

As usual, the state of North Carolina, Division of Air Quality appreciates the opportunity 
to provide technical comments on proposed revisions to emission factors and other inventory 
guidance. These comments are specifically addressed toward Section 13.2.2 of Ap-42 regarding 
proposed revisions to “Unpaved Roads.” The f m t  comments below are addressed toward the 
Draft Section itself with some additional comments directed toward the background document. 
First, let me say that even during this electronic age, it would facilitate review to have a hard 
copy provided to eliminate with the retrieval and printout hassle. 

I have enclosed a copy of my mark-up (marked pages only), but these are some of the 
major comments. The opening sentence of the section has little relevance and should be stricken. 
To strengthen the opening and to make it clear as to the revised coverage of this section (Le., to 
aggregate, coal and other industries), this should be explicitly stated along with a summary of 
what sections are replaced. The revision should also include instructions to remove the sections 
replaced or updates of those sections, if applicable. See further comments on this in the general 
comments at the end of this letter. 

Table 13.2.2-1 could use some additional clarity. For example, “yard area” should clearly 
state that this is the storage area, “Haul” and “Access” should clearly indicate that these are to the 
pit or wherever. Is “mean” in the header an arithmetic or geometric variety? Can more 
definition be given to the road surface “dirt?” Again, additional explanation of what the new 
information in the table are as opposed to old, etc. should be added to provide clarity to the user 
who might be familiar with using the old tables in separate sections. 

Additional detail and clarity with a reference to the further discussions in the background report 
might be helpful. Also on same page, I suggest writing out each equation (PM-30, PM-10, PM- 
2.5) separately for clarity. Footnote meaning or equivalence of PM-30, and drop PM-15 as it has 
little relevanceheaning. !do not believe these resulting equations technically merit the “A” and 
“B’ ratings and should be downgraded at least a letter due to the statistics in the background 
report and personal judgement. 

equation or expression for crude approximations. Since this is likely to be done anyway, I 

Page ---3: The first paragraph does not seem to describe satisfactorily what was done. 

Page ---5: The discussion talks about defaults but stops short of a “presumptive default” 
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suggest providing such an equation with calculated extremes that can occur if applied without 
regard to real input data. 

of use. I sincerely doubt that anyone will likely do this. It is difficult to even get a facility to take 
samples at all to estimate emissions. 

Page -10: The section does not explain “Class A pan evaporation,” and it should. Some 
other word changes recommended on enclosed copies. 

Page ---12: How does one determine “ground inventory?” Is there a rule of thumb for 
default? 

Page ---8: The first full Paragraph discusses collecting new road samples after 6 months 

Background Report: 

Page 1-1: T h e m  Edition of -42 was published in 1972. The earlier “Duprey” 
edition was in 1968 or ‘69. Earlier versions of similar documents were iszrn.’ in 1% or SO. 

However, I don’t believe fugitive dusts were addressed until the Third Edition, or perhaps a 
supplement to the Second or Third Edition. 

would suggest dropping the IP or PM-15 as it is not now used and could be confusing. 

method seems avoided somewhat. Since it has been used and th. &k e:.a!i;z::cd, i; &odd be 
included in the descriptions. Here and in Section 4, the evaluations seema bit biased against data 
not collected by MRI. Their data may be better or not, but “outside” tests seem more rigorously 
critiqued than the other tests. Comments may be valid, but need to be equal and balanced in 
presentation so as to not give this impression. For example, “unacceptable” is a judgement given 
without any documentation of reasons. Also, it is not reasonable that road widths and such hasic 
information not included in test reports, even by the same contractor, are not recoverable in some 
fashion. 

PM-IO and PM-2.5 separately and independently? There may likely be forces (e.g. static) acting 
upon the different sized particles that would best be represented by this treatment. With the 
statistics presented on page 4-30&31, the “ A  rating on page 4-29 does not seem warranted! 

evaporation” and its relevance on the next page. 

General Observations: 
There continues to be a generally insufficient level of information and detail for 

confidently estimating emissions from fugitive dust sources of all types. This includes 
information which would assist in relating sources more closely with their ambient impact. The 
parameters upon which the emissions should be based are fairly intuitive and the existing 
equations seem to address those. However, there is a gap of acceptance of these emissions as 
being part of the “real world‘’ of sources which are emitting into the ambient air and for which 
we are comfortable with emissions being well correlated with their ambient impact. The 
complexity of resulting equations generally precludes a majority of facilities from estimating 
their emissions in this manner. The availability of a simple, stable, defensible and usable (user 
friendly) computerized model to accomplish this would be of assistance, but perhaps be only a 
partial solution. It might be helpful to develop several (based on aridity, soil characteristics, etc.) 
models which could represent different parts of the country and types of facilities and make the 
calculations simpler, although somewhat more crude. Facilities and agencies are somewhat 
geared to permit conditions, so this might provide a means to categorize further the estimation of 

In the definitions section, “filterable particulate” should be included for completeness. I 

In Section 3, measurement methods are discussed. However, the “stone association” 

Page 4-29 and thereabouts: Would it not make sense to view the data bases for PM-30, 

Mid-page 4-37: “0.5 percent” seems to materialize out of the air. Explain “pan 
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emissions, application of controls and operations. 

should not address this problem a little differently. For example, would an approach to separate 
the mechanical lifting forces and the air turbulent forces in the analysis be productive? Also, for 
PM-10 and PM-2.5, I doubt if it is still appropriate to look at just silt analysis. I am sure silt is 
still a crude and somewhat commonly availablae indicator, but the size particles being simulated 
are so much smaller than silt that one can not help but wonder if there is not a finer delineation 
within “silt” that is necessary before a determination of this sector can be appropriately made. 

old parameters and results with the newer ones. I recommend that each estimation process, 
including those for aggregate operations, coal mines, paved roads, etc. be examined in a case 
study comparison approach so the reader can view them side by side and evaluate the impacts of 
the revisions. One is understandably reluactant to adapt and apply a new set of numbers without 
having some concern about and evaluation for what this will do to the existing data structure and 
integrity built up over the previous years of application. A clear concise comparison detailed in 
the background report and summarized in the sections themselves would facilitate this level of 
confidence. A cross reference to any applicable (EIIP) estimation methods would be helpful. 

Reading the section, I could not help but wonder if some future reviews and updates 

This report on fugitives from unpaved roads does not sufficiently show the comparison of 

Again, thanks for the opportunity to review and provide input to this process. 

Sincerely, 

Engineer II 

cc: Laura Butler, Chief, Permits Section 
Brock Nicholson, Chief, Planning Section 
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EMISSION FACTOR DOCUMEMAWN FOR AP-42 SECTION 13.2.2 

n 

I .  INTRODUCTION 
/. bb 

The document Compilation ofAir (AP-42) has been published by the 

U. S. Environmental Protection Agency to AP-42 have been routinely 

.. 

published to add new emission source categories and to update existing emission factors. AP-42 is routinely 

updated by EPA to respond to new emission factor needs of EPA, State and local air pollution control 

programs, and industry. 

An emission factor is a e that attempts to relate uantity of a pollutant released 

to the atmosphere with an activity associated with the release of that pollutant. Emission factors usually are 

expressed as the weight of pollutant divided by the unit weight, volume, distance, or duration of the activity 

that emits the pollutant. The emission factors presented in M-42 may be appropriate to use in a number of 

situations, such as making source-specific emission estimates for area wide inventories for dispersion 

modeling, developing control stratepies, screening sources for compliance purposes, establishing operating 

permit fees, and making permit applicability determinations. The purpose of this report is to provide 

background information from test reports and other information to support revisions to AP-42 

Section 13.2.2. Unpaved Roads. 

This background report consists of five sections. Section 1 includes the introduction to the report. 

Section 2 gives a characterization of unpaved road emission sources and a description of the technology used 

to control emissions resulting from unpaved roads. Section 3 is a review of emission data collection and 

emission measurement procedures. It describes the literature search, the screening of emission data reports, 

and the quality rating system for both emission data and emission equations and methods of emission factor 

determination. Section 4 details how the revised AP-42 section was developed. It includes the review of 

specific data sets, a description of how candidate the emission equation was developed. and a summary of 

changes to the AP-42 section. Section 5 presents the AP-42 Section 13.2.2, Unpaved Roads. 

Throughout this report, the principal pollutant of interest is PM-IO-particulate matter (PM) no 

greater than 10 M ~ A  (microns in aerodynamic diameter). PM- IO forms the basis for the current National 

Ambient Air Quality Standards (NAAQS) for patriculate matter. PM-IO thus represents the particle size 

range that is of the greatest regulatory interest. Because formal establishment of PM-IO as the standard basis 

1-1 
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for the NAAQS occurred in 1987, many earlier em&& t p s  (and in fact the current version of the unpaved 

road emission factor) have been referenced to other particle size ranges, such as, 

TSP Total Suspended Particulate, as measured by the standard high-volume (hi-vol) air sampler. Total 

suspended particulate, which encompasses a relatively come size range, was the basis for the 

previous NAAQS for PM. Wind tunnel studies have shown that the particle mass capture efficiency 

curve for the hi-vol sampler is very broad, extending from 100 percent capture of particles smaller 

than IO micrometers to a few percent capture of particles as large as 100 micrometers. Also, the 

capture efficiency curve varies with wind speed and wind direction, relative to roof ridge orientation. 

Thus. the hi-vol sampler does not provide definitive particle size information for emission factors. 

diameter is fquently assigned to the standard 

SP Suspended Particulate, which is often used as a surrogate for TSP, is defined as PM with an 

aerodynamic diameter no greater than 30 p d .  SP may also be denoted as “PM-30.” 

IP Inhalable Particulate is defined as PM with an aerodynamic diameter no greater than 15 p d .  Ip 

may also be denoted as “PM-15.” 

F” Fine Particulate is defined as PM with an aerodynamic diameter no greater than 2.5 pmA. FP may 

also be denoted as “PM-2.5.” 

The EPA promulgated new PM NAAQS based on PM-2.5, in July 1997. 
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3. GENERAL DATA REVlEJ'f<.ptiND ANALYSIS PROCEDURES 

3.1 LITERATURE SEARCH AND SCREENING 

To reduce the amount of literature collected to a final group of references from which emission factors 

could be developed, the following general criteria were used. 

1 .  Emissions data must be from a primary reference. 

a. Source testing must be from a referenced.study that does not reiterate infomation from previous 

studies. 

b. The document must constitute the original source of test data. For example, a technical paper was 

not included if the original study was contained in the previous document. If the exact source of the data could 

not be determined, the u*rp liminated. P 
2. The referenced study must contain test results based on more than one test run. 

3. The report must contain sufficient data to evaluate the testing procedures and source operating 

conditions. 

A final set of reference materials was compiled after a thorough review of the pertinent reports, 

documents, and information according to these criteria. 

3.2 METHODS OF EMISSION FACTOR DETERMINATION2 

Fugitive dust emission rates and particle size distributions are difficult to quantify because of the 

diffuse and variable nature of such sources and the wide range of particle size involved including particles 

which deposit immediately adjacent to the source. Standard source testing methods, which are designed for 

application to confined flows under steady state, forced-flow conditions, are not suitable for measurement of 

fugitive emissions unless the plume can be drawn into a forced-flow system. The following presents a brief 

overview of applicable measurement techniques. 
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1. In attempting to quantify a large area Sqyp,f&pulqYerhpping of plumes from upwind (background) 

sources may preclude the determination of the specific contribution of the area source. 

2. Because of the impracticality of adjusting the locations of the sampling m y  for shifts in wind 

direction during sampling, it cannot be assumed that plume position is fixed in the application of the 

dispersion model. 

3. The usual assumption that an area source is uniformly emitting does not allow for realistic 

representation of spatial variation in source activity. 

4. The typical use of uncalibrated atmospheric dispersion models introduces the possibility of 

substantial error (a factor of three according to Reference 4) in the calculated emission rate, even if the 

&zges: =qsi;-,mcii: of i i ~ b s x u ~ i c d  dispersion from a simphfied (e.g., constant emission rate from a single 

point) source configuration is met. 

On an even more fundamental level, typical traffic volumes on unpaved mads are far too low to 

represent the mad as a steady, uniformly emitting line source for dispersion analysis purposes. A far better 

representation (but one which, unfortunately, is not available at this time) would view the unpaved road source 

as a series of discrete moving point sources. 

Just as importantly, it is not clear that "cosine correction" used to account for the effect that an 

oblique wind direction has on line sources is applicable to the case of an unpaved road. As the plume is 

released, dispersion occurs in all three cartestian coordinate directions. Only dispersion in the direction parallel 

to the plume centerline would be negligible. Depending on the direction a vehicle is traveling, an oblique wind 

would appear to dilute or "concentrate" the plume mass seen by the samplers, as compared to the case of a 

perpendicular wind. Correction for each plume depends upon the magnitude and direction of the wind relative 

to vehicle velocity vector. 

;0 Fro- 

The other measurement technique, exposure profiling, offers 1 . .  dishnct advantages for source-specific 

quantification of fugitive ehssions from open dust sources. The method uses the isokinetic profiling concept 

that is the basis for conventional (ducted) source testing. The passage of airborne pollutant immediately 

downwind of the source is measured directly by means of simultaneous multipoint sampling over the effective 

cross section of the fugitive emissions plume. This technique uses a mass-balance calculation scheme similar 
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a 

To characterize emissions h m  unpaved q g & , p ~  could use the geomevic mean emission factor 

(i.e.. the arithmetic mean of the logtransformed data). However, attempting to characterize emissions from 

data spanning several orders of magnitude, from extremely large mine haul trucks to lightduty vehicles on . I  
county mads, with a single valued emission factor is futile. As an alternative to a single valued mean, an 

emission factor may be presented in the form of a predictive equation derived by regression analysis of test 

data. 

The general method employed in regression anlaysis is to first examine the physical forces that affect 

the dependent variable, to construct an empirical model reflective of those forces, then to use regression to 

provide a best fit. Such an equation mathematically relates emissions to parameters which characterize those 

measurable physical parameters having the most affect on the emissions. Possible parameters considered may 

be grouped into three categories: 

1. Measures of source activity or energy expended (e.& the speed, number of wheels, and weight of 

vehicles haveling on an unpaved mad). As a practical matter useful vehicle-related parameters should be 

observable at a distance under normal traffic conditions. Most secondary parameters such as tire size, 

pressure, etc., are correlated with gross vehicle characteristics such as vehicle weight as related to the type of 

vehicle (light duty automobile, nactor trailer, etc.). 

