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November 1, 2021  
  
City of Chicago, Department of Public Health   
Attn: Environmental Permitting and Inspections   
333 South State Street, Room 200 Chicago, IL 60604 
Submitted via email: EnvComments@cityofchicago.org   
  
Re:  Comments on Proposed Rules for Reprocessable Construction/Demolition Material  

Facilities 
   
 
To Whom It May Concern,  
 
We submit these comments on the Proposed Rules for Reprocessable Construction/Demolition 
Material Facilities (“Proposed Rules”), noticed by the Chicago Department of Public Health 
(“CDPH”), on behalf of the Natural Resources Defense Council (“NRDC”) and our millions of 
members and activists, including thousands of members and activists in the City of Chicago, 
some of whom live, work and/or play along the I-55 corridor and on the Southeast Side within a 
short distance of facilities that would be regulated by the Proposed Rules. The Chicago 
Environmental Justice Network (“CEJN”) and several of its individual members support these 
comments as well. NRDC also supports the comments of CEJN and its individual members 
submitted in this rulemaking. At the outset, we note the continuing and ever-more pressing need 
for regulations and enforcement that address the many sources of pollution from facilities 
impacting environmental justice communities in Chicago. More generally, the COVID-19 
pandemic has resulted in gross disparities in health outcomes, including deaths, for those most 
vulnerable in our society. Emerging studies indicate that living in areas with polluted air is linked 
to greater mortality rates from COVID-19. In short, these rules, and making good on the City’s 
commitment to protect its residents and address environmental injustices, are needed now more 
than ever.   
 
We reiterate that while we welcome CDPH’s regulations for reprocessable construction and 
demolition material facilities, environmental regulations are only one piece of the needed 
reforms. Regulating individual industries on the back end without addressing distributive siting 
issues and cumulative impacts, and more broadly upholding civil rights, is not enough. We look 
forward to further working with CDPH and other committed city staff and stakeholders at this 
higher level to ensure a clean, safe, productive and equitable Chicago for all residents.  
 

I. Impacts of Reprocessing and Handling Construction and Demolition Materials 
 
While a full review of the impacts of this type of industrial facilities on the environment and 
public health is beyond the scope of these comments, we highlight a few impacts of concern as 
follows:  
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 Reprocessing and handling of construction and demolition materials is widely recognized 
as a dusty business. Crystalline silica in particular can be found in a range of construction 
materials, including brick, concrete, and drywall. Exposure to mobilized crystalline silica 
from reprocessing and/or handling of construction and demolition materials can lead to 
silicosis, lung cancer, and other health impacts. Indeed, air quality and public health 
agencies have identified a specific fraction of PM for crystalline silica, PM4, and set 
distinct health-based thresholds for this pollutant, as discussed in more detail below.  

 Facilities that take in C&D material for reprocessing will likely be handling an array of 
toxic substances on the front end – before, during and after the sorting process. Also, as 
discussed in these comments, reprocessing construction and demolition materials can 
result in byproducts and waste products that themselves contain toxic substances like lead 
and other heavy metals. Such substances can contaminate soil and water in and around 
the facilities handling them, as well as become airborne.  

 Facilities that would be covered by the Proposed Rule are served by a wide array of 
trucks, including ones that remain onsite and ones that transport materials to/from 
facilities, which themselves produce both fugitive dust and diesel exhaust emissions.  

 All of the facilities that CDPH anticipates will be covered by the Proposed Rules are 
located in environmental justice communities that are already overburdened by pollution. 
With few if any exceptions, all existing and proposed facilities furthermore are located in 
close proximity to homes, parks, and/or commercial areas frequented by members of the 
public, in many cases separated only by a single street and/or distances of less than 300 
feet. We are aware of community complaints against such facilities as well, though an 
accounting of these complaints is beyond the scope of these comments. 

 
For these reasons, addressing these facilities’ many impacts is long overdue and sorely needed. 
CDPH should strengthen the Proposed Rules in the ways set forth below and in the comments of 
CEJN and its individual members.1  
 

II. Strengthening Air Quality Impact Assessment and Air Monitoring Provisions  
 

The Proposed Rules contain two primary provisions regarding air quality, Section 3.8.21 
requiring that a permit application include an air quality impact assessment consisting of an 
emissions and dispersion modeling study along with dust monitoring and calibration plans, and 

 
1 We note that the given the time available for comment and the number and scope of closely related City 
regulations/guidance and state requirements, we were not able to do a complete comparison of the Proposed Rules to 
existing regulations like the bulk material rules adopted initially in response to petcoke threats, as amended, and 
Illinois State Implementation Plan requirements for visible emissions and fugitive dust. We did attempt to flag 
instances in which it appears the Proposed Rule would require or allow less of facilities than these existing parallel 
sources and comment that CDPH should take the more stringent approach. However, we may have missed some 
instances, and thus generally set forth that where analogous City and/or state sources require more stringent 
regulation of parallel operations and industries, CDPH should amend the Proposed Rules to strengthen them 
consistent with these existing sources.  
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Section 5.8 containing air quality standards and monitoring requirements. CDPH should make 
the following improvements to these sections.  

a. Air Quality Impact Assessment – emissions and air dispersion modeling study 
 

i. Assessing unacceptable air quality impacts 
 
CDPH should make explicit that exceedances of individual National Ambient Air Quality 
Standards (NAAQS) and other federal metrics like minimum risk levels for individual metals 
(MRLs) are not the sole measures by which the agency will determine whether a facility poses 
unacceptable impacts to air quality for purposes of the Proposed Rules (and other environmental 
permitting). There are numerous justifications for such a position.  
 
First, the NAAQS are not bright-line thresholds under which no health impacts will occur. U.S. 
EPA and other regulatory bodies have recognized that substantial impacts to health can and do 
occur from ambient levels of pollution below the NAAQS, including due to air exposures and to 
exposures via other pathways.2 Indeed, the authors of the Clean Air Act recognized this fact, as 
set forth in the Prevention of Significant Deterioration provisions. The purpose of that program is 
“to protect public health and welfare from any actual or potential adverse effect which … may 
reasonably be anticipate [sic] to occur from air pollution or from exposures to pollutants in other 
media, which pollutants originate as emissions to the ambient air) [sic], notwithstanding 
attainment and maintenance of all national ambient air quality standards…”.3 As discussed 
elsewhere in these comments, PM is one primary example of a criteria pollutant for which 
science has not identified a no-effects threshold; lead is another clear example. Nor are 
individual MRLs all bright line thresholds under which no harm will occur, as set forth in our 
June 2018 comments to CDPH on the manganese dust rule revisions, which we incorporate here 
by reference. Generally speaking, more air pollution equals more harm, creating disparities even 
where an area or areas are “meeting” existing ambient air thresholds.  
 
That significant health impacts can and do occur at levels below the NAAQS and MRLs is a 
critical concept in recognizing and addressing ongoing disparities in pollution burden across 
Chicago, which in turn CDPH is obligated to do (as set forth in our partners’ comments and our 
past joint comments on the Large Recycling Facility Rules and in the General III permit 
proceeding). To put it another way, CDPH has the authority and the obligation to examine 
whether some communities bear greater pollution burdens than others and to address these 
disparities – even where, based on available monitoring and modeling, all such communities are 
and will continue to be in “attainment” with the NAAQS.  
 

 
2 See infra regarding PM2.5. 
3 42 U.S.C. § 7470(1) (emphasis added).  
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In addition, individual thresholds like the NAAQS and MRLs do not account for the fact that 
communities facing proposed facilities are exposed to all or many of those pollutants together, 
along with other pathways of exposure. Nor do they account for the impacts of historic exposure 
to high pollution levels. Properly accounting for public health impacts requires assessing the 
combined and potentially synergistic effects of multiple pollutant exposures, looking at past as 
well as present and proposed pollution levels. Moreover and of critical importance for 
environmental justice communities, these individual thresholds do not adequately take into 
account the social determinants of health, i.e., fully recognize that some people are more 
vulnerable to pollution than others based on their socioeconomic characteristics.  
 
Determining a proper “background” level by which to evaluate pollution from a proposed facility 
to the NAAQS and/or MRL also is not an exact science, due in large part to the dearth of 
monitoring data for many areas within Chicago – including even the industrial areas. It is well 
established that “fenceline” communities often experience localized pollution levels far above 
those captured by the small number of regulatory monitors typically used in such NAAQS and/or 
MRL evaluations.4 Here in Chicago, for instance, fenceline regulatory-grade monitors placed at 
KCBX and S.H. Bell, facilities engaged in material handling with residential areas just across the 
street, have identified localized levels of PM10 and metals far above those recorded at the 
nearest Illinois network monitor at Washington High School during the same time period. In 
addition, self-reported, paper calculation emissions estimates from state inventories typically 
added to “background” monitoring data to account for nearby sources in modeling air quality 
impacts of a proposed facility are inaccurate at best and tend to underestimate actual air quality 
in an area as a whole. As we’ve raised in the past, inventories often completely omit substantial 
sources of air pollution, in particular alleged minor and/or de minimis sources; this was the case 
for the S.H. Bell manganese-handler, which was absent from the state’s emissions inventory 
prior to community advocacy efforts. Calculated emissions for fugitive emissions are an 
especially imprecise exercise.  
 
These shortcomings in available air quality and emissions data are an especially important point 
for evaluation of reprocessable construction and demolition material facilities, which as noted 
above are located very close to residential areas, parks and commercial areas in EJ communities: 
there is a single regulatory monitor along the I-55 corridor in Chicago, located at Perez 
Elementary School, which monitors only Total Suspended Particulate and metals. At the same 
time, members of the Chicago EJ Network have conducted or are conducting air quality 
monitoring studies that demonstrate elevated levels of air pollution in their communities. CDPH 
can and should seek out this and other available data when characterizing the air quality in 
communities. 

 
4 See, e.g., Ex. 1, McLaughlin, T. et al., Special report: U.S. air monitors routinely miss air pollution – even refinery 
explosions, Dec. 1, 2020, Reuters, available at https://www.reuters.com/article/usa-pollution-airmonitors-
specialreport/special-report-u-s-air-monitors-routinely-miss-pollution-even-refinery-explosions-idUSKBN28B4RT.  
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There are available ways for CDPH to take into account these issues in implementing its rules. 
For instance, CDPH could implement its own, local version of a prevention of significant 
deterioration and/or disparities program and significant impact levels. Public health 
methodologies also exist for assessing combined exposures to multiple pollutants, as well as to 
account for heightened vulnerabilities of some individuals and subpopulations. CDPH can and 
should require onsite (and near-site), baseline monitoring for use in modeling of proposed new or 
expanded facilities. For all of these reasons, CDPH should make clear that the individual 
NAAQS and individual MRLs or equivalent thresholds are not bright line tests by which the 
agency will evaluate air impacts from proposed facilities.  
 

ii. PM2.5 
 

The Proposed Rules require, at minimum, estimation and modeling of PM10.5 While we 
appreciate that the Proposed Rules set the minimum requirements for the air quality impact 
assessment and that CDPH may require additional analysis in the individual case, we strongly 
recommend that CDPH require PM2.5 estimation and modeling as part of the minimum 
requirements for this class of facilities.  
 
This request is based on several factors:   
 

 Rock crushing activities can and do generate significant, localized amounts of fine 
particles, though the majority of particles from such mechanical activity will be in the 
larger fraction. 

 While air monitoring data is limited, available data for Chicago supports that the 
environmental justice areas in which these facilities are or are proposed to be located 
likely have elevated levels of PM2.5 overall and in relation to other Chicago 
communities, particularly along the roadways to/from the industrial areas in which they 
are sited. For instance, the stationary monitor at Washington High School near the 
proposed site for the Chicago Port and Rail facility has the highest 24-hour design value 
for PM2.5 (2018-2020 data) among PM2.5 state monitoring sites in Chicagoland. In 
addition, hand-held monitoring efforts have identified relatively elevated levels of PM2.5 
in areas near existing and proposed facilities that would be covered by the rules, 
including between Ashland and Loomis and Cermak and the Canal; at California and the 
Canal; along Loomis south of the Canal to 47th; and at 106th and Avenue O.6  

 Reprocessable construction and demolition material facilities are typically served by a 
number of heavy-duty vehicles that move materials around the site, as well as to and from 

 
5 Proposed Rules at 3.8.21 and 3.8.21.1.1 
6 See Air Quality Chicago, Prevalence of High PM2.5 Levels, interactive website available at 
https://airqualitychicago.org/results/.  
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the site. As taken up elsewhere in these comments and our partners’ comments, such 
vehicles can have significant impacts on local air quality, from both their mechanical 
emissions and combustion emissions (with the latter mainly resulting in increased PM2.5, 
though see elsewhere in these comments regarding other pollutants associated with diesel 
combustion).  

 CDPH recently released its Air Quality Impact Evaluation Interim Guidance, to be used 
for the air quality impact evaluation required by the March Air-Zoning ordinance. This 
Interim Guidance calls for modeling of PM2.5 (and NO2, see below) along with PM10, 
demonstrating that such modeling of fine particles for facilities covered by the Proposed 
Rule is feasible now. Since none of the existing or two proposed reprocessable 
construction/demolition material facilities will be subject to the new site plan review’s air 
quality impact evaluation requirements, omitting PM2.5 from the required minimum air 
quality demonstration under the Proposed Rules would result in an omission of a critical 
impact and perpetuate discrepancies between the two air evaluation processes.  

 U.S. EPA has recognized that to date, science has not identified a “no-effects” threshold 
for particulate matter – i.e., more PM equates to more harm.7 In addition, U.S. EPA has 
committed to revisiting the National Ambient Air Quality Standard for PM, “because 
available scientific evidence and technical information indicate that the current standards 
may not be adequate to protect public health and welfare.”8 Groups like the American 
Lung Association have in the past set forth bases for revising the PM2.5 NAAQS to an 
annual standard of 8 ug/m3 and a 24-hour standard of 25 ug/m3.9 For comparison, 
according to U.S. EPA, the 24-hour design value for PM2.5 at the Washington High 
School monitor (2018-2020) is 25 ug/3.  

 
In sum, facilities that would be regulated by the Proposed Rules may pose significant additional 
PM2.5 pollution in parts of Chicago that are already bearing a disproportionate PM2.5 burden. 
CDPH thus should require PM2.5 modeling as a baseline requirement of the Proposed Rules, to 
ensure such facilities do not pose unacceptable impacts to public health and well-being. 
 

iii. PM4 
 
CDPH should in the Proposed Rules define and regulate PM4 crystalline silica, a specific 
fraction and type of particles for which air quality and public health agencies have set health-
based thresholds. For instance, California has an inhalation reference exposure level of 3 ug/m3 

 
7 Including under the Trump Administration, see, e.g., 85 Fed. Reg. 82684 at 82696, 82697, 82698, and 82704 (Dec. 
20, 2020).  
8 Ex. 2, U.S. EPA, EPA to Reexamine Health Standards for Harmful Soot that Previous Administration Left 
Unchanged, June 10, 2021, available at https://www.epa.gov/newsreleases/epa-reexamine-health-standards-harmful-
soot-previous-administration-left-unchanged.  
9 See Ex. 3, American Lung Association, Comments on Docket ID No. EPA-HQ-OAR-2015-0072 (Nov. 12, 2019), 
at 5, available at https://www.lung.org/getmedia/84f50d4f-9d3e-4599-ae01-9896b98bc062/lung-association-
comments-to-4.pdf.pdf.  
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to be applied to respirable particles of crystalline silica, which occur in the PM4 fraction.10 While 
efforts to define and regulate PM4 crystalline silica have taken place primarily in the 
occupational setting, they can and should be used for assessing community/environmental 
exposures as well, especially given the proximity of facilities in this category to homes, parks, 
and other places where members of the general public congregate.11 For application to 
community settings, we recommend application of additional safety factors to the California 
REL or other occupational thresholds for crystalline silica to account for exposure of the general 
population, including people who are unhealthy, have pre-existing lung diseases, asthmas, etc., 
and pregnant women and children, as well as continuous exposures.12  
 

iv. Other pollutants 
 
In addition to requiring an assessment of impacts on PM2.5 levels and regulating PM4 
crystalline silica, CDPH should require evaluation of air pollutants more closely associated with 
localized creation of hot spots by diesel trucks, such as ultrafine particles (PM0.1) and nitrogen 
oxides (NOx, of which nitrogen dioxide or NO2 is the main indicator).  
 
Ultrafine particles are a product of combustion associated with diesel vehicles. They have 
negative health effects distinct from (though overlapping with) PM2.5, given how they penetrate 
the bronchioles and lungs.13 Ultrafine particles also can travel up the olfactory pathway to the 
brain, causing cerebral and autonomic dysfunction; in utero exposure to ultrafine particles is 
associated with low birthweight.14 Moreover, while to date the rule of thumb is that localized 
concentrations of PM associated with mobile source corridors drop off to background levels by 
roughly 500 meters, research demonstrates that ultrafine particle plumes from roadways can 
travel in the downwind direction for roughly 1.5 to 2 km, in particular overnight and in the early 
morning.15  
 
Nitrogen oxides impact health not only through their contribution to ozone/PM/smog formation, 
but also via direct exposure to breathing air with high levels of NOx. U.S. EPA provides this 
summary of the health impacts of NO2:  

 
10 See Ex. 4, OEHHA, Chronic Toxicity Summary, Silica (Crystalline, Respirable), February 2005, available at 
https://oehha.ca.gov/media/downloads/air/document/silicacrelfinal.pdf.   
11 See, e.g., Ex. 5, ATSDR, Air Exposures to Particulate Matter and Silica Dust, Valley, WA, July 2019 (describing 
an investigation of PM and crystalline silica at an elementary school located across the street from a large producer 
of silica sand products).  
12 We recommend use of at least an additional 3X for UFintraspecies differences such as health status and 
10X for children.  
13 See Ex. 6, Schraufnagel, D. The Health Effects of Ultrafine Particles, Experimental & Molecular Medicine (2020) 
52:311–317, available at https://www.nature.com/articles/s12276-020-0403-3.pdf.  
14 Id.  
15 See, e.g., Ex. 7, Choi, W. et al., Prevalence of wide area impacts downwind of freeways under pre-sunrise stable 
atmospheric conditions, Atmospheric Environment (2012) 62:318-327, abstract available at 
https://www.sciencedirect.com/science/article/abs/pii/S1352231012007753?via%3Dihub.  
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… exposures [to NO2] over short periods can aggravate respiratory diseases, 
particularly asthma, leading to respiratory symptoms (such as coughing, wheezing 
or difficulty breathing), hospital admissions and visits to emergency rooms. 
Longer exposures to elevated concentrations of NO2 may contribute to the 
development of asthma and potentially increase susceptibility to respiratory 
infections. People with asthma, as well as children and the elderly are generally at 
greater risk for the health effects of NO2.16 

 
Not only is NO2 associated with diesel vehicles, but diesel vehicles driven at slow, “urban” 
speeds are associated with exceptionally high levels of NO2 emissions. An in-use study of 
heavy-duty diesel vehicles in the U.S. by the International Council on Clean Transportation 
found that “[a] disproportionate amount of NOx emissions from heavy-duty vehicles is 
emitted during the low-speed operation characteristic of urban driving” and that “[v]ehicle 
operation at speeds of less than 25 mph results in NOx emissions of more than five times the 
certification limit for the average heavy-duty vehicle in the study.”17 The report notes that 
“a single line-haul truck emits the NOx equivalent of 100 cars for each mile driven in urban 
driving.”18 A recent study using mobile air sensors identified significantly elevated markers 
of primary combustion, including NOx, near truck-intensive industrial facilities, consistent 
with levels found within 200 meters of highways.19  
 
For these reasons, and because reprocessable construction and demolition material facilities 
are vehicle-intensive uses, CDPH should require evaluation of ultrafine particles and NO2 
under the Proposed Rules. Moreover, as discussed elsewhere in these comments, CDPH 
recently released interim guidance on air quality modeling. This guidance requires 1-hour 

 
16 Ex. 8, U.S. EPA, Basic Information about NO2, available at https://www.epa.gov/no2-pollution/basic-
information-about-no2.  
17 See Ex. 9, ICCT, Current State of NOx Emissions from In-Use Heavy-Duty Diesel Vehicles in the United States, 
available at https://theicct.org/publications/nox-emissions-us-hdv-diesel-vehicles (Badshah. H et al., white paper 
available at https://theicct.org/sites/default/files/publications/NOx_Emissions_In_Use_HDV_US_20191125.pdf). 
We note that while data on localized NO2 levels is relatively thin for Chicago, U.S. EPA has confirmed to us that 
preliminary analyses of ozone data that take into account summer 2021 show the South Water Treatment Plant as 
having the highest ozone value among Chicagoland ozone monitors. This is a significant change from historic high 
values, which have been at the far north monitors further back and at the Northbrook monitor (along with Alsip and 
Evanston) in the more recent past. Such a shift may be explained at least in part by high volumes of truck traffic on 
interstates and local roadways on the South/Southeast Sides relative to reduced vehicle traffic on Northside 
highways during the pandemic. While ozone concentrations are not a direct measure of localized NO2, this data 
suggests that NO2 levels are relatively high in these areas as well.  
18 Id. This finding is consistent with research looking at the reduced effectiveness of selective catalytic reduction on 
diesel vehicles at lower temperatures associated with off cycle idling. See Ex. 10, Mark Janssen, Mobile Source 
Modeling: Strengths, Weaknesses, and Opportunities for Improvement, presented at LADCO Regional Air Quality 
Meeting, April 2019, at slide 12, available at https://www.ladco.org/wp-content/uploads/Meetings/2019-
04_Regional_AQ/6_Janssen-Onroad-Spring-Meeting2019_V5_04172019.pdf.  
19 See Ex. 11, Miller, D. et al., Characterizing Elevated Urban Air Pollutant Spatial Patterns with Mobile Monitoring 
in Houston, Texas, Environmental Science & Technology (2020) 54 (4), 2133-2142, available 
https://pubs.acs.org/doi/pdf/10.1021/acs.est.9b05523.   
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NO2 modeling, including onroad mobile source diesel emissions (and implicitly nonroad 
mobile diesel emissions, such as from forklifts, dozers and other mobile sources that remain 
at facility yards), demonstrating that NO2 modeling is feasible and should be required in the 
Proposed Rules as well. To the extent that CDPH finds it is not currently feasible to conduct 
similar modeling for ultrafine particles, CDPH should develop alternative methodologies for 
assessing a project’s impact on ambient levels of ultrafine particles.  
 

v. On-road mobile source diesel 
 

Relatedly, CDPH should include on-road mobile diesel engine emissions in the minimum 
required air quality impact assessment. The Proposed Rules, like the Large Recycling Facility 
Rules, state that while “diesel engines” are generally to be included in the minimum air quality 
impact assessment, “[d]iesel emissions from on-road mobile sources are not required to be 
included in the modeling study.”20 It appears that this language in the Large Recycling Facility 
Rules came about due CDPH’s agreement to abide by an industry request to exclude diesel 
emissions, citing (without further analysis) this company’s comment that it “believes” the City’s 
idling reduction plan is sufficient to protect air quality from truck emissions.21  
 
Moving forward, CDPH should not adhere to this past decision (and should update its Large 
Recycling Facility Rules as well). As set forth in an October 2020 letter to CDPH regarding this 
aspect of the Large Recycling Facility Rules, which we incorporate here by reference with 
respect to the Proposed Rules, on-road mobile diesel engines can cause significant “hot spots” of 
pollution around the facilities they serve. Since that letter, additional studies have come out 
pointing to systemic racial and ethnic disparities in hyperlocal air pollution attributable to truck 
traffic, with communities of color generally bearing disproportionately greater burdens.22 
 
Also since that letter, CDPH has issued its Interim Guidance on air quality studies under the 
March 2021 Air Quality Zoning Ordinance, which expressly requires inclusion of on-road 
mobile sources. Failing to require on-road mobile sources here would create inconsistent 

 
20 Proposed Rules at 3.8.21.1.1. We note that this language can and should be read to require inclusion of diesel 
emissions of nonroad mobile sources in all air quality impact assessments. Furthermore, given that Section 3.8.21 
itself states that the requirements are “not necessarily limited to” the more detailed directions that follow, we also 
read this language as recognizing that CDPH can require inclusion of diesel emissions from on-road mobile sources 
on a case-by-case basis. It should do so where, as is the case with many if not all of these facilities, the facilities are 
located in close proximity to homes, parks and other places where people congregate; are in areas having relatively 
poor air quality; and are served by many diesel trucks.   
21 See CDPH, Official Response to Public Comments on Proposed Rules for Large Recycling Facilities, June 5, 
2020, at 35 and 37 (discussing comments by SIMS and stating that “in response to SIMS’s in response to SIMS’s 
comments, CDPH clarified that engine emissions from onroad mobile sources do not have to be addressed in the 
modelling in response to SIMS’s comments, CDPH clarified that engine emissions from onroad mobile sources do 
not have to be addressed in the modelling [sic].”). 
22 See, e.g., Ex.12, Chambliss, S. et al., Local- and regional-scale racial and ethnic disparities in air pollution 
determined by long-term mobile monitoring, Proceedings of the National Academy of Sciences (2021), available at 
https://www.pnas.org/content/pnas/118/37/e2109249118.full.pdf.  
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approaches and confusing results, with analysis under the Proposed Rules falling short of 
accounting for facilities’ full impacts on the environment and public health. Conversely, 
including on-road mobile sources in the minimum modeling required by the Proposed Rules 
would ensure that CDPH can assess a more complete picture of a facility’s impact and take 
measures to address the impact. Such measures may include, but are not limited to, requiring a 
facility to have vehicle charging infrastructure for both nonroad and on-road vehicles and/or to 
further reduce its PM emissions from stationary emissions sources to reduce the facility’s overall 
impact, such as through additional controls (like enclosure), limits on capacity/throughput, 
and/or other design features. As noted elsewhere in these comments, Existing Facilities that 
would be subject to the Proposed Rules will not undergo site plan review unless and until they 
modify or expand, and thus (all else constant) will not have to evaluate their on-road mobile 
source diesel emissions unless such evaluation is required under the Proposed Rules.  

 
vi. Emissions estimates and modeling 

 
While the Proposed Rules themselves do not include detailed guidelines or procedures for 
estimating emissions and conducting air quality modeling, CDPH recently released an Air 
Quality Impact Evaluation Interim Guidance that the agency intends to use in the “air quality 
impact evaluation” required under the March Air-Zoning ordinance.23 Assuming CDPH will 
employ the same approaches in the Proposed Rules as are set forth in this Interim Guidance, we 
note that we plan to provide CDPH additional comments on the interim guidance, and thus 
request that CDPH take such comments into account for purposes of these Proposed Rules.24 
 

b. Air Quality Impact Assessment – dust monitoring plan 
 
The Proposed Rules lay out an independent requirement that applicants submit a dust monitoring 
plan that describes various aspects of the required monitors and weather station, along with a 
schedule and plan for quarterly testing to ensure compliance with prohibitions on visible dust 
beyond the fenceline and opacity requirements.25 They also contain a separate provision 
requiring applicants to submit state operating programs for fugitive dust.26 Given differences 
between state and local requirements and to ensure that applicants comply with both of these 
separate requirements in the Proposed Rule, CDPH should make explicit that applicants must 
submit a separate dust monitoring plan that explicitly addresses CDPH’s Rules and not simply 
rely on a state operating program for purposes of satisfying both provisions. Such a requirement 

 
23 See CDPH, Air Quality Impact Evaluation Interim Guidance, September 2021, available at 
https://www.chicago.gov/content/dam/city/depts/cdph/InspectionsandPermitting/Air%20Quality%20Impact%20Eva
luation%20Interim%20Guidance.pdf; see also CDPH, Air Quality Zoning Ordinance, available at 
https://www.chicago.gov/city/en/depts/cdph/supp_info/healthy-communities/chicago-air-quality-zoning-
ordinance.html.  
24 On October 25, we submitted a request to CDPH for clarification on the process for submitting comments on the 
Interim Guidance.  
25 Proposed Rules at 3.8.21.1.2. 
26 Proposed Rules at 5.8.6. 
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will help avoiding a situation where, for example, an applicant submits a state operating plan that 
lacks the quarterly testing plan mandated by CDPH’s regulations. Alternatively, an applicant can 
rely on a single plan submitted for both purposes, if that plan in fact clearly addresses all 
applicable state and local requirements.  
 

c. Air Monitoring, Section 5.8 
 

i. State Operating Program for Fugitive Dust.  
 
See above comment regarding differences between state and local requirements, and the need to 
ensure that applicants clearly demonstrate in their dust plan submitted pursuant to the Proposed 
Rules how they will comply with CDPH’s Rules.  
 

ii. Air monitoring requirements 
 

We reiterate and incorporate by reference our comments on the air monitoring provisions of the 
Large Recycling Facility Rules.  In sum, CDPH should ensure that the types of air monitors 
required under the Proposed Rules provide sufficiently high quality and reliable data to be used 
for assessing compliance with the Proposed Rules and other related local and/or state 
requirements. As a general matter, we support CDPH requiring federal regulatory reference 
monitors and strongly encourage CDPH to continue to require such monitors, and to allow use of 
alternative monitoring methods only where such methods are for all intents and purposes 
functional equivalents of such reference monitors or where used to supplement data collected 
from reference monitors.  
 
In addition, CDPH should establish air monitoring requirements for the other pollutants we raise 
in these comments, specifically PM2.5, PM4 crystalline silica, ultrafine particles, and NO2.  
 

iii. Additional RALs for pollutants in addition to PM10 
 
CDPH should establish in this rulemaking additional RALs for the pollutants other than PM10 
that we raise in these comments, specifically PM2.5, PM4 crystalline silica, ultrafine particles, 
and NO2.  
 

III. Strengthening Various Definitions, Control Requirements and Performance 
Standards  
 
a. Enclosure of processing and handling operations  

 
CDPH should strengthen the Proposed Rules by requiring enclosure of processing areas and 
storage piles to the greatest degree feasible. Enclosure is an available best practice that will better 
ensure continuous prevention of harmful fugitive dust over a wide range of operating conditions 
than other work-practice measures that depend on constant adherence by facility staff and that 



12 
 

are impacted by daily conditions such as temperature and other weather conditions. Because 
enclosure is relatively self-enforcing, it can also reduce or eliminate the need for various forms 
of monitoring that a facility would otherwise need to staff and undertake on an ongoing basis, 
like opacity monitoring, and/or disruptions in operations like high wind cessations as raised 
below. Also, enclosure can reduce the need for additional stormwater and/or noise measures, in 
addition to these air benefits. CDPH’s rules for petcoke and coal handling recognize that 
enclosure is an available control for dusty operations such as those posed by reprocessable 
construction and demolition material facilities.27 Despite this availability and these benefits, the 
only reference to enclosure of some form in the Proposed Rules is in Section 5.4.3., which 
requires “incidental debris” to be placed inside a three-sided enclosure.28  
 

b. Cessation of operations during high wind conditions  
 
Alternatively, if CDPH does not mandate enclosure of processing and handling operations, it 
should at minimum require cessation of outdoor processing and handling operations during 
periods of high winds. Such an approach is already required by Section E of the general bulk 
material rules as a prerequisite for facilities handling bulk materials other than coal and coke 
maintaining outdoor piles. These rules would otherwise apply to reprocessable construction and 
demolition material activities absent the exemption for construction and demolition materials in 
the definition of “bulk solid material” (see below). The general bulk material rules contain a 
baseline/default requirement that outdoor bulk material storage is allowed if “[d]isturbance of 
outdoor Bulk Solid Material piles, including but not limited to outdoor loading, unloading, and 
any other Processing, [is] suspended during High Wind Conditions, as detected by the wind 
monitor.”29 CDPH should adopt a similar requirement here.   
 

c. Zero Emissions vehicles and other diesel mitigation measures 
 
As noted elsewhere in these comments and those of our partners, diesel emissions are a serious 
concern for communities faced with truck-intensive uses like reprocessable construction and 

 
27 See id. (discussing use of wetting where “enclosing the material is impractical”). 
28 We were unable to find a definition of “incidental debris” in the Code or the Proposed Rule. CDPH should define 
this term for purposes of the Proposed Rules, to provide clarity on the nature of this material as opposed to 
“reprocessable” or reprocessed material, as well as “waste” material and any other material that is or may be handled 
by facilities subject to the Propose Rules. We note that to the extent that “incidental debris” here or any other 
material that is or may be handled by facilities subject to the Proposed Rules is analogous or similar to a recognized 
byproduct of C&D reprocessing known as “recovered screen material,” and/or if any such material or debris 
otherwise has the potential to contain toxic or hazardous substances such as polycyclic aromatic hydrocarbons, lead 
and other heavy metals, CDPH should adopt provisions addressing this material that take into account its 
composition and the material’s potential impact on soil and water, along with air. See Ex. 13, Stormwater, New Life 
for C&D, Aug. 23, 2013 (“Stormwater C&D”), available at https://www.stormh2o.com/bmps/article/13008348/new-
life-for-cd. 
29 See Rules for Control of Emissions from Handling and Storing Bulk Materials (January 2019), Part E, Outdoor 
Storage of Bulk Solid Materials Other than Coke or Coal, Section 7.0(4), High Wind Events and Section 2.0(12), 
definition of “high wind conditions.”  



13 
 

demolition material facilities. Diesel emissions are caused not only by trucks coming and going 
from the site, but also from diesel engines that remain onsite, such as nonroad vehicles 
(construction equipment) and mobile energy sources/generators. Indeed, nonroad engines – in 
particular older ones that operate on a non-continuous basis, and so emit air pollutants at a 
relatively high amount – can be a substantial source of air pollution. According to air quality 
experts with whom we have consulted, such old and dirty engines may account for a large NO2 
signal on Chicago’s Southside that is not explained or accounted for by current mobile source 
emission inventories. Given these impacts and available control measures, CDPH can and should 
in this rulemaking acknowledge and address these vehicles and other diesel engines as part of its 
duty to protect public health and to address health disparities and civil rights.  
 
The Proposed Rules contain several provisions related to vehicles: 
 

 Section 3.8.13 requires a traffic assessment, which in turn requires various plans of 
operation, including an idling reduction plan that “[d]emonstrates compliance with 
Section 9-80-095 of the Code and that minimizes unnecessary idling of vehicles and 
equipment in order to avoid contributions to poor air quality and noise” (emphasis 
added);  

 Section 3.9.9 requires that the source’s Operating Plan include a description of vehicles 
“to be used at the Facility,” including their types and EPA Tier rating of each;  

 Section 5.7 generally pertains to the availability of sufficient vehicles to accept and 
process permitted volumes or weights of material, and further states that “[s]uch vehicles 
and equipment shall be operated in a manner that minimizes emissions, including but not 
limited to [express dust control measures]” (emphasis added); and  

 Section 5.8.14 prohibits back-ups and idling of vehicles serving regulated facilities on 
public streets and rights-of-way.  

 
In sum, the Proposed Rules recognize the potential impacts to public health and the environment 
from vehicles, and generally include duties to minimize idling and emissions. CDPH should 
build on this base by requiring use of Zero Emission technologies and other similar diesel 
mitigation measures wherever feasible.  
 
Various sources are available for assessing the current availability of Zero Emission technologies 
for a range of diesel sources associated with reprocessable construction and demolition material 
facilities. In particular, agencies in California have informational materials that can and should 
inform CDPH’s requirements for diesel sources here.30 Even where Zero Emission vehicles 
themselves are not yet commercially available for purchase for a certain segment, CDPH can and 
should require all sites relying on diesel vehicles to be “electrification-ready” on the front end, 

 
30 See, e.g., Ex. 14, CARB, Zero-Emission Off-Road Strategies, November 2020, available at 
https://ww2.arb.ca.gov/sites/default/files/2020-11/ZEV_EO_Off-Road_Fact_Sheet_111820.pdf.   
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including for both future electric vehicles and for purposes of providing zero-emission onsite 
power sources where in the past facilities have relied on diesel generators and idling truck 
engines.  
 
Electrification of sites not only reduces emissions, it can also reduce noise impacts.31 In addition, 
electrification of construction/nonroad vehicles can have other benefits for operators, including 
improved workplace air quality for workers themselves, along with reduced maintenance costs 
(especially brake expenses) over the life of the vehicle.32  
 
For these reasons, CDPH can and should require Zero Emission technologies in place of diesel 
sources in the Proposed Rules. At the very least, CDPH should expressly reference Zero 
Emission technologies as alternatives to diesel sources and incorporate Zero Emission 
technologies in its case-by-case consideration of facilities under the Proposed Rules, as part of 
the overall charge to minimize idling by and emissions from diesel sources. Lastly, as discussed 
above, CDPH can and should make express that required diesel mitigation measures in general 
and in the individual case may entail changing the design and/or capacity of facilities to reduce 
their reliance on diesel engines, requiring the cleanest available diesel engines instead of 
allowing older and dirtier engines, and/or requiring other “offsetting” reductions from other, 
comparable sources of air pollutants associated with the proposed use. CDPH should also 
commit in these rules to reassessing the availability/feasibility of Zero Emission technologies to 
replace diesel in permit renewals.  
 
We also note here that while electrification of vehicles offers near-term localized air quality 
improvements from reduced diesel emissions, the electric grid continues to rely heavily on fossil 
fuel generation, with disproportionate impacts on environmental justice communities. We 
strongly urge the City to pursue aggressive policies and targets for cutting our dependence on 
fossil fuels and reducing or eliminating their disproportionate impacts on environmental justice 
communities. 
 

d. Definition of “facility” to prevent improper segmenting 
 

CDPH should revise the definition of “facility” to protect against improper segmenting of nearby 
and closely related operations. In the past, we have raised concerns about adjacent and closely 
related facilities claiming to be separate facilities and thereby trying to avoid CDPH’s regulatory 

 
31 See, e.g., Ex.15, Daily Commercial News, Inside Innovation: Electrification makes worksites both “green” and 
not heard, Construction Connect, available at 
https://canada.constructconnect.com/dcn/news/technology/2021/03/inside-innovation-electrification-makes-
worksites-both-green-and-not-heard.   
32 We also note that vehicle operators themselves report appreciating the cleaner operation of electric vehicles. For 
instance, at the recent Illinois Clean Truck Fleet Forum on September 30, a participant conveyed that one worker 
testing an electric nonroad vehicle noted that he appreciated not spilling diesel fuel on his expensive work boots and 
that he no longer had to shower every day after work, because his wife could not smell work on him anymore. 
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thresholds triggering the agency’s rules, specifically the Large Recycling Facility Rules and their 
application to the proposed General III operation. We incorporate those comments by reference 
here.  
 
One specific concern with the definition of “facility” in the Proposed Rules is that it discusses 
the “Site,” which in turn is separately and circularly defined as “all areas of Property that are 
available for use or are used in the operations of the Facility.” CDPH should revise these 
definitions to ensure that plot/site boundaries are not the defining element of a “facility,” and 
conversely to ensure that all adjacent or nearby operations that meet various ownership/control 
and interrelatedness criteria are assessed and permitted together as a single “facility” under these 
rules.  
 

e. Pavement 
 
CDPH should strengthen Section 3.8.6 regarding Pavement to include that any such pavement 
must be sufficiently strong and robust to withstand the degree of heavy-duty vehicle operations 
to be undertaken at the facility, as well as to prevent contamination of soil, water, and air. The 
current language states that pavement must be “designed, constructed, and maintained to 
accommodate the vehicle flow rates and type of traffic loading expected at the Facility.” This 
passage should be strengthened to explicitly reference withstanding over time the amount of 
force involved with continuous operation of heavy-duty vehicles, given the history of pavement 
issues at similar facilities.33  
 
We also note particular concern that it appears that at least several of the existing facilities are 
largely if not entirely on unpaved sites, posing a high risk of soil contamination along with water 
and air impacts given the potential constituents in reprocessable construction and demolition 
materials. While it is difficult to assess pavement at facilities via available Google aerial images 
because of the light gray color of the material handled, it appears that the Vulcan facility on 
Racine may be unpaved, along with Reliable at Pulaski, Lindahl at California, Reliable at Grand, 
the proposed Stockyard Materials site at Ashland, and the proposed Chicago Port and Rail site at 
106th. CDPH should require immediate measures to address potential soil, water and air 
contamination due to the unpaved nature of these sites.  

 
f. Vibration 

 
CDPH should include vibration requirements in the Proposed Rules. Processing of construction 
and demolition waste can entail use of heavy oscillating equipment, as well as a significant 

 
33 We incorporate by reference our past comments to CDPH regarding paving problems at recycling facilities here, 
including those on the chronic paving issues at the RMG recycling operations on S. Burley, as evidenced by 
CDPH’s inspection reports. 
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amount of rotating equipment.34 This equipment creates steady-state and impact vibration, which 
can be transmitted to adjacent properties, creating impacts to neighbors, including potential 
nuisances. Buffers and other measures can and should be required to ensure that vibration from 
these facilities does not negatively impact the surrounding community. To the extent that 
Chicago already has general-purpose vibration requirements, CDPH should evaluate whether 
those are sufficient for this industry and incorporate them by reference/amend the Proposed 
Rules accordingly.  
 

IV. Strengthening Public Participation 
 
CDPH should revise the Proposed Rules to include public participation requirements for its 
permitting of reprocessable construction and demolition material facilities. Such requirements 
are important to ensure that the environmental justice communities in which these facilities are 
currently located or proposed have an opportunity to be heard. In addition, it is important to 
provide an opportunity for public participation in the local permit proceeding because, as set 
forth elsewhere in these comments, it does not appear that any of them – including the two 
proposed facilities along I-55 and on the Southeast Side – will be subject to the public 
participation measures in the March Air Quality Zoning Ordinance unless and until they seek to 
modify or expand their facilities or entirely new facilities are proposed moving forward.  
 
While the Code includes a 90-day timeframe for the Commissioner to take action upon an 
application, this is sufficient time for incorporating a public comment period.35 Moreover, CDPH 
can provide a public comment period to aid in determining the sufficiency of the application as it 
has for the Large Recycling Facility Rules, with a subsequent determination that the application 
is complete triggering the Code’s 90-day decision timeframe. And to the extent that 90 days is 
insufficient time to consider the materials and make a determination, especially with regards to 
civil rights considerations, City Council should take action to amend this provision and/or CDPH 
should determine other available procedural measures to ensure community participation and 
protection of public health and civil rights.  
 
 
 

 
34 See supra, Stormwater C&D.  
35 See Chicago Municipal Code 11-4-1930(B). While the Proposed Rules reference both the aldermanic letter 
expressly required under 11-4-1930 and the public notification and community meeting requirements under the 
March 2021 Air Quality Zoning Ordinance, neither is a sufficient substitute for public participation in CDPH’s 
permitting process. First, aldermanic approval is not equivalent to the viewpoints of community residents. Second, 
as discussed in these comments, none of the existing or proposed facilities will go through the site plan review 
process unless and until they seek to modify or expand their operations, though they will be required to comply with 
the Proposed Rules. Third, even if/when facilities must go through the enhanced site plan review process, that 
process is not a substantive equivalent of CDPH’s Proposed Rules, and thus the scope of comments considered is 
likely to be more limited.  
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V. Removing the Loophole for Facilities Processing and/or Handling Aggregates, 
Concrete and Other “New” or “Frontend” Construction Materials 

 
CDPH must close the gap in its environmental regulations for facilities that handle new 
construction materials or materials used in processes that create new construction materials, a 
gap that is perpetuated by Proposed Rules that would apply only to facilities handling and 
processing reprocessable construction and demolition material. Given that processing and 
handling of “frontend” or new construction materials also creates significant dust and other 
environmental impacts very similar to those from reprocessable construction and demolition 
materials facilities, CDPH should take immediate action to close this loophole. It can and should 
do so in this action by revising the Proposed Rules to apply to all qualifying facilities that handle 
construction and demolition materials, including those that handle construction material “used 
in” construction (not simply reprocessable construction and demolition material).36  
 
At the very least, CDPH must ensure immediate and stringent regulation of slag grinding 
operations, in particular that proposed by an Ozinga-affiliated company at 11701 S. Torrence and 
so potentially imminently facing the Southeast Side community. If CDPH determines not to 
apply the Proposed Rules to construction and demolition materials more broadly, it could still 
address slag grinding here by revising the Proposed Rules to cover reprocessing of materials 
from other industrial processes, along with construction and demolition materials. As discussed 
in comments on CDPH’s legal authorities and obligations submitted by our partners, CDPH has 
ample authority and a duty to address slag grinding now.   
 

a. Gap in CDPH regulations for facilities handling and/or processing “new” or 
frontend construction materials  

 
In its 2014 bulk material rules, CDPH created an exemption for “Construction and Demolition 
Materials,” as well as “materials used in manufacturing cement at a facility that has obtained 
[permits and approvals from the Illinois EPA]” from the definition of “Bulk Solid Material.”37 
Those 2014 rules further defined “Construction or [sic] Demolition Material” as “material used 
in or resulting from the construction … of utilities, structures, buildings, and roads, including but 
not limited to stockpiles of crushed stone, sand and gravel, hot mix asphalt plants or ready mix 
concrete plants.” CDPH explained the exclusion by claiming that such facilities are “already 
subject to numerous local regulatory and permitting restrictions.”38 At the same time, CDPH 
only stated with respect to new construction materials that “[c]onstruction site stockpiles are 

 
36 Alternatively, CDPH could do so by amending the definition of “Bulk Solid Material” in the January 2019 Rules 
for Control of Emissions from Handling and Storing Bulk Materials to eliminate the prior, inadequately supported 
exclusion for construction and demolition materials.  
37 See CDPH, Rules and Regulations for Control of Emissions from Handling and Storage of Bulk Material Piles 
[sic], March 2014, at Section 2.0(3) and same regulations, January 2019 version.  
38 See CDPH, Official Response to Public Comments on the Proposed Rules and Regulations for the Handling and 
Storage of Bulk Material Piles, March 13, 2014, at 3 and 7.  



18 
 

subject to numerous limitations and requirements to prevent dust and other nuisances” (emphasis 
added)39; it did NOT discuss existing local regulatory and permitting restrictions that apply to 
new construction materials at facilities that handle these materials but that are not themselves 
“construction sites.” Such facilities include, but are not limited to, concrete and aggregates 
companies.  
 
