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Copper Released from Brake Lining Wear
in the San Francisco Bay Area

Executive Summary

Many human activities result in the release of copper to thecemwant. The Brake Pad
Partnership is conducting a study whose purpose is to gain a bettestandig of the sources
of elevated copper concentrations in the San Francisco Bay. Thall oskort includes
assessing the magnitude of copper released in the Bay area,etbllmyvmodeling of the
environmental fate and transport of these estimated releases. The inpeative of this report
is to provide estimates of releases of copper from brake gzg in the Bay area for use in the
Brake Pad Partnership's modeling effort. This report also psesbat methodology for
preparing the estimates. Copper releases from non-brake saugc® subject of a separate
report.

In order to estimate the releases of copper from brake linirag, veenission factors based on
vehicle distance traveled were developed. Air emission fast@rs created first, using several
independent methodologies, and the most appropriate methodology was delegtegaring
the estimates of copper releases. Emission factors fosesléa roadway are based on the air
emission factors coupled with brake wear partitioning information.

The emission factors prepared in this study are shown in Table E®his table gives the
emission factors, the standard uncertainty for each emission,facirthe 95% confidence
interval for each emission factor. Separate air emissioorfagtere calculated for passenger
vehicles, medium-duty vehicles, and heavy-duty vehicles using both a ke
composition/brake lining wear rate approach and a brake lining compdsiake lining air
emission factor approach. An air emission factor based on thiésres a tunnel study is also
given. The tunnel study’s air emission factor, which was tldor estimating copper releases,
applies to all vehicles, regardless of vehicle category. Thiss®n factor for releases to
roadways was derived from the tunnel study air emission fadtog avith information on the
fate of brake wear debris.

Note that the uncertainty in the emission factors is large,cplatly the uncertainty in the
emission factor for releases to roadway.

This report also provides information on the particle size distributibicopper-containing
particles released in brake wear debris. The particledsshebution that will be used by the air
modeling team as the study progresses is given in Table ES-2.

The boundaries of the sub-watersheds to be modeled in this projectiexeloped so that they
suit the requirements of the models. As a result, the sub-watsrdiseussed in this report may
be subdivisions or aggregations of actual physical watershedsreReds to sub-watersheds or
Bay area sub-watersheds throughout this report indicate sub-wadterakedefined for this
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project. It is important to remember that the goal of the dvengject is to estimate total loads
to the San Francisco Bay and not to the individual sub-watersheds.

Separate estimates of copper releases from brake wearpnepared for each of the 23 sub-
watersheds in the San Francisco Bay watershed. Data on veliedetraveled are available by
county and the emissions were apportioned to the sub-watersheds usirajipo@s a measure
of traffic density. In addition, emissions based on traffic cound datthe Castro Valley
watershed were calculated separately for Interstate 580h(whicbe treated as a line source
during air modeling) and for surface streets (which will leated as an area source). Estimated
releases of copper from brake lining wear for the year 2003 are presemtdalds ES-3 and ES-
4. These tables also give the standard uncertainty in each senstved's estimated releases and
the 95% confidence interval for estimated releases within each sub-wdtershe

The first section of this report provides background information on copfesases from brake
lining wear, along with a discussion of the methodology for asgessicertainty in the results.
Section 2 discusses the methodologies for preparing air emisstonsfaf copper from brake
lining materials for passenger vehicles, medium-duty vehicheshaavy-duty vehicles. Section
3 presents the particle size distribution information for brakediwear debris, and Section 4
presents partitioning data, along with emission factors foaseke of copper to roadways from
brake lining material. Section 5 contains the release esBnwit copper from brake lining
material for 2003. Section 6 is a list of nomenclature used imefh@t and Section 7 lists
references.

Process Profiles, 1/27/2006, page 2



Copper Released from Brake Lining Wear in the San Francisco Bay Area—Executive Summary

Table ES-1  Emission factors for copper from brake lining wearis&on factors selected for

preparing the inventory are highlighted in bold.

Standard 95%
uncertainty in| confidence
Calculated calculated interval (mg
Release Vehicle Emission Factor result (mg result (mg Cu/km)
Category Category Estimation Approach Cu/km) Cu/km) Low High
Airborne emission factor
Passenger vehicles
Composition/wear 0.5 0.2 0.0 0.9
Composition/emission | 0.4 0.2 -0.1 0.8
factor
Medium-duty vehicles
Composition/wear 0.7 0.4 0.0 15
Composition/emission | 0.48 0.09 0.30 0.66
factor
Heavy-duty vehicles
Composition/wear 0.3 0.2 0.0 0.7
Composition/emission | 0.2 0.1 -0.1 0.5
factor
All Tunnel study 0.58 0.07 044 0.72
Roadway emission factor
All Partitioning/airborne 0.5 0.2 0.1 1.0
emission factor

Process Profiles, 1/27/2006, page 3



Copper Released from Brake Lining Wear in the San Francisco Bay Area—Executive Summary

Table ES-2

Particle size distribution for use in modeling

(Haselden et al, 2004; standard errors are from
Schlautman, 2005).

% of total % of total
Particle Size particulate mass| particulate coppel
Cutoff, um mass
all particles 100.00 £ 5.39 100.00 £+ 8.47
<18 93.80 £ 5.20 94.76 £ 7.91
<10 88.65 + 5.02 91.18 +7.73
<5.6 70.88 £ 4.46 74.66 £ 6.72
<3.2 44.48 + 3.45 46.23 £ 5.00
<18 24.74 £ 2.87 31.97 £ 3.99
<1 12.11 £ 2.37 15.76 + 2.87
< 0.56 6.84 +1.76 9.42 +£1.80
<0.32 2.62+1.60 4.62 +£1.55
<0.18 0.77 £1.25 2.01+1.39
<0.1 0.50 £ 0.73 0.25+1.02
< 0.056 0.50 £ 0.42 0.05+0.61

Table ES-3  Estimated copper releases from brake lining nlatenathe Castro Valley
watershed in 2003. Amounts are in kg Culy.
Release
to Value Interstate 580 Surface Streets
Air
Estimated releases 170 100
Uncertainty 30 10
95% Confidence Low 110 70
interval High 230 120
Roadway
Estimated releases 160 90
Uncertainty 60 30
95% Confidence Low 30 20
interval High 290 130
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Copper Released from Brake Lining Wear in the San Francisco Bay Area—Executive Summary

Table ES-4  Estimated copper releases from brake lining wed@003 in the sub-watersheds in the San Francisco Bay area.
Amounts are in kg Culy.
Airborne Standard uncertainty 95% Confidence Copper Standard uncertainty in 95% Confidence
copper in airborne copper Interval released to copper releases to Interval
Watershed released releases From To roadways roadways From To

Upper Alameda 1,772 360 1,051 2,493 1,661 685 91,0323
Santa Clara Valley Central 2,953 601 1,752 4,154 762, 1,142 485 5,052
Castro Valley 282 57 167 397 264 109 46 483
East Bay North 1,969 401 1,168 2,771 1,846 762 233,369
Upper Colma 801 163 47% 1,127 751 310 131 1,370
Marin South 1,183 241 702 1,664 1,109 457 194 2,024
Coyote 4,851 987 2,878 6,824 4,548 1,876 196 8,299
East Bay Central 7,052 1,434 4,184 9,9p1 6,612 72,72 | 1,158 | 12,065
East Bay South 1,494 304 886 2,102 1,401 578 P45 5562
Solano West 1,359 276 806 1,912 1,274 526 »23 62,32
Napa 1,618 329 960 2,277 1,517 626 266 2,769
North Napa 201 41 119 283 189 78 33 344
North Sonoma 75 15 44 105 70 29 12 1p8
Marin North 761 155 452 1,071 714 294 125 1,303
Contra Costa Central 3,823 778 2,268 5,378 3,584 4781, 628 6,540
Petaluma 528 107 313 743 495 204 87 904
Santa Clara Valley West 6,111 1,243 3,6R5 8,897 2%,7 2,363 1,003| 10,454
Upper San Lorenzo 280 57 166 393 262 108 46 478
Contra Costa West 1,369 278 812 1,9p6 1,283 529 222,342
Peninsula Central 4,344 884 2,577 6,111 4,073 1,680 713 7,432
Sonoma 247 50 147 34y 232 96 41 4p3
Upper San Francisquito 106 21 63 149 99 41 17 181
Upper Corte Madera 240 49 142 338 22% 93 39 411
City of San Francisco 3,614 735 2,144 5,084 3,388 ,397 593 6,183
Watershed Total (Parts of 8 Counties) 43,420 8,831 25,758 61,08P 40,706 16,789 7,128 8442
9-County Total 53,839 10,950 31,939 75,740 50,474 0,818 8,839| 92,110
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Copper Released from Brake Lining Wear in the San Francisco Bay Area

1 Introduction

Many human activities result in the release of copper to theocemuent. The Brake Pad
Partnership is conducting a study whose purpose is to gain a bettestandieg of the sources
of elevated copper concentrations in the San Francisco Bay. Thall os#ort includes
assessing the magnitude of copper released in the Bay area,etblloyvmodeling of the
environmental fate and transport of these estimated releases. The ijeative of this report
is to provide estimates of releases of copper from brake hgzg in the Bay area for use in the
Brake Pad Partnership’'s modeling effort. This report also pseskat methodology for
preparing the estimates. Copper releases from non-brake saugct® subject of a separate
report.

Brake lining materials are released into the environment ety the contact surfaces of
brakes meet. Some of the lining material is released dirextthe air, some sticks to the
vehicle, and some falls to the ground. Of the portion that stickseteehicle, some might be
washed off by rain or by car washing in a driveway, or it mightinsed to the road after the
vehicle is driven through standing water, in which case it enters the staims.dSome might be
washed off in a commercial carwash that discharges to ther.seligure 1-1 illustrates this
distribution of releases, which is called partitioning.

The size of the particles that are released to air is impolecause it determines to a large
extent what the fate of the air emissions is. This report prevideticle size distribution
information.

One of the common components of brake lining material is copper. sthug’'s approach to

estimating copper releases from brake lining wear was to deselggal values for emission
factors based on independent methodologies. These emission &aetewgoressed in terms of
mass of copper released per vehicle distance traveled. Separaterefaissirs were created for
1) passenger cars and light-duty trucks, 2) medium-duty vehicles, and 3) heavykilcigsve

One of the emission factor methodologies was selected for usmduating the inventory of
copper releases from brake lining materials, based on its aplycabthe San Francisco Bay
area. The remaining emission factors provide insight into the robustness of therinvesitlts.

Air emissions from vehicle brake lining wear have been studied extemsively than releases
to other environmental compartments. Because of this, an air e@mfssitor was developed

first, and emission factors for copper released directhhéorbadway were based on this air
emission factor coupled with information on partitioning.

Once the emission factors were developed, they were multipliedtocle distance traveled per
unit time to estimate releases of copper from brake lining wear.

Estimating copper releases from brake lining wear is acdiffundertaking. Different brake
lining materials wear at different rates, and there arrilitude of brake lining formulations in
use. Data on the copper content of brake lining materials is incenpled data on market
shares for various brake lining materials is virtually nonemxisterhus, even if wear rates for
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Copper Released from Brake Lining Wear in the San Francisco Bay Area

each material were available, they would not be helpful. Data iynamometer tests must be

used with caution because driving conditions have a significant ingpabtake lining wear

rates. In fact, one researcher has reported that for semllimbtakes, four brake stops from

100 mph produced as much lining wear as over 500 brake stops at 30, 40, 60, and 80 mph
(Anderson, 1992).

A report titled "Work Plan for Estimating Copper Emissions fromaki® Lining Wear in
Alameda County" contains supplementary information about the methodologyeg@urs the
creation of the estimates of releases presented in thid.rejmberested readers can access this
document at

www.suscon.org/brakepad/pdfs/FINALBrakeSources_emission_factdiMak Plan02-Dec-04.pdf

Note that the copper emitted from brake lining wear for an indivigehicle would not be

expected to be accurately estimated using an emission fac@udeeof the variation in brake
lining materials from one vehicle to the next. The copper content k¢ brang materials varies

from little or no copper to copper mass fractions near 20%. Howewgper emissions from

brake lining wear in the aggregate can be estimated using emission. factors

A number of assumptions were made in order to conduct this inventoepwvifonmental
releases. These assumptions are clearly stated in tensedescribing the values that were
assigned to variables. When there was more than one source fafrdataven value, the value
judged to be superior in terms of factors including peer-review ofdference, geography,
sample size, and timeliness was used. If several values were availdifiierent references that
were determined to be of equal quality, a value that was representativefaham was chosen.

Standard uncertainties were estimated for each of the vahiaged, following the strategies
outlined in NIST, 2005. In a few cases, a standard deviation of a sample evdatedland used
as the standard uncertainty. However, in most cases, it was pogsibletermine only a
potential range of possible values for a given variable, whereubealue was equally likely to
be anywhere in the range (a uniform distribution). In these daseppint value was calculated
to be the midpoint of the range and the estimate of the standardaimgentas set at half of the
range divided by the square root of three. (Half of the rdihgéed by the square root of three
corresponds to the square root of the variance, or the second centrahtmofma uniform
distribution, and the square root of the variance is, by definitionstdwedard deviation in
statistical terms.)

Developing a standard uncertainty for each variable was ondraiuis was necessary so that the
uncertainties in each intermediate value could be combined in ordevétop a sense for the
standard uncertainty in the final calculated results. One westitmate the standard uncertainty
in a value that is calculated using the functon f(x, Xz,...,.Xn) is to apply the Kline-McClintock
equation to that function. The Kline-McClintock equation is the fesh in the Taylor series
approximation for the propagation of uncertainty and can be used whablesrare not co-

related. Itis
ﬂf 2 ﬂf 2 ﬂf 2
U, = - + U— + + uy—
R \/ Ulﬂxl u2‘|1x2 Y, x
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Copper Released from Brake Lining Wear in the San Francisco Bay Area

whereu is uncertaintyR is the resulting value, amdis the number of variables in the function.
For example, if

f(x,¥,2= R= axy.
wherea is a constant, then

IR

™

EZ&XZ
Yy

IR

_:a

w

and

Uy = \/( ayzy)” +( ang,l)2 +( axy)’
If
f(X,y,2= R= ax+ byt C

wherea, b, andc are constants, then

IR _

Ix

E = b

Ty

R_.

9z

e = (2’ +(bu)" +( cu)’

The Kline-McClintock equation was used to estimate the uncertaiciculated results for this
project.

and

Standard uncertainties are also useful because they can be usadde arrange of values that
apply to a desired confidence interval. For example, a 95% condidietecval is one where the
range of values provided for the final result has a 95% probabilitpntaining the true (actual)
value. This 95% confidence interval would be described as a point plasieor minus two
times the standard uncertainty for that value. A 67% confideriees/al is one that includes the
point value plus or minus the standard uncertainty. (This assumeghthagtrobability
distribution characterized by a function’s result and its standardrtamnaty is approximately
normal, and the uncertainty result is a reliable estimate of the standardotievidhe result.)
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These are the most
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tepott to calculate other
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Figure 1-1

Partitioning of brake lining releases.
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Copper Released from Brake Lining Wear in the San Francisco Bay Area

2 Air Emission Factors for Copper from Brake Lining Wear

Wherever possible, three categories of information were usedit@ @&r emission factors for
copper from brake lining wear:
1) tunnel studies
2) brake lining composition coupled with existing brake lining airssman factors (this is
referred to as the composition/existing emission factor approach)
3) brake lining composition combined with information on the wear raterake linings
and partitioning information (this is referred to as the composition/wear approac

This section is divided into subsections on passenger vehicles, meédiymehicles, heavy-
duty vehicles, buses, and motorcycles. Air emission factorsofgwer from brake lining wear
from the first three of these vehicle categories were il and the methodology and results
are summarized here.