2. emperties of the material being disturbed (e.g.. the content of suspendable fines in the surface 

material on an unpaved road or the moisture content of the surface material). 

3. Climatic parameters (e&, number of precipitation-free days per year during which emissions tend 

to be at a maximum). 

An emission factor equation is useful if it is successful in “explaining” much of the observed variance 

in emission factor values on the basis of corresponding variances in specific source parameters. This enables 

more reliable estimates of source emissions on a site-specific basis. In gened.’an equation’s success in 

explaining variance is gauged by the R-squared value. If an equation has an R-squared value of 0.47, then it is 

said to “explain” 47 percent of the variance in the set of emission factors. 

It should be noted, however, that a high value of R2 may sometimes prove misleading in developing an 

emission factor equation for a particular data set. For example, an equation may be “fine tuned” to the 
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developmental data set by including an additional m % p n  parameter, but in a manner that is contrary to the 

physical phenomena of the dust generation process. This was illustrated in a field study conducted for the 

Arizona Department of Environmental Quality (as described in Section 4) that found that inclusion of moisture 

and silt content as correction parameters would require that they enter into,the equation in a manner opposite 

to common sense. That is to say, emissions would increase with increasing moisture content and would 

decrease with increasing silt content. In that instance, it is important to recognize that the goal of an emission 

factor equation is not to provide a near-perfect fit to the emission measurements in the developmental data 

base, but rather to provide reasonably reliable estimates of emissions for situations where no test data alp. 

available. 

A generic emission factor equation is one that is developed for a source operation defined on the basis 

of a single dust generation mechanism that crosses industry lines. Clearly. vehicle travel over unpaved roads is 

EO: oiikj; ii ioiiuriun operation in aimost all industries but also represents a general, public source of particulate 

emissions. 

Unpaved mad source condition's encompass extreme variations. For example, average vehicle 

weigh= on unpaved roads (ranging from country roads to mining haul roads) easily span two orders of 

magnitude. Furthermore, there is also a wide range in surface material properties. Silt and moisture conten 

for the available test data span one and two orders of magnitude, respectively. Not surprisingly. these 

correction parameters (Like the emission factor values) are better characterized by a log-normal rather than 

(arithmetic) normal distribution. 

Furthermore, normal and log-normal distributions appear to fit other vehicle-related variables (speed 

and number of wheels) equally well. Because standard tests of significance assume normal parent populations, 

regression of log-transformed data is far more appropriate than regression of untransformed values. The log- 

linear regression results in a multiplicative model. 

To establish its applicability, a generic equation should be developed from test data obtained in 

different industries. As will be discussed in Section 4, the approach taken to develop a new unpaved road 

equation has been to combine (to the extent possible) all emission tests of vehicles traveling over an unpaved 

surface. The combination is made without regard to previous groupings in AP-42. In particular, tests at 

surface coal mines are combined with tests of unpaved roads within other industries and tests of publicly 

accessible unpaved roads. 
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3.3 EMISSION DATA AND EMISSION FACTq&QV@.rrY RATING SCHEME USED FOR THIS 
SOURCE 

As part of the analysis of the emission data, the quantity and quality of the information contained in 

the final set of referencedocuments were evaluated. The uncontrolled emission factor quality rating scheme 

used for this source category represents a refinement of the rating system developed by EPA for AP42 

emission factors. 'Ihe scheme entails the rating of test data quality followed by the rating of the emission 

factor(s) developed from the test data, as described below. 

In the past, test data that were developed from well documented, sound methodologies were viewed 

equally and assigned an A rating. Although side-by-side studies would better define the differences in 

precision between upwinddownwind and profiling methodologies, historical experience has granted a greater 

degree of confidence in the ability of profiling to characterize the full particulate emissions plume. In this 
document, test data using sound, well documented profiling methodologies were assigned an A rating. Test 

data using sound, well documented upwindldownwind methodologies were assigned a B rating. 

In evaluating whether an upwinddownwind sampling sbategy qualifies as a sound methodology, the 

following minimum test requirements are used. At least five particulate measuring devices must be operated 

during a test, with one device located upwind and the others located at two downwind and three crosswind 

distances. The requirement of measurements at crosswind distances is waived for the case of line sources. 

Also wind direction and speed must be monitored concurrently on-site. 

For upwindldownwind testing, it is generally assumed wind speed and direction are constant. To 

maintain a likeness of constant conditions, the downwind sampler should be shut down when the wind speed 

drops below 75 percent or raises above 125 percent of the predetermined design speed for periods longer than 

3 minutes. Once the wind speed has returned to the acceptble range of 90 percent to 110 percent for 

2 minutes, the downwind sampler should be restarted. Samplers should also be shut down when the wind 

direction varies by 10" or more from the predetermined design direction for longer than 3 minutes. Once the 

wind direction has returned to the acceptable range for two minutes, the samplers should be restarted. General 

procedure includes shutting down the upwind sampler during the same periods the downwind samples are shut 

7 
do;;;jA & q - W J J  d s-qri, o+ / 1 ' i' The minimum requirements for a sound exposure profiling program are the following. A one- 

dimensional, vertical grid of at least three samplers is sufficient for measurement of emissions from line or 
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high volume air sampler v: 

wire anemometers. located -..heights of 1 and 5 m, measured wind speed. Road widths were not reported. 

a cyclone preseparatq@pptd upwind concentrations at a 2 m height. Warm 

The unpaved road testing focused on particulate emissions from scraper travel and lightduty vehicles. 

Six uncontrolled scraper tests and three uncontrolled light duty vehicle tests were completed. In addition, 

watering was utilized as a control for two controlled scraper tests. The test data were assigned an "A" rating. 

Table 4-3 presents summary test data and Table 44 presents detailed test information. 

4.2.3 

at Two S m  
for N-C.. N o v e m b e r .  . .  

This test program presents the results of sampling at two stone crushing plant quarries in August 

1995. This study was undertaken to accurately measure PM-10. PM-2.5. and PM-I emissions from a 

controlled haul road at a stone quarry. Testing occurred at Martin Marietta's Gamer and Lemon Springs 

The study used an 

exposure profiling method. 

that joined a single downcomer connected to an 18 in. horizontal duct. The vertical sampling occurred 

approximately 3 m downwind of the source. The system maintained a total gas flow rate of approximately 

2.500 acfm. Sampling occurred along the 18 in. horizontal duct using EPA Method 201A for in-stack 

measurements of PM-IO. Particle distribution for downwind measurements were collected with a cascade 

impactor and a nephelometer. Upwind measurements were made using a hi-vol sampler at a height of 15 A. a 

cascade impactor, and a nephelometer placed only a few meters upwind. The roads were 30 A wide at both 

test sites. Analysis included polarizing light microscopy (PLM) that measured particles of combustion 

products. Wind direction was required to be 60" of perpendicular to the line source. 

rofiling&hnique\gat varied from the more commonly used 

were drawn into IO sample nozzles 8 to 10 inches in diameter 

Three emission tests were completed at both Garner and La.. dn Springs. All samples were 

considered controlled through water application during the test periods. Specific water application rates were 

not reported, although the watering is said to have occurred approximately every 2.5 to 3 hours. Table 4-5 

presents summary test data and Table 4-6 presents detailed test information. Noncombustible particulate 
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for PM-10 and from 30 to 60 percent for TSP. A s p m y y  of emissions data is presented in Table 4-7 and 

detailed test information is presented in Table 4-8. 

The study evaluated the independent haul road test data against the AP-42 Western Surface Coal 

Mine (Fourth Edition, Section 8.24, September 1988). the AP-42 Unpaved Road (Equation 2-1). and the 

Wyoming Department of Environmental Quality emission factor models and found none to adequately 

estimate independent emissions. With the exception of the generic AP-42 unpaved roademission factor (i.e.. 

Equation 2-1) for PM-30. each model considered exhibited a systematic bias toward over- or under-prediction. 

It is important to note that the - 4 2  Section 8.24 (now Section 11.9) haul road emission factor equation 

(Equation 4-1) generally performed no better in predicting the independent haul mad emission factor results 

than did the “generic” unpaved road equation (Equation 2-1) in AP-42 Section 11.2 (now Section 13.2). 

AP-42, Section 8.24, Haul Truck Emission Equation (now Section 11.9) 

E,; = 0.0019 (w)” (L)o.2 

where: 

= TSP emissions 

w = mean number of wheels 

L = land surface silt loading (g/m2) 

AP-42, Section 8.24 Vehicle Trafftc (lightlmedium duty) Equation (now Section 11.9) 

where: 

M = material moisture content (%) 

Equation 4-1 

3 Equation 4-2 

The 1992 field study also provided new against which the performance of the 

Section 8.24 (now Section 11.9) factor traffic could be assessed. 

That same model was found to be some cases. This is believed 

to be the result of the model’s dependence on the fourth power of moisture content. Again, the generic AP-42 

unpaved road emission factor equation (Equation 2-1) performed at least as well as the equation in the surface 
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cod mining section (Equation 4-2). A of this report, these findings prompted thinking to 

combine all unpaved travel emission tests into one large data set for emission factor development 

The test data were assigned a rating of A. The report included adequate derail and the methodology 

meets the requirements for a sound exposure profiling system. 

4.2.5 B&sn& 

p r  1994. . .  

This test report presents test data from measurements at a granite quarry in Knightdale, North 

Clmlin:. 2 . c  testing picgizii txcumri in Cctober iW4 and tocused on PM-10 emissions from an unpaved 

haul mad. 

The testing protocols followed what the report termed a “push-pull method.’’ Four 36-inch diameter 

circulating fans were utilized on the upwind side of the mad and large hoods were located downwind to capture 

particulate emissions. Two sets of two hoods stacked vertically were collocated.”A set of hoods consisted of 

two hoods each four ft  high by seven f t  wide with one located 2 f t  and the other seven ft  above the ground. 

The road width was 40 ft. Emissions captured in a set of hoods were drawn through a common 12 inch duct 

and sampled for PM-10 using EPA Method 201A. One hi-vol PM-10 ambient sampler was located upwind of 

the circulating fans. Wind speed and wind direction were also monitored. 

Three controlled tests and four uncontrolled tests were performed. AU seven tests utilized both sets of 

hoods and the results from both sets were averaged for the emission factor calculations. Testing was 

discontinued when wind speeds exceeded 3 mph. Controlled tests utilized water as the dust suppressant. For 
the controlled tests, watering occurred on average every 3.6 hr, however, the water application rate was not 

reported. Table 4-9 presents summary test data and Table 4-10 presents derailed test information. 

The “push-pull method“ used for this study 

open source particulate emissions. The colocated hoods showed an order of magnitude difference between the 

left and right hoods in the concentrations sampld’in three out of seven tests. Strong evidence of recirculation 

of emissions to the upwind sampler is provided by the fact that the upwind concentrations increased by 
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roughly an order of magnitude from the controlled ty&ycontrolled tests. The low-sampling height at 

relatively low wind conditions used for this test program 

the sampling device without capture. The test data were 

plume to pass over 

development of the AP42 emission factor equation. 

4.2.6 

p. 

This study performed field sampling on Arizona rural roads in Pima, Pinal, and Yuma counties. The 

study also recommended a mathematical model to estimate emissions from unpaved rural roads for arid and 

semiarid regions, based on a review of historical data as well as Arizona-specific field sampling results. 

Particle emission sizes of interest in this study were TSP and PM-IO. Conhary to expectation, the 

examination of the historical data base did not find a systematic underprediction of emissions from unpaved 

roads in the arid portions of the Western United States. 

Exposure profiling formed the basis of the measurement technique used at the Arizona sampling sites. 

For this study, two downwind arrays were deployed 5 m from the mad. Each array had three sampling heads 

located at heights of I ,  3, and 5 m. One downwind unit was fitted with cyclone preseparators. The other 

downwind unit was equipped with cyclones for half the sampling periods and with standard high volume roofs 

for the other sampling periods. In addition, one pair 

operated at a 100 A downwind distance. No road 

with a vertical array containing two sampling heads, 

Wind speed was measured with warm wire anemometers 

d dichotomous samplers were 

nd measurements were obtained 

pler, and a dichotomous sampler. 

eights (1 and 5 m). and wind direction was 
I 

measured at a single height. 

A total of 27 PM-IO and 9 TSP emission tests were conducted during May and June 1990. Vehicle 

passes were controlled during testing periods and three vehicle speeds were tested (35,45, and 55 mph). The 

test data were assigned an “ A  rating. Table 4-1 1 presents summary test data and Table 4-12 presents 

detailed test information. Thereport examined how well the data developed in the field tests agreed with the 

current version of the AP-42 emission factor. 
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Although the AP-42 equation provided reqp,qQIy accurate results when applied to the field tests 

conducted in this study, another emission factor model was developed. Common travel speeds on rural 

unpaved roads in Arizona generally fall outside the range of values in the AP-42 model’s underlying data base. 

As a result of the numerous industrial road tests, the data base gene 

empirical relationship specific to that situation was warranted. 

4.2.7 

-:. ittta K J L I I I ~  program focused on paved and unpaved road paniculate emissions at an integrated iron 

and steel plant near Philadelphia, Pennsylvania, in November 1989. Exposure profiting was used to 

characterize one unpaved road (Site ‘ ‘X) located near the center of the facility and used principally as a 

“shortcut” by lightduty vehicles. 

Two tests were conducted using a profiling array. with sample heights from 1.5 m to 6.0 m, that 

measures downwind mass flux. A high-volume, parallel-slot cascade impactor was employed to measure the 

downwind particle 

fraction. Road 

hi-vol sampler was utilized to determine the downwind TSP mass 

upwind particle size distribution was determined with a standard 

I 
SWQW I-, 

The unpaved road was treated with chemical suppressants prior to and throughout the testing period. 

Therefore, the results ofthis test program were not included in the development of an uncontrolled unpaved 

road emission equation. The data may be used to estimate the degree of dust control provided by the chemical 

suppressants. The control efficiencies for PM-10 were estimated to be 80 to 90 percent. Control efficiencies 

for TSP were estimated at 70 percent to 80 percent for the unpaved road chemical suppressants. Table 4-13 

presents summary information and Table 4-14 presents detailed test information. 

