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Anorneys for Group Petitioners California
Pilots Association, San Lorenzo Village Homes Association,
Hayward Area Planning Association
STATE OF CALIFORNIA
STATE ENERGY RESOURCES

Conservation and Development Commission

In the Matter af: Docket No.: 06-AFC-6i -
APPLICATION FOR CERTIFICATION FOR AMENDMENT TO GROUP
THE EASTSHORE ENERGY CENTER PETITIONERS EXHIBIT LIST

On December 6, 2007, Group petitioners California Pilots Association (“Calpilots™), San
Lorenzo Village Homes Association and Hayward Area Planning Association (“Hapa™),
collectively referred to as “Group petitioners” served their exhibits delivering hard copies for
filing and the hearing officer on December 7, 2007.

On Monday, December 10, 2007, the applicant’s attorney inquired into whether Michael
Toth, whose declarations filed in the Russell proceeding were included as exhibils, was going to
testify. On Tuesday, December 11, 2007, counsel for Group Petitioners responded that Mr. Toth
was “a potential rebuttal witness in air and public health concerning the data which has been
referred to in the Final Staff Assessment and the applicable public records which were included in
our exhibits, including his declarations submitted in the Russell proceeding.”

Yesterday, counsel for the CEC staff stated the following in an email directed to Group

Petitoners: “The only testimony Mr. Toth will be offering at the hearing is what is contained in
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the two declarations you identified last Friday. Therefore, | assume that you do not mean that he
will be offering new testimony on the stand, but that his declarations are a rebuttal of the FSA.
Staff plans to cross examine Mr. Toth on the statements made in those declarations.” Based on
this, Group petitioners amend their exhibit list to include those documents which support Mr.
Toth's declarations upon which staff wishes to examine. Attached is that amendment to the
exhibit list, including those supporting documents., Hard copies will follow in the overnight
delivery for the hearing officer.

Dated: December 12, 2007 Respectfully Submitted,

Jewell 1. Hargleroad, Attormey for
Group Petitioners California

Pilots Association, San Lorenzo Village
Homes Association, and Hayward Area
Planning Association
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AMENDMENT TO GROUP PETITIONERS’ EXHIBIT LIST

CEC Evidentiary Hearing for 06-AFC-6, Eastshore Energy Center

Documents in support of cross examination of Michael Toth regarding content of

declarations submitted on behalf of Group's Petition To Reconsider in case 01-AFC-7C, Russell

City Energy Center.

Ex.# |Title Source/Date Relevance

719 Scientific Journal Article: "Acroleinis a http://www.pnas.org/cgi/repri | Scientific research finding
major cigarette-related lung cancer agent: | nt/103/42/15404 * Carcinogenicity of acrolein
Preferential binding at p53 mutational Published: 8/17/2006 * Relation to carcinogenicity of
hotspots and inhibition of DNA repair”, Retrieved: 12/11/2007 Tobacco smoke
Feng et al., PNAS 103 (42): 15404. (2006)

720 Scientific Journal Article: "Lung cancer, http: //jama.ama- Scientific research finding
cardiopulmonary mortality, and long-term assn.org/cgi/reprint/287/ * Relationship between increased
exposure to fine particulate air pollution." 9/1132 ambient PM2.5 levels and health
gg%i}(;t)?ll TI2AL PID: 11879110 Published: 3/6/2002 etiect
[PubMed - indexed for MEDLINE] Retrieved: 12/11/2007

721 Scientific Journal Article: "Reduction in http://ajrccm.atsjournals. |Scientific research finding
fine particulate air pollution and mortality: org/cgi/reprint/173/6/667 * Relationship between decreased
Extended follow-up of the Harvard Six Published: 1/17/2006 ambient PM2.5 levels and
Cities study.”, Laden, et al.,, Am J Respir Retrieved: 12/11/2007 decreased health effects
Crit Care Med Vol 173. pp 667672, 2006