2.1 Passenger Cars and Light-Duty Trucks
This vehicle category includes passenger cars and trucks weighing fessaba Ib.
2.1.a Summary of Values Assigned to Variables

Passenger vehicles can be equipped with drum brakes or a combinatramaind disc brakes.
These two types of brake systems have different wear chasticteand use different friction
materials. Perhaps the most important difference betweenrdisgram brakes with respect to
environmental releases is that drum brakes accumulate much mofeodustrake lining wear

than disc brakes, and release a much smaller proportion of their brake lining wear to a

Aftermarket brakes and in some cases even original equipmplaicement brake lining
materials tend to contain less copper than factory-instalkdcediming materials because copper
is a relatively expensive material. As a result, vehicle lz@® an important effect on the
concentration of copper in brake linings for passenger vehicles, rdodgnation on mass
fractions of copper in brake lining materials in factory-equippedsgrager vehicles was
collected separately from information on mass fractions of capgeassenger vehicles that are
not factory-equipped. New-disc passenger vehicles still have dke pads they were equipped
with at the factory, and old-disc passenger vehicles are thaskave replaced their factory disc
brakes.

For the purposes of the inventory, whether a vehicle is equipped actibry disc brakes was
determined based on
the average distance traveled before lining replacemedg.Qrwhich was estimated to
be 35,000 miles (Garg et al, 2000) with a standard uncertainty of 3508 finilelisc
brakes (see Table A-1 in Appendix A for details concerning this choice);
vehicle registration data by year first registered for Califgrinom Table 2.1-1; and
the number of miles driven per year for the average vehicle in the Bafiar2a4 mi/yr,
based on regional vehicle registration of 5,432,514 vehicles in 2002 (Metaopolit
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Copper Released from Brake Lining Wear in the San Francisco Bay Area

Transportation Commission, 2004) and 167.2 million miles traveled per dag redion
in 2003 (BAAQMD, 2004).
The fraction of passenger vehicles equipped with factory disc dr@ssigned the variable
Rhew-disg thus includes vehicles that are less than three years old arakgigned a value of 0.34
with a standard uncertainty of 0.03.

Finding a value foR\ew-grumWas not necessary (it would be near 0.55).

The average total mass of copper per vehicle and the averagetcatae of copper in the most
popular models of factory-equipped vehicles have been collected forake Bad Partnership
based on manufacturer surveys. These data were used to developdlieactias of copper in
brake lining materials on passenger vehicles that have yeplece their factory-equipped brake
linings. The data are provided as an annual average that includes s#indi drum brake
linings for almost half of the vehicles sold. As of this wrifiByjake Pad Partnership data are
available for the years 1998 through 2003. Typically, only carsthess three years old are
equipped with factory brakes, so only the values for years 2001-2008f améerest. The
average friction material per vehicle and the average copperepale for the vehicles that
were included in the Brake Pad Partnership’s survey are given in Table 2.1-2.

Information on the portion of passenger vehicle brakes that are disttilandvas obtained from
Ward’'s Automotive Yearbook. Disc brakes have been found on nearly 100% o&nd since
1976 (Ward’s, 2004). As shown in Table 2.1-1, 97% of vehicles registered wetayfirst
registered within the last 25 years. This means that neasly @assenger vehicle is equipped
with disc brakes on either the front axle or both axles.

Table 2.1-3 contains information about the number of vehicles that wengpeduwith rear
drum brakes for the model year 2003 (all vehicles) and 2002 (imports olmfgrmation in
Ward’s for years prior to this was only available for non-AB&idles equipped with drum
brakes on the rear axle, and all ABS-equipped vehicles are camlbmadking it impossible to
determine from the data given the fraction of vehicles equippdddsitm brakes on the rear
axle in prior years.

Originally, it was planned that standard equipment on the laste@rs wf high-sales vehicles
would be gathered from on-line databases such as www.autotrader-tmaever, comparison
of these data with information in Ward'’s indicated that non-standard equipment conpdse a
large portion of sales, so the usefulness of standard equipment dgiasisonable. It is
probably more accurate to assume that the overall value from Zablerepresents passenger
vehicles on the road today, so that the average number of axkeshpze that are disc-equipped
is

Bdisc = Bnew—disc: old-disc
=1 (front) axlet (1 (rear) axle 0.344 (reanjle)
=1.66 axle
and the average number of axles per vehicle that are drum-equipped is
Bdrum = Bnew—drum: old—drum:O'34 aXlE
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A standard uncertainty of 0.06 axles applies to both of these valles.standard uncertainty
was based on an assumption that for the population of vehicles in therd2ayhe true value of
Buisc falls between 1.56 and 1.76 axles, and the true valugyfgr would fall between 0.24 and
0.44 axles, so that the standard uncertainty was 0.1 axles divided bguare root of three, or
0.06 axles.

Because of the data on the mass fraction of copper are collectbe Brake Pad Partnership, a

value for the average number of axles that are factory dacetmquipped on the subset of

passenger vehicles included in the survey was also needed.vallis calculated using the

values shown in Table 2.1-4, turns out to be the same as the value for the general population, or
Bgppaisc =1 axle+ (1 axle 0.34 axle) 1.66 ax

The average mass fraction of copper for new-disc/new-drum weshitbm Brake Pad
Partnership data was assigned the vari@glgpass, new-disc+dru@nd is

0.0769 0.0766 0.0561
13.34 +(24.44 13.34)——— "+ (34.44 24.44) —
c _ 1161 ¢ 1183 T 1.238
Cu, pass, new-disc+drum 34.44
= 0.06 (6%)

Drum brakes are expected to have lower concentrations of coppeatisicabrakes, so this value
represents a lower bound for the valueCef pass, new-aisfor surveyed vehicles. An upper bound
was found by assuming that the mass fraction of copper in drum bsakeso and using the

value forBgpp.giss as follows:

(upper bound; Surveyed VehiCIes Or%, pass, new—disc: ; aXleS C Cu, pass, new-discid
BPP-disc
2 axles
= —— 0.06=0.07
1.66 axles

Another source of uncertainty in using the surveyatlie to represent all factory-equipped
passenger vehicles is that the population of s@wwexehicles represents less than half of the
total sales in the US. The surveyed vehicles f&001-2003 represent 40% of the registered
vehicles that have factory brakes installed (hat &re less than three years old). The maximum
mass fraction of copper found in brake pads was @@ the minimum mass fraction is zero
(Armstrong, 1994; Westerlund, 2001). An upper lwbtor the copper in factory disc brakes was
found by assuming that brake lining materials i@ 8% of vehicles that were not included in
the survey were 20% copper. Similarly, a lowerrmbwas found by assuming that brake lining
materials in the 60% of vehicles that were notudeld in the survey were 0% copper. The
values for the upper and lower bounds are

(upper boundPe, juce newas= 06 0)2 04 0.pZ O
(|OW€r boundeu, pass, new—disc= 06 p+ 0@' OQ& 002

The midpoint of these two values is 0.09 and thaddrd uncertainty is half of the range divided
by the square root of three, or 0.04.

Table A-1 in Appendix A contains details concernthg choice of the following variables and
their estimated standard uncertainties. The m@sdidn of copper in non-factory disc brake
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pads,Ccy, pass, old-discwas assumed to be 0.05 (Armstrong, 1994), wikaadard uncertainty of
0.03. The mass of disc brake lining material fgragsenger vehicle axle that is disc-equipped,
Mpass, discvas estimated to be 660 g/axle with a standardrtaiogy of 30 g/axle (Brake Pad
Partnership, 2004). The fraction of material tisalvorn off when the linings are replacédghss
was estimated to be 0.80 (Garg et al, 2000) wi#taadard uncertainty of 0.08.

2.1.b Emission Factor Calculations

This section presents the values for air emissamtofs that were calculated using all three
estimation methodologies.

The Composition/Wear Approachin this method, the rate of overall brake linwgar was
estimated by multiplying the mass of brake liningterial on the vehicle by the fraction of
material that is worn off when the lining is repdc This value, divided by the distance driven
between lining replacements and adjusted for thesnfiaction of brake lining material that is
copper and the fraction of material that becomesoane, determined this methodology’s air
emission factor for copper from brake lining madksi

The airborne copper from drum brakes contributey htle to the total airborne copper because
some of the brake lining material is trapped indhnem, because drum brakes are less common
than disc brakes, and because the copper congentimatdrum brakes tends to be less than the
copper concentration in disc brakes. Thereforg; thre contributions from disc brakes must be
included and the equation for the emission fagor i

_ AR]ew—disc Bnew—discM pass, disI pag; Cu, pass, new-disc

EF

air, Cu, pass™_ d
pass, disc
+ A(l_ R1ew—disc) Bold—disc'vI pass, discf pag Cu, pass, old-disc
dpass, disc
_ ABdisc M pass, discf pas C + 1 R C
- d Rwew—disc Cu, pas new-disc ( - new—dis) Cu, pass, old-dj
pass, disc

Note that there is an error in the equation fos tlue in the work plan (the copper mass
fraction terms were inadvertently left out).

Details concerning the chosen value Apithe fraction of disc brake lining debris thateteased
to air, are contained in the section on partitignifror now, it is enough to know thats given
as 0.50 with a standard uncertainty of 0.09.

The calculated value for the emission factor fqoper releases to air from brake lining wear in
passenger vehicles using the composition/wear approvas estimated to be

_(0.5)(1.66 axle 600 g/axig Q. 1000 mg
EI:air, Cu, pass 56,000 km (3034( 009+( 1 03)1( 005 g

=0.5 mg/km

The standard uncertainty for this value is 0.2 mg/kAs shown in Table 2.1-5, the largest
contributor to this uncertainty was the uncertaimythe value forCcy, pass, old-discand the next
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largest contributor to the uncertainty was the uiagaty in the value foCcy, pass, old-disc 1he
final column in this table is a measure of the afale’s contribution to uncertainty in the
calculated result. The 95% confidence intervaltfos emission factor is 0.04 mg/km to 0.9
mg/km.

The Composition/Existing Emission Factor Approadkn emission factor for air releases from
brake lining wear was also developed by applyirfgriation on mass fractions of copper to
measured brake wear air emission factors. As thighcomposition/wear approach, the airborne
copper from drum brakes contributes very littléhe total airborne copper because some of the
brake lining material is trapped in the drum, beeadrum brakes are less common than disc
brakes, and because the copper concentration m drakes tends to be less than the copper
concentration in disc brakes. Therefore, only doatributions from disc brakes must be
included and the equation for calculating the emsfactor is

Rnew-discBnew-discC Cu, pass, new-di-sizz(l- R new:-gi ald-disc C\Cu, pass, old-disc
air, paSs pass
Rwew—discBnew—disc-'- (1 - R new—disl B old-disc

= EI:air, pasJ: pas( R new—dig Cu, pass, new—ail-s(l_ I %ew—disc) CCu, pass, oId—di;c
mg

=8—2(0. ) ) 1 0.34 0.
” (0.83( 0.34 0.0p+( 1 0.34 0.95

=0.4 mg/km
The standard uncertainty for this value is 0.2 mg/kAs with the composition/wear approach,
the largest contributor to this uncertainty was uheertainty in the value fdCcy, pass, old-discand
the next largest contributor to the uncertainty Wesuncertainty in the value fQty, pass, old-disc
The 95% confidence interval for this emission fadg0 mg/km to 0.8 mg/km. Intermediate
values for calculating the standard uncertaintyhis result can be found in Table 2.1-5. The
final column in this table is a measure of the afale’s contribution to uncertainty in the
calculated result.

EF = EF

air, Cu, pass

Tunnel Studies: Tunnel studies are expected to be a strong possielens of determining
emission factors because they represent emissionsdctual fleets in service, as opposed to a
small selection of brake lining materials. Thre8& thnnel studies that developed emission
factors for copper were found. One (Gertler e2802) developed emission factors for FjV
only. Another (Lough, 2005a) was a study of twortels where braking rarely occurred. The
third (Gillies et al, 2001) was a study of the Sepda Tunnel in Los Angeles. More braking
occurs in the Sepulveda Tunnel than in other tuntledt were studied (Lough, 2005b; Gertler,
2005a), and because of this, the results of Gidlieal are most representative of urban driving.
This emission factor is for P)dlonly, does not separate passenger vehicles frosiumeduty or
heavy-duty vehicles (so it would be applied to e&hmiles traveled for all vehicles), and does
not correct for re-suspended road dust. In additieeavy-duty and medium-duty vehicles
contribute a larger fraction of total vehicle mikeaveled in the Bay area than in the Sepulveda
Tunnel. More details concerning this tunnel staedy be found in Appendix B of this report,
which contains the abstract for the reference. issubsion of the differences in vehicle miles
traveled by vehicle category can be found in Appedd
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The emission factor as stated in the reference.538 ng Cu/km with an author-reported
uncertainty of 0.06 mg Cu/km. This emission fagtarst be adjusted upwards to account for
copper contained in particles larger than @ The fraction of brake lining particles thatlid

m and smaller ranges from 0.8 to 0.98 (Garg €2@00; Cha et al, 1983; Sanders et al, 2003,
Haselden et al, 2004). (Note that particle siztrithutions from brake lining wear are discussed
in more detail in Section 3 of this report.) Irder to adjust the tunnel study's airborne copper
emission factor to include copper contained iniplag larger than 10m, Haselden et al's value
for PMyp fraction was used. This value is 0.91 with a déad uncertainty of 0.04. Thus, the
adjusted emission factor for airborne copper emissfrom brake linings is 0.58 mg Cu/km with
a standard uncertainty of 0.07 mg Cu/km. The 95%fidence interval for this value is 0.44 to
0.72 mg Cu/km. Intermediate values for calculating standard uncertainty can be found in
Table 2.1-5.

2.1.c Final Result

The three independently calculated air emissiomofacfor copper released from brake lining
wear in passenger vehicles (0.5 mg Cu/km, 0.4 mé¢grGuand 0.58 mg Cu/km) are in
surprisingly good agreement. The tunnel studyltegas used in this inventory effort because it
has the least amount of uncertainty and becaugb®s confidence interval range falls entirely
within the 95% confidence interval ranges for botlthe other methodologies.

FINAL RESULT
EFair, cu, pass= 0.58 mg Cu/km; range 0.44 to 0.72 mg Cu/km (95% confidence interval)
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Table 2.1-1  Distribution of fee-paid registratioly type and year first registered for
California, 2003 (State of California, 2003).

Vehicle Age: Commer- Motor-
Less than Auto cial Trailers | cycles

1 year 13.34 11.33 8.34| 17.64

2 years 24.44 21.47 15.35| 31.16

3 years 34.44 30.78 21.77| 41.33

4 years 42.74 38.44 27.80 | 48.52

5 years 49.54 44.60 32.86 | 53.82

6 years 55.32 49.76 37.34| 58.27

7 years 60.45 54.45 41.34| 62.06

8 years 65.03 58.53 45.32 | 65.29

9 years 69.24 62.43 49.23 | 68.17

10 years 72.86 65.78 52.34| 70.71
11 years 76.08 68.72 55.83 | 72.96
12 years 79.13 71.50 58.55| 75.19
13 years 82.36 74.67 61.50 | 77.33
14 years 85.30 77.87 64.48 | 79.10
15 years 87.76 80.57 67.86 | 80.81
16 years 89.78 83.04 71.13| 82.73
17 years 91.72 85.60 74.00 | 84.76
18 years 93.19 87.75 76.32 | 86.79
19 years 94.26 89.33 78.37 | 88.64
20 years 95.01 90.38 79.86 | 90.24
21 years 95.48 91.15 81.09| 91.44
22 years 95.85 91.80 82.39 | 92.62
23 years 96.15 92.44 83.63| 93.71
24 years 96.49 93.20 85.12 | 94.84
25 years 96.83 93.95 86.59 | 95.59
All Years 100.00 100.00| 100.00| 100.00

®Not necessarily the manufactured model year. treduall
registered vehicles that paid dues regardlesseofibdel year used
to determine fees.

Process Profiles, 1/27/2006, page 16



Copper Released from Brake Lining Wear in the San Francisco Bay Area

Table 2.1-2 Copper content of friction materialnfraa survey of 2001 and 2002 vehicle
models in the top 20 in US sales and for a samipte&enty 2003 vehicle models
(Brake Pad Partnership, 2004).