Thus, the 2014 Dust Rules and subsequent revisions may be read as excluding facilities engaged 
in handling and processing of new construction materials from CDPH’s dust requirements that 
otherwise apply to a wide range of facilities and materials. And because the Proposed Rules 
apply only to facilities that handle reprocessable construction and demolition materials, it 
appears that they, too, omit such facilities from needed local protections.  
 

b. Impacts from facilities handling “new” construction materials on environmental 
justice communities  

 
This omission and ongoing gap/exclusion is particularly disturbing in light of the history of 
problems with concrete, aggregates and similar companies in Chicago EJ communities, problems 
that have not be adequately addressed by state and federal requirements. Some examples include:  
 

 MAT Asphalt, which has generated numerous community complaints, to which agencies 
are finally responding40 

 Ozinga, against which U.S. EPA has brought an enforcement action over fugitive dust41 
 Chicago Rail and Port, LLC, against which U.S. EPA has brought an enforcement action 

over fugitive dust42 
 
We are also aware of numerous other community complaints against other similar facilities 
located in environmental justice communities, a full accounting of which is beyond the scope of 
these comments. Moreover, the continued gap/exclusion is deeply troubling given the apparent 
systematic increase in such activities in Chicago EJ communities, including but not limited to:  

 

 
39 Id. at 3.  
40 See, e.g., Ex. 16. Brett Chase, Feds jump into McKinley Park asphalt plant fracas, Chicago Sun-Times, July 28, 
2021, available at https://chicago.suntimes.com/2021/7/28/22598956/mat-asphalt-mckinley-park-epa-
environmental-protection-dick-durbin-tammy-duckworth-michael-tadin.   
41 See Ex. 17, U.S. EPA, EPA in Illinois, Ozinga Ready Mix, Inc., available at https://www.epa.gov/il/ozinga-ready-
mix-inc.  
42 See Ex. 18, U.S. EPA, Notice of Violation, EPA-5-18-IL-10. April 20, 2018, available at 
https://www.epa.gov/sites/default/files/2018-06/documents/chicago_rail_and_port_llc_nov.pdf. We cite this 
example to the extent that Chicago Rai and Port was handling, is handling, or is proposing to handle new 
construction material or reprocessed construction material from sources other than construction and demolition, 
recognizing that Chicago Rail and Port is one of the proposed reprocessable construction and demolition material 
facilities identified by CDPH.  
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 Increasing activity over the past several years at three Ozinga sites on the Southeast Side, 
including those at 95th, 103rd 43, and S. Torrence, including a recent proposal to combine 
waste or other materials with slag 

 The proposed Invert facility that would be located between the RMG and KCBX sites; 
that would process and handle limestone mined at the site; and whose 
recipients/customers for the limestone have been left largely unaddressed by the 
company’s public statements to date44  

 
In sum, these facilities have disproportionately impacted environmental justice communities and 
will continue to do so unless and until the City takes affirmative action to address the full range 
of construction and demolition material facilities.  
 

c. Basis and need for adopting regulations for facilities processing and/or handling 
new construction materials  

 
As set forth in our partners’ comments, CDPH has extensive authority to regulate impacts from 
facilities handling and/or processing new construction materials.45 Given the impacts of these 
facilities in general and on environmental justice communities in particular, CDPH has an 
obligation to adopt such regulations.  
 
Nor can the City rely solely on the enhanced site plan process under the March Air Quality 
Zoning Ordinance to address the impacts of such facilities. First, this site plan review process 
does not appear to apply to existing facilities that do not modify or expand their businesses. 
CDPH regulations, including the Proposed Rules, generally do require such “Existing” facilities 
to submit detailed applications, meet various performance requirements, and overall demonstrate 
that they will not pose unacceptable impacts to public health or the environment.46 Second, the 
site plan review is a new and untested process that has no demonstrated track record of 

 
43 Regarding the 103rd St. facility, we note that according to a CDPH inspection report, in February 2021 Inspector 
Sampra went to 2255 E 103rd in response to a diesel odor complaint. At that time, the inspector noted constant truck 
traffic going back and forth, saying there was “no relief” from the diesel odor. We note that this location is a short 
distance to the East from the Ozinga facility at 1818 E 103rd, though it is unclear to us whether the truck traffic is 
associated with that Ozinga facility or with the adjacent NS Thoroughbred Bulk Transfer Terminal. Aerial satellite 
images available through Google Earth show the Thoroughbred facility north of 103rd with significant container 
storage in a May 2021 image; other available historic satellite images do not show such containers onsite. 
Regardless of which facility the trucks are serving, the trucks are creating unrelenting diesel exhaust in the 
residential neighborhood on 103rd, which the City should take into account in considering any new air emissions in 
this area and with respect to abating existing disparate burdens.  
44 See, e.g., Ex. 19, The Invert, FAQs, available at https://theinvertchicago.com/faq/ (response to “Do you really just 
want to sell the material that would be removed from the site?”).  
45 See also CDPH, Rules and Regulations for Control of Emissions from the Handling and Storage of Bulk Material 
Piles, 2014, Preamble (laying out the authority for adopting the 2014 rules).  
46 See, e.g., Proposed Rules at 9 (“Existing Facilities must apply to renew their permit on an annual basis prior to the 
expiration of their current permit” and “Existing facilities are required to submit all the information required by 
Section 11-4-1930 of the Code and outline in Section 3.0 of these rules [with the exception of facilities qualifying 
for a Short Application Form]”) and Section 2.0, Definitions (definitions of “Existing Facility,” “Expand” or 
“Expansion,” and “Modify or Modification”).  
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producing community-protecting, enforceable requirements. Third, the site plan review process 
does not appear to require the same depth and breadth of inquiry or requirements as CDPH has 
outlined in the Proposed Rules and other similar regulations.  
 

VI. Conclusion 
 
In closing, the Proposed Rules recognize the need to address the many impacts of reprocessable 
construction and demolition material facilities on public health and the environment. We 
strongly urge CDPH to ensure that it addresses the full slate of impacts from these and closely 
analogous facilities – especially their disproportionate impact on environmental justice 
communities – in final rules, consistent with these comments and those of our partners.   
 
 
Sincerely yours, 
 
 
Meleah Geertsma 
Senior attorney, Environmental Justice 
Natural Resources Defense Council 
20 N Upper Wacker Dr., Suite 1600 
Chicago, IL 60606 
mgeertsma@nrdc.org  
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Special Report: U.S. air monitors routinely miss pollution -
even refinery explosions

By Tim McLaughlin, Laila Kearney, Laura Sanicola

(Reuters) - When explosions ripped through a Philadelphia oil refinery last year, the shock
waves knocked Felicia Menna’s front door frame out of place. Then came the black smoke.
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“My throat was closing shut,” recalled Menna, who lives about a mile away. “My nostrils felt
like they were on fire.”

She went to an emergency room, where doctors put her on a vaporizer device to ease her
breathing and treated her with intravenous Benadryl for allergic reactions, according to
medical records she provided to Reuters. She was among several dozen people who sought
treatment after the blast, according to a neighborhood group that tracked affected residents.

One of the explosions was so large that a National Weather Service satellite captured images of
the fireball from space. Refinery owner Philadelphia Energy Solutions later told regulators that
the blasts released nearly 700,000 pounds of hazardous chemicals, including butane, and about
3,200 pounds of hydrofluoric acid, which can cause fatal lung injury in high concentrations.
The incident remains under investigation by the U.S. Chemical Safety Board.

FILE PHOTO: A plume of smoke emits from a fire that broke out at a Chevron refinery in Richmond, California
August 06, 2012. REUTERS/Staff/File Photo
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Yet the federal air quality index (AQI) score for south Philadelphia showed that day as one of
the year’s cleanest, according to data from the U.S. Environmental Protection Agency (EPA).
The score was based on readings from part of the federal network of air quality monitoring
devices, which are operated by the city of Philadelphia with oversight from state regulators and
the EPA. None recorded any significant pollution.

“To say there was no impact to air quality was crazy,” said Peter DeCarlo, an environmental
engineering professor at Johns Hopkins University who lived in Philadelphia at the time and
studied the city’s monitoring system.

The episode illustrates a much broader failure of the U.S. air-pollution monitoring system,
according to a Reuters examination of data from the EPA and independent monitoring
organizations, along with interviews with scientists and environmental researchers. The
government network of 3,900 monitoring devices nationwide has routinely missed major toxic
releases and day-to-day pollution dangers, the data show.

The network, for example, identified no risks from 10 of the biggest refinery explosions over
the past decade, the Reuters review of EPA data shows, even as thousands of people were
hospitalized and the refineries reported toxic emissions to regulators.

Reuters also reviewed data from 10 community-based air monitoring projects by residents
worried that government air-quality assessments are inaccurate. Those efforts often revealed
pollution spikes and hot spots the EPA network never captured.

About 120 million Americans live in counties that have no EPA pollution monitors at all for
small particle pollution, according to agency data. That was the case when an oil refinery in
Superior, Wisconsin exploded in 2018, causing a leak of 17,000 barrels of asphalt and
blanketing Superior and neighboring Duluth, Minnesota in clouds of black smoke. Though
Superior has Wisconsin’s only refinery, the city of 27,000 people isn’t big enough to require
permanent government air-pollution monitors nearby, said a spokeswoman for the Wisconsin
Department of Natural Resources, citing EPA guidelines.

Fine particles - measuring less than 2.5 microns - are far smaller than a grain of sand and are
considered the most dangerous form of pollution because they penetrate the bloodstream and
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cause lung and heart disease. Major sources include power plant and industrial smoke stack
emissions, as well as vehicle exhaust.

The system’s failures pose a public health risk, independent scientists say. The monitors
underpin the Air Quality Index that many Americans, including those with respiratory disease,
rely on to determine whether the outdoor air is safe. Pollution detected - or missed - by the
monitors also guides regulatory decisions on whether new or expanded industrial projects can
be permitted under the National Ambient Air Quality Standard. If pollution in the area is
below regulatory thresholds, the projects generally go forward.

The data also inform and justify environmental policy decisions - and have often been used by
President Donald Trump to tout his environmental record. Trump has cut back on policies
aimed at addressing climate change by limiting carbon emissions. In his losing re-election
campaign, he referred to the AQI this year when he asserted that America has the world’s
cleanest air. A leading Yale University study, produced annually, ranks the nation 16th for air
quality globally.

President-elect Joe Biden, a Democrat, has said he would step up prosecutions for illegal
polluting; push for a worldwide ban on government subsidies for fossil fuels; tighten fuel
economy standards for vehicles; and put limits on methane pollution from oil and gas
facilities.

The EPA declined to comment on the monitors’ performance during specific pollution events,
including the refinery explosions examined by Reuters, but said the network was generally
accurate and reliable. “We are confident that the monitoring network provides data that allows
decision-makers - states, public health officials, etc. - to make informed decisions on public
health” and the permitting of plants in polluting industries, the EPA said in a statement.

The EPA oversees the network of pollution-monitoring devices, which are maintained and
operated by state and local environmental agencies, who also share the financial burden. With
probes that suck in air, the devices use filters, light pulses and beta rays to detect gas and
particle pollution so tiny that concentrations are measured in parts per billion.
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Academics, along with current and former regulators, say the network’s problems are many
and varied: Monitors are sparsely and poorly placed; the program is underfunded; and the
network is not equipped to meet current pollution threats. The monitoring program emerged
piecemeal after the 1970 Clean Air Act, mainly to track acid rain, smog and ozone pollution.
Those hazards have largely subsided, replaced by more localized threats including toxic
compounds and particulate matter from a wide range of industry and natural hazards, such as
wildfires.

Individual monitors have also proven inaccurate, often recording pollution levels that can vary
wildly from audit monitors placed beside them, according to government quality-assurance
audits. Nearly half of the country’s monitors meant to capture fine particulate matter did not
meet federal accuracy standards, an EPA audit released in 2015 found.

When explosions rocked the Philadelphia refinery, the closest monitor for hazardous
chemicals was programmed to operate only one of every six days - and therefore missed the
incident entirely, according to EPA data reviewed by Reuters. Other Philadelphia monitors
were either upwind or too far away to detect the explosion’s pollution, according to the EPA
data, which shows wind direction and speed. The refinery owner, Philadelphia Energy
Solutions, filed for bankruptcy after the explosion and sold the property this year to a Chicago
developer that plans to convert it to a mixed-use industrial park.

It wasn’t the first time monitors programmed to operate sporadically missed pollution from a
major explosion. When Chevron Corp’s refinery in Richmond, California, caught fire in 2012,
clouds of particulate matter forced 15,000 people to seek treatment, according to the U.S.
Chemical Safety Board.

But the closest government monitor of hazardous chemicals recorded no problems because it
was turned off. It had been programmed to work one of every 12 days, according to EPA data.
The EPA and local regulators told Reuters that certain types of monitors are designed to
operate only occasionally to reduce costs and labor. In 2013, Chevron agreed to pay $2 million
in fines and restitution after pleading no contest to six misdemeanor criminal charges in
connection to the fire.
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Monitors are also sometimes programmed to limit the level of pollution recorded. A
government monitor in Imperial County, California, operated by local and state regulators,
recorded much lower readings of day-to-day air pollution in 2017 than were actually occurring
because it had been programmed to max out at a lower level. The EPA acknowledged the issue
to community organizations after the groups discovered higher readings with their own
monitors.

“It’s almost unbelievable this can happen in the United States,” said Michael Jerrett, chair of
the environmental health science department at the University of California, Los Angeles, and
an adviser on the community monitoring project.

Researchers from the University of California San Francisco did a post-mortem on the
Chevron refinery fire as part of a community health study. They concluded many of the people
who suffered initial health problems continued to have worsening health in the years after,
including chronic respiratory issues such as asthma.

Chevron said in a statement that it has worked since the 2012 fire to improve safety, reduce
pollution and provide the community real-time data on air quality around its refinery.
“Chevron recognizes the value of complete and accurate air quality data,” the company said.

In south Philadelphia, Menna said her initial symptoms from the blast’s fallout wore off in
about a week, but she continued to cough for six months.

“I still don’t know if I have long-term effects,” she said.

UNDERFUNDED SYSTEM

A study conducted in 2013 during the administration of President Barack Obama, a Democrat,
detailed a number of problems with the U.S. air monitoring network. The report proposed
improvements including boosting monitoring near major polluting infrastructure, sampling for
more pollutants, and doing more urban field studies to better understand block-to-block
variability in air quality. But the weaknesses largely remain today because neither the Obama
nor the Trump administration invested more in the monitoring network.
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Over the past five years, the number of government monitors nationally has declined by 4% as
state and local environmental agencies cut spending, according to EPA figures. Federal grants
to state and local air-quality agencies have not increased in 15 years, according to testimony
earlier this year by the National Association of Clean Air Agencies, a nonpartisan group based
in Arlington, Virginia.

“The public’s desire for pollution data is exploding, but the government has less resources,”
said Lyle Chinkin, chief scientist at environmental research firm Sonoma Technology, who has
testified for the EPA in lawsuits accusing coal plant operators of Clean Air Act violations.

The EPA said it has improved the system despite what it acknowledged was flat funding for the
past decade. The agency said it has replaced some labor-intensive, manual monitors with
automatic monitors that provide round-the-clock, real-time data. The continuous monitors
cost less to operate, but can also be less reliable than manual monitors in measuring
particulate matter, according to EPA quality control audits.
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Local groups worried about air quality have been trying to fill the gaps.

A community project in New York City, for example, has deployed up to 150 air monitors over
the past decade. It found small particle pollution from traffic has been 50% higher in low-
income neighborhoods than wealthier ones because they tend to be closer to major
thoroughfares. By contrast, the EPA network run by state regulators in New York City has less
than 30 monitors, preventing the EPA from providing city neighborhoods with a granular view
of air quality, said Holger Eisl, director of the community project.

In Imperial County, California, the predominantly Latino community had long suspected
government monitors were not giving a true reading of local pollution from agricultural
burning and factories across the border in Mexico. An organization called Comite Civico del
Valle installed 40 of its own monitors in 2015 to compare against the handful of government
monitors. The devices detected sky-high levels of coarse particle pollution, at times exceeding
the worst days in Beijing, among the world’s most polluted cities. Course particle pollution,
produced by activities including wildfires and farming operations, can increase risk of heart
and lung diseases.

The 24-hour maximum level of coarse particulate matter recorded by the community monitors
surged as high as 2,430 micrograms per cubic meter in 2017, according to project organizers.
That’s 40 times greater than the World Health Organization’s recommended level. The nearest
government monitor, however, showed concentrations of only 985 micrograms per cubic
meter, according to EPA data. Researchers discovered, after consulting with the EPA, that the
government monitor had been programmed to record nothing higher than 985 micrograms.

“We exposed them many times by finding things the government monitors were not finding,”
said Luis Olmeda, executive director of Comite Civico del Valle.

The EPA acknowledged the monitors’ default setting was capped. It said the manufacturer
warned that using higher settings can impair readings of lower pollution levels. After learning
of the high readings on the community monitors in Imperial County, state and county
environmental officials adjusted the area’s monitors to capture pollution levels up to 10,000
micrograms. The EPA detailed the change of settings in September when it ruled that the
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county’s air had improved enough to comply with federal regulations on coarse particle
pollution.

Overall, between October 2016 and February 2017, the community monitors detected 1,426
episodes of elevated levels of particulate matter, or 12 times what government monitors
recorded. The EPA ruled in October that Imperial County meets clean air standards. The
agency excluded nearly 100 days of excessive pollution between 2014 and 2018, saying sand
and dust storms in the desert area were “exceptional events.”

Community groups in Baltimore; Albany, New York; and East Oakland, California, have also
independently found pollution missed by the EPA system. In Baltimore’s Curtis Bay
neighborhood, community monitors revealed 24% higher fine particle pollution than
government monitors, according to 2015 results published by the nonprofit Environmental
Integrity Project.

Even small increases in exposure to particle pollution within a city can significantly increase
the progression of heart disease, even if the levels remain below federal standards, according
to Joel Kaufman, a physician-epidemiologist at the University of Washington and editor-in-
chief of Environmental Health Perspectives.

The EPA acknowledged that community monitoring programs had been useful in identifying
hot spots. But the EPA added that the low-cost monitors sometimes used by community
groups have cheaper components and can have higher error rates than government monitors,
and may not operate as well in harsh climates.

Government monitors also have problems. EPA performance evaluations have identified a
long-running trend of imprecision and a bias toward undercounting pollution levels, according
to the agency’s 2015 audit report. The audit covered about 1,000 government fine particulate
matter monitoring sites, operated by nearly 100 environmental agencies. It found that 46% of
the agencies had monitors that failed to meet the EPA’s standard for precision and 44% of
agencies had devices that failed the bias standard.

In a statement, the EPA said the network’s accuracy has since improved, and that 21% of
agencies had monitors that failed to meet its precision standard between 2017 and 2019 and
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39% had monitors that failed its bias goal.

TOSSING RESULTS TO HELP INDUSTRY

When EPA monitors capture pollution that exceeds regulatory limits, the EPA sometimes
throws out those results for the purposes of its air-quality assessments - clearing the way for
industrial development.

Trump’s economic agenda has included fast-tracking the re-designation of areas of the country
that are out of compliance with pollution standards, sometimes redrawing maps to exclude
certain air monitors. Nationally, the administration has re-designated 54 out-of-compliance
areas since 2017. Some of its decisions have been thrown out by the courts as arbitrary.

In Sheboygan, Wisconsin, for example, a court rejected the EPA exclusion this year of a
monitor recording high ozone levels near the shoreline of Lake Michigan so that part of the
surrounding county could be reclassified as complying with federal clean air standards. The
EPA justified the move by arguing the monitor was unduly influenced by pollution coming
from elsewhere via “lake breezes.”

The EPA said the re-designations reflect greater progress toward cleaner air.

Industry can also benefit from the placement of monitors - a process that polluting companies
can influence, said Corbett Grainger, a University of Madison-Wisconsin environmental
economics professor who led a study of monitor site selection.

The EPA provides guidance on where monitors are placed, but state regulators have wide
discretion. The Wisconsin researchers found that state regulators in counties that are close to
exceeding pollution standards often place monitors in cleaner areas when they have the
option, a conclusion based on a study of years of EPA monitor data and pollution estimates
from satellites.



11/1/21, 7:31 AM Special Report: U.S. air monitors routinely miss pollution - even refinery explosions | Reuters

https://www.reuters.com/article/usa-pollution-airmonitors-specialreport/special-report-u-s-air-monitors-routinely-miss-pollution-even-refinery-explosio… 11/18

“We found that, on average, newly sited monitors are placed in relatively clean areas,” said
Grainger, the Wisconsin environmental economist. The positioning, he said, suggests that
local regulators strategically avoid pollution hot spots.

The EPA declined to comment on the study.

In 2015 and 2016, Missouri regulators allowed St. Louis-based utility Ameren Corp to select
sites to install four sulfur dioxide (SO2) monitors around its Labadie coal plant. The plant is
ranked by the EPA as the second largest SO2 polluter in the country. The EPA and state
regulators signed off on the monitoring sites as accurately capturing the plant’s pollution -
over the objections of environmental groups that argued the locations would prevent monitors
from picking up the coal plant’s peak SO2 concentrations.

Ameren told state regulators it followed EPA guidelines in locating the monitors. The company
declined to comment for this story.

The Missouri Department of Natural Resources said choosing the locations was a collaborative
effort with the company and the EPA, and that regulators reviewed and verified Ameren’s
analysis of the sites. “It’s not unusual for facilities to submit their own analysis,” the
department said.

In August, the EPA told Missouri’s governor that it plans to move ahead with redesignating the
area around Labadie as in compliance with pollution standards.

But pollution from the plant travels far beyond the surrounding area, said Chinkin, the
atmospheric scientist. Based on a computer simulation, he said in court testimony in 2019 that
Labadie’s SO2 output converts to fine particulate matter because of the heat and humidity
during summer in St. Louis.

The result, Chinkin testified, is particulate pollution that extends across the entire eastern half
of the United States. The worst impacts, he said in a phone interview, can be seen “hundreds of
miles beyond Missouri.”
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WASHINGTON (June 10, 2021) — Today, EPA announced that it will reconsider the
previous administration’s decision to retain the particulate matter (PM) National
Ambient Air Quality Standards (NAAQS), which were last strengthened in 2012. EPA is
reconsidering the December 2020 decision because available scientific evidence and
technical information indicate that the current standards may not be adequate to
protect public health and welfare, as required by the Clean Air Act.

“The most vulnerable among us are most at risk from exposure to particulate matter,
and that’s why it’s so important we take a hard look at these standards that haven’t
been updated in nine years,” said EPA Administrator Michael S. Regan. “EPA is
committed to ensuring this review, and other upcoming NAAQS reviews, reflect the
latest science and public health data.”

The strong body of scientific evidence shows that long- and short-term exposures to
fine particles (PM2.5) can harm people’s health, leading to heart attacks, asthma
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attacks, and premature death. Large segments of the U.S. population, including
children, people with heart or lung conditions, and people of color, are at risk of health
e ects from PM2.5.  In addition, a number of recent studies have examined
relationships between COVID and air pollutants, including PM, and potential health
implications. While some PM is emitted directly from sources such as construction sites,
unpaved roads, fields, smokestacks or fires, most particles form in the atmosphere as a
result of complex reactions of chemicals such as sulfur dioxide and nitrogen oxides,
which are pollutants emitted from power plants, industrial facilities and vehicles. 

EPA’s 2020 Policy Assessment concluded that the scientific evidence and information
support revising the level of the annual standard for the PM NAAQS to below the current
level of 12 micrograms per cubic meter while retaining the 24-hour standard. The
agency also received numerous petitions for reconsideration as well as lawsuits
challenging the December 2020 final action.

EPA will move expeditiously to reconsider the decision to retain the particulate matter
NAAQS, in a manner that adheres to rigorous standards of scientific integrity and
provides ample opportunities for public input and engagement. As part of this process,
the agency will develop a supplement to the 2019 Final Integrated Science Assessment
(ISA) that will take into account the most up-to-date science, including new studies in
the emerging area of COVID-related research.   

This supplement will be reviewed at a public meeting by the chartered Clean Air
Scientific Advisory Committee (CASAC), supported by a particulate matter review panel
of scientific experts on the health and welfare impacts of PM. The CASAC and the PM
panel will also review a revised policy assessment and formulate advice to the
Administrator. As with all reviews, the public will have opportunities to comment on
these documents during the CASAC review process, as well as to provide input during
the rulemaking through the public comment process and public hearings on any
proposed decision. 

EPA expects to issue a proposed rulemaking in Summer 2022 and a final rule in Spring
2023, following an open, transparent process with opportunities for public review and
comment. In accordance with Executive Orders and guidance, the agency will be
considering environmental justice during the rulemaking process. 
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For more information on the NAAQS review process and documents related to prior PM
NAAQS reviews, visit https://www.epa.gov/naaqs/particulate-matter-pm-air-quality-
standards <https://epa.gov/naaqs/particulate-matter-pm-air-quality-standards>
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November 12, 2019 

Administrator Andrew Wheeler 
U.S. Environmental Protection Agency 
1200 Pennsylvania Avenue NW 
Washington D.C. 20460 

Sent via Regulations.gov.  

Re: Comments on Docket ID No. EPA-HQ-OAR-2015-0072 

Dear Administrator Wheeler: 

The American Lung Association appreciates the opportunity to provide 
comments on the Policy Assessment for Review of the National Ambient Air 
Quality Standards for Particulate Matter, External Review Draft, September 
2019 (Draft PA).   

EPA’s revised review process undermines the protection of public health  
The Lung Association continues to express our objections to the changes to 
the process that EPA has adopted in this review. EPA’s changes restrict the 
full discussion and review of the information, undermining the core purpose 
of this process: to set standards that “protect health with an adequate 
margin of safety.”  While the Lung Association has long supported and, 
indeed, taken legal action to ensure the completion of the reviews in a timely 
manner, the Lung Association opposes the current process because it 
undermines the ability of CASAC and EPA to arrive at appropriate and 
adequate decisions on these standards.  The revised process threatens that 
the decisions you make as Administrator would not be based on a thorough 
review of the evidence.  

The review process adopted in 2006 followed an open, deliberative 
discussion led by CASAC of the changes needed to improve the process. 
Based on the desire to provide an informed and robust assessment of the 
information, EPA established a protocol that included separate reviews of 
two separate drafts of critical documents, including a separate Risk and 
Exposure Assessment (REA). That process ensured that EPA would have 
reached conclusions on the scientific evidence about health and welfare 
impacts before beginning work on the policy implications.  CASAC had 
agreed to such a plan for the review of the PM NAAQS in 2016, at the  
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beginning of this process. EPA upended that agreement and reversed the long-established process 
with no public or CASAC review of the proposed changes. 

EPA has set up an unprecedented, flawed process to truncate the review of the particulate matter 
and the ozone NAAQS. With these changes, critical information that forms the basis of the 
decisions is absent or unresolved. The Draft PA for particulate matter should have been fully 
informed by the Integrated Science Assessment (ISA). EPA should not have released the Draft PA 
until EPA finalized the ISA.  Until the ISA is final, no final, reliable determination of the air quality 
criteria exists; that is, there is no full conclusion on the information which “accurately reflect[s] the 
latest scientific knowledge useful in indicating the kind and extent of all identifiable effects on 
public health or welfare which may be expected from presence to such pollutant in the ambient 
air.” 42 U.S.C 7408(a)(2).   

Without first finalizing the ISA, EPA impairs the determination of the relevant policy decisions in 
accessing the Draft PA. EPA’s process unacceptably handicaps the review. 

Further, EPA dismissed the established independent advisory panel for particulate matter, a step 
that cost the CASAC and EPA essential expertise in the complex avenues that the documents 
explore. Such panels had served multiple CASAC reviews for decades. EPA offered flawed 
arguments for eliminating the in-place, working panel: that under the Clean Air Act, only CASAC 
can advise EPA, and that such elimination would expedite the review. Both arguments are 
specious. The independent panels have always provided expert assistance only to CASAC, which 
CASAC then used to advise EPA. The panels have worked closely with CASAC to assist in an 
accurate and thorough scientific review following the adopted schedule.  

Not until CASAC itself acknowledged its limitations and requested assistance in a letter to you did 
EPA take limited steps to provide additional assistance. 1  EPA appointed a new pool of advisors 
who lacked experience in the NAAQS review process and PM, and then mangled the process again 
by limiting advisory actions to one single panelist’s opinion, by letter, in response to written 
questions. This restricted process eliminated the traditional approach that provided a more 
complete and open discussion with multiple, experienced panelists who contributed independent 
perspectives and deliberated their consensus recommendations on topics throughout the reviews 
of each document.  

The shining light in this damaged process is the diligence and thoroughness of the EPA staff in 
preparing this assessment. In general, there is much to support in their assessment.  They have 
attempted to provide a full, extensive review, albeit based on the draft ISA, which should provide 
added evidence to EPA that more protective standards are needed for particulate matter.   

The Lung Association strongly urges EPA to issue a second draft PA, reappoint the independent 
CASAC advisory panel and restore the process that the Agency had previously followed to 
complete this review to protect public health. The Lung Association also urges that EPA publish 
the final ISA before releasing a second draft PA. 

MMillions of Americans face increased risk from particulate matter  
The Lung Association agrees with the finding in the draft PA, that “a substantial portion of the U.S. 
population” face increased risk from breathing particulate matter.  The Lung Association supports 
recognition of these groups as at risk, as mentioned in the draft PA: children and teenagers; older 
adults; people with chronic lung diseases or cardiovascular diseases; people who are overweight 
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or obese; people with specific genetic variants; Hispanics; non-Hispanic blacks; and people who 
have low incomes. Evidence also indicates that healthy adults who work and exercise outdoors 
also face higher risk. The Lung Association particularly calls attention to the new evidence 
showing that African Americans face a three-time higher risk from PM than the entire population.2 
This adds to the evidence that African Americans, Hispanics and low-income communities face 
higher risk because social and environmental disparities.  

The Lung Association is acutely concerned about the impacts to millions of people with lung 
diseases. In 2017, estimates show that 15.3 million adults had chronic obstructive pulmonary 
disease (COPD) and 25.2 million Americans had asthma, including 6.2 million children.3  In 2019, 
more than 228,000 Americans will be diagnosed with lung cancer.4  

All Americans deserve to have their health protected by stronger PM standards.  

TThe current fine particulate standards fail to protect public health 
One of the key findings in this Draft PA is overwhelming evidence that the current annual fine 
particulate (PM 2.5) standard fails to protect public health. The Lung Association strongly supports 
that conclusion, as discussed below. However, strong evidence exists that the 24-hour PM2.5 
standard also fails to provide that required protection to public health. The Lung Association urges 
EPA to strengthen both the annual and the 24-hour PM2.5 standards.   

Today, more robust evidence than ever before supports the increased risk of premature death 
from levels below the current standards.  No evidence exists of a threshold to that risk, as EPA has 
acknowledged.  Recent U.S. studies that restrict the analysis to long-term exposures below 10 
μg/m3 5 and Canadian studies that find evidence down to and below 8 μg/m3 6 all found premature 
deaths at those lower levels. A large study looking at short-term exposures also added evidence of 
harm below the current annual standard.7 These studies offer new information that answered 
questions in previous reviews. The Canadian studies, in particular, offer data on low levels of 
exposures over long periods.   

The Draft PA estimates that the current standards allow “a substantial number” of deaths from 
PM 2.5 exposure in the U.S. today.  The analysis in Table 3-5 estimates that, using 2015 air quality 
data adjusted to just meet the 2015 annual standard, the median estimated annual mortality 
ranges from 13,500 to 52,100 premature deaths.8 The evidence extends to the 24-hour standard, 
where even with the current standard, the median estimated mortality from short-term exposures 
ranges from 1,200 to 3,870 premature deaths annually.9 These studies show consistent evidence 
that the current standards allow significant and unacceptable increased risk to health, 
unquestionably failing to provide the legally required protection.  In addition, EPA’s estimates do 
not explore the evidence of harm from multiple other health effects of PM exposure, including 
COPD and asthma exacerbations. The Draft PA therefore does not consider the full impact of 
these inadequate standards.  

The vast evidence that PM 2.5 shortens lives remains consistent as it has from the landmark studies 
in the 1990s. The follow-up studies that further tracked those cohorts mirror the findings in 
newer studies looking at lower levels of pollution10 including some with one of the largest data 
sets in history, the 61 million people in the Medicare cohort.11 The research included studies that 
examined the evidence using different ways of accessing exposure,12 diverse regions of the 
country and diverse populations,13 and different statistical models.14  
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We strongly disagree with the specious arguments provided in the Draft PA to create some 
justification for retaining the current standard. The powerful evidence from these epidemiological 
studies alone undercut these rationalizations of uncertainty. The evidence from the toxicological 
studies and clinical trials support these conclusions. The lack of studies examining exposures down 
to zero create no valid uncertainty over whether reducing PM levels further would add to the 
health benefits.  We urge EPA to remove those arguments and that option from consideration. 

We also disagree with EPA’s evaluation that the 24-hour PM 2.5 standard provides sufficient 
protection for public health. EPA argues that its primary use is to supplement the annual standard.  
Even with that role, that combination fails to provide protection for many communities across the 
nation where the annual level is quite low. For communities in Alaska, parts of the Northwest and 
parts of New England, shorter-term exposures pose the primary risk because of the emissions 
from woodstoves and other sources that create elevated levels of PM 2.5. Nearly all these areas 
have year-round concentrations that are well under the annual standard.  The risk assessment in 
the Draft PA did not include areas in these parts of the nation, limiting the assessment of 
exposures to these sources.   

Further, while wildfires do pose a significant source of the 24-hour exposures at high levels, they 
should not be dismissed as not caused by human action. Droughts exacerbated by climate change 
and fires from flawed electrical infrastructure as seen in California this year provide two examples 
of the human actions that contribute to the expanding burden of wildfires in the United States. 
Research supports this. In a study examining wildfires nationwide, researchers estimated that 
human activities caused 84 percent of wildfires between 2009 and 2012.15 

The Lung Association continues to support changes to the form of the short-term standard, 
recommending at 99th percentile rather than at the 98th. The Draft PA continues to argue that the 
98th percentile offers more stability to the standard than would at 99th percentile standard.  While 
that is true, stability fails public health protection when the 98th percentile allows as many as 21 
days to be exempted before meeting the standard.   

Further, the Lung Association urges the consideration of a rolling 24-hour standard, rather than 
one that covers the 24 hours of a single calendar day. As one of the main sources of 24-hour PM 
spikes, woodstove smoke often peaks during shorter, overnight periods that may not be 
appropriately captured in the split that occurs at midnight.  The Lung Association also urges EPA 
to require PM 2.5 monitoring to be a continuous monitoring network.  The continued use of 
monitoring limited to data capture only every three or six days adds to the gaps in protection that 
Americans deserve from this deadly pollutant.   

TThe coarse particulate standard should be strengthened  
The PM10 standard has stood in place, unaltered, since its adoption in 1987. That comes despite 
the long recognition that, while intended to provide protection against the coarse particles (PM10-

2.5), inadequate monitoring and research limit the standard’s ability to protect health from these 
particles. In 2010, CASAC advised EPA to consider a stronger PM10 standard with a different form 
(98th percentile) and a more protective level, down to 65 μg/m3.16  This Draft PA did not examine 
that recommendation.  

EPA should reconsider the CASAC 2010 recommendation on PM10 in a second Draft PA. The Lung 
Association supports strengthening the standard, based on a more complete review of the 2010 
CASAC recommendations.  In addition, EPA should expand the monitoring data for the coarse 
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fraction (PM10-2.5), to provide sufficient information to assess exposure and health risks that may 
be different from those solely of the fine particle fraction.   

RRecommendations for proposed PM2.5 standards 
Real world studies demonstrate that the current standards fail to protect health. EPA must adopt 
stronger standards based on the best available evidence that would protect health with an 
adequate margin of safety  

Based on the information in the Draft ISA and Draft PA, the Lung Association urges EPA to 
strengthen the annual PM 2.5 standard to 8 μg/m3 and the 24-hour standard to 25 μg/m3. The Draft 
PA considers annual standard levels down to 8 μg/m3 based on the current evidence.  These 
studies—including the Medicare cohort study17 that found mortality associated with levels as low 
as 7 μg/m3 —provide sufficient, robust evidence that the standard should be no higher than 8 
μg/m3 to protect public health with an adequate margin of safety.   

The Lung Association recommends adopting a stronger standard of 25 μg/m3 for the 24-hour 

standard, as well as changing the form of the standard to the 99th percentile.   

EPA should support additional research  
Research forms the basis of our understanding of the complex sources, composition, size, 
transmission, and health risks from particulate matter. The Lung Association urges EPA to 
increase research on particulate matter health impacts, including improved monitoring and health 
effect research on ultrafines, PM10-2.5 and speciation, especially on respiratory health. 

EPA should return to the previous review process with an experienced CASAC and independent 
advisory panel 
The flawed process imposed on this review by EPA poses serious limits to the Agency’s ability to 
fulfill its requirements under the Clean Air Act to protect human health. The inadequate review is 
now accompanied by an even more egregiously reduced review of the ozone NAAQS in an even 
shorter time. These reviews create an overwhelmingly impossible task for CASAC and EPA to 
complete in any reasonably appropriate way.  

The Lung Association strongly urges EPA to restore the review process previously adopted and to 
restore the prior CASAC members and the prior independent panel. Only by returning to the full 
process that EPA abandoned will EPA be able to fulfill its duties required under the Clean Air Act. 

Sincerely, 

 

 

 

Deborah Brown 

Chief Mission Officer    
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CHRONIC TOXICITY SUMMARY 

SILICA (CRYSTALLINE, RESPIRABLE) 
(silicon dioxide, quartz, tridymite, cristobalite) 

CAS Registry Number: 7631-86-9 

I. Chronic Toxicity Summary 
 

Inhalation Reference Exposure Level 3 μg/m3 [respirable, as defined occupationally by 
ACGIH (2004)/ISO (1995) 

Critical effect(s) Silicosis in miners and other workers 
Hazard index target(s) Respiratory system 

II. Physical and Chemical Properties (HSDB, 2001) 
 

Description Transparent crystals 
Molecular formula SiO2
Molecular weight  60.09 g/mol 
Density 2.65 g/cm3 @ 0 °C (quartz) 
Melting point 1610 °C 
Boiling point 2230 °C (2503.20 °K) 
Vapor pressure 10 torr @ 1732 °C 
Solubility Practically insoluble in water or acids, except 

hydrofluoric acid; very slightly sol. in alkali. 
Conversion factor Not applicable 

In crystalline silica, the silicon and oxygen atoms are arranged in a definite regular pattern 
throughout the crystal.  The characteristic crystal faces of a crystalline form of silica are the 
outward expression of this regular arrangement of the atoms (HSDB, 2001).  This REL is meant 
to be applied only to particles of crystalline silica (quartz, cristobalite, tridymite), of respirable 
size, as defined by the occupational hygiene methods described by ACGIH (2004)/ISO (1995) 
which has a 50% cut-point at 4 μm particle aerodynamic diameter.  This occupational definition 
of respirable differs from the environmental definition of respirable, which is PM10.  (The 
occupational particle category “thoracic” has a 50% cut-point at 10 μm particle diameter 
(ACGIH, 2004) and the category “inhalable” has a 50% cut-point at 100 μm particle diameter 
(ACGIH, 2004).) 

III. Major Uses and Sources 

At least 11 chemically identical forms (polymorphs) have been described for crystalline silica.  
Alpha-quartz is the most abundant polymorph and constitutes 12% of the earth's crust (Elzea, 
1997).  Silica is also found in the amorphous (non-crystalline) state.  The amorphous silica in 
diatomaceous earth (composed mainly of the cell walls of diatoms) can be converted to the 
crystalline form cristobalite by heating to 1000-1100 ºC (calcining).  Silica is often associated 
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with silicates, which, in addition to silicon and oxygen, contain other metals such as iron, 
magnesium, aluminum, calcium, potassium, and sodium.   

The major uses of silica are in the manufacture of glass, abrasives, ceramics, and enamels, in 
scouring and grinding compounds, and in molds for castings.  Silica is also used in decolorizing 
and purifying oils and petroleum products; as a clarifying agent; in filtering liquids; and in the 
manufacture of heat insulators, firebrick, and fire- and acid-proof packing materials.  As 
diatomite (naturally occurring diatomaceous earth), silica is used as a filtration agent, as an 
abrasive, and as an industrial filler.  Sources of ambient respirable crystalline silica in California 
include mines, quarries, diatomaceous earth calcining plants, sand blasting, and entrained fines 
(e.g., PM10) from surface soil.  The annual statewide industrial emissions from facilities 
reporting under the Air Toxics Hot Spots Act in California based on the most recent inventory 
were estimated to be 2,514,981 pounds of crystalline silica (CARB, 2001.  The fraction, which is 
respirable as defined either occupationally or environmentally, is not known. 

Measurement of crystalline silica has evolved.  Instrumentation has varied by country.  In South 
Africa since the 1930s, dust was collected with a konimeter (Le Roux, 1970; Cherrie and Aitken, 
1999).  A small volume of air (e.g., 5 cm3 captured in less than a second) was collected 
(impacted) onto a small area of a glass slide coated with adhesive.  Total dust particles were 
counted and expressed as dust particles per cubic centimeter.  Later, slides were heated to 500-
550 ºC (ignition) to remove carbonaceous materials and immersed in hot 50% hydrochloric acid 
followed by a second ignition to remove acid-soluble materials.  The remainder was mostly silica 
particles, which could be counted.  The konimeter was superseded by the thermal precipitator, 
which also deposited particles onto glass but could sample larger air volumes at high flow rates 
(> 1 L/minute) for several hours.  With time, particle counting was replaced by estimation of a 
particle’s surface area, initially by examining slides but more recently by an automated method 
(Kitto, 1960; 1970). 

In the United States the impinger method was used from 1922 until 1984 (Lippmann, 2001).  Air 
was drawn into a trap containing fluid, particles in an aliquot of the fluid were counted under 
magnification, and concentrations were expressed as million particles per cubic foot of air 
sampled.  Later, gravimetric analysis was introduced.  Gravimetric analysis is dominated by the 
larger particles in any given size range. 

When it was realized that only a fraction of the dust was responsible for silicosis, respirable dust 
was collected onto filters using size-specific dust collectors, such as horizontal plate elutriators in 
South Africa and cyclones in the United States.  The sizes of particles collected on the filter were 
a function of the apparatus used and the rate of airflow through the apparatus.  Quartz dust was 
quantified by examining filters in an electron microscope with a specific X-ray diffraction beam 
absorbed by crystalline silica.  The National Institute of Occupational Sciences and Health 
(NIOSH, 2003) has approved Method 7500, which uses one of three approved cyclones and a 5 
μm PVC membrane filter to sample, and X-ray diffraction to measure crystalline silica.  The 
ARB has used Method 7500 in research projects.   

In order to harmonize respirable particulate sampling methodology in workers, an international 
agreement has been reached to use dust samplers that have a 50% cut point for particles of 4 μm 
aerodynamic diameter (ISO, 1995; ACGIH, 2004). 
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Various attempts have been made to estimate the changes in silica levels in workplaces over time 
(e.g., Seixas et al., 1997 for diatomaceous earth facilities in California; Verma et al., 1989 for 
Ontario hard rock miners).  However, although some conversion factors have been proposed, 
correlation between dust particle number in earlier studies, when dust concentrations were 
higher, and dust particle weight in the later studies, when the dust concentrations have been 
lowered, is imprecise so it is difficult to compare the earlier silica measurements with the more 
recent ones. 

IV. Effects of Human Exposures 

Inhalation of crystalline silica initially causes respiratory irritation and an inflammatory reaction 
in the lungs (e.g., Vallyathan et al., 1995).  Acute exposures to high concentrations cause cough, 
shortness of breath, and pulmonary alveolar lipoproteinosis (acute silicosis).  After chronic but 
lower workplace exposures to silica for six to sixteen years, the small airways become obstructed 
as measured by pulmonary function tests (e.g., decreased FEV1) in granite quarry workers (no 
measurement of silica levels reported; Chia et al., 1992).  In a report on the hazards of exposure 
to crystalline silica, the American Thoracic Society (1997) stated: “Studies from many different 
work environments suggest that exposure to working environments contaminated by silica at 
dust levels that appear not to cause roentgenographically visible simple silicosis can cause 
chronic airflow limitation and/or mucus hypersecretion and/or pathologic emphysema.”  Hnizdo 
and Vallyathan (2003) also concluded that “chronic levels of silica dust that do not cause 
disabling silicosis may cause the development of chronic bronchitis, emphysema, and/or small 
airways disease that can lead to airflow obstruction, even in the absence of radiological 
silicosis.”  Fibrotic lesions associated with crystalline silica have also been found at autopsy in 
the lungs of granite workers who lacked radiological evidence of silicosis (Craighead and 
Vallyathan, 1980).  

Silicosis results from chronic exposure; it is characterized by the presence of histologically 
unique silicotic nodules and by fibrotic scarring of the lung.  The histological progression of 
silicosis has been described as: (1) granuloma composed of histiocytic cells, collagen, and 
lymphocytes; (2) cellular fibrotic nodule with irregular collagen at the center and circular 
collagen at the periphery; (3) more mature nodule with acellular and avascular center; and  
(4) late mature nodule composed of dust and collagen including a calcified center (Green and 
Vallyathan, 1996).  Lung diseases other than cancer associated with silica exposure include 
silicosis, tuberculosis/silicotuberculosis, chronic bronchitis, small airways disease, and 
emphysema (Oxman et al., 1993; Park et al., 2002; Hnizdo and Vallyathan, 2003; Balmes et al., 
2003).  Silica exposure has been implicated in autoimmune diseases (rheumatoid arthritis, 
scleroderma, systemic lupus erythematosus) in gold miners and granite workers (Steenland and 
Goldsmith, 1995; Parks et al., 1999) and in the causation of kidney disease in some occupations 
(Goldsmith and Goldsmith, 1993; Stratta et al., 2001), possibly by an immune mechanism. 