722 Commissioned study: "IN-SITU ENGINE http://www.ccdott.org/De Dccumentation program for real-
EMISSIONS TESTING AND liverables/2001/task1.16/ time, in-situ use of EPA test method
COMPARISON FOR A HIGH SPEED task%201.16.odf 320 FTIR using a commercial
FERRY AND COMPETING LAND —°—p— subcontractor for detecting acrolein
TRANSIT VEHICLE, PHASEI: TASK | Published: June 2002 and other emissions in large
7.0: Final Report", Seaworthy Systems Inc., | Retrieved: 12/11/2007 maritime reciprocating internal
P.O. Box 965, Essex, CT 06426, prepared combustion engines.
for Center for Commercial Deployment of
Transportation Technologies (CCDoTT)

Califomia State University, Long Beach
6300 State University Drive, Long Beach,
CA 90815

723 Product literature: "Gasmet In Sita http://www.avensvssoluti | Commercial in-situ real-time FTIR
Continuous Gas Monitoring analyzer”, } ons com/data/File/Soluti |emissions monitoring product
Avensys Inc. 400 Montpellier, Montreal, ()IIS/_AW
Quebec H4N 2G7, Tel: (514) 428-6766, —LS——,

Fax: (514) 428-8999 Situ.pdf
Retrieved: 12/11/2007

724 Product literature: "Extractive FTIR Air http:/fwww.gepower.com/prod | Commercial in-situ real-time FTIR
Emissions Testing"”, GE Energy, 4200 _serv/serv/env_serv/en/downl |emissions testing service, includes
Wildwood Parkway, Atlanta, GA 30339 oads/geal4569_flir techoverv | measurement of acrolein and

iew.pdf formaldehyde for reciprocating
Retrieved: 12/11/2007 internal combustion engines.

725 Scientific Journal Article: "Origin, http://pubs.acs.org/cgi- Typical indoor and outdoor acrolein

Occurrence, and Source Emission Rate of | bin/article.cgi/esthag/2007/41/ | concentrations and activities
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Acrolein in Residential Indoor Air",

Seaman, et al., Environ. Sci. Technol. 2007,

41, 6940-6946

120/pdfles0707299.pdf
Published: 10/2007
Retrieved: 11/17/2007

associated with indoor
concentrations,

726

"Source contributions to the mutagenicity

of urban particulate air pollution.",

Hennigan, et al., ] Air Waste Manag Assoc.

2005 Apr;55(4):399410.

http.//secure.awma.org/journal
/GetPdf.asp?id=1359
Published: 4/2005

Retrieved: 11/24/2007

Largest source contributions to PM
mutagenicity are natural gas
combustion and diesel fueled
vehicles.
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Source Contributions to the Mutagenicity of Urban Particulate

Air Pollution

Michael P. Hannigan

Mechanical Engineering Department, University of Colorado, Boulder, CO

Wililam F. Busby, Jr.

Center for Environmental Health Sciences, Massachusetts Institute of Technology, Cambridge, MA

Glen R. Cass

Environmental Engineenng Science Department, Califomia Institute of Technology, Pasadena, CA

ABSTRACT

Using organic compounds as tracers, a chemical mass
balance model was employed to investigate the relation-
ship between the mutagenicity of the urban organic aero-
sol sources and the mutagenicity of the atmospheric sam-
ples. The fine particle organic mass concentration present
in the 1993 annual average Los Angeles-area composite
sample was apporioned among eight emission source
types. The largest source contributions to fine particulate
organic compound mass concentration were identified as
smoke from meat cooking, diesel-powered vehicle ex-
haust, wood smoke, and paved road dust. However, the
largest source contributions to the mutagenicity of the
atmospheric sample were natural gas combustion and
diesel-powered vehicles. In both the human cell and bac-
terial assay systems, the combined mutagenicity of the
composite of primary source effluents predicted to be
present in the atmosphere was statistically indistinguish-
able from the mutagenicity of the actual atmospheric
sample composite. Known primary emissions sources ap-
pear to be capable of emitting mutagenic organic matter

IMPLICATIONS

Currently, regulations exist to control the total mass con-
centration of fine particulate matter (PM) in the amblent air.
The ambient particie mixture is incredibly complex, and itis
likely that different portions of the mixture exert different
environmental stresses. Future regulations may need to
focus on specific portions of the mixture. This study dermn-
onstrates a method of determining which portions of the
particie mixture are responsible for a specific environmental
stress. The method was employed to Investigate the origin
of the mutageniclty of the amblent PM, and it was found
that further study of natural gas combustion emissions may
be warranted.
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to the urban atmosphere in amounts sufficient to account
for the observed mutagenicity of the ambient samples.
The error bounds on this analysis, however, are wide
enough to admit to the possible importance of additional
mutagenic organics that are formed by atmospheric reac-
tion (e.g., 2-nitrofluoranthene has been identified as an
important human cell mutagen in the atmospheric com-
posite studied here, accounting for ~19% of the total sam-
ple mutagenic potency).