4.2.8 Reference 8 

4-8 



DFGUT 
C:\CHIElVEMP\D13S02B.WPD 
9/3/97 

Midwest 9 . . . . . . .. 

m s . ”  for U. S .  EpJ&pA-600/2 - -  87 102. No vember 1987. 

This study obtained data on the control effectiveness of common.dust suppressants used in the iron 

and steel industry. Tests were conducted from May through November, 1985, at LTV’s Indiana Harbor 

Works in East Chicago, Indiana, and at Armco’s Kansas City Works in Missouri. The testing program 

measured control performance for five chemical dust suppressants including two petroleum resin products 

(Coherexa and Generic 2). a emulsified asphalt (Petro Tac), an acrylic cement (Soil Sement). and a calcium 

chloride solution. 
* .I , . -  

The exposure profiling methodology was utilized for all testing. The downwind exposure profiler 

contained sampling heads at 1.5, 3.0.4.5. and 6.0 m. Particle size distribution was determined both upwind 

and downwind with high volume cascade impactors. was monitored at two heights and wind 

direction was monitored at a single height. Road 

A total of 64 tests were completed with seven uncontrolled tests and 57 controlled tests. Suppressants 

tested at Indiana Harbor Works were initially applied as follows: Petro Tac at 0.44 gallyd’, CoherexB at 0.56 

gallyd’, and calcium chloride at 0.25 gallyd’. All five suppressants were tested at the Kansas City Works 

facility and were initially applied at the following rates: Petro Tac at 0.21 

Soil Sement at 0.16 gaUyd2, Generic at 0.14 gaUydz, and calcium chloride at 0.24 gal/yd’. 

assigned to the data Testing followed an acceptable methodology and the test report was well 

Total particulate, E’, PM-IO, and PM-2.5 were measured during this study. A control efficiency of 

50 percent or greater was measured for all chemicals tested. Reapplication of the suppressant resulted in a 

notably higher level of control. A cost-effectiveness comparison found little variation between suppressants 

under the test conditions with the exception of a nonfavorable comparison of calcium chloride. Table 4-15 

presents summary test data and Table 4-16 presents detailed test information. 

The report also discussed the development of models to estimate the control efficiency of different 

chemical dust suppressants. As was discussed at the end of Section 2, various suppressants do not appear to 

affect the road surface characteristics in the same way. As a result, this makes performance models based on 

surface physical parameters unfeasible. 
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4.2.9 I> R A FT 

Midwest of Coal Y 

This study included seven tests of 

unpaved surfaces at a power plant. Data 
in this study are total particulate, TSP, 

yard was tested in August 1985. The road was a permanent ramp up the main stockpile and is used by 

scrapers for both stockpiling and reclaiming operations. 

Particulate emissions were. characterized using three downwind exposure profders, each consisting of 
+-m,.r..mm."r La">.. -. L - 2 - L . -  .".. .A6 ,.-- r l G ~ s ~ ~ w  ui i.3.3.G. 4.5 ana 15.0 m. ( i a e  use of three profiling system allowed 

continuous testing after water application by staggering the operation of the samplers.) Three high-volume, 

parallel-slot cascade impactors equipped with cyclone preseparators were used to characterize the downwind 

particle size distribution at a height of 2.2 m. One cyclondimpactor combination was used to characterize the 

upwind particle size distribution and total particulate concentration. Wind speed was measured with warm- 

wire anemometers at two heights (3 and 6 m) and wind direction was measured at a single height (4.5 m). 

Also, incoming solar radiation was measured with a mechanical pyranograph. Road width was not reported. 

For the controlled tests, the road and surrounding areas were watered for a 

before the start of air sampling. Water was applied to the surface at a mean rate 

provide effective control for 3 to 4 hours with 35 vehicle passeshr. The control 

74 percent over the 3 hours and the PM-IO control efficiency averaged 72 percent over 3 hours. The control 

efficiency closely correlated to the surface moisture content, with a higher moisture content increasing the 

control efficiency. A summary of the emissions data is presented in Table 4-17 and detailed test informatien 

is presented in Table 4-18. 
i 

4.2.10 

__ . .  view of OD en  .Sou- Midwest -Institute. <I  C w  . . 

Part II - Field C-n. for So-. . I .  
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This report presents test results from a Junfil$,!j84; test at U.S. Steel's Gary Works in Gary, Indiana. 

The study was conducted to compas exposure profiling methodologies as used by five independent testing 

organizations to characterize fugitive emissions originating from vehiculartraffic. The source tested was a 

paved road simulated as an unpaved road through the addition of exceptionally high road surface loading 

(600.000 Iblmile). 

An exposure profiler with 5 sampling heads (located at heights of 1.5.3.0.4.5.6.0, and 7.5 m) was 

used to characterize downwind emissions. Particle sizing was determined using cyclonelimpactors located 

alongside the exposure profiler. Particle sizes of interest in this study included total particulate (TP), <30 pm, 

<15 pm. <lo p m  , and QSpm in aercdynamic diameter. One cyclondimpactor and one cyclone were 

deployed upwind for background measurements. Wann wire anemometers measured.wind speed at two 

heights (1.5 and 4.5 m). The road was reported to be 30 ft wide. 7 

The material used to cover the road su 

Reasonably good agreement was found betw 

emission data collected for the simulated unpaved road. However, the &port noted that this was a surprising 

result for a number of reasons. First, the material (a mixture of clay, iron ore and boiler ash) used to simulate 

the surface is not typical of unpaved roads. There were also concerns about the homogeneity of the material 

spread over the five test sections. These problems were further complicated by the fact that the source 

conditions were not at a steady-state. Instead, the surface loading (mass of material per unit area) steadily 

decreased throughout the week of emission testing. 

. 
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The three controlled conditions in this stud&itnq~u$ed a 20 percent solution of emulsified asphalt 

(Petro Tac) applied at 0.7 gaYyd’, water applied at 0.43 gal/yd’. and a 20 percent solution of petroleum resin 

(CoherexO) applied at 0.83 gdyd’ followed by a repeat application of 12 percent solution 44 days later. 

The control effectiveness was reported as the number of vehicle passes that occurred as the control 

efficiency decayed to zero. The initial asphalt emulsion application had an estimated lifetime of 

91,000 vehicle passes for PM-IO, the initial petroleum resin application had an estimated lifetime of 

7,700 vehicle passes for PM-IO. and the water application had an estimated lifetime of 560 vehicle passes for 

PM-IO. Also, a reapplication of the petroleum resin had an estimated lifetime of 23,000 vehicle passes for 

A cos1 effectiveness was calculated for each of the three controls as follows: the Petro Tac initial ~. . - .  .. ?ppl;c.”~?n v.zs %C.C5fib $E.?-lE i&uCeJ; he Conemxw mnai application was $O.W Ib of PM-10 

reduced; the Coherex6 reapplication was $0.16/lb of PM-10 reduced; and the water application was $1.30ilb 

of PM-10 reduced. 

. .  . . 

4.2.14 

. .  
s” for U. Julv 1981. 

This study was conducted to develop emission factors for major surface coal mining activities 

occurring in the western United States. Results are reported of testing conducted in 1979 and 1980 at three 

surface coal mines located in Wyoming, North Dakota, and New Mexico. Sampling was conducted on the 

following mining operations: drilling, blasting, coal loading, bulldozing, dragline operations, haul bucks, tight- 

and mediumduty trucks, scrapers, graders, and wind erosion of exposed areas. Particulate sizes measured 

include, TSP. IF’, and PM-2.5. 

Exposure profiling was used to measure emissions from tine source activities such as vehicle traffic 

on unpaved roads and from scraping and grading. Comparisons of data from profiling and upwind-downwind 

methods were made for scrapers and haul roads. A modified exposure profiling methodology was utilized for 

blasting emission measurements, and a wind tunnel was used to measure wind erosion emissions. Area source 

emissions such as coal loading were tested with an upwindldownwind methodology. 
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Experiment 14 was conducted on the Limestone roa&$qliFis not know whether at the same location as 

experiments 16 and 17. Experiment 18 was conducted at the glacial road. 

Although specific data reduction methods are not described, it is assumed that a linear profile was 

used to characterize exposure values. As noted earlier, this would lead to maximum exposure at ground level 

and to a systematic high bias in the emission factors reported. 

Because supporting documentation is not available, of , / 
the emission factor equation. 

4.3 DEVELOPMENT OF CANDIDATE EMISSION FACTOR EQUATION 

/ 
For unpaved roads, an emission factor equation is much more successful than a single-valued average 

in predicting particulate emissions at different sites with varying source par am^ This section describes the 

development of the emission factor equation that will 

section. 

Various road surface and vehicle characteristics nug ‘ha&. an impact on the particulate emissions 
l 9 t  

from unpaved roads. Those parameters most likely to influence the particle emissions, while at the same time 

/ I’ & able to b e A u r e d  in a practical manner, are considered for the emission equation development. The 

‘pbssib 4 parameters may be grouped into three categories: (a) measure of source activity (b) properties of the 

material being disturbed and (c) climatic parameters. 

/- 
The measure of source activity includes the b e d  and weight of the vehicles traveling on the unpaved 

road. This category would also include the number l f wheels of the vehicles in contact with the unpaved road. 

Subparameters that affect the particle emissions might also be considered; however, cost conscience efforts 

and clarity considerations for potential emission equation users have narrowed in-depth reviews of these 

subparameters. These subparameters may include the following: the turbulence created by the aerodynamics 

and clearance of the individual vehicle traveling on the unpaved road the unique characterisics of the tire such 

as width, pressure. and tread design; angle of wheels compared to vehicle thrust; and wheel slippage over the 

unpaved road surface. Also, if extensive detailed traffic data were available for 15,OOOt vehicle passes in the 

current data set, it would be possible to consider the relation of emissions of tangential wheel velocity 

compared to vehicle speed. 
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The properties of the material being disturf&+cFdes moisture content and the content of the 

suspendable fines in the surface material. Although difficult to characterize within the magnitude of the 

available data, emissions could potentially be affected by interactions between dust particles of different 

physical characteristics. Conditions of the unpaved road may also be considered such as the characteristics of 

the road base (e.& compacted, hardbase, washboard). Difficult to characterize variability in road conditions 

and resultant complexity of the emission equation were considered as basis for not including the road base 

characteristics in the emission factor equation. 

Climatic characterization is generally reflected by the precipitation-free days per year on which 

emissions tend to be at a maximum. The radiant energy of the sun may be important when determining the 

control efficiency of watering, and in effect the average moisture content of the surface material. Direct 

moisture measurements are appropriate in this case. 

The parameters readily measureable and applicable to a general unpaved mad equation include 

surface silt content, surface moisture content, mean vehicle weight, mean vehicle speed, and mean number of 

wheels. Discussion of the analysis of these parameters continues later in this section. 
I 

The development of a revised unpaved road emission factor equation was built upon findings from the 

reviewed data sets. First, the decision was made to include all tests of vehicles traveling over unpaved 

surfaces. For example, tests of scrapers in the “travel mode” between cut and fill areas were. included. Also, 

tests of very large off-road haul trucks used in the mining industry were also included in the developmental 

data set. On the other hand, graders blading an unpaved road were not included because of the low speed and 

the additional road surface disturbance involved. This decision had the effect of greatly expanding the 

historical data base. Not only are far more data available, but the data encompass a wider range of vehicle 

weights and travel speeds. 

The decision to composite the data sets was based on findings from Reference 4, which dealt with the 

western surface coal mining industry. It was found that the general unpaved road emission factor equation 

(Equation 2-1) performed as w-missions from haul truck and light- to mediumduty vehicles 

as did factors developed specifically for those sources within western surface coal mines. 
-.-. L 

/ - - 
Next, the decision was made to add tests of watered roads to tests of uncontrolled roads, because 

moisture content is also affected by natural mitigation resulting from climatic factors. Chemically conmlled 
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unpaved roads were not included because those tre?%lp%qcause lasting physical changes to the road surface. 

A review of the measurable physical characteristics (silt content and moisture content) of chemically controlled 

unpaved roads found no identifiable trends. Reference 8 examined the historical data base and concluded that 

a general control estimation method based on surface characteristics was not feasible. 

The inclusion of both uncontrolled and watered roads was based on findings in the Reference 4 study 

That study and a later review included moisture as a potential correction parameter in developing a predictive 

equation for unpaved mads. It was found that both the old (Reference 14, circa 1980) and new (Reference 4, 

1992) haul truck data could be successfully fitted with one equation that applied to both watered and 

Inclusion of watered surfaces in the data base recognizes a fundamental difference In 

of water controls emissions (as opposed to the addition of other types of suppressants). First, the addition of 

water is a short-term control measure and is similar to the effect of rain. In addition, it causes no permanent 

change in the road surface characteristics. To an extent, one could argue that a road subject to frequent rain is 

no different than a road which is routinely watered. 

Finally, the decision was made to focus on PM-IO emission tests. Because Equation 2-1 was 

developed earlier than the 1987 promulgation of the PM-10 NAAQSs, this represents a major departure from 

the way in which the current AP-42 factor was developed. The focus on PM-IO was also the approach taken 

in developing the newest AP-42 emission factor for paved roads. The approach requires that the models 

developed for different particle size ranges be “consistent.” in the sense discussed below. 

As a first step, the “developmental“ data base was prepared from the test reports discussed in the 

previous section, with the following exceptions: 

1 .  No test data were included from Reference 5 .  As noted earlier. these data were rated “D.” 

2. No data were included from Reference 7, because the unpaved road considered had been previously 

treated with a chemical dust suppressant Also, individual tests of chemical dust suppressants in other 

references were not included. 
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Equations 4-1 and 4-2 represent the two candidate ~n\,@qn factor equations considered in this study. 

Initially, preference was given to Equation 4-1 because the inclusion of speed was viewed as providing 

additional predictive accuracy for instances involving very slow or very fast traffic. Furthermore, the resulting 

equation would (like the current Ap42 model) allow one to gauge the effect of speed reduction as a control 

technique. Equation 4-1 was initially chosen and validation of that model proceeded. 