At the cellular level, silica particles are engulfed in the lung by alveolar macrophages (AM).  
According to the generally assumed pathological model, the AM subsequently release various 
growth factors and reactive oxygen species (ROS; superoxide anion, hydrogen peroxide, 
hydroxyl radical) (Lapp and Castranova, 1993; Mossman and Churg, 1998; Ding et al., 2002).  
ROS and some growth factors (e.g., activator protein-1, platelet activating factor) are 
inflammatory and attract neutrophils to the site of inflammation, while other factors (fibronectin, 
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alveolar macrophage-derived growth factor) stimulate fibroblasts to proliferate and to make 
collagen.  Since silica particles cannot be digested by the macrophage, the inflammatory process 
becomes chronic (frustrated phagocytosis).  An increased silica burden leads to more foci of 
inflammation, nodule formation, and fibrosis.  The internal process can continue after external 
exposure ends.  Silica particles also enter into alveolar Type I epithelial cells (Churg, 1996), 
which can lead to cell death of Type I cells and to hypertrophy and proliferation of Type II 
epithelial cells to replace the Type I cells.  The epithelial repair process is associated with a 
subsequent increase in collagen formation. 

The initial diagnosis of silicosis is often based on chest radiographs.  Recent papers have used 
the 1980 classification by the International Labor Organization (ILO, 1980) to identify and 
classify silicosis into categories and subcategories of seriousness by comparison of patient 
radiographs with ILO-supplied reference radiographs taken at various stages of silicosis (Table 
1):   

Table 1. International Labor Organization categorization of silicosis (ILO, 1980). 

ILO Category Qualitative Description 
0/0 No small (up to 1 cm) silicotic opacities (nodules) are present 
0/1 Probably no nodules, but some areas of radiograph are suspect 

[possible silicosis] 
1/0 Small silicotic nodules are most likely present, but not certainly 

[probable silicosis] 
1/1 Small silicotic nodules are definitely present 
1/2 Small silicotic nodules are definitely present; other areas of the 

radiograph may indicate more advanced lesions including large 
opacities (> 1 cm), pleural thickening, etc. 

2/1, 2/2, 2/3, 3/2, 3/3 More advanced stages of silicosis/increasing certainty of the presence 
of lung abnormalities 

Some reports (e.g., Kreiss and Zhen, 1996; Hughes et al., 1998) use 1/0 (probable) as the basis of 
classification of silicosis, since many cases of silicosis are not detected by chest radiographs, yet 
silicotic nodules and other lesions are found at autopsy (Craighead and Vallayathan, 1980; 
Hnizdo et al., 1993).  Other reports (e.g., Hnizdo and Sluis-Cremer, 1993) use the definite 1/1 as 
the lowest category indicating silicosis.  Some disease is missed by radiography and is 
determined only by autopsy (Hnizdo et al., 1993).  The ILO criteria are intended as an 
epidemiologic classification and comparison tool, not as a diagnostic classification on an 
individual basis.  In occupational medicine practice, a group of tests is used to clinically 
diagnose silica-related lung disease including physical examination, X-rays, and high resolution 
computed tomography (CT) scans of the lung (e.g., Begin et al., 1991; Olivetti et al., 1993).   

A. Environmental silicosis 

Several studies have reported "environmental silicosis", cases where the silicosis occurs in the 
absence of an industry usually associated with the disease (reviewed by USEPA, 1996).  In one 
of the stronger examples, Saiyed et al. (1991) investigated non-occupational pneumoconiosis in 
Ladakh, India, high in the western Himalayas where there are no mines or industries.  Among 
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449 randomly selected inhabitants of three villages, there were many cases of pneumoconiosis 
associated with progressive massive fibrosis (nodules > 1 cm) and "egg shell" calcification of 
hilar glands.  The prevalence of pneumoconiosis was 2.0% (3/150) in the village of Saboo, 
20.1% (31/149) in Shey, and 45.3% (68/150) in Chushot, and corresponded with the severity of 
dust storms and the presence or absence of chimneys in the kitchens (i.e., ventilated cooking).  
Without chimneys (Chushot), dust concentrations in kitchens averaged 7.5 mg/m3 during 
cooking periods.  The free silica content of the dust storms was 60-70%.  The authors suggested 
that exposure to free silica from dust storms and to soot from cooking with domestic fuels caused 
the pneumoconiosis.  Perhaps the interaction of silica and soot led to the disease.  Such 
exposures in this and other studies, such as Bar-Ziv and Goldberg (1974), might be considered to 
be non-industrial but occupational, since the subjects studied by Saiyed et al. (1991) were 
involved in the domestic work of cleaning and cooking (USEPA, 1996).  In any case, the 
exposures were very high and thus similar to some occupational exposures. 

B. Occupational silicosis 

Several relatively recent reports have presented data that allow a quantitative relationship 
between occupational dust exposure and the development of silicosis in workers to be calculated. 

Hard rock miners in Ontario, Canada (Muir et al., 1989)  

Muir et al. (1989) examined the relationship between cumulative exposure to silica (free 
crystalline silica, specifically alpha-quartz) and the development of silicosis in 2109 male hard 
rock (uranium, gold, mixed metals) miners in Ontario, Canada.  The miners began work between 
1940 and 1959 and were followed either until they ended their dust exposure or until December 
31, 1982 (whichever came first).  Five X-ray readers examined chest radiographs; one or more 
readers identified 32 cases of silicosis, defined as ILO category 1/1 or greater with round 
opacities.  All five readers agreed on only six cases, while 12 cases were identified by only one 
reader (Table 2).  A Weibull model of the form 

R(x) =1  exp[ ( x) ] (x  0,  > 0) 

gave the best fit to the data for cumulative risk R of silicosis as a function of cumulative 
exposure in units of (mg/m3)-yr.  In this model x is the cumulative exposure (lagged five years), 

 is the Weibull scale parameter, and  is the Weibull shape parameter (Table 2).  Estimates of  
and  for each reader are given in Table II of Muir et al. (1989). 

Table 2. Silicosis Risk vs. Cumulative Respirable Silica in (mg/m3)-y (Table IV of Muir et al.) 

Reader Cases (n) 1% risk a 2% risk 5% risk 10% risk 
1 14 3.5 (2.4-5.1) 5.7 (3.9-8.4) 11.2 (6.8-18.2) 18.6 (9.9-35.0) 
2 24 2.7 (2.0-3.6) 4.1 (3.2-5.3)   7.1 (5.5-9.1) 10.9 (8.1-14.8) 
3 24 3.0 (2.3-3.9) 4.3 (3.4-5.3)   6.9 (5.6-8.5)   9.9 (7.8-12.7) 
4 14 3.7 (2.6-5.2) 5.6 (4.1-7.7)   9.8 (6.7-14.3) 15.1 (9.3-24.4) 
5   7 5.7 (4.0-8.0) 7.8 (5.5-11.0) 11.9 (7.8-18.3) 16.5 (9.7-28.2) 
Any reader 32 2.1 (1.6-2.9) 3.3 (2.6-4.2)   6.0 (4.8-7.5)   9.6 (7.3-12.5) 
At least 3 15 3.5 (2.5-4.9) 5.4 (4.0-7.3)   9.5 (6.6-13.6) 14.6 (9.3-23.2) 
All readers   6 6.1 (4.1-8.9) 8.5 (5.6-12.8) 13.2 (7.8-22.5) 18.7 (9.7-36.1) 
a In parentheses is the 95% confidence interval (CI) for each risk estimate. 
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The Ontario cohort gives the shallowest dose-response relationship for silicosis of the several 
cohorts examined (see Summary Table 15 below) due in part to the lack of follow-up of 
members who left the mines (either for another type of work or for retirement).  Silicosis often 
develops after leaving employment (Hnizdo and Sluis-Cremer, 1993; Chen et al., 2001).  In 
Hnizdo and Sluis-Cremer (1993), for more than half the cases of silicosis radiographic signs 
developed at an average of 7.4 years after mining exposure ended.  In addition, some of the 
Ontario miners in the Muir et al. study may have changed to a less dusty job if their physician 
told them that their (annual) radiograph showed abnormalities.  The lack of follow-up, leading to 
under-ascertainment of silicosis, is a serious limitation of this study.  

Gray iron foundry workers (Rosenman et al., 1996)  

Rosenman et al. (1996) evaluated 1,072 (96.8% males) current and retired workers in a Mid-
western gray iron foundry, which produces engine blocks for the automotive industry.  Medical 
records and silica exposure data were analyzed for those with at least 5 years of employment as 
of June 1991.  Nearly half had worked at the foundry for 20 years.  Sixty had radiographic 
evidence of pneumoconiosis (ILO categories 1/0 and greater).  Twenty-eight workers had 
radiographs consistent with silicosis; of these 25 had simple silicosis and three had progressive 
massive fibrosis.  The prevalence of radiographic changes consistent with silicosis increased 
with years at the foundry, work area, quantitative silica exposure, and cigarette smoking.  In 
regard to quantitative silica exposure, the authors stated that 0.3-2.7% of workers at the OSHA 
standard (90-100 g/m3) were silicotic, as were 4.9-9.9% of workers above 100 g/m3.  After 
controlling for confounders, Rosenman et al. (1996) used a logistic regression analysis based on 
cumulative silica exposure to determine an odds ratio of 1.45 for developing a radiograph 
consistent with silicosis after 20 years of work at 100 g/m3 and an odds ratio of 2.10 after 40 
years of work at 100 g/m3 (Tables 3 and 4).  This study probably underestimates risk due to 
lack of follow-up of the current workers.  Although silica is not the only toxic chemical in a 
foundry, the unique nature of the silicotic nodule diminishes the likelihood of confounding by 
other exposures. 

Table 3. Silicosis risk based on Rosenman et al. data (Finkelstein, 2000) 

Cumulative silica exposure  Prevalence of silicosis 
< 2 (mg/m3)-y   0.4% 
2-6 (mg/m3)-y   2.7% 
> 6 (mg/m3)-y 10% 
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Table 4.  Odds ratios for silicosis (from Table 8 of Rosenman et al.)a

Time-weighted 
average silica 
exposure (mg/m3) 

20-year 
cumulative 
exposure 
[(mg/m3)-y] 

Odds ratio 
(95% C.I.) 

40-year 
cumulative 
exposure 
[(mg/m3)-y]

Odds ratio 
(95% C.I.) 

0.010 0.2 1.04 (1.02-1.15) 0.4 1.08 (1.05-1.11) 
0.025 0.5 1.10 (1.06-1.14) 1.0 1.20 (1.12-1.30) 
0.050 1.0 1.20 (1.12-1.30) 2.0 1.45 (1.25-1.68) 
0.075 1.5 1.32 (1.18-1.47) 3.0 1.74 (1.40-2.17) 
0.100 2.0 1.45 (1.25-1.68) 4.0 2.10 (1.15-2.82) 
0.150 3.0 1.74 (1.40-2.17) 6.0 3.04 (1.96-4.72) 
0.200 4.0 2.10 (1.56-2.82) 8.0 4.40 (2.45-7.93) 
0.300 6.0 3.04 (1.96-4.72) 12.0 9.24 (3.83-22.3) 

a Additional mean silica exposures, their calculated odds ratios, and 95% confidence intervals 
(C.I.) are given in the paper. 

Diatomaceous earth workers in California (Hughes et al., 1998; Park et al., 2002)  

Hughes et al. (1998) investigated 1,809 Caucasian male diatomaceous earth workers in Lompoc, 
California, who had at least one year of exposure to cristobalite between 1942 and 1987.  The 
crystalline silica isomorph cristobalite is formed when the amorphous silica in diatomaceous 
earth is calcined at 1000-1100 ºC.  Quantitative estimates of dust exposure were made and 
published in the peer-reviewed literature by Seixas et al. (1997) based on 6395 air sampling 
records taken from 1948-1988.  The average estimated respirable dust concentrations for 135 
jobs were 3.55 ± 1.25 mg/m3 prior to 1949, 1.37 ± 0.48 mg/m3 from 1949-1953, 0.47 ± 0.16 
mg/m3 from 1954-1973, and 0.29 ± 0.10 mg/m3 from 1974-1988.  The workers had periodic 
chest radiographs.  Based on the median of radiographic readings by three independent readers, 
81 workers (4.5%) were judged to have opacities on chest radiographs (small opacities, ILO 
profusion  1/0, and/or large opacities).  Age-adjusted relative risk of opacities increased 
significantly with cumulative exposure to crystalline silica.  The concentration of respirable 
crystalline silica was an important determinant of risk after accounting for cumulative exposure.  
The workers were split into two categories: those exposed to < 0.50 mg/m3 (or hired after 1950) 
and those exposed to > 0.50 mg/m3 (or hired before 1950).  The risk of opacities for a cumulative 
exposure to crystalline silica of 2.0 mg/m3-yr is shown in Table 5.  

Table 5.  Silica exposure and silicosis based on data of Hughes et al. (1998) 

Average crystalline silica exposure Cumulative risk of silicotic opacities 
< 0.50 mg/m3 (or hired after 1950)                        1.1% 
> 0.50 mg/m3 (or hired before 1950)                        3.7% 

The findings of Hughes et al. (1998) indicate an exposure-response relationship between 
cumulative exposure to crystalline silica as cristobalite and radiographic opacities.  The 
relationship was substantially steeper among those exposed at the highest average concentrations 
of crystalline silica.  The authors believe that the data do not support the regulatory assumption 
that cristobalite is more fibrogenic than quartz (i.e., prior to 2000 the occupational limit for 
cristobalite was half that for quartz), since at average silica levels comparable to other 
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epidemiologic studies quartz gave a higher incidence of silicosis than did cristobalite in this 
study.  However, since radiography can under-diagnose silicosis, complete accounting for 
silicosis will require evaluation at autopsy.  The ACGIH recently lowered the TLV for alpha-
quartz from 100 to 50 μg/m3, so that it has the same TLV as cristobalite (ACGIH, 2000). 

Park et al. (2002) carried out a quantitative risk assessment, by Poisson regression methods, of 
the onset of silicosis among the diatomaceous earth workers in Lompoc.  A linear relative risk 
model gave the best fit to the data.  They estimated an excess lifetime risk for radiographic 
silicosis of 68-75 cases per thousand workers exposed to 50 μg/m3 silica (cristobalite) for a 45 
year work-life, then living to age 85.  At 1 μg/m3 silica the excess lifetime risk was estimated to 
be 1.6 cases of lung disease other than cancer per thousand workers exposed (Table 6). 

Table 6.  Excess lifetime risk of silicosis predicted by Park et al. (2002) 

Silica 
concentration 
(mg/m3) 

 
45 year cumulative 
exposure in mg/m3-y 

 
Radiographic 
silicosis - all workers 

Radiographic 
silicosis in workers 
with < 10 mg/m3-y 

0.001 0.045     6.2/1000*     1.6/1000 
0.005 0.225   17/1000     7.8/1000 
0.01 0.45   26/1000   16/1000 
0.02 1.8   39/1000   31/1000 
0.05 2.25   68/1000   75/1000 
0.1 4.5 100/1000 140/1000 
0.2 9 150/1000 260/1000 
* Excess risk estimates assume that workers were exposed to a constant silica concentration for 

up to 45 years (ages 20-65).  Annual risks are accumulated up to age 85. 

White South African gold miners (Hnizdo and Sluis-Cremer, 1993)  

Hnizdo and Sluis-Cremer (1993) investigated silicosis risk retrospectively in a cohort of 2,235 
white male South African gold miners.  Exposure estimates were made for nine separate 
occupational categories based on a special study of dust levels in these mines done by Beadle in 
the 1960s (Beadle, 1971).  To compensate for the fact that the average hours working in dust 
ranged among the 9 categories from 4 hours for “other officials” to 8 hours for “shaft sinkers and 
developers,” exposure was “normalized” to 8-hour shifts.  The workers had a minimum of 10 
years and an average of 24 years service from 1940 until the early 1970s.  Dust levels were fairly 
constant during this period (see, e.g., Table 2 in Gibbs and DuToit (2002)).  The miners had an 
annual chest radiograph while mining; they were followed until 1991 for radiographic signs of 
the onset of silicosis.  An ILO category 1/1 (definite silicosis) or greater was selected to 
designate silicosis.  Two independent readers initially read the chest films, but only the reader 
whose interpretations correlated better with autopsy results was used for additional analysis; the 
use of one reader is a limitation of the study.  There were 313 miners (14% of the cohort) who 
developed radiographic signs of silicosis at an average age of 55.9 years.  The latency period was 
largely independent of the cumulative dust exposure (CDE).  In 57% of the silicotics, the 
radiographic signs developed at an average of 7.4 years after mining exposure ceased.  The risk 
of silicosis determined by chest radiographs increased exponentially with cumulative dust dose.  
At the highest level of 15-(mg/m3)-years CDE (approximately 37 years of gold mining at an 
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average respirable dust concentration of 0.4 mg/m3), the cumulative risk for silicosis reached 
77% as estimated by the accelerated failure time model using the log-logistic distribution (SAS 
Proc LIFEREG): 

CR(t) = 1 – {1/[1 + exp (-μ/ ) x t(1/ )]} 

where CR(t) = cumulative risk at time t, and μ (2.439) is the intercept and  (0.2199) is the scale 
parameter estimated by SAS’s LIFEREG procedure.  The authors concluded that the risk of 
silicosis was strongly dose-dependent, but that the latency period was largely independent of 
dose.  The life table analysis (SAS Proc LIFETEST) below (Table 7) shows the number of 
miners who developed silicosis (“cases”), the number of miners considered by the authors to be 
at risk, and the risk per unit of CDE (also as calculated by the authors).  In the table in column 1 
(in parentheses) are OEHHA’s determination of the mg/m3–yr respirable silica exposure, based 
on Hnizdo and Sluis-Cremer’s estimate of 30% silica in the dust, and in column 4 is the total 
number of miners actually at each midpoint level of CDE or silica.  The values in column 4 of 
Table 7 are the number of workers in the group with the temporally integrated dust exposure in 
column 1. 

Table 7. Life table results - Risk of silicosis per unit Cumulative Dust Exposure (CDE) 
(from Table IV of Hnizdo and Sluis-Cremer, 1993) 

Midpoint  
in (mg/m3)-y 
of CDE 
(silica) 

Cases of 
silicosis 

Number of 
workers at risk 
based on life 
table 

Number of 
workers 
remaining 
at this CDE 
midpoint 

“Risk/ 
unit 
CDE” 

Mean 
years in 
dust 

Mean 
dust conc. 
  (mg/m3) 

  1 (0.3)   0 2218   204    
  3 (0.9)   9 2014   474 0.002 20.5 0.17 
  5 (1.5) 48 1540   556 0.016 23.5 0.24 
  7 (2.1) 85   984   469 0.045 27.2 0.30 
  9 (2.7) 93   515   318 0.099 28.0 0.33 
11 (3.3) 53   197   142 0.156 29.4 0.38 
13 (3.9) 20     55       44 0.222 31.5 0.41 
15 (4.5)   5     11       11 0.227 37.0 0.42 
a CDE =  number of dusty shifts x mean mass respirable dust conc. x average number of hours 

spent underground / (270 shifts/year x 8 h/shift) 

A plot of risk of silicosis per unit of Cumulative Dust Exposure (CDE) versus the mid-point unit 
CDE, as given in Figure 1 of the Hnizdo and Sluis-Cremer report, and a plot of % silicosis 
among the workers actually exposed to a given level of silica (Figure 2), as determined by 
OEHHA staff, respectively, are given below. 
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Figure 1. Risk of silicosis per unit CDE vs. CDE mid-point 
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Figure 2. Percent silicosis among workers at each silica level 
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Black South African gold miners (Churchyard et al., 2004; Murray et al., 1996) 
 
Black migrant contract workers constitute a large majority (85 - 90%) of South African gold 
miners.  In a cross sectional study, Churchyard et al. (2004) interviewed and took chest 
radiographs of 520 black gold miners (mean age = 46.7 years, range = 37.1 – 59.9) who were 
still mining (average service = 21.8 years, range 6.3-34.5).  Two readers examined the 
radiographs.  As in the Hnizdo and Sluis-Cremer study, silicosis was defined as an ILO (1980) 
profusion of  1/1.  The mean respirable dust concentration was 0.37 mg/m3 (0 - 0.70); the mean 
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quartz concentration was 0.053 mg/m3 (0 - 0.095).  The prevalence of silicosis was determined to 
be 18.3% by one reader and 19.9% by the other (mean 19.1%) (Table 8).  This included several 
workers with more serious silicosis as indicated by ILO profusions  2/1 (see Table 1).  
Significant trends were found between the prevalence of silicosis and: (1) length of service (OR 
= 1.69 per 5 years), (2) mean intensity of exposure (OR = 1.18 per 0.01 mg/m3), and (3) 
cumulative exposure to quartz (OR = 3.2).  The study confirms the large burden of silicosis 
among older black workers in this industry (see next paragraph).  The burden is likely to worsen 
with continuous employment in dusty jobs.  For this cohort the prevalence of silicosis will 
increase even if the miners stop mining immediately.  If, as assumed by the authors, the dust 
levels during the working life of these black miners were constant, silicosis developed while they 
were exposed to a quartz level below the workplace limit of 0.100 mg/m3. 
 

Table 8. Silicosis in black gold miners (Churchyard et al., 2003; 2004) 

Cumulative quartz 
exposure in 
mg/m3-yr 

Mid-point of 
cumulative quartz 
exposure 

 
Number in 
quintile* 

 
Cases of 
silicosis 

 
Percent 
silicosis 

0 – 0.80 0.4 103 11 10.7 
0.80 – 0.99 0.9 97 8   8.2 
0.99 – 1.24 1.12 103 18 17.5 
1.24 – 1.48 1.36 104 23 22.1 
1.48 –3.08 2.28 103 33 32.0 
         (Total)  (510)** (93) (18.2) 
* Personal communication from Dr. J. teWaterNaude, December 2, 2004.   
** Ten of the 520 films were unreadable. 

Murray et al. (1996) analyzed data from 16,454 black South African gold miners dying from 
unnatural causes between 1975 and 1991 in order to study change in prevalence in silicosis and 
pulmonary tuberculosis (TB).  TB prevalence increased from 0.9% in 1975 to 3.9% in 1991, 
while that for silicosis increased from 9.3% to 12.8%.  The prevalence of both increased with age 
and duration of service.  Silicosis was the most significant predictor of TB (OR = 1.78, CI = 1.27 
- 2.30, p = 0.0001).  A highly significant trend for TB, for year of autopsy, remained after 
adjustment for other variables, such as age and duration of service (OR = 1.04, CI = 1.01 – 1.06, 
p = 0.0046).  (Another 21,202 black gold miners died of natural causes during the study period.) 
 

Hong Kong granite workers (Ng and Chan, 1994)  

Ng and Chan (1994) investigated silicosis among 338 male workers, who had worked at least 
one year between 1967 and 1985 in two granite quarries in Hong Kong.  Three readers examined 
the chest radiographs.  Silicosis was defined as an ILO classification of at least 1/1 (for small 
rounded opacities) or greater, assigned by at least two of the three readers.  Exposure was 
estimated for each worker based on job category and particle counts.  Thirty-six workers (10.6%) 
were designated silicotic.  Both a logistic and a linear model fit the data well.  The study suffered 
because only about half of the previously employed granite workers were studied, which 
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probably led to an underestimate of silicosis risk in at least the highest exposure category and 
maybe in others.  The data are summarized in Table 9.   

Table 9. Silica exposure and silicosis in Ng and Chan (Finkelstein, 2000) 

Mean cumulative exposure (mg/m3)-y Prevalence of silicosis a

< 1 0% 
3.1 13% 
7.1 25% 

22 22% 
a rounded opacities determined by at least 2 of 3 readers (Table 3 of Ng and Chan) 
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Gold miners in South Dakota (Steenland and Brown, 1995)  

Steenland and Brown (1995) studied a very large cohort (3330) of white male gold miners in 
South Dakota, who had worked at least 1 year underground between 1940 and 1965 (average = 9 
years underground).  The mine dust contained on average 13% silica (range = 1-48%).  A job-
exposure matrix was created for full-time underground workers grouped into five categories.  
The authors estimated that most miners were exposed to a median silica level of 0.05 mg/m3, but 
that those hired before 1930 were exposed to a median level of 0.15 mg/m3.  A total of 170 cases 
of silicosis (5.1% of the cohort) was determined from death certificates only (n = 128 cases), 
from two cross-sectional radiographic surveys in 1960 and 1976 (n = 29 cases; ILO category 1/1 
or greater), or from both (n = 13 cases).  Unfortunately, only 25% of living cohort members were 
surveyed radiographically.  The life-time risk of silicosis was less than 1% with a cumulative 
exposure under 0.5 mg/m3-years and increased to 68% to 84% for the highest cumulative 
exposure category (more than 4 (mg/m3)-years) (Table 10).  

Table 10. Risk of silicosis for cohort by cumulative exposure (Table 3, Steenland and Brown) 

Silica 
exposure in 
(mg/m3)-yrs: 
range 
(midpoint) 

Miners 
with 
silicosis 

Number 
entering 
exposure 
category 
(from life 
table) 

Number 
remaining 
at this 
exposure 
level 

Cumulative a

Risk 
Mean years 
of exposure 

Mean 
year first 
exposed 

0-0.2    (0.10)   5 3330  1530 0.002   2.9 1953 
0.2-0.5 (0.35)   5 1800     740 0.005   9.7 1948 
0.5-1.0 (0.75) 15 1060     376 0.017-0.022b 15.4 1942 
1.0-2.0 (1.50) 33   684     353 0.060-0.084b 13.2 1931 
2.0-3.0 (2.50) 44   331     206 0.167-0.245 b 18.8 1926 
3.0-4.0 (3.50) 42   125         73 0.403-0.534b 25.5 1921 
>4.0 26    52          52 0.678-0.844b 30.6 1914 
a Cumulative risk = 1 exp[ sum of (hazards * interval width)], where the hazards for each 

category of cumulative exposure are: 
no. cases/(width*(no. entering category  0.5*no. cases  0.5*no. withdrawals)) 

b Cumulative risk adjusted for age and calendar time (Steenland and Brown, 1995) 

The best predictor of disease was cumulative exposure ((mg/m3) – years), followed by duration 
of exposure (years), and then by average exposure (mg/m3).  Figure 1 of Steenland and Brown 
indicates that a plot of their data for silicosis risk versus cumulative silica exposure was similar 
to a plot of the data of Hnizdo and Sluis-Cremer (1993).  After adjustment for competing risks of 
death, Steenland and Brown estimate that a 45-year exposure to 90 - 100 g/m3 silica would lead 
to a lifetime risk of silicosis for gold miners of 35% to 47%.  A limitation of this study is the 
reliance on death certificates rather than on ILO interpretation of radiographs.  In addition, no 
mention was made of validating the data on the death certificates.  It was also not clear what, if 
any, autopsy data were available.  A plot of silicosis incidence among the workers (as 
determined by OEHHA staff) actually exposed to the estimated level of silica is given in Figure 
3 below.  An accompanying editorial (Wagner, 1995) commended the article for estimating both 
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the risk of silicosis while working and the lifetime risk of silicosis resulting from exposure 
during work. 

 

Figure 3. % Silicosis vs. silica exposure in Steenland and Brown (see Table 10) 
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Miners in Leadville, Colorado (Kreiss and Zhen, 1996)  

Kreiss and Zhen (1996) investigated the exposure-response relationships for silicosis among 134 
male miners over 40 years old in Leadville, Colorado.  The men had been studied three years 
earlier in a random sample of respiratory disease in their community (Kreiss et al., 1989).  Of 
100 dust-exposed miners, 32 had radiological profusions of small opacities of ILO category 1/0 
or greater at a mean of 36.1 years since their first silica exposure.  Of miners with cumulative 
silica, exposures of 2 (mg/m3)-years or less, 20% had silicosis while 63% of miners 
accumulating greater than 2 (mg/m3)-years had silicosis.  Average silica exposure was also 
strongly associated with silicosis prevalence rates (Table 11). 

Table 11. Miners studied by Kreiss and Zhen (1996) 

Average silica exposure  % silicotics 
0.025-0.05 mg/m3 13% (5/38) 
> 0.05-0.1 mg/m3 34% (15/44) 
> 0.1 mg/m3 75% (9/12) 
Cumulative silica exposure % silicotics 

 2 (mg/m3)-y 20% (14/70) 
2  4 (mg/m3)-y  63% (15/24) 

Based on logistic regression models of the form R(x) = [1 + exp ( B'x] 1, Kreiss and Zhen 
concluded that the risk of silicosis was best predicted by elapsed time since last silica exposure 
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together with either (1) cumulative silica exposure or (2) a combination of average silica 
exposure and duration of exposure.  Exposure-response relationships were substantially higher 
using measured silica exposures (compared to using estimated silica exposures based on 
measured total dust exposures and assuming a constant silica proportion of dust).  The risk of 
silicosis in this study is higher than in workforce studies having no follow-up of those leaving the 
mining industry (e.g., Muir et al., 1989) and in studies without job title-specific silica 
measurements (e.g., Hnizdo and Sluis-Cremer, 1993).  However, the risk is comparable to 
several recent studies of exposure-response relationships for mining dust (e.g., Ng and Chan, 
1994; Steenland and Brown, 1995) (see Summary Table 15 below).  A limitation relative to other 
studies is the small number of subjects (100) in the group. 

Chinese tin miners (Chen et al., 2001)  

Chen et al. (2001) found a clear exposure-response relationship between silica dust exposure and 
silicosis in a cohort of 3010 (2795 male and 215 female) miners employed for at least 1 year 
during the period 1960-1965 in any of four Chinese tin mines.  No other diseases due to silica or 
tin were mentioned.  Each cohort member was followed through 1994.  Historical Chinese total 
dust (CTD) data were used to create a job exposure matrix for each facility, job title, and 
calendar year.  The CTD data were converted to estimates of respirable crystalline silica for 
comparison with findings from other epidemiological studies of silicosis (including some of 
those above).  Each miner's work history was abstracted from employment records.  The 
diagnosis of silicosis was based on 1986 Chinese Roentgen diagnostic criteria for 
pneumoconiosis.  The criteria classified silicosis as stages I-III, similar to an ILO classification 
of 1/1 or greater.  Of the 3010 miners, 1015 (33.7%) were identified as silicotic (mean age = 48.3 
years, with a mean of 21.3 years after first exposure) (Table 12).  Among the silicotics, 684 
(67.4%) developed silicosis after their tin mine exposure had ended (mean = 3.7 years after).  
The risk of silicosis was strongly related to cumulative exposure to silica.  The Weibull 
distribution gave a very good fit to the data.  The risk of silicosis was less than 0.1% when CTD 
was less than 10 (mg/m3)-yr (= 0.36 (mg/m3)-yr of respirable crystalline silica).  The risk of 
silicosis increased to 68.7% when CTD exposure was equal to 150 (mg/m3)-yr (= 5.4 (mg/m3)-yr 
of respirable crystalline silica).  Latency period was not correlated to the risk of silicosis or to 
cumulative dose.  From their data, the authors predicted a 55% risk of silicosis for 45 years 
exposure to 0.1 mg/m3 respirable crystalline silica, the workplace exposure limit (4.5-(mg/m3)-
years silica).  Figure 4 plots the fraction of the workers in Chen et al. with silicosis (column 2 in 
Table 12 divided by column 4) exposed to a given level of silica (mid-point – in parentheses in 
column 1 of Table 12), as calculated by OEHHA staff. 
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Table 12. Cumulative silicosis risk based on cumulative total dust (CTD)  
        (Table 5, Chen et al., 2001) 

Range of CTD 
exposure  
in (mg/m3)-y/ 
(silica mid-point) 

Cases of 
silicosis 
(n)  

Workers 
entering 
category 

Workers at 
this level of 
CTD/silica 

Cumulative 
risk based 
on Weibull 
model 

Mean net 
exposure 
(years) 

Mean 
latency 
(years) 

<10             (0.18)     2 3010   333 0.001   2.2 14.7 
10-19.99     (0.54)   24 2677   334 0.010   5.3 21.3 
20-39.99     (1.08) 126 2343   626 0.070   9.3 22.0 
40-59.99     (1.80) 127 1717   429 0.145 11.9 21.5 
60-79.99     (2.52) 196 1288   386 0.285   9.9 20.3 
80-99.99     (3.24) 141   902   264 0.405 10.8 19.0 
100-149.99 (4.50) 244   638   417 0.663 13.1 20.4 

 150          (  5.4) 155   221   221 0.917 15.7 25.4 

Figure 4. Percent silicosis vs. silica level from Chen et al.
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Industrial sand workers (McDonald et al., 2001; Hughes et al., 2001; Rando et al., 2001)  

McDonald et al. (2001) studied a cohort of 2670 men employed before 1980 for 3 years or more 
and followed through 1994 in one of nine North American sand-producing plants and in a large 
associated office complex (since most of the office employees had previously worked in the 
mines).  They found 37 deaths due to silicosis and silicotuberculosis.  The mean exposure of the 
cohort was 42 g/m3 silica (Rando et al., 2001).  Odds ratios for silicosis mortality, determined 
using conditional multiple logistic regression (SAS software), were significantly related to 
cumulative silica exposure (Hughes et al., 2001) (Table 13).  The odds ratios are in general 
agreement with those in the gray foundry workers of Rosenman et al. (1996) (Table 4).  
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Table 13. Median cumulative silica exposure and odds ratio (Table 3 in Hughes et al., 2001) 

No lagging Lagged 15 yr 
Median 
exposure in 
(mg/m3)-y  Silicotics (n) 

Odds ratio a 

for mortality 

Median 
exposure in 
(mg/m3)-y  Silicotics (n) 

Odds ratio a,b 

for mortality 
  0.832 7 1.00 0.142 7 1.00 
  2.744 7 1.27 1.229 7 2.54 
  6.916 8 2.62 2.583 7 4.55 
12.084  7 2.13 7.990 8 5.16 
a Matched odds ratio relative to lowest cumulative exposure category.  Although labeled a cohort 

study, the data analysis compared cases of silicosis with non-silicotic controls. 
b Significant increasing trend across exposure categories (see Hughes et al. for more details) 

Ceramic workers (Cavariani et al., 1995; Legrand-Cattan et al. (1998) 

Cavariani et al. (1995) investigated the incidence of silicosis among 2,480 men in the ceramics 
industry in central Italy.  The workers were surveyed during the period 1974-1987 and followed 
through 1991 with annual chest radiographs.  The cumulative risk of silicosis (ILO category 1/1 
or greater) was 48% after 30 years of employment.  A multivariate Cox's proportional hazards 
model indicated that silicosis increased linearly up to the period of 25-29 years employment.  A 
hazard risk of 14.6 was found comparing those with  30 years exposure to those employed 10 
years.  Smoking significantly contributed to the model, but its role was unclear.   

Legrand-Cattan et al. (1998) examined the dose-response relationship in two French ceramic 
plants.  A 1992 cross-sectional study included more than 200 silica-exposed workers.  Three ILO 
certified B readers read chest radiographs.  Silica was sampled in the airborne dust.  The results 
are tabulated below (Table 14).   

Table 14. Silicosis in two French ceramic plants (Legrand-Cattan et al., 1998) 

Cumulative 
exposure to 
silica in  
(mg/m3 – years) 

Number of 
workers at this 
level  

Number with 
small opacities 
with ILO 
profusion  1/0 Percent 

< 0.35 50   2   4 
0.35 – 1.08 57   8 14 
1.09 – 1.77 55 11 20 
> 1.77 55 17 31 
                 Total 217 38 (18) 

A dose response relationship is clear; the authors reported a p value of 0.002.  However, the 
study is limited by the lack of follow-up of the workers. 
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Slate workers (Glover et al., 1980; Saiyed et al., 1985; Saiyed and Bannerjee, 1985) 

Slate contains calcium carbonate, iron oxides, silicates, amorphous silica, and crystalline silica.  
Glover et al. (1980) studied slate workers in North Wales.  The respirable slate dust contained 
13-32% crystalline silica.  In the study group were 725 current and former workers exposed only 
to slate dust, while the controls were 530 men from the same area who had never been exposed 
to dust.  Pneumoconiosis was found in 239 slate workers (33 %), and 10% had degrees of 
pneumoconiosis (category 2 or higher using the 1971 ILO scheme) that would bring worker’s 
compensation.  The prevalence of respiratory symptoms (cough, phlegm, dyspnea) was high.  
There was evidence of an effect of both simple and complicated pneumoconiosis on lung 
function (declines in FVC and FEV1) additional to the effect of age.  The high prevalence (40-
50%) of radiological lesions suggested the presence of healed tubercular lesions in men over 55.  
Either pneumoconiosis or old tubercular lesions (or both) could account for the symptomatology 
and disability of the men. 

Saiyed et al. (1985) surveyed the slate-pencil industry in India.  An industrial hygiene survey 
revealed very high levels of free silica (2-10 mg/m3), while a medical survey showed that 324 of 
593 workers (54.6%) had silicosis.  Of these, 105 had “conglomerate” silicosis (progressive 
massive fibrosis, PMF).  Some lung lesions were detectable after less than five years of exposure 
to slate dust.  Saiyed and Bannerjee (1985) conducted a follow-up examination 16 months later.  
The progression of silicosis was very rapid, and a total of 23 workers had died during this period 
(mean age = 34.7 years; mean exposure = 11.9 years).  The authors attributed the high mortality 
to high levels of silica leading to early onset of PMF.  The progression of silicosis was related to 
the intensity and duration of dust exposure, and to the severity of silicosis found initially.   

Silicosis has been reported in other groups of slate workers in Norway (Bang and Suhr, 1998; 
Suhr et al., 2003) and in Germany (Mehnert et al., 1990). 

Silica particle size 

Data on silica particle size in the various workplaces are limited.  According to Witschi and Last 
(2001), silica particles with a diameter of 1 μm (range = 0.5 - 3 μm) appear to be the most 
fibrotic in humans.  NIOSH (1974) reviewed the existing literature and found that in five 
diatomite plants the mean silica diameter was 1.1 μm (range = 0.5 - 2 μm).  For nine potteries, 
the particle size was 1.2 μm.  For 18 foundries, more than 90% of the particles were less than 3 
μm.  The majority of particles to which shipyard sandblasters were exposed was also less than 3 
μm.  In the Vermont granite sheds, 10 mppcf (million particles per cubic foot) granite dust were 
initially estimated to be equal to 0.1 mg/m3 respirable quartz.  Steenland and Brown (1995) used 
this estimate for silica in South Dakota gold mines.  Assuming that the density of quartz is 2.65 
g/cm3 and that the quartz particles are spherical, the data indicate that the particles have a 
diameter of 0.59 μm.  NIOSH (1974) listed 0.94 μm as the median particle size in metal mines.  
No indication was given of the dispersion of the particle sizes around the average value.  Davis et
al. (1983) used the value of 10 mppcf in granite sheds as equal to 0.075 mg/m3 silica.  For that 
estimation, OEHHA staff calculated the particle diameter to be 0.53 μm.  Thus, existing data 
indicate that the majority of silica in the workplace is respirable.  In most of the occupational 
studies examined, the exposures were measured using a calibrated cyclone sampler similar to 
that recommended in the current NIOSH (2003) method.  This allows collection of particles 
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primarily in the 0.5 – 5 μm range, with a collection efficiency profile intended to match the 
penetration of particles into the alveolar region of the human lung.  In the case of the South 
African gold mine studies (Beadle, 1971; Page-Shipp and Harris, 1972; Hnizdo and Sluis-
Cremer, 1993), particle number was determined by an optical method selecting respirable 
particles (range of 0.5 to 5 μm).  Thus, the risk estimates obtained from these studies refer to 
particles in the size range where penetration occurs into the respiratory region of the lung.  This 
corresponds to the size range of particles thought to be responsible for silicosis.  It differs from 
the definition of “respirable” particles (i.e. PM10) commonly used in environmental 
measurements, which refers to particles capable of penetrating anywhere in the lower respiratory 
tract (described as “thoracic” particles in occupational studies). 

Risk estimation for silicosis from epidemiologic studies 

The data from the above studies have been used by a number of investigators (Finkelstein, 2000; 
Chen et al., 2001; Hughes, 1995) and by OEHHA staff to estimate percent silicosis based on 
cumulative silica exposure in units of (mg/m3)-yr.  The results are summarized in Table 15. 
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Table 15. Summary - Estimates of % silicosis based on cumulative silica exposure 
  in (mg/m3)-y 

Study 
Population (number 
with silicosis) 

Exposure of 
2 (mg/m3)-y 

Exposure of 
4 (mg/m3)-y 

Exposure of 
4.5 (mg/m3)-y 

Muir et al., 
1989 

2109 male Ontario 
hard rock miners 
(“15”) 

0.4a,c 1.2a,c 2b

Rosenman et 
al., 1996 

1072 Midwestern 
foundry workers (28) 

2a 10a 3b

Graham et 
al., 1991 

408 Vermont granite 
workers (35) 

~3c   

Hughes et
al., 1998 

1809 white male 
diatomaceous earth 
workers (81)  

1.1 (low intensity)
3.7 (high intens.)a

  4 (low) 
12 (high)a

 
 

Park et al., 
2002 

2342 white male 
diatomaceous earth 
workers (80) 

~7e 13e 14e

Hnizdo & 
Sluis-
Cremer 1993 

2235 white male 
South African gold 
miners (313) 

  5a

10c
52a

60c
77b

Ng & Chan, 
1994 

338 male Hong Kong 
granite workers (36) 

6a 15a 15-20b

Steenland & 
Brown, 1995 

3330 male S. Dakota 
gold miners (170) 

8a 53a 70b

Kreiss & 
Zhen, 1996 

100 miners in 
Leadville, CO (32) 

11a 53a 92b

Chen et al., 
2001 

3010 Chinese tin 
miners (1015) 

14d 47d 55b

Churchyard 
et al., 2004 

510 black gold 
miners (93) 

~28 - - 

a From Table II of Finkelstein (2000) 
b From Table 6 of Chen et al. (2001) 
c From Tables 3 and 4 of Hughes (1995) 
d Interpolated by OEHHA staff from Fig. 2 of Chen et al. (2001). 
e Estimated by OEHHA staff from Table 4 of Park et al. (2002) 
f 158 had an ILO reading  1/0, while 103 had an ILO reading  1/1. 
 
In Table 15, more than 14,000 workers were studied, of whom approximately 12% were 
classified as silicotic.  The 12% is likely an underestimate of the incidence of silicosis due to lack 
of follow-up by chest radiographs during life in some cohorts and to the lack of an autopsy after 
death. 
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Determination of LOAEL and NOAEL for silicosis (Rice and Stayner, 1995)  

In another approach to the data, Rice and Stayner (1995) identified the NOAEL and LOAEL for 
silicosis in several studies (Table 16).  The study of Hnizdo and Sluis-Cremer (1993) yielded 
both a LOAEL and a NOAEL. 

   Table 16. Estimates of NOAELs and LOAELs for silicosis (Rice and Stayner, 1995) 

Study Subjects NOAEL in g/m3 LOAEL in g/m3  
Davis et al., 1983 969 granite workers 67.5  
Hnizdo and Sluis-
Cremer, 1993 

2235 gold miners   7 20 

1321 gold miners -   8aMcDonald and 
Oakes, 1984 64 gypsum miners 35 49 
Muir et al., 1989 2109 gold miners Could not 

determine 
Could not 
determine 

Rice et al., 1986 888 dusty trade 
workers 

80-100 200-252 

a McDonald and Oakes (1984) considered this value to be only an approximation. 

Proposals to change the occupational exposure limit 

Silicosis is still being diagnosed at death in workers who were supposed to be exposed to 
occupational levels of 50-100 μg/m3.  Thus, there have been recommendations that the 
occupational exposure limit for respirable, crystalline silica (specifically alpha-quartz) be 
lowered from the current level of 100 g/m3 to 50 g/m3 (NIOSH, 1974; Rosenman et al., 1996; 
ACGIH, 1999; Finkelstein, 2000).  In 2000, the ACGIH lowered its TLV for quartz from 100 to 
50 μg/m3.  In 1986, WHO recommended that the occupational level be set at 40 g/m3 (WHO, 
1986).  Greaves (2000) recommended that the TLV be lowered to 10 g/m3.  Based on existing 
data Greaves (2000) estimated that at 10 g/m3 the incidence rate for ILO grade 1/0 silicosis 
would be less than 5%, while for grade 1/1 it would be less than 2%.  Chen et al. (2001) 
recommended that the TLV be lowered to 5 g/m3.  "If the lifetime risk of silicosis is to be under 
1 in 1000 (a criterion used by OSHA) for a lifetime exposure of 45 years, then the mean Chinese 
total dust concentration must be lower than 0.14 mg/m3 (or lower than 0.005 mg/m3 respirable 
crystalline silica)" (Chen et al., 2001).  Mannetje et al. (2002) pooled data from six occupational 
cohorts.  These included four groups discussed above: diatomaceous earth workers, Vermont 
granite workers, U.S. industrial sand workers, and South Dakota gold miners.  Among them 170 
deaths from silicosis were reported.  The estimated mortality risk from silicosis to age 65 after 45 
years of exposure at 100 μg/m3 silica was 13 per 1000, while the risk of death at 50 μg/m3 was 
estimated at 6 per 1000.  Both estimates are above the 1 per 1000 risk acceptable to OSHA.  
Mannetje et al. also concluded that the occupational standards for silica should be lowered, but 
they did not specify a level.  They further state that their estimates of silicosis mortality are 
probably underestimates due to exposure misclassification and to outcome misclassification, 
since deaths due to silicosis might have been coded to tuberculosis or chronic obstructive 
pulmonary disease. 
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C. Silica exposure and lung cancer in workers 

In 1997, IARC classified respirable crystalline silica in Class 1, a Known Human Carcinogen, 
based on occupational epidemiologic studies.  However, chronic RELs are not based on cancer 
endpoints.  Further, there is no approved cancer potency factor for silica.   

V. Effects of Animal Exposures 

Several papers have reported that freshly fractured quartz, which has increased surface activity, 
causes greater inflammation than "aged" quartz.  Vallyathan et al. (1991) reported that “fresh” 
silica was 4.2-fold more potent than silica aged for 1-2 days in decreasing the membrane 
integrity of male rat macrophages; 50% more potent in activating hydrogen peroxide secretion 
by macrophages; and 4.6-fold more potent in stimulating cellular chemiluminescence.  
Vallyathan et al. (1995) reported that inhalation of 19.3 mg/m3 aged (for 2 months) quartz for 
five hours/day for 10 days by male Fischer 344 rats increased the number of cells recoverable by 
bronchoalveolar lavage (BAL) (Table 17).  Aged quartz also gave histopathological evidence of 
increased pulmonary infiltrates, showed higher levels of biochemical markers of lung injury, 
increased lipid peroxidation, and increased the ability of pulmonary phagocytes to produce more 
oxygen radicals than air-exposed controls.  These pulmonary responses were significantly more 
pronounced after inhalation of 22.4 mg/m3 freshly fractured quartz. 