INTRODUCTION

A major aim of most air pollution control programs is to
limit the atmospheric concentrations of pollutants that
could cause adverse effects on human health. Careful
design of an emission control program requires knowl-
edge about the connections between pollutant source
emissions, atmospheric transport and chemical transfor-
mation, and the ambient pollutant concentrations to
which people are exposed. Such source-to-receptor rela-
tionships often are determined through computer-based
alr quality models by solving continuity equations for
individual compounds or compound classes, and often
the pollutant species being tracked is essentially a simpli-
fied index for the presence of a much more complex
pollutant mixture, In the case of particulate air pollution,
the presently regulated indices of polliltant exposure in
the United States are defined in terms of the airborne
particle mass concentration contributed by particles with
a diameter smaller than 10 pm (PM,,) and by particles
with a diameter smaller than 2.5 pm (PM, 5).

Urban particulate air pollution contains an extremely
complex mixture of thousands of different organic com-
pounds, many present in only trace amourts, along with
acld aerosols and trace metals, plus a much larger amount
of likely harmless but bulky material from other sources,
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such as airborne soil dust and sea salt. By focusing atten-
tion on particle mass concentration, even the PM, 5 mass
concentration, it is entirely likely that those chemical
components of the particulate air pollution mixture that
actually are capable of inducing the sort of biological
changes that could affect health will be missed entirely.

Certain chemical components of the particulate air
pollution mixture are capable of inducing genetic dam-
age. Particulate air pollution has been shown to be muta-
genic to bacterial-7 and human cells?? and carcinogenic
to mice.1¢ Using bioassay-directed chemical analysis and
bacterial mutagenicity as the biological endpoint, several
studies411-13 have attempted to identify the specific
chemical species present in atmospheric particles that can
cause genetic damage. In a program of bioassay-directed
chemical analysis, the organic extracts of atmospheric
particles containing complex mixtures of compounds are
fractionated chemically and tested for mutagenicity in an
iterative process until the mutagenic fractions are amena-
ble to chemical analysis. In this way, the most important

- mutagens in the complex atmospheric sample can be
identified and quantified. PM emissions from sources
such as diesel engine exhaust also have been studied using
bioassay-directed chemical analysis.!>-15 The effluents
from automobile exhaust, coal-fired furnaces, and kero-
sene flames have been examined using different biologi-
cal endpoints, such as carcinogenicity in mice?6-18 and
human cell mutagenicity.1? .

Determining the effect of air pollution sources on the
mutagenic potency of atmospheric PM based on the ex-
isting scientific literature is difficult at best. Several bio-
logical endpoints have been used to create the existing
database on emission source characteristics. Furthermore,
important differences exist in the procedures used by
different laboratories to collect and analyze air pollution
samples even when the bioassay procedures to be applied
to the samples are nominally similar.20-22 These differ-
ences between laboratories can significantly obscure com-
parisons between the properties of source samples and
atmospheric samples that were analyzed by different re-
search groups. In addition, the list of air pollutant emis-
sion sources studied to determine their mutagenic po-
tency is quite short, with much of the previous work
being focused on one source, diesel engine exhaust.

The present study seeks to establish methods for de-
termining the contributions of specific fine particle emis-
sions sources to the human cell mutagenicity of ambient
particulate air pollution. Methods developed were tested
in the Los Angeles area using data on the organic chem-
ical composition and human cell mutagenicity of a com-
prehensive set of atmospheric fine particle samples and a
comprehensive set of urban organic aerosol source sam-

- ples, both collected specificaily for use in this study. The
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analysis proceeds by first determining the contribution of
specific fine particle emission sources to the ambient fine
particle organic compound mass concentration, using a
previously developed chemical mass balance receptor
modeling technique that uses organic compounds as trac-
ers5.23-25 The calculated source contributions were used
along with the human cell rhutagenic potency values
[mutant fraction per pg of fine particulate organic carbon
(OC) emitted from the source] for each emission source to
determine the mutagenic density (mutant fraction per m?
of air) of the ambient aerosol that would exist if atmo-
spheric chemical reactions were unimportant to transfor-
mation of the ambient mixture. This calculated muta-
genic density of the ambient fine particle mixture then
can be compared with the measured value, and the im-
portance of specific sources and secondary chemical reac-
tions can be evaluated.