Mass, kg
Material 2001 2002 2003
Friction material per vehicle 1.238 1.183 1.161
Copper per vehicle 0.0561 0.0766 0.0769

Table 2.1-3  Fraction of vehicles equipped with dionrakes on rear
axle (from Ward'’s, 2004, unless otherwise noted).

% of Vehicles
with Drum Total
Model | Brakes on Rearn, Number of
Category Year Axle Vehicles

Domestic Cars 2003 49.3 6,432,180
Domestic Light Trucks 2003 25.3 8,538,668
Import Cars 2002* 35.7 2,099,390

2003 30 2,076,711
Import Light Trucks 2002* 58.8 1,048,691

2003 26.4 1,153,783
Model Year 2003 Totals 34.4 18,201,342

*Ward's, 2003.
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Table 2.1-4  Fraction of surveyed vehicles equippid drum brakes on rear axle.
% of Vehicles with Drum
Sales (Brake Pad Brakes on Rear Axle (Ward's,
Make Model Partnership, 2004) 2004)

Chevrolet Cavalier 256,550 64.1
Ford Focus 229,353 98.1
Toyota Corolla 265,449 93
Honda Civic 260,632 91
Chevrolet Malibu 173,263 100
Ford Taurus 361,838 94
Mercury Sable
Honda Accord 325,465 0
Toyota Camry 367,394 55
Nissan Altima 201,240 0
PT Cruiser 227,860 81
Dodge Neon
Plymouth Neon
Ford Explorer 422,810 0
Mercury Mountaineer
Jeep Grand Cherokee 207,479 0
Ford Expedition 220,289 0
Lincoln Navigator
GMC Tahoe, Suburban, other large SU 527,033
Chevrolet Trailblazer 397,168 0
Oldsmobile | Bravada
GMC Envoy
Ford Escape 217,190 100
Mazda Tribute
Jeep Liberty 162,987 0
Dodge Caravan/Voyager/Town&Country 374,494 b9
Plymouth Caravan/Voyager/Town&Country
Chrysler Caravan/Voyager/Town&Country
GMC Sonoma 171,613 100
Chevrolet S10
Ford Ranger 224,087 100
Mazda Pickup
Chevrolet Silverado 880,318 0
GMC Sierra
Dodge Ram 449,371 0
Ford F-Series 806,387 0
TOTAL 7,730,770 33.7
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Table 2.1-5  Air emission factors for copper fromak® lining material in passenger vehicles.
df/d(variable),
Uncertainty, | evaluated at| df/d(variablef
Variables Value Uvariable value X uvariamez
Airborne Emission Factor from Composition/Wear Aggeh
A 0.50 0.09| 0.91 0.006
Buisc 1.66 axle 0.06 axle 0.28 0.0003
Mpass, disc 657 g/axle 60 g/axlg¢  0.00070 0.002
foass 0.80 0.08| 0.57 0.002
Opass, disc 56,361 km 5,636 km 0.0000081] 0.002
Rhew-disc 0.34 0.03| 0.32 0.00008
Cecu, pass, new-disc 0.09 0.04| 2.7 0.009
Cecu, pass, old-disc 0.05 0.03] 5.1 0.02
Calculated result (mg Cu/km) 0.5
Standard uncertainty in calculated result (mg @y/k 0.2
95% confidence interval (mg Cu/km) \ 0.0 0.9
Airborne Emission Factor from Composition/Emisskactor Approach
EFRuir, pass 8 mg/km 4 mg/km| 0.049 0.03
Fpass 0.83 0.04| 0.45 0.0003
Rhew-disc 0.34 0.03| 0.26 0.00006
Cecu, pass, new-disc 0.09 0.04| 2.2 0.006
Cecu, pass, old-disc 0.05 0.03| 4.1 0.01
Calculated result (mg Cu/km) 0.4
Standard uncertainty in calculated result (mg G@y/k 0.2
95% confidence interval (mg Cu/km) -0.1 0.8
Airborne Emission Factor from Tunnel Study Approach
EFRair, cu, all vehicles | 0.53 mg Cu/km| 0.06 mg Cu/km 1.1 0.004
PM;jo correction 0.91 0.04 0.64 0.0006
Calculated result (mg Cu/km) 0.58
Standard uncertainty in calculated result (mg @u1/k 0.07
95% confidence interval (mg Cu/km) 0.44 0.72

Process Profiles, 1/27/2006, page 19




Copper Released from Brake Lining Wear in the San Francisco Bay Area

2.2 Medium-Duty Vehicles
A medium-duty vehicle is one that weights 5,758%60 Ib.
2.2.a Summary of Values Assigned to Variables

Medium-duty vehicles have two axles. It was neags$o estimate the number of disc-brake
equipped axles per medium-duty vehi®@gpy, 4isc.  This value could not be found in literature,
either. It was estimated to be 0.5 (i.e., halfme#dium-duty vehicles are equipped with disc
brakes in front). A uniform distribution from Ot8 0.7 axle was assumed for this value, so that
it has a standard uncertainty of 0.1 axle.

Table A-2 in Appendix A contains details concernthg choice of the following variables and
their estimated standard uncertainties. In neaxlgry case, data specific to medium-duty
vehicles were not available and data on heavy-deitycles were used. Because information on
the copper content in medium-duty vehicle brakenja was not available, the mass fraction of
copper in disc brakes on medium-duty vehiclés,, mpv, dise Was set at the value found for
heavy-duty vehicles by a European researcher. Vdlige is 0.05 (von Euxkull, 2002) with a
standard uncertainty of 0.02. This value is naablthat it is similar to the copper concentration
in passenger cars in the US for non-factory braasp Another European study of heavy-duty
vehicles provides the value for the mass of diskdidining material per axl&vpv, gisc.  This
value is 4,800 g/axle (Westerlund, 2001) with angéad uncertainty of 300 g/axle. That same
European study provides a heavy-duty vehicle switstfor the value of the fraction of brake
lining material worn off at replacemerfipy. This value is 0.7 (Westerlund, 2001) with a
standard uncertainty of 0.07. Another value frdra same study was used for the distance
traveled between disc brake lining replacemeiisy, gisc.  This value was found to be 60,000
km (Westerlund, 2001) with a standard uncertairfity,000 km. The fraction of wear debris that
is brake lining material (as opposed to disc makerirypy, could not be found specifically for
medium-duty vehicles and was assumed to be the aamas measured for passenger vehicles.
That value (see previous section on passengerlegshis 0.83 with a standard uncertainty of
0.04. An emission factor for air releases from medduty brakes developed for the UN,
EFair, mpv, Was used. This value is 12 mg/km (Ntziachristod Boulter, 2004), with a standard
uncertainty of 2 mg/km.

2.2.b Emission Factor Calculations

This section presents the values for air emissamtofs that were calculated using all three
estimation methodologies.

The Composition/Wear Approachin this method, the rate of overall brake liniwgar was
estimated by multiplying the mass of brake liningterial on the vehicle by the fraction of
material that is worn off when the lining is repdc This value, divided by the distance driven
between lining replacements and adjusted for thesnfiaction of brake lining material that is
copper and the fraction of material that becomesoane, determined this methodology’s air
emission factor for copper from brake lining madksi
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Details concerning the chosen value Aptthe fraction of disc brake lining debris thateteased
to air, are contained in the section on partitignifror now, it is enough to know thats given
as 0.50 with a standard uncertainty of 0.09.

The airborne copper from drum brakes contributey htle to the total airborne copper because
some of the brake lining material is trapped indhnem, because drum brakes are less common
than disc brakes, and because the copper congentimatdrum brakes tends to be less than the
copper concentration in disc brakes. Thereforg; thre contributions from disc brakes must be
included and the equation for the emission fagor i

_ Aa\/IDV, disc M MDV, disc fMDV

EI:air, Cu, MDV CCu, MDV, disc

dMDV, disc

(0.5)(0.5 axle} 4.8 foa”:dge( of op

60,000 km
=0.7 mg/km

The standard uncertainty for this value is 0.4 mg/kThe intermediate values for calculating the
standard uncertainty in this value are given inl@&h2-1. The final column in this table is a
measure of the variable’s contribution to uncettain the calculated result. This table shows
that the largest contributor to the uncertaintyhis value for the concentration of copper in the
brake lining materials. The next most importanirses of uncertainty are in the values for the
fraction of debris that becomes airborA¢ and the number of axles equipped with disc brakes
per vehicle. The 95% confidence interval for #msission factor is 0 mg/km to 1.5 mg/km.

The Composition/Existing Emission Factor Approaddn emission factor for air releases from
brake lining wear was also developed by applyirfgrmation on mass fractions of copper to
reported brake wear air emission factors. As wh#h composition/wear approach, the airborne
copper from drum brakes on medium-duty vehiclegrdautes very little to the total airborne
copper. Therefore, only the contributions froncdisakes must be included and the equation for
the emission factor is

EI:air, Cu, MDV = EI:air, MDVFMDVCCU, MDV, disc

11% (0.83( 0.05

=0.48 mg/km

An estimate of the standard uncertainty for thikigas 0.09 mg/km. The intermediate values
for calculating the standard uncertainty in thitueaare given in Table 2.2-1. The final column
in this table is a measure of the variable’s cbntion to uncertainty in the calculated result.
This table shows that the largest contributor te tmcertainty, again, is the value for the
concentration of copper in the linings. The 95%ftence interval for this emission factor is
0.3 mg/km to 0.7 mg/km.

Tunnel Studies: There are no US tunnel studies in that providppeo air emission factors
specifically for medium-duty vehicles. The Gilliesal, 2001 study of the Sepulveda Tunnel in
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Los Angeles does not separate passenger vehiolasnfredium-duty or heavy-duty vehicles (so
it would be applied to vehicle miles traveled ftinehicles). This study does not correct for re-
suspended road dust. In addition, heavy-duty aedimm-duty vehicles contribute a larger
fraction of total vehicle miles traveled in the Basea than in the Sepulveda Tunnel. More
braking occurs in the Sepulveda Tunnel than in rothenel studies that provided copper
emission factors (Lough, 2005b; Gertler, 2005ayl lhecause of this, the results of Gillies et al
are most representative of urban driving. Moreaidketoncerning this tunnel study can be found
in Appendix B of this report, which contains thestbct for the reference. A discussion of the
differences in vehicle miles traveled by vehicleegary can be found in Appendix C.

The emission factor as stated in the reference.58 ng Cu/km with an author-reported
uncertainty of 0.06 mg Cu/km. This emission fagtarst be adjusted upwards to account for
copper contained in particles larger than @ The fraction of brake lining particles thatlid

m and smaller ranges from 0.8 to 0.98 (Garg €2@00; Cha et al, 1983; Sanders et al, 2003,
Haselden et al, 2004). (Note that particle siztrithutions from brake lining wear are discussed
in more detail in Section 3 of this report.) Irder to adjust the tunnel study's airborne copper
emission factor to include copper contained iniplag larger than 10m, Haselden et al's value
for PMyo fraction was used. This value is 0.91 with adéad uncertainty of 0.04. The adjusted
emission factor for airborne copper emissions flmake linings is thus 0.58 mg Cu/km with a
standard uncertainty of 0.07 mg Cu/km. The 95%fidence interval for this value is 0.44 to
0.72 mg Cu/km. Intermediate values for calculating standard uncertainty can be found in
Table 2.2-1.

2.2.c Final Result

Again, the emission factors from the three methogiels are in fairly good agreement (0.7 mg
Cu/km, 0.48 mg Cu/km, and 0.58 mg Cu/km). The é@listudy result was used in this inventory
effort because it has the least amount of uncéytaoecause it applies to all vehicle categories,
and because its 95% confidence interval range faégly entirely within the 95% confidence
interval range for the results for the other twamoeologies.

FINAL RESULT
EFair, cu, mov = 0.58 mg Cu/km; range 0.44 to 0.72 mg Cu/km (95% confidence interval)
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Table 2.2-1  Air emission factors for copper fromake lining material in medium-duty
vehicles.
df/d(variable),
Uncertainty, | evaluated at|df/d(variable}
Variables Value Uvariable value X Uyariable
Airborne Emission Factor from Composition/Wear Aggeh
A 0.50 009 14 0.02
Bmbv, disc 0.5 axle Olaxle 1.4 0.03
Mmbv, disc 4,800,000 mg/axle 288,675 mg/axle 0.00000015 0.002
fmpv 0.70 0.07| 1.0 0.005
dvibv, disc 60,000 km 5,000 km  0.000012 0.004
CCU, MDV, disc 005 002 14 009
Calculated result (mg Cu/km) 0.7
Standard uncertainty in calculated result (mg @1/k 0.4
95% confidence interval (mg Cu/km) 0.0 1.5
Airborne Emission Factor from Composition/Emisskactor Approach
EFair, Mpv 12 mg/km 2 mg/km 0.017 0.0008
Fmpv 0.80 0.06| 0.25 0.0002
Ccu, MDV, disc 0.05 0.02| 3.9 0.007
Calculated result (mg Cu/km) 0.48
Standard uncertainty in calculated result (mg @u)/k 0.09
95% confidence interval (mg Cu/km) \ 0.30 0.66
Airborne Emission Factor from Tunnel Study Approach
PM; o correction 0.91 0.04| 0.64 0.0006
Calculated result (mg Cu/km) 0.58
Standard uncertainty in calculated result (mg @1/k 0.07
95% confidence interval (mg Cu/km) 0.44 0.72
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2.3 Heavy-Duty Vehicles
Heavy-duty vehicles are those that weigh 8,500 limore.

Heavy-duty vehicles are not large contributorsdpper releases from brake lining wear. This is
in part due to the fact that they do not compriselastantial portion of vehicle miles traveled. In
addition, more than 95% of heavy-duty vehicle bsakee drum brakes (Lawrence, 2004) and
much of the brake lining material that is worn dgrbraking remains trapped in the drum. Also,
the reported copper concentration of lining matanadrum brakes in heavy-duty vehicles is

lower than the copper concentration in disc brakeds.

2.3.a Summary of Values Assigned to Variables

One of the important variables that must be asdes$®n determining copper releases from
heavy-duty vehicles is the amount of brake linimdpris that is not trapped in the drum. This
value, assigned the variable could not be found in the literature. It is assdl that this value
can be represented by a uniform distribution thages from 0.1 to 0.5, so that the point value is
0.3 with a standard uncertainty of 0.1.

Another variable important for estimating coppdeases from heavy-duty vehicle brakes is the
number of axles per heavy-duty vehid&,py. Again, information on this value could not be
obtained. It is assumed that this value can beesgmted by a uniform distribution from 4 axles
to 8 axles, so that the point value is 6 axles witandard uncertainty of 1 axle.

It was also necessary to estimate the number afhieke equipped axles per heavy-duty
vehicle,Bypv, gise  This number is small; less than 5% of heavy-dutgk brakes are disc brakes
(Lawrence, 2004). This value was estimated by iplylhg the number of axles per heavy-duty
vehicle by 3%, or

N,ov =6 axled 0.0B= 0.18 axk

A uniform distribution from 0.15 axle to 0.03 axke assumed for this value, so that it has a
standard uncertainty of 0.06 axle.