Equation 4-1 
(with speed term) 

However, in the validation, it was found that almost no additional predictive accuracy was achieved 

and that the equation does not permit actual estimates of the effects of speed reduction. The inclusion of speed 

was highly dependent on the data set being used. For example, exclusion of only c-e or two low-speed tests 

from the data resulted in speed not entering the regression at even the 15 percent IC 
other hand, dropping those tests had no effect on the other terms in the model. Thus, the four-parameter model 

(Equation 4-1) appeared to be relatively unstable. 

f significance. On the 

I 
Surthermore, the power to which speed is raised is not consistent with past studies. 7 Reference 6 - I 

and other older studies designed- v e h i c ~ ~ o n  PM emissions, $wen between 1 

and 2 have been found. Note, however, that those studies were able to sepmtely‘consider different speeds by 

supplying “captive” traffic during testing. 

Equation 4-2 
(no speed term) 

This is in pointed contrast to how the effect of speed is gauged in this study. Here, because data from 

many studies have been assembled and because the vast majority of tests do not rely on “captive” trafiic, it is 

not possible to isolate the effect of speed on emissions. Without the benefit of captive traffic, it is not 

surprising that weight and speed are highly intercorrelated in the data set. Furthermore, speed and emissions 

are not significantly correlated in the developmental data set. In fact, there is a negative (although not 

significant) correlation between emission factor and speed. 

Minimum 0.104 

It is crucially impoxtant to keep in mind that predictive accuracy is the goal of any emission factor 

equation. With this in mind, the pI’ediCted-tO-aCtud ratios for Equation 4-1 were compared to those for 

Equation 4-2. The summary statistics follow: 

0.100 

Maximum 30.1 27.4 
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Geometric Mean 1.02 I)K.\ f" 0.986 I 
Geometric Std. Dev. 2.74 2.71 

Nevertheless. it is obvious to an unpaved road that vehicle speed affects 
I 

emissions, with faster vehicles 

incorporate the findings of the 

g more dust than slower ones. For this reason, it was decided to 
/ studies into $e M-42 section, independent of the emission 

factor equation. 

In summary, the following emission factor equation is recommended for estimating PM-10 emissions 

from vehicles traveling over unpaved surfaces: 

E,, = 1.6 ( ~ / 1 2 ) ~ . ~  (W/3)0~'/(hU1)o~' 

where: 
(4-3) 

E,, = PM-10 emission factor (IbNMT) 

s = surface material silt content (%) 

W = mean wehicle weight (tons) 

M = surface material moisture content (5%) 

Note that the "normalizing factors'' of 12 percent silt and 3 tons are the same as for the current AP-42 

model. This allows one to compare the leading term of 1.6 IbNMT in Equation 4-3 to the factor of 

2.1 IbNMT inherent in the current version of the unpaved road predictive model! This agrees with an earlier 

finding that "re-centering" the current factor to available PM-10 data would require reducing the leading term 

by about 30 percent. 

That is, the leading value of 5.9 (in Equation 2-1) times the aerodynamic particle size multiplier of 0.36 for 
PM-10. 
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Uncontrolled (n = 108) 

Overall (n=128) 

Watered (n=20) 

1)1(A ITGeomehic mean ratio 

PM-2.5 / PM-IO PM-I5 I PM-IO 

0.140 1.53 

0.196 1.46 

0.148 1.52 

No significant difference was found between the ratios for watered versus uncontrolled conditions, so the 

In summary, the following emission factor equation is recommended for inclusion in M 4 2 :  

E = k (d12)' (W/3)b (h4fl)F 

where: k, a, band c are empirical constants given below and 

E = size-specific emission factor (Iblvmt) 

s = surface material silt content (%) 

W = mean vehicle weight (tons) 

M = surface material moisture content (%) 

The parameters for size-specific emission factors in Equation 4-5 are given below: 

Empirical constant PM-2.5 PM-IO PM-15 PM-30 

k 0.24 1.6 2.4 5.3 

a 0.8 0.8 0.8 

b 0.4 0.4 0.4 
. ' 

C -0.3 -0.3 -0.3 -0.4 

system given in Section 3.5, both the PM-10 and PM-30 emission factors are 

. 
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4.3.1 1)RAI-l. 

A series of validation studies were undertaken to examine the predictive accuracy of the various 

emission factors recommended in the preceding section. Validation focused on the PM-IO model. 

This section discusses the performance of the model primarily in terms of the predicted-to-measured 

ratio: 

t.aiissioii V2ukir prcdicrcd by indc l  
ini.nsurcd i.rui,siori i'xror 

As a practical matter, because of the log-linear regression used to develop the emission factor models, the log 

of the predicted-to-measured ratio is identical to the "residual" or error term: 

residual = log(predicted) - log(measured) = log(predicted-to-measured) 

Throughout this section, summary statistics are presented in terms of geomebic mean and standard deviation. 

This follows directly from the use of log-linear regression. Furthermore, use of the geometric mean is clearly 

more appropriate to describe ratios than the arithmetic mean for the following reason. Unlike the arithmetic 

average, the geometric clearly represents the tendency of the ratio. For example, consider the following 10 

1. 
(hypothetical) ratios: _-- 

1 1.47 

0.36 
0.885 1.13 
0.754 1.33 
0.248 4.03 

0.126 
1.76 

2 
3 
4 
5 
6 
7 
8 
9 
10 

Arithmetic mean 
Geometric mean 

0.53 , 
0.57 

predictions were about 37 percent higher than the measured. This would lead one to naturally expect that the 
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measured values were roughly 37 percent lower th+f)&qpfedictions. However, it is Seen that the arithmetic 

mean of the measured-to-predicted ratio is in fact 1.84 which is greater than 1.37. On the other hand, the 

geometric mean has the property that it is equal to the inverse of the mean for the inverse ratio. 

In addition, because of the log-linear regression, the residuals are l o g - n o d y  distributed. For this 

reason, logarithmic plots of the residuals are presented. 

The first two PM-IO validations used the data base assembled for developin: the mdd. The f k ~ r  

made use of a cross-validation analysis of the PM-IO data set. In this approach, each data p i n t  is eliminated 

one at a time. The regression obtained from the “reduced” data base is used to estimate the missing data 

value. In this way, a set of “n” quasi-independent observations is obtained from the dataset of “n” tests. 
. -  

The PM-IO cross-validation (CV) shows that the model is fairly accurate for a very broad range of 

source conditions. Table 4-31 indicates that, although the model may slightly under- or overpredict emission 

for some specific subset of the data base, the general agreement is quite good. The CV analysis further found 

that, for the quasi-independent estimates of the measured emission factors: 

1. 52 percent are within a factor of 2; 

2. 73 percent are within a factor of 3; 

3. 90 percent are within a factor of 5; and 

4. 98 percent are within a factor of 10. 

Plots of the residuals versus the PM-IO emission factor, silt, moisture. weight, speed and wheels are 

presented in Figures 4-1 through 4-6. respectively. In examining the PM-IO residuals (Le., the error between 

the predicted and measured observed emission factors), it was found that Equation 4-5 tends to overpredict the 

lowest and underpredict the highest measured factors. In other words, the model appears to have a systematic 

bias at the extremes of the parent data base. lhis  tendency is ex 

techniques. 

CPqdA 
The only other significant relationship found for the resi 

the tendency of the equation to overpredict emissions for very slow speeds. The equation does not exhibit this 

bias for mean vehicle speeds 15 mph and higher. Figures 4-7 and 4-8 present separate residual plots for 

average vehicle speeds below and at 15 mph or higher, respectively. For the 19 tests conducted with an 
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average speed less than 15 mph, the emission factomqption overpredicted by approximately 80 percent. In 

contrast, at speeds higher than 15 mph (and especially for speeds 45 to 55 mph) the residuals are symetrically 

distributed about the line of perfect agreement. 

No. of cases 

n=41 
n = 4 0  

The finding that the equation overpredicts for very slow speeds also influences how to account for the 

emission reduction due to speed control. This overprediction suggests that speed reduction has a near linear 

effect on emissions. That is. for an approximately 50 percent reduction (Le., from 30 mph to less than 15 

mph) in speed, the emission factor is roughly 50 percent lower than expected (Le.. overpredicted by about 

. ., .’..-*,* . . ; ~ O . p ~ ~ ~ g n t ) ,  this is consistent with the linear reduction based on the current AP-42 factor (Equation 2-1). For 
... m :j . <e-. . :;, ,”” - . ~ ... 

.-.,..L__ . . .-. , . . .. . .I. . . . ... . ..::these reiions, a . ..,. ,. . -  . 
. .  . ,. 

base for vhdation purposes. Test data were randomly selected for inclusion in either the “development” or 

the “validation” data set. Two sepmte random selections were performed. The development data set is used 

to develop the relationship which is used to estimate tests in the validation set. The first development set led 

to the following predictive equation for PM-IO 

Minimum Maximum Ge?. mean Geo. std.dev. 

0.123 0.926 2.92 
0.125 1.27 2.63 

E = 1.55 (s/12)o.’8 (W/3)’.@ I M a  

I 

and Development Set 2 led to the following equation for PM-IO 

E = 1.72 ( ~ 1 1 2 ) ~ ~ ~ ”  (W13)0.0’ I 

(4-6) 

(4-7) 

Note that both development sets led to equations very similar to that in Equation 4-3. When the two 

models were used to predict data in the validation sets, the following summary statistics resulted: 

Validation set t Ratio of predicted to measured 

Unlike the quasi-independent estimates obtained in the cro -validation. the above truly represent 

independent applications of an emission factor model developed stepwise regression technique. For 
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measured value observed is to be expected. Neve@d.?p$)oth the PM-2.5 and PM-15 factors in Equation 4-5 

provide very acceptable estimates of measured emission factors. 

4.4 DEVELOPMENT OF DEFAULT VALUES FOR ROAD SURFACE MATERIAL PROPERTIES 

As noted earlier, all previous versions of the M-42 unpaved road emission factor have included the 

road surface silt content as an input variable. The pdictive equations recommended in the last section are no 

exception. AP-42 Section 13.2 has always stressed the importance of using site-ycifir: i~ptj! plnmerz !: 

develop emission estimates. Recognizing that not all users will have access to site-specific information, M -  

42 has included methods to allow readers to determine default values appropriate to their situation.' 

Table 13.2.2-1 currently in AP-42 contains default silt information for various applications. As part 

of this update, the table was modified to (a) include updated information on construction sites and log yards 

and (b) reformat the information for publicly accessible roads. Item (a) was a relatively straightforward 

process. On the other hand, item (b) required a thorough reexamination, as described below. 

Furthermore. it was necessary to develop default information for moisture content. Becaus mostu 

content is raised to such a low power (exponent of 0.3 in Equation 4-3). the use of default values should not 

result in unacceptable levels of uncertainty in the resulting emission estimates. For example, for uncontrolled 

industrial roads, when the recommended default value of 1 percent moisture is used, then 96 percent of the 

resulting emission factor estimates are within a factor of 2; 2 percent of the resulting emission factor estimates 

are within a factor of 1.5; and 52 percent of the resulting emission factor estimates are within a factor of 1.25 

of the emission factor estimate based on the site-specific moisture content. Similarly, when a default value of 

0.5 percent is used for publicly accessible roads in the developmental data set, all 43 of the resulting emission 

factor estimates are within a factor of 2 of the value based on site-specific moisture content. 

6 

In order to develop default information for publicly accessible unpaved roads, a data set of available 

silt and moisture contents was assembled. The 78 data points were collected either as part of a field emission 

The inclusion of the surface moisture content as an input variable is not considered to represent an undue 
burden on the users of AP-42. In particular, the methods presented in AP-42 Appendix C.2 require oven 
drying before sieving. In other words, determination of the silt content of a road surface sample requires 
that the moisture content of the sample also be determined. Thus. users of AP-42 who have already 
determined site-specific values for road surface silt content should have corresponding moisture content 
information available as well. 
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3. gravel vs. dirt mads 

were undertaken to determine if there existed significant differences in either moisture or silt cdntent. The 

small-sample comparison of means test was used with the level of sighificance set at 10 percent. When 

appropriate, a one-sided alternative hypothesis was used. For example, one could reasonably expect, on an a 
basis, that on average 

1. gravel mads have lower silt contents than dirt mads; and 

2. moisture contents are lower in the western U.S. than in the East 

When there was no a reason available, a two-sided alternative hypothesis was selected. For example, 

there was no reason to suspect that one set of gravel mads would have higher silt contents than the other. In 

that case, the alternative hypothesis selected was that the mean silt contents for eastern vs. western gravel 

roads are not equal. 

it is not particularly surprising that the pairwise 

gravel mads, that result was not found for 

comparisons led to example, although the data set indicated that eastern 

dirt mads had a 

were found to have a lower mean silt content 

than dirt when (a) only eastern mads and (b) all mads were compared. That is, no significant difference was 

found for silt contents between western gravel and dirt roads. Results from the painvise comparisons are 

summarized below. In the table, “S” and “M” indicate that a significant different (IO percent level of 

significance) in the mean value of the silt and moisture content, respectively, was found in the comparison. 
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In keeping with the findings summarized above, it was decided to provide separate default silt values 

for gravel and dirt roads. for use throughout the United States &e., no distinction between east and west). 

Furthermore. only one default moisture content would be pmvided for u.w nn any type ~f p?&l;~-!y ~c:cs+!- 

unpaved road in the country. The default values for silt content are based on the corresponding mean values in 

the assembled data set: 

Mean 

Gravel Roads 6.4 percent 
Dirt Roads 11 percent 

The mean overall moisture content for the data set is 1.1 percent. However, this value substantially differs 

from the mean moisture content of 0.6 percent for tests of emissions from publicly accessible unpaved roads. 

d that this nnt serve as the basis for a default value in M-42. Instead, a default value of 

ended for publicly accessible unpaved roads. 

OF CHANGES TO AP-42 SECTION 

4.5.1 V 

The major revisions to M 4 2  Section 13.2.2, Unpaved Roads, are as follows: 

1. Text surrounding the emission factor equation was revised to reflect the new equation and provide 

more background information on how the equation was derived. 

2. The discussion on defaults and quality ratings was substantially expanded. In particular, there is a 

description of the model’s performance when used to predict emissions from very slow-moving traffic and a 

presentation of a default value for moisture content. 

3. The extrapolation to annual conditions (incorporating natural mitigation) has been revised to 

reflect,the variables contained in the new equation. 
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4. Section 13.2.2.3, “Controls,” was re-orgaRy&and re-written. The section now begins with an 

overview of three basic control methods (vehicle restrictions, surface improvement, and surface treatment). 