Filter samples collected throughout the course of
1993 at four air monitoring sites in southern California
were used here to create a composite fine particulate air
pollution sample that is representative of long-term ex-
posure conditions in southemn California. A comprehen-
sive set of urban fine particle emission source samples,
which represent ~80% of the fine organic PM emissions
in the Los Angeles area,?s is analyzed in the present study
to describe the character of prirnary source emissions. The
human cell mutation assay?” used in this study tests for
mutagenic activity at the thymidine kinase locus in the
h1A1v2 cell line (AHH-1 TK+ cells bearing the plasmid
pHSRAA, which contains two copies of the human
CYP1A1 cDNA). For purposes of comparison against ear-
lier studies, the bacterial mutagenicity of the source and
ambient samples also will be explored. The bacterial mu-
tation assay used is a version of the S. typhimurium TM677
forward mutation assay developed by Skopek and co-
workers,?® which measures resistance to 8-azaguanine.

EXPERIMENTAL METHODS
Ambient Samples

An urban particulate air pollution sample representa-
tive of exposure conditions in the greater Los Angeles
area was created by compositing a portion of every urban
fine particulate filter sample collected during a 1993
southern California air monitoring campaign. This air
monitoring campaign was described in more detail else-
where.52? Individual urban particulate air pollution sam-
ples were taken for 24 hr every sixth day for the entire
year of 1993 at four urban sites. These urban sites were
chosen in an attempt to capture the variety of typical PM
exposures seen in the South Coast air basin: a highly
industrialized area, Long Beach; a location that experi-
ences dense freeway traffic, central Los Angeles; a down-
wind residential area with high ozone and secondary
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aerosol concentrations, Azusa; and a site even farther
downwind with even more secondary aerosol, Rubidoux.

To collect a large volume of size-separated organic
aerosol in a 24-hr period, a high-volume dichotomous
virtual impactor was employed at each site. Details of the
design of this sampler are given by Solomon and co-
workers,3¢ and a description of its use for this sampling
campaign can be found elsewhere,8.22 When operated at a
nominal flow rate of 175 L/min, this sampler produced a
size cut between fine and coarse particles at ~3-4 pm
aerodynamic diameter. Quartz fiber filters were used for
the PM collection, and details of the filter-handling pro-
cedures are given by Hannigan et al.?® One-sixth of each
fine particle filter was extracted to form the composite
sample used here. This composite physically represented
the annual average ambient fine PM concentration aver-
aged over all four urban sites. All sample and organic
aerosol extract mass is reported in units of pg of equiva-
lent OC (EQC), which is defined as the amount of OC
present on the filter sections before extraction as deter-
mined by thermal evolution and combustion analysis31.32
of separate sections cut from the same quartz fiber filters.
The EOC measure provides a link from the assay results to
the ambient organic aerosol concentrations.

In addition to the high-volume dichotomous sampler, a
low-volume fine particle sampler employing an Air and In-
dustrial Hyglene Laboratory (AIHL)-design cyclone separa-
tor33 was located at each sampling site during the 1993 field
measurement campaign. For the collection of fine PM (di-
ameter less than 2 pm), the sampler was equipped with two
quartz fiber filters, each operated at a flow rate of 10 L/min,
and two polytetrafluoroethylene (PFTE) filters operated at
flow rates of 3 L/min and 5 L/min. Samples collected on the
PFTE filters were used for inorganic chemical analysis as well
as for the determination of the total fine particle mass con-
centration. Details of the operation of this sampler can be
found elsewhere.?® To examine the differences associated
with the slightly different size cuts of each type of sampler,
elemental carbon (EC) and OC were measured on all quartz
fiber filters collected using the low-volume sampler as well
as the high-volume sampler. Plotting the pollutant concen-
tration measured with the high-volume sampler versus the
concentration measured over the same time period with the
low-volume sampler yields a slope of 1.03 = 0.02 for EC and
a slope of 0.90 + 0.02 for OC. The high-volume sampler
actually collected slightly less OC than the low-volume sam-
pler even though the size cut for the high-volume sampler is
slightly larger. The artifacts associated with volatilization
and adsorption affect the mass of organics collected more
than a small-size cut difference. An excellent discussion of
these artifacts is presented by Turpin and co-workers.34 Both
samplers collect essentially the same amount of EC.
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Source Samples