Table A-3 in Appendix A contains details concernthg choice of the following variables and
their estimated standard uncertainties. Infornmatin the copper content of heavy-duty vehicle
brake linings in the Unites States was not avaslabNeither was information on the potential
differences between copper concentrations of Imingfactory-equipped brakes and aftermarket
brake linings. The mass fraction of copper in lyedwty vehicle drum brake€cy Hov, drum Was
found in a European study to be 0.002 (von Euxia@02), with a standard uncertainty of 0.002.
The mass fraction of copper in disc brakes on helany vehiclesCc,, Hpv, diss Was found by the
same researcher to be 0.05 (von Euxkull, 2002) wigihandard uncertainty of 0.02. This value
is notable in that it is similar to the copper cemication in passenger cars in the US for non-
factory brake pads. In another European studymtass of drum brake lining material per axle
in heavy-duty vehiclesMupy, ¢rumw Was found to be 7,000 g/axle (Westerlund, 200ih
standard uncertainty of 300 g/axle. The same relBeafound the mass of disc brake lining
material per axleMuppv, gise 10 be 4,800 g/axle (Westerlund, 2001) with adsad uncertainty of
300 g/axle. The fraction of brake lining matexadrn off at replacement;,;py, was found in the
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same European study to be 0.7 (Westerlund, 20Gh)anstandard uncertainty of 0.07. Again, in
that European study, the distance traveled betwle@m brake lining replacementd,pv, dgrum
was found to be 100,000 km (Westerlund, 2001) witstandard uncertainty of 20,000 km and
the distance traveled between disc brake linindgaogmentsdypy, dise Was found to be 60,000
km (Westerlund, 2001) with a standard uncertairity,000 km. The fraction of wear debris that
is brake lining material (as opposed to drum makgifr.py, could not be found specifically for
heavy-duty vehicles and was assumed to be the saine as was measured for passenger
vehicles. That value (see previous section onegoags vehicles) is 0.83 with a standard
uncertainty of 0.04. The emission factor for @ileases from heavy-duty brakes developed by
the UN, EFRi vpv, is 33 mg/km (Ntziachristos and Boulter, 2004)hva standard uncertainty of

5 mg/km.

2.3.b Emission Factor Calculations

This section presents the values for air emissamtofs that were calculated using all three
estimation methodologies.

The Composition/Wear Approachin this method, the rate of overall brake liniwgar was
estimated by multiplying the mass of brake liningternial on the vehicle by the fraction of
material that is worn off when the lining is repdc This value, divided by the distance driven
between lining replacements and adjusted for thesnfraction of brake lining material that is
copper and the fraction of material that becomesoane, determined this methodology’s air
emission factor for copper from brake lining madési In the case of drum brakes, this value has
to also be adjusted for the amount of brake webrisi¢hat is trapped in the drum.

Details concerning the chosen value Apithe fraction of disc brake lining debris thateteased
to air, are contained in the section on partitignifror now, it is enough to know thatis given
as 0.50 with a standard uncertainty of 0.09.

The equation for the emission factor is
_ TA( NHDV - 3IDV, disc) I\/lHDV, drum fHDV CCu, HDV, drum + ABHDV, disc M HDV, disc fHDV C

EF cu rmov = Ao o G o Cu, HDV, disc
(0.3)(0.9( 6 axles 0.18 axlps * 7 Gl%%?e ( K7 0po2
100,000 km
(0.5)(0.18 axley 438 af a:;ge (0.9(0.03
.
60,000 km
=0.3 mg/km

The standard uncertainty for this value is 0.2 mg/kThe intermediate values for calculating the
standard uncertainty in this value are given inl@&bh3-1. The final column in this table is a
measure of the variable’s contribution to uncettain the calculated result. This table shows
that the largest contributors to the uncertainty,fdr, are the values for the concentration of
copper in the brake lining materials (both shoes ads contribute equally to the uncertainty)
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and the value for the number of axles equipped digls brakes. The 95% confidence interval
for this emission factor is 0 mg/km to 0.8 mg/knthe contribution by drum brakes to the
emission factor is only one-quarter of the totakrethough drum brakes are more than 95% of
brakes. This verifies the validity of neglectirnge tdrum brake terms for passenger and medium-
duty vehicles.

The Composition/Existing Emission Factor Approaddn emission factor for air releases from
brake lining wear was also developed by applyirfgrmation on mass fractions of copper to
reported brake wear air emission factors. The tamuéor the emission factor is

EI:air, Cu, HDV
BHDV, discM HDV, discC Cu, HDV, disc T ( NHDV - B—IDV, disc) MHDV, druchU, HDV, drum
d : d
— EFair F HDV, disc HDV, drum
YRy BHva discM HDV, disc +T(NHDV - amv, disc) MHDV, drum
dHDV, disc dHDV, drum
mg
= 33— (0.8
o (083
mg -2 n61R9
0.18 4.8 169 (005 ( 0) 6axe 0.18 akle “7.0°189 0)002
(0.19 arie (0P (O ie 7.0482 (o
60,000 km 100,000 km
(019 4.8 169 (0} 6ade 0.18ayle 7.0°18Y
axle N axle
60,000 km 100,000 km
=0.2 mg/km

An estimate of the standard uncertainty for thitu@as 0.1 mg/km. (Note that the partial
derivatives for the equation for the average cotraéon of copper are unwieldy. In order to
estimate the uncertainty, the denominator waslego a variable and the standard uncertainty
for the denominator and numerator were found seéggrand then combined. This does not
provide as good of an assessment of the standaeftamty because they are co-related.) The
intermediate values for calculating the standarckttainty in this value are given in Table 2.3-1.
The final column in this table is a measure of Yheable’s contribution to uncertainty in the
calculated result. This table shows that the trgentributor to the uncertainty is the value for
the concentration of copper in the brake liningerats. The 95% confidence interval for this
emission factor is 0 mg/km to 0.5 mg/km.

Tunnel Studies: There are no tunnel studies in the US with copgeremission factors
specifically for heavy-duty vehicles. However, tGdlies et al, 2001 study of the Sepulveda
Tunnel in Los Angeles does not separate passemdgcles from medium-duty or heavy-duty
vehicles (so it would be applied to vehicle milesveled for all vehicles). Values in this study
are not corrected for re-suspended road dustdditian, heavy-duty and medium-duty vehicles
contribute a larger fraction of total vehicle mikeaveled in the Bay area than in the Sepulveda
Tunnel. However, more braking occurs in the SegadvTunnel than in other tunnel studies that
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were used to develop copper air emission factoosigh, 2005b; Gertler, 2005a), and because of
this, the results of Gillies et al are most repnésive of urban driving. More details concerning

this tunnel study can be found in Appendix B oktheport, which contains the abstract for the
reference. A discussion of the differences in elehmiles traveled by vehicle category can be
found in Appendix C.

The emission factor as stated in the reference .B3 Ong Cu/km with an author-
reported)uncertainty of 0.06 mg Cu/km. The 95%fid@mce interval for this value is 0.41 mg
Cu/km to 0.65 mg Cu/km. This emission factor mhestadjusted upwards to account for copper
contained in particles larger than 1. The fraction of brake lining particles thatli3 m and
smaller ranges from 0.8 to 0.98 (Garg et al, 2@ty et al, 1983; Sanders et al, 2003; Haselden
et al, 2004). (Note that particle size distribosdrom brake lining wear are discussed in more
detail in Section 3 of this report.) In order wjwst the tunnel study's airborne copper emission
factor to include copper contained in particlegdarthan 10 m, Haselden et al's value for M
fraction was used. This value is 0.91 with a staddincertainty of 0.04. The adjusted emission
factor for airborne copper emissions from brakengs is thus 0.58 mg Cu/km with a standard
uncertainty of 0.07 mg Cu/km. The 95% confidenuerval for this value is 0.44 to 0.72 mg
Cu/km. Intermediate values for calculating thendtad uncertainty can be found in Table 2.3-1.

2.3.c Final Result

Again, the emission factors from the three methogiels are in fairly good agreement (0.2
mg/km, 0.3 mg/km, and 0.58 mg/km). The tunnel gtas$ult is used in this effort because it has
the least amount of uncertainty, because it appbesll vehicle categories, and because it
encompasses a large part of the 95% confideneevaitfor both of the results from the other
methodologies.

Note that heavy-duty vehicles comprise a small griign of the vehicle miles traveled in the

Bay area and their contribution to copper air emissfrom brake pads is negligible.

FINAL RESULT
EFair, cu, vov = 0.58 mg Cu/km; range 0.44 to 0.72 mg Cu/km (95% confidence interval)
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Table 2.3-1  Air emission factors for copper fromak® lining material in heavy-duty vehicles.
df/d(variable),
Uncertainty, evaluated at | df/d(variablef
Variables Value Uvariable value X Uyariable
Airborne Emission Factor from Composition/Wear Aggeh
A 0.5Q 0.09| 0.70 0.004
T 0.30 0.10| 0.31 0.001
Bubv, disc 0.18 axle 0.07 axle| 1.4 0.01
Mubv, drum 7,000,000 mg/ax|288,000 mg/axle  0.00000001 0.00001
MHupv., disc 4,800,000 mg/ax|@88,000 mg/axle  0.00000005 0.0002
fupv 0.7Q 0.07 | 0.50 0.001
dupv, drum 100,000 km 20,000 km| 0.00000093 0.0003
dupv, disc 60,000 km 5,000 km| 0.0000043 0.0005
Nxpv 6 axles 1l axle| 0.016 0.0003
Ccu, HDV, drum 0.002 0.002 | 43 0.01
Ccu, HDV. disc 0.051 0.022| 5.0 0.01
Calculated result (mg Cu/km) 0.3
Standard uncertainty in calculated result (mg @0/k 0.2
95% confidence interval (mg Cu/km) | 0.0 0.7
Airborne Emission Factor from Composition/Emisskactor Approach
EFir, vov 33 mg/km 5 mg/km  0.0061 0.001
Fupv 0.83 0.04] 0.24 0.00009
Ccu, HDV, ave 0.007 0.005| 27 0.02
Calculated result (mg Cu/km) 0.2
Standard uncertainty in calculated result (mg @)/k 0.1
95% confidence interval (mg Cu/km) -0.1 0.5
Airborne Emission Factor from Tunnel Study Approach
EFair, cu, all vehicles 0.53 mg Cu/km| 0.06 mg Cu/kmm 1.1 0.004
PM; correction 0.91 0.04| 0.64 0.0006
Calculated result (mg Cu/km) 0.58
Standard uncertainty in calculated result (mg @u)/k 0.07
95% confidence interval (mg Cu/km) 0.44 0.72
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2.4 Buses

Copper emissions from bus brake lining materiale arsignificant compared to copper
emissions from passenger vehicles. Buses accouatsmall fraction of vehicle miles traveled,
less even than heavy-duty vehicles. Also, buseeanipped with drum brakes, and the copper
concentration in drum brakes is very low and has l&elihood of escaping to the environment.

2.5 Motorcycles

Motorcycles contribute negligibly to the copper ssnons from brake lining materials. They are
expected to have approximately one-fourth of theltairborne brake wear debris released per
mile for passenger vehicles because they weightamniialy less than passenger vehicles (total
airborne brake wear debris releases correlate euith weight). Also, they contribute a small
portion of vehicle miles traveled.
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3 Particle Size Distribution of Copper Releases to Air from Brake
Lining Wear

A number of researchers have measured the pasioéedistribution of brake wear material
emitted to air. A few of these particle size disitions are given in Table 3-1.

The particle size distribution for this project ateken from the dynamometer studies
commissioned by the Brake Pad Partnership, andnpeed in November of 2004 (Haselden et
al, 2004). The researchers found the particle dig&ibution for total particulates and for
particulates containing copper. Figure 3-1 shohat the results for copper and for total
particulate are very similar. Table 3-2 gives tipairticle bin data in full.

Haselden et al performed an analysis of the uniogytan their results and their values will be
used. They will be incorporated in this reporeathey are obtained in tabular form.
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20 | —=— total particulate
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Figure 3-1 Comparison of size distributions foratobrake wear and copper brake wear
particles (Haselden et al, 2004).
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Table 3-1

Brake wear patrticle size distributiormitliterature.

Haselden ef]
Sandery Haselden et al, 2004

GargefChaetal etal, |al, 2004 (totg (copper
al, 200Q 1983 2003 | particulate) | particulate)

% of airborne that is P 84 98 80 89 91

% of airborne that is PM 90 60

% of airborne that is PM 82 35

% of airborne that is Pp4 67

% of airborne that is PM 16 2

% of airborne that is PM 12 16

% of airborne that is Ppks 9

% of airborne that is PM 35 0.5 0.25

Table 3-2 Particle size distribution for use in ralimg (Haselden et al, 2004; standard
errors are from Schlautman, 2005).
% of total % of total
Particle Size particulate mass| particulate coppel
Cutoff, um mass
all particles 100.00 £ 5.39 100.00 + 8.47
<18 93.80 +5.20 94.76 + 7.91
<10 88.65 + 5.02 91.18 +7.73
<5.6 70.88 + 4.46 74.66 £ 6.72
<3.2 44.48 £+ 3.45 46.23 + 5.00
<1.8 24.74 £ 2.87 31.97 £ 3.99
<1 12.11 £ 2.37 15.76 + 2.87
<0.56 6.84+£1.76 9.42 +1.80
<0.32 2.62 £ 1.60 4.62 +1.55
<0.18 0.77 £ 1.25 2.01+1.39
<0.1 0.50+0.73 0.25+1.02
< 0.056 0.50+0.42 0.05+0.61
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4 Partitioning of Copper Releases from Brake Lining Wear and
Development of Emission Factors for Non-Air Release s of Copper
from Brake Lining Wear

As brake lining material wears, some of the linmgterial is released directly to the air, some
sticks to the vehicle, and some falls to the grou@d the portion that sticks to the vehicle, some
might be washed off by rain or by individual carshing, in which case it enters the storm
drains. Some might be washed off in a commer@alash that discharges to the sewer. This
distribution of releases is called partitioning.

The value for the fraction of total brake liningavehat is emitted to air is assigned the variable
A. This value is crucial to the entire modelingoeffand is extremely difficult to measure.
Generally, brake lining emissions are studied imalaoratory using a dynamometer. The
experimental apparatus generally precludes inctuéven a wheel with the brake equipment,
and when a wheel is included, a great deal of dathimgs to it and does not become airborne.
One researcher (Garg et al, 2000) included a wdsseimbly. This researcher found that 35% of
the debris became airborne. Another researched@a et al, 2003) claimed that Garg’s result,
when corrected for sampling losses, would have l&6. In his own dynamometer testing
with a wheel, Sanders found that 69% of debris iecairborne when a wheel was included,
compared to 89% when no wheel was included (Samdes 2002).

The best available value for airborne fractiorrdsxf a test of a vehicle in a wind tunnel (Sanders
et al, 2003). The experiment to determine thisi@alas conducted on one full-size vehicle and
there are many factors that make a wind tunnel npeifect model of on-road operation.
However, the wind tunnel result is expected to lmrenrealistic than dynamometer values. In
the wind tunnel, the airborne fraction was 0.5MisTvalue is reasonable when compared to the
results for dynamometer testing when a wheel itudged and when comparing the change in
airborne fraction due to addition of a wheel. Hé ttrue value for airborne fraction has a 100%
likelihood of falling between 35% and 65%, then st@ndard uncertainty for this value is 0.09.

Dynamometer results indicate that most of the ramgi debris sticks to the vehicle. In

dynamometer tests, two to six times as much deloitiered to the hardware as fell to the floor
(Sanders et al, 2002). If this ratio holds for tfum-airborne fraction during actual vehicle use,
then between 8% and 17% of brake wear debrisdakstly to the road. The remaining 33% to
42% either falls to the road after initially admgyito the vehicle (because it is jarred off, builds
up to the point where it falls off, or is washed wf a rain event or when the vehicle drives
through standing water) or is rinsed to sewer @ommercial car wash.

It is difficult to estimate the portion of brake aredebris that is removed in commercial car
washes and sent to sewer. This is the only poribibrake wear debris that escapes any
possibility of becoming entrained in storm watemafi.

In one of the Brake Pad Partnership discussiongst mentioned that brake wear debris is more
likely to be rinsed off a brake caliper when a whgplashes through a puddle than in a
commercial car wash. Precipitation events arethetonly causes of standing water; over-
irrigation creates puddles as well.
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Copper concentrations in the discharge water frommaercial car washes is not helpful because
they are not combined with information on the numdbievehicles served. In addition, water
recycling and treatment at these facilities makegiy difficult to correlate the concentration of
copper with copper release rates per vehicle.