Table 17. Cells recovered in bronchoalveolar lavage from rats (Vallyathan et al., 1995) 

Cell type Room air Aged quartz Freshly fractured Fresh/aged 
Total cells 7.1 0.78* 9.3 1.2 20.4 2.2 2.2 
Macrophages 6.7 0.69 4.7 0.79   5.4 0.78 1.1 
Neutrophils  0.038 5.3 0.66 10.4 1.44 2.0 
Lymphocytes  0.038 1.7 0.25   3.6 0.27 2.1 
Red blood cells  0.038 1.7 0.26   6.0 0.57 3.5 

* Cell counts are in millions.  Each value is the mean  standard error of 5 rats. 

Burns et al. (1980) exposed female Balb/c mice for up to 39 weeks to 4.9 mg/m3 Min-U-Sil 
brand crystalline silica.  By 24 weeks, silica-laden macrophages were present in the lungs.  After 
39 weeks of exposure, silicotic lesions were seen in the lungs and adjacent lymph nodes (Table 
18).   

Davis et al. (1998) exposed mice to an aerosol of cristobalite silica (mass median aerodynamic 
diameter (MMAD) = 1.7 μm) for five hours/day in order to examine (1) the effects of exposure 
dose, (2) the evolution of disease over time, and (3) the variation in responses among strains.  In 
C3H/HeN mice, incremental, cumulative exposure doses of cristobalite (10 mg/m3 for 8 days, 43 
mg/m3 for 9 days, and 70 mg/m3 for 12 days) caused (1) increased initial lung dust burden at 12 
to 16 weeks post-exposure, (2) progressively intense pathological responses, and (3) increased 
total lung collagen (as measured by hydroxyproline).   

The histopathological changes and total lung collagen increased with time after exposure.  
Silicosis was compared in four inbred strains of mice (BALB/c, C3H/HeN, MRL/MpJ, New 
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Zealand Black) 16 weeks after aerosol inhalation exposure to cristobalite (70 mg/m3, 5 
hours/day, 12 days).  C3H/HeN mice had histopathological silicotic lesions, enlarged 
intrapulmonary lymphoid tissue, and increased lung wet weight, increased bronchoalveolar 
lavage (BAL) recoverable macrophages, lymphocytes, and neutrophils, and increased total lung 
collagen (hydroxyproline analyses).  BALB/c mice developed slight pulmonary lesions.  
MRL/MpJ mice showed prominent pulmonary infiltrates with lymphocytes.  New Zealand Black 
(NZB) mice developed extensive alveolar proteinaceous deposits, inflammation, and fibrosis.  
The authors found both dose-time-response relationships and a substantial variation of responses 
among mouse strains to the high level, short duration exposure.  

At Brookhaven National Laboratory, groups of Fischer 344 rats were exposed to 0, 2, 10, and  
20 mg/m3 Min-U-Sil brand silica (alpha-quartz) for six months (Kutzman, 1984a; as summarized 
by USEPA, 1996).  Other groups of rats had the same exposure, but were allowed to "recover" in 
air for an additional 6 months (Kutzman, 1984b; as summarized by USEPA, 1996).  Significant 
alterations in total lung weight, total lung collagen, total elastin per unit lung dry weight, and 
total protein per unit lung dry weight at 2 mg/m3 silica and microscopic evidence of silicotic 
lesions at the higher silica levels indicated that 2 mg/m3 was a LOAEL for silica effects.  After 
six months in clean air, the silica-induced lesions appeared to worsen. 

Muhle et al. (1989) exposed groups of 50 male and 50 female rats to 1 mg/m3 DQ12 quartz six 
hours/day, five days/week for 24 months.  DQ12 contains 87% crystalline alpha-quartz, has a 
mass median aerodynamic diameter (MMAD) of 1.3 μm, and is 74% respirable.  Moderate 
fibrosis was seen in 85 animals, slight fibrosis in 13, and very slight fibrosis in 1 (total rats with 
fibrosis = 99/100).  Varying amounts of peribronchial granulomatous foci were noted in 95 rats.   

Muhle et al. (1998) reported lung fibrosis in hamsters exposed to 3 mg/m3 DQ12 silica.  After 18 
months of exposure to DQ12 for 6 h/day, 5 days/week, all hamsters in the group of 15-19 
animals necropsied had very slight fibrosis.  Approximately 100 silica-exposed animals were 
exposed for five more months to air only.  Afterward 22.2% had very slight fibrosis, 68.7 % had 
slight fibrosis, and 1% had moderate fibrosis (i.e., more than 90/100 hamsters had lung fibrosis).  
No collagen measurements were reported.  Thus, rats, mice, and hamsters show pulmonary 
fibrosis after crystalline silica exposure at and above 1 mg/m3. 

Wagner et al. (1968) exposed dogs up to 2.5 years, guinea pigs up to 18 months, and rats up to 2 
years for 6 hours/day, 5 days/week to 61% cristobalite (in calcined diatomaceous earth).  Dust 
exposures were 2 and 5 million particles per cubic foot (mppcf), equivalent to 0.2 and 0.5 mg/m3 
cristobalite (USEPA, 1996), with occasional excursions to 50 mppcf.  No lung fibrosis was 
detected at these levels but all levels caused accumulation of inflammatory cells in the lung 
parenchyma.  However, in dogs fibrotic nodules developed in the hilar lymph nodes with more 
nodules at 5 mppcf than at 2 mppcf.   

Scheuchenzuber et al. (1985) examined immunologic responses in Balb/c mice following 
inhalation of 1.954 mg/m3 silica for 150, 300, or 570 days.  Mice exposed for 570 days were 
tested immediately post-exposure.  Those exposed for 150 or 300 days were tested immediately 
or were rested for 30 or 150 days to allow for possible recovery from effects of dust inhalation.  
Silica inhalation suppressed the number of specific plaque-forming cells (PFC) in the spleen 
produced in response to aerosolized E. coli.  After 570 days of inhalation, silica also reduced the 
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ability of alveolar macrophages to phagocytize Staphylococcus aureus in vitro and impaired the 
ability to lyse allogeneic tumor cells (from mice other than Balb/c) in vitro.  Silica inhalation did 
not affect antibody-dependent cell-mediated cytotoxic and mitogenic responses by splenic 
lymphocytes.  (Fibrosis was not an endpoint measured, but the effect level is similar to the 
LOAELs in other animal studies.) 

Table 18. Animal studies of silica inhalation analyzed by USEPA (1996) 

Study Species Duration a LOAEL 
Muhle et al., 1989 Rat 24 mo 1.0 mg/m3

Scheuchenzuber et al., 1985 Mice 150-570 d 2.0 
Burns et al., 1980 Mice 3-39 wk 4.9 
Kutzman, 1984a Rat 6 mo 2.0 
Kutzman, 1984b Rat 6 mo + 6 mo 

recovery 
2.0 

Wagner et al., 1986 Dog Up to 2.5 yr 0.2 
a Inhalation exposure was generally for 6 h/day, 5 d/wk. 

Quartz has the ability to induce the generation of free radicals and to cause oxidative stress in 
tissues.  Many substances that affect the quartz surface can modify this ability.  Some of these 
modifiers could originate from other minerals, which exist together with quartz in nature.  
Donaldson and Borm (1998) proposed that the hazard posed by quartz may vary widely 
depending on the origin of the silica sample or on its contact with other chemicals/minerals.  
Such mechanistic data could assist in the interpretation of epidemiological studies such as those 
above.  Experimentally their group found that DQ12 quartz, a European quartz standard which is 
often used in experimental studies of silica effects, is much more inflammatory in rat lung than 
respirable silica collected from two workplaces (Clouter et al., 2001). 

Humans appear to show adverse effects of silica exposure at lower levels than animals (compare 
LOAELs in Table 18 to LOAELs/NOAELs in Table 16).  Rodents tend to be obligate nose-
breathers and to have extensive nasal turbinates, which may result in less silica reaching the 
lower lung.  For silica, results in animals may not be a good predictor of human effect levels. 
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VI. Derivation of Chronic Reference Exposure Level (REL)
Key study Hnizdo and Sluis-Cremer, 1993 
Study population 2235 white South African gold miners 
Exposure method Workplace inhalation 
Critical effects Silicosis (313 miners) (14 %) 
LOAEL 3 mg/m3-years CDE (9 miners with silicosis) 
NOAEL 2 mg/m3-years CDE (0 miners with silicosis) or 

600 μg/m3-years silica (dust = 30% silica) 
BMCL01 2.12 (mg/m3)–yr CDE or 0.636 (mg/m3)–yr silica 
Exposure continuity 8 h/day, 5 d/wk 
Exposure duration Average of 24 years dust exposure (10-39 years) 
Average experimental exposure 235 g/m3-yr silica at BMC01 

(636 x 10 m3/20 m3 x 270 shifts/365 days) 
235 g/m3-yr/24 yr = 9.8 g/m3

Human Equivalent Concentration (HEC) 9.8 g/m3  
LOAEL uncertainty factor Not needed in BMC approach 
Subchronic uncertainty factor 1 
Interspecies uncertainty factor 1 
Intraspecies uncertainty factor 3 
Cumulative uncertainty factor 3 
Inhalation Reference Exposure Level 3 g/m3 (based on 30% silica in mine dust) 

[respirable, as defined occupationally by 
ACGIH/ISO] 

 

First supportive study Steenland and Brown, 1995 
Study population 3330 S. Dakota gold miners 
Exposure method Workplace inhalation 
Critical effects Silicosis (170 miners) (5.1%) 
LOAEL 0-0.2 mg/m3-years (5 miners with silicosis) 
NOAEL Not found 
BMCL01 0.34 (mg/m3)–yr (see text below) 
Exposure continuity 8 h/day, 5 d/wk 
Exposure duration 3-36 years (average 9 years underground) 
Average experimental exposure 112 g/m3-y  

(340 x 10 m3/20 m3 x 5 d/7 d x 48 wk/52 wk) 
112 g/m3-y/9 y = 12.4 g/m3  

Human Equivalent Concentration (HEC) 12.4 g/m3

LOAEL uncertainty factor Not needed in BMC approach 
Subchronic uncertainty factor 1 
Interspecies uncertainty factor 1 
Intraspecies uncertainty factor 3 
Cumulative uncertainty factor 3 
Inhalation Reference Exposure Level 4 g/m3 [respirable, as defined occupationally] 
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Second supportive study Hughes et al., 1998 
Study population 1809 California diatomaceous earth workers 
Exposure method Workplace inhalation 
Critical effects Silicosis (81 workers) (4.5%) 
LOAEL > 1,  3 mg/m3-years (17 workers with silicosis) 
NOAEL  1 mg/m3-years (6 cases). (Six cases were 

observed, but Hughes et al. assigned the group a 
Relative Risk = 1 for silicosis.) 

Exposure continuity 8 h/day, 5 d/wk 
Exposure duration 1-45 years (mean = 11.5 years) 
Average experimental exposure  330 g/m3-y (1000 x 10/20 x 5/7 x 48/52) 

 330 g/m3-y/ 11.5years =  29 g/m3

Human Equivalent Concentration (HEC) 29 g/m3

LOAEL uncertainty factor 3 (authors’ NOAEL actually is a LOAEL) 
Subchronic uncertainty factor 1 
Interspecies uncertainty factor 1 
Intraspecies uncertainty factor 3 
Cumulative uncertainty factor 10 
Inhalation Reference Exposure Level 3 g/m3 [respirable, as defined occupationally]  

 

Third supportive study Chen et al. (2001) 
Study population 3010 Chinese tin miners 
Exposure method Workplace inhalation 
Critical effects Silicosis (1015 workers) (33.7 %) 
LOAEL 10-19.99 mg CTD/m3-years (24 cases) 
NOAEL  10 mg CTD/m3-years (2 cases)  

 360 μg silica/m3 - years 
BMCL01 132 μg silica/m3 - years 
Exposure continuity 8 h/day, 5 d/wk 
Exposure duration 2.2 years for NOAEL group 
Average experimental exposure 40 g/m3-y (132 x 10/20 x 5/7 x 48/52) 

40 g/m3-y/2.2 years = 18 g/m3

Human Equivalent Concentration (HEC) 18 g/m3

LOAEL uncertainty factor Not needed in BMC approach 
Subchronic uncertainty factor 1 
Interspecies uncertainty factor 1 
Intraspecies uncertainty factor 3 
Cumulative uncertainty factor 3 
Inhalation Reference Exposure Level 6 g/m3 [respirable, as defined occupationally] 
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Fourth supportive study Churchyard et al., 2004 
Study population 510-520 black South African gold miners 
Exposure method Workplace inhalation 
Critical effects Silicosis (93 cases)
LOAEL 0-0.80 mg/m3-yr (11 cases) 
NOAEL Not identified 
BMCL05 0.673 (mg/m3)-yr 
Exposure continuity 270 shifts/year 
Exposure duration 21.8 yr (6.3-34.5) 
Average experimental exposure 249 (μg/m3)-yr (673 x 10/20 x 270shifts/365) 

249 (μg/m3)-yr/21.8 yr= 11.4 μg/m3

Human equivalent concentration (HEC) 11.4 μg/m3

LOAEL uncertainty factor Not needed in BMC approach 
Subchronic uncertainty factor 1 
Interspecies uncertainty factor 1 
Intraspecies uncertainty factor 3 
Cumulative uncertainty factor 3 
Inhalation Reference Exposure Level 4 μg/m3 [respirable, as defined occupationally] 
 
The study of 2235 white South African gold miners by Hnizdo and Sluis-Cremer (1993) not only 
determined a NOAEL of 2 (mg/m3)-yr CDE (600 μg/m3-yr silica), but also had sufficient dose-
response data for a BMC derivation.  This study was powerful enough to detect a 1.9% incidence 
of silicosis (9 cases out of 474 exposed) at 0.9 mg/m3-yr silica (0/204 vs. 9/474, p = 0.064 by 
Fisher exact test, two-tailed).  Because this incidence represents approximately the sensitivity 
limit of the data, and silicosis is a severe irreversible endpoint, the BMCL01 (i.e., the lower 
bound estimate of the concentration at which 1% of the population develops silicosis) was 
selected as the basis of the chronic REL.  In benchmark analysis of chronic animal studies, 
BMCL05 is typically regarded by OEHHA as equivalent to a NOAEL.  However, the power of 
this large-scale study is sufficient to demonstrate measurable responses below the 5% incidence 
level (which cannot then be logically considered a no-effect level).  Furthermore, the endpoint 
measured in this epidemiological study is considered to be severe, since it represents the 
occurrence of clinically recognizable and irreversible disease, rather than an adverse 
physiological or biochemical response or a histopathological result seen at autopsy.   

Benchmark Concentration (BMC) models, developed by the USEPA (BMDS versions 1.3, 1.3.1, 
and 1.3.2), were fit to the human data in Hnizdo and Sluis-Cremer (1993) (Table 7 and Figure 2 
above).  Fitting the probit model to the log dose of the Hnizdo and Sluis-Cremer (1993) data 
yielded an MLE01 of 2.45 (mg/m3)–yr CDE and a BMCL01 of 2.12 (mg/m3)–yr CDE ( 2 = 0.64; 
p value for fit = 0.9957) (Figure 5, Table 19).  (For comparison the BMCL05 was 3.73 (mg/m3)–
yr CDE.)  Fitting the logistic model to the same data yielded a BMCL01 of 1.73 (mg/m3)–yr CDE 
( 2 = 2.71; p value for fit = 0.8446) (Table 19).  The BMCL01 from these data is about the same 
as the apparent NOAEL.  In general, a BMC is preferred to a NOAEL because the BMC takes 
into account all the dose response data in a study.  The apparent NOAEL may be either above or 
below an actual effect level, depending on the study design and distribution of the data. 
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Figure 5.  Probit model fit to the log dose of the Hnizdo and Sluis-Cremer data. 
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Table 19. Fits of benchmark models to the Hnizdo and Sluis-Cremer (1993) data 
 

BMDS Model MLE01 BMCL01 p value for fit 

Probit-log-dose 2.45 (mg/m3)–yr CDE 2.12 (mg/m3)–yr CDE 0.9957 

Logistic-log-dose 2.07 1.73 0.8446 

Multistage (n=2) 2.47 1.89 0.7213 

Quantal-quadratic 1.62 1.54 0.5017 

Probit 1.56 1.32 0.0079 

Logistic 1.48 1.28 0.0003 

Quantal-linear 0.37 0.34 0.0000 

For the estimate of 30% silica in the South African gold mine dust, Hnizdo and Sluis-Cremer 
(1993) relied on estimates for the years 1956-1960 by Beadle (Beadle and Bradley, 1970; 
Beadle, 1971).  The original data, obtained by Corner House Laboratories for the South African 
Bureau of Mines, are partly presented by Beadle and Bradley (1970), but a more detailed 
presentation of exposures for various classes of workers is given by Page-Shipp and Harris 
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(1972).  The latter paper also describes in some detail the methodology used to obtain the 
particle counts, and to convert those data into either respirable surface area or respirable mass 
values.  Gibbs and Du Toit (2002) reviewed the data and methodology used by Hnizdo and 
Sluis-Cremer (1993) to estimate silica exposures of workers, which apparently depended on an 
unpublished analysis of the Corner House Laboratories’ data done by Du Toit in 1991.  Gibbs 
and Du Toit state that the exact relationship between the observed particle counts and 
theoretically derived mass concentrations cannot be determined, but that the uncertainties in this 
conversion do not appear to be severe for the dust characteristics observed in the South African 
mines.  They accept the estimates by Beadle and Bradley (1970) of the quartz percentages in the 
dust, i.e. 54% for incinerated and acid-washed dust and 30% for unmodified dust.   

However, Gibbs and Du Toit (2002) assert that Hnizdo and Sluis-Cremer (1993) incorrectly 
applied the 30% (total dust) silica content to figures for acid-treated dust in calculating the silica 
exposures of each occupational group.  This contention is supported by the footnote to Table II 
in Hnizdo and Sluis-Cremer (1993) where the respirable dust concentration is described as 
“After heat and acid treatment”.  In order to clarify this point, OEHHA reviewed the independent 
reporting of the underlying data by Page-Shipp and Harris (1972).  For most occupational 
groups, the silica exposures (shown in Table 20) calculated from Appendix I of Page-Shipp and 
Harris (1972), using the 54% silica content appropriate for acid-washed dust, correspond more 
closely to those calculated by Hnizdo and Sluis-Cremer (1993) (applying the 30% quartz content 
to their reported “respirable dust concentrations,” i.e., the untreated dust), than to the modified, 
and higher, quartz exposures proposed by Gibbs and Du Toit (2002).  For example, 113 exposure 
samples were taken for stopers.  
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The last line of Appendix I of Page-Shipp and Harris (1972) gives a mean value for stopers of 
1.57 (mg/m3)-hours respirable dust mass after acid treatment.  Since the average work shift for 
stopers was 7.8 hours (Page-Shipp and Harris, 1972, Table III, last row), the average exposure 
level was 0.20 mg/m3.  If 54% of this were quartz, the quartz level would be 0.11 mg/m3.  Table 
II of Hnizdo and Sluis-Cremer (1993) lists 0.37 mg/m3 respirable dust for stopers. Thirty % of 
0.37 mg/m3 equals 0.11 mg/m3, the same value reported by Page-Shipp and Harris.  In Table 4 of 
Gibbs and Du Toit (2002) stopers are also reported to be exposed to 0.37 mg/m3 respirable dust.  
If 54% were quartz, as Gibbs and Du Toit contend, the quartz level would be 0.2 mg/m3.  For 6 
of the 9 categories of workers comprising 83% of the samples taken the silica levels correspond 
more closely to values used by Hnizdo and Sluis-Cremer than to those suggested by Gibbs and 
Du Toit.   

Several more recent analyses of quartz content of South African mining rock have been reported 
(Table 21).  Kielblock et al. (1997) give the overall silica content of the dust as 15% for the late 
1980s to early 1990s.  Dr. Eva Hnizdo (personal communication, 2003), now with the U.S. 
National Institute of Occupational Safety and Health (NIOSH), provided a summary of various 
other estimates that have been made.  “Past surveys indicate that the amount of airborne 
respirable dust in SA gold mines in 1980's and in 1970's was on average around 0.4 mg/m3 with 
average quartz concentration of 0.08 mg/m3” (about 20%).  In a Ph.D. thesis submitted by the 
late R.E.G. Rendall (1999) on dust in the air of gold mines, the silica percentage averaged 22% 
during the period from 1964 to 1988.  In summary,  

(1) Notwithstanding some apparent contradictions in the various accounts, the silica 
concentrations in air proposed by Hnizdo and Sluis-Cremer, based on the Corner House 
Laboratory data, are a reasonable contemporary estimate of the exposures experienced by 
the workers examined in the study by Hnizdo and Sluis-Cremer (1993). 

(2) Other, more recent estimates of percent silica in the mine dust were lower than the value 
of 30% used by Hnizdo and Sluis-Cremer (1993).  Newer studies, which using more 
sophisticated methods to measure silica in the dust, indicate lower silica concentrations in 
the various occupational settings.  Since dust levels in the mines were fairly constant for 
decades and quantification of silica was improving, 30% is more likely to be an 
overestimate than an underestimate of silica levels. 

(3) Analysis of the data of Page-Shipp and Harris (1972) by OEHHA staff indicated that 
Hnizdo and Sluis-Cremer (1993) used the correct silica content, despite an erroneous 
statement in a footnote to Table II of their paper1. 

 

                                                 
1 Dr. Eva Hnizdo reviewed this analysis of the silica content of the dust and agrees with the 
assessment.  (“I am very pleased that you studied carefully all the reports and came to the 
conclusion that our study was after all reasonably correct. Based on the Churchyard study and 
the measurements data I have seen in SA during the 1990s, I am also convinced that our results 
are reasonable estimates of the exposure of the cohort.”  (Hnizdo, personal communication 
October 2004) 
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Table 21.  Estimates of respirable silica fraction of South African gold mine dust 

Authors Time 
frame 

% silica   Number of 
samples 

Methods 

Beadle and Bradley, 
1970 

1958-
1967 

total dust: 
25.7%; 
gravimetric: 
28.5%; 
microscopy. 
acid-washed: 
54% 

 142 grav; 
143 elect 
ppt 

gravimetric; 
precipitator + 
microscopy 

Hnizdo and Sluis-
Cremer (1993) 

1956-
1960 

30%   precipitator + 
microscopy 

Rendall 
(unpublished thesis) 
 Survey 1 
 Survey 2  
 Survey 3  
 Survey 4a 

 
 
1987-8 
1977 
1977 
1964-7 

 
 
17% 
20% 
17% 
22% 

  
 
588 
166 
90 
112 

 
 
gravimetric 
gravimetric 
gravimetric 
gravimetric 

Hnizdo (personal 
communication) 

1970-
1989 

20%    

Kielblock (1997) ~1990 15.08%   Not stated 
Churchyard (2004) 2000-1 14.3%   Gravimetric + 

X-ray 
diffraction 

In the first supportive study Steenland and Brown (1995) found five cases of silicosis in the 
lowest dose group of 0 – 0.2 (mg/m3)-yr and considered the group to be a LOAEL (Table 10 
above).  None of the BMDS models gave an acceptable fit at the p  0.05 level using six or seven 
silica levels.  The closest was the quantal quadratic model ( 2 = 9.62; p = 0.0473), which resulted 
in a BMC01 for silica of 0.43 (mg/m3)–yr using the six lowest levels of silica.  In risk assessment, 
the highest dose or doses are often dropped in order to obtain an acceptable fit of the model to 
the data.  This is reasonable with the benchmark approach since the highest doses should be least 
informative and the doses in the low dose region near the benchmark should be most informative 
for the benchmark concentration (USEPA, 1995; Filipsson et al., 2003).  Fitting the probit model 
to the log dose of the five lowest silica levels from Steenland and Brown yielded a BMCL01 of 
0.34 (mg/m3)–yr CDE ( 2 = 1.32; p value for fit = 0.5177).  [For comparison, BMCL05 = 0.85 
(mg/m3)–yr CDE.]  Fitting the quantal quadratic model gave a BMCL01 of 0.45 (mg/m3)–yr ( 2 = 
3.36; p = 0.3395).  Use of the BMC01 value of 0.34 (mg/m3)–yr CDE from the log dose probit 
model resulted in a chronic REL estimate for crystalline silica of 4 g/m3.  Steenland and Brown 
stated that “silicosis has no background rate for non-exposed populations that changes with age 
or calendar time” and thus they assumed that the five silicotics in the 0 – 0.2 (mg/m3)-yr were 
exposed to silica in the mines.   

In a second supportive study, Hughes et al. (1998) found six cases of silicosis in the lowest 
exposure group of  1 mg/m3-yr but considered that group to be a NOAEL, not a LOAEL.  If the 
lowest exposure group is used as a NOAEL, a chronic REL of 10 μg/m3 is calculated from the 

32 



FINAL February  2005 

data.  Hughes et al. (1998) cite examples of possible non-occupational chest radiograph opacities 
(due, for example, to age or smoking) to explain the six cases in the lowest exposure group.  
However, due to the rarity of silicosis the six cases are biologically significant.  OEHHA 
considers that the six cases may be work related, not cases of environmental or background 
silicosis.  When a LOAEL to NOAEL UF of 3 is applied to the data of Hughes et al. (1998), the 
estimated REL is 3 g/m3.   

In a third supportive study, Chen et al. (2001) found two cases of silicosis in the lowest exposure 
group of  10 mg CTD/m3-years and considered that exposure level to be a NOAEL.  One of the 
advantages of the benchmark dose analysis is that a NOAEL/LOAEL controversy, such as the 
one above with the Hughes et al. (1998) data, does not impact the procedure.  The chart of the 
Chen et al. data above (Figure 4) indicates that the dose response is linear at low doses.  Fitting 
the probit model to the log dose of the four lowest data points yielded a BMC01 of 0.132 (mg/m3) 
- yr CDE ( 2 = 2.19; p value for fit = 0.335).  Use of five, six, or seven data points gave BMC01s 
of 0.14 to 0.17, but the p values were less than 0.1.  For comparison, fitting the logistic model to 
the log dose of the four lowest data points yielded a BMCL01 of 0.093 (mg/m3) - yr CDE ( 2 = 
4.86; p value for fit = 0.0879). An inhalation chronic Reference Exposure Level for crystalline 
silica of 6 g/m3 was estimated from the Chen et al. data.   
 

The fourth supportive study is that of black South African gold miners by Churchyard et al. 
(2003, 2004).  A problem with this data set is the statistical “noise” in the lower exposure 
groups; e.g., the lowest exposure group has a higher incidence of silicosis (11/103) than the next 
group (8/97).  This noise causes problems in estimating a low benchmark such as the BMCL01 
used with the Hnizdo and Sluis-Cremer (1993) data and with data from Steenland and Brown 
(1995) and Chen et al. (2001).  The calculation therefore uses a 5% BMCL of 0.673 (mg/m3)-yr 
from the probit log dose model as the benchmark, which is reasonably well within the range of 
the reliably observed data and which does not differ too widely from the MLE05 estimate of 
0.955 (mg/m3)-yr for that parameter.  This BMCL05 is not strictly comparable to the BMCL01 
calculated from the data of Hnizdo and Sluis-Cremer, but the concerns about the severity of the 
effect noted in the discussion of that derivation apply with equal or greater force here.   

On the other hand, the variability in the low-dose data in this study implies that an unobserved 
factor is affecting the data.  All the models predict that the “background” is substantially (as 
much as 5 – 10%) above zero, which is intrinsically implausible for silicosis unless there is an 
unrecorded additional source of silica exposure.  Possibly, there were occasional excursions in 
the exposure of the workers in less exposed jobs, which were not captured by the systematic 
assessments for these job classifications.  Alternatively, perhaps the assignment of an assumed 
zero exposure value to “non-dusty” job classifications noted in the paper was in fact inaccurate 
for some individuals.  There may also be some distortion of the curve resulting from the 
“binning” of the exposure categories; certainly, the bin widths hinder the attempt to calculate a 
BMDL01 in this case.  In relation to the model fit, other models (including the quantal linear 
model, which emphasizes the likely more reliable incidences at higher dose levels) are consistent 
with the BMCL05 results from the log probit model used here.  Finally, the total number of cases 
and controls examined is fewer than in Hnizdo and Sluis-Cremer’s study, which reduces the 
precision.   
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None of these issues can be resolved without recourse to the individual data, which were not 
available for this analysis, and may not be resolved even then.  However, the derivation of an 
HEC of 11.2 g/m3 (and thus a comparison REL of 4 g/m3) indicates at least that the results of 
the earlier analysis are unlikely to have underestimated the proper value of the REL.  Although 
the uncertainties in the Churchyard et al. data prevent us from being more precise, we cannot 
eliminate the possibility that the REL should be set lower.  However, the California ambient 
monitoring data, although subject to considerable uncertainty as to the relevant particle size 
distributions, suggest a plausible lower bound on the REL, which is consistent with our analysis 
of Hnizdo and Sluis-Cremer’s data. 

Other investigators have approached the possibility that some opacities on radiographs may be 
due to background influences such as age and smoking.  In regard to smoking, Blanc and Gamsu 
(1988) reviewed the literature and concluded that smoking would not interfere with the 
determination of silicosis by the ILO system.  Based on reading 1422 films of unexposed blue-
collar workers, Castellan et al. (1985) stated that the use of the median result of 3 readers (the 
same number used by Hughes et al.) rarely results in interpreting a chest radiograph as ILO 
category  1/0 in workers who were not exposed to dust (and regardless of smoking status).   

The USEPA (1996) did a benchmark analysis with the Hnizdo and Sluis-Cremer (1993) data.  
They estimated that the lower bound for a 1% risk for silicosis (BMCL01) was 1.31 (mg/m3)-yr, 
which by their methods is equivalent to a continuous, 70-year exposure to 6.7 g/m3 silica.  
However, USEPA did not do a formal Reference Concentration (RfC) derivation for silica by 
either the BMC/UF or NOAEL/UF approach. 

The key (Hnizdo and Sluis-Cremer, 1993) and supporting (Steenland and Brown, 1995; Hughes 
et al., 1998; Chen et al., 2001) studies were of human adults, nearly all males, who were 
presumably healthy, at least initially, since they were able to work.  Thus there is need to protect 
the sensitive members of the population, especially children, in whose airways penetration of 
silica particles will be greater (Phalen et al., 1985; Schiller-Scotland et al., 1994; Oldham et al., 
1997; Bennett and Zeman, 1998).  In addition, women may be more sensitive than men to the 
development of silicosis (Gerhardsson and Ahlmark, 1985; Katsnelson et al., 1986).  The 
selection of three as the intraspecies uncertainty factor (UFH) was based on several 
considerations.   

(1) The workers who developed silicosis at low silica concentrations are by definition the 
most sensitive workers to silica-induced silicosis.  Because of the large population of 
workers examined in these studies (more than 14,000), the sensitive individuals represent 
at least part of the range of sensitivity to be expected in the general population.  This may 
justify reducing the UFH from the default value of 10.  Since these workers did not 
include children, the elderly, or females (except for the 215 females in Chen et al.), some 
uncertainty related to inter-individual variability remains.  Therefore, a UFH of 3 rather 
than 1 is chosen. 

(2) Mukherji et al. (1993) reported mean ambient silica levels (in PM10) at three locations in 
the northern part of Santa Barbara County, California (see the Appendix to this report).  
At Santa Maria (an urban site) the level was 2.3 g/m3; in Santa Ynez (a rural site) 0.6 

g/m3; and in Buellton (a remote background site) 0.2 g/m3 crystalline silica.  Thus, use 
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of a human intraspecies uncertainty factor (UFH) of 10 with the data from the key study 
would result in an estimated chronic REL of 0.9 g/m3 (ACGIH method), a level in the 
range of ambient levels in California.  Although the reported levels at the urban site may 
(according to the authors) have reflected some anthropogenic contributions such as 
disturbance and tracking of siliceous road dust, the rural and remote site values are 
apparently (perhaps conservatively) reflective of the natural background to which all 
California residents are exposed.  (U.S. EPA (1996) found slightly higher average 
ambient levels of silica in PM10; this average may include some sites affected by 
disturbance and emissions.)  There is no evidence that these background levels of silica 
are causing silicosis.  On the other hand, silicosis in the general population is not a target 
for medical attention, and autopsy rates are very low, so the possibility of a low 
frequency of response at these levels cannot be entirely dismissed.  On balance, it appears 
plausible that a REL of 3 g/m3 (benchmark + UFH = 3) would be protective of the 
general population. 

(3) The dose-response curve for silicosis due to inhalation of crystalline silica is steep, and 
an upward curvature of this dose response was seen in some studies (Figure 7-1 in 
USEPA, 1996).  It is notable that, whereas exposures in the 1-3 g/m3 range are 
apparently without effect (based on the benchmark calculations and the California 
ambient background data), Rice and Stayner (1995) described a LOAEL for silicosis of 
8 g/m3 in gold miners (Table 16; based on data from McDonald and Oakes [1984]).  
This finding may partly reflect differences in physical state of the silica, and co-
exposures, but it might indicate that, although the chronic REL should be protective of 
public health, chronic exposures only moderately exceeding the REL may lead to 
clinically observable disease. 

The animal studies gave LOAELs for silica of 0.2 mg/m3 in dogs and from 1 to 4.9 mg/m3 in 
rodents.  After extrapolation to equivalent continuous time and application of LOAEL to 
NOAEL, interspecies, and intraspecies UFs, the estimated chronic RELs from animal data are all 
less than 1 g/m3.  This reflects in part the greater uncertainty in extrapolating from animal 
studies to predicted human health effects. 

The silica particles of concern in the causation of silicosis are those of respirable size.  California 
EPA defines ‘respirable’ as particles 10 μm or less MMAD.  This reflects one usual type of 
sampler (for “PM10”) used for ambient air sampling in the general environment.  The other usual 
type of environmental sampler, PM2.5, collects even smaller particles.  There are differences in 
the size range distribution between a typical PM10 measuring device and the NIOSH type 
personal samplers, or other devices with similar size selection properties, used by the 
investigators in the epidemiological studies.  The NIOSH-type samplers capture 50% of particles 
with a MMAD of 4 μm, and higher percentages of smaller particles.  A smaller proportion of 
larger particles between 4 and 10 μm in aerodynamic diameter will also be collected.  Figure 5, 
from Volume I of U.S. EPA’s Third External Review Draft of Air Quality Criteria for Particulate 
Matter (April 2002), includes particle penetration curves for PM10, PM2.5, and occupational 
samplers. 
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Figure 5. Size cut curves of particle penetration 

 

The NIOSH samplers are designed to mimic the size range of particles that reach into the 
bronchiolar and alveolar spaces (what the occupational community calls respirable).  PM10 
samplers are meant to capture particles that penetrate the entire length of the lower respiratory 
tree, including those that penetrate to the tracheobronchial and alveolar regions.  Penetration (and 
therefore presumably deposition) by particle size is complex, and is dependent on the 
aerodynamic diameter, hygroscopicity, and electrostatic charge of the particles, and on a number 
of host factors including airway structure and geometry, as well as depth, rate, and mode of 
breathing (nasal vs. oronasal).  The fractional penetration in the various regions of the respiratory 
tract is not linear with respect to size.  Generally, though, larger particles impact higher in the 
respiratory tree (the extrathoracic and tracheobronchial regions), while smaller particles show 
greater penetration to the lower tracheobronchial and alveolar regions.  There are a number of 
models of regional penetration and deposition in the respiratory tract, as well as some 
measurements.  Chan and Lippmann (1980) showed peak alveolar deposition for particles about 
3 μm MMAD with deposition dropping above and below that.  Their data and model indicate 
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that tracheobronchial deposition rises rapidly above about 3 μm MMAD.  Available data also 
indicate significant inter-individual variability in fractional deposition.  The ICRP (1994) model 
used in evaluating risk from radioactive particles indicates that total deposition in the respiratory 
tract for particles 3 μm in activity median thermodynamic diameter (AMTD) is about 0.78 with a 
regional deposition fraction of 0.077 for the alveolar region for a reference male worker during 
nasal breathing.  The same model predicts a total deposition in the respiratory tract of 0.77 for 
10 μm AMTD particles and a deposition fraction of 0.024 in the alveolar region.  Thus, many 
particles with a 10 μm MMAD get into the alveolar space.  A smaller difference in regional 
penetration and deposition is predicted for mouth breathers.  Therefore, if only the size range 
measured by the samplers used in the studies were considered, the measurement might 
underestimate the amount of silica that reaches the gas exchange regions of the lung, depending 
on the actual particle size distributions in the occupational studies and in the environments in 
which the REL is to be applied.  Unfortunately, neither the occupational nor the environmental 
silica particle size distributions are known in detail; measurements have been reported only in 
terms of NIOSH sampler results or PM10 cutoff values. 

It is generally assumed that the silicosis is induced by that fraction of the silica that reaches the 
alveoli.  Nevertheless, no actual data exonerate the coarser particles in the 4 - 10 μm range.  A 
fraction of these particles can enter the bronchioles and alveoli.  However, some data from South 
African gold mines indicate that more than 99% of the crystalline silica dust can be in the PM2.5 
fraction (Sichel, 1957).  Thus, the samplers used in the key study appear to be collecting the 
biologically relevant range of particles in that situation. 

In the absence of comprehensive data on the silicosis-inducing activity of different particle sizes, 
it is not possible to adjust the REL for different particle size distributions, which might be found 
in the general environment, or for different measurement methods.  The REL is therefore 
specified as applicable to concentrations of particles having a size range (and reactivity) similar 
to those measured in the occupational studies [respirable as defined occupationally  (ISO, 1995; 
NIOSH, 2003; ACGIH, 2004)].  Results obtained by other sampling methods would need to be 
corrected for any difference in size selectivity of the method used.  Such a correction factor 
would be specific to the particle size distribution present at the site studied, so no general 
correction factors can be proposed.  A more inclusive sampling procedure, such as that used for 
PM10, would overestimate the relevant exposure in any situation, and so would be inappropriate 
for precise risk quantification.  However, PM10 would be useful as a screening method to 
establish that a particular situation is unlikely to present a hazard.  For example, if the silica 
concentration in PM10 modeled at a receptor is less than the REL (3 μg/m3), occupationally 
respirable silica will also be less than 3 μg/m3, so a facility would not pose a risk due to silica at 
that receptor.  If the silica concentration in PM2.5 modeled at a receptor is less than 3 μg/m3 but 
PM10 is greater than 3 μg/m3, further testing would be needed.  If both PM2.5 and PM10 exceeded 
the REL, the chronic Hazard Index would exceed 1 to an undetermined extent, suggesting a need 
for risk management.  More precise determination of the amount of material in the respirable size 
fraction for environmental samples may require further work on measurement methodology, 
since ISO (1995) and similar occupational methods have not been validated for the lower levels 
encountered in environmental samples. 
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VII. Data Strengths and Limitations for Development of the REL

The strengths of the inhalation REL for silica include:  

(1) The availability of several long-term studies of inhalation in workers at varying exposure 
concentrations (see Summary Table 15 above), with adequate histopathological and 
radiological analysis, and with adequate follow-up.  

(2) The finding of a dose-response effect for silicosis in several of the studies (e.g., Hnizdo 
and Sluis-Cremer, 1993; Steenland and Brown, 1995; Chen et al., 2001).  

(3) The observation of a NOAEL in some studies including the key study (summarized by 
Rice and Stayner, 1995).   

(4) The power of the Hnizdo and Sluis-Cremer (1993) data to detect a small effect. 

Major areas of uncertainty are:  

(1) The limited follow-up of the cohort members in some studies (e.g., Muir et al., 1989; 
Rosenman et al., 1996) with consequent under-ascertainment of silicosis (even to the 
extent that such studies are useless for determining exposure-response).  

(2) The general underestimation of silicosis by radiography alone (Hnizdo et al., 1993), 
which results in higher, less health-protective chronic REL estimates.  

(3) The possible underreporting of silicosis where complete radiographic data and autopsy 
data are not available (Steenland and Brown, 1995).  

(4) The uncertainties in exposure estimation, especially when reconstructing historical levels 
of silica exposure (Seixas et al., 1997; Gibbs and Du Toit, 2002) including the variability 
in the estimates of percent quartz in the South African mine dust (Beadle, 1971; Hnizdo 
and Sluis-Cremer, 1993; Kielblock et al., 1997; Gibbs and Du Toit, 2002; Hnizdo, 
personal communication) and when converting particle counts to mass. 

(5) The differences in percent silicosis in different studies at what were considered similar 
silica levels and similar exposure duration (see Summary Table 15 above).  

(6) The variability in toxicity of various forms of silica (e.g., freshly fractured vs. aged 
quartz; cristobalite vs. quartz) although all forms have toxicity (Table 17).  

(7) The limited information on silica particle size (including its variability) in the 
epidemiological studies, other than that the silica was respirable, and the variability in 
particle penetration and deposition as a function of particle size in the respiratory tract in 
the human population (e.g., Heyder et al., 1982; ICRP, 1994; Hattis et al., 2001). 

(8) The use of area samplers rather than personal samplers to estimate exposure, which 
usually results in an underestimation of silica exposure (Cherrie, 1999). 

 

VIII. Potential for Differential Impacts on Children's Health 

Silica is a respiratory irritant and a modifier of immune function.  Since the key study involved 
over 2000 men, some were likely to be more sensitive to silica than others.  In addition, we used 
a benchmark of 1% adverse effect, rather than the usual 5 %.  Thus, use of the human 
intraspecies uncertainty factor (UFH) of 3 should result in a REL that adequately protects most 
members of the general population.  Exacerbation of asthma, which has a more severe impact on 
children than on adults, is a known response to some respiratory irritants.  However, there is no 
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data on such a response to silica in infants or children.  The epidemiological studies used in the 
derivation of the REL did not include children.  If children’s susceptibility were much greater 
than that of adults, it would be expected that clinical disease would be evident in children 
following exposures in the upper range of the respirable silica levels measured in ambient air in 
California.  No such reports have been identified in the literature.  There are no data on silica’s 
effects on the immune system of children. 

OEHHA is currently evaluating its risk assessment methodology, in particular the UFH, for its 
adequacy in protecting infants and children.  Since children have smaller airways than adults and 
breathe more air on a body weight basis, penetration and deposition of particles in the airways 
and alveoli in children is likely greater than that in adults exposed to the same concentration 
(Phalen et al., 1985; Schiller-Scotland et al., 1994; Oldham et al., 1997; Bennett and Zeman, 
1998).   
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X. Appendix 

Particulate Levels of Interest for Exposure to Respirable Crystalline Silica Isomorphs 
 
150 g/m3  Federal 24 hour PM10 standard 
 
65 g/m3  Federal 24 hour PM2.5 standard 
 
50 g/m3 California 24 hour PM10 standard 
50 g/m3 Federal PM10 annual standard (chronic exposure) 
50 g/m3 8 hour TLV for quartz, cristobalite, and tridymite for workers (ACGIH Method) 
50 g/m3 estimated workplace LOAEL for silicosis from studies by Theriault et al. (“) 
 
20 g/m3  CA annual PM10 standard (chronic exposure) (arithmetic mean) 
 
15 g/m3 Federal annual PM2.5 standard (chronic exposure) 
 
12 g/m3 CA annual PM2.5 standard (chronic exposure) (arithmetic mean) 
 
12 g/m3 current silica TLV adjusted to equivalent continuous exposure  

(50 g/m3 x 8 h/24 h x 5 d/7d) (ACGIH) 
 
10 g/m3 TLV for silica proposed by Greaves (2000) (ACGIH) 
 
8 g/m3 current silica TLV further adjusted by 46/70 years occupational exposure  
                                                                                                                              (ACGIH) 
8 g/m3 estimated high-end ambient crystalline silica level in US (USEPA, 1996) (PM10) 
 
6.7 g/m3 lower bound on 1% risk of silicosis estimated by USEPA (1996) (PM10) 
 
5 g/m3 TLV for silica proposed by Chen et al. (2001) (ACGIH) 
5 g/m3 “acceptable” ambient level for silica (10% of PM10) (USEPA, 1996) 
5 g/m3 RfC for diesel exhaust particulate, a respirable PM (PM2.5) 
 
3 g/m3 estimated average ambient exposure to crystalline silica (USEPA, 1996) (PM10) 
3 g/m3 draft silica chronic REL proposed by OEHHA (ACGIH) 
 
2.3 g/m3 (1.17-3.46; n=12)* silica level during 1989 in Santa Maria, CA (urban site) (PM10) 
0.6 g/m3 (0-1.44; n=16)*  silica level during 1989 in Santa Ynez, CA (rural site)           (“) 
0.2 g/m3 (0-1.15; n=18)* silica level during 1989 in Buellton, CA (remote background)(“) 
 
* mean, range, and number of crystalline silica measurements (Mukherji et al., 1993) 
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Air Exposures to Particulate 
Matter and Silica Dust
Valley, WA 
Summary of ATSDR’s Exposure Investigation
In 2016 the Washington Department of Health asked 

ATSDR to do an exposure investigation to better 

characterize exposure to silica and particulate matter 

(PM) at the Valley School campus and in the community 

of Valley, WA. ATSDR responded by measuring four 

pollutants in air – PM
10

, PM
4
, PM

2.5
 and PM

4
 crystalline 

silica.  This is a summary of the full ATSDR report.

The Valley School campus is located across the 
street from Lane Mountain Company, a large 
producer of silica sand products in the Northwest 
since 1961. The school district, local and state health 
departments, and state environmental department, 
have been talking about air quality concerns with the 
facility since 1992. Different types of air monitoring, 
and changes to the Lane Mountain facility and the 
school campus have taken place over time, see 
page 5 of the full report for details.

What are the community’s concerns?

The Valley School District expressed concerns about 
the potential effect of silica dust on its students and 
staff to the Northeast Tri County Health District, the 
Washington Departments of Health and Ecology, and 
Lane Mountain Company in 1992 and in 2008. These 
organizations have been communicating about 
potential dust impacts for many years. 

What did ATSDR do?