The aerosol source samples used in the present study were
collected by Hildemann and co-workers?6.35 using a por-
table dilution source sampling system. The sampling
strategy focused on obtaining representative samples
from 15 source types that collectively accounted for
~80% of the fine organic aerosol emissions to the atmo-
sphere in the Los Angeles area. All 15 source types are
shown in Table 1. All samples were collected on quartz
fiber filters, which were prepared and stored by the same
procedures as those used for ambient samples. Variability
between sources of the same type is addressed by compos-
idng samples from several sources (e.g., a small fleet of
different motor vehicles) before extraction and bioassay
(Table 1). In a previous study using bacterial mutation
assays, five non-combustion sources from among the 15
source types studied here were determined to be non-
mutagenic at dose levels at which the other 10 were
active.36 Further biological analysis using the human cell
assay in the present study was conducted oniy for that
group of 10 mutagenic source types. During the course of
the human cell biocassays, the diesel sample was fully
consumed and was replaced by extract prepared from the
SRM 1650 diesel exhaust aerosol sample distributed by the
National Institute of Standards and Technology. Concur-
rently with the execution of the new human cell assays of
these source samples, sample extracts were retested in the
bacterial assay system to obtain further direct comparison
of the mutagenic potency of the source and ambient
samples in both the bacterial and human cell systems.

Extract Preparation

All source and ambient PM filter samples used in this
study were extracted in soxhlets with dichloromethane
for at least 16 hr. Extracts were concentrated in a vacuum
centrifuge. Further concentration or solvent exchange
into dimethyl sulfoxide (DMSQ) for assay testing was
accomplished by blowing a gentle stream of dry ultra-
pure nitrogen over the sample. The extracted mass from a
portion of the composited ambient aerosol sample was
measured by a microscale evaporation method3” and was
compared with the mass of OC (EOC) originally present
on the filter samples before extraction as determined by
thermal evolution and combustion analysis.3132 The re-
sults of this test showed 0.93 * 0.07 pg of extracted mass
per pg of EOC. For a more detailed description of the filter
extraction procedure, see Hannigan et al.3s

Human Cell Mutation Assay
The procedures for the routine use of the h1A1v2 cell line
for mutagenicity testing at the thymidine kinase () locus
were given by Penman et al.2? and Busby et al.38 Allquots
of sample extract were tested by exposing duplicate
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Table 1. Summary of bioassay results for the particle emission gources.

Human Coll Bacterial Assay
Mutagenic Potency” Mutagsnic Petency®

N (>10% —PMS [WF (x10%) +PiS [WF (x10% Lumped
Source Sample por g EBC] per g EOC] per g EOC] Ssurce Type*
Catalyst-equipped automoblies 0.11 004 28 *095 0.37 = 0.03
Noncatalyst automobiles 0.40 = 0,07 23 *0.10 0.83 £ 0.07 1
Heavy-duty diesel trucks 0.18 = 0.04° 51 *29 - 076 = 0.08
Fuel oli-fired -boiler 0.07 = 0.02 1.0 * 061 0.70 = 0.27
Natural gas home appliances 41 +14 13 *47 16 =29 3
Firaplace, pine combustion 0.08 = 0.03 14 *015 0.15 = 0.04 4
Fireplace, oak combustion 0.08 = 0.08 29 043 0.11 =010 4
Fireplace, synthetic log 0.00 = 0.01 0.39 = 0.07 0.00 = .09
Cigarette smoke 0.01 = 0.01 0.10 = 0.05 0.07 = 0.02 5
Roofing tar pot 0.10 £ 0.07 0407 = 0.01 0.07 =005
Meat charbrodling ND - - é
Paved road dust ND - - 7
Brake wear dust ND - -
Tire wear debris ND - - 8
Urban vegetative detritus ND - - 9