Extensive new material was added to address the effect of speed reduction and watering on fugiti.w.3iiS. 

emissions from unpaved mads. A new method for “prospective” analysis based on class A pan evaporation 

was added. Slight revisions were made to the material presented for chemical unpaved mad dust suppressants. 

. 9 
~, 

5. The revised Table 13.2.2-1 is as follows [bold indicates additions, strikeouts indicate deletions]: 

/ 
i 

l -  

4-38 



D m  
C:\CHIElVEMPV>l3S02B.WPD 
9/3/91 

[Draft] Table 13.2.2-1. TYPICAL SILT FRWNT 
ON INDUSTRIAL AND R W  

I 

VALUES OF SURFACE MATERIAL 
1 ROADS' 

Industry 

Copper smelting 

Iron and steel production 

Sand and gravcl processing 

Stonc quarrying and 

Taconite mining and 
processing 

Western surface mal 
mining 

[Lumber samnllir 

r+fmhm& 

Municipal solid waste 
landfills 

[Publicly accessible roads 

References 1.5- 16. 

I Road Usc Or Surfacc 
Material 

UNPA' 

Plant 
Sites 

I 

I9 

5 1  

1 
m .  

- ' 
i 

4 

I 

! 

> :  3 

2 

7 

2 

3 

+ 
3 

4 

9 

8 - 

No. Of 
Samples 

3 

135 

3 

1 

i0 

+e 
20 

a 
!2 

21 

2 

10 

5 

20 

2 

9 

3t 

36 

20 

46 

24 

- 
Range 

16 - 19 
0.2 - 19 
4.1 -6.0 

2.4 - Ib  

se-n 
5.0-15 

2.4-7.1 

3.3 - 3.: 

2.8 - ia 

4.9 - 5.3 

7.2 ~ 25 

18 - 29 
0.56-23 

4.8-12 

Se-H 

+6-% 

I" 

2.2 - 21 

0.10-15 

0.83-68 

Mean 

I7 
- 

6.0 

4.8 

7.11 

IO 

955 

8.31 

4.3 

z o  
2.0 

8.4 

5.1 

17 

24 

8.51 

8.41 

8 3  

f2 

fr7 

6.4 - 
6.4 

111 - 
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Constants for Equation 1 )y&qn the stated aerodynamic particle size 

Constant 

C 

, Qualityrating 

0.4 0.4 0.4 

-0.3 -0.3 -0.3 

B 

PM-30 

-0.4 
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13.2.2 Unpaved Roads 

13.2.2.1 General 

. .  
m l u m e s  trai- on unpav - i  

-. When a vehicle travels an unpaved mad. the force of the wheels on the mad surface causes 

puivenzauon of surtace material. Particles are lifted and dropped from the rolling wheels, and the mad 

surface is exposed to strong air currents in turbulent shear with the surface. The turbulent wake behind the 

vehicle continues to act on the road surface after the vehicle has passed. 1 3 k * e d m M f l #  
L& \dCyl* )*n4- ., 

13.2.2.2 Ernlsslncs Ci!cl?!z!icn k i d  Coiieiuun Parameters'" hw & a h  f""- *3d4Qq, 7 
The quantity of dust emissions from a given segment of unpaved mad varies Linearly with the volume 

of traffic. Field investigations also have shown that emissions depend on source parameters that characterize 

the condition of a particular road and the associated vehicle traffic. Characterization of these source 

parameters allow for "correction" of emission estimates to specific road and traffic conditions. 

Dust emissions from unpaved mads have been found to vary directly with the fraction of silt 

(particles smaller than 75 micrometers [pm] in diameter) in the road surface materials.' The silt fraction is 

determined by measuring the proportion of loose dry surface dust that passes a 200-mesh screen, using the 

ASTM-C-136 method. Table 13.2.2-1 summarizes measured silt values for industrial and public unpaved 

roads. &u, PM-10 u-*/ p /U-db5  > 5 I ' S ~ J ~ ' '  64.ll M P  
3 

L G d . 4  p.+& ;r"" +,&-2. V N - 4  7 P p . , h  -F;,l)@ W T  
Since the silt content of a rural dirt road will vary with geographic location, it should be measured for 

use in projecting emissions. As a conservative approximation, the silt content of the parent soil in the area 

can be used. Tests, however, show that road silt content is normally lower than in the surrounding parent soil, 

because the fines are continually removed by the vehicle traffic, leaving a higher percentage of coarse 

panicles. 

; e  -5e , J .  . 
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Draft Table 13.2.2-1. TYPICAL SILT CONTENT VALUES OF SURFACE MAERIAL 

ON INDI 

Industry 

Copper smelting 

Iron and steel production 

Sand and gravel processing 

Stone quarrying and processing 

Taconite mining and processing 

Western surface coal mining 

Construction sites 

Lumber sawmills 

Municipal solid waste landfills 

Publicly accessible roads 

Leferences 1.5-16. 

TTUALANDRURA 

Road Use Or 
Surface Material 

~ ~ ~~ 

Plant road 

Plant road 

Plantroad I 

Yard T-JLk area. w> 
Plant road 

Haul road (u? /I$ 
Service mad 

Haul road (* & 
Haul road (.a p! \) 
Access road 

Scraper route 

Haul road 

TJ ',& bd+--. 

(freshly graded) 

Scraper routes 

Yards 
Disposal routes 

GraveVcrushed 
limestone 

Dirt]k&X\ bYu 

CJNPAV 

Plant 
Sites 

1 

19 

1 

1 

2 

4 

1 

1 

3 

- 
- 

7 2  
I 

3 

2 

7 

2 

4 

9 

L 8 

1 ROADS' 

No. Of 
Samples 

3 

135 

3 

1 

10 

20 

8 

12 

21 

2 

10 

5 

20 

2 

20 

46 

24 

- 
Range 

16- 19 

0.2 - 19 

4.1 - 6.0 

2.4 - 16. 

5.0-15 

2.4-7.1 

3.9 - 9.7 

2.8 - 18 

4.9 - 5.3 

7.2 - 25 

18 - 29 

0.56-23 

4.8-12 

2.2 - 21 

0.1-15 

0.83-68 

Mean" 

17 
- 

6.0 

4.8 

7.1 

10 

8.3 

4.3 

5.8 

8.4 

5.1 

17 

24 

8.5 

8.4 

6.4 

6.4 

11 

13.2.2-2 EMISSION FACTORS 



DRAFT 
A stepwise regression of the results from field measurements of PM-IO emissions and TSP 

emissions (or its surrogate - PM-30 emissions) was used to develop the predictive equation given below for 

size-specific emissions from vehicles traveling over unpaved surfaces. Both uncontrolled and watered roads 

were included in the data base of 180 PM-10 and 92 TSP tests. Estimates of PM-2.5 and PM-15 emissions 

were developed from the PM-IO predictive equation and mean PM-2.5 to PM-IO ratios and PM-15 to PM-10 

ratios. + + by& 

The following empirical expression may be used to estimate the quantity in pounds (Ib) of ’ 

size-specific paniculate emissions from an unpaved mad, per vehicle mile traveled 0: 

(1) E = k (d12)’ (W/3)b (M/lr 

where k, a, b and c are empirical constants (Reference 6) given below and 

E = size-specific emission factor (IbNMT) 
s = surface material silt content (96) 

W = mean vehicle weight (tons) 
M = surface material moisture content (%) 

The source characteristics s. W and M are referred to as comction parameters for adjusting the emission 

estimates to local conditions. The metric conversion from IbNMT to grams (g) per vehicle kilometer 

traveled (VKT) is as follows: 

I I b N M T  = 281.9 gNKT 

The constants for Equation 1 based on the stated aerodynamic particle sizes are shown in Table 13.2.2-2. 

Draft Table 13.2.2-2. CONSTANTS FOR 

$t ~ 7 4 5 5 u : V l Q  / 
& 4 ’ 7 5 P  ‘P 

Table 13.2.2-2 also contains the quality ratings for the various size-specific versions of Equation 1. The 

equation retains the assigned quality rating, if applied within the ranges of source conditions, shown in 

Table 13.2.2-3, that were tested in developing the equation: 

Miscellaneous Sources 13.2.2-3 
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Surface Silt 
Content, % 

1.2-35 

Mean Vehicle Weight Mean Vehicle Speed Surface 
Mean No. of Moisture 

Mg ton km/hr mPh Wheels Content, % 

1.4-260 1.5-290 8-88' 5-55' 4-7' 0.03-20 

As noted earlier. Equation 1 was developed from tests of MIC on unpaved surfaces, either 

uncontrolled or watered. Unpaved r o a d a v e  a hard, generally nonporous surface th 

after a rainfall or watering, because of traflicenhanced natural evaporation. (Factors influencing how fast a 

road dries are discussed in Section 13.2.2.3, below.) The quality ratings given above pertain to the mid-range 

of the measured source conditions for the equation. A higher mean vehicle weight and a higher than normal 

traffic rate may be justified when performing a worst-case analysis of emissions from unpaved roads, 

/ 

~ 

It is important to note that the vehicle-related source conditions refer to the average weight, speed. 

and number of wheels for all vehicles haveling the mad. For example, if 98 percent of traffic on the road are 

2-ton cars and trucks while the remaining 2 percent consists of 20-ton trucks. then the mean weight is 2.4 

tons. More specifically, Equation 1 is not intended to be used to calculate a separate emission factor for each 

vehicle class within a mix of traflic on a given unpaved road. mat is, in the example, one should not 

determine one factor for the 2-ton vehicles and a second factor for the 20-ton trucks. Instead, only one 

emission factor should be calculated that represents the "fleet" average of 2.4 tons for all vehicles traveling 

the road. 

Furthermore, although mean vehicle speed and the mean number of wheels do not explicitly appear in 

the predictive equation, these variables should be considered when determining quality ratings. During the 

validation of Equation 1. it was found that the predictive equation tends to overpredict emissions for very 

slow mean vehicle speeds. The equation does not exhibit this bias for mean vehicle speeds of at least 

15 mph. 

the result from Equation 1 

13.2.2-4 EMISSION FACTORS 
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where S is average vehicle speed (mph). The quality rating should be downgraded 1 l e t t e e .  1 4 /5 fir A . 

Moreover. to retain the quality ratings when addressing a specific unpaved mad. it is necessary that 
$“* reliabl correction p-eter values be determined for the road in question. The field and laboratory 

procedures for determininhad 5i4zF-. s ace silt and moisture contents are given in AP-42 Appendices C.l 

and C.2. Vehicle-related parameters should be developed by recording visual observations of traffic. In 
some cases, vehicle parameters for industrial unpaved roads can be determined by reviewing maintenance 

records or other information sources at the facility. 

In the event that site-specific values for correction parameters cannot be obtained, then default values 

may be used. A default value of 2.2 tons is recommended for the mean vehicle weight on publicly accessible 

unpaved mads. (It is assumed that readers addressing industrial mads have access to the information needed 

to develop average vehicle information for their facility.) In the nbse~ce sf sie--s@Ec si:: c~ i ikn i  

information, an appropriate mean value from Table 13.2.2-1 may be used as a default value, but the quality 

rating of the equation is reduced by two letters. Because of signifcant differences found between different 

types of mad surfaces and between different areas of the country, use of the default moisture content value of 

0.5 percent for dry conditions is discouraged. The quality rating should be downgraded two letten when the 

default moisture content value is used. ;? w .s8.ce I q+tV *,J, ,&. -. 
The effect of routine watering to control emissions from unpaved roads is discussed below in 

Section 13.2.2.3, “Controls”. However, al l  mads are subject to some natural mitigation because of rainfall 

and other precipitation. Equation 1 can be extrapolated to annual average uncontrolled conditions (but 

including natural mitigation) under the simplifying assumption that emissions occur at the estimated rate on 

days without measurable precipitation and. conversely, are absent on days with measurable (more than 

0.254 mm [0.01 inch]) precipitation: 

E , =  k (d12)’ (W/3r ( M d l ) ’  [(365 - p) I3651 

where s. W, k, a, b and c are as given earlier and 

E,,, = annual size-specific emission factor extrapolated for natural mitigation, IbNMT 
M, = surface material moisture content under dry conditions, ‘36 

p = number of days with at least 0.254 mm (0.01 in) of precipitation per year (see below) 

The quality ratings for Equation 2 are two letters lower than those given earlier for Equation 1. 

Miscellaneous Sources 13.2.2-5 



DRAFT 
Equation 1, the control measure must effectively reduce the 

reduce the speed of all vehicles, this control option is most applicable to rural public roads. However, 

effective enforcement of the new speed limit may prove problematic. 

speed. In order to substantially 

The control efficiency afforded by speed reduction should be considered as linear. Thus, if the 

average speed is effectively reduced by 30 percent (e.g.. from 50 to 35 mph), then a control efficiency of 

30 percent should be applied to the emission factor. Past testing programs have used “captive” traffic to 

tightly control vehicular characteristics. These tests involve very short periods (1 to 2 hr) of increased or 

reduced travel speeds. Under these conditions , it was found that emissions depend upon speed raised to a 

power betwen 1 and 2. However, if the long-term, average speed is reduced on an unpaved road, the road 

surface silt content can be expected to change. In other words. the silt content will reach a new equilibrium 

condition as the grinding of material is balanced by the emission process. It is strongly recommended that, at 

the end of 6 months, a new road surface sample be collected and analyzed (in the manner described in 

Appendices C.l and C.2). The new surface silt content should then be used in Equation 1 for calculation of 

new uncontrolled emission factor, without further adjustment for speed. 

‘ 
Swrface. Control options in t h i s  category alter the road surface. As opposed to the 

“surface treatments” discussed below, improvements are relatively “permanent” and do not require periodic 

retreatment 

The most obvious surface improvement is paving an unpaved road. This option is quite expensive 

and is probably most applicable to relatively short stretches of unpaved road with at least several hundred 

vehicle passes per day. Furthermore, if the newly paved road is located near unpaved areas or is used to 

transport material. it is essential that the control plan address routine cleaning of the newly paved road 

sulface. 

The control efficiencies achievable by paving can be estimated by comparing emission factors for 

unpaved and paved road conditions. The predictive emission factor equation for paved roads, given in 

Section 13.2.4, requires estimation of the silt loading on the traveled portion of the paved surface, which in 

turn depends on whether the pavement is periodically cleaned. Unless curbing is to be installed, the effects of 

vehicle excursion onto unpaved shoulders (berms) also must be taken into accoudt in estimating the control 

efficiency of paving. 