ATSDR staff visited Valley in 2016 to discuss 
concerns of the school district, residents, and 
Lane Mountain managers. From July through 
September 2016, ATSDR measured four pollutants 
in air – PM10, PM4, PM2.5 and PM4 crystalline 
silica – at nine locations throughout the area. We 
monitored air indoors and outdoors at the Valley 
School campus. We also monitored air outdoors 
in a nearby residential area, and at a more distant 
location west of Lane Mountain. We compared the 
measured concentrations with health comparison 
values from the World Health Organization, the U.S. 
Environmental Protection Agency (EPA), and the 
California Office of Environmental Health Hazard 
Assessment. When measurements were higher than 
health comparison values, then we compared the 
measured concentrations to documented health 
effect levels from scientific literature.

Valley School playground with Lane Mountain facility in the background.

July 2019

The Bottom Line:

Some people who breathe PM10 on the Valley School 
campus could have health problems including 
respiratory symptoms and aggravation of existing lung 
conditions like asthma. Our main concern is for sensitive 
populations such as adults and children that have 
preexisting health conditions related to breathing. 

Depending on conditions, students and staff who 
breathe PM4 crystalline silica long term on the school 
campus or Valley residents who breathe PM4 crystalline 
silica long term in the surrounding area could be at risk 
for health problems like silicosis, lung cancer, and other 
respiratory, kidney, and autoimmune diseases.

The general population and the sensitive population 
of students, staff, or residents who breathe PM2.5 on 
the school campus or in the surrounding area are not 
at risk for health problems because the levels of PM2.5 
measured were below health comparison values. Some 
individuals (e.g., people with asthma or those with 
cardiopulmonary conditions) are unusually sensitive 
to changes in air quality, and may still experience 
transient health effects on days with poorer air quality, 
regardless of whether concentrations were above health 
comparison values.

PM4 crystalline silica and PM10 were highest on the 
school campus when winds were from the southwest. 
Winds from the southwest are more common in the 
spring and summer. PM4 indoors is about four times 
lower than outdoors. Thus, Valley School District can 
limit exposure by limiting outdoor activity on campus on 
days when there are strong winds from the southwest.
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What did ATSDR find? 

In Valley, PM10 and PM4 crystalline silica were measured above 
their health comparison values, but PM2.5 was below.

ATSDR recognizes that some individuals (e.g. people with asthma 
or those with other cardiopulmonary conditions) are unusually 
sensitive to changes in air quality, and those individuals may 
still experience transient health effects during days with poorer 
air quality, regardless of whether amounts exceed health-based 
health comparison values.

Finding 1 – Some people who breathe PM10 on the 
Valley School campus could have health problems 
including respiratory symptoms, and aggravation of 
existing lung conditions like asthma. Our main concern 
is for sensitive populations.

During 2014 - 2017 at the permanent PM10 station, nine days 
measured 24-hour concentrations greater than the National 
Ambient Air Quality Standards for PM10 (150 μg/m3), and 
approximately 25% of days had concentrations greater than the 
24-hour World Health Organization health comparison value for 
PM10 (50 μg/m3).

Across all sites sampled, we measured PM10 at amounts that 
could potentially harm some unusually sensitive individuals on 259 
days of 1,200 days (21% of days measured). The PM10 amounts 
on 8 days could potentially harm sensitive individuals, and on 1 
day, the amounts were high enough to potentially harm healthy 
adults.  

The amounts of PM10 measured on Valley School Campus were 
highest when winds came from the southwest. These winds are 
more common in the spring and summer than other times of  
the year.

Finding 2 – Breathing PM4 crystalline silica on the 
campus of Valley School and in the surrounding area 
presents a potential long-term public health hazard to 
students, staff, and residents.

The amounts of PM4 crystalline silica measured on Valley School 
Campus were above health comparison values at all monitoring 
locations on the campus of Valley School as well as at two 
locations in the nearby community.

The amounts of PM4 crystalline silica measured on Valley School 
Campus were highest when winds came from the southwest. 
These winds are more common in the spring and summer than 
other times of the year.

The amount of PM4 measured inside the school was approximately 
four times lower than the amounts of PM4 measured outdoors.    

Long term inhalation of crystalline silica particles may cause 
silicosis and is associated with increased risk of lung cancer. In 
addition, it has been associated with other respiratory diseases 
such as chronic obstructive pulmonary disease, bronchitis, and 
emphysema, as well as kidney and autoimmune diseases.

Health Comparison Values

For this EI, a health comparison value (CV) is 
the concentration of a substance – like PM4 
crystalline silica – in air that is unlikely to cause 
harmful health effects in people who have been 
exposed to it.  Scientists compare measured 
amounts of a substance in the environment, or 
estimates based on measured amounts in the 
environment, to health comparison values. 

If the amount in the environment is higher than 
the health comparison value, then the scientist 
will recommend that the substance be looked at 
more carefully in the health assessment process. 

What is particulate matter (PM)?

Particulate matter (PM), is tiny pieces of solids 
or liquids that are in the air. The particles may 
include dust, dirt, soot, smoke, or drops of 
liquid. Particulate matter is described by the 
size of the particles in units called microns. 
The abbreviation is μm. In this investigation, 
we measured PM10, PM4, and PM2.5. For health 
comparison, a human hair is 50 – 70 microns 
across. Image from EPA.
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Air monitoring equipment on Valley School Campus.
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Finding 3 – Breathing PM2.5 on the campus of Valley 
School and in the surrounding area is not a public 
health hazard to the general and sensitive population 
of students, staff, or residents.

All 24-hour concentrations of PM2.5 were below the World Health 
Organization health comparison value for PM2.5 (25 μg/m3). The 
average PM2.5 concentration during the entire investigation was 
below the annual World Health Organization health comparison 
value at all sites but one.

Next Steps for PM
10

 and PM
4
 Crystalline Silica 

• Ecology and Lane Mountain agreed in November 2017 to 
make changes that are expected to reduce the facility’s 
impacts on the nearby community.

• Lane Mountain should confirm that the Autumn 2018 efforts 
to reduce emissions of PM10 and PM4 crystalline silica 
from their operations have resulted in reduced exposure to 
particulate matter and crystalline silica in the surrounding 
area.

• Lane Mountain should make permanent station PM10 data 
available to Valley School District in real-time to assist the 
District in making decisions on when to limit outdoor activity 
of students and staff on the school campus.

• Lane Mountain should conduct regular calibration checks 
and audits of the permanent PM10 monitor.

• Valley School District should limit outdoor activity on campus 
when concentrations of PM10 are above 50 μg/m3 in outdoor 
air.

• If real-time PM10 data are not available, Valley School 
District should limit outdoor activity on campus when there 
are strong winds from the southwest. If no wind direction 
measurements are available from Valley School, Lane 
Mountain should install a wind sock to inform decision 
makers about wind directions.

• If you have health concerns about this exposure talk with 
your doctor. 

ATSDR will

• Give the report to the Valley School District, the EPA, 
Ecology, EI Participants, and other community members as 
requested.

• Meet individually with EI participants to discuss the 
information provided in this report and the data collected on 
their respective properties.

• Meet with interested stakeholders to discuss this report.

• Meet with the Valley School District and Ecology to discuss 
changes made through the 2017 Administrative Order issued 
by the Ecology to Lane Mountain Company.

If requested, ATSDR will work with the Valley School District, 
Ecology, and the EPA to consider options to reduce exposures 
in the Valley, WA.

What is crystalline silica?

Silica is the scientific name for sand. Silica 
is very common, it occurs naturally in our 
environment, and it has many uses. One form of 
silica, called crystalline silica, is produced by the 
Lane Mountain facility. People who are exposed 
to crystalline silica for long periods of time 
(typically more than 10 years) or have a heavy 
exposure over a short period of time may have 
health effects.

How can I learn more about the air 
investigation in Valley, WA?

For more details about ATSDR’s findings, see 
our companion report “Ambient Airborne 

Exposures to Particulate Matter and Silica 

Dust in Valley School, Valley, WA.” 

If you have questions or comments, call ATSDR 
environmental health scientist, Debra Gable, at 
206-553-1796  
or our toll-free number at 1-800-CDC-INFO.

About ATSDR

The Agency for Toxic Substances and Disease 
Registry (ATSDR) is a federal public health 
agency of the U.S. Department of Health and 
Human Services (HHS). ATSDR works with 
other agencies and tribal, state, and local 
governments to study possible health risks 
in communities where people could come in 
contact with dangerous chemicals. For more 
information about ATSDR, visit our website at 
https://www.atsdr.cdc.gov/.
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The health effects of ultrafine particles
Dean E. Schraufnagel1

Abstract
Ultrafine particles (PM0.1), which are present in the air in large numbers, pose a health risk. They generally enter the
body through the lungs but translocate to essentially all organs. Compared to fine particles (PM2.5), they cause more
pulmonary inflammation and are retained longer in the lung. Their toxicity is increased with smaller size, larger surface
area, adsorbed surface material, and the physical characteristics of the particles. Exposure to PM0.1 induces cough and
worsens asthma. Metal fume fever is a systemic disease of lung inflammation most likely caused by PM0.1. The disease
is manifested by systemic symptoms hours after exposure to metal fumes, usually through welding. PM0.1 cause
systemic inflammation, endothelial dysfunction, and coagulation changes that predispose individuals to ischemic
cardiovascular disease and hypertension. PM0.1 are also linked to diabetes and cancer. PM0.1 can travel up the olfactory
nerves to the brain and cause cerebral and autonomic dysfunction. Moreover, in utero exposure increases the risk of
low birthweight. Although exposure is commonly attributed to traffic exhaust, monitored students in Ghana showed
the highest exposures in a home near a trash burning site, in a bedroom with burning coils employed to abate
mosquitos, in a home of an adult smoker, and in home kitchens during domestic cooking. The high point-source
production and rapid redistribution make incidental exposure common, confound general population studies and are
compounded by the lack of global standards and national reporting. The potential for PM0.1 to cause harm to health is
great, but their precise role in many illnesses is still unknown and calls for more research.

Introduction
Air pollution can harm nearly every organ in the

body1,2, and particulate matter (PM) is the main offender.
PM has been classified by particle size, which is an
important factor in its health effects. PM10 (particles
≤10 μm in diameter), PM2.5 (particles ≤2.5 μm in dia-
meter), also called fine particles, and PM0.1 (particles
≤0.1 μm in diameter), also called ultrafine particles (this
term is used interchangeably with PM0.1 in this docu-
ment), have different health effects that, in part, result
from how these particles navigate the small bronchioles
and lung defenses. PM0.1 are also called nanoparticles
because of their size, although many authors restrict the
word “nanoparticles” to the 100-nm or smaller particles
produced by controlled engineering processes3.

Ultrafine particles are dispersed atmospherically in
many settings4. Examples are found in nature, from forest
fires, ocean splashes, and viruses; combustion processes,
from vehicular and power plant emissions and tobacco
smoking; and synthetic sources, from toner pigment and
many engineered products used for microtechnology.
These particles may be formed by the coalescence of ions
and gaseous molecules produced by combustion, often as
acidic and basic ions or other charged species that com-
bine to form more stable molecules or salts. This process,
which usually depends on aqueous oxidation, may explain
the sulfate levels of London fog of 19525 and the effects of
humidity on the symptoms of patients with respiratory
disease. Coalescing PM0.1 are a major source of PM2.5.
The harmful effects of the different PM categories

overlap because the corresponding sizes overlap; PM10,
which include all smaller particles, will have similar effects
to those of smaller PMs, although the effects can be dis-
tinguished by taking mass into account. PM10 and PM2.5

© The Author(s) 2020
OpenAccessThis article is licensedunder aCreativeCommonsAttribution 4.0 International License,whichpermits use, sharing, adaptation, distribution and reproduction
in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if

changesweremade. The images or other third partymaterial in this article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to thematerial. If
material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

Correspondence: Dean E. Schraufnagel (schrauf@uic.edu)
1Division of Pulmonary, Critical Care, Sleep, and Allergy, Department of
Medicine, University of Illinois at Chicago, M/C719, 840 S. Wood St., Chicago, IL
60612, USA

Official journal of the Korean Society for Biochemistry and Molecular Biology

12
34

56
78

90
()
:,;

12
34

56
78

90
()
:,;

1
2
3
4
5
6
7
8
9
0
()
:,;

12
34

56
78

90
()
:,;



are measured by their mass, while PM0.1 are measured by
particle number.

Numbers of particles
A typical concentration of PM0.1 in ambient air in rural

areas is 2610 particles/cm3, whereas a roadside con-
centration may be 48,180/cm3, with a mean global con-
centration of 10,760/cm3 4. The large numbers of PM0.1

quickly diminish by amalgamation into larger particles
and atmospheric dispersion, resulting in local con-
centrations or “hotspots” near traffic or sites of industrial
production. It is paradoxical that PM0.1 particle numbers
decrease quickly by coalescence, yet remain airborne for
extended periods and can travel to other continents. Peak
concentrations of traffic emissions occur near curbsides,
and these levels are often more than ten-fold higher than
the background. The concentrations regress to back-
ground by ~500m from the source6. High concentrations
are associated with many different conditions, such as
high humidity, low air movement, increased number of
diesel vehicles, seasons, and traffic acceleration after
stopping3. Improvements in fuel and engine technology
and the use of catalytic converters have reduced the PM
mass and carbon monoxide (CO) from automotive
exhaust but have increased the number and toxicity of
PM0.1

7,8.
Occupational exposures, especially those associated

with combustion or high temperature, such as welding or
blast furnace operation, may be great. The highest con-
centrations of PM0.1 are found in welding facilities,
machine shops, basic metal industries, traffic-related
occupations, and restaurants, with concentrations of
0.7–4.7 × 106, 60–450 times higher than the background
levels3.
As particle sizes decrease, the numbers increase, espe-

cially when such particles approach the size of PM0.1.
Coarse particles (PM10-2.5) accounted for <0.1% of the
total particle numbers in a study from Shenyang, China9.
An airborne concentration of 10 μg/m3 would require
2.4 × 106 20-nm particles, but only one 2.5-μm particle/
cm3,10. With the particle number and total surface area as
important parameters, the mass measurements used for
PM10 and PM2.5 are not useful for PM0.1. Particle num-
bers are so much greater for PM0.1 that this measurement
is used to estimate PM0.1 concentrations.
The variation in PM0.1 number with season and location

was highlighted by a European study that found that
Augsburg, Helsinki, and Stockholm had mean annual
concentrations of particles between 10,000 and
11,000 cm−3, but winter concentrations were almost twice
that much (between 10,000 and 20,000 cm−3), and sum-
mer concentrations were approximately half that much
(between 5000 and 6000 particles cm−3. Rome and Bar-
celona, which have greater air pollution, had average

annual concentrations of PM0.1 of more than 43,000 and
39,000 cm−3, respectively, but winter concentrations of
100,000 cm−3. This study also reported diurnal and week-
day variations, with daily peak levels between 7 a.m. and
10 a.m. in most places. Sunday had ~2/3 of the weekday
concentrations11. The variation and fluctuating nature of
the exposure makes monitoring, gauging their health
effects, and setting standards difficult.
The hourly average exposure over a year of PM0.1 differs

from that of PM2.5 in that the distribution of PM0.1 is
more skewed and widely spread owing to their more rapid
reduction and dispersal. The greater diurnal trend for
PM0.1 results from the variation in vehicular emissions.
PM0.1 and PM2.5 are not well correlated; the ratio of the
particle number-to-mass ratio was found to be highest at
roadside sites (indicating a prominence of PM0.1) and
lowest in polluted cities (indicating a prominence of
PM2.5). Regulating PM2.5 may not significantly reduce
PM0.1

12.

Absorption and retention of PM0.1

Most inhaled particles of 10 μm or larger in aero-
dynamic diameter impact the nasopharyngeal mem-
branes. Inhaled particles of 5–10 μm usually land on the
airways and are normally removed by alveolar macro-
phages and lung lymphatics1. Particles in the range of
1–2.5 μm usually make their way to the terminal
bronchiole, the site of greatest accumulation and tissue
destruction, as commonly seen in centrilobular emphy-
sema. Particles <1 μm stay airborne longer and easily gain
access to alveoli. Although most PM sizes can be engulfed
by cells, PM0.1 translocate transcellularly across alveolar
epithelial cells by diffusion through the lipid bilayer of the
cell walls13. It is not just phagocytic cells that pick up
material. All cells absorb cellular fragments of senescent,
damaged, or normal cells and exchange and recycle
molecular material14. The cellular fragments (sometimes
termed extracellular vesicles) could easily harbor PM0.1.
In an in vitro model, investigators showed that posi-

tively charged PM0.1 penetrated cells 20–40 times more
than negatively charged particles13. Although this result
may be specific to the cells tested, it points out the
importance of surface charge. An important property of
PM0.1 is the large surface-area to mass ratio that allows
the particles to carry large amounts of adsorbed materials
per unit mass. The large variety of compounds that attach
to these particles is likely to be a major cause of their
toxicity, but the great variation of adsorbed material
makes it more difficult to link PM0.1 to specific condi-
tions. Other properties, such as aspect ratio, charge, sur-
face reactivity, solubility, hydrophobicity or polarity,
agglomeration state, and the ability to interact with bio-
logic tissue and generate reactive oxygen species, are
important determinants of toxicity.
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PM0.1 that enter alveoli can be retained in surfactant15,
thus sidestepping the mucociliary escalator clearance
mechanisms. The retention half-life of titanium dioxide
(TiO2) particles of the identical crystalline structure,
deposition burden, and conditions in animal lungs was
reported to be 170 days for 250-nm particles and 500 days
for 20-nm particles16. The finer particles caused stronger
and more persistent inflammation, with more type II cell
proliferation and macrophage impairment and early
interstitial fibrotic foci. The small particles also moved
into the lung interstitium and periphery more than the
larger ones16. TiO2, which is considered a safe additive to
foods, toothpaste, lotions, and many other household
products, appears to have many major toxic effects when
its particles are in the PM0.1 range

17.

Health effects
The first interaction site for PM0.1 is the lung. The

surface area of the lung has been estimated to be more
than 100m2 18, but this is commonly estimated by mea-
suring linear intercepts with a 1-μm probe by light
microscopy. The estimate of the surface area becomes
larger as the sampling probe becomes smaller, accounting
for the additional surface area of an irregular surface. The
surface area of the lung to a nanoprobe of PM0.1 would be
orders of magnitude greater than the light microscopy
estimates, something Weibel referred to as the “Coast of
Wales” effect19.
PM0.1, along with their toxic baggage, easily reach the

large surface of the lung. They subsequently gain access to
other organs through the lung vasculature, either through
mobile cells or freely in the vasculature and lymph to
directly harm distal organs. Another mechanism by which
PM0.1 cause harm is lung inflammation and the sub-
sequent spread of inflammatory mediators to distal
organs. This is considered the main cause of systemic
toxicity for larger PM, which are less able to directly
access other organs. In addition to having better access,
PM0.1 have more toxicity in cellular and animal models20.
For example, low-solubility and low-toxicity PM0.1 cause
more inflammation in rat lungs than PM2.5 of the same
material21.
Other explanations for the increased toxicity of PM0.1

include the fact that many smaller particles may stress
alveolar macrophages more than fewer large ones. This
could also explain why clearance is dependent on particle
size. Inflammation in response to noxious material on the
surface of particles and interactions with the cell surfaces
of host tissues would also be greater with ultrafine par-
ticles22. Another important point when considering
human population studies is that PM2.5 have more
immediate effects, while PM0.1 have more delayed effects
and a greater influence on mortality23. Most epidemio-
logic studies of acute exposure to PM0.1 take into account

a lag time between exposure and symptoms of 1–5 days to
account for the delayed effect.
Compared to data on PM2.5 and PM10, there is a paucity of

information on the long-term health effects of PM0.1. A
major reason for this is the lack of international standards
and national reporting. Although PM0.1 can be readily
measured in the atmosphere, the measuring instruments are
not standardized, which means methods and protocols
vary24. Developing standards is difficult for populations
because of the variable nature of personal exposures and the
silent nature of the effects of air pollution, particularly PM0.1.
Neither clinicians nor the public generally consider air pol-
lution as a cause of a specific illness. Many exposures, such
as to office printers, would go unnoticed by most workers.
The study of PM0.1 has been aided by engineered

nanoparticles. Ultrafine particles can be manufactured
with a high degree of accuracy with regard to their size,
shape, and composition. The biological effects of these
factors can then be studied more precisely. Engineered
nanoparticles can be applied to cells and tissues and given
as a challenge to animals and human volunteers. For
example, high doses of fibrous and tubular nanostructures
can result in fibrotic lung reactions and an increased risk
of carcinogenesis25. Single-walled nanotubes can persist
deep in the lung and induce inflammatory and fibrotic
reactions26. Many other studies have shown various
intracellular effects depending on the species studied and
the nature of the nanoparticle25.

Diseases
A review of all diseases associated with PM0.1 is beyond

the scope of this paper, but the following discussion
highlights major associations. Air pollution and its effects
on different organ systems have recently been reviewed1,2.

Respiratory
The respiratory system is usually the first line of entry

into the body for air pollution, but ingested PM0.1 pass
through the gastrointestinal tract and can stimulate
immune responses in animals and human colonic biop-
sies. In a Western diet, more than 1012 ultrafine particles
are ingested daily by a single person27. Intact skin is
generally considered protective. Short-term exposure to
PM0.1 with a high content of polycyclic aromatic hydro-
carbons increases 8-hydroxyl-2-deoxyguanosine, a
byproduct of DNA oxidative damage, in children with
eczema but not in those without eczema28, although
particles of zinc and TiO used in topical skin care have
been shown to penetrate intact skin, especially in watery
or oily vehicles29.

Metal fume fever and polymer fume fever
Metal fume fever is an example of a disease most likely

caused by PM0.1. PM0.1 are produced by welding. Inhaling
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the small particles generates a great amount of reactive
oxygen species, leading to inflammation30. Metal fume
fever usually presents with malaise, fever, chills,
arthralgias, and myalgias 4–8 h after exposure to metal
fumes, usually through welding. Chest radiographs are
inconsistent, and the syndrome generally abates with-
out treatment. Although zinc oxide (ZnO) has been
incriminated, other metals, namely, copper, magne-
sium, and cadmium, have also been identified. A similar
syndrome, polymer fume fever, has been associated
with inhalation of fluorinated polymer products, such
as polytetrafluoroethylene (Teflon®). Heated polytetra-
fluoroethylene contains ultrafine particles (median
diameter 26 nm) that are toxic to rats, causing hemor-
rhagic pulmonary inflammation and death with high-
dose exposure and decreased function with low-dose
exposure31. Short-term, high-level exposure to PM0.1,
such as through diesel exhaust, also causes lung
inflammation32.
The respiratory mucociliary apparatus is a major tool

to clear inhaled particles. Although ultrafine particles
can be trapped in the mucous layer, its role in clearance
is far less than that for PM of greater density, which
impacts the airway. Many lung conditions impair
mucociliary function. Ciliary dysfunction is common in
smokers and those with respiratory tract infections and
may account for the greater vulnerability of these indi-
viduals to air pollution. Bronchospasm and cough, which
are part of asthma, are common reactions to inhaled
irritants, which may account for the increased sensitivity
in persons with asthma.
Particulate air pollution is a well-known cause of

exacerbations and mortality in persons with chronic
obstructive pulmonary disease (COPD), but the role of
PM0.1 is unclear. A study from Scotland did not find
PM0.1 to be more harmful than PM10

33, but other studies
have reported that indoor biological PM0.1 in the form of
bacterial extracellular vesicles do cause inflammation and
emphysema34.
Ambient exposure to PM0.1 is associated with cough,

reduced peak expiratory flow35, and the increased use of
medicines36 and hospital admissions for persons with
asthma37. Clinical visits for respiratory illness are asso-
ciated with increased levels of PM0.1

38. Although most
studies have found an increase in asthma symptoms, a
study of more than a million adult residents of Toronto
did not find evidence for an association between long-
term exposure to PM0.1 and respiratory disease after
adjusting for PM2.5, NO2, and other covariates39. An
Australian controlled study also did not find particle
number to be independently associated with respiratory
symptoms, asthma diagnosis, or lung function, although
PM0.1 was associated with an increase in inflammatory
markers in atopic participants40.

Cardiovascular
Many studies have shown that PM causes systemic

inflammation and coagulation changes predisposing to
ischemic cardiovascular disease, as measured by elevated
C-reactive protein (CRP), circulating polymorphonuclear
leukocytes, platelets, fibrinogen, plasma viscosity and
other markers. PM promotes endothelial dysfunction,
vascular inflammation, and atherosclerosis1. Past studies
have attributed this effect mainly to PM2.5, but a growing
body of literature shows that PM0.1 have a major role in
essentially all of these factors41-43. In fact, most studies
show a far greater effect for PM0.1. PM0.1 also cause
increased heart rate variability, loss of sympathovagal
balance, and altered inflammatory and hemostatic func-
tion in exposed humans44.
Even brief exposures to PM0.1 can cause cardiac effects.

In middle-aged individuals with metabolic syndrome,
exposure to PM0.1 for 2 h caused electrocardiographic
changes, a decrease in blood plasminogen and thrombo-
modulin and an increase in CRP and serum amyloid A45.
Many studies have shown an association between

chronic exposure to PM0.1 and heart disease. A pro-
spective study of 33,831 Dutch residents found that long-
term exposure to PM0.1 (measured by land use regression)
was associated with an increased risk for cardiovascular
disease, myocardial infarction, and heart failure46. In
adults living in Toronto from 1996 to 2012, an increase in
PM0.1 exposure was associated with an increased inci-
dence of heart failure and acute myocardial infarction.
Adjustment for PM2.5 and NO2 did not change these
associations, although NO2 was also independently asso-
ciated with increased heart failure incidence47. Mobile
neighborhood monitoring found the annual average par-
ticle number exposures to be associated with stroke,
ischemic heart disease, and hypertension48. Other studies
have also found increased ischemic and thrombotic stroke
with PM0.1 exposure49 and increased blood pressure and
worse microvascular function with PM0.1 but not with
PM2.5 and PM10

43,50.
Particle size has been correlated with total and cardio-

vascular mortality, with the correlation becoming stron-
ger as the particle size decreases. PM <0.50 μm had the
highest correlation9,51. No association was found for mass
concentrations (PM2.5 and larger)51.
Particle numbers are associated with cardiovascular

disease-related emergency department visits, with a lag of
4–10 days; 10–50 nm particles mainly account for this
finding. PM0.1 were reported to account for more than 7%
of emergency department visits52. The strongest correlate
of immediate effect (within 2 days) was found with
30–100-nm particles, despite a small mass concentration.
The immediate effect related to mass concentration was
with the 1–5 μm particles, which had a similar delayed
effect to the PM0.1 number52.
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A study of more than 100,000 women in California
found that mortality from ischemic heart disease was
more strongly associated with PM0.1 than with PM2.5

53.
Repeated biweekly submaximal exercise tests on adult
subjects with stable coronary heart disease showed that
PM0.1 were associated with electrocardiographic ST-
segment depression of >0.1 mV. The researchers found
that the PM0.1 effect was independent of PM2.5. NO2 and
CO were also associated with a risk for ST-segment
depression, but coarse particles (PM10–2.5) were not54.
However, a study from Denmark of 6515 airport

workers who were exposed to long-term PM0.1 found no
correlation with ischemic heart disease or cerebrovascular
disease compared to the corresponding measures in a
similar group of unskilled workers55.

Central nervous system
Many articles have been published on the brain or

neural effects of PM, and there is a great deal of animal
work on the mechanisms by which PM0.1 affect the brain
and its development. Translocated PM0.1 can be found in
the brain within 4–24 h after inhalation. Nasal PM0.1 can
travel up the olfactory nerves to the brain. Animals
exposed to aerosols of PM0.1 have the greatest brain
uptake in the olfactory bulb, even 7 days after exposure. In
an animal inhalation study, up to 20% of the PM0.1

deposited on the olfactory mucosa moved to the olfactory
bulb56. This pathway, which could circumvent the blood
brain barrier, may be even more direct in humans57. PM0.1

not only translocate and directly damage neural tissue but
also affect autonomic function. Exposure to PM0.1

increases sympathetic nervous system activity by
decreasing norepinephrine clearance, a feature that is
increased with concurrent ozone (O3) exposure

58.
Considerable animal research has been carried out on

the effect of PM0.1 on brain development. Postnatally,
PM0.1-exposed animals show short-term memory
impairment, cortical and hippocampal changes, which
raise the potential for excitotoxicity, and long-term glial
activation, which is associated with a wide range of
behavioral and other neurologic effects59. Pregnant mice
administered carbon black nanoparticles intranasally gave
birth to offspring with a dose-dependent, long-term
activation of astrocytes. Many mRNA level changes
associated with angiogenesis, cell migration, proliferation,
chemotaxis, and growth factors caused the authors to
speculate that this exposure could have wide-ranging
implications for health in later life60. Other animal studies
have shown that PM0.1 affects emotional behavior,
learning capability, neurotransmission, spontaneous
motor activity, and avoidance of performance61.
In humans, regular exercise has been shown to improve

brain cognition and memory. One mechanism for this
effect may be by upregulating brain-derived neurotrophic

factor (BDNF). BDNF was measured in subjects before
and after cycling for ~20min near major traffic and, on
another occasion, in a room with air filtered to remove
PM0.1 as well larger PM. The average PM0.1 was 28,180
particles/cm3 near the road and 496 particles/cm3 in the
air-filtered room. Serum BDNF concentration rose after
cycling in the air-filtered room but not after cycling near
the major traffic route62.

Children
Children are more vulnerable to the health effects of air

pollution, and these effects may begin with in utero expo-
sure and have lifelong consequences1. Exposure of preg-
nant women to PM0.1 increases the risk of low birthweight,
especially in those living within 50m of heavy traffic63.
A study from Ghana monitored the personal exposure

of 61 junior high school students 24 h per day for
10 weeks. The exposures varied greatly depending on
place of residence and the type of activities in which the
students were engaged. The highest exposures were in a
home near a trash burning site, in a bedroom with
burning coils employed to abate mosquitos, in a home
with an adult smoker, and in home kitchens during
domestic cooking64. A similar study conducted in the
Pearl River delta in China that monitored school children
(aged 9–13) for 2 weeks found that the highest exposures
were indoors, associated with smoking adults and the use
of mosquito repellent incense65. These studies show that
the sources of PM0.1 are not always predictable and are
not only related to vehicular traffic. Microenvironments
and chance exposure have important implications for
epidemiologic studies.
A major source of PM0.1 for children living in rural

areas can be exhaust from school buses, especially if they
are older diesel-powered vehicles. Filtration of the inside
air in school buses has been shown to significantly
decrease the number of in-cabin ultrafine particles66.
Exposure also occurs when children are in the playground
and standing outdoors while waiting to enter the bus.
Idling engines produce more PM0.1 than driving does67.
These exposures can be reduced by anti-idling policies.
Electronic cigarettes are now commonly used by chil-

dren and are a source of inhaled PM0.1
68. Electronic

cigarettes use heated vehicles (usually propylene glycol
and glycerol) to deliver microaerosols to the lungs. They
also deliver PM0.1 to the brain along with nicotine. High-
resistance coils in electronic cigarettes and increased
glycerol generate larger particles, and higher coil tem-
peratures generate smaller particles. Particles produced by
the electronic cigarettes are deposited in alveoli69.

Diabetes
Air pollution affects many metabolic functions and has

been associated with diabetes and other metabolic
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illnesses. Exposure to PM0.1 and NO2 from traffic-related
sources increases the risk for hypertension and diabetes70.
A single 2-h inhalation of elemental carbon PM0.1 had an
effect on heart variability in diabetic subjects that lasted
for hours71. PM0.1 cause autonomic dysfunction72 and
affect glucose tolerance in patients with diabetes73.

Cancer
Many studies in animals and human cells have shown

that PM is mutagenic and tumorigenic61, and it appears
that the finer the particle size, the greater the mutagenic
potential74. PM0.1 from the atmosphere and roadside
contain many mutagenic particles75. PM0.1 have been
shown to produce tumors in rats. The strongest tumori-
genic factor was the total surface area of the retained
particles, although the dose, particle type, and duration of
exposure were also important. Smaller aggregated ultrafine
TiO2-induced lung tumors in rats much more than larger
sized TiO2

22. The carcinogenic properties of nanoparticles
are related to their aspect ratio and rigidness76.

Conclusions
The potential for PM0.1 to cause harm to health is great,

but their precise role in many illnesses is still unknown.
Their high point-source production and rapid redistribu-
tion make incidental exposure common for the general
population and confound general population studies. This
has, no doubt, contributed to the lack of global standards
and national reporting. The absence of standards and
reporting may account for the dearth of standardized
measurements, instruments, and protocols. Air pollution
is a silent epidemic77, and PM0.1 may be the quietest of the
pollutants. PM0.1 vary greatly with the toxins they adsorb,
adding complexity to public research. In many ways, the
study of PM0.1 is at the frontier of air pollution research.
As they are better understood, these particles should be
more easily controlled. PM0.1, as with other air pollution,
are avoidable and correctable health risks. Halting or
reducing pollution should promptly result in improved
health status78. Undoubtedly, more research is needed.
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Abstract
In urban areas, a large fraction of the population typically lives within 1.5–2bkm of a freeway. In
an earlier study, Hu etbal. (2009) showed that in the pre-sunrise hours, with stable, nocturnal
meteorological conditions, the vehicle-related pollution from a freeway in southern California
extended more than 2bkm downwind. This was in striking contrast to earlier studies in the U.S.
and Australia showing that during the daytime pollutant concentrations extended no more than∼300bm downwind of major roadways. The present study was designed to explore the variability
of the large downwind pollutant impact zone observed by Hu etbal. (2009) in the pre-sunrise
hours on a wider geographic scale. An instrumented mobile platform was employed to measure
vehicle-related pollutant concentrations on transects running upwind and downwind of four
freeways in the coastal, central and eastern areas of the California South Coast Air Basin (SoCAB)
during the pre-sunrise period (04:30–06:30). Extended freeway plumes were observed for ultrafine
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particles (UFP), nitric oxide and particle-bound polycyclic aromatic hydrocarbons (PAH) at all
four sites during stable pre-sunrise periods. Plume lengths were measured to be ∼2bkm or more
with a dilution rate coefficient about a factor of ten lower than commonly observed for daytime.
An average of 39 and 19% (±8–9%) of freeway plume peak concentrations of UFP remained 500
and 1500bm downwind, respectively, from the freeways for the four transects studied here.
Because a large fraction of UFP and other vehicle related pollutants typically penetrate into
indoor environments, and nocturnal surface inversions are widespread across the globe, our
findings have significant implications for more extensive human exposures to vehicle-related
pollutants than previously indicated based on daytime measurements of roadway plumes.

Highlights

► Pollutant plumes from major roadways extend up to 2bkm under stable conditions. ► Wide area
impacts of freeway plumes are commonly observed in the SoCAB. ► Dilution rate coefficients in
stable atmospheres are less than a tenth of daytime. ► Decay rates of UFP vary with size, changing
size distributions. ► Mixed fleet emissions of UFP for a given traffic flow have decreased over
time.
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Nitrogen Dioxide (NO2) Pollution

CONTACT US <https://epa.gov/no2-pollution/forms/contact-us-about-nitrogen-dioxide-no2-pollution>

Basic Information about NO2
On This Page:

What is NO and how does it get in the air?

What are the harmful e ects of NO ?

What is being done to reduce NO pollution?

What is NO and how does it get in the air?
Nitrogen Dioxide (NO ) is one of a group of highly reactive gases known as oxides of
nitrogen or nitrogen oxides (NO ). Other nitrogen oxides include nitrous acid and nitric
acid. NO is used as the indicator for the larger group of nitrogen oxides.

NO primarily gets in the air from the burning of fuel. NO forms from emissions from
cars, trucks and buses, power plants, and o -road equipment.

E ects of NO
Health e ects

Breathing air with a high concentration of NO can irritate airways in the human
respiratory system. Such exposures over short periods can aggravate respiratory
diseases, particularly asthma, leading to respiratory symptoms (such as coughing,
wheezing or di iculty breathing), hospital admissions and visits to emergency rooms.
Longer exposures to elevated concentrations of NO may contribute to the
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development of asthma and potentially increase susceptibility to respiratory infections.
People with asthma, as well as children and the elderly are generally at greater risk for
 the health e ects of NO .

NO  along with other NO   reacts with other chemicals in the air to form both
particulate matter and ozone. Both of these are also harmful when inhaled due to
e ects on the respiratory system.

Learn more about Particulate Matter <https://epa.gov/pm-pollution> and Ozone
<https://epa.gov/ground-level-ozone-pollution>.

Environmental e ects

NO  and other NO  interact with water, oxygen and other chemicals in the atmosphere
to form acid rain. Acid rain harms sensitive ecosystems such as lakes and forests.

Learn more about Acid Rain <https://epa.gov/acidrain>.

The nitrate particles that result from NO  make the air hazy and di icult to see though.
This a ects the many national parks that we visit for the view.

Learn more about Visibility and Haze <https://epa.gov/visibility>.

NO  in the atmosphere contributes to nutrient pollution in coastal waters.
Learn more about Nutrient Pollution <https://epa.gov/nutrientpollution>.

What is being done to reduce NO  pollution?
EPA’s national and regional rules to reduce emissions of NO  and NO  will help state and
local governments meet the National Ambient Air Quality Standard (NAAQS).

Learn about how air quality standards help reduce NO  <https://epa.gov/no2-

pollution/setting-and-reviewing-standards-control-no2-pollution>

EPA identifies areas where the air quality does not meet the national NO  standards. For
these areas, state, local, and tribal governments develop plans to reduce the amount of
NO  in the air.

Learn more about NO  air quality designations and state implementation plans
(SIPs) <https://epa.gov/no2-pollution/applying-or-implementing-nitrogen-dioxide-standards>.

Nitrogen Dioxide Home <https://epa.gov/no2-pollution>
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This report assesses the real-world nitrogen oxide (NOx) emissions behavior of heavy-duty diesel

vehicles in the United States measured using portable emissions measurement systems (PEMS). This

assessment is based on 160 PEMS tests from engines certified to 0.2 grams per brake horsepower-hour

(g/bhp-hr) of NOx. The tests include data from eight manufacturers and 26 unique engine families

certified between 2010 and 2016. Second-by-second data was analyzed to compare against the

compliance evaluation results and to assess the impact of vehicle speed, vehicle type, and manufacturer

on real-world NOx emissions.

Key findings:

The Not-to-Exceed (NTE) protocol evaluates less than 10% of the total emissions data to

determine compliance for heavy-duty in-use NOx emissions. The average emission value

of 0.18 g/bhp-hr obtained from the NTE evaluation is significantly lower than the value of

0.42 g/bhp-hr obtained when evaluated on a total route basis.

A disproportionate amount of NOx emissions from heavy-duty vehicles is emitted during

the low-speed operation characteristic of urban driving. Vehicle operation at speeds of

less than 25 mph results in NOx emissions of more than five times the certification limit

for the average heavy-duty vehicle in the study.

At mid-speed driving conditions, between 25 and 50 mph and characteristic of suburban

driving, average NOx emissions from heavy-duty vehicles (HDVs) are 2.7 times the

certification limit. Only at highway speeds, above 50 mph, do HDVs present average NOx

emissions at the certification limit and below the in-use NTE emissions limit of 0.3 g/bhp-

hr.

Line-haul trucks have the highest average NOx emissions at less than highway speeds.

Their average NOx emissions of 1.41 g/bhp-hr are more than 7 times the engine

certification limit in urban driving and more than 3 times the limit in suburban driving.

Only during high-speed operation do line-haul trucks emit NOx at engine certification

limit levels.
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A single line-haul truck emits the NOx equivalent of 100 cars for each mile driven in urban

driving. Under urban driving conditions, line-haul trucks are emitting on average 7.0 g/mi

of NOx, compared with less than 0.07 g/mi for a gasoline car. The PEMS data shows that

these trucks, which are optimized for highway driving, spend on average 43% of their time

and emit 40% of the total mass of NOx in urban-like operation, including low-speed

driving and idling.

The current NTE in-use testing protocol is inadequate to evaluate the in-use performance of HDVs in

the United States, especially at low-speed conditions. The prospect of future NOx standards set over

low-load cycle and idle tests, in addition to the traditional federal test procedure, demands the

adoption of a different tool for proper in-use compliance evaluation. That tool should ensure that in-

use compliance is evaluated not only with highway data but also includes low-speed, low-load, and idle

data. This would ensure that engine dynamometer emission results obtained in the laboratory translate

to real-world benefits.
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EXECUTIVE SUMMARY

Emissions of nitrogen oxides (NOx) from heavy-duty diesel engines are a significant 
contributor to ambient air quality issues and ozone pollution in many areas of the United 
States. Although the EPA’s 2010 emissions standard for heavy-duty engines went a long 
way toward reducing NOx emissions, there is still a significant gap between real-world 
and certified NOx emissions from these engines. The two main regulatory agencies 
in the United States responsible for addressing NOx from heavy-duty engines, the 
California Air Resources Board (CARB) and the U.S. Environmental Protection Agency 
(EPA), are developing new regulations to address weaknesses in the current standard. 
An important element in this process is to have a good understanding of the current 
real-world baseline emissions from existing diesel vehicles.

This report presents an assessment of the real-world NOx emissions behavior of 
heavy-duty diesel vehicles in the United States measured using portable emissions 
measurement systems (PEMS). The real-world emissions data source is the publicly 
available Heavy Duty In-Use Testing (HDIUT) program, managed by the EPA. This 
assessment is based on 160 PEMS tests from engines certified to 0.2 grams per brake 
horsepower-hour (g/bhp-hr) of NOx. The tests include data from eight manufacturers 
and 26 unique engine families certified between 2010 and 2016. Second-by-second data 
was analyzed to compare against the compliance evaluation results and to assess the 
impact of vehicle speed, vehicle type, and manufacturer on real-world NOx emissions.  

KEY FINDINGS:
 » The Not-to-Exceed (NTE) protocol evaluates less than 10% of the total emissions 

data to determine compliance for heavy-duty in-use NOx emissions. The average 
emission value of 0.18 g/bhp-hr obtained from the NTE evaluation is significantly 
lower than the value of 0.42 g/bhp-hr obtained when evaluated on a total route 
basis (total mass of NOx emitted divided by total work). 

 » A disproportionate amount of NOx emissions from heavy-duty vehicles is emitted 
during the low-speed operation characteristic of urban driving. Vehicle operation 
at speeds of less than 25 mph results in NOx emissions of more than five times the 
certification limit for the average heavy-duty vehicle in the study.

 » At mid-speed driving conditions, between 25 and 50 mph and characteristic of 
suburban driving, average NOx emissions from heavy-duty vehicles (HDVs) are 
2.7 times the certification limit. Only at highway speeds, above 50 mph, do HDVs 
present average NOx emissions at the certification limit and below the in-use NTE 
emissions limit of 0.3 g/bhp-hr. 

 » Line-haul trucks, defined as class 8 trucks for long-distance goods transport, have 
the highest average NOx emissions at less than highway speeds. Their average 
NOx emissions of 1.41 g/bhp-hr are more than 7 times the engine certification 
limit in urban driving and more than 3 times the limit in suburban driving (Figure 
ES-1). Only during high-speed operation do line-haul trucks emit NOx at engine 
certification limit levels.

 » A single line-haul truck emits the NOx equivalent of 100 cars for each mile driven 
in urban driving. The data shows that under urban driving conditions, line-haul 
trucks are emitting on average 7.0 g/mi of NOx, compared with less than 0.07 g/
mi for a gasoline car. The PEMS data shows that these trucks, which are optimized 
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for highway driving, spend on average 43% of their time and emit 40% of the total 
mass of NOx in urban-like operation, including low-speed driving and idling.

Average
share NOX

mass
40% 23% 37%

7.1* 3.5 1.0

7.0* 2.4 0.6

Conformity
Factor - CF

Distance-
specific NOX

emissions, g/mile

Brake specific
NOX emissions,

g/bhp-hr
1.41* 0.70 0.20

Average time
spent at this

condition

Urban Suburban Highway
Speed range

On-road measured
NOx emissions,
g/bhp-h

0-25 mph 25-50 mph > 50 mph

Driving
condition

43% 11% 46%

* Brake and distance specific NOX emissions for Urban bin do not include Idle operation, only 1-25 mph operation is included

0.2

0.70

0.2

1.41

EPA 2010
NOx emission
limit, g/bhp-hr

0.20

0.2

Figure ES-1 Comparison of line-haul vehicle NOx emissions under urban, suburban, and highway 
driving conditions. Conformity factor is defined as ratio of measurement to engine dynamometer 
emission limits.

As a result of this analysis, it is evident that the current NTE in-use testing protocol is 
inadequate to evaluate the in-use performance of HDVs in the U.S., especially at low-
speed conditions. The prospect of future NOx standards set over low-load cycle and 
idle tests, in addition to the traditional federal test procedure, demands the adoption 
of a different tool for proper in-use compliance. That tool should ensure that in-use 
compliance is evaluated not only with highway data but also includes low-speed, 
low-load, and idle data. This would ensure that engine dynamometer emission results 
obtained in the laboratory translate to real-world benefits.
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INTRODUCTION 

Nitrogen oxides (NOx) are precursors to particulate matter with diameter of less than 
2.5 micrometers (PM2.5) and ground-level ozone, both of which are known to have 
adverse effects on human health. Long-term exposure to PM2.5 and ozone is associated 
with increased risk of premature death from cardiovascular, lung, and kidney diseases 
(Burnett et al., 2018; Turner et al., 2016). In addition, direct NO2 exposure is associated 
with asthma incidence among children and asthma emergency department visits 
(Anenberg et al., 2018). Reduction of NOx emissions can lead to substantial public health 
benefits from improved air quality, including fewer hospitalizations and emergency 
room visits, fewer missed days at work, and lowered risk of premature death from 
cardiovascular, lung, and kidney diseases (EPA, 2018c)(EPA, 2018c). These benefits are 
the main drivers for decreasing NOx emissions. 

Heavy-duty diesel vehicles are a major source of NOx emissions. In California alone, HDVs 
are responsible for more than 70% of NOx emissions from on-road mobile sources (CARB, 
2019). U.S. regulatory agencies have put in place regulations aimed at reducing NOx 
emissions from heavy-duty diesel engines. In 2000, the U.S. Environmental Protection 
Agency (EPA) adopted heavy-duty engine emission standards for model years 2007–2010 
and later engines—known as the EPA 2010 emissions regulation—aimed at reducing NOx 
emissions by 90% compared with the model year 2004 standard. 