A crude estimate of the amount of brake wear dehas is removed in commercial carwashes
can be obtained by assuming that all brake wearngdebremoved from vehicles on days with
rain, and that all brake wear debris is removednvdoear is washed. The ratio of commercial
carwash events to the total brake wear debris rairexents (days of rain plus carwash events)
provides an estimate of how much brake wear débresmoved at commercial car washes.

In a 2004 survey titled “Americans Come Clean Aboheir Cars,” the International Carwash
Association reported that more than half of all @aners wash their cars less than once a month
(ICWA, 2005). Another survey by the IWCA found th&.5% of Americans preferred home
car washing to commercial carwashes (Mercer, 200Bn average value for commercial
carwash use might then be 0.5 times per monthxotimies a year. Home car washing would
also occur an average of six times a year.

The average number of rainfall events in the Baa qer year is 60 (GGWS, 2005).
Therefore, of the amount of brake wear debris #taks to the vehicle, an estimate of the

amount that is likely to be washed off at a comna¢arwash is
6 commercial carwash events

fraction of vehicle-adhered brake wear debris td & . yr
60 rainfall events+ 12 carwash eve

yr yr

=0.08

To get an estimate of POTW-borne copper from bredar debris, this value must be multiplied
by the estimated fraction of copper that adhereth¢ovehicle, which is 0.33 to 0.42. Thus,
approximately 3% of the copper in brake wear defmigers a publicly-owned treatment work via
commercial carwashes. This value is assigneddhahbieW.

These estimates assume a steady rate of carwasts ewel rainfall events throughout the year,
and of course this is not the case. Very few pittion events occur between May and
September in the San Francisco Bay area. Howhwerg car washing is more common during
the summer months, and this factor does not takeaiccount vehicle debris that falls to the road
because it is jarred off, builds up and falls aif, gets splashed off in a puddle that is not
precipitation-related. Home car washing does nmtup for medium-duty and heavy-duty
vehicles. However, they would still experiencekeravear debris removal during rain events
and they comprise a small portion of total vehicks that influence is not expected to be an
important factor. It is assumed that 1% to 5% esents the range of possible values for the
fraction of brake wear debris that enters publmlyaed treatment works, and that the standard
uncertainty is 1%.
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Emission factors for brake wear debris that is wdsbif at a commercial carwash are given by
the following equations.

EF W 0587 o0

ERorw, cu, pass™ a'r'(;“\’PaS - k(;n5 =0.04 mg Cu/kn
EE W O.SS%CU( 0.03

ERomw, cumov=— CZMDV = cr)n5 =0.04 mg Cu/kn
EE W 0.58%0”( 0.03

ERorw, cu, vov = = CZ\HDV = (;n5 =0.04 mg Cu/kn

The standard uncertainty in these values is 0.0Zgm, and the 95% confidence interval is
0.01 mg Cu/km to 0.07 mg Cu/km. As shown in Tablk the largest source of the uncertainty
in these values is the uncertainty in the valueVibithe fraction of brake wear debris that gets
washed off in commercial carwashes.

Brake wear debris losses that do not become aebarget washed off in commercial carwashes
are expected to fall or be rinsed to the road. SSion factors are

EI:air, Cu, pass
EI:road+veh, Cu, pass: T - EF air, Cu, pass EF POTW, Cu, pass
mg Cu
0.58—=—
- km _5gMICU (oMY CL
0.50 km km
=0.5 mg Cu/km
EI:air u
EFroad+veh,Cu, MDV:$_ EFair, Cu, MDV EFPOTW, Cu, W
mg Cu
0.58——
- km _ 0_58M‘I_ o_oML
0.50 km km
=0.5 mg Cu/km
EI:air u
EFadsven, cu, HDV:%_ EF. cuvov EFporw, cupv
mg Cu
0.58——
- km _ 0_58M‘I_ o_oML
0.50 km km
=0.5 mg Cu/km

The uncertainty for these values is 0.2 mg Cu/knd the 95% confidence interval is 0.1 mg
Cu/km to 1.0 mg Cu/km. As shown in Table 4-1, lgest source of uncertainty in these
values is the uncertainty in the value fgithe airborne wear debris fraction.
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Table 4-1 Intermediate values for calculating timeartainty in emission factors and final
emission factor results for releases to POTW:s artle road.
Uncertainty, df/d(variable), |df/d(variable¥ x
Variables Value Uvariable evaluated at valu Uvariable
POTW Emission Factor
EFRair, cu, all veniced@djusted for >PN}) [0.58 mg Cu/km| 0.07 mg Cu/km 0.063 0.00002
W 0.03 0.01 1.2 0.0002
A 0.50 0.09 0.073 0.00004
Calculated result (mg Cu/km) 0.04
Standard uncertainty in calculated result (mg 60/k 0.02
95% confidence interval (mg Cu/km) | 0.01 0.07
Vehicle + Road Emission Factor
EFRair, cu, all veniced@djusted for >PN}) [0.58 mg Cu/km| 0.07 mg Cu/km 0.94 0.004
A 0.50 0.09 2.3 0.04
W 0.03 0.01 1.2 0.0002
Calculated result (mg Cu/km) 0.5
Standard uncertainty in calculated result (mg 60/k 0.2
95% confidence interval (mg Cu/km) | 0.1 1.0
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5 Estimates of Copper Releases from Vehicle Brake P ad Lining Wear
in the San Francisco Bay Area

The boundaries of the sub-watersheds to be modeldals project were developed so that they
suit the requirements of the models. As a regdt sub-watersheds discussed in this report may
be subdivisions or aggregations of actual physiatkrsheds. References to sub-watersheds or
Bay area sub-watersheds throughout this reportcateli sub-watersheds as defined for this
project. It is important to remember that the gufaihe overall project is to estimate total loads
to the San Francisco Bay and not to the individualwatersheds.

Emissions were estimated separately for each oR#&eub-watersheds in the Bay watershed.
Data on vehicle miles traveled were available byntg and the emissions were apportioned to
the sub-watersheds using population (from the Z8us) as a measure of traffic density. In
addition, emissions in the Castro Valley waterstvede calculated separately for Interstate 580
(which will be treated as a line source duringnagdeling) and for surface streets (which will be
treated as an area source).

This section of the report is divided into two sedifons: one on estimates of copper releases in
the 23 sub-watersheds in the Bay area and one tonagss of copper releases in the Castro
Valley watershed.

The applicability of the emission factor from thenmel study to the study area depends
somewhat on the similarity in the mix of vehicldsserved while the tunnel study was being
conducted and in the inventory area. In the tusnaly, the fleet mix averaged 97.4% light-duty
vehicles and 2.6% heavy-duty vehicles. In the Bamcisco Bay area, the fleet mix in 2003 was
14% heavy-duty vehicles (see Appendix C).

Note that the difference in copper emitted by tleious vehicle categories is not well-
understood. Larger vehicles generally emit moekd&mvear debris, but this is offset by the fact
that larger vehicles use brake lining materiald tuantain a lower concentration of copper than
light-duty vehicles. Larger vehicles are also midkely to be equipped with drum brakes than
are light-duty vehicles, and some brake wear dabrisapped in the drum rather than being
emitted.
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5.1 Estimates of Releases in the Sub-Watersheds

A map of the 23 sub-watersheds contained in the Bancisco Bay watershed is shown in

Figure 5.1-1. Note that San Francisco County dralmost exclusively to the ocean as opposed
to the Bay and is not within the San Francisco ®atershed. However, air emissions of copper
in San Francisco County have a high potential fmamdport to the Bay or to portions of the Bay

area that drain to the Bay and are included inritaentory. Also, a very small portion of Santa

Cruz County falls within the watershed. This aness neglected when creating this inventory.

Thus, the 9-county region that is referred to iis tieport includes the following counties: San

Francisco, San Mateo, Santa Clara, Alameda, C&usta, Solano, Napa, Sonoma, and Marin
Counties.

Vehicle miles traveled for each of the nine couniie the Bay area are given in Table 5.1-1.
Two sources of data estimates are presented intdbie: 1) the Bay Area Air Quality
Management District (BAAQMD), and 2) the Metropaht Transportation Commission (MTC).
Total vehicle miles traveled in the 9-county arsargported by these two agencies differs by
approximately 13%. However, the difference betwarC estimates and BAAQMD estimates
for San Francisco County in particular is quitegéar This variation provides a glimpse into the
uncertainty in these values.

For the purposes of estimating copper emissions fscake lining materials, the point value for
each county was the midpoint of the BAAQMD and W&C values. The true value was

assumed to have a 100% probability of lying witkd%6 of that point value. Thus, the standard
uncertainty in vehicle miles traveled in each cgustassumed to be 12% of the point value.

Population estimates for the counties differ asl,weit not as widely as estimates of vehicle
miles traveled. As long as consistent data forwatershed and county populations are used,
the uncertainty in population can be assumed tankggnificant. More important is the
uncertainty introduced when assigning vehicle mtlaseled based on population within the
sub-watersheds. Figure 5.1-2 provides insight ihéoreasonableness of using per capita values
within the counties to estimate vehicle miles ttagein each of the sub-watersheds in the Bay
area. This figure shows that for the counties,ictelmiles traveled correlates very well with
population. The only counties that do not clogeliow a linear curve fit for population versus
vehicle miles traveled are San Francisco CountySardMateo County. As Table 5.1-1 shows,
these two counties had the highest discrepancydasgivthe two sources of data on vehicle miles
traveled.

The actual value for per capita vehicle miles tleagtevithin each sub-watershed was assumed to
have a 100% probability of falling within 20% ofetlper capita value for the county as a whole.

Thus, the standard uncertainty in assigning vehiolees traveled to the sub-watersheds is

assumed to be 12% of each sub-watershed's pea eaite.

Table 5.1-2 gives estimated vehicle miles travddgdsub-watershed in the San Francisco Bay
area. These values were used to estimate airlcopper from brake lining wear, found in Table

5.1-3, and releases of copper from brake liningrieaoadways, found in Table 5.1-4. Tables
5.1-3 and 5.1-4 provide the results in English areric units and show the values for standard
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uncertainty in the estimates, along with the 95%fidence intervals for each of the sub-
watersheds.
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Figure 5.1-1 Sub-watersheds in the San FrancisgorB#ershed (URS, 2005).
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Population (thousands)

San Francisco County
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R? = 0.9409
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Vehicle Miles Traveled (millions of mi/d)
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Figure 5.1-2 Vehicle miles traveled and population each of the nine counties in the San
Francisco Bay area.

ty

Table 5.1-1  Vehicle miles traveled in the San FsoaBay area in 2003.
Total Daily Vehicle Miles Traveled
County MTC?! BAAQMD2 % Difference Midpoint |Standard Uncertain
Alameda 33,831,60034,200,000 1 34,015,800 3,927,806
Contra Costa | 19,638,956@5,400,000 29 22,519,475 2,600,325
Marin 6,671,350 7,000,000 5 6,835,675 789,316
Napa 2,653,150 3,200,000 21 2,926,575 337,932
San Francisco 8,145,1503,000,000 60 10,572,576 1,220,816
San Mateo 16,797,65®2,500,000 34 19,648,826 2,268,851
Santa Clara 38,409,20@5,200,000 18 41,804,600 4,827,179
Solano 11,162,300 7,000,000 37 9,081,150 1,048,601
Sonoma 10,485,250 9,700,000 7 10,092,625 1,165,396
Total Bay Areal47,794,600L67,200,000 13 157,497,300 18,186,222

IMTC, 2005; values are an average of 2000 and peg/e2006 weekday values.
’BAAQMD, 2004.
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Table 5.1-2  Estimated vehicle miles traveled pgrid€2003 in San Francisco Bay area sub-watersfed®d on population in the
sub-watershed and vehicle miles traveled in thetes).
Santa San Contra Total for Sub-
Watershed Sonoma Solano Clara | San Matep Francisco Napa Marin| Costa Alameda  Watershed
Upper Alameda D 0 5,536 0 0 0 0] 1,141,698 4,036,487 5,183,721
Santa Clara Valley Central 0 0| 8,637,517 0 0 0 0 0 0 8,637,517
Castro Valley 0 0 0 0 0 0 0| 825,162 825,162
East Bay North D 0 0 0 0 0 0| 2,018,503 3,742,683 5,761,186
Upper Colma D 0 0| 2,342,83( 0 0 0 0 0 2,342,830
Marin South ( 0 0 0 0 0|3,460,252 0 0 3,460,252
Coyote d 0/14,190,406 0 0 0 0 0 0 14,190,406
East Bay Central 0 0 0 0 0 0 0 433,97720,196,544 20,630,521
East Bay South 0 0 43,454 0 0 0 0 0| 4,327,302 4,370,756
Solano West (8,964,342 0 0 0] 12,235 0 0 0 3,976,577
Napa 422,476,919 0 0 0|2,257,167 0 0 0 4,734,128
North Napa 174 0 0 0 0| 588,644 0 0 0 588,818
North Sonoma 218,460 0 0 0 0 46 0 0 0 218,505
Marin North Qg 0 0 0 0 02,227,477 0 0 2,227,477
Contra Costa Central 0 0 0 0 0 0 0] 11,182,715 54 11,182,769
Petaluma 1,463,560 0 0 0 0 0] 81,439 0 0 1,544,999
Santa Clara Valley West 0 0/16,639,687 1,236,781 0 0 0 0 0 17,876,469
Upper San Lorenzo 0 0 0 0 0 0 0 42| 817,947 817,984
Contra Costa West 0 0 0 0 0 0 0| 3,976,65( 27,786 4,004,435
Peninsula Central 0 0 0[{12,708,383 0 0 0 0 0 12,708,383
Sonoma 722,567 0 0 0 0 35 0 0 0 722,602
Upper San Francisquito 0 0 3,642 305,58( 0 0 0 0 0 309,222
Upper Corte Madera 0 0 0 0 0 0| 702,518 0 0 702,518
City of San Francisco 0 0 0 0| 10,572,57% 0 0 0 0 10,572,575
Watershed Total Within County2,404,8036,441,26139,520,24816,593,574 0/2,858,1276,471,686 18,753,58533,973,958 127,017,237
County Total 10,092,629,081,15041,804,60019,648,82% 10,572,57%2,926,57%6,835,675 22,519,47534,015,800 157,497,300
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Table 5.1-3  Estimated airborne copper emissions fscake lining wear in 2003 in San Francisco Baaaub-watersheds.
kgly Ib/yr
Airborne 95% Confidence 95% Confidence
copper Standard uncertainty in Interval Airborne Standard uncertainty ip Interval
Watershed released |airborne copper releasgdfrom to |copper releasgairborne copper releasedrom to

Upper Alameda 1,772 360 1,051 2,493 3,898 793 2,318 5,484
Santa Clara Valley Central 2,953 601 1,/524,154 6,496 1,321 3,853 9,138
Castro Valley 282 57 167 397 621 126 368 873
East Bay North 1,969 401 1,168 2,771 4,333 881 2,570 6,095
Upper Colma 801 163 475 1,127 1,762 358 1,046 2,479
Marin South 1,183 241 702 1,664 2,602 529 1,544 3,661
Coyote 4,851 987 2,878 6,824 10,672 2,171 6,331 15,013
East Bay Central 7,052 1,434 4,1849,921 15,515 3,156 9,204 21,827
East Bay South 1,494 304 886 2,102 3,287 669 1,950 4,624
Solano West 1,359 276 806 1,912 2,991 608 1,774 4,207
Napa 1,618 329 960 2,277 3,560 724 2,112 5,009
North Napa 201 41 119 283 443 90 263 623
North Sonoma 75 15 44 105 164 33 97 231
Marin North 761 155 452 1,071 1,675 341 994 2,357
Contra Costa Central 3,823 778 2,2685,378 8,410 1,711 4,989 11,831
Petaluma 528 107 313 743 1,162 236 689 1,635
Santa Clara Valley West 6,111 1,243 3,623,597 13,444 2,734 7,975 18,913
Upper San Lorenzo 280 57 166 393 615 125 36% 865
Contra Costa West 1,369 278 8121,926 3,012 613 1,787 4,237
Peninsula Central 4,344 884 2,5776,111 9,557 1,944 5,670 13,445
Sonoma 247 50 147 347 543 111 322 764
Upper San Francisquito 106 21 63 149 233 47 138 327
Upper Corte Madera 240 49 142 338 528 107 313 743
City of San Francisco 3,614 735 2,1445,084 7,951 1,617 4,717 11,184
Watershed Total (Parts of 8 Counties) 43,420 8,831 25,758 61,082 95,524 19,429 56,667134,381
9-County Total 53,839 10,950 31,9395,74Q 118,447 24,091 70,265166,628
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Table 5.1-4  Estimated copper releases to roadways lhrake lining wear in 2003 in San Francisco Bega sub-watersheds.
kgly Ib/yr
95%
Copper Standard uncertainty in95% Confidence Standard uncertainty in  Confidence
released to copper released to Interval Copper released copper released to Interval
Watershed roadways roadways from to to roadways roadways from to