13.2.2-8 EMISSION FACTORS 



DRAFT 
C = 100- [ (0.0012 A DT)/ I ] (3) 

where: C = average control efficiency (%) 

A = mean annual class A pan evaporation, as discussed below (in.) 

D = average hourly daytime haffic rate (vehiclesh) 

I = water application intensity (gaVyd2) 

T = time between water applications (lu) 

Egxc :2.2.2-2 picsciiis h e  geographica distribution 

above equation should be used for prospective 

r the United States. The 

for existing 

roadways. The quality rating of an emission factor for a watered road that is based on Equation 3 should be 

downgraded 2 letters. 

As opposed to watering, chemical dust suppressants have much less fresuent reapplication 

requirements. These materials suppress emissions by changing the physical characteristics of the existing 

road surface material. Many chemical unpaved road dust suppressants form a hardened surface that binds 

particles together. After several applications, a treated road often resembles a paved road except that the 

surface is not uniformly flat. Because the improved surface results in more grinding of small particles, the 

silt content of loose material on a highly controlled surface may be substantially higher than when the surface 

was uncontrolled. For this reason, Equation 1 cannot be used to estimate emissions from chemically 

stabilized roads. Should the road be allowed to return to an uncontrolled state with no visible signs of large- 

scale cementing of material, Equation 1 could then be used to obtain conservatively high emission estimates. 

The control effectiveness of chemical dust suppressants!depend$on a) the dilution rate used in the 

mixture; b) the application rate (volume of solution per unit road surface area); c) the time between 

applications; d) the size, speed and amount of MIC during the period between applications; and e) 

meteorological conditions (rainfall, freezdthaw cycles, etc.) during the period. Other factors that affect the 

performance of dust suppressants include other M i c  characteristics (e.g.. cornering.hck-on from unpaved 

areas) and road characteristics (e.g., bearing strength, grade). The variabilities in the above factors and 

differences between individual dust control products make the control efficiencies of chemical dust 

suppressants difficult to cakdate. Past field testing of emissions from controlled unpaved roads has shown 

that chemical dust suppressants provide TM-IO control efficiency of about 80 percent when applied at 

regular intervals. 

1 J 

<s+;fla* 
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Period 

May 

June 

July 

August 

S e p t e m be r 

DRAFT 

Average Controlled 
Ground Inventory. Average Control Emission Factor, 

gdyd' Efficiency, %a IbNMT 

0.037 0 7.1 

0.073 62 2.7 

0.11 68 2.3 

0.15 14 1.8 

0.18 80 1.4 

Petroleum resin products historically have been the dust suppressants (besides water) most widely 

used on industrial unpaved roads. Figure 13.2.2-3 presents a method to estimate average control efficiencies 

associated with petroleum resins applied to unpaved roads.19 Several items should be noted: 

1. The term "ground inventory" represents the total volume (per unit area) of petroleum resin 

concentrate (not solufion) applied since the start of the dust control season. 

2. Because petroleum resin products must be. periodically reapplied to unpaved roads, the use of a 

time-averaged control efficiency value is appropriate: Figure 13.2.2-3 presents control efficiency values 

averaged over 2 common application intervals, 2 weeks and 1 month. Other application intervals will require 

interpolation. 

I 
3. Note that zero efficiency is assigned until the ground inventory reaches 0.05 gallon per squm 

yard(gaVyd'). &&Wi kd h d  :7 b t L f  '5 C= r& E d , -  & &- . '  7 P (r 

As an example of the application of Figure 13.2.2-3, suppose that the equation was used to estimate 

an emission factor of 7.1 IbNMT for PM-IO from a particular road. Also, suppose that, starting on May 1, 

the road is treated with 0.221 gal/yd2 of a solution (1 part petroleum resin to 5 parts water) on the fint of 

each month through September. Then, the average controlled emission Facton. shown in Table 13.2.24, are 

found: 

13.2.2-12 EMISSION FACTORS 
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Ron Myers 
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Research Triangle Park, N.C. 2771 1 

EPA/ERG/EMAD (MD- 14) 

Attached is an addendum to the report entitled “Emission Factor Documentation for AP-42. 
Sections 11.2.5 and 11.2.6” (dated March 8. 1993). That report consolidated sections 11.2.5 (Urban 
Paved Roads) and 11.2.6 (Industrial Paved Roads)into a single paved road section (now numbered 13.2.1). 
Because it relied on “o ld  data supporting sections 11.2.5 and 11.2.6, the March 8, 1993 only discussed 
the additional test data reviewed in the process of updating the paved road emission factor equation. In 
other words. the 1993 report did not describe the older paved road test data, which had been discussed in 
previous AP-42 updates. 

However, since the time that the March 8, 1993 became available, users of the l T N  2000 have 
inquired about the test data not described in the report. Presentation of that data is a key feature of the 
addendum attached to this memo. The addendum also updates the public paved road silt loading data base 
as well as AP-42 Section 13.2.1 itself. 

Also attached is a copy of the commentlresponse log prepared for the March 8. 1993 report. 
Comments were provided by: 

1. William Bamard of E. H. Pechan; 
2. Gary Neuroth of the Arizona DEQ; and 
3. Doug Cole of Idaho DEQ. 

Copies of their letters are attached as well. The log presents the verbatim comments of the reviewers as 
well as MRI’s response to the comment. 

This memo, the addendum and the commentlresponse log are also being submitted in electronic 
form, so that those materials can be posted on EPA’s BBS. 
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1.0 ADDENDUM NO. I--PAVED ROADS SECTIONS 13.2.1 
5 

r 
\ 

This document is an addendum to Emission Facror Docurnenfarionfor AP-42, Sections 11.2.5 and 

11.2.6. Paved Roads, EPA Contract No. 68-DO-0123, Assignment 44, dated March 8, 1993 and prepared 

for the Office of Air Quality Planning and Standards, U. S .  Environmental Protection Agency (EPA). 

Since the preparation of the 1993 document. the Fifth edition of AP-42 incorporated Sections I I .2.5, 

Paved Urban Roads, and 11 2.6, Industrial Paved Roads, into Section 13.2.1, Paved Roads. An update to 

AP-42 Section 13.2.1 is warranted to address the U. S. EPA’s recent focus on particulate matter (PM) 

emissions less than 2.5 pm in aerodynamic diameter (PM-2.5) and to permit the reexamination of test 

information on public road surface silt loadings. 

Information in this Addendum includes descriptions of the test reports used to develop the current 

emission factor equation in AP-42, Section 13.2. I ;  a narrative of the reexamination of the road surface silt 

loading data base; and a summary of changes included in the AP-42 Paved Road Section including the new 

emission factor equation multiplier for PM-2.5. The format for this Addendum is as follows: 

(a) Section 1.1 - Test Report Descriptions, (b) Section 1.2 - Revision of the Public Paved Road Silt 

Loading Default Values, (c) Section 1.3 - Summary of Changes to AP-42 Section 13.2.1, (d) Section 2 - a 

copy of the revised AP-42 Section 13.2.1, (e) Attachment 1 - CommentslResponse Logs for external 

review comments on the March 8, 1993 Paved Road Background Document, and (e) Attachment 2 - 
Public Paved Road Surface Loading AP-42 data base. 

1.1 Section I--Test Reoort Descrimions 

Test reports containing data used to develop the paved road emission factor equation in the 

March 8, 1993, Paved Road Background Document, are discussed in the following subsections. Summary 

emission data and detailed test data from each of the four test reports are provided along with a brief 

description of each test site and test methodology. v 
Profiling methodologies are used for these test reports and include the following test parameters: 

(a) downwind test equipment should be located approximately 5 meters from the source, (b) background 
Jq .)‘I$ ’ 4 $ 

equipment should be located approximately 15 meters upwind of the source, (c) wind direction must .Ir {f$.@l 
remain within 45” of perpendicular to the path of the moving source for two consecutive 10 minute )% er A)y 9 4  
averaging periods during testing, (d) mean wind speed must not move outside of the 4 to 20 mph range 

more than 20 percent of the sampling period, (e) and no disturbances should exist immediately upwind or 

downwind of the testing location. When following standard testing methodologies some vehicle heights 

may exceed the height of the sampling equipment; however, the fact that the emissions originate at the 

road curve and the emission plume can be characterized as decreasing with height indicates the total plume 

can be estimated. Vehicle heights are not generally reported in the source test reports. Analyses for silt 

content of the road surface follow methodologies described in Appendix C.l and Appendix C.2 of AP-42. 

Moisture content was reported for several of these paved road studies. Variations from the generally 

Q,’? 
Y *;. 
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accepted test methodology stated above or any other nontraditional methodology are discussed within the 

individual test report reviews. Test reports were not down graded on their qualities ratings due to 

unreported data if it was not significant to the paved road emission factor equation development. 

1.1.1 Reference 1 - Midwest Research Institute. Roadway Emissions Field Tests at US Steel's Fairless 

Works, for U.S. Steel Corporation, May 1990. 

.I 

7 
I 

This testing program focused on paved and unpaved road PM emissions at an integrated iron and 

steel plant near Philadelphia, Pennsylvania, in November 1989. Exposure profiling was used to 

characterize emissions from two paved.roads. Site C-1 was located along the main access route and had a 

mix of light- and medium-duty vehicles. Site E-2 was located near the southwest comer of the plant and 

the traffic consisted mostly of plant equipment. 

Tests were conducted using a profiling array, with four sampling heights from 1.5 m to 6.0 m, for 

measuring the downwind mass flux of airborne PM. A high-volume sampler with a parallel-slot cascade 

impactor and a cyclone preseparator (cutpoint of 15 pmA) was employed to measure the downwind 

particle size distribution, and a standard high-volume sampler was utilized to determine the downwind 

mass fraction of total suspended particulate matter (TSP). The upwind (background) particle size 

distribution was determined with a high-volume cyclone/ impactor combination. Warm wire anemometers 

at two heights measured wind speed. 

Eight tests were conducted at Site C-1 and four tests were conducted at Site E-2. The paved road 

test sites were considered uncontrolled. The road width, moisture content, and mean number of wheels 

were not reported. The test data are assigned an A rating. Table AI-1 presents summary information and 

Table AI-2 presents detailed test information. Warm wire anemometers at two heights measured wind 

speed. 

1.1.2 Reference 2 - Midwest Research Institute, Paved Road Paniculate Emissions - Source Cateaorv 

Reuort. for U S .  EPA, July 1984 

This document reports the results of testing of paved roads conducted in 1980 at sites in Kansas 

City, MO, St. Louis, MO, Tonganoxie, KS, and Granite City, IL. Paved road test sites included 

commercialhndustrial roads, commercial/residentid roads, expressways, and a street in a rural town. The 

expanded measurement program reported in this document was used to develop emission factors for paved 

roads and focused on the following particle sizes: PM-15 (inhalable particulate matter [E']), PM-IO, and 

PM-2.5. 

Total airborne PM emissions were characterized using an exposure profiler containing four 

sampling heads. High-volume samplers with size selective inlets (SSI) having a cutpoint of 15 pmA were 
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used to characterize upwind and downwind PM-I 5 concentrations. A high-volume sampler with a SSI and z a cascade impactor was also located downwind to characterize particle size distribution within the PM-I5 

component. Upwind and downwind standard high-volume samplers measured TSP concentrations. Warm 

wire anemometers at two heights measured wind speed. 

' e t  
I 

A total of 19 paved road emission tests were conducted in four cities. These included four tests of 

commerciaVindustria1 paved roads, ten tests of commercidresidential paved roads, four expressway tests, 

and one test of a street in a rural town. Additionally, as part of this study, 81 dust samples were collected in 

12 cities. The mean number of vehicle wheels was not reported. The test data are assigned an A rating. 

Table.AI-3 presents summary test data and Table A 1 4  presents detailed test information. 

1.1.3 Reference 3 - Midwest Research Institute, Size Soecific Parriculare Emission Factors for 

Uncontrolled Indusrrial and Rural Roads, for U. S .  EPA, Januarv 1983 

This document reports the results of testing conducted in 1981 and 1982 at industrial unpaved and 

paved roads and at rural unpaved roads. Unpaved industrial roads were tested at a sand and gravel 

processing facility in Kansas, a copper smelting facility in Arizona, and both a concrete batch and asphalt 

batch plant in Missouri. The study was conducted to increase the existing data base for size-specific PM 

emissions. The following particle sizes were of specific interest for the study: PM-15, PM-10, and 

PM-2.5. 

Exposure profiling was utilized to characterize total PM emissions. Five sampling heads, located 

at heights of up to 5 m, were deployed on the profiler. A standard high-volume sampler and a high-volume 

sampler with an SSI (cutpoint of 15 pmA) were also deployed downwind. In addition, two high-volume 

cyclone/impactors were operated to measure particle size distribution. A standard high-volume sampler, a 

high-volume sampler with an SSI, 'and a high-volume cyclonelimpactor were utilized to characterize the 

upwind TSP and PM-15 concentrations and the particle size distribution within the PM-15 fraction. Wind 

speed was monitored with warm wire anemometers. 

A total of 18 paved road tests and 21 unpaved road tests are completed. The test data are assigned 

an A rating. Industrial paved road tests were conducted as follows: three unpaved road tests at the sand 

and gravel processing plant, three paved road tests at the copper smelting plant, four paved road tests at the 

asphalt batch facility, and three paved road tests at the concrete batch facility. The industrial road tests 

were considered uncontrolled and were conducted with heavy duty vehicles at the sand and gravel 

processing plant and with medium duty vehicles at the asphalt batch, concrete batch, and copper smelting 

plants. Table AI-5 presents summary test data and Table AI-6 presents detailed test information. 
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1.1.4 Reference 4 - Midwest Research Institute. Iron and Sreel Planr Open Source Funifive Emission 

Conrrol Evaluation. for U. S .  EPA. August 1983 

This test report centered on the measurement of the effectiveness of different control techniques 

for PM emissions from fugitive dust sources in the iron and steel industry. The test program was 

performed at two integrated iron and steel plants, one located in Houston, Texas, and the other in 

Middletown, Ohio. Control techniques to reduce emissions from paved roads, unpaved roads, and coal 

storage piles were evaluated. For paved roads, control techniques included vacuum sweeping, water 

flushing, and flushing with broom sweeping. Particle emission sizes of interest in this study were total 

PM. PM-14. and PM-2.5. 