A key part of the EPA 2010 regulation was the requirement that manufacturers conduct 
testing on in-use HDVs to prove compliance with the regulation and to help ensure that 
real-world emissions are in line with the limits set by the engine emission standards. 
This testing program is known as the manufacturer-run heavy duty in-use testing 
program (HDIUT). Under the HDIUT, selected vehicles are operated under normal driving 
conditions while engine emissions are continuously measured with portable emissions 
measurement systems (PEMS). The PEMS data collected is then evaluated under the 
Not-to-Exceed (NTE) protocol for regulatory compliance determination.

The NTE protocol is used to compare the results of the PEMS test data evaluation 
against the NTE limit. The NTE limit is defined as 0.30 g/bhp-hr, or 1.5 times the engine 
certification limit, plus an instrument accuracy allowance of 0.15 g/bhp-hr, for a total of 
0.45g/bhp-hr, or 2.25 times the FTP certification limit (CFR, 2014).

Compliance with the NTE limit is determined by first calculating the average emissions 
of each valid NTE event that occurred during testing. A valid NTE event is a segment of 
PEMS data that meets a number of pre-defined boundary conditions during a minimum 
of 30 continuous seconds. These boundary conditions are described in Table 1. The 
average emissions from each valid NTE event window are then compared against the 
NTE emissions limit (CFR, 2005). A test is considered to pass if a minimum of 90% of 
time-weighted NTE events result in emissions below the NTE limit. 



2

ICCT WHITE PAPER

Table 1 Conditions for PEMS data to be considered valid for an NTE event. 

Parameter PEMS data condition 

Engine speed Engine speed must be greater than a given engine speed (called n15) 
defined from the engine full load curve (~850 to 950 rpm)

Engine torque Engine torque must be greater than or equal to 30% of the peak torque

Engine power Engine power must be greater than or equal to 30% of the peak power

Exhaust gas 
temperature

Exhaust gas temperature has to be above 250°C (measured 1.0 foot from 
SCR outlet)

Intake manifold 
temperaturea

Intake temperature must be greater than a function of intake pressure 
(~38°C / 100°F)

Engine coolant 
temperaturea

Coolant temperature must be greater than a function of intake pressure 
(~60°C / 140°F)

Note: For details please see the code of federal regulations 40 CFR Part 86
a For engines with an exhaust gas recirculation system (EGR) to reduce NOx emissions.

The adoption of the EPA 2010 heavy-duty regulations has resulted in positive outcomes, 
with total fleet NOx emissions dropping by more than 40% (EPA, 2018b). Remote 
sensing data from HDVs in California, covering a wide span of vehicle model years, 
shows significant improvements in average NOx emissions, moving from close to 20 
grams of NOx per kilogram (gNOx/kg) of fuel for model year 2004 to a range of 3.8-13.9 
gNOx/kg of fuel for vehicles post-model year 2010 (Bishop, 2019). 

At the same time, in-use emissions testing has shown that there is still a gap between 
real-world NOx emission levels and certified levels. Remote sensing data from HDVs 
in California show that the best performers at 3.8 gNOx/kg of fuel emit about 3.3 
times more than the FTP emissions standard would require (Bishop, 2019). Moreover, 
PEMS testing data on post-model year 2010 line-haul and delivery trucks shows that 
NOx emissions reach an average of 0.45 g/bhp-hr, or twice the FTP standard (Besch, 
2018; Duncan & Hamady, 2019; Quiros et al., 2016). Using a full-scale mobile laboratory 
housed in a tractor-trailer for operation on the roadway, CARB and West Virginia 
University researchers found that NOx emissions from a group of four Class 8 trucks 
operating on Californian roads ranged from 0.16– 0.96 g/bhp-hr (Quiros et al., 2016). 

As a result, air quality is still a significant problem in certain regions of the United States. 
California’s Los Angeles South Coast Air Basin and San Joaquin Valley are the two areas 
most affected, classified as “extreme” under the national 8-Hour Ozone standard (EPA, 
2019a). In the South Coast Air Basin, reductions of 70% of NOx emissions from today’s 
levels would be needed by 2023 to meet the national ambient air quality standard for 
ozone (CARB, 2017; Heroy-Rogalski, Lemieux, & Robertson, 2019).

There is potential to further reduce real-world NOx emissions from heavy-duty diesel 
engines. CARB and the EPA are working to update and improve existing regulations 
targeting this issue. California has announced the HDV Low NOx regulation aimed 
at reducing FTP-based NOx standards by as much as 90% and introducing testing 
conditions that would require improved emissions control at low loads and low vehicle 
speeds, as well as an improved in-use testing protocol (CARB, 2016). At the federal level, 
the EPA announced the development of the Cleaner Trucks Initiative, which explores 
similar changes to the EPA 2010 NOx emissions standard, also aiming at real-world 
emission reductions (EPA, 2018a). 
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An important input into those regulatory processes is to have a good understanding 
of the real-world baseline emissions from existing heavy-duty diesel vehicles 
certified under the EPA 2010 regulation. The objective of this report is to present 
an independent assessment of the real-world NOx emissions behavior of EPA 
2010-certified diesel HDVs in the United States and identify critical driving conditions 
that result in excessive NOx emissions. 
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HDUIT DATA SUMMARY

The analysis presented here focuses on PEMS data from HDVs with post-2010 model 
year engines as reported by the EPA (EPA, 2019b). These data are a product of the 
manufacturer-run HDIUT program from which in-use compliance is determined.1 Each 
test file consists of second-by-second data including parameters such as vehicle 
speed (mph), NOx and CO2 emissions (g/s), and engine power (hp). Vehicle and 
engine specifications as well as the results of the NTE compliance calculations are 
also provided. For each test, there was no prescribed driving cycle as the PEMS data 
was being collected while the vehicles were in normal operation as per regulatory 
requirements. Vehicle loading was not reported.

A total of 287 tests were carried out between 2010 and 2019 for 2010-2016 model 
year engines, of which 98 were conducted on engines compliant under the banking 
credit program and 189 were from noncredit engines certified to the 0.2 g/bhp-hr NOx 
standard. The credit program allowed manufacturers to use banked credits from prior 
years to certify engines to a higher NOx emissions limit, 0.3–0.5 g/bhp-hr. As the credit 
engines have now been phased out, the noncredit engines are the most representative 
of the current baseline. Therefore, the analysis we present here is focused on the 
emissions of noncredit engines only.2

We removed all Cummins non-credit engines in the HDIUT dataset because all the diesel 
engines families tested were covered by recalls or were natural gas engines. The HDIUT 
dataset contained 18 tests from two engine families manufactured by Cummins that 
are part of a voluntary recall involving trucks with 2010–2015 model year engines with 
selective catalytic systems.3 The removal of those tests ensures that the data reported 
here corresponds to diesel vehicles and engines operating with no mechanical or 
technical issues. We also removed 11 PEMS tests that were conducted on vehicles with 
Cummins natural gas engines and included in the HDIUT Diesel dataset. 

Removing the Cummins recalled and natural gas engine tests from the noncredit engine 
test pool results in 160 tests from 26 unique engine families. Results in this study are 
based solely on this dataset excluding the recalled and natural gas engines. Appendix 
A provides a summary of NOx emissions from Cummins engine families available in the 
HDIUT dataset and their relative performance against the fleet studied here. 

Figure 1 shows the breakdown of engine tests in the dataset differentiated by 
manufacturer and model year. Vehicle types studied are listed by manufacturer. Most 
PEMS tests were carried out in vehicles with engines manufactured by Volvo, and Detroit 
Diesel. Line-haul and delivery trucks were more frequently tested under the program. 
The “other” vehicle category includes applications such as drayage, refuse, and transit 
buses. PEMS tests were carried out on 76 line-haul trucks, 67 delivery, and 17 in the 
other vehicle category. The prevalent engine model years in the HDIUT dataset cover 

1 The HDIUT program requires manufacturers to test up to 25% of engine families per year. The EPA certified 
290 engine families between 2010 and 2016. During this period 51 engine families were tested under the 
HDIUT program (EPA, 2019b). 

2 Tests from credit engines were mainly concentrated in the 2010 and 2011 model years, and a few during the 
2013-2015 model years. Credit engines were manufactured by General Motors, Navistar and Cummins.  

3 The U.S. EPA announced in July 2018 that Cummins will voluntarily recall roughly 500,000 model year 2010-
2015 medium- and heavy-duty trucks. The recall involved the replacement of SCR systems that were found 
less durable than is required by the emission regulations (EPA, 2018d). 
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2010–2014 engines. There were 16 PEMS tests available from 2015 engines and three 
from 2016 engines.
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and (b) engine model year
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A breakdown of the number of engine tests and the respective engine families tested by 
year and by manufacturer is provided in Table 2. 

Table 2 Number of Tested Families and Tests

Engine manufacturer Engine families PEMS tests

Detroit Diesel 4 30

Ford 3 18

FPT Industrial 2 16

Hino 4 21

Isuzu 3 18

Navistar 2 10

PACCAR 3 16

Volvo 5 31

Total dataset 26 160

Appendix B presents a table summarizing each PEMS test used in the analysis. The 
table describes vehicles tested, engine characteristics, driving conditions, environmental 
conditions, and emission results as reported in the HDIUT tests and as calculated 
following our methods. 
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METHODOLOGY

In this paper we analyze second-by-second data from vehicles with heavy-duty 
diesel engines certified to 0.2 g/bhp-hr NOx. The analysis includes data from all 
engine and vehicle operation conditions. This includes all power, torque, and engine 
rpm conditions, cold-start periods, low exhaust temperature (T < 250ºC), and DPF 
regeneration events. This is done to best capture the overall picture of emissions under 
real-world driving conditions.

There were two cases when PEMS data was filtered out for the purposes of our analysis:

 » The “zero-check” condition, in which the PEMS instrument auto-zeros itself while 
the rest of the OBD parameters remain live. 

 » Times when the OBD stream is interrupted for various reasons resulting in invalid 
data (“blanks,” “null,” or “NA” strings in the data output).

A key focus of our analysis was to gain an understanding of emissions performance in 
urban driving conditions. Urban driving is typically defined by low vehicle speed and 
low engine load. Those conditions lead to lower exhaust temperatures where effective 
emissions control may be more challenging (Anderson, 2018; Dixit et al., 2017). As the 
HDIUT dataset does not contain torque values, we rely on reported engine power for load.

As shown in Figure 2, we determined that there is a strong correlation between engine 
power and vehicle speed in the dataset. Average normalized power values for each 
speed bin are plotted versus the average speed within each bin. The analysis indicates 
that low-speed operation is generally associated with low-power operation and high-
speed operation is associated with higher-power operation. With this being the case, we 
chose to report the majority of our analysis on a vehicle speed basis only. 
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Data is segregated by vehicle speed parameter in the following ways throughout the 
report with approximate engine power ranges in percentage of Pmax - maximum engine 
power listed for reference: 

 » Idle: vehicle speed <1mph, <10% of Pmax

 » Urban: vehicle speed of 1–25 mph, 5–25% of Pmax

 » Suburban: vehicle speed of 25–50 mph, 10–45% of Pmax

 » Highway: vehicle speed 50 mph, >25% of Pmax

 » Route w/o idle: all vehicle speeds excluding idle

 » Route: all vehicle speeds

Wherever applicable, the data presented in these bins have been compared against 
current U.S. engine certification and in-use NTE standards for reference. Although there 
are no obligations for the vehicle to meet any regulatory standards under this binned 
metric, it allows for a useful comparison between certified and real-world emissions.



9

CURRENT STATE OF NOX EMISSIONS FROM IN-USE HEAVY-DUTY DIESEL VEHICLES IN THE UNITED STATES

RESULTS AND DISCUSSION

NTE VERSUS TOTAL ROUTE NOX EMISSIONS 
As previously mentioned, HDIUT data is assessed for regulatory compliance purposes via 
the NTE protocol, where a series of exclusions must be applied to evaluate the real-time 
PEMS dataset. These exclusions reduce the useable portion of the data for compliance 
evaluation. Figure 3 shows the percentage of total test time spent within a valid NTE 
event for each PEMS test, differentiated by manufacturer. On average, the total amount 
of time spent in valid NTE events was 8.7% of the total test time.4 This number can vary 
significantly from test to test with a minimum of zero valid NTE events to as much as 50% 
of the test time within valid NTE events. The average time spent in valid NTE events by 
different manufacturers varied from 3% (Ford) to 22% (FPT Industrial). 

%
 T

im
e

50

40

30

20

10

0

Detroit
Diesel

Ford FPT
Industrial

Hino Isuzu Navistar Volvo

% of Total Test Time

Avg % Time in NTE

Overall Avg % Time in NTE

Paccar

8.7%

Figure 3 Percentage of time in valid NTE events, manufacturer average (bars) and individual PEMS 
results (dots).

In Figure 4, we compare the average NOx over the total route without idle to the average 
NOx during valid NTE events by manufacturer. The whiskers on all figures throughout 
the paper represent the 95% confidence interval for the metric of interest. The average 
NTE NOx emissions were 0.18 g/bhp-hr across all manufacturers, while the average NOx 
emissions for the entire route without idle were approximately 1.9 times higher, at 0.34 
g/bhp-hr. Including idle, total route NOx emissions increased to 0.42 g/bhp-hr. Our route 
results are similar to those found in previous studies that have analyzed subsets of this 
public dataset  (Besch, 2018; Duncan & Hamady, 2019; Lee et al., 2019; Spears, 2018). 

4 Tests with zero time spent in NTE events are included. Excluding these tests would yield 9.8% as the overall 
average percentage of time in NTE events.
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The variability between NTE and overall route emissions can be further assessed by 
differentiating by engine family (Figure 5). As previously mentioned, 26 engine families 
were included in the testing database, and each family was tested three to 10 times. 
Out of 160 tests, 22 had NOx emissions above the NTE threshold of 0.3 g/bhp-hr when 
calculated using the NTE methodology (Figure 5a). The HDIUT database shows that 24 
of 160 tests (15%) had no valid NTE events, which under the existing regulation triggers 
an additional PEMS test. 

Tests that exhibit NOx emissions higher than the NTE limit when evaluated using the 
NTE analysis do not automatically result in a “fail.” An additional PEMS accuracy margin 
tolerance of 0.15 g/bhp-hr is added to the 0.30 limit, which enables NOx emissions to 
be as high as 0.45 g/bhp-hr and still result in a pass. Additionally, specific procedures 
outline the method to be followed if tests lead to NOx emissions above the NTE limit + 
accuracy margin limit. 5

While exceeding the NOx limit based on NTE type analysis is problematic, the situation is 
exacerbated when NOx emissions are evaluated based on the full route analysis, leading 
to a significant increase in the number of tests and families exceeding the in-use limit. 
Comparing the test NOx average route values against the NTE limit shows that 67 tests 
had NOx emissions above the limit even after excluding idling (Figure 5b). Of the 26 
engine families, 21 had at least one test exceeding the in-use limit when calculated using 
total route NOx emissions data excluding idling. 

5 The initial test campaign is carried out with the selection of five engines from a certain family. If a vehicle 
test were to fail the NTE limits, a series of conditionals regulate the number of additional engines that must 
be tested for an engine family to successfully declare a “pass.” Refer to 40 CFR § 86.1915 “What are the 
requirements for Phase 1 and Phase 2 testing?” for further details regarding the pass/fail criteria.
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Significant test differences within a single family were also observed, with the highest 
route average NOx being 1.4–16.4 times the lowest route average NOx value. The largest 
difference in route average NOx was found for the Volvo AVPTH12.8S01 (D13H 425) 
family, where average test results ranged from 0.09–1.4 g/bhp-hr. 
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Figure 5 Engine family NOx emissions reported from (a) NTE data from HDIUT, and (b) calculated 
from route analysis (no data exclusions) of PEMS tests

Because the NTE approach excludes significant amounts of data from the emissions 
analysis, we focus the remainder of this report on analysis of full datasets differentiated 
by vehicle speed bins. 
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NOX EMISSIONS VERSUS VEHICLE SPEED

Average emissions factor
The average NOx emissions for all 160 PEMS tests segregated by speed bins are shown 
in Figure 6. The bars show the average per test NOx emissions for all the data points 
that meet the given speed condition. Regulatory limits for engine certification of 0.20 g/
bhp-hr and for in-use NTE of 0.30 g/bhp-hr are also included for reference. The average 
total route NOx emissions across all manufacturers was 0.42 g/bhp-hr, and 0.34 g/bhp-
hr excluding idling (speed < 1.0 mph)6.  Average brake-specific NOx emissions ranged 
from 0.20 g/bhp-hr at highway speeds to 1.05 g/bhp-hr at urban driving speeds. This is 
most likely because higher speeds result in higher exhaust temperatures where catalytic 
NOx control is less challenging. This trend of higher brake-specific NOx emissions at 
lower vehicle speeds has also been reported by researchers in the United States and 
Europe for HDVs with SCR systems (Grigoratos, 2019; Mendoza-Villafuerte, 2017; Sandhu 
& Sonntag, 2019).
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Figure 6 Average NOx emissions in g/bhp-hr differentiated by vehicle speed. Whiskers represent 
the 95% confidence interval of the mean.

Exhaust temperature
The average exhaust temperature for each speed bin is shown in Figure 7. Average 
exhaust temperature increased from 213ºC in urban driving to 290ºC under highway 
driving conditions. The average route temperature, excluding idling data, was close 
to 260ºC. Exhaust temperature data is measured within 12 inches downstream of the 
SCR system, according to in-use testing regulations. The existing NTE protocol does 
not consider emissions data collected below exhaust temperatures of 250ºC, shown as 
a green dashed line in Figure 7. Catalytic NOx control is more challenging at exhaust 

6� At idle conditions, the work term may be small and may yield an artificial increase in NOx. Brake-specific 
emissions would asymptotically approach infinite under idle conditions. 
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temperatures below 250ºC. Therefore, it is not surprising that driving conditions at 
speeds below 25 mph or with higher percentage of idle result in higher average in-use 
NOx emissions.

E
xh

au
st

 t
em

p
er

at
ur

e,
 °

C

300

280

260

240

220

200
1-25mph >50mph25-50mph Route w/o idle Route

Average exh temp

Minimum NTE exh temp

Figure 7 Average exhaust temperature per speed bin. NTE protocol minimum exhaust temperature 
required for individual datapoint validity is shown as a green dashed line at 250ºC. Whiskers 
represent the 95% confidence interval of the mean.

Vehicle type
Average NOx emissions in different speed bins were further analyzed by vehicle types: 
line haul, delivery, and other vehicles.7 For the line-haul trucks, we analyzed 76 PEMS 
tests from 12 engine families; for the delivery trucks, 67 PEMS tests from 13 engine 
families; and for the other vehicle types, 17 PEMS test from three engine families. Note 
that the number of families does not add up to the previously mentioned count of 26 
because several engine families are found in multiple vehicle types. 

Line-haul trucks exhibited almost twice the average brake specific NOx emissions as 
delivery or other vehicle types during low speed (1–25 mph) urban driving conditions 
(Figure 8a). Their average NOx emissions of 1.41 g/bhp-hr are more than 7 times the 
engine certification limit in urban driving and more than 3 times the limit in suburban 
driving. At highway speeds, NOx emissions seemed very similar across vehicle types. The 
total route average showed almost no differences among the vehicles studied. 

Line-haul vehicles also had the highest CO2-specific emission factors for 1–25 mph 
and 25–50 mph operation, whereas the emission factors of all three vehicle types 
were similar for highway-speed operation (Figure 8b). The CO2-specific metric allows 
for direct comparison of different PEMS tests by lessening the impact of variations 
in the duty cycle or other test-to-test variables that impact emissions. It also allows 
comparisons with available data on HDVs. Bishop et al. captured on-road emissions from 

7 Line-haul vehicles include class 8 tractor-trailers with a median gross vehicle weight rating (GVWR) of 80,000 
lbs. Delivery vehicles includes box, drayage, and local transport trucks with a median GVWR of 19,500 lbs. The 
“other vehicle” category includes garbage collectors, bucket trucks, and various other localized applications 
also with a median GVWR of 19,500 lbs.
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28 HDVs of model years 2014 and later operating at speeds around 10 mph and reported 
fuel-specific values of 3.8 gNOx/kg of fuel, or 1.2 gNOx/kg of CO2 (Bishop, 2015). This 
value is lower than the 1.8 gNOx/kg of CO2 average emission values reported across all 
vehicles under low-speed conditions in the HDIUT dataset but well within the spread of 
the PEMS-based results.

Under urban driving conditions, line-haul trucks emitted, on average, 7.0 gNOx/mile 
(Figure 8c). To put this in perspective, this is 100 times the Tier 2 Bin 5 emissions limit of 
passenger vehicles in the United States.8 Previous studies have confirmed that real-
world emissions from gasoline light-duty vehicles are generally at or below the Tier 2 
standards, even in urban driving (McCaffery, 2019). 

8 Tier 2 NOx emissions standard over the FTP 75 for full useful life of Bin 5 passenger vehicles is at 0.07 g/mile.
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Figure 8 NOx emissions by vehicle type in speed bins: (a) brake-specific (b) CO2 specific, and (c) 
distance specific. Whiskers represent the 95% confidence interval of the mean.
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Average exhaust temperature, shown in Figure 9, does not fully explain the higher urban 
NOx values for line-haul vehicles than for delivery trucks as both types had very similar 
average exhaust temperatures. It is likely that the engine and aftertreatment control 
strategy for line-haul vehicles are optimized for controlling NOx under higher speeds in 
line with their primary intended use. Another contributing factor to poor NOx emissions 
control under low-speed urban driving could be rooted in the inability of the NTE in-use 
testing protocol to evaluate that driving condition for compliance purposes which 
disincentivizes manufacturers from optimizing NOx around that operating region. 
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Figure 9 Average exhaust temperature (downstream of the SCR) by vehicle type in speed bins. 
Whiskers represent the 95% confidence interval of the mean.

Percentage of time spent and mass emitted by driving condition
As mentioned earlier, the EPA’s in-use HDV testing program mandates that vehicles 
be driven as normally in everyday use. Figure 10 shows the percentage of time that 
each vehicle type spent in the different speed bins. All vehicle types spent a third 
or more of their time at speeds of less than 1 mph or idling. Combining idle (0–1 
mph) with low-speed driving (1–25 mph), the percentage of time rises to 41%–55% 
depending on vehicle type. Line-haul trucks spent almost twice as much time in 
highway driving conditions as the two other vehicle types, offset by less time in 
urban and suburban driving.9 

9 One caveat on this duty cycle summary is that these times are affected by the fact that the vehicles tested 
under the HDIUT program are expected to return to base at the end of the day for data collection and PEMS 
calibration work. This daily return to base may not be representative of normal driving for some long-haul and 
line-haul operations. This may result in idle and low speed shares for line-haul trucks in the HDIUT database 
to be higher than those found in real-world normal driving. A better source of HDV activity for class 8 heavy-
duty trucks can be found in the Fleet DNA database managed and maintained by the National Renewable 
Energy Laboratory (NREL). The share of time operating at idle for long-haul trucks as measured by NREL fleet 
DNA data is 15.3% (Kotz & Kelly, 2019). The HDIUT data for line-haul class 8 trucks better matched the time 
share of combined-unit short-haul trucks in the NREL fleet DNA study, at 31%. 
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Figure 10 Percentage of time spent at each speed condition by vehicle type. Whiskers represent 
the 95% confidence interval of the mean.

Figure 11 shows the percentage of average total NOx and CO2 emitted in each speed 
bin by vehicle type. The percentage of total emissions in each speed bin does not 
necessarily align with the percentage of time spent in each speed bin. For all vehicle 
types, the vehicles were idling at least 30% of the time, but NOx emissions during idling 
represent about 20% of the total, and CO2 emissions represent around 10% of the total. 
Combining idling and low-speed driving, which was observed 41%–55% of the time, 
represented 40%–44% of total average NOx emissions and 15%–20% of total average 
CO2 emissions for all vehicle types. For line-haul trucks, which spent 47% of their time at 
highway speeds, high-speed NOx emissions represent about 37% of the total and more 
than 70% of the CO2 emissions.  
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Figure 11 Percentage of total average (a) NOx and (b) CO2 emitted at each vehicle speed by vehicle 
type. Whiskers represent the 95% confidence interval of the mean.

Manufacturer
Because of the significance of urban emissions in terms of mass and share of operating 
time, we conducted a more extensive analysis of urban NOx emissions excluding idle 
by manufacturer and vehicle type (Figure 12). Urban NOx emissions of less than 0.3 g/
bhp-hr were achieved only during 13 of the 160 tests. The high dispersion of urban NOx 
performance was found in most manufacturer results, highlighting the wide range of low 
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vehicle speed solutions for NOx control. This dispersion suggests that porous regulatory 
provisions for in-use emissions control are generating inconsistent technical solutions for 
NOx control across the sector.
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Figure 12 Urban NOx emissions – g/bhp-hr

The dispersion of NOx results among line-haul urban driving deserves further analysis. 
The three manufacturers with line-haul vehicle emissions data were Detroit Diesel, 
PACCAR, and Volvo. Table 3 shows summary statistics for number of tests, test-to-test 
differences indicated by minimum and maximum, and averages. Only two of the 76 
tests for line-haul trucks had average urban NOx emissions of less than 0.3 g/bhp-hr. 
The range of urban emission results between minimum and maximum values for the 
same manufacturer was orders of magnitude apart, from four to 100 times. Some of the 
maximum values shown in Table 3 are close to typical engine-out NOx values found at 
low-load conditions, 3–4 g/bhp-hr. This suggests that the NOx aftertreatment system 
may have been inactive during those sections of the tests.

Table 3 Summary statistics on urban driving (1–25 mph) brake-specific NOx emissions (g/bhp-hr) 
for line-haul vehicles

Statistic Detroit Diesel Paccar Volvo

# of Tests 30 15 31

Min 0.03 0.51 0.49

Max 3.01 2.19 4.11

Average 1.16 1.19 1.77

NOx emissions of less than 0.3 g/bhp-hr under urban driving conditions were found 
in 13 PEMS tests. Those PEMS came from engine families manufactured by five of the 
eight companies and cover a wide range of engine displacements and applications. 
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The 0.3 g/bhp-hr in-use limit was achieved in urban driving excluding idle by Detroit 
Diesel with one engine family (15.8 L), Ford with two engine families (6.7 L), FPT 
industrial with one engine family (3.0 L), Hino with two engine families (5.0 L), and 
Isuzu with two engine families (5.2 L). These results indicate that real-world urban NOx

emissions in line with the existing in-use emissions standard limits are feasible with 
existing emissions-control technology. 

Idle NOx emission rates in gNOx/hr are shown in Figure 13 for the different manufactures 
and vehicle types. Also shown for reference are the current voluntary limits set by CARB 
for idling emission rates (30 gNOx/hr) as well as the proposed 2024 limit (10 gNOx/hr) 
(CARB, 2019).10 On average, line-haul trucks produced the highest NOx emission rates at 
idle at 24 g/hr, while delivery trucks produced 9 g/hr and other vehicles 5 g/hr. While 
line-haul trucks are expected to have higher emission rates reflecting larger engine 
displacements, the CARB idling limit does not have separate targets based on engine 
characteristics. These findings indicate that future NOx emission regulations are needed 
to ensure that idling emissions are accounted for and reductions are incentivized.

Current CARB idling limit
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Figure 13 Idling NOx emission rates (g/hr). The bars represent manufacturer average idle rate values 
for the entire PEMS dataset. Each dot represents the average idle emissions rate for each PEMS test.

10 The CARB idling limit is an optional NOx standard for HDVs, which can also be fulfilled by implementation of 
an engine shutdown system that automatically turns off the engine after 300 seconds of continuous idling. 
The idling limit does not discriminate on engine size, flowrate, etc., and all HDVs must meet the limit in the 
absence of an automatic engine shutdown strategy.  
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CONCLUSIONS AND POLICY RECOMMENDATIONS

This report presents a baseline evaluation of NOx emissions in the United States from on-
road hheavy-duty vehicles with diesel engines certified to meet the EPA 2010 emission 
standards. PEMS data from the manufacturer-run HDIUT program made available by the 
EPA was the sole source of data for this report. Data from 160 PEMS tests and 26 unique 
engine families certified under the 0.2 g/bhp-hr FTP standard and the 0.3 g/bhp-hr NTE 
standard were studied. This evaluation provides an understanding of real-world NOx 
emissions, highlighting conditions that contribute significantly to the NOx inventory.

We compared the NOx emissions evaluated with the NTE protocol to calculate total 
route NOx emissions. The NTE method resulted in average NOx emissions of 0.18 g/
bhp-hr. This NTE compliance evaluation value was calculated, on average, based on less 
than 10% of the total PEMS data available. Comparatively, total route NOx for all vehicles 
tested was 0.34 g/bhp-hr with the exclusion of idle operating conditions and 0.42 g/
bhp-hr with idle. 

We also analyzed the emissions data with no exclusions and looked at the impact of 
vehicle speed, vehicle type, and manufacturer on average NOx emissions. In general, 
we found:

 » On average, NOx emissions increase to more than five times the certification limit in 
urban driving.

 » Line-haul trucks have the highest urban NOx emissions at almost seven times the 
engine certification limit 

 » Heavy-duty trucks spend, on average, 41%–55% of their total operational time in 
driving conditions slower than 25 mph, which is typically found in urban settings.

 » On average, 40%–44% of total NOx from HDVs is emitted during urban driving at 
speeds of less than 25 mph.

 » NOx emissions at levels at or below the 0.3 g/bhp-hr NTE limit during urban driving 
were found on 13 of 160 tests, corresponding to eight engine families produced by 
five manufacturers. Only four of the 160 tests had urban NOx emissions at or below 
the 0.2 g/bhp-hr engine certification limit.

Based on these findings, we put forward the following policy recommendations for the 
development of future NOx standards for heavy-duty engines: 

 » A more stringent heavy-duty engine NOx emissions standard is justified based on 
emissions data showing a significant gap between real-world and engine-certified 
emissions. 

 » Adoption of a supplemental low-load cycle with a corresponding emissions 
standard is necessary to provide level ground for future development and adoption 
of emission controls for urban driving. 

 » Adoption of a new in-use testing evaluation protocol that purposely targets the 
most challenging conditions for NOx control is needed. The current NTE protocol 
rejects more than 90% of the data captured during in-use tests. The new evaluation 
tool should focus on evaluating emissions where NOx control is more challenging, such 
as low vehicle speed and engine load. The adoption of a low-load cycle also calls for 
an in-use protocol that evaluates data captured under such operating condition.
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 » Controlling idling emissions requires a separate emissions limit and metric. A 
work-specific limit for idling NOx emissions is not appropriate during near-zero 
work conditions. A limit based on NOx emissions rate, analogous to CARB’s low NOx 
idling standard, would be suitable for this application. Meeting an idle emissions 
limit would also incentivize compliance with CARB’s proposed low-load cycle. 
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APPENDIX A

The analysis presented in the body of this report excludes all Cummins non-credit 
engines available in the HDIUT dataset. This was done because all their diesel engines 
families tested under the HDIUT program were either covered by voluntary recalls or 
were natural gas engines. The HDIUT dataset contained 18 tests from two engine families 
manufactured by Cummins that are part of a voluntary recall and 11 PEMS from two CNG 
engine families. 

This appendix presents NOx emissions values from Cummins diesel and CNG engines 
excluded from the analysis. This is relevant as Cummins market share is one of the 
largest in the United States, where it supplies engines for four of every ten class-8 trucks 
sold in the United States (Transport Topics, 2019).  The data from the recalled engines 
provides an indication of what NOx emission values can be found in HDVs experiencing 
SCR deterioration. The CNG results provide a comparison point on NOx emissions 
between stoichiometric CNG engines and diesel.

Figure A1 shows NOx emissions by vehicle speed bins for Cummins diesel recalled 
engines and Cummins CNG engines compared against the fleet average diesel values 
presented in this report. Recalled engines emit almost two times more than the fleet 
average during low speed driving. Comparatively, vehicles with CNG engines emit 40% 
lower during low speed driving. Total route values compared to the average diesel values 
are also two times higher for recalled engines while CNG engines are roughly half.
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Figure A1. NOx emissions by vehicle speed bin from the HDIUT dataset. Only non-credit engines. 
Includes recalled Cummins diesel engines, Cummins CNG engines, and average HDV values as 
shown in Figure 6. Whiskers represent the 95% confidence interval of the mean
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APPENDIX B

This appendix presents a description for each of the 160 PEMS tests used in the 
analysis. All the tests correspond to vehicles with heavy-duty diesel engines certified 
to meet the EPA 0.2 g/bhp-hr NOx emissions standard. Engines certified under the NOx 
credit provision program were excluded. Engine families that are the subject of recalls 
were excluded from this analysis.

Table B1 describes the vehicles tested, engine characteristics, vehicle driving conditions, 
environmental conditions, and emission results as reported in the HDIUT tests and as 
calculated by our team. The HDIUT emissions results listed here show the results of the 
NTE evaluation process and are part of the data available from all PEMS tests studied. 
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ABSTRACT: Diverse urban air pollution sources contribute to spatially variable
atmospheric concentrations, with important public health implications. Mobile monitoring
shows promise for understanding spatial pollutant patterns, yet it is unclear whether
uncertainties associated with temporally sparse sampling and instrument performance limit
our ability to identify locations of elevated pollution. To address this question, we analyze
9 months of repeated weekday daytime on-road mobile measurements of black carbon
(BC), particle number (PN), and nitrogen oxide (NO, NO2) concentrations within 24
census tracts across Houston, Texas. We quantify persistently elevated, intermittent, and
extreme concentration behaviors at 50 m road segments on surface streets and 90 m
segments on highways relative to median statistics across the entire sampling domain. We
find elevated concentrations above uncertainty levels (±40%) within portions of every census tract, with median concentration
increases ranging from 2 to 3× for NO2, and >9× for NO. In contrast, PN exhibits elevated concentrations of 1.5−2× the domain-
wide median and distinct spatial patterns relative to other pollutants. Co-located elevated concentrations of primary combustion
tracers (BC and NOx) near 30% of metal recycling and concrete batch plant facilities within our sampled census tracts are
comparable to those measured within 200 m of highways. Our results demonstrate how extensive mobile monitoring across multiple
census tracts can quantitatively characterize urban air pollution source patterns and are applicable to developing effective source
mitigation policies.

1. INTRODUCTION

Urban air pollutant concentrations vary substantially from
neighborhood blocks to city-wide scales,1,2 impacting public
health.3−5 These patterns are driven in part by spatially
heterogeneous primary particulate matter and nitrogen oxide
(NOx = NO + NO2) sources, exposure to both of which is
associated with increased mortality.6 Black carbon (BC) and
fine particle number (PN) serve as effective tracers for health-
relevant, fresh combustion emissions, and PN is also a tracer
for particle nucleation events.7−9 Primary NOx and volatile
organic compounds (VOCs) also play key roles in photo-
chemistry, serving as precursors to secondary fine particulate
matter (PM2.5) and ozone (O3) formation.10,11

Approaches to quantify fine-scale (∼kilometer) spatial
patterns of urban air pollution and their source drivers include
chemical transport and dispersion model simulations, satellite
retrievals, and ground-based stationary monitoring. Modeling
approaches provide attribution of spatial patterns to specific
principal source sectors (e.g., Zhang et al.12), but have
uncertainties at sub-kilometer scales associated with emission
inventory spatial allocation and micro-meteorology represen-
tation.13 Recent satellite retrieval approaches have pinpointed
and quantified larger industrial and mobile urban sources,
though once-daily, typically afternoon overpass observations
must be oversampled over several months to achieve a

kilometer-scale spatial resolution and could miss sources
during other hours of the day.14 Ground-based stationary
sensor networks are capable of characterizing spatial patterns
continuously at greater spatial density (sub-kilometer scales)
than typical regulatory networks, but they are likely to miss
local sources located between monitoring locations.2,15

As a complement to fixed sensor networks, ground-based
mobile monitoring provides high spatial resolution observa-
tions, though temporally sparse at any individual loca-
tion.1,16−19 Mobile measurement studies are typically con-
ducted at relatively small scales, including a few city blocks,
individual neighborhoods, and major roadway transects.20−22

These approaches have been valuable to assess the spatial
representativeness of stationary monitors,4,23 characterize
temporal variations in spatial patterns along urban transects,18

and evaluate vehicle emission inventories.21 Mobile monitoring
has also provided observations for inversion modeling using
Lagrangian dispersion model footprints13 and for building
land-use regression exposure models.8,9,24
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Using multineighborhood, on-road mobile monitoring, Apte
et al.1 found that BC and NOx concentrations can vary by >5×
within individual city blocks and semi-quantitatively identified
hotspot locations using the median concentrations from
repeated drive passes through 30 m road segments. These
temporally aggregated concentration estimates are typically
reported with ±10 to ±30% precision, depending on the
pollutant and study region,1,19 yet are summarized using
domain-wide average uncertainties and generally do not report
instrument drifts over time or between mobile vehicles. Some
studies also include an hourly temporal adjustment.1,19,22,23

However, temporal concentration variability across multiple
drive periods may contain valuable information on intermittent
or extreme concentrations resulting from local sources and/or
meteorological influences that are not captured by the median
approach. It remains unclear whether elevated spatial
concentration patterns across even larger multineighborhood
domains can be quantified and distinguished from potentially
large and spatially heterogeneous sampling uncertainties.
In this study, we examine the presence and persistence of

elevated concentration patterns using fine-scale, multipollutant
mobile monitoring data with large spatial coverage of the
Houston, Texas metropolitan area. Houston is a large (∼1620
km2) urban area with diverse emission sources, including on-
road and nonroad vehicles, oil refining and petrochemical
operations,25 large industrial26 and hazardous air pollutant
emissions,27,28 a lack of zoning leading to intermingling of
industrial and residential areas, and nonattainment designation
with regards to Environmental Protection Agency O3 stand-
ards.29 Our approach focuses on mobile source tracers because
of the close proximity of vehicle traffic to our on-road
sampling, though point or area source plumes could also be
captured using this approach if they are present at ground level.
We apply descriptive statistical methods with comprehensive
uncertainty analyses to characterize concentration behaviors of
∼10,500 road segments across a nine-month period. We utilize
our on-road concentration pattern observations to identify
segments with elevated central tendency, high variability, and
extreme concentrations relative to typical characteristics across
the entire sampling domain, as well as individual census tracts.
Then, we investigate their possible source drivers by examining
the proximity of identified road segments to known source
locations. Specifically, we conduct three transect case studies
focusing on the local source and meteorological influences
along road transects where multiple pollutants exhibit elevated
concentrations. These analyses can help to improve the
effectiveness of mobile monitoring strategies to evaluate fine-
scale urban emission inventories, identify missing sources, and
inform source mitigation policies.

2. MATERIALS AND METHODS
2.1. Instrumentation. We conducted on-road mobile

measurements of BC, PN, NO, and NO2 concentrations with
two Google Street View vehicles (2009 Hyundai Santa Fe)
equipped with a Global Positioning System (GPS) unit
(Garmin 18×). PM2.5, O3, and carbon dioxide (CO2) were
also measured, though we do not use these species in this study
as they are the subject of ongoing research. Mobile data were
quality-controlled and quality-assured. Data were removed
during instrument warm-ups, calibrations, and if conditions
were outside an instrument’s concentration or relative
humidity operating range. Mobile measurements were
synchronized to GPS timestamps and time offsets were applied

to account for the inlet residence time differences as detailed in
Supporting Information Section S1. Instrument specifications
and analytical uncertainty estimation are detailed in Supporting
Information (Table S1 and Section S2).
We assessed pollutant-specific spatial resolutions of on-road

measurements to choose an appropriate fixed road segment
spatial scale such that on-road plumes measured at a particular
location are assigned to the most likely corresponding road
segment. Spatial resolutions were estimated by multiplying the
sampling system (inlet and instrument) response time (e-
folding time for a step change in concentration) by percentiles
of the mobile platform vehicle speed distribution. Pollutant-
specific spatial resolutions ranged from 15 to 72 m on surface
streets and 62−170 m on highways with higher vehicle speeds
(Table S1). To compare across pollutants with the instruments
used on our mobile platform, we chose a consistent 50 m road
segment spatial scale for surface streets and 90 m road segment
spatial scales on highways. The majority of on-road surface
street measurements (e.g., >80% for BC and NO) have a
spatial resolution finer than 50 m. There is a small probability
that for the slowest instrument responses and highest vehicle
speeds on surface streets (i.e., longest spatial resolution), a
portion of a detected plume will be observed in an adjacent
segment. However, for the worst case scenario of a persistent
point source plume, wind direction variations will shift the
location of an artificially longer plume decay (due to
instrument response time) within a specific road segment. In
addition, on-road vehicle plumes are intercepted at a variety of
locations, and are observed only on a subset of drive periods.
Thus, these artifacts are rare and do not significantly impact
summary statistics.
The minimum method detection limit (denoted as MDL)

was determined for each pollutant via methods detailed in
Supporting Information Section S2. Zero concentration time
series were collected periodically throughout the study. We
aggregated these periods into one time series for each
pollutant, a total of ∼4.5 h for particles and ∼25 min for
gases. The mean + 3σ of the aggregated time series is our best
estimate of the MDL, and 3σ is the largest term contributing to
MDL values.

2.2. Spatiotemporal Coverage. We repeatedly sampled
all public roads within 35 representative census tracts in Harris
County, Texas containing ∼1300 total road kilometers across
∼85 km2 area with a range of emission source influences,
adverse health outcome rates,3 and population characteristics
(further details in Supporting Information Section S3). To
select census tracts for sampling, we created a unit-less rank
score based upon average daily traffic counts, the spatial
density of metal recycling, concrete batch plants, and
petrochemical facility source locations, and the presence of
freeways. These sources were chosen because of their
importance for regional stakeholders and recent public scrutiny
in Houston, and our ability to probe source plumes from the
ground-level, on-road mobile sampling locations. Some
selected census tracts contain a regulatory air quality
monitoring site.
We analyzed data collected on arterial, local, and service

drive (frontage) roads, as well as highways and ramps (only
∼5% of sampled road segments). The near-highway road
segments within our sampling domain capture concentration
patterns immediately adjacent to or below highways associated
with on-highway vehicle emissions. VOCs are the primary
species of concern that have been observed downwind of
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petrochemical facilities.30 Because we focused our measure-
ments on mobile combustion source tracers at ground level
(rather than atmospheric columns) with no VOC measure-
ments, our mobile measurements were generally not able to
detect lofted petrochemical facility source plumes, nor
distinguish elevated stack emissions of NOx or PM from
ground-level emission plumes near roadways.
Mobile measurements covered ∼51,900 km total driving

distance from July 2017 through March 2018. We attempted to
drive every public road in a census tract at least once during
every drive period. The start times of drive periods in each
census tract were distributed across time of day and day of
week to minimize systematic temporal biases, in addition to
varying the starting location within census tracts. Mobile
measurements mainly covered weekday, daytime hours (7:00
to 16:00 local standard time; 5−95 percentile range of
timestamps), with limited early morning, late evening, and
weekend drive periods (Figure S4). We limited our analyses to
the 24 census tracts with 15−44 repeated drive periods to
ensure reasonably small uncertainties. The number of drive
periods varied across road segments within an individual
census tract because practical considerations required addi-
tional passes of some roads to obtain full road sampling
coverage (Figure S5).
2.3. Geolocation. Measurements were assigned to fixed

road segments via methods detailed in Supporting Information
Section S1. In brief, GPS coordinates were map-matched to a
digitized road network of 10 m spaced points along the
roadways. This minimizes road assignment misclassification
within the ∼8 m GPS location accuracy and preserves the
mobile sampling trajectory along the road network length. We
defined the boundaries of road segments with a preference to
separate segments by road types (Figure S1). Data collected
<30 m from a dead-end and >30 m from a 10 m road point
were removed because of potential self-sampling of the mobile
vehicle’s exhaust while stationary or driving in reverse or a GPS
error assigning measurements to nonroad locations.
2.4. Statistical Approaches. We created distributions of

concentrations measured at each individual road segment
during each sampling (drive) period conducted throughout the
study (Figure S6). Because census tracts were sometimes
sampled during the morning and afternoon on the same day
separated by > 4 h, we defined these 4 h periods as distinct
drive periods. First, we aggregated multiple 1 s mobile
measurements collected during each unique drive-pass of a
fixed road segment into a drive-pass mean, consistent with
Messier et al.24 Drive-pass means equal weight passes of
variable durations and sample sizes, reducing artifacts
associated with oversampling of vehicle exhaust plumes during
passes in slow-moving traffic. Because NO and NO2 measure-
ments were acquired at a 5 s time resolution, we repeated data
points across the 1 s timestamps, consistent with Shah et al.,17

to represent this integrated measurement across road seg-
ments. Second, we calculated the median of drive-pass means
for each fixed 4 h drive period, termed “drive period median”.
This second level of aggregation minimizes overweighting
repeated drive-passes of a road segment within short (minutes)
time intervals. Most drive periods have one drive pass of a
single road segment, meaning that drive pass mean = drive
period median. Approximately 12% of drive periods have >3
drive-passes per road segment. Third, we built distributions of
drive period median concentrations at each road segment and
extracted summary statistics of these distributions to character-

ize near-source plume behaviors. Persistently elevated concen-
trations are represented by elevation in median and 90th
percentile, intermittent elevation or high variability by
interquartile range (IQR), and high extreme concentrations
by exclusive elevation in 90th percentile or skewness.
Next, we compared summary statistics of each road

segment’s distribution with the median of its corresponding
summary statistic across all road segments within the entire
sampling domain of multiple census tracts (hereafter referred
to as “domain-wide”). We mainly focus on domain-wide
comparisons because of their relevance for city-scale emission
inventory evaluation and mitigation strategies for the highest
impact urban sources. Furthermore, domain-wide comparisons
allow for detecting elevated concentrations even when the
majority of road segments in a given census tract exhibit
elevated concentrations. We also performed finer scale analyses
to detect locally elevated concentrations relative to each census
tract domain and nearest-neighbors, the latter via normal-
ization by the inverse distance-weighted median of the road
segment summary statistic. Our individual road segment
comparison is distinct from traditional hotspot analyses.
Those approaches identify statistically significant hotspots as
locations that are part of a cluster with other locations of
elevated concentration.31

2.4.1. Elevation above Uncertainty Levels. We defined an
elevated summary statistic at an individual road segment as one
with a lower confidence bound that does not overlap with the
upper confidence bound of a reference domain median
statistic, nor the MDL. Although nonoverlapping confidence
bounds is a descriptive measure not directly based on a
statistical probability, our approach provides a robust test
beyond rejection of the null hypothesis (p clearly less than
0.05) that the drive period median distributions at a given road
segment are the same as that of the domain median statistics.
We found a weak inverse linear correlation (r = −0.3, p < 0.01)
between median NO2 or PN concentration confidence
intervals and their drive period sample size, which is likely
associated with a high number of drive periods on roads used
to enter or exit other census tracts (Figure S5). However, the
discrete locations we detected on local roads have similar
sample sizes as other roads within their census tract.
Sampling precision (95% confidence interval) was calculated

separately for each summary statistic based upon distributions
at each road segment as 1.96 times the standard error via
bootstrap resampling with 2000 draws. If the instrument error
(bias and precision summed in quadrature) or median
temporal sampling uncertainty (Section 2.4.2) were larger
than the sampling precision, the higher of these values defined
the 95% confidence interval (Table S2). This assumes that
these uncertainties have some dependence on or are somewhat
correlated with each other. The same method was applied for
the domain median summary statistics. For NO2 and PN, a
small number of drive period medians were below the MDL
and we included below MDL values without substitution for
bootstrap resampling. For NO2 and PN standard error
estimates, we substituted below MDL values with MDL/2 to
compute the domain median statistics. Because the majority of
BC and NO data are below the MDL, we estimated confidence
intervals for the median and 90th percentiles using the reverse
Kaplan−Meier estimator of the cumulative distribution
function,32 a logarithmic variance approach that appropriately
bounds the confidence intervals (Supporting Information
Section S4).
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2.4.2. Temporal Uncertainties. We considered additional
uncertainties associated with aggregating temporally sparse
mobile measurements at an individual road segment. First,
inter-census tract temporal sampling error can occur when
sampling census tracts on different subsets of days with
different background concentrations. This uncertainty is
important when comparing statistics associated with individual
road segments with those across the entire sampling domain.
We estimated the potential magnitude of the error associated
with inter-drive period atmospheric variability is <±13% for
NO and NO2 based on regulatory monitoring data from the
study region (details on other pollutants in Supporting
Information Section S5). Second, temporal uncertainty occurs
at the intra-census tract level associated with 1−2 h
concentration changes associated with boundary layer mixing
conditions during an individual drive period (Supporting
Information Section S5). We found this uncertainty is
relatively small (<9% for pollutants reported here) and can
thus be ignored in our analysis (Table S2). Because of the
relatively small magnitude of these uncertainties and limited or
nonexistent stationary monitoring for some pollutants in some

census tracts, we did not perform background adjustments as
used in other geographies.1,23

2.4.3. Summary of Uncertainties. Overall, the uncertainty
of road segment-specific summary statistics was dominated by
sampling precision (Table S2, Figure S7). Instrument or
temporal sampling uncertainties exceeded sampling precision
uncertainty for ≤5 and ≤1% of locations for PN and NO2,
respectively (Figure S7), indicating that mobile data exhibited
a larger variability than the stationary data on which the
temporal sampling error estimates were based. NO2 and PN
90th percentiles exhibited similar confidence intervals (±35 to
±39%) as those of the median, and were much smaller than
those of the skewness (±64%) (Figure S7). Thus, the 90th
percentile is valuable to characterize the upper portion of the
distribution, especially for pollutants with a large fraction of
measurements below the MDL. Domain median statistic
confidence intervals were much smaller than those for
individual road segments and were dominated by instrument
or temporal sampling errors.