Upper Alameda 1,661 685 291 3,032 3,655 1,507 640 6,670
Santa Clara Valley Central 2,768 1,142 1855,052 6,090 2,512 1,06611,113
Castro Valley 264 109 46 483 582 240 102 1,062
East Bay North 1,846 762 323 3,369 4,062 1,675 710 7,413
Upper Colma 751 310 131 1,370 1,652 681 289 3,014
Marin South 1,109 457 194 2,024 2,440 1,006 427 4,452
Coyote 4,548 1,876 796 8,299 10,005 4,126 1,75218,258
East Bay Central 6,612 2,727 1,1582,065 14,546 5,999 2,54726,544
East Bay South 1,401 578 245 2,556 3,082 1,271 54D 5,624
Solano West 1,274 526 2p3 2,326 2,804 1,156 491 5,116
Napa 1,517 626 266 2,769 3,338 1,377 585 6,091
North Napa 189 78 33 344 415 171 783 758
North Sonoma 70 29 12 128 154 64 271 281
Marin North 714 294 125 1,303 1,570 648 275 2,866
Contra Costa Central 3,584 1,478 5286,540 7,884 3,252 1,38114,38§
Petaluma 495 204 87 904 1,089 449 191 1,988
Santa Clara Valley West 5,729 2,363 1,0080,455 12,604 5,198 2,2(723,001
Upper San Lorenzo 262 108 46 478 577 238 101 1,052
Contra Costa West 1,283 529 2252,342, 2,823 1,164 494 5,152
Peninsula Central 4,073 1,680 1137,432 8,960 3,696 1,56916,35]
Sonoma 232 96 41 423 509 210 89 930
Upper San Francisquito 99 41 17 181 218 90 38 398
Upper Corte Madera 225 93 39 411 495 204 87 904
City of San Francisco 3,388 1,397 5936,183 7,454 3,074 1,305 13,603
Watershed Total (Parts of 8 Counties) 40,706 16,789 7,128 74,284 89,554 36,936 15,68263,425
9-County Total 50,474 20,818 8,83992,110 111,044 45,799 19,44802,642
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5.2 Estimates of Releases in the Castro Valley Wate rshed

A street map of the Castro Valley watershed, wigcbhaped somewhat like the silhouette of a
hitchhiker's hand, is given in Figure 5.2-1. Asstimap shows, Interstate 580 passes through the
southern portion of the watershed. Table 5.2-Egivaffic counts and mileage between traffic
counting locations for this 1.6-mile long stretdhfreeway that lies within the watershed. Note
that traffic count data was not available for Istate 580 at the western border of the watershed.
This border lies approximately halfway between$tmbridge Avenue traffic count location and
the traffic count location at the intersection lo¢ 580 with the 238. Therefore, the distance and
traffic count values for the western boundary ar@eerage of those two locations.

The total vehicle miles traveled per day on thetiporof Interstate 580 that lies within the
Castro Valley watershed is 500,000. The standaakmainty for this value is 60,000 mi/d.
Multiplying this value by the air emission factasrfcopper from brake linings results in an
estimate of air releases of 170 kg Cu/y with addath uncertainty of 30 kg Cul/y (370 Ib Cu/yr
with a standard uncertainty of 60 Ib Cu/yr) fromake lining materials. The 95% confidence
interval for this estimate is 110 to 230 kg Cu/${2o 500 Ib/yr). Estimated releases of copper
to roadways from brake lining material are 160 kgith a standard uncertainty of 60 kg/y (400
Ib/yr with a standard uncertainty of 100 Ib Cu/yfjhe 95% confidence interval for this estimate
is 30 to 290 kgly (70 to 630 Ib/yr).

Estimates of vehicle miles traveled on surfaceeséren the Castro Valley watershed were made
using data on road segment-based average dailictreflume found in the 2000 Alameda
County road index report (Alameda County, 2002k shown in Table 5.2-2, this data provides
traffic counts as a range of values from A (0-20@0icles per day) to L (more than 40,000
vehicles per day). For the three road segmentiserCastro Valley watershed that had a traffic
volume of category L, up-to-date traffic count detare used to provide a point value for traffic
volume (Alameda County, 2005). If no traffic volarnode was given in the road index report,
the road segment was assumed to have less tharv@biales per day. The standard uncertainty
in each road segment length was assumed to be3mMDPoad segment lengths are given to the
nearest thousandth of a mile in the road indexngpdtandard uncertainties in traffic volume
are given in Table 5.2-2.

More than 700 road segments within the Castro Yalletershed were identified in the Alameda
County road index. Twenty-seven road segments shmwthe street map were not found in
either the private or public section of the roadeix report. These may be roads that were built
recently. In any case, they represent a smaltiraof the total number of road segments (less
than 4%) and were neglected.

There are nearly 90 miles of surface streets inCastro Valley watershed, two-thirds of which
have a traffic volume of less than 2000 vehicles geey (category A). The total estimated
surface street vehicle miles traveled per day en@astro Valley watershed is 283,000, with a
standard uncertainty of 7,000. Table 5.2-2 prowvit¢al surface street vehicle miles traveled by
traffic density for the Castro Valley watershedhisltable also gives estimates for vehicle miles
traveled and the uncertainty in vehicle miles trage
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Multiplying the vehicle miles traveled by the amission factor for copper from brake linings
results in an estimate of air releases of 100 kfy @40 Ib Cu/yr) from brake lining materials
due to traffic on surface streets. The 95% comfigeinterval for this estimate is 70 to 120 kg
Culy (160 to 270 Ib/yr). Estimated releases ofpewpfrom brake lining materials direct to
surface streets in the Castro Valley watershed9@r&g/y (200 Ib/yr). The 95% confidence
interval for this estimate is 20 to 130 kg/y (5G&D Ib/yr).

Note that the uncertainty in distributing vehicldes traveled by population does not apply to
these estimates.

These estimates for vehicle miles traveled can drapared to the estimate that would be
obtained by apportioning vehicle miles traveledAtameda County by population, as was
discussed in Section 5.1. Apportioning total vihimiles traveled by population within the
watershed provides an estimate that is meant tadaall vehicle miles traveled whether they
are on surface streets or major freeways. Ther&a4dlley watershed has a population of
35,045, while total population in Alameda Countylig43,741. The estimated vehicle miles
traveled in Alameda County are 34,015,800 mi/dusThhe estimated vehicle miles traveled in
the Castro Valley watershed based on populatio®286691 mi/d. This results in an estimate of
airborne copper from vehicle brake linings of 2&fyk with a standard uncertainty of 60 kg/y
and a 95% confidence interval from 170 to 400 kghhe estimated airborne copper releases
from estimates of total vehicle miles traveled thate calculated using traffic counts for 1580
and traffic density data for surface streets af@ &Yy with a standard uncertainty of 30 kg/yr.
Thus, there is excellent agreement between thestvategies for calculating airborne copper
emissions in the Castro Valley watershed. Thigsests that apportioning vehicle miles traveled
based on population is reasonable.

Table 5.2-3 summarizes copper releases from vebrelee lining materials in the Castro Valley
watershed.
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Figure 5.2-1 A street map of the Castro Valley wsited. The watershed boundary is outlined
in yellow. (California Automobile Association, @P; Feng, 2005).
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Table 5.2-1  Traffic count and mileage informatiam the portion of Interstate 580 that lies
within the Castro Valley watershed (CA DOT, 2005).

Annual Annual
Average Average
Daily Daily Vehicle Vehicle Total
Traffic Traffic Miles Miles Vehicle

Segment of Headed |Headed EagTraveled pe|lTraveled pe,  Miles
Interstate West (# of (# of Day HeadedDay Headed Traveled
580 Miles Vehicles) | Vehicles) West East per Day

from eastern
edge of
watershed
(Center St.)
to Redwood
Rd. 0.4 148,500 155,500 59,400 62,200 121,600

from
Redwood
Rd. to
Strobridge
Ave. 0.98 155,500 155,500 152,390 152,390 304,780

from
Strobridge
Ave. to
western edge
of watershed 0.23 159,250 147,500 36,627 33,925 70,552

1%

from
eastern edge
of
watershed
to western
edge of
watershed 1.6 248,418 248,515 496,933
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Table 5.2-2  Traffic density data and vehicle miles/eled on surface streets in the Castro
Valley watershed.

Standard

Total Traffic Standard Vehicle | Uncertainty in
Traffic Mileage for| Range of Traffic| Density | Uncertainty inf Number off,  Miles Vehicle Miles
Density Traffic Density for this | Point Traffic Road Traveled | Traveled per
Category | Category Category Value Density Segments| per Day Day
A 60.202 <2,000 1,000 577 629 60,202 1,904
B 10.395 2,000-4,000 3,000 1,155 44 31,184 2,474
C 1.296 4,000-6,000 5,000 1,155 7 6,480 697
D 3.706 6,000-8,000 7,000 1,155 10 25,930 1,584
E 0.544 8,000-10,000 9,000 1,155 1 4,896 628
F 1.984 10,000-15,000 12,500 2,887 6 24,794 3,018
G 2.204 15,000-20,000 17,500 2,887 6 38,57f 3,117
H 0.587 20,000-25,000 22,500 2,887 1 13,208 1,695
I 0.452 25,000-30,000 27,500 2,887 2 12,428 1,181
J 0.972 30,000-35,000 32,500 2,887 2 31,590 2,193
K 0.426 35,000-40,000 37,500 2,887 2 15,975 1,210
L 0.182 >40,000 54,246 5,774 1 9,878 1,576
L 0.083 >4o,ood) 41,898 5,774 1 3,457 635
L 0.115 >40,00(|) 36,646 5,774 1 4,229 999
TOTAL 83.147 713 282,835 6,811

Table 5.2-3  Estimated copper releases from brakigli materials in the Castro Valley
watershed. Amounts are in kg Culy.

Total Based
on Traffic Total Based on
Release Interstate | Surface Density Population-
to Value 580 Streets VMT* Weighted VMT*
Air
Estimated releases 170 100 270 280
Uncertainty 30 10 30 60
95% Low 110 70 200 170
Confidencer——:
interval High 230 120 330 400
Roadway
Estimated releases 160 a0 250 300
Uncertainty 60 30 70 100
95% Low 30 20 60 50
Confidence—:
interval High 290 130 420 500

*Vehicle miles traveled.
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6 Nomenclature

A
BHpv, disc
Bmbv, disc

Bepp-disc
Bnew-disc
Bnew-drum
Boid-disc
Boid-drum

CCu, HDV, ave

CCu,
CCu,
CCu,

HDV, disc
HDV, drum
MDV, ave

Ccu, Mpv, disc
CCu, MDV, drum
CCu, pass, ave

CCu

, pass, new-disc

CCu

, pass, new-disc+drum

CCu

, pass, new-drum

CCu,

pass, old-disc
CCu

, pass, old-drum

Dupv
dHDV, disc

dHDV, drum

Dwmpv
CIM DV, disc

ClM DV, drum

Dpass

Mass fraction of disc brake lining debris thatakeased to air

Average number of heavy-duty vehicle axles thatdése brake-equipped
Average number of medium-duty vehicle axles thatdisc brake-
equipped

Average number of axles that are disc brake-e@dmm the subset of
passenger vehicles included in the Partnershigegurv

Average number of axles that are equipped with bfakes on new-disc
passenger vehicles

Average number of axles that are equipped witimdouakes on new-
drum passenger vehicles

Average number of axles that are equipped with biiakes on old-disc
passenger vehicles

Average number of axles that are equipped witindotakes on old-drum
passenger vehicles

Population-averaged copper concentration in heany-ekehicle brakes,
mass fraction

Copper concentration in heavy-duty vehicle brakésp mass fraction
Copper concentration in heavy-duty vehicle brdkaes, mass fraction
Population-averaged copper concentration in mediutg-vehicle brakes,
mass fraction

Copper concentration in medium-duty vehicle brp&ds, mass fraction
Copper concentration in medium-duty vehicle brsikees, mass fraction
Population-averaged copper concentration in pagsesgicle brakes,
mass fraction

Copper concentration in passenger vehicle fadiomige pads, mass
fraction

Average drum and disc copper concentration for-dse/new-drum
vehicles from Partnership data, mass fraction

Copper concentration in passenger vehicle fadioaige shoes, mass
fraction

Copper concentration in passenger vehicle nomfatirake pads, mass
fraction

Copper concentration in passenger vehicle nomifatirake shoes, mass
fraction

Average distance driven per year for a heavy-datyiale

Distance traveled between disc brake lining regptaents in heavy-duty
vehicles

Distance traveled between drum brake lining reptaents in heavy-duty
vehicles

Average distance driven per year for a medium-geatyicle

Distance traveled between disc brake lining reptants in medium-duty
vehicles

Distance traveled between drum brake lining reptaents in medium-
duty vehicles

Average distance driven per year for a passendeclee
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Opass, disc Distance traveled between disc brake lining reptants in passenger
vehicles

Jpass, drum Distance traveled between drum brake lining repiants in passenger
vehicles

EF.ir, cu, HDV Emission factor for air releases of copper froravyeduty vehicles

EFair, cu, MpDv Emission factor for air releases of copper frondimm-duty vehicles

EFRair, cu, pass Emission factor for air releases of copper froregeager vehicles

EFair, ov Emission factor for airborne brake lining debresm heavy-duty vehicles

EFair, Hov, disc Air emission factor for brake lining debris fromsdibrakes in heavy-duty
vehicles

EFair, HDv, drum Air emission factor for brake lining debris fromudn brakes in heavy-
duty vehicles

EF.ir, Mpv Emission factor for airborne brake lining debr@mh medium-duty
vehicles

EFair, MDv, disc Air emission factor for brake lining debris frorsdibrakes in medium-
duty vehicles

EF.ir, MDV, drum Air emission factor for brake lining debris fromudn brakes in medium-
duty vehicles

EFRair, pass Emission factor for airborne brake lining debrisnh passenger vehicles

EFair, pass, new-disc Air emission factor for brake lining debris fronctary disc brakes in

passenger vehicles
EFair, pass, new-drum Air emission factor for brake lining debris fronctary drum brakes in
passenger vehicles

EFair, pass, old-disc Air emission factor for brake lining debris frommmfactory disc brakes in
passenger vehicles

EFair, pass, old-drum Air emission factor for brake lining debris fromméactory drum brakes
in passenger vehicles

EFrotw, cu, HDV Emission factor for POTW discharges of copper fmmmercial
carwashes servicing heavy-duty vehicles

EFroTw, cu, MDv Emission factor for POTW discharges of copper fcmmmercial
carwashes servicing medium-duty vehicles

EFrotw, cu, pass Emission factor for POTW discharges of copper fmmmercial
carwashes servicing passenger vehicles

EFoad-dir, cu, HDV Emission factor for direct releases of coppehtrbad from heavy-duty
vehicles

EFoad-dir, cu, MDV Emission factor for direct releases of coppehtrbad from medium-
duty vehicles

EFoad-dir, cu, pass Emission factor for direct releases of coppehtrbad from passenger
vehicles

EFoad-ind, cu, HDV Emission factor for copper that is released tortiael after adhering to
heavy-duty vehicles