The exposure profiling method was used to measure paved road particulate emissions at the Iron 

and Steel plants. For this study, a profiler with four or five sampling heads located at heights of 1 to 5 m 

was deployed. Two high-volume cascade impactors with cyclone preseparaton (cutpoint of 15 pmA), one 

at 1 m and the other at 3 m, measured the downwind particle size distribution. A standard high-volume 

sampler and an additional high-volume sampler fitted with a SSI (cutpoint of 15 pmA) were located 

downwind at a height 2 m. One standard high-volume sampler and two high-volume samplers with SSIs 

were located upwind for measurement of background concentrations of TSP and PM-15. 

Twenty-three paved road tests of controlled and uncontrolled emissions were performed. These 

included 11 uncontrolled tests, 4 vacuum sweeping tests, 4 water flushing tests, and 4 flushing and broom 

sweeping tests. For paved roads, this test report does not present vehicle speeds, mean number of wheels, 

or moisture contents. Because vehicle speeds and moisture content do not figure into the emission 

equation, the test data are assigned an A rating. Table A1-7 presents summary test data and Table AI-8 

presents detailed test information. The PM-IO emission factors presented in Table A1-8 were calculated 

from the PM-15 and PM-2.5 data using logarithmic interpolation. 

After vacuum sweeping, emissions were reduced slightly more than 50 percent for two test runs 

and less than 16 percent for two test runs. Water flushing applied at 0.48 gal/yd2 achieved emission 

reductions ranging from 30 percent to 70 percent. Flushing at 0.48 gaVyd* combined with broom 

sweeping resulted in emission reductions ranging from 35 percent to 90 percent. 
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I, References for Section 1 
4 

1.  Roadway Emissions Field Tests at US. Steel's Fairless Works, US. Steel Corporation, Fairless 
Hills. PA, USX Purchase Order No. 146-OOOI191-0068, May 1990. 

Paved Road Particulate Emissions-Source Category Report, U. S .  Environmental Protection 
Agency, Research Triangle Park, NC, EPA Contract No. 68-02-3158, Assignment 19. July 1984. 

Size Specijic Particulate Emission Factors for Uncontrolled Industrial and Rural Roads, US. 
Environmental Protection Agency, Research Triangle Park, NC, EPA Contract No. 68-02-3 158, 
Assignment 12, January 1983. 

Iron and Steel Plant Open Source Fugitive Emission Control Evaluation, US. Environmental 
Protection Agency, Research Triangle Park, NC, EPA Contract No. 68-02-3177, Assignment 4, 
August 1983. 

Emission Factor Documentation for AP-42, Sections 11.2.5 and I I . 2 . 6 P a v e d  Roads, EPA 
Contract No. 68-DO-0123, Midwest Research Institute, Kansas City, MO, March 1993. 
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1.2 Revision of the Public Paved Road Silt Loading Default Values 

During the preparation of the March 8, 1993 Paved Road Background Document', the available 

public road silt loading ("sL) values from test reports dated 1992 and earlier were assembled into a data 

base. Appendices C. 1 and C.2 to AP-42 describe the sampling and analysis procedures, respectively, used 

Although hundreds of public paved road SL measurements had been collected from 1980 until 

sL data base was limited in its usefulness for various reasons: 

1. Almost two-thirds of the available data had been collected in one state (Montana). 

2. C)n!y ?.!CZ*A?: h:< .c:!!cc:cC: cx:e~G.vc L&i &a; addrcsscd icmyurai variation of s i .  -Whiie this u-! 
provided very useful information on the annual cycle of silt loadings, the data were not generally 

transferable to most regions in the United States. 

3. There had been no uniformity in either the sampling/analysis methods used to generate SL 
\ 

in schemes used to report roadway classifications. 

variables (such as average daily traffic [ADT], road class, etc.). For example, a significant 

correlation was found between SL and ADT for roads with ADTs of 5,000 or more. However, on 

4. Examination of the data base did not reveal any meaningful relationship between silt loading 

further investigation of that road class, it was found that there was a significant positive and a significant 

negative correlation over the first and second halves, respectively, of the calendar year. 

5 .  There were strong reasons to suspect that the assembled data base was skewed towards high 

-- The majority of measurements were collected during the first calendar half (which was found 

to have substantially higher values than the second half). 

-- There was anecdotal information that at least some of the sampling programs focused on 

suspected trouble spots that were heavily loaded (such as after snow/ice storms, near 

construction sites, etc.). 

that the assembled data base was composed of "point values" of silt loading. Here the term 

is used to denote samples collected at a specific point along a roadway and at a single point 

the term is contrasted with "composite" samples, for which increments from 

and/or from different times are aggregated in a single vacuum bag. The resulting 

Composite sample thus represents a spatially or temporally averaged value of silt loading. At the time the 

data base was assembled, two sets of spatial averages were available -one set covering the South Coast Air 

Quality Management District (REF 1 I )  and another from three study areas in Oregon (REF 12). Because 

oftheir composite nature, these measurements were not included in the data base assembled for the 1993 
L 
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Reference 

13 

Study description 

A characterization of control measures to reduce muddirt canyout onto paved roads from 
a construction site in Kansas City 

f-. 

14 

15 

Collection of late wintedearly spring silt loadings in the Pocatello, Idaho area, 
emphasizing post-storm conditions 

A yearlong study to define temporal variations of silt loading on roads in the Reno, 
Nevada area. 

Note that the first two studies in Table A2-1 were directed to higher values of sL due to their focus 

on muddirt carryout and post-winter storm conditions. As such, results from these two studies were 

excluded from further consideration in revising the public road silt loading values. Data from the second 

Pocatello study (Reference 17) were not available at the time of this addendum. 

Results from References 15 and 16, together with results from the composite samples in 

References 1 I and 12 and the silt loading values from the recent PM-2.5E'M-IO study" for baseline road 

surface conditions (Le., not immediately after road sanding), formed the basis for revising the default 

16 

17 

values for public paved road 

Collection of sets of spatially averaged silt loadings in four study areas of the desert 
southwest: South Coast, Coachella Valley, Las Vegas, Bakersfield 

An ongoing study to track silt loading trends over a yearlong period in the Pocatello, 
Idaho area ' 

silt loading. Summarv statistics for this data set follow: 



E A2-2. SUMMARY CENT PAVED ROAD SILT 

low ADT roads. 

When the results in Table A2-2 are compared to those presented in Table 13.2.1-2 of AP-42, it 

becomes immediately apparent that the current default guidance in Section 13.2 leads to overly 

conservative values for silt loading. Values in the newer data set are roughly 5 times lower than those in 

the data set compiled for the 1993 background document. Consequently, it is recommended that AP-42 

Table 13.2.1-2 be modified to include the (rounded) median values from Table A2-2 or “normal” 

conditions. However, the newer data set also indicates that substantially higher$; “ ~ ~ d ’ s i l t  loadings 

can occur on public paved roads. As a result, it is further recommended that the modified AP-42 table 

present the former median values for the January-to-June period as suitable for use when estimates of 

elevated silt loading (e.g., after snowhce controls or near trackout areas) are desired. 

; 

Additional revisions are recommended for default values for limited access roads. Reference 18 

presents the results from not only baseline sampling, but also samples collected immediately after sanding 

an interstate highway in Denver: 

Baseline: 0.0127 g/m2 

After sanding: 0.184 g/m2 

After averaging the baseline with the older data for limited access roads, the recommended default 

for limited access roads under “normal” conditions is 0.015 g/m2. Furthermore, the section text has been 

revised to suggest a default value of 0.2 g/m2 for short periods of time following the application of 

snowhce controls (antiskid abrasives) to limited access roads. 

References for Section 1.2 

1. Emission Factor Documentation For AP-42. Sections 11.2.5 and 11.2.6 -Paved Roads, EPA 
Contract No. 68-DO-0123, Midwest Research Institute, Kansas City, MO, March 1993. 

Cowherd, Jr., and P. J. Englehart, Paved Road Particulate Emissions, EPA-600/7-84-077, US.  
Environmental Protection Agency, Cincinnati, OH, July 1984. 

2. 

L 



_.  , 
DRAFT 
J:\DMS\460402WAVED. WPD 
8/18/97 17 

.. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

Montana Street Sampling Data, Montana Department Of Health And Environmental Sciences, 
Helena, MT, July 1992. 

Street Sanding Emissions And Control Study, PEI Associates, Inc., Cincinnati. OH, October 1989 

Evaluation Of PM-IO Emission Factors For Paved Streets, Harding Lawson Associates, Denver, 
CO, October 199 1. 

Street Sanding Emissions And Conrrol Study, RTP Environmental Associates. Inc.. Denver, CO, 
July 1990. 

Post-storm Measurement Results -Salt Loke Counry Road Dust Silt Loading Winter 1991/92 
Measurement Program, Aerovironment. Inc., Monrovia, CA, June 1992. 

Written communication from Harold Glasser, Department of Health, Clark County (NV). 

PM-IO Emissions Inventory Data For The Maricopa And Pima Planning Areas, EPA Contract 
No. 68-02-3888, Engineering-Science, Pasadena, CA, January 1987. 

Characterization Of PM-IO Emissions From Antiskid Marerials Applied To Ice- And Snow- 
covered Roadways, EPA Contract No. 68-DO-01 37, Midwest Research Institute, Kansas City, 
MO, October 1992. 

Open Fugitive Dust PMIO Conrrol Strategies Study, South Coast Air Quality Management District 
Contract No. 90059, Midwest Research Institute, Kansas City, MO. July 1990. 

Oregon Fugitive Dust Emission Inventory. EPA Contract No. 68-DO-0123. Work Assignment No. 
24, Midwest Research Institute, Kansas City, MO, January 1992. 

Characterization of MurVDin Carryout onto Paved Roads from Construction and Demolition 
Activiries, EPA Contract No. 68-D2-0159, Work Assignment No. 1-04. Midwest Research 
Institute, Kansas City, MO, December, 1995. 

Letter Report to Doug Cole, Idaho Operations Office, EPA Region 10, dated April 30,1993, EPA 
Contract 68-DO-0123. Work Assignment II-76. 

Personal communication with Andy Goodrich of Washoe County Department of Health, Reno, 
N v .  

Improvement of Specific EmissiomFactors (BACM Project No. I ) ,  South Coast Air Quality 
Management District Contract No. 95040, Midwest Research Institute, Kansas City, MO, March 
1996. 

Personal communication with J. Light, c/o Bannock Planning Organization, Pocatello, ID. 

Fugitive Paniculate Matter Emissions, EPA Contract No. 68-D2-0159, Work Assignment 
No. 4-06, Midwest Research Institute, Kansas City, MO, April 1997. 
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1.3 Summarv of Changes to AP-42 Section 13.2.1 

Although the equation for particulate emissions from paved roads remains unchanged, the PM-2.5 

multiplier has been updated based on findings in Reference 22. The PM-2.5 multiplier update is reflected 

in the list of particle size multipliers for the paved road equation. Also, the default silt loading (sL) values 

for public paved roads have been updated. Table 13.2.1-2 has been revised along with associated text to 

reflect this new analysis. The silt loading data base, formerly presented as Table 13.2.1-3, will only be 

J ' ' 
-$ 

available as an electronic file. & W e e c  d& L25@ 

Section 13.2.1 follows with text removed from the old AP-42 version striked out and new text in 

k!.'. .A.!~!xgh x! s h e ~ z  here, RO chan-ec .D - were made to Fi-ure -0 !3.2.!-!, a n d  Figures !3.2.!-2 !hrgu"h a-. 

13.2.1-7 (showing the silt loading frequency distribution) have been removed from the AP-42 section. 
, , 

h * U  
3 &$ 

13.2.1 Paved Roads 

13.2.1.1 General 

over a paved surface such as a r p c j  s( 
\ '- k 

&&$ present on the surface. In turn, that surface loading, as it is moved or removed, is continuously replenished 

J?- ~ .-_._- 
~ ' i d  =r-'--  - - h 4.4 2 

~1% parking roads originate from&;oose material 

by other sources. At industrial sites, surface loading is replenished by spillage of material and trackout 

from unpaved roads and staging areas. Figure 13.2.1-1 illustrates several transfer processes occurring on 

public streets. 

Various field studies have found that public streets and highways, as well as roadways at industrial 

facilities, can be major sources of the atmospheric particulate matter within an area.''g Of particular 

interest in many parts of the United States are the increased levels of emissions from public paved roads 

when the equilibrium between deposition and removal processes is upset. This situation can occur for 

various reasons, including application of snow and ice controls, canyout from construction activities in the 

area, and wind andor water erosion from su o nding unstabilized areas. 
7 cvwePa# 

13.2. I .2 Emissions And Correction Parameters 

Dust emissions from paved roads have been found to vary with what is termed the "silt loading" 

present on the road surface as well as the average weight of vehicles traveling the road. The term silt 

loading (sL) refers to the mass of silt-size material (equal to or less than 75 micrometers [pm] in physical 

diameter) per unit area of the travel s ~ r f a c e 4 - ~  The total road surface dust loading is that of loose material 

that can be collected by broom sweeping and vacuuming of the traveled portion of the paved road. The silt 

fraction is determined by measuring the proportion of the loose dry surface dust that passes through a 200- 

mesh screen, using the ASTM-C-136 method. Silt loading is the product of the silt fraction and the total 

loading, and is abbreviated "sL. Additional details on the sampling and analysis of such material are 

provided in AP-42 Appendices C.l and C.2. 
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The surface sL 

emission inventory.' 

winter and early 

13.2.1.3 Predictive Emission Factor Equations" 

following empirical expression: 

E=k ( S U ~ ) ~ , ~ '  (W/3 

where: 

E = particulate emission factor (having units matching the units of k) 

Size rangea Multiplier kb 

O K T  gNMT IbNMT 
PM-2.5' w 3 3  &e€W 

1.1 1.8 0.0040 
PM-10 4.6 1.3 0.016 
PM-15 5.5 9.0 0.020 
PM-3Od 24 38 0.082 

k = base emission factor for particle size range and units of interest (see below) 

sL = road surface silt loading (grams per square meter) (g/m2) 

W = average weight (tons) of the vehicles traveling the road 

It is important to note that Equation 1 calls for the average weight of all vehicles traveling the 

road. For example, if 99 percent of traffic on the road are 2 Mg cadtrucks while the remaining 1 percent 

consists of 20 Mg trucks, then the mean weight "W" is 2.2 Mg. More specifically, Equation 1 is not 

intended to be used to calculate a separate emission factor for each vehicle weight class. Instead, only one 

emission factor should be calculated to represent the "fleet" average weight of all vehicles traveling the 

road. 