2.5. Meteorological and Temporal Source Variability
Analysis. In order to evaluate the influences of temporally

Figure 1. (a) BC and (b) NO2 median and 90th percentile concentrations at 50 m (surface street) and 90 m (highway) road segments in the
Harrisburg and Manchester census tracts, separated by the I-610 interstate highway. The concentration increments represented by the shades of
color in the color-bar are based upon the BC instrument precision at 3500 ng m−3 and for NO2 the 95% confidence interval of the highest (90th
percentile) summary statistic concentration across the domain (Table S2 and Section 2.4.3). Black rectangles indicate the Manchester St transect,
and dashed black lines denote census tract boundaries. The Esri World Imagery Map is shown in the background (sources: Esri, DigitalGlobe,
Earthstar Geographics, CNES/Airbus DS, GeoEye, USDA FSA, USGS, Aerogrid, IGN, IGP, and the GIS User Community). (c) Road segment
NO2 median and 90th percentile summary statistics across the Manchester St transect. Locations with elevated concentrations relative to domain-
wide median statistics are shown as black points, with the remaining road segments shown as blue points. The I-610 interstate highway location is
denoted by the purple line and the blue shaded region is ±200 m horizontal distance from I-610.
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variable emission sources and meteorological conditions on
elevated concentration locations, we examined the patterns of
road segment concentrations across the ensemble of individual
drive periods and their wind speed and direction character-
istics. Because plumes from point sources adjacent to roads are
diluted and mixed horizontally and vertically in the turbulent
daytime boundary layer before reaching a sampled roadway, it
is important to consider the effects of wind conditions and
strong signals from local vehicle emission plumes on our
platform’s ability to detect point source plumes. The closest

meteorological station measuring wind speed and direction
every 5 min during our study period33 was identified based on
its distance from the census tract centroid. The mean wind
vector was computed during each 4 h drive period to represent
that period’s prevailing wind conditions. This measure was
used to evaluate upwind and downwind sampling periods and
does not necessarily represent the exact wind conditions
during each drive pass because wind conditions were not
measured on the mobile platform.

Figure 2. (a) Elevated median NO2 and (b) elevated 90th percentile BC concentrations normalized by their domain-wide median statistics (9 ppbv
NO2; 1600 ng m−3 BC). Census tract names (a) and elevated concentration locations in Table 1 (b) are shown for reference. Grey locations
indicate road segments that were measured on more than 15 drive periods, but with a summary statistic confidence interval that overlaps with that
of the domain-wide median statistic. The Esri World Topographic Map is shown in the background (sources: Esri, HERE, Garmin, Intermap,
INCREMENT P, GEBCO, USGS, FAO, NPS, NRCAN, GeoBase, IGN, Kadaster NL, Ordnance Survey, Esri Japan, METI, Esri China (Hong
Kong), OpenStreetMap contributors, GIS User Community).
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3. RESULTS AND DISCUSSION

3.1. Identification of Elevated Concentration Loca-
tions. We illustrate the process of identifying road segments
with elevated pollutant concentrations by focusing on two
census tracts in eastern Houston (Manchester and Harrisburg)
with populations of ∼1500 and ∼1600, respectively.34 These
census tracts contain a major interstate highway, arterial roads
with commercial diesel-fueled vehicle traffic, recycling facilities,
refining and petrochemical facilities, and maritime operations
along the Houston Ship Channel.25,27 All pollutants exhibit
elevated concentration patterns along Manchester St relative to
domain-wide or census tract median statistics (Figures 1 and
S8). For BC in this region, we find spatial structure across road
segments in the 90th percentile summary statistic (upper tail of
drive period median distributions) that is not evident in the
median concentrations, which are often below the MDL
(Figure 1a).
Our approach to identify elevated concentration locations in

the Harrisburg and Manchester census tracts yields consistent
results with previously established near-highway concentration
decay functions.1,35 This case study focuses on two roads,
Manchester and Lawndale Streets, which are below and
perpendicular to the I-610 highway (Figure 1). Near-highway
concentration maxima are associated with a combination of
on-highway emissions transported to surface streets and the
short tunnel’s concentrating effect. On Manchester St to the
west of I-610, we find similar NO, NO2, and PN concentration
decay (from maximum concentration to 50%) at ∼200 m from
the I-610 highway, consistent with Karner et al.35 Although
some highway measurements may be assigned to the same
GPS location as below the highway on Manchester St, this
does not impact our estimates at adjacent road segments >50
m from the highway. NO, NO2, and PN concentration decays
are asymmetric, with elevated concentrations extending >400
m east of I-610 (Figures 1b,c, and S8a) and additional spatial
structure, especially in BC 90th percentile concentration
(Figures 1a and S8a). The Manchester St behavior is
fundamentally different from the sharp, symmetric decay
profiles at Lawndale St and near-highway surface streets north
of Manchester St (Figure 1), and the asymmetry is not linked
with wind patterns because both westerly and easterly winds
were observed at equal frequencies at the nearby Clinton Drive
monitoring site.33 This suggests that in addition to the highway
signal, local NOx and particulate sources influence Manchester
St east of I-610.

Across the entire domain sampled, we find elevated
concentrations on highways, on major arterial roadways, on
roads below and adjacent to highways, and along discrete
sections of local roads (Figures 2 and S9). Median pollutant
concentrations are often multiple factors above their
corresponding median statistics across all roads sampled.
Elevated median concentrations on surface streets range from
2× to 3× the domain-wide median for NO2, 2× to >9× for
NO, and elevated BC 90th percentile concentrations are 2× to
> 7× the domain-wide median 90th percentile (Figures 2 and
S9a). In contrast, PN exhibits surface street elevated median
concentrations of ≤2× the domain-wide median (Figure S9b)
and large IQR comparable to the median concentration
(Figure S7), consistent with large spatiotemporal variability in
ultrafine particle counts reported in previous studies.4,23

Elevated NO2 concentrations occur at ∼19% of road segments
based on the median and ∼13% based on the 90th percentile,
but only ∼6% based on the IQR owing to wide IQR
confidence intervals (Table S3). The inclusion of highway and
service drive road segments reduces the percent of elevated
concentration road segments detected on surface streets by
≪30% (Table S4). The spatial patterns of elevated median PN
concentrations differ from those of the other pollutants, with
elevated concentrations on residential streets in West and East
Galena Park at comparable magnitude to those on the nearby
arterial road, Clinton Drive (Figure S9b). Finally, the summary
statistics describe combinations of persistent, intermittent and/
or extreme concentration behaviors (Figure S10), with further
descriptions provided in Supporting Information Section S7.

3.1.1. Domain Sensitivity Analyses. We evaluate the
sensitivity of identifying elevated concentration road segments
to the choice of the reference domain. For this sensitivity
analysis, we examine elevated median NO2 on surface streets in
the Harrisburg, Manchester, and West Eastex census tracts,
containing ∼12% of all road segments analyzed (Figure S11).
In these census tracts, we find that 42% of road segment
median concentrations are elevated relative to their domain-
wide median, while only 10 and 3% are elevated relative to
their census tract or nearest-neighbor medians, respectively.
The nearest-neighbors approach provides limited value for our
analysis because it is the most stringent comparison that
mainly detects a subset of locations identified by the domain-
wide comparison, particularly in isolated elevated concen-
tration locations (Figure S11).
Separately, we evaluate the sensitivity of our results to the

pool of road types considered. We find that elevated

Table 1. Median Concentration Ratios (Unit-Less, Rounded to Nearest Integer) for Each Pollutant Relative to Respective
Domain-Wide Median Statistics at Select Local Road Sections with Known Commercial/Industrial Facilitiesa

census tract(s) road(s) potential nearby source influence(s) BCc NO NO2 PN
number of pollutants with elevated

median (90th percentile)

West Eastex Quitman St metal recycling facility 3 7 3 2 3 (4)
West Eastex Schalker Dr metal recycling facility 8 5 2 2 (4)
Washington
Corridor

Center St metal recycling facility 5 3 2 2 (4)

South Beltway
Central

Schurmier Rd 2 metal recycling & 3 concrete batch
plant facilities

2 8 1 (3)

South Beltway
Central

S. Wayside Dr. concrete batch plant facility 4 7 2 2 3 (2)

Clinton Fidelity St metal recycling facility 4 8 2 (2)
all all within

200 m of highwaysb
near-highway (≤200 m) 3−5 4 to >9 2 2−3 3−4 (3−4)

aBlank rows indicate ratios are ≤1.5× or elevation criteria are not met. bWithin all sampled census tracts. c90th percentile concentration ratio.
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concentration detection results are robust to the inclusion of
high concentration highway, ramp and service drive road
segments, which make up a small (∼9%) portion of all sampled
road segments. Specifically, we compare median statistic values
based on the full population of sampled road segments with
those obtained while excluding highway, ramp, and service
drive road segments. The former scenario results in ≤8%
higher domain-wide median values than the latter scenario,

with 12% higher domain-wide median 90th percentile for NO2
(Table S5).

3.2. Sources of Elevated Concentrations. Our analysis
reveals elevated pollutant concentrations along discrete, local
road sections (Figures 2 and S9, Table 1). Specifically, we find
elevated median concentration in 2−3 pollutants at close
proximity to 38% of (6 out of 16) metal recycling facilities and
24% of (4 out of 17) concrete batch plants within our sampled
census tracts (Table 1). Elevated concentration magnitudes at

Figure 3. 90th percentile concentrations at (a) Quitman St transect (West Eastex census tract, blue shading represents metal recycling facility
boundaries), and (b) Schurmier Rd transect (South Beltway Central census tract). The locations of potential sources influencing the observed
patterns are denoted in the Google Earth imagery at top (Imagery 2019 Google, Map data 2019 United States).

Environmental Science & Technology pubs.acs.org/est Article

https://dx.doi.org/10.1021/acs.est.9b05523
Environ. Sci. Technol. 2020, 54, 2133−2142

2139



these facility locations span those observed across the domain
(Figures 2 and S9) and are of similar magnitude as those ≤200
m of highways within the same census tracts (Table 1). Near
these facilities, BC concentration 90th percentiles reach 2−8×
the domain-wide median statistic (Figure 2b, Table 1). These
elevated concentration features along local roads are important
contributors to overall pollutant spatial patterns. An additional
19% of metal recycling plants and 12% of concrete batch plants
are adjacent to road segments exhibiting elevated concen-
trations on a stretch of major roadway with elevated
concentrations along many or all of its road segments.
However, apportioning the local contribution of an individual
facility relative to the vehicle source along the entire roadway’s
length is beyond the scope of this study.
Next, we evaluate individual drive periods in elevated

concentration locations to examine whether sources and/or
meteorology influenced the distributions. We choose two
regions with elevated characteristics for illustrative case studies
(Figure 3). We find elevated features along a discrete ∼300 m
section of Quitman St (West Eastex census tract) along the
property boundaries and immediately south of a metal
recycling plant (Figures 3a and S12a). The 90th percentiles
show the greatest sensitivity for localized elevation. Elevated
concentrations at the eastern edge are associated with near or
on-highway vehicle emissions, with confidence intervals for
segments adjacent to this recycling facility overlapping with
those at the near-highway road segment (Figure 3a). The
locations of high concentrations between drive passes do not
exhibit discernible wind dependence (Figure S13). Locations
of higher concentration are relatively narrow (50−100 m) and
occur at different locations >50 m apart across individual drive
periods (Figure S13). These observations suggest that close
proximity mobile sources are the main drivers of these elevated
features, rather than a constant point or area source plume
shifting with the wind direction. However, more work is
needed to rule out effects of on-site operation emissions
because only ∼30% of drive periods occurred downwind of the
facility (typically mornings with light north winds; Figure S13).
We also observed broad, spatially heterogeneous elevated

features for BC and NO along the Schurmier Rd transect
(South Beltway Central census tract), which is immediately
south of a variety of emission sources including five concrete
batch plants, two metal recycling facilities, trucking facilities,
and intersections (Figure 3b). The elevated 90th percentile
concentrations for BC, NO, and NO2 in the middle of the
transect extend up to ∼1 km, with relatively large confidence
intervals owing to large variability across drive periods (Figure
S12). However, while PN shows high variability and elevated
extreme values, PN medians are not elevated (Figures 3b and
S12b). Elevated BC and NOx concentration features are not
adjacent to one particular facility or intersection and also do
not exhibit wind dependence (Figure S14), suggesting they are
associated with an on-road mobile vehicle source (e.g., traffic
backed up from a nearby intersection) or one or more nearby
facility’s emission source footprints extending beyond their
immediate boundaries.
Both case studies suggest that the road transect spatial

concentration patterns are associated with mobile on-road or
on-site diesel-fueled vehicle sources with spatial scales
corresponding to intercepting an on-road diesel vehicle
plume for ∼10 s while driving at 5−10 m s−1. Although
older gasoline-fueled passenger vehicles with faulty emission
control technologies may also contribute to the elevated NO

and NO2 concentrations,36,37 the coincident elevated BC
concentrations are more consistent with a diesel engine
source.38 Although BC and NOx may be emitted from on-
site diesel equipment for recycling processes and particulate
matter emissions from such facilities have been reported
previously,39 we did not sample during high speed, north wind
periods optimal for capturing on-site emission plumes. In
addition, the longer distance from these sources to on-road
sampling locations means they are subject to vertical dispersion
and dilution to levels below that of much closer on-road source
plumes.

4. IMPLICATIONS
Our mobile measurements characterized persistently elevated
and extreme concentration behaviors on arterial and local
roads. We found heterogeneous, elevated concentration spatial
patterns that are ubiquitous across a larger spatial domain than
previous studies, ∼85 km2 compared with ∼30 km2 in
Oakland, California.1,24 Our approach explicitly quantifies the
sampling attributes that determine the sensitivity of a mobile
monitoring method to detect elevated concentrations, which
can inform routine monitoring and future study designs in
other urban areas. We found sampling and instrument
uncertainties across 24 noncontiguous census tracts are
reasonably small to identify elevated concentrations at least
40% above that of the domain-wide median, even when
including near and on-highway road segments. This mobile
sampling approach offers unique capabilities to both identify
and rank locations by their concentrations at specific road
sections that facilitate follow-up surveys and prioritize locations
for inspection. Our road transect case studies suggest a diesel-
fueled mobile emission source influence with discrete areas
(≤100 m) of elevated primary emission tracer (BC, NOx)
concentrations near metal recycling and concrete batch plant
facilities with potential cumulative effects of multiple closely
clustered facilities. These features are an exemplar of urban
emission sources that can be identified with mobile monitoring
approaches. Metal recycling facilities are ubiquitous in other
urban areas and have also been identified as a source of
carcinogenic metals in Houston,39 and a hotspot for diesel
vehicle emissions in Oakland, California.1 Overall, these results
have important implications for understanding and tracking
advection of near-facility emission plumes into residential
neighborhoods.
Our analyses lay the foundation for future studies focusing

on source quantification, source attribution, and health
impacts. First, future analyses of individual drive period
observations focused on identifying concentration patterns
upwind and downwind of known point and area sources and
distinguishing their source footprints from on-road vehicle
plumes under specific atmospheric stability regimes would
provide useful insights. Future mobile monitoring opportu-
nities that incorporate more extensive night time and weekend
observations would also be valuable to distinguish the relative
influence of emissions from light-duty passenger vehicles
versus heavy-duty commercial vehicles operating only during
weekdays,40 as well as night time emission sources, on elevated
concentration patterns. Second, emission ratios with respect to
CO2 in elevated concentration locations can be used to
quantify on-road vehicle emissions. These results can then be
compared with fine-scale mobile source emission inventories
(e.g., McDonald et al.41) to improve their spatial emission
allocation estimates. Third, follow-up mobile monitoring
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should include additional urban source tracers (e.g., carbon
monoxide, VOCs) to further fingerprint emission sources.
Fourth, mobile monitoring observations can be compared with
and complement existing stationary monitoring and satellite
remote sensing observations, and provide additional measure-
ments where existing monitors do not exist. For example,
mobile monitoring observations could serve as an independent
test for upcoming geostationary satellite retrievals at kilometer
and hourly scales. Finally, an upcoming Health Impact
Assessment study utilizing these mobile measurements will
complement previous health studies3 and further evaluate
disparities in pollution-related health impacts. Our study
demonstrates the value of using city-scale mobile monitoring
to inform policy development related to urban air quality and
emission source management strategies, and for communicat-
ing patterns of near-road exposure to policy stakeholders and
the general public.
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Disparity in air pollution exposure arises from variation at multiple
spatial scales: along urban-to-rural gradients, between individual
cities within a metropolitan region, within individual neighbor-
hoods, and between city blocks. Here, we improve on existing
capabilities to systematically compare urban variation at several
scales, from hyperlocal (<100 m) to regional (>10 km), and to assess
consequences for outdoor air pollution experienced by residents of
different races and ethnicities, by creating a set of uniquely exten-
sive and high-resolution observations of spatially variable pollut-
ants: NO, NO2, black carbon (BC), and ultrafine particles (UFP). We
conducted full-coverage monitoring of a wide sample of urban and
suburban neighborhoods (93 km2 and 450,000 residents) in four
counties of the San Francisco Bay Area using Google Street View
cars equippedwith the Aclima mobile platform. Comparing scales of
variation across the sampled population, greater differences arise
from localized pollution gradients for BC and NO (pollutants domi-
nated by primary sources) and from regional gradients for UFP and
NO2 (pollutants dominated by secondary contributions). Median
concentrations of UFP, NO, and NO2 are, for Hispanic and Black
populations, 8 to 30% higher than the population average; for
White populations, average exposures to these pollutants are 9 to
14% lower than the population average. Systematic racial/ethnic
disparities are influenced by regional concentration gradients due
to sharp contrasts in demographic composition among cities and
urban districts, while within-group extremes arise from local peaks.
Our results illustrate how detailed and extensive fine-scale pollution
observations can add new insights about differences and disparities
in air pollution exposures at the population scale.

air pollution | environmental justice | air quality

Air pollution varies in complex patterns across the urban
landscape, arising from the interplay of emissions source

locations and atmospheric transport and transformation. Gradi-
ents exist at multiple spatial scales, reflecting regional, city-level,
and neighborhood-level phenomena, including highly localized
peaks near major sources (1–3). The uneven distribution of
sources has been shown in the United States to cause systemati-
cally higher outdoor concentrations for people of color and
communities facing disproportionate socioeconomic and envi-
ronmental stressors (4–10). Increased air pollution exposure is
associated with premature mortality and a multitude of chronic
health problems, as well as increased vulnerability to extreme
events such as wildfire pollution episodes and COVID-19 (11–13).
Measurement and analysis of this disparity in outdoor concen-
trations are vital for understanding how the causes of air pollution
(e.g., city zoning, infrastructure development, emissions sources)
affect differential health outcomes. This understanding can aid in
designing effective environmental justice measures and tracking
the effects of the evolving urban landscape on population-wide

and community exposure. Here, we use mobile monitoring
(in-motion measurements by vehicle-mounted instruments) to
observe highly localized air pollution patterns in a variety of urban
settings and consider the implications for the measurement and
mitigation of pollution exposure and environmental inequity.
The full complexity of multiscale patterns of air pollution is

largely unknown in most urban areas despite great advances in
measurement and modeling methods over the past few decades.
Regulatory monitoring sites are sparsely distributed and gener-
ally do not measure unregulated pollutants of health concern,
such as black carbon (BC) and ultrafine particles (UFP). While
satellite remote sensing provides nearly global spatial coverage,
most conventional products are limited in resolution to 1 to
5 km2 and do not include all pollutants of interest (14, 15).
Mechanistic models predict concentrations over broad domains
but are limited by computational constraints and data gaps (16).
Recent statistical models provide both high spatial resolution and
geographic coverage, but concentration predictions reflect gener-
alized patterns, tend to predict central tendencies better than

Significance

It is known, to researchers and heavily impacted communities,
that people of color face a higher average burden of air pol-
lution. It was unknown whether racial/ethnic disparities were
caused by spatial heterogeneities at the level of city blocks,
neighborhoods, or urban regions. Our approach leverages a
unique set of highly local observations, covering every city
block of 13 cities and urban districts that are home to 450,000
people. We find that even for pollutants with steep localized
gradients, differences in average outdoor concentrations
among racial/ethnic groups are driven by regional variability.
However, localized peaks indicate opportunities to reduce
extremes within groups. The methods and findings of this
study can inform strategies to reduce disparities in urban air
pollution exposure.
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extremes, and may miss local idiosyncrasies, especially for models
with broad (e.g., national) domains (17). Despite the growing
sophistication of these technologies, in many cases they are best
suited to depict patterns of pollutants that are predominantly
secondary, such as ozone and PM2.5, which tend to vary more over
the regional than neighborhood scale (17). In contrast, fine-scale
gradients dominate spatial variability for directly emitted (pri-
mary) pollutants like BC and for pollutants with highly localized
transformation dynamics like UFP and NO (1, 18–22). Both BC
and UFP are suspected to cause distinct health impacts (23–25),
but these effects—and the potential racial/ethnic and socioeco-
nomic health disparities—will remain poorly understood until
higher-resolution measurements are more widespread (25, 26).
Mobile monitoring and low-cost sensors are increasingly used

to detect fine-scale pollution gradients with applications ranging
from new risk estimates for cardiovascular disease to the iden-
tification of unexpected sources of exposure disparity (24, 27).
Low-cost sensors are used to supplement the density of existing
regulatory networks, but appropriate sensors are not available
for all pollutants and operation is limited by the capacity for
consistent calibration and maintenance (28). Mobile monitoring
has been used to measure multipollutant gradients in a wide range
of urban contexts (29–31). Example applications of mobile mon-
itoring include studies of short-range multipollutant variation at-
tributable to highway traffic (31–35), infrastructure geometry, such
as street canyons and near-road barriers (22, 36–38), and a variety
of specific local sources (37, 39–41). While mobile monitoring is a
flexible method, it is also labor intensive, requiring many repeated
visits to collect enough localized measurements to capture the full
temporal variation in conditions.
Because of the large resource requirement for long-term mobile

monitoring, only a small number of campaigns have measured
multiyear, high-resolution patterns over multiple neighborhoods
(19, 42). Few have attempted comprehensive coverage of all major
and residential streets of several contiguous neighborhoods (21,
41, 43). This study presents the results of 32 mo of mobile mon-
itoring along every street of 13 cities, towns, and urban districts
(93 km2) distributed through four counties of the San Francisco
Bay Area, providing over 2,100 h of sampling of four pollutants at
∼0.01 km2 (i.e., ∼100 × 100 m2). We employ two custom-equipped
Google Street View cars to repeatedly measure city block air
quality, providing estimates of outdoor air pollution for a year-
2010 population of ∼450,000 individuals and an opportunity to
characterize, quantify, and analyze multiscale gradients across the
urban landscape. We specifically consider implications for racial
and ethnic exposure disparities. We find that dense, urban
neighborhoods exhibit peaks that vary by pollutant in both loca-
tion and magnitude, reflecting complex interactions among di-
verse emission sources and urban microenvironments. Despite
high-magnitude hyperlocal peaks, we find that concentration dif-
ferences between sampling areas (i.e., among distinct neighbor-
hoods and cities) cause greater average concentrations for people
of color. These findings demonstrate the need to consider miti-
gation policies at multiple urban scales to address environmental
inequity.

Results and Discussion
High Variation in Air Pollution Observed from Hyperlocal to Regional
Scales. We create empirical maps of four air pollutants in 13
groupings of neighborhoods that constitute urban districts, cities,
or towns (total population: ∼450,000), ranging in land use, ur-
banization, traffic density, demographic composition, and his-
torical housing policy (SI Appendix, Figs. S1, S2, and S12 and
Tables S1–S3). We calculate census block scale concentrations
(see Materials and Methods) to best approximate conditions at
individual residences given the resolution of demographic data
(median block population: 36 people). Hereon, we describe out-
door concentration as “exposure” for block residents, terminology

consistent with literature linking health effects to census block
estimates (24, 44); we acknowledge that individual exposure also
depends on multiple other factors (e.g., diurnal activity, indoor
infiltration and dynamics, and physiology).
Study area maps (Fig. 1) reveal sharp concentration gradients

(∼2 to 5×) within groups of contiguous blocks, as well as marked
differences in the range of concentrations within different study
areas. In discussing spatial variation, we term gradients among
neighboring blocks (∼100 m) as “hyperlocal,” variation within
each study area (∼1 km) as “local,” and variation among study
areas (∼10 km) as “regional.” Among the four pollutants, NO
shows the highest-magnitude hyperlocal peaks, with a typical
ratio of 10× between a peak and local median (SI Appendix, Fig.
S4 and Table S5). BC, NO2, and UFP (peak ratios 3.1×, 2.7×,
and 2.6×, respectively) exhibit shallower hyperlocal gradients
and more diffuse peaks. Complex hyperlocal patterns reflect the
combined influence of traffic and point source emissions (e.g.,
local industry and restaurants) and dispersion and reaction dy-
namics within the built environment (e.g., street canyons, green
spaces). Local elevation of NO concentrations is strongly linked
to highways and major arterials, while the influence of highways
on BC, NO2, and UFP varies by study area, with roadways
showing the smallest influence on UFP (SI Appendix, Table
S6–S9). Differences in hyperlocal patterns among pollutants are
reflected in the moderate or low correlations of block-level
concentrations in some study areas, especially between BC and
UFP (SI Appendix, Fig. S5). These differences demonstrate the
importance of measuring multiple pollutants. Furthermore, these
patterns likely differ from those of other important pollutants like
fine particulate matter (PM2.5) and air toxics, both in location and
degree of local and regional variation.
Exposure variation reflects where residents live relative to

observed local and regional gradients, although residents may
also experience peaks in unpopulated areas during daily activities.
We find that the weighting of population within more homoge-
neous residential areas mildly diminishes the importance of local
variation, but both local and regional gradients contribute to the
broad range of exposures across the study domain. Fig. 2 shows the
full distribution of exposure levels within each study area. Com-
paring median exposures between the most- and least-polluted
study areas, concentrations varied by a factor of 4, 5, 6, and
28 for BC, NO2, UFP, and NO, respectively, while within-
neighborhood interdecile ranges showed variation up to a factor
of 4 for BC, NO2, UFP, and a factor of 19 for NO. Generally,
neighborhoods with higher BC and NO medians also display a
wider range of exposures, while NO2 and UFP ranges remain more
consistent across neighborhoods. To partition exposure variability
into local and regional components, we decomposed the sum-
of-squared deviation from the mean (SSD) of each resident ver-
sus the study area mean and of all study areas versus the grand
mean (SI Appendix, Table S12). We find that local gradients con-
tribute the majority of exposure variation for primary pollutants
(NO: 52% and BC: 63% of SSD) but the minority for NO2 and
UFP (37 and 28%, respectively), two pollutants where secondary
processes are a key source. A subset of study areas account for a
disproportionate share of local variation. For example, the San
Francisco (SF) Financial District and East Oakland (24% of study
population) account for roughly 50% of local exposure variation
for NO and BC and 40% for UFP and NO2. These study areas
represent denser urban settings with a greater mix of land uses. A
similar comparison of purely spatial units (SSD among blocks, SI
Appendix, Tables S10 and S11) finds that local variability is much
greater for the primary pollutants NO and BC (76 and 79% of the
SSD, respectively) and moderately higher for NO2 and UFP (NO2:
54% and UFP: 46%).
Our observations show a substantially expanded range of

exposure—both between and within neighborhoods—than cen-
sus block–level NO2 predictions from a national-scale predictive
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model similar to a land use regression (year 2015 integrated
empirical-geographic [IEG] model) (17). The national IEG
modeled estimates (Fig. 2, gray overlaid plots) show a ratio of 1.6
between highest and lowest neighborhood median exposure
compared to 4.6 from mobile monitoring and a total-population
interquartile range (IQR) of 2.2 parts per billion (IEG) compared
to 6.1 ppb from mobile monitoring data (SI Appendix, Fig. S6).
This result suggests that the national IEG model may miss some
localized influences and may underestimate total population dis-
parity and, by extension, the potential range of health risks. We
find that the IEG model predicts higher median and mean ex-
posure (2.8 ppb [36%] and 2.5 ppb [30%] higher, respectively)
across the total population, compared to mobile monitoring data.
No NO, BC, or UFP data at the same spatial resolution were
publicly available at the time of this analysis (45).

Systematically Higher Concentrations for Black and Hispanic/Latino
Groups Driven by Regional Variation. A stratification of pollutant
exposure by study area and US Census–reported race and ethnicity
(Fig. 3) reveals both a wide range in the measures of air pollution
within each racial/ethnic group and systematic differences in ex-
posure among groups. Fig. 3 highlights the role of regional de-
mographic patterns in shaping the distribution of exposure across
members of each racial/ethnic group. Study areas with a greater
share of a given race/ethnicity are represented by larger areas
within the shape of the distribution. For example, exposure for the
Asian community within our study areas is dominated by neigh-
borhoods in San Francisco (shades of pink), while exposure for
Black residents is almost entirely determined by concentrations in
Oakland neighborhoods (shades of blue). These aggregate expo-
sure profiles reveal an overall pattern of racial/ethnic disparities:
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Fig. 1. Daytime median census block pollution levels for four selected study areas, calculated from ∼50 visits to each block. For the bar plots indicating race/
ethnicity, the White, Asian, Black, and Other race groups only include those identifying as non-Hispanic.
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higher concentration ranges in predominantly Black and Hispanic/
Latino neighborhoods result in higher mean exposure for those
groups. Notably, many of the neighborhoods with the highest av-
erage pollution exposures in our measurement dataset were sub-
jected to overtly racially discriminatory housing policies (i.e.,
redlining) during the twentieth century (SI Appendix, Fig. S12).
At the local level, there is wide overlap among the exposure

distributions of each racial/ethnic group (SI Appendix, Fig. S7).
While study areas do show weak patterns of local disparity—
census blocks with majority White residents showed modestly
lower concentrations than blocks with majority Black and His-
panic/Latino residents within the same study area—there are not
universal trends. In a few instances, a specific community shows
exceptionally high exposure, as exemplified by the Asian pop-
ulations of Downtown Oakland (all pollutants) and the SF Fi-
nancial District (UFP). Both districts include densely populated
corridors occupied by people of Asian descent.
In contrast, we find substantial disparity arising from regional

pollution gradients combined with the high intermunicipal racial
segregation in the Bay Area (46). On average, the White pop-
ulation is exposed to lower NO, NO2, and UFP than other groups,
with a median exposure 16 to 27% below the total-population
median, while medians for the Black and Hispanic/Latino pop-
ulations are higher by 8 to 30% depending on pollutant (Fig. 4A
and SI Appendix, Table S13). The spatial detail provided by our
method reveals nuance in disparity patterns beyond differences in
medians. Fig. 4B illustrates the weighting of each racial/ethnic

group within total-population exposure deciles. Overall, the White
population is strongly overrepresented in the lowest deciles of the
concentration distributions. The Asian population is overrepre-
sented at the extremes, with the high end driven by the previously
mentioned communities in Downtown Oakland and the SF Fi-
nancial District and the low end driven by the Richmond and
Sunset Districts. The Black and Hispanic/Latino populations are
strongly underrepresented at the low end and concentrated to-
ward the higher deciles, giving rise to higher average exposures for
those groups. Apart from distinctly higher ranges of NO2 and UFP
exposure among Black and Hispanic/Latino populations, the
range of exposures within racial/ethnic groups tends to be large
compared with the range among groups. This finding holds es-
pecially for the Asian population (Fig. 4A), which is bimodally
distributed between some of the cleanest (coastal) and most
polluted (downtown) areas.
Within our study domain, the national IEG model also pre-

dicts lowest mean exposure for the White population and highest
for the Black population, with moderately higher exposure for
the Hispanic/Latino population (SI Appendix, Fig. S5). However,
because of the narrower band of exposure estimates, IEG-
modeled disparity differs from observations. The IEG model
predicts a similar magnitude of exposure disparity between the
population median and medians for those of Black and Hispanic/
Latino descent, but a smaller difference for the White population,
and does not show a disproportionate share of people of Asian
descent in the highest-exposure categories. Thus, modeled

Fig. 2. Exposure distributions by neighborhood, based on daytime, weekday census block concentrations. Areas are shown in order of descending median
concentration. Whisker ends represent 10th and 90th percentiles, box boundaries represent upper and lower quartiles, the center bar marks the median, and
the circle represents the mean. Gray box plots in the NO2 panel represent modeled exposure estimates from a national-scale IEG regression model (17).
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disparity may miss an important dimension of racial/ethnic
exposure disparity.
Our conclusions come with several caveats. First, mobile mon-

itoring was conducted during daytime, weekday hours. Concen-
trations and spatial gradients may differ during nighttime and
weekend hours due to changes in emission patterns and atmo-
spheric dynamics (28, 33). Second, we assess here the implications
of temporally averaged patterns, which are associated with chronic
health effects. However, concentrations and spatial patterns show
strong diurnal and seasonal variation that may have acute effects.
While we believe that we sampled representative conditions (see
Materials and Methods), temporal pollution dynamics could add
another dimension to exposure disparity patterns. For this reason,
we recommend that in-depth neighborhood monitoring include
continuous fixed-site measurements in addition to mobile mea-
surements (28). Third, we found that our conclusions are likely
sensitive to the choice of neighborhoods, so we cannot assert that
the disparity patterns we found are fully representative of condi-
tions throughout the Bay Area (i.e., in unsampled neighborhoods).
Finally, disparities in personal exposure to pollutants of outdoor
origin depend not only on fine-scale patterns of outdoor air
pollution—as measured here—but also personal mobility and the
penetration of pollutants into the indoor environment. Future
developments in measurement and modeling could usefully refine

understanding of these dimensions of disparity. However, this study
affirms that assessments of racial/ethnic air pollution disparities in
the United States should include a broad range of representative
neighborhoods that capture the varied experiences of those within
each racial/ethnic group, considering the context of historic and
present day municipal-level segregation.

Implications for Future Exposure Assessments and Environmental
Justice Research. The problem of disparate exposures to envi-
ronmental pollution has become the focus of renewed policy
interest in the United States. Full-coverage mobile monitoring of
air pollution can support policy advances in several ways. High-
intensity mobile monitoring can reveal sources of localized hot-
spots (e.g., warehouses, metals processing, or restaurant clusters)
that may be the subject of community concern but are not always
detected by conventional monitoring (47). More broadly, the
range and spatial variability of exposures revealed by mobile
monitoring—not generally provided by conventional modeling
and regulatory measurement networks—support the development
of community-focused plans to improve air quality.
Our findings highlight the importance of identifying both

highly localized patterns and intraurban disparity for addressing
environmental injustice. We performed a set of stylized sensitivity
analyses, described in SI Appendix, to characterize the degree to

Fig. 3. Distribution of potential exposure stratified by race/ethnicity (not shown is the “Other” racial category, population: 10,000). The White, Asian, Black,
and Other race groups only include those identifying as non-Hispanic. Height on the y-axis indicates the population at a given concentration level summed
over all study areas. Because of significant differences in the racial and ethnic composition of each neighborhood, concentration distributions in some study
areas contribute much more to specific race/ethnicities (e.g., East Oakland for the Hispanic/Latino population, West Oakland for the Black population).
Vertical lines show the indicated statistics (mean, median, 10th, and 90th percentiles) for each race/ethnicity. Corresponding relative disparity values are
provided in SI Appendix, Table S13.
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which hyperlocal, local, and regional air pollution control inter-
ventions might help reduce racial/ethnic exposure disparities
within the San Francisco Bay Area. Consistent with our findings
that between-neighborhood patterns are the principal driver of
racial/ethnic disparities, interventions that only eliminate within-
neighborhood hotspots may not substantially reduce systematic
disparity, although such interventions address the concentration
extremes often experienced disproportionately by people of color.
In contrast, interventions that reduce the differences in back-
ground concentrations among neighborhoods have higher poten-
tial to address population-wide racial/ethnic exposure disparities
(SI Appendix). Higher-pollution areas often contain a variety of
features that individually cause hyperlocal peaks and as a group
contribute to elevated local background concentrations. Some
examples of these features include greater heavy-duty vehicle
traffic, adjacent high-emissions areas like ports and railyards, a
high density of industrial operations, and a lack of green space. A
community-centered approach to policymaking can account for
issues at both hyperlocal and local scales by first identifying a suite
of neighborhood features that contribute to higher pollution and
then seeking local, regional, or state support for targeted inter-
ventions. Such interventions may include incentives and infra-
structure to support zero-emission vehicles, accelerated emission
control retrofits for point sources, and city planning to restrict new
industrial facilities in disproportionately burdened communities.
The differences in disparity patterns among pollutants further
underscores the importance of multisource control policies. This

community-centered approach is exemplified by the West Oakland
“Owning Our Air” plan coauthored by the Bay Area Air Quality
Management District, the West Oakland Environmental Indica-
tors project, and a community-based steering committee and
the broader Community Air Protection Program (AB617) in
California, which includes West Oakland among 15 areas chosen
for targeted interventions (47, 48).
Continued monitoring is necessary for evaluating policy ef-

fectiveness. Regional monitoring strategies may benefit from the
multiscale approach of this study, as we identified some areas for
which a single “background” monitor would represent neigh-
borhood exposure within reasonable bounds, especially for sec-
ondary pollutants. Further investigation of the association of
peaks and regional variation with specific emission sources and
land uses is a useful direction for future research. We hypothesize
that expanding this approach to other urban or rural settings
would likely reveal different but similarly complex patterns and
advance our understanding of the interaction between demo-
graphic patterns, pollution sources, and the built environment.
Environmental policy efforts in the coming years will increase

the emphasis on addressing systemic racial/ethnic disparities in
air pollution exposure. We illustrate here how environmental
justice concerns arise from the confluence of multiscale patterns
of emissions, concentrations, and populations within urban
landscapes. Future efforts to address disparities will benefit from
recent advances in both extensive fine-scale measurement—as
we have demonstrated here—as well as source-oriented models

BA

Fig. 4. Variation in total exposure distributions by race/ethnicity group. The distributions shown in the box-and-whisker plots (A) include the median (central
bar), mean (white circle), upper and lower quartiles (box boundaries), and upper and lower 90th and 10th percentiles (whiskers). The division of the total-
population exposure distribution into concentration deciles (B) shows the division of the population within the decile by race/ethnicity, with decile boundary
concentrations indicated on the y-axis and the racial/ethnic color key provided by the box-and-whisker plots. The White, Asian, Black, and Other race groups
only include those identifying as non-Hispanic.
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that identify the specific causes and drivers of exposure dispar-
ities. Broader solutions to environmental injustice will also involve
greater partnership between scientists and community organiza-
tions, new approaches to synthesizing and communicating high-
resolution data, and innovations in inclusive policy making.

Materials and Methods
Measurement Methods. Mobile monitoring was conducted with two Google
Street View vehicles equipped with the Aclima mobile platform, which used
research-grade instrumentation to provide 1-Hz measurements of BC, NO,
NO2, and UFP (SI Appendix, Table S14), and Global Positioning System co-
ordinates with a nominal precision of ∼1 m. Detailed description of mea-
surement and calibration protocol is contained in Apte et al. (21). The inlet
and sampling manifold, mounted on the roof of each mobile laboratory,
was designed to minimize self-sampling (measurements of the vehicle’s own
exhaust) as well as particle- and gas-phase sampling losses, with an esti-
mated particle sampling loss of <5%. Raw measurement data were reviewed
and processed to exclude periods of poor instrument performance (49). Data
collection occurred over 32 mo from May 2015 through December 2017. The
average nonhighway driving speed of 9 m · s−1 provides a nominal spatial
resolution of ∼10 m.

Study areas were repeatedly visited on a rotating schedule designed to
assess long-term average concentrations indicative of typical weekday,
daytime conditions. During a visit, the driver would follow a Google Street
View–based driving protocol to visit every road segment within the neigh-
borhood at least once, driving with the normal flow of traffic. For large
study areas, a subunit would be assigned for full coverage in a single day’s
driving, with full sampling occurring over multiple days. Visits to each area
were distributed over different times of day and different seasons. Inci-
dental temporal sampling bias was assessed using fixed-site regulatory
monitors located in five of the sampling areas (SI Appendix)

Study Areas and Demographic Data. In total, 13 urban districts, cities, and
towns ranging in size from 2.4 to 15.7 km2 (total: 93 km2) were selected as
study areas to provide a range of land uses (e.g., industrial, commercial,
dense residential, and light residential), share of open or green space, traffic
density, demographic composition, and historical housing policy (SI Appen-
dix, Figs. S1, S2, S12, and S13 and Tables S1–S4). Study areas were distributed
within the counties of San Francisco, Alameda, San Mateo, and Santa Clara
in the San Francisco Bay Area, with one background location in Sonoma
County (SI Appendix, Fig. S5 and Table S6). Sampling areas include between
95 and 930 census blocks (median: 447), depending on population density
and spatial extent (SI Appendix, Table S4).

Population data from the US Census Bureau were retrieved from the
IPUMS National Historical Geographic Information System for the year 2010,
the most recent year for which block-level data are available (50). Using the
racial/ethnic designations provided by the US Census, we categorize all in-
dividuals identifying as Latino and/or Hispanic in one group, and then cat-
egorize non-Hispanic individuals by race: Asian, Black, White, and “Other,”
including those of Native American, Pacific Islander, multiracial, or other racial
identity. The racial composition of our study population is broadly represen-
tative of the Bay Area as a whole, although it includes more neighborhoods
with a high proportion of Black residents (SI Appendix, Fig. S2).

Data Processing. Concentrations for each block are calculated as the median
of surrounding roads, typically located within 50 to 100 m from the block
center point (SI Appendix, Fig. S3). The geographic assignment of on-road
measurements to census blocks involved a two-step process. First, concen-
trations were calculated for road segments: the raw longitude and lati-
tude values associated with each 1-Hz measurement were “snapped” to
30 m road segment points, as described by Apte et al. (21). To give equal
weight to each pass of a road segment and minimize the influence of
transient extreme events (e.g., vehicle plumes), measurements at each
road segment were averaged per drive pass: all consecutive measurements
made at a single road segment were summarized as a single mean value,
following methods described in Messier et al. (43). Long-term concentra-
tions at each road segment were calculated as the median of those drive
pass means, with the median statistic chosen to further reduce the influ-
ence of outlier events.

Second, census block concentrations were calculated as the median of
concentrations at every adjacent or intersecting 30-m road segment, using
10-m buffer to capture road segments a small distance from the census block
edge. This dataset of census block concentrations and demographic data has
been posted to an online repository (51). Blocks vary in size and shape but

typically cover an area of ∼0.01 km2 and are surrounded by roads, with a
median perimeter of 447 m. Accordingly, census block estimates integrated
measurements from 15 to 20 road segments (SI Appendix, Fig. S3). In some
cases—near highways and strong point sources—pollution gradients may
vary over finer spatial scales than those captured by census block spatial
units (∼110 m). However, the integration of multiple road segments pro-
vides an increase in total number of visits and total sampling time per
spatial unit, which reduces sampling error and measurement uncertainty
(52). While on-road measurements are not a perfect approximation of
concentrations throughout a census block, a previous comparison of on-
and near-road measurements in West Oakland showed no evidence of bias
in on-road concentrations due to increased proximity to on-road emissions
(52). The general spatial representativeness of on-road measurements
holds especially in low-traffic residential neighborhoods with mixed wind
conditions (34).