EFoad-ind, cu, MDV Emission factor for copper that is released tortiael after adhering to
medium-duty vehicles

EFvad-ind, cu, pass Emission factor for copper that is released tortiael after adhering to

passenger vehicles
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EFroad-tot, Cu, HDV
EFroad-tot, Cu, MDV

EFroad-tot, Cu, pass
EI:veh, Cu, HDV

EI:veh, Cu, MDV
EI:veh, Cu, pass
fHDV

Frpv

fMDV

Fmpv

fpass

Fpass

Mubv, disc
MHbv, drum
Mwbv, disc
IVIMDV, drum
Mpass, disc

Mpass, drum

NHpv
P

F\>new—disc

I:\>new-drum

Emission factor for all copper released to thelrfsam heavy-duty
vehicles

Emission factor for all copper released to thelrfsam medium-duty
vehicles

Emission factor for all copper released to thelrfsam passenger vehicles
Emission factor for copper that adheres to theckelafter being released
from heavy-duty vehicles

Emission factor for copper that adheres to theckelafter being released
from medium-duty vehicles

Emission factor for copper that adheres to theckelafter being released
from passenger vehicles

Mass fraction of heavy-duty vehicle brake liningtarial worn off at
replacement

Mass fraction of wear debris that is brake linmagterial in heavy-duty
vehicles

Mass fraction of medium-duty vehicle brake linmgterial worn off at
replacement

Mass fraction of wear debris that is brake linmagterial in medium-duty
vehicles

Mass fraction of passenger vehicle brake liningemal worn off at
replacement

Mass fraction of wear debris that is brake liningterial in passenger
vehicles

Mass of brake lining material on a disc-equippedvy-duty vehicle axle
Mass of brake lining material on a drum-equippedJy-duty vehicle axle
Mass of brake lining material on a disc-equippegtiimm-duty vehicle
axle

Mass of brake lining material on a drum-equippestimm-duty vehicle
axle

Mass of brake lining material on a disc-equippasgsgnger vehicle axle
Mass of brake lining material on a drum-equippassegnger vehicle axle
Average number of axles per heavy-duty vehicle

Average number of significant rainfall events peay

Fraction of passenger vehicles equipped with fgaltsc brakes

Fraction of passenger vehicles equipped with fgadoum brakes

Mass fraction of total brake lining wear that ikeesed directly to the road
during use

Mass fraction of total brake lining wear debristthdheres to the vehicle
after being released

Number of times per year that the average heavykhicle is washed at
a commercial car wash

Number of times per year that the average mediuiygehicle is washed
at a commercial car wash

Number of times per year that the average passeed@le is washed at
a commercial car wash
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Appendix A

Summary Tables for Intermediate Values U

sed in Emission Factor Calculations

Table A-1 Summary of values and standard uncersiitt values used to calculate air emission fadimr passenger vehicles.
Standard
Uncertainty
Units | (in Same Rationale for Reasons for
of Units as |Geographi Experimental Calculation for Converting Reported ~ Standard Choosing this
Variable Source Reported Value Valu¥alue | Value) Factors | Year Factors Other Notes Value to Value Uncertainty Value
Emission Sanders et |airborne emissions 8.2-8.3 | 8 | mg/km 4 us c measured Sanders has about2 "brakes"/car (have to have Kline-McClintock |tested a range ¢
factor for al, 2003. |mg/stop/brake for low-met 2002 |[dynamometer [84.5% becoming |something for rear brakes -- | don'{assuming range of|brake pad
airborne brak brakes used on mid-sized chr, losses for thregirborne using a |know if Sanders means /axle or /pgl65 to 0.85 for cargnaterials;
lining debris 2 mg/stop/brake for semime brake pad wtd average from |and I'm assuming he means /axle)jusing semi-mets, |recent; US-
from brakes on full-sized truck (2| formulations |the SAE paper anthssume 75% of brakes are semi-nmednge of 6.25-10.2%ased; good
passenger runs), 1.8-2.4 mg/stop/brake he includes rotor [12.5% are NAO, and 12.5% are loymg/stop/brake for |mass balance;
vehicles (EE, for NAO brakes used on a loss. If | correct |met; multiply wtd average airbornejthe airborne from |driving cycle
pas9 full-sized car; 24 stops per 11 for these, | get 5.4 releases by the number of stops pdpow-mets, 0.025- |emulates urban
miles mg/km mile = 24/11 0.225 for the ranggdriving; good
of cars using NAOgagreement with
range of 1.5-2.5 |other US
mg/stop/brake for |researchers (Ch
airborne from semitet al, 1983;
mets, range of 1.64Trainor, 2001;
2.6 mg/stop/brake |Abu-Allaban,
for the airborne 2003)
from NAQOs, range
of 1.5-2.9 for
stops/mile, range df
2-4 for number of
half-axles per car
Mass of brakeBrake Pad |mass of friction material penf 660 | g/axle 60 us 1998survey of BM(brake pad materialassumed that mass was the 1998 |estimated that 67%US-based;
lining materia| Partnership|vehicle in kg per year: 1.406 2003 [members for |per vehicle value for years 1998 and earlier andf samples of cars |within one
on a disc- 2004; State|in 1998, 1.314 in 1999, 1.256 roughly 40% |declining over the |calculated a weighted average usipgould be within 60|standard
equipped of in 2000, 1.238 in 2001, 1.183 of cars sold in|six years in the [the percent of vehicles first g of this value deviation of
passenger |California, |in 2002, and 1.161 in 2003 us study registered; divided by 2 to get mass other
vehicle axle |2003. per axle and multiply by 1000 to researcher's
(Mpass, disk convert units results (Garg et
al, 2000;
Armstrong,
1994).
Fraction of |Garg et al, |0.8 0.80 no 0.08 us 1998 not explained no calculation necgssar This is my estimateUS-based;
passenger (2000. units -- I figure 2/3 of  |agrees with
vehicle brake cars would have |another source
lining materia within 10% of giverjfor US values
worn off at value left at (Miller, 2004)

replacement

(foasy

replacement.

Q
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h

Standard
Uncertainty
Units | (in Same Rationale for Reasons for
of Units as |Geographi Experimental Calculation for Converting Reported ~ Standard Choosing this

Variable Source Reported Value Valu¥alue | Value) Factors | Year Factors Other Notes Value to Value Uncertainty Value
Distance Garg et al, |35000 mi for front brakes 56,0p0km 6000 us 1998 not explaine Divided by .621dowert mi to km|Standard This value was
traveled 2000. uncertainty is basegthosen becauss
between disc on the assumption |it is US-based
brake lining that two-thirds of |and agrees with
replacements vehicles would be |other sources fg
in passenger serviced within US values
vehicles, €pass 10% of the given |(Miller, 2004;
disd) value. Armstrong,

1994).

Copper Brake Pad |40% of vehicles surveyed; | 0.09 no 0.04 us 2002based on BM({ value is the midpoint of a range of |estimated as half ofbest available
concentration|Partnershipjaverage mass of brake linin units 2004 [member surve possible values; 13.34%, 11.1%, gtide possible range |concentration
in passenger [2004. material per car by year in K of brakes used 10% of cars registered were first |of values divided bjdata on copper
vehicle 2003 - 1.161; 2002 - 1.183; on 40% of registered less than one, less than|the square root of |in factory brake
factory brake 2001 -1.238; average mass passenger and less than 3 years ago, three pads
pads, mass copper in brakes per car by vehicles respectively; used this to get a wtd|
fraction Ccy, year in kg: 2003 - .0769, mass fraction average that represents
pass, new-dis 2002 - 0.0766, 2001 - .0561 the last three years of vehicles which

represents a lower bound on
surveyed mass fraction in pads
because it assumes shoes have th
same concentration, multiplied by
40% of cars to get a lower bound ¢
possible mass fraction of copper
because this assumes the unsurve
60% of cars has no copper; upper
bound on surveyed mass fraction i
pads was found by assuming drunj
have no copper and multiplying wt
mass fraction average by 2/BBPP-
disc, multiplied by 40% because 4
of cars were included in the survey
and added 60% times 0.2 to get
upper bound on possible mass
fraction of copper in pads because

0]

=

yed

=T ]

some pads have 20% copper
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Standard
Uncertainty
Units | (in Same Rationale for Reasons for
of Units as |Geographi Experimental Calculation for Converting Reported ~ Standard Choosing this
Variable Source Reported Value Valu¥alue | Value) Factors | Year Factors Other Notes Value to Value Uncertainty Value
Copper Armstrong, [4.5% vmt wtd average of 1§ 0.05 | mass 0.03 us 1993 Method 6010 The cars using ftaok the sum of the number of padgook the standard |US-based;
concentration|1994. pads (Mercedes was OE so fraction brake pads multiplied by the average deviation of the  |survey of large
in passenger didn't include here, VMT analyzed representoncentration measured for that pasamples, wtd by thenumber of pads
vehicle non- weights given as # of brake 80% of the cars injand divided that sum by the numbenumber of cars
factory brake pads used, concentration the county but thejof pads using the sample
pads, mass measured more than once for only used pads (see brake pad
fraction Ccy, some pads and average value manufacturer's spreadsheet.xIs)
pass, old-disk taken in this case): '91 replacement parts

Accord, 8.0-8.7-4.3%
w/45636 pds; '86-'89 Accor
13.2-14.9% w/61584 pads;
'91 Escort, 8.5-9.3% w/1119
pads; '93 Taurus, .26-.24%
0 miles so not inc.; NAPASH
7345, 2.3% w/ 0 miles so n
inc; Toyota 20800, 0.012%
w/22232 pads; Masterstop
d465, 2.5% w/ 0 miles so n
inc.; Toyota 20860, 10% w/
3400 pads, Nissan 410160-
1E590, 16-7.3% w/ 7412
pads; Nissan D1060-50Y09
0.022% w/ 4896 pads ; VW
191689151G, 21-9.1% w/
19632 pads; Honda 45022-
SR3-L00, 14% w/ 4244 pad
Ford F3ZZ-2001A, ND, useq
0.00625% because it is ND
value w/ 71688 pads; Ford
F2Dz-2001-A, 0.021-0.028
w/ 79408 pads; GM
12510030, ND, used
0.00625% because it is ND
value w/ 8788 pads; GM
12510008, 0.018-0.0098%
8788 pads; GM 12510029,
0.013 w/ 8788 pads; GM
12510005, 0.0063 w/ 1044
pads; GM 12510001, 0.022

w/1788 pads; GM 1232145%

0.0067 w/ 15884 pads

—

O

o

Dy

so the
concentration may
be higher than
reality — the “black
box” pads they
measured had
copper
concentrations of
2.3 and 2.45%.
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Standard
Uncertainty
Units | (in Same Rationale for Reasons for
of Units as |Geographi Experimental Calculation for Converting Reported ~ Standard Choosing this
Variable Source Reported Value Valu¥alue | Value) Factors | Year Factors Other Notes Value to Value Uncertainty Value
Fraction of |Link, losses from pads, in g: 0.83 | mass 0.04 us 2004 these are the sum of the brake pad losses over flestimate that 2/3 oftaken from a
wear debris |2004b. 4.6+4.6+7.3+7.1+2.5+3; fraction only three pads sum of the rotor plus brake pad |the car population {[sample of brake
that is brake losses from rotor, in g: but they were losses would fall within  |pads designed {
lining 1.7+43.3+.9 selected to be .04 of the given  |be
material, representative value -- the lowest [representative;
(Fpasy of passenger ratio for the three |agrees with
car pads pads was 0.72 and other researche|
the highest was 0.4(Link, 2004a;
Sanders et al,
2003), disagreep
slightly with
Trainor, 2001
Average Ward'’s, vehicles equipped with drum 1.66 | axle 0.06 us 200B not described 2 axles gpefane front and one |assumed that actugbest available
number of  (2004. brakes on rear axle, for 20( rear) minus the weighted average pfalue is within 0.1 |data for US
axles per 49.3% of 6432180 domestiq 2003 vehicles with rear drum brakesf estimated value (vehicles, even
vehicle cars; 25.3% of 8538668 standard uncertainjthough only
equipped with domestic It trucks; 30% of is 0.1/sqrt(3) 2003 was
disc brakes, 2076711 import cars; 26.49 available
Buisc of 1153783 import It trucks
Average Ward'’s, listed in Table 2.1-5 1.66 axle  not found us 2003 0 2 axles minus weighted average ofnot calculated Ward's values
number of  [2004. cars in survey with drum brakes on are the best
axles per rear axle available, even
vehicle with though they are
disc brakes only for 2003
for vehicles models
included in
BMC survey,
Bgpp-disc
BAAQMD, |35000 between pad 0.34 no 0.03 Bay |2002,(0 first found the number of years on|estimated that true|0
2004; Garg |replacements with a standafd units area/UsS |c average before pad replacement |value lies within
et al, 2000; [uncertainty of 3500 (from 2000 which is 0.05 of estimated
State of Garg); 34.4% of cars were 5432514*35000/(167.2e6*365), |value so that
Fraction of |California, |registered for the first time ip which comes to 3.1 years; standard uncertain
vehicles in  |2003. the last three years (from cumulative total for cars registeredis 0.05 divided by
service that State of California); 167.2 less than three years ago is 34.4%the square root of
are equipped million miles traveled per ddy
with factory by 5432514 vehicles
disc brakes, registered in Bay area
Rnew-disc counties driving
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Standard
Uncertainty
Units | (in Same Rationale for Reasons for
of Units as |Geographi Experimental Calculation for Converting Reported ~ Standard Choosing this
Variable Source Reported Value Valu¥alue | Value) Factors | Year Factors Other Notes Value to Value Uncertainty Value
Tunnel study |Gillies et al,|.53+-.06 mg/km; no 0.53 ug 0.06 Sepulved@l1996 | Ten runs, onelAsked Gillies if I |Multiplied by 1000 to convert mg tagiven; author statesSepulveda
emission 2001. breakdown of resuspended Cu/km Tunnel, hour each, twqcould get copper |ug. that uncertainty wagunnel is more
factors for direct; this is for PM10 Los PM10 samplesemission factors calculated by likely to have
copper from Angeles, per run; XRF |for the ten runs fo propagating the |braking events
passenger California of Teflon copper so | could combined and is a closer
vehicles (EE, membrane see what the uncertainty of the |model for urban|
Cu, pas) filters; vehiclegstandard deviatior inlet and outlet sunpdriving than the

videotaped an
speed
determined
with radar gun

ds for copper in the
different runs. No
distinction made
between HDV,
MDV, and
passenger vehicle
No correction for
resuspended road
dust. PM10 only.
Deposition not
discussed.
Average fleet mix
was 97.4% LD an
2.6% HD. Over
30,000 vehicles
pass through the
tunnel during the

study runs.

of species
concentrations
using the measure!
tunnel airflow
volume and vehicle
kilometers traveled

other two
studies
o
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je

Table A-2 Summary of values and standard unceigsiim values used to calculate air emission fadmr medium-duty vehicles.
Standard
Uncertainty Calculation for
(in Same Converting
Units off Units as | Geographid| Reported Valug Rationale for Standard
Variable Source Reported Value Value| Value Value) Factors Year | Experimental Factgrs Other Notes to Value Uncertainty
Emission factor | Ntziachristos| 11.7 mg/vkm 11.7 mg/km 1.645448267 global taker] taken from multiple 0 no calculation| Range is given as 8.8
for airborne brak| and Boulter, from studies necessary 14.5 mg/vkm, with a
lining debris fron 2004. multiple point value of 11.7.
MDVs, Ib brake studies Assuming a uniform
lining/mi (EFR, distribution over the
MDV) range, standard
uncertainty is (14.5-
8.8)/2/sqrt(3).
Mass of brake |Westerlund, (2.4 kg in front per 4800000mg 288675.134Bweden € 2001 [ He got this from a [He doesn't say whether these fassumed front |Assume the point value
lining material orj2001. wheel; 3.5 kg in rear personal disc or drum wheels are disc|has a uniform distributig
a disc-equipped per wheel; doesn't communication with and multiplied |between 1900 g to 290(
MDV axle, Ib specify pad or shoe R Hedlund of the by 2 to get (this is an plus or minus
brake lining/axle BBA Friction Sweder amount per axlg0.5 kg of the high and
(Mwbv, disc) AB. then multiplied [low values per wheel) tg
by 1000000 to |get standard uncertainty
convert units  |of half the range divided
by the square root of
three
Fraction of brakg Westerlund,| 70% of total before 0.7 no unit$ 0.07 Sweden c 2001 not explained 0 no calculationestimated that 2/3 of
lining material 2001. being replaced necessary |trucks would have within
worn off at 10% of given value left
replacement replacement
(fmov)
Copper von Uexkull,| mixed dust from 45|0.050936508 mass | 0.021688599 Sweden ¢ 20Q2 concentrations 0 Weighted Used Kline-McClintock
concentration in 2002. disc formulations = fraction measured using XRF, average of two| on equation for
MDYV brake padg 61000 mg/kg, mixed two samples from dust samples arf  calculating weighted
mass fraction dust from 15 filters on three pad average of three avera
(Ccu, Mov, disd formulations = 27,00 dynamometers used samples, divideg values. Stdev was
mg/kg, three other test brakes plus thrge by 1e6 to calculated for the threg
pads have samples direct from convert units. | separate samples, and
concentration of pads assumed to be 1/2 of
18000, 14000, and value for the other two
27000
Distance traveled Ntziachristos 60000 km 60000 km 5000 unknown 200p unknown 0 tauttion | used the same fraction
between disc 2003. necessary | the drum brake distance
brake lining
replacements, m
(dMD\/, disc)
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Fraction of wear
debris that is
brake lining
material, Empv)

Sanders, 2008. 60% of wear debris|

comes from the roto|
when low metallic
linings are used; 709
is from lining materig
when NAO brakes al
used; 90% is from
linings when semi-
mets are used

o

0.8

no unit$ 0.057735027

us

c 2008

not described

Went with gieevslightly
lower than semi-mets becaus

semi-met is the most commoh

formulation. The highest thig
value could be is 0.9. The val{
given in the SAE paper are 3
little different from these.

no calculation
e necessary

This is my assessment,
the range for all
passenger cars must lie
between 0.7 and 0.9 sd
took half of the
difference and divided g
the square root of three.