The particle size multiplier (k) above varies with aerodynamic size range as fattawst shown in 

Table 13.2.1-1. 

d 
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To determine particulate emissions for a specific particle size range, use the appropriate value of k above. 

The above equation is based on a regression analysis of numerous emission tests, including 

65 tests for PM-IO." Sources tested include public paved roads, as well as controlled and uncontrolled 

industrial paved roads. No tests of "stop-and-go" traffic were available for inclusion in the data base. The 

equations retain the quality rating of A (B for PM-2.5). if applied within the range of source conditions that 

were tested in developing the equation as follows: 

I.:.* *..a:..-. 
Lllll IYLLYIII& 

Mean vehicle weight: 

Mean vehicle speed: 

0.Gi - 406 gin? 

0.03 - 570 grains/square foot (ft') 

1.8 - 38 megagrams (Mg) 

2.0 - 42 tons 

16 - 88 kilometers per hour (kph) 

IO - 55 miles per hour (mph) 

To retain the quality rating for the emission factor equation when it is applied to a specific paved 

road, it is necessary that reliable correction parameter values for the specific road in question be 

determined. With the exception of limited access roadways, which are difficult to sample, the 

collection and use of site-specific sL data for public paved road emission inventories are strongly 

recommended. The field and laboratory procedures for determining surface material silt content and 

surface dust loading are summarized in Appendices C. 1 and C.2. In the event that site-specific values 

cannot be obtained, an appropriate value for an industrial road may be selected from the mean values given 

in Table 13.2.1-1, but the quality rating of the equation should be reduced by 1 level. Also, recall that 

Equation 1 refers to emissions due to freely flowing (not stop-and-go) traffic. 

k l W = w H -  

--te 



, .  , . .  . DRAIT 
J:U>MS\460402WAVED.WPD 
9/15/97 21 

raads: 

7 2 -  . . .  

During the preparation of the background document (Reference lo), public road silt loading 

values from 1992 and earlier were assembled into a data base. This data base is available as 

. Although hundreds of public paved road SL measurements had been collected, there 

was no uniformity in sampling equipment and analysis techniques, in roadway classification 

schemes, and in the types of data reported. Not surprisingly, the data set did not yield a coherent 

relationship between sL and road class, average daily traffic (ADT), etc., even though an inverse 
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relationship between sL and ADT has been found for a subclass of curbed paved roads in urban 

areas. Further complicating the analysis is the fact that, in many parts of the country, paved road 

sL varies greatly over the course of the year, probably because of cyclic variations in muddirt  

carryout and in use of anti-skid materials. Although there were strong reasons to suspect that the 

assembled data base was skewed towards high values, independent data were not available to 

confirm the suspicions. 

Since the time that the background document was prepared, new field sampling programs 

have shown that the assembled sL data set is biased high for ''normal" situations. Just as 
kip~&iii::y, :.;;;ax, ihe newer progranis conliriri tliai subsiantiillly higher than :'normal" silt 

loadings can occur on public paved roads. As a result, two sets of default values are  provided in 

Table 13.2.1-2, one for "normal" conditions and another for worst-case conditions (such as after 

winter storm seasons or  in areas with substantial muddi r t  trackout). 

High ADT roadsb Low ADT roads 
0.1 0.4 
0.5 3 

In the event that default sL values are  used the quality ratings for the equation should be 

downgraded 2 levels. 

r.3 LUI 
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Limited access roadways pose severe logistical difficulties in terms of surface sampling, and few 

sL data are available for such roads. Nevertheless, the available data do not suggest great variation in sL 

for limited access roadways from I part of the country to another. For annual conditions, a default value of 

W32 0.015 g/m2 is recommended for limited access  roadway^.^'^^ Even fewer of the available data 

correspond to worst-case situations, and elevated loadings are observed to be quickly depleted because of 

high ADT rates. A default value of M 0.2 g/m2 is recommended for short periods of time following 

application of snowhce controls to limited access roadsz’ 

13.2.1.4 Controls6,BW 

Because of the importance of the surface loading, control techniques for paved roads attempt either 

to prevent material from being deposited onto the surface (preventive controls) or to remove from the 

travel lanes any material that has been deposited (mitigative controls). Regulations requiring the covering 

of loads in trucks, or the paving of access areas to unpaved lots or construction sites, are preventive 

measures. Examples of mitigative controls include vacuum sweeping, water flushing, and broom sweeping 

and flushing. 

In general, preventive controls are usually more cost effective than mitigative controls. The cost- 

effectiveness of mitigative controls falls off dramatically as the size of an area to be treated increases. That 

is to say, the number and length of public roads within most areas of interest preclude any widespread and 

routine use of mitigative controls. On the other hand, because of the more limited scope of roads at an 

industrial site, mitigative measures may be used quite successfully (especially in situations where truck 

spillage occurs). Note, however, that public agencies could make effective use of mitigative controls to 

remove sandhalt from roads after the winter ends. 

Because available controls will affect the sL, controlled emission factors may be obtained by 

substituting controlled silt loading values into the equation. (Emission factors from controlled industrial 

roads were used in the development of the equation.) The collection of surface loading samples from 

treated, as well as baseline (untreated), roads provides a means to track effectiveness of the controls over 

time. 
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References For Section 13.2.1 
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2. Prosposed AP-42 section 13.2.1 

The proposed AP-42 Section for paved roads is presented on the following pages as it would appear 
in the document. 
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13.2.1 Paved Roads 

13.2.1.1 General 

Particulate emissions occur whenever vehicles travel over a paved surface, such as a road or parking 

lot. In general terms, particulate emissions from paved roads originate from the loose material present on 

the surface. In turn, that surface loading, as it is moved or removed, is continuously replenished by other 

sources. At industrial sites, surface loading is replenished by spillage of material and trackout from 

unpaved roads and staging areas. Figure 13.2.1-1 illustrates several transfer processes occurring on public 

streets. 

Various field studies have found that public streets and highways, as well as roadways at industrial 

facilities, can be major sources of the atmospheric particulate matter within an area.'.' Of particular 

interest in many parts of the United States are the increased levels of emissions from public paved roads 

when the equilibrium between deposition and removal processes is upset. This situation can occur for 

various reasons, including application of snow and ice controls, canyout from construction activities in the 

area, and wind andor water erosion from surrounding unstabilized areas. 

13.2.1.2 Emissions And Correction Parameters 

Dust emissions from paved roads have been found to vary with what is termed the "silt loading" 

present on the road surface as well as the average weight of vehicles traveling the road. The term silt 

loading (sL) refers to the mass of silt-size material (equal to or less than 75 micrometers [pm] in physical 

diameter) per unit area of the travel surface!.' The total road surface dust loading is that of loose material 

that can be collected by broom sweeping and vacuuming of the traveled portion of the paved road. The silt 

fraction is determined by measuring the proportion of the loose dry surface dust that passes through a 200- 

mesh screen, using the ASTM-C-136 method. Silt loading is the product of the silt fraction and the total 

loading, and is abbreviated "sL". Additional details on the sampling and analysis of such material are 

provided in AP-42 Appendices C.l and C.2. 

The surface SL provides a reasonable means of characterizing seasonal variability in a paved road 

emission inventory.' In many areas of the country, road surface loadings are heaviest during the late 

winter and early spring months when the residual loading from snow/ice controls is greatest. 

Miscellaneous Sources 13.2-1 
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13.2.1.3 Predictive Emission Factor Equations'' 
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Size rangea 

PM-2.5' 
PM-IO 
PM-15 
PM-30d 

The quantity of dust emissions from vehicle traffic on a paved road may be estimated using the 

following empirical expression: 

E = k ( ~ L l 2 ) ' ~ ~  (W13 ) I . '  

where: 

E = particulate emission factor (having units matching the units of k) 

k =base emission factor for particle size range and units of interest (see below) 
>L = IUA >"iface si:; : a d h g  (p ins  psr sqilare mete;) ( g h  2 ) 

W = average weight (tons) of the vehicles traveling the road 

Multiplier kb 
gNKT gNMT IbNMT 

1.1 1.8 0.0040 
4.6 7.3 0.016 
5.5 9.0 0.020 
24 38 0.082 

, .  I .  .. 

It is important to note that Equation 1 calls for the average weight of all vehicles traveling the road. 

For example, if 99 percent of traffic on the road are 2 Mg cardtrucks while the remaining 1 percent 

consists of 20 Mg trucks, then the mean weight "W" is 2.2 Mg. More specifically, Equation 1 is nor 

intended to be used to calculate a separate emission factor for each vehicle weight class. Instead, only one 

emission factor should be calculated to represent the "fleet" average weight of all vehicles traveling the 

road. 

The particle size multiplier (k) above varies with aerodynamic size range as shown in 

Table 13.2.1-1. 

PM-30 is sometimes termed "suspendable particulate" (SP) and is often used as a surrogate for TSP. 

To determine particulate emissions for a specific particle size range, use the appropriate value of k above. 

13.2-2 EMISSION FACTORS 
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The above equation is based on a regression analysis of numerous emission tests, including 65 tests 

for PM-10." Sources tested include public paved roads, as well as controlled and uncontrolled industrial 

paved roads. No tests of "stop-and-go" traffic were available for inclusion in the data base. The equations 

retain the quality rating of A (B for PM-2.5), if applied within the range of source conditions that were 

tested in developing the equation as follows: 

Silt loading: 

Mean vehicle weight: 

Mean vehicle speed: 

0.02 - 400 g/m2 

0.03 - 570 grainslsquare foot (ft') 

1.8 - 38 megagrams (Mg) 

2.0 - 42 tons 

16 - 88 kilometers per hour (kph) 

10 - 55 miles per hour (mph) 

To retain the quality rating for the emission factor equation when it is applied to a specific paved 

road, it is necessary that reliable correction parameter values for the specific road in question be 

determined. With the exception of limited access roadways, which are difficult to sample, the collection 

and use of site-specific sL data for public paved road emission inventories are strongly recommended. The 

field and laboratoly procedures for determining surface material silt content and surface dust loading are 

summarized in Appendices C.l and C.2. In the event that site-specific values cannot be obtained, an 

appropriate value for an industrial road may be selected from the mean values given in Table 13.2.1-1, but 

the quality rating of the equation should be reduced by 1 level. Also, recall that Equation 1 refers to 

emissions due to freely flowing (not stop-and-go) traffic. 

During the preparation of the background document (Reference IO), public road silt loading values 

from 1992 and earlier were assembled into a data base. This data base is available as 

Although hundreds of public paved road SL measurements had been collected, there was no uniformity in 

sampling equipment and analysis techniques, in roadway classification schemes, and in the types of data 

reported. Not surprisingly, the data set did not yield a coherent relationship between SL and road class, 

average daily traffic (ADT), etc., even though an inverse relationship between sL and ADT has been found 

for a subclass of curbed paved roads in urban areas. Further complicating the analysis is the fact that, in 

many parts of the country, paved road SL varies greatly over the course of the year, probably because of 

cyclic variations in mud/dirt canyout and in use of anti-skid materials. Although there were strong reasons 

to suspect that the assembled data base was skewed towards high values, independent data were not 

available to confirm the suspicions. 
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for limited access roadways from 1 part of the country to another. For annual conditions, a default value of 

0.015 g/m2 is recommended for limited access  roadway^.^.^^ Even fewer of the available data correspond 

to worst-case situations, and elevated loadings are observed to be quickly depleted because of high ADT 

rates. A default value of 0.2 g/mZ is recommended for short periods of time following application of 

snowhce controls to limited access roads.” 

\ 
f 
$ t9 

13.2.1.4  control^^.^^ -r, 
N 
v cz Because of the importance of the surface loading, control techniques for paved roads attempt either 

to prevent material from being deposited onto the surface (preventive controls) or to remove from the 

travel lanes any material that has been deposited (mitigative controls). Regulations requiring the covering 

of loads in trucks, or the paving of access areas to unpaved lots or construction sites, are preventive 

measures. Examples of mitigative controls include vacuum sweeping, water flushing, and broom sweeping 

and flushing. 

\ 
, 
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In general, preventive controls are usually more cost effective than mitigative controls. The cost- 
effectiveness of mitigative controls falls off dramatically as the size of an area to be treated increases. / That 

is to say, the number and length of public roads within most areas of interest preclude any widespread and 

routine use of mitigative controls. On the other hand, because of the more limited scope of roads at an 

industrial site, mitigative measures may be used quite successfully (especially in situations where truck 

spillage occurs). Note, however, that public agencies could make effective use of mitigative controls to 

remove sand/salt from roads after the winter ends. 

Because available controls will affect the sL, controlled emission factors may be obtained by 

substituting controlled silt loading values into the equation. (Emission factors from controlled industrial 

roads were used in the development of the equation.) The collection of surface loading samples from 

treated, as well as baseline (untreated), roads provides a means to track effectiveness of the controls over 

time. 
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Figure 1. PLOT OF AVERAGE VEHICLE SPEED vs. SILT LOADING IN THE 
AP-42 PAVED ROAD EMISSION FACTOR DATA BASE (Fully logarithmic) 
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Figure 2. PLOT OF AVERAGE VEHICLE SPEED vs. SILT LOADING IN THE 
PEI BASELINE EMISSION FACTOR DATA BASE (Fully logarithmic) 
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Public Paved Road Surface Loading 
Presented as Appendix X in March 8,1993 
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TABLE A2-2. PUBLIC PAVED ROAD SURFACE LOADING DATA BASE 
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TABLE A2-2. (continued) 
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TABLE A2-2. (continued) 
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TABLE A2-2. (continued) 
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TABLE A2-2. (continued) 
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TABLE A2-2. (continued) 
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TABLE A2-2. (continued) 
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I STATE I CLASS I DATE I ADT I SL I SILT I TL I#SAMPLES~ 
11 I 2/26/92 I 5000 0.24 I 13.4 I 2.3 I 5 
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