Uncertainty and Sensitivity Analyses. Because of the temporal sparsity of
mobile measurements relative to fixed-site monitoring, it is critical to con-
sider both the uncertainty inherent in a small sample size and the potential
for temporal bias based on the days and times of day sampled. To mitigate
temporal bias from lower sampling rates, we imposed the following stan-
dards for all data used in this analysis: Road segments were included if valid
measurements were made on at least 3 d, and census blocks were only in-
cluded if they integrated measurements from three or more road segments
and included a total of 100 s or more of valid sampling data. The median
cumulative sampling time of each block was 19 min, collected during a
median of 47 unique visits over 20 d.

A bootstrap resampling technique, described in SI Appendix, was used to
estimate uncertainty at different sampling intensities. The characteristic
sampling intensity for each study area is provided in SI Appendix, Table S4. A
Monte Carlo subsampling analysis of an exceptionally highly sampled area
(West Oakland) shows that with moderate sampling intensity (each block
visited 10 to 20 d) provides a 90% CI around the population-weighted me-
dian concentration of approximately ± 20% for NO2 and UFP, ± 30% for BC,
and ± 40% for NO, with CIs that are positively skewed (SI Appendix, Table
S15). At higher sampling intensity (20 to 40 d), the 90% CI is ± 20% for the
medians of all pollutants. Considering the influence of sampling intensity on
estimates of within-neighborhood variability, we find that even at high
sampling intensity the interdecile range is overestimated in 95% of simu-
lations, affecting both estimates of local variance and the total-population
variance. Despite this effect, we find that study areas that accounted for
large portions of SSD for NO, NO2, and UFP included some of the most-
sampled (Downtown Oakland and Berkeley) as well as moderately sam-
pled areas (SF Financial and Fruitvale Group; SI Appendix, Table S4). Nev-
ertheless, this finding serves as a caution against overinterpreting variation
in less-sampled areas.

Diurnal sampling bias metrics show that sampling of NO2, BC, and UFP was
broadly representative (± 15%) of daytime conditions, while the distribution
of hourly measurements resulted in a systematic low bias in NO concentra-
tions (SI Appendix, Table S16). Error tended to be in the same direction
across all study areas (e.g., 12 out of 13 are biased ∼10% lower for BC) and
thus had a small effect on the relative rankings of concentrations among
study areas (SI Appendix, Fig. S8). Annual representativeness ratios show less
consistent patterns across study areas, and the application annual adjust-
ment factor results in minor changes in the relative rankings of NO2 and BC
among study areas and increases the ranges of NO and UFP exposure dis-
tributions among high concentration study areas. Overall, these findings are
robust against the effects of temporal bias.

Data Availability. A dataset including concentrations and demographics by
census block has been deposited in figshare (10.6084/m9.figshare.15070314)
(51). All other study data are included in the article and/or supporting
information.
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wire, cans, conduit, etc.

Concrete, brick, stone, tile, rocks, and soil

Plastics-bottles, buckets, containers,

drums, wrapping, etc.

Rope

Paper and cardboard

Wood and dimensional lumber, pallets

Ceramics

Gypsum drywall

Plaster

Asphalt

Rubber

Foam, insulation, packing, etc.

Adhesive, glues, paint, etc.

Vegetation

Managing municipal solid waste is more

than landfilling: publicity, education,

engineering, long-term planning, and

landfill gas waste-to-energy are

specialties needed in today’s complex

environment. We’ve created a handy

infographic featuring 6 tips to improve

landfill management and achieve

excellence in operations. 6 Tips for

Excellence in Landfill

Operations. Download it now!

C&D waste presents unique recycling challenges

because of its nature. It is inherently a relatively

dry waste that, when agitated and processed,

produces a lot of dust. Materials can be
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combined and intertwined in a way that makes

separating them difficult. Most of the material is

bulky, heavy, and/or abrasive. It can cause

extensive wear and tear on machinery and can

also be a safety hazard to plant workers if proper

controls are not observed.

Recycling of parts of demolished buildings has

been conducted since the turn of the 20th

century. The reuse of steel beams and columns

in automobile bodies is one example, as is the

reuse of bricks. However, several factors that

emerged in the 1980s have stimulated the

growth of C&D recycling into a large and varied

sector of industry encompassing many other

materials. These factors include:

Sustained cycles of significant new

construction in many major cities

The development of relatively inexpensive

C&D landfills to take residual material left

over from the recycling process

The emergence of other markets for

recycled materials, a result of the increased

use of alternative feedstock for energy

production

The development and refinement of

automated machinery to process C&D

derived from municipal wastestreams

The development of formal “green”

building development initiatives that

advocate recycling of municipal waste
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advocate recycling of municipal waste

Managing municipal solid waste is more

than landfilling: publicity, education,

engineering, long-term planning, and

landfill gas waste-to-energy are

specialties needed in today’s complex

environment. We’ve created a handy

infographic featuring 6 tips to improve

landfill management and achieve

excellence in operations. 6 Tips for

Excellence in Landfill Operations.

Download it now!

Most C&D recycling operations in the past relied

mostly on manual labor to sort materials. The

current generation of these recycling facilities

can consistently remove as much as 90%, or

more, of the recyclable material from the

wastestream, using mostly automated

machinery, resulting in a very low production of

residual material left over for landfilling. For

specific tasks where the benefit/cost for

replacing a worker with a machine can be as

effective, manual labor is not economically

attractive.

Waste Processing and Recycling

Operations

Most of the automated machinery used in

current C&D plants has been derived from the

basic materials mining industry and modified for

the commercial market In some cases new
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the commercial market. In some cases, new

equipment has been designed specifically for

municipal C&D materials. The planning and

design of a recycling plant is based on many

factors that include the following:

Volume of C&D material projected to be

managed over the next five to 10 years

The reuse markets that exist or can be

developed for recycled materials and the

revenue potential

Location, size, and availability of property

relative to the market being served

Development and operating budget (this

includes the use of manual labor and

automated equipment)

The primary goal in a C&D recycling facility is to

be highly efficient, meaning extract as much of

the valuable material as possible while

producing the lowest amount of residual

material. For a privately owned recycling

business, this is strictly an economic issue.

When the total cost of processing C&D waste to

remove a specific material exceeds the revenue

generated from the sale of that material to the

reuse market, then the material is not valuable

from a recycling standpoint. Accordingly, the

disposal of residual material in the landfill is a

cost to the plant operator, so reducing residual

disposal costs enhances the net revenue from the



11/1/21, 7:42 AM New Life for C&D | Storm Water

https://www.stormh2o.com/bmps/article/13008348/new-life-for-cd 7/28

disposal costs enhances the net revenue from the

sale of recyclable materials.

The economic “equation” for a municipally

owned/operated facility is a little different, in

that this would be a public service, and

demonstrating a healthy “profit” is not the

prime focus. However, the process efficiency

goal is still the same whether the facility is

private or publicly owned.

What is determined to be a valuable material can

change over time as the market and, more

specifically, the prices paid change for various

materials. Thus, the recycling plant must have

some flexibility built into the separation process

and the overall “floor plan layout” in order to

be able to process a variety of valuable material

and be responsive to changing markets.

Processing Schemes

Design of a processing system for C&D waste

follows an approach that, in general,

encompasses the following basic principles listed

below, starting at the waste tipping area,

progressing through mechanized and manual

separation then to the temporary storage areas

for each targeted material. Some or all of these

may be incorporated depending on the factors
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previously mentioned. Keep in mind there are

many different technologies and equipment that

can accomplish your goals and we could not

cover them all. We have only described herein a

few proven techniques.

A schematic illustrating the basic material

separation and flow processes is provided in

Figure 1. Following along with that exhibit, the

descriptions below correspond to the letters

designating certain features on the exhibit:

Initial agitation to start to separate the mix

of material to improve productivity of

downstream processing operations (B)

Separation of smaller material from larger

material. This split usually is around an

approximate diameter of 8 inches to 12

inches (20 to 30 cm) (B).

Separation of ferrous metal to prevent

damage to downstream equipment (D)

Separation of small stones, glass pieces,

sand, and grit to reduce wear and tear on

downstream equipment (E)

Separation of light, “two-dimensional”

materials (e.g., paper, cardboard, and

plastic film products) from smaller and/or

denser “three-dimensional” materials

(e.g., small containers, bottles, other

objects, pieces of nonferrous metal, sticks of

wood) (F)
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wood) (F)

Separation of wood/lumber, either with

optical machinery (J) or water bath

Separation of nonferrous metal, other

wood, concrete pieces, asphalt, drywall, etc.

This is usually done manually on a “picking

line” conveyor system (described below)

(C, G, and I).

Bulk Material Recycling

The recycling of large pieces of concrete, steel-

reinforced concrete, and asphalt is a process that

requires specially designed, heavy-duty

machines. Concrete and asphalt recycling is

either done at a permanent site, or a mobile

processing system can travel to the specific site if

there is an extensive volume of material and

bulky and heavy pieces that would be cost

prohibitive to transport to the recycler. These

machines can remove and recycle the steel

reinforcing bars and crush the remaining

concrete and aggregate to specific sizes. A bulk

operation may be separate from an operation

receiving a mixed wastestream with smaller

pieces because of the land area required for the

storage piles at the former operations.

A somewhat unique activity that is common in

south Florida is the filling of rock-pit lakes with

certain C&D material considered to be “clean

debris ” Clean debris is clean concrete brick
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debris. Clean debris is clean concrete, brick,

soil, and rocks. Rock-pit lakes are very common

in the region and are excavated to obtain the

limestone, which is a popular and inexpensive

source for concrete aggregate and for use in road

subgrade. Later, after the quarry operation

moves away, some of the lakes are back-filled

with clean debris to make buildable ground.

Screening Operations

Finger screen-C&D waste is often a clump of

different sizes and types of materials intertwined

together. These clumps must be separated at the

front end of the process in order to make the

separation and removal of the specific material

as efficient as possible in downstream operations

and to reduce the potential for downstream

machinery to become clogged.

A popular and effective device known as a finger

screen is often used for this purpose. A finger

screen is a heavily built, mechanized conveyor

that uses an articulated, oscillating floor to break

up the waste clumps. The waste material is fed

into one end and the combination of oscillating

motion, and the downward slope of the conveyor

induces the waste to move forward and at the

same time start to separate (Figure 2).

Credit: Keith Howard

Figure 2. Vibrating finger screen
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At the downstream end of the screen, another

feature can provide a rough separation of waste

by size and density. If this division is desired, the

conveyor floor has an opening in which smaller

and denser materials (e.g., stones, wood, and

metal pieces, etc.) fall through the opening and

are dropped onto another conveyor that takes

them to another sorting process. Lighter, flatter,

and/or bulkier materials (e.g., cardboard, paper,

plywood, plastic film) are carried off the end of

the screen conveyor and into the next piece of

sorting equipment.

Trommel screen-A trommel screen can be

used to accept the material from a finger screen.

If no size and density separation occurred on the

finger screen, then the trommel can be used for

this purpose. A trommel is a device that contains

a hollow perforated tube through which the

waste moves. The trommel tube is perforated

along its length and its circumference with holes

of a specific diameter. The tube is angled

similarly to the finger screen and is slowly

turned on rollers by a motor. As the waste moves

through the tube, the rotating action and

downward slope moves the materials forward

where they encounter the perforations. Pieces of

waste smaller than the perforations (known as

unders) will fall through the holes and onto a

conveyor that will take that material to another
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sorting process. The larger pieces of material

(known as the overs) will move through the

trommel and onto the next sorting process.

Star

gear screen-Another mechanized device used

to separate waste into two size fractions is the

star gear screen. A star gear is a conveyor that

contains multiple rows of gears affixed to

rotating axles. Each axle contains multiple gears

spaced at precise intervals along the axle. The

spacing of the gears is designed to control the

separation of material. As waste material moves

into the upstream end of the screen, it is

propelled forward by the rotating gear

assemblies. As the material moves over the

gears, pieces that are more dense and that are

smaller than the opening between the gears fall

though opening. These may include stones,

pieces of wood, metal, plastic, brick, and similar

material. Those pieces (the unders) are collected

by another conveyor and taken for further

sorting or disposal. Lighter pieces that are larger

than the opening (the overs) continue to move

along the conveyor, essentially floating over the

gears to the downstream end, where they flow

into the next process. Overs may include

cardboard, other papers, pieces of lumber,

drywall, plastic film, and similar materials.

Ferrous Metal Separation and Removal
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If large amounts of heavy ferrous metal objects

are anticipated in the wastestream, then a device

known as an overhead magnet is used to remove

them from the other wastes. This device is

essentially a large industrial magnet surrounded

by a continuous looped conveyor belt. The entire

device is suspended on a structural frame

positioned perpendicular (at a 90-degree angle)

above a conventional conveyor belt. Ferrous

objects on the conventional conveyor passing

under the energized magnet are pulled from the

belt onto the magnet’s moving belt and are

swept away from the lower conveyor. As the

looped belt passes out of the magnetized zone,

the object is released and falls into a container

for removal.

Other configurations of magnets are available

for removal of such smaller and lighter types of

ferrous waste as metal cans. These magnets,

known as pulley head magnets, can be located

within the end rotating pulley system of a

conventional conveyor belt system. These

magnets operate on a similar principle to the

overhead magnet. Cans on the conveyor belt

passing over the magnet are retained on the belt

as it travels around the pulley to a point almost

directly under the belt where the magnetic field

ends. At that point the can falls off the belt and

into a container. Nonferrous material will flow

off the end of the belt and with the help of the
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belts momentum, will take a trajectory away

from the conveyor into a separate container.

Heavy and Light Material Separation

De-stoner/air knife-Separation of such light,

“two-dimensional” materials as paper, textile

plastic film, aluminum, and pieces of cardboard

from heavier, bulkier materials can be

accomplished in an automated device called a

de-stoner/air knife. Figure 3 shows a schematic

cross-section through a unit with two air knifes.

This unit uses directional air currents and a

vibratory motion to stratify and separate lighter

material from heavier material. The unit is

mounted on heavy coil springs to reduce the

transmission of vibration to the ground.

Figure 3. Crosssection

of Destoner/airknife

Following along on this exhibit, the waste is fed

in from a star gear screen and immediately

encounters a gap in the air knife through which

high-velocity but low-pressure air is flowing. The

airflow is provided by a standard centrifugal

blower. This flow of air blows the lighter and

two-dimensional materials up and toward the

downstream conveyor. The heavier and bulkier

materials, including small stones and pieces of

glass and metal, are unaffected by the air

current and fall through the gap onto a take
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current, and fall through the gap onto a take-

away conveyor. Thus, the designation as a de-

stoner.

As the lighter materials are conveyed to the end

of the air knife, there is another high-velocity,

low-pressure air stream directed through the

conveyor. This final current of air separates the

very light material (mostly plastics and light

paper) from other denser bulkier material. The

lighter material, with a relatively large cross-

sectional area, is carried to the far end of the

collection bin, while the denser, more compact

material does not travel as far and drops into the

bin directly at the end of the conveyor. All air is

exhausted out the top of the air box. If a hood is

not used over the final air discharge to capture

the light product, then a grate or similar screen

is used to deflect light material into the air box

end bin.

Exhaust air can be captured and rerouted back

to the blowers to increase efficiency and reduce

discharge of dust to the environment to near

zero. This feature is recommended when the unit

is used inside a building and outside where

migrating dust could pose a nuisance to other

operations or adjacent businesses.

Optical sorter-The use of automated

machinery employing “electronic eyes” to

assist in separating materials has become
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assist in separating materials has become

increasingly popular. In many cases the

increased efficiency and higher purity of the

targeted material provides a positive

benefit/cost ratio as compared with traditional

manual methods. The function of the equipment

is based on the principle that all solid materials

have a unique surface “signature” that reflects

and absorbs light rays in varying amounts.

Figure 4. Cross-section of optical sorter

Figure 4 shows a general cross-section of an

optical sorter than can be used to separate out

large wood pieces.

Following along on this exhibit, as the waste

material enters from the conveyor and passes

under the control unit, a bright light illuminates

the materials. A sophisticated instrument called

a spectrometer imbedded in these machines

“reads” the reflected light from the materials

and, through a computerized interface tuned to

see wood product, actuates a compressed-air

device that sends a blast of air channeled by the

computer program to specific multiple ports

positioned across the end of the conveyor belt.

As the materials pass over the ports, the ports

that have been activated will discharge a blast of

air under the material. The air ejects larger wood

pieces to a receiving hopper on the far end of the

machine, while non-wood material simply rolls
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, p y

off the end of the conveyor belt into a separate

hopper.

A vibrating pan feed conveyor is often used to

feed the optical sorter. This type of conveyor will

increase the effectiveness of the optical sorter by

flattening out and separating the materials

before they enter the electronic eye detection

zone of the sorter.

Picking (sorting) line-Some separation of

materials is still best achieved with manual

labor. The picking line, or sorting line, is a

mostly manual work station that is very common

in C&D recycling facilities. Picking lines are used

for removal of many potentially valuable

recyclable materials, including but not limited to

flat pieces of wood, nonferrous metals, asphalt

and concrete pieces, and cardboard. A picking

line is typically a long and narrow steel work

platform elevated at least 10 feet or more above

the normal working floor (Figure 5). Under the

platform, steel or concrete walls form side-by-

side bunkers and are used to provide additional

platform support. Each bunker is dedicated to

temporary storage of a specific material.

Credit: Keith Howard

Figure 5. Semi-automated

picking/sorting line
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One or more conveyors are mounted on the

platform, parallel to its length, and workers

stand along the length of the conveyor, usually

on both sides. The conveyor is set at a fixed

height so that workers have a comfortable arm

reach to remove material from the moving belt.

Conveyor belt widths can vary from 30 inches to

approximately 72 inches in width, the maximum

practical that allows a comfortable reach from

either side. Workers are typically spaced about 6

to 8 feet apart. Located between each worker is a

steel chute whose bottom is open through the

platform floor.

Each worker is assigned to remove (i.e., pick) a

specific material. As the conveyor moves

material along, the workers pick their targeted

material off the belt and drop it through the

chute, where the material falls into a storage

bunker. This is termed a positive sort. Any

materials that are not picked from the conveyor

are assumed to be of no recycling value or not

practical to segregate and are allowed to flow off

the end of the belt into an end bunker. This is

termed the negative sort material, or alternately

where the contaminant material is selected to be

removed from the targeted material.

Periodically the bunkers will be unloaded and

the materials taken away for final

recycling/reuse or disposal Bunkers can have
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recycling/reuse or disposal. Bunkers can have

mechanized unloading systems or be unloaded

with a front-end loader.

Dust Control

The processing of C&D waste typically generates

a significant amount of dust. Most of the

materials in C&D are inherently dry, and when

they are agitated in the various processing

operations, dust particles (actually the minute

pieces of some of the materials) are released into

the air. Dust particles from a C&D operation can

range in size from around 100 microns (concrete

dust) up to 1,000 microns (textile dust).

C&D processing operations outdoors and inside

a building can create a nuisance to neighbors

with fugitive dust generation if it is not

controlled properly. Constant -uncontrolled dust

can also be a health -hazard to workers.

The primary sources of dust can include the

following:

Tipping floor

Finger screen

Air knife

Storage piles (especially for residual

“fine” materials)

Recycled material load-out

Dust control is mostly science (and partly an art)

d t t i t i t l t l
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and too extensive a topic to cover completely

here. However, fugitive dust is probably the

most prevalent problem with C&D processing.

Dust controls can take many forms, from basic

static screening material to misting devices and

mechanized filtering systems. The most common

system for waste operations, the misting system,

is discussed herein.

Wet systems-Dust is commonly controlled

using wet spray systems where enclosing the

material area is impractical. Wet systems can be

applied for prevention of dust and suppression

of dust. Prevention is done by applying a wet

mist directly to the material to reduce liberation

of dust. Suppression is applying a mist to the air

around the material once it is agitated and dust

is released. The type of misting system depends

on the situation. Many C&D recycling operations

may require both. Recycling facilities are

particularly sensitive to the correct dust control.

If too much water is applied, the materials may

stick together and significantly reduce the

effectiveness of downstream separation

activities.

Effective dust control depends on many factors,

including dust particle size, wind effects,

freezing temperatures, nozzle types, nozzle spray

patterns, spray locations, available water

pressure, use of compressed air, and use of

surface wetting agents (surfactants) to name a
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surface wetting agents (surfactants), to name a

few. The droplet size produced from the system

must be compatible with the dust particle size,

or removal is reduced. Dust control is best left to

companies that are experts in the design and

operation of these systems in waste handling

operations.

Vibration-A brief discussion on vibration is in

order. The type of waste processing systems

described herein contain several pieces of heavy

oscillating equipment, as well as a significant

amount of rotating machinery in general. These

systems produce steady-state (continuous)

vibration, and impact (isolated) vibration.

Steady-state vibration occurs during normal

running operation. Impact vibration can occur

when the equipment is started and stopped or a

unusually heavy material is dropped into the

machinery. The location of such a system should

consider the potential for this equipment to

transmit these vibrations to the ground, despite

the vibration-dampening systems designed into

most of the equipment. Vibration also results

from waste-tipping operations and load-out of

recyclable materials. A significant buffer zone is

generally needed between the equipment and

the property line to allow the ground vibration to

dissipate to a background level.

Many municipalities have a standard for

industrial zones that sets the maximum limit on



11/1/21, 7:42 AM New Life for C&D | Storm Water

https://www.stormh2o.com/bmps/article/13008348/new-life-for-cd 22/28

industrial zones that sets the maximum limit on

steady-state and impact vibration. Without an

adequate buffer width, vibration can be

transmitted to adjacent properties where it can

become a significant annoyance. The distance

and strength over which vibration can be

transmitted is contingent on many factors,

including soil type, moisture content, frequency

of vibration (i.e., number of oscillations per unit

time), and others. It is recommended you

consult the equipment manufacturer for

guidance on a buffer distance. A buffer distance

of 200 feet would be considered a good starting

minimum with competent soil, a larger distance

is preferred if available.

Recycling Byproducts

The processing of C&D waste with a certain

combination of equipment can result in a

residual by-product known as recovered screen

material (RSM). RSM looks similar to soil and is

mostly the combined residual of some actual soil

and minute pieces of friable waste that may

include, drywall, paint, plaster, asphalt shingle

grit, pieces of grout, cement, brick, glass, and

plastic.

Some recycling companies have experimented

with developing this product for use as a

substitute where lighter, load-bearing, natural

soil fill is acceptable. For example, in shaping

contours on a golf course filling residential lots
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contours on a golf course, filling residential lots

up to flood criteria, and similar uses where

natural soil is typically used. Although some

regulatory agencies have approved its use in

certain conditions after an extensive chemical

testing program, and it has been marketed with

some limited success, extra caution is warranted.

Some RSM has been found to be contaminated

with chemicals that, although they are native to

the virgin materials, are of environmental

concern because of their potential to leach out of

the RSM. These chemicals include polynuclear

aromatic hydrocarbons (PAHs), lead, and

arsenic.

RSM is ground-up residual from many

materials. As a result, the surface area of the

individual particles is increased, which can then

increase their solubility when wetted. The

increased solubility may result in leaching of the

chemical, which can result in contamination of

the natural soil and groundwater. Common

materials containing these contaminants include

asphalt roofing shingles (PAHs), paint (lead),

and treated wood (arsenic). Removal of the

offending materials from the wastestream before

they go through the separation process so they

do not end up in the RSM is a time-consuming

and expensive process that requires constant

vigilance on the part of the operator. It is

recommended to steer clear of RSM.
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Recovering the Organics

Randy’s Environmental Services of Delano, MN,

had a challenge on its hands as it prepared to

equip a MRF that would be accepting a wide

variety of materials. The company has provided

trash and recycling hauling services in the Twin

Cities metropolitan area for over 30 years.

Randy’s is a recognized leader in recycling and

source-separated organics collection. Randy’s

customers have expressed a growing interest in

being able to recycle the organics fraction of

their wastestreams, and by 2011 the company

was ready to ensure it could provide this

service.The Blue Bag Organics program was a

key consideration in the overall design of the

new MRF. In the Blue Bag program, customers

are able to recycle foodwaste and yardwaste

organics by putting the material into

compostable blue bags that they can then place

in their garbage bins. The MRF operator had to

be able to pull those bags and limit the potential

for the machinery to damage those bags prior to

recovering them.

Credit: Machinex

Randy’s Environmental Services had a

challenge on its hands as it prepared to

equip a MRF that would be accepting a

wide variety of materials.

Jim Wollschlager and Mark Stoltman from
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Jim Wollschlager and Mark Stoltman from

Randy’s Environmental Services conducted their

research, and one vendor began to emerge as

their favorite. “We toured several MRFs around

the country and felt the Machinex installations

were well laid out and were able to move the

material without jams and bottlenecks,” says

Stoltman.

Randy’s gave Machinex the challenge to team up

with the company in designing a system that

would meet its needs and allow for flexibility in

the future. The system provider also worked in

partnership with Randy’s to design a system that

allowed recovering 100% of those bags.

The Blue Bag Organics program was just one

component of a wider stream that the Randy’s

MRF would have to handle.

The primary focus at Randy’s was to be able to

process both residential single-stream material

as well as municipal solid waste (MSW) because

of the Organics Blue Bag program.

A variety of screens would be necessary,

although Machinex had an alternative

technology that turned out to be a key

component. Conventional screening

technologies appeared more labor and

maintenance intensive, specifically because of

the film and bags. The Mach Ballistic answered

th li t d d t b
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the client concerns and proved to be a very

efficient means to separate the three fractions of

fiber, containers, and fines. This versatile

equipment ensures that different material types

can be processed within a single system. Also, it

has the advantage that the plastic film doesn’t

wrap around the disks.

Chris Hawn, Machinex North American sales

manager, says the Machinex team took on

several challenges to offer solutions for the MRF.

Mach Ballistic was the right solution for several

reasons. “No conventional system, whether for

MSW or single-stream, was really efficient for

this application, so Machinex designed a hybrid

system that includes a trommel, two Mach

Ballistic separators, and mechanical separation

for containers.”

The combination of sorting technologies creates

a great system for efficient sorting of both types

of material.

After operating and observing the system in

place for nearly a year, Wollschlager agrees.

“The system has worked well and proved to be

very dependable,” he states.

Customizing a MRF

MRF: Randy’s Environmental Services, Delano,

MN.
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Load More Content

Capacity: 25 tons per hour of MSW; 12 tons per

hour of residential single-stream recyclables

Equipment: Two Mach Ballistic separators,

trommel screen, additional mechanical

separation equipment

Process: In addition to MSW and single-stream

recyclables, the MRF accepts organics in

compostable blue bags that residents place in
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Zero-Emission Off-Road Strategies 
 

 

The Governor’s Executive Order N-79-201 directs the California Air Resources Board (CARB) to develop 
and propose strategies to achieve 100% zero-emission from off-road vehicles and equipment operations 
in the State by 2035 where feasible.  While CARB will work out details on how to achieve this goal 
during the public outreach process, many of CARB’s existing programs and ongoing work focus on 
advancing and increasing adoption of zero-emission technologies in off-road applications.  CARB, with 
our stakeholder partners, has developed a range of programs that focus on rapid adoption of the 
cleanest available commercial technologies to innovative demonstration projects supporting 
commercialization.  These highly effective programs support early cost-effective actions that have 
consistently delivered air quality and climate benefits in an achievable timeframe, creating economic 
opportunities for individuals and businesses.  
 

Incentives 
Incentives are critical for supporting the advancement and wide-scale deployment of zero-emission 
technologies while simultaneously providing immediate emission reductions to help meet our air quality 
and climate goals.  Traditional, monetary incentives from federal, state, and local sources may be used 
to demonstrate and assess feasibility of zero-emission technologies in various applications or to increase 
adoption of those technologies before required.  Additionally, regulatory programs can provide strong 
incentives for businesses to develop or adopt zero-emission technologies in order to generate credits, 
which may be used for compliance or have monetary value (e.g., the Low Carbon Fuel Standard).  Below 
are examples of traditional incentive programs that provide funding for zero-emission technologies:  
 

 Carl Moyer Program:  Once commercialized, the Carl Moyer Program increases the deployment of 
clean technologies for early fleet and equipment turnover by providing incentives for replacing 
existing vehicles and equipment with the cleanest available.   

 Volkswagen Environmental Mitigation Trust:  The Volkswagen Environmental Mitigation Trust 
provides funding for zero-emission freight and marine projects in California. 

 Funding Agricultural Replacement Measures for Emission Reductions (FARMER) Program:  The 
FARMER Program has opportunities for zero-emission demonstration projects in agricultural 
applications and provides funding for zero-emission equipment used in agriculture.   

 Low Carbon Transportation Program:  The Low Carbon Transportation Program focuses on 
advancing technologies through off-road zero-emission demonstration projects and supports early 
deployments of off-road zero-emission technologies. 

 

Many of CARB’s off-road demonstration projects have focused on advancing zero-emission technology 
in freight applications and continued support is necessary for commercialization.  Additional 
demonstrations will be necessary to advance and assess the feasibility of zero-emission technology in 
other sectors, such as construction and agriculture.  Once commercially available, incentives will play a 
critical role in increasing deployment of zero-emission technology in construction and farm equipment.  
 

Regulations 
 

Regulations can require manufacturers to develop and commercialize zero-emission technologies as well 
as increase or accelerate user adoption of those technologies.  CARB sets certification standards 
through new engine emission control regulations, and the development of zero-emission certification 
standards will be critical for the widespread deployment of zero-emission technologies through 

                                                           
1 Executive Order N-79-20:  https://www.gov.ca.gov/wp-content/uploads/2020/09/9.23.20-EO-N-
79-20-Climate.pdf 
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regulations and incentive programs.  When developing new or amending existing regulations, CARB 
collaborates closely with stakeholders to ensure regulations are cost-effective, feasible, and provide the 
near-term reductions needed to meet federal air quality standards, while paving the way for long-term 
air quality and climate benefits.  Below are some of the regulations that CARB currently has in place or 
under development to accelerate the deployment and adoption of zero-emission technologies in off-
road applications: 
 

 Vessels At Berth:  The At Berth regulation requires the control of exhaust emissions from vessels 
while at berth using shore power, a zero-emission technology, or other CARB approved control 
strategies.  The At Berth regulation was recently amended to include additional vessel types, ports, 
terminals, and visits and provide additional oxides of nitrogen (NOx), particulate matter (PM), and 
greenhouse gas (GHG) emissions reductions.   

 Transport Refrigeration Units (TRU):  TRUs are refrigeration systems powered primarily by internal 
combustion engines and designed to refrigerate or heat perishable products transported in various 
containers.  To reduce emissions from facilities with TRU activities, CARB is developed concepts to 
transition truck TRUs to zero-emissions, trailer TRUs to zero-emission operation, and usage of 
refrigerant with lower global warming potential.  A TRU regulation is in development for Board 
consideration in 2021.   

 Commercial Harbor Craft:  Commercial harbor craft includes fishing vessels, ferries, excursion 
vessels, tug boats, tow boats, crew and supply boats, barges, dredges, and other vessel types.  
Amendments to existing rules will include zero-emission opportunities for all vessels while at dock, 
some ferries operating over shorter routes, and new excursion vessels, and are expected to go to 
the Board for consideration in mid-2021 with full implementation of zero-emission requirements by 
2028. 

 Locomotives:  Locomotives are rail transport vehicles that provide the motive power for trains 
carrying both passengers and/or freight.  In the absence of federal action, CARB staff are 
developing concepts to reduce criteria pollutants, toxic air contaminants, and GHG emissions for 
locomotives in-use, idling, and maintenance activities through the accelerated usage of cleaner 
locomotive engines, and zero-emission operations where feasible.  CARB is in the process of 
developing a regulation for Board consideration in 2022. 

 Cargo Handling Equipment:  Cargo handling equipment is any motorized vehicle used to handle 
cargo or perform routine maintenance activities at California’s ports and intermodal rail yards and 
includes yard trucks (hostlers), rubber-tired gantry cranes, container handlers, and forklifts.  CARB 
is considering amendments to existing rules to include the transition to 100% zero-emission 
operations starting in 2026. 

 Zero-Emission Forklifts:  Forklifts are used in many different industrial sectors, but are most 
prevalent in manufacturing and at freight facilities, such as warehouse, distribution centers, and 
ports.  CARB is in the process of developing a regulation for Board consideration in 2022 to 
increase zero-emission forklift deployment throughout the State.   

 In-Use Off-Road Diesel-Fueled Fleets (Off-Road) Regulation:  The Off-Road Regulation reduces 
NOx and PM emissions from diesel-fueled off-road fleets operating in California and zero-emission 
technology may be used to comply.  Future amendments under consideration may ban older, high-
emitting vehicles from fleets and include additional opportunities to encourage and incentivize 
zero-emission adoption where feasible.   

 Off-Road New Compression-Ignition Engines: CARB staff currently plan to propose more 
stringent emission standards (i.e., Tier 5 standards) for off-road, land-based diesel engines around 
2024.   The Tier 5 standards would apply to engines used in farming, construction, and industrial 
applications in equipment like tractors, excavators, dozers, scrapers, portable generators, and 
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irrigation pumps; and they could be implemented as early as 2028 for non-federally preempt 
equipment.  Staff plan to consider efficiency and zero-emission-transitional strategies within the 
Tier 5 standards and potentially in related rulemakings shortly thereafter. 
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Neighbors have led more than 100 complaints about odor from MAT Asphalt over the past three years.

Senators Durbin and Duckworth asked President Biden’s EPA to oversee air pollution testing and
oversight of MAT Asphalt, which prompted more than 100 odor complaints from neighbors in three
years.

By Brett Chase Jul 28, 2021, 6:00pm CDT

ENVIRONMENT NEWS POLITICS

Feds jump into McKinley Park asphalt plant
fracas

| Brian Rich/Sun-Time- s
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The Chicago Sun-Times is supported by readers like you.  Get
unlimited access to quality local journalism for only $29.99/year.

JOIN TODAY

At the request of Illinois’ two U.S. senators, federal officials are turning up the heat on a
controversial asphalt plant in McKinley Park.

The U.S. Environmental Protection Agency said it is working to make sure the state sets
strict rules within an operating permit for the MAT Asphalt operation on Pershing Road
across from McKinley Park, according to a letter sent to Sen. Dick Durbin from an EPA
official in Chicago last week.

The letter from acting EPA regional administrator Cheryl Newton also notes that Latino-
majority McKinley Park is a “community with environmental justice concerns,” a reference
to the burden of cumulative pollution in a low-income community of color. Under
President Joe Biden, the EPA is stressing the need to reduce pollution in environmental
justice communities. In May, Mayor Lori Lightfoot halted the permit process for the
relocation of the General Iron car-shredding operation to the city’s Southeast Side at the
request of Biden’s top environmental chief — an action that community organizers had
been pleading with the mayor to do for many months.

“EPA is working closely with the state agency to ensure that this facility’s operating permit
includes all applicable requirements and that public concerns — including concerns about
health impacts and environmental justice — are adequately evaluated and addressed,”
Newton wrote in her July 20 letter to Durbin.

RELATED

Low-income housing near McKinley Park asphalt plant on cusp of approval

City explores moving controversial McKinley Park asphalt plant

MAT has been operating under a state-issued construction permit since 2017 but will
eventually need to obtain a full-time operating permit, a process that has been slowed in
part due to the COVID-19 pandemic.
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Durbin, Sen. Tammy Duckworth and Reps. Jesus “Chuy” Garcia and Marie Newman, all
Democrats, sent a letter to Biden’s EPA Administrator Michael Regan in late June, asking
the agency to help provide oversight of the asphalt plant, including ordering “rigorous
health impact analyses and air monitoring.” They note more than 100 odor complaints to
the city from residents in the past three years.

Michael Tadin Jr., a city contractor and co-owner of the asphalt facility, has said the odor
complaints are exaggerated and touts that he provides an essential service as an asphalt
producer.

The legislators noted the plant is directly adjacent to two schools and across from a park in
an area that “was already overburdened by pollution.” EPA data show McKinley Park, also
home to a large Asian population, ranks high for the amount of cumulative air pollution
and health risks.

“This cumulative pollution burden damages the health of residents and impacts their
ability to safely recreate and enjoy their homes and community spaces,” the lawmakers
wrote in their June 21 letter. “The operation of additional industrial facilities in this
neighborhood, such as MAT Asphalt, places further stress on this overburdened
community.”

In her letter to Durbin, Newton said the EPA conducted an inspection at MAT in 2019 and
asked state officials to conduct air emissions tests “based on the concerns EPA staff found.”
Those tests were supposed to be completed last year but the Pritzker Administration
postponed them, citing the pandemic. The testing took place this week.

Tadin said he welcomes the EPA testing requirements.

“The agency asked us to do testing and we obliged,” Tadin said.
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MAT Asphalt co-owner and city contractor Michael Tadin Jr. said he welcomes the air testing of his facility, which he says provides

an essential service.

City Hall’s mixed messages

City Hall has been split on MAT. While city planners have lauded the plant’s central
location for providing asphalt, a top adviser, Lightfoot’s housing commissioner Marisa
Novara, held up a plan last year to put low-income housing next to the asphalt maker,
which is also close to schools and the neighborhood’s namesake park. In May, the City
Council approved the housing project, which found alternative funding. Separately, federal
housing officials are investigating a civil rights complaint related to the Southeast Side car-
shredder fight.

Novara also made public last year that the city was exploring whether MAT could be
moved.

Late last year, a consultant for MAT provided the city with a plan to move just hundreds of
feet at a cost of almost $32 million, according to the report obtained through the state’s
open records law.

City planners “determined there is no public funding available to help pay the costs
identified,” a city spokesman said. “Staff also determined there are no known alternative
locations where the plant could lawfully operate in the city without generating similar
community concerns.”

| Brian Rich/Sun-Time- s
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Brett Chase’s reporting on the environment and public health is made possible by a grant
from The Chicago Community Trust.
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EPA in Illinois CONTACT US <https://epa.gov/il/forms/contact-us-about-epa-illinois>

Ozinga Ready Mix, Inc.

EPA reached an agreement with Ozinga Ready Mix, Inc., in June 2016 to reduce
particulate matter or dust from its operations in the Chicago area and to buy new,
cleaner diesel trucks. Ozinga will also pay a penalty of $37,689 for alleged violations of
the Clean Air Act.
Ozinga allegedly failed to control dust to required levels at facilities at 1818 East 103
Street as well as 2255 South Lumber Street in Chicago. EPA is requiring Ozinga to
update dust control programs at its facilities.

Under the agreement with EPA, Ozinga will also purchase 30 new diesel trucks to
replace older ones at its Chicago facilities at an estimated cost of $5 million. The diesel
truck replacement project will reduce emissions of carbon dioxide, particulate matter,
volatile organic compounds, nitrogen oxides and carbon monoxide, making the air
cleaner in Southeast Chicago.

An o icial website of the United States government
Here’s how you know

rd

Menu

Search EPA.gov
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Contact Information

Nathan Frank 
(frank.nathan@epa.gov) 
312-886-3850 or 800-621-8431, ext. 63850

Environmental Issues in Southeast Chicago

S.H. BELL <https://epa.gov/il/sh-bell-chicago-facility>

Petroleum Coke in Chicago <https://epa.gov/node/46993>

Jane Addams school air monitor(s)

Contact Us <https://epa.gov/il/forms/contact-us-about-epa-illinois> to ask a question, provide
feedback, or report a problem.

Discover.
Accessibility <https://epa.gov/accessibility>

Budget & Performance <https://epa.gov/planandbudget>

Contracting <https://epa.gov/contracts>

EPA www Web Snapshot <https://epa.gov/home/wwwepagov-snapshots>

Grants h // /





















11/1/21, 7:49 AM FAQ | The Invert Chicago

https://theinvertchicago.com/faq/ 1/5

FAQ

HAS THIS BEEN DONE BEFORE?

Yes! Our favorite example is the Subtropolis development in Kansas City which

houses more than 50 businesses with over 90% occupancy rate. In fact, the

Kansas City market has about 30 million SF of total subsurface space with 10

million more under development. Subsurface facilities can be found throughout

the world and our construction methodology will be very simi ar to Chicago and

facilities such as CTA stations, the Pedway, and underground parking garages. You

can learn more about Subtropolis by watching episode 4 of the documentary

series “Off the Cuff” avai able on Amazon Prime or by visiting their website at

https://huntmidwest.com/industrial-space-for-lease/.

WHO OWNS THIS PROJECT?

The Invert Chicago, LLC is a privately held real estate development company. The

lead investor is Ozinga Ventures, an independent investment group established

by the Ozinga family to support innovation and entrepreneurship that makes a

positive impact on individuals, their families, and the community for generations.

However, The Invert Chicago is not affiliated with Ozinga’s traditional

construction materials business.

DO YOU REALLY JUST WANT TO SELL THE MATERIAL THAT WOULD BE REMOVED

FROM THE SITE?

SHOW YOUR SUPPORT
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No. Our interest is in the uniqueness, size and location of the subsurface

commercial real estate complex we are creating, not the material. The value of

the material being removed to create the space is not worth the expense of

subsurface construction. However, subsurface construction techniques do allow

us to work around the environmental challenges that otherwise prevent the

property from being developed. Subsurface construction is a proven technique

used in Subtropolis in Kansas City and throughout Chicago in the form of the

Pedway, CTA subways, underground parking garages and more.

HOWMUCH ADDITIONAL TRAFFIC WILL THIS BRING INTO THE COMMUNITY?

CMAP’s Go To 2040 p an estimates an increase in traffic in the area. The type of

tenants The Invert will target and attract and has already received interest from

typically require far fewer trucks than those currently anticipated by p anners.

Our current estimates point to an additional 3200 vehicle trips per day starting in

2040 which is about 20% less than CMAP’s projections without The Invert.

Furthermore, our current estimates project that 80% of the expected traffic

increase will be from passenger vehicles.

The Invert also would move trucks away from residences on Avenue O by

extending Burley Ave. The Invert will encourage the adoption of electric vehicles

by supporting electric vehicle charging infrastructure. It is also our p an to

minimize vehicle emissions through the strategic p acement of hundreds of trees,

stringent vehicle idling policies, and the use of other innovative technologies.

HOWMANY JOBS WILL THIS BRING HERE? WILL THEY BE FILLED BY LOCAL PEOPLE?

The property currently generates just eight jobs. We expect over 2,500

permanent jobs will be created once both levels are fully leased. This dramatic

SHOW YOUR SUPPORT



11/1/21, 7:49 AM FAQ | The Invert Chicago

https://theinvertchicago.com/faq/ 3/5

increase in local jobs will create many more opportunities avai able to local

residents. To ensure strong local and minority participation, The Invert p ans to

partner with local schools and workforce development agencies.

ISN’T THIS GOING TO TAKE A LONG TIME TO BUILD?

Our current timeline expects the first block of leasable space to be avai able

within 3-5 years of start of construction , followed by ongoing phased openings of

leasable space, and completion between years 12-15, subject to market

conditions. This is typical of arge projects. For reference, the highly successful

Pullman developments have seen timelines of 10+ years for 1.75M SF of

development compared to our expected 15 years for 6M SF of space.

ISN’T THE CONTAMINATED PROPERTY HARMING OR GOING TO HARM THE

COMMUNITY IF YOU BUILD ON IT?

The Invert is designed to not disturb any environmental hotspots on the surface

by developing underneath it. The Phase I and II environmental survey

assessments revealed areas with significant contamination buried up to 30 feet

below the surface, which is currently not a harm to the local community since it

is buried in gravel, s ag and other crushed material. The Federal EPA has

determined there is no further surface remediation needed since the historical

contaminated materials are sufficiently contained. Our proposed development

will not disturb contaminated areas monitored by the EPA. For example, the

vertical shafts are located away from these hotspots, and our dual tunnel system

is located on the east side of the property where the EPA has determined no

environmental threats.

WHAT CONSTRUCTION TECHNIQUES WILL BE USED? WHATWILL I SEE, HEAR, AND

FEEL?

SHOW YOUR SUPPORT
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Several techniques will be utilized. Surface activity includes traditional earthwork

to create entrance to tunnels and new andscaped berms. Drilling will be utilized

to complete tunnels and vertical shafts to the subsurface levels. At 300 feet

below the surface, electronically-controlled demolition will be utilized. This is a

carefully controlled procedure that will not be seen or heard from the surface.

Because we’re very deep in the ground, the greatest vibration experienced on the

surface will be negligible.

WHAT IF I HAVE A QUESTION OR AN IDEA FOR THE PROJECT?

We strongly value community engagement and participation in the project. You

can learn more online at www.TheInvertChicago.com. The Invert also operates a

Community Engagement Center at 10548 S. Ewing Avenue where we invite local

residents, businesses, nonprofits and community groups to come learn about the

project and provide feedback. We also host virtual meetings so that all can safely

attend. To request a meeting, you can email us at info@TheInvertChicago.com

WHATWILL HAPPEN TO THE SOIL THAT IS EXCAVATED FROM THE SITE, SINCE SO

MUCH IS CONTAMINATED?

Our p an is not to disturb the contaminated portions of the property by

developing around and beneath them to create uniquely marketable subsurface

space. This avoids additional health risks as well as the need for special

excavation, transportation, and andfill costs. However, we are interested in

pursuing emerging technologies or partnerships that will allow for more cost-

efficient remediation. We are also considering alternative best uses for the

contaminated part of the surface such as an even arger so ar panel field.

WHY SHOULD I SUPPORT THE INVERT? WHAT’S IN IT FOR ME AND MY COMMUNITY?

SHOW YOUR SUPPORT
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Show Your Support

The Invert Chicago believes that community benefits are central to any

successful development project. We have encouraged community members to

provide ideas on how to best incorporate community benefits into our p an, and

we are committed to providing them in the final design. Examples of the ideas

we have heard thus far include: additional community gathering spaces,

recreational space, local partnerships, community reinvestment, and more!

a subsurface real estate complex

SHOW YOUR SUPPORT