Tunnel study
emission factors
for copper from
HDVs, Ib Cu/mi
(EFair, cu, Hov)

Gillies et al,
2001.

.53+-.06 mg/km; no|
breakdown of
resuspended vs.
direct; this is for
PM10

530

ug
Cu/km

60

Sepulvedal
Tunnel, Los
Angeles,
California

1996

Ten runs, one hou
each, two PM10

samples per run; XRfEen runs for copper so | could §

of Teflon membrang
filters; vehicles

videotaped and spegdistinction made betweeen HD

determined with rad4
gun

Asked Gillies if | could get
copper emission factors for th

what the standd deviation is fo
copper in the different runs. N

rMDV, and passenger vehicle
No correction for resuspende

Multiplied by
€1000 to conver
mg to ug.

o

b.

d

road dust. PM10 only. Avera
fleet mix was 97.4% LD and

e

2.6% HD. Over 30,000 vehiclgs

pass through the tunnel duri

the study runs.

given; author states that
uncertainty was
calculated by propagatir
the combined uncertainty
of the inlet and outlet
sum of species
concentrations using th
measured tunnel airflo
volume and vehicle
kilometers traveled

¢
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Table A-3 Summary of values and standard unceigaiim values used to calculate air emission fadimr heavy-duty vehicles.
Standard Calculation
Uncertainty| for Converting
Units | (in Same Reported Reasons for
of Units as | Geographid Experimental Value to Rationale for Choosing this
Variable Source Reported Value ValugValue | Value) Factors Year Factors Other Notes Value Standard Uncertainfy Value
Emission factg Ntziachristos 32.7 mg/vkm 33 mg/km 5 global taken | taken from multipld 0 no calculationn Range is given as| this value is take
for airborne | and Boulter, from studies necessary | 23.5-42 mg/vkm, |from a compilatio
brake lining 2004. multiple with a point value of of other values fo
debris from studies 32.7. Assuming a heavy-duty
HDVs (EF, uniform distribution vehicles
HDV) over the range,
standard uncertainty
is (42-23.5)/2/sqrt(3).
Average Lawrence, | Class D and higher (>26K 0.18 axles 0.07 us 2004 personal 0 took the half of the range | this is the only
number of 2004. Ib) would be air braked and communication midpoint of a| divided by the squa| available value
heavy-duty these are 95+% drum braKes range from root of three
vehicle axles 100%-95% tq
that are disc 100%-99%
brake-equippefl multiplied by
(Brpv, disd the average
number of
axles per HD
Mass of brake| Westerlund,|2.4 kg in front per wheel; 3|7,000,000 mg 300,000 Sweden € 20Q1 He got this fromtde doesn't say whethgrassumed reay Assume the point| this is the only
lining material 2001. kg in rear per wheel; doesp't personal these are disc or drurp wheels are | value has a unifornj available value
on a drum- specify pad or shoe communication wit drum and | distribution between
equipped HDV R Hedlund of the multiplied by | 6500 g to 7500 g
axle Mpv, BBA Friction 2 to get (this is an plus or
drum) Sweden AB. amount per [ minus 0.5 kg of the
axle, then [ high and low values
multiplied by | per wheel) to get
1,000,000 to| standard uncertainty
convert units|  of half the range
divided by the squa
root of three
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Standard Calculation
Uncertainty| for Converting
Units | (in Same Reported Reasons for
of Units as | Geographig Experimental Value to Rationale for Choosing this
Variable Source Reported Value ValueValue [ Value) Factors Year Factors Other Notes Value Standard Uncertainfy Value
Mass of brake| Westerlund,|2.4 kg in front per wheel; 3[ 4800000 mg 300,000 Sweden| ¢ 2001 He got this fronte doesn't say whetheéassumed front Assume the point| this is the only
lining material 2001. kg in rear per wheel; doesn't personal these are disc or drum wheels are | value has a uniformp available value
on a disc- specify pad or shoe communication wit disc and | distribution between
equipped HDV| R Hedlund of the multiplied by 1900 g to 2900 g
axle Mupv, disd BBA Friction 2 to get (this is an plus or
Sweden AB. amount per | minus 0.5 kg of the
axle, then | high and low valueg
multiplied by | per wheel) to get
1,000,000 to| standard uncertainty
convert units|  of half the range
divided by the squa
root of three
Fraction of Westerlund,| 70% of total before beingl 0.70 [ no unit 0.07 Sweden | ¢ 2001 not explained 0 no calculatestimated that 2/3 gf this is the only
brake lining 2001. replaced necessary | trucks would have| available value
material worn within 10% of given|
off at value left at
replacement replacement
(frov)
Distance Westerlund,| 80,000 to 120,000 km, | 100,000 km 20,000 Sweder c 2001 He got this from a 0 picked used range provided; this is the only
traveled 2001. doesn't specify pad or shge personal midpoint of | this is normal rangq, available value
between drum communications range not total possible
brake lining with M Asen of range, so did not
replacements Bilia Lastbilar AB divide by sqrt(3)
(dhov, drum) and P Ramen of
Scania-Bilar |
Stockholm, AB
Distance Ntziachristos 60000 km 60,000 km 5000 unknowh 2000 unknown 0 aicutation used the same this is the only
traveled 2003. necessary | fraction as the drunmp available value
between disc brake distance
brake lining
replacements
(dHDV, disc)
Copper von Uexkull, [dust from drums measured 0.002 mass| 0.002 Sweden| c¢.2002 concentrations 0 average of 18standard deviation ¢f large sample,
concentration 2002. 1500, 390, 5500, 820, 6700, fraction measured using values, |18 values, dividedlj known to be
in HDV brake 580, 520, 5400, 8100, 530, XRF, samples takeg divided by 1e{ 1e6 to convert unit$ specific to drum
shoes, mass 920, 1900, 700, 980, 680 from drums of to convert brakes
fraction Ccy, 2100, 1200, 700 mg/kg trucks and tractor units
HDV, drum)
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Standard Calculation
Uncertainty| for Converting
Units | (in Same Reported Reasons for
of Units as | Geographig Experimental Value to Rationale for Choosing this
Variable Source Reported Value ValueValue | Value) Factors Year Factors Other Notes Value Standard Uncertainfy Value
Copper von Uexkull,[ mixed dust from 45 disc| 0.05 mass 0.02 Sweden | ¢ 200p concentrationg 0 Weighted Used Kline- this is the only
concentration 2002. formulations = 61000 fraction measured using average of tw§  McClintock on available value
in HDV brake mg/kg, mixed dust from 1% XRF, two samples dust sampleg equation for
pads, mass formulations = 27,000 from filters on and three pad calculating weightedl
fraction Ccy, mg/kg, three other pads h3 dynamometers used samples, average of three
HDV, disc) concentration of 18000, to test brakes plu divided by 1e¢ average values.
14000, and 27000 three samples direft to convert | Stdev was calculatgd
from pads units. for the three separate
samples, and
assumed to be 1/2 pf
value for the other
two.
Fraction of Link Testing losses from pads, in g: 0.83 mass 0.04 us 2004 | This is only three 0 sum of the | estimate that 2/3 of taken from a
wear debris Laboratories| 4.6+4.6+7.3+7.1+2.5+3; fraction pads but they were brake pad | the car population| sample of brake
that is brake Inc., 2004b. losses from rotor, in g: selected to be losses over ] would fall within .04| pads designed tg
lining material 1.7+43.3+.9 representative of sum of the | of the given value -} be representative;
(Frov) passenger car pags. rotor plus | the lowest ratio for| agrees with othe
brake pad | the three pads wag researchers (Link
losses 0.72 and the highe$t2004a; Sanders ¢
was 0.86 al, 2003), disagre¢
slightly with
Trainor, 2001
Tunnel study | Gillies et al, .53+-.06 mg/km; no 530 ug 60 Sepulvedgd 1996 | Ten runs, one holiAsked Gillies if | could| Multiplied by | given; author statesSepulveda tunnel
emission 2001. breakdown of resuspendgd Cu/km Tunnel, Log each, two PM10 [ get copper emission 1000 to that uncertainty wasmore likely to hav
factors for vs. direct; this is for PM1Q Angeles, samples per run;| factors for the ten runsconvert mg td calculated by | braking events an
copper from California XRF of Teflon |for copper so | could s ug. propagating the | is a closer mode

HDVs, Ib
Cu/mi (ER, cy,
HOV)

membrane filters;

vehicles videotape]
and speed

determined with
radar gun

what the standard

No correction for

through the tunnel

ddeviation is for coppe
in the different runs.
No distinction made
between HDV, MDV,
and passenger vehiclg

resuspended road du
PM10 only. Average
fleet mix was 97.4% LI
and 2.6% HD. Over
30,000 vehicles pasg

bt.

during the study runs

combined uncertain
of the inlet and outlg
sum of species
concentrations usin
the measured tunn
airflow volume and
vehicle kilometers
traveled

for urban driving
tthan the other tw
studies

P (o)

o
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Appendix B Abstract from Gillies et al, 2001

Abstract from: Gillies, JA, AW Gertler, JC Sagebiel, WA Dippel. On-road particulate
matter (PM, s and PM;g) emissions in the Sepulveda Tunnel, Los Angeles, C&nviron.
Sci. Technol.35, 1054-1063. 2001.

Total and speciated particulate matter ¢RMnd PMg) emission factors from in-use vehicles
were measured for a mixed light- (97.4% LD) andviyeduty fleet (2.6% HD) in the Sepulveda
Tunnel, Los Angeles, CA. Seventeen 1-h test ruexewwerformed between July 23, 1996, and
July 27, 1996. Emission factors were calculatedhfmass concentration measurements taken at
the tunnel entrance and exit, the volume of airfllhwough the tunnel, and the number of
vehicles passing through the 582 m long tunnet. tf® mixed LD and HD fleet, PM emission
factors in the Sepulveda Tunnel ranged from 0.G4®&O0Q7) to 0.115 (+0.019) g/vehicle-km
traveled with an average of 0.052 (x0.027) g/vehikeh. PMo emission factors ranged from
0.030 (x0.009) to 0.131 (£0.024) g/vehicle-km watih average of 0.069 (x0.030) g/vehicle-km.
The PM s emission factor was ~74% of the PjMlactor. Speciated emission rates and chemical
profiles for use in receptor modeling were alsodaleped. PMs was dominated by organic
carbon (OC) (31.0 = 19.5%) and elemental carbor) (B&.5 + 20.5%) that together account for
79% (£24%) of the total emissions. Crustal eleméRre, Mg, Al, Si, Ca, and Mn) contribute
~7.8%, and the ions TINOs;, NH5", SQ?, and K together constitute another 9.8%. In the
PMjo size fraction the particulate emissions were d@minated by OC (31 £ 12%) and EC (35
+ 13%). The third most prominent species was Beb(1 9.0%), which is greater than would be
expected from purely geological sources. Othetaggeal components (Mg, Al, Si, K, Ca, and
Mn) accounted for an additional 12.6%. RBMmission factors showed some dependence on
vehicle speed, whereas RMdid not. For test runs in which the average elspeed was 42.6
km/h a 1.7 times increase in RMemission factor was observed compared to thosewith an
average vehicle speed of 72.6 km/h. Speciatedsenis were similar. However, there is
significantly greater mass attributable to geolabimaterial in the PM, indicative of an
increased contribution from resuspended road diilse PM s shows relatively good correlation
with NOy emissions, which indicates that even at the lovegre of HD vehicles, which emit
significantly more NQ than LD vehicles, they may also have a signifiagergact on the Pk
levels.
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Appendix C

Vehicle Miles Traveled by Vehicle Catego

ry

The Sepulveda Tunnel study was of a mixed fleesisting of 2.6% heavy-duty and 97.4% light-duty ieéds. The definition of
light-duty vehicles applied here includes only mager vehicles; the heavy-duty vehicles categociudes every other category of
vehicle including medium-duty vehicles (Gertler030).

Table C-1 shows the vehicle category distributiérvehicle miles traveled in the Bay watershed. Tiaetion of vehicle miles
traveled by vehicles that are heavy-duty accordmdGillies' definition in the Bay watershed is 14%hus, the vehicle fleet

distributions in the Sepulveda Tunnel and in thg ®atershed are substantially different.

Table C-1

Vehicle miles traveled by vehicle catggarthe San Francisco Bay watershed.

Vehicle Miles Traveled in Watershed,

Adjusted by Population and to Include Buse

2S

Vehicle Miles Traveled (in thousands) (Fanai, 2005) Fraction of and Motorcycles
Medium- Heavy- County's
Light-Duty | Duty Duty Population in Heavy-Duty
County | Vehicles Vehicles Vehicles Buses| Motorcycles| Total Watershed Light-Duty Vehicles | Vehicles*
Alameda 28,084 2,324 2,696| 237 111 | 33,452 0.999 28,822,035 5,151,923
Contra
Costa 22,043 1,979 1,325 163 87| 25,597 0.833 16,309,041 2,444 543
Marin 5,960 836 334 71 29 7,230 0.947 5,409,713 1,061,974
Napa 2,708 274 297 22 15 3,316 0.977 2,360,417 497,710
San
Francisco 10,146 1,000 1,183 230 66 | 12,625 1.000 8,700,571 1,872,004
San Mateo 19,411 1,882 1,228 123 78| 22,722 0.804 13,612,496 2,180,973
Santa
Clara 38,959 3,294 2,643 171 162 | 45,229 0.945 34,294,127 5,226,115
Solano 6,151 426 420 61 24 7,082 0.709 5,662,455 778,806
Sonoma 8,037 742 724 35 36 9,574 0.238 2,033,821 370,982
Total 141,503 12,754 10,852| 1,113 607 | 166,829 117,204,676 19,585,030

*This includes all non-passenger vehicles, for carigon to the vehicle fleet description given itli€s et al, 2001.
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