*The human cell mutagenic potency value represents an estimate of the Initial slope of the dose/response relationship obtalned using a least-squares linear fit
to the data that was forced through the origin (zero dose by definition yields zerc IMP). Only those source samples that tested positive in the bacterial assay were
tested in the human cell assay; the human cell mutagenic potency for the other source samples Is labeled not determined (ND); “The bacterial assay mutagenic
potency was estimated under two assay conditions, with the addition of PMS (referred to elsewhere as $9) and in the absence of PMS. The potency value is
determined by calculating the Initial sicpe of the dose/response curve using a leaat-squares linear fit to the data. A dash indicates that the sample was not
mutagenic at the dose levels tested; “Lumped source type numbers indicate which source sample chemical fingerprints were combined to form a single lumped
source type for use in the chemical mass balance model. No number Indicates that thess sources were not usad in the chemical mass balance model; °Human
cell mutagenic potency value for heavy-duty dlesel trucks ie based on testing exiract of the NBS SRM 1850 diese! exhaust PM sample.

12-mL cultures of 1.8 X 10% exponentially growing cells
for 72 hr. Exposure was terminated by centrifuging and
resuspending the cells in fresh media (30 mL). One day
after the exposure was terminated, the cultures were
counted and diluted to 80 mL at 2 X 10° cells/mL. After
the 3-day phenotypic expression period, cultures were
plated in 96-well microtiter plates in the presence of the
selective agent to determine mutagenicity (n = 3 with
20,000 cells per well) and in the absence of the selective
agent to determine plating efficiency (n = 2 with two cells
per well). The selective agent used for this forward muta-
tion assay was trifluorothymidine. After an additional
13-day incubation period, the plates were scored for the
presence of a colony in each well. The positive control
sample consisted of 1 pg/mL benzo[a]pyrene (BaP), and
DMSO was used as the negative control.

Plating efficlencies, mutant fractions, and their asso-
ciated confidence intervals (standard deviations) were cal-
culated using methods described by Furth et al.3® Each
sample was tested in a minimum of two independent
assays to ensure test reproducibility, and the results of
each independent assay were pooled. To control for vary-
ing background mutation rates (i.e., variations in the

402 Joumnal of the Alr & Waste Management Association

concurrent negative controls from one experiment to an-
other), the results from all experiments were converted to
induced mutant fraction (IMF) by subtracting the mean
mutant fraction of the concurrent negative control from
the mean mutant fraction observed for the sample ex-
tracts. The mutagenic potency of a sample was defined as
the IMF per ug EOC supplied to the test. The mutagenic
potency of each sample was estimated by pooling all
experimental points for each sample and then computing
the initial slope of the dose/response relationship using a
least-squares fit to the data that was forced through the
origin (because at zero dose, there is, by definition, zero
IMF). This technique was used previously to evaluate the
seasonal and spatial variation of the human cell mutage-
nicity of southern California airborne fine particle
samples.8

Bacterial Mutation Assay
A detailed description of the procedures for the routine
use of the S. typhimurium forward mutation assay can be
found elsewhere.28.40 Briefly, the suspended bacteria un-
derwent a 2-hr exposure to several dilutions of the sam-
ple. The exposure was done under two conditions, with or
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without the presence of 5% (v/v) Aroclor-induced post-
mitochondrial supernatant preparation (PMS, also re-
ferred to elsewhere as $9). After the exposure period, the
reaction was quenched and aliquots were plated in the
presence and absence of 50 pg/mL of 8-azaguanine. The
results from a minimum of four independent cultures,
each plated in triplicate, were averaged to estimate toxic-
ity and mutagenicity at each sample dilution. Colonies
were counted after 48 hr. The mutant fractdon (i.e., mu-
tagenicity) was determined as the number of colonies
formed in the presence of 8-azaguanine divided by the
number of colonies formed in its absence, multiplied by a
dilution factor. Positive concurrent control samples (BaP
for +PMS and 4-nitroquinoline oxide for —PMS) and neg-
ative concurrent control samples (DMSO, both +PMS and
—PMS) were processed in parallel with each sample. The
bacterial mutagenic potency was determined by calculat-
ing the initial slope of the dose-response curve using a
least squares linear fit to the data. It is known that the
TM677 strain used for this study does possess nitroreduc-
tase; 1-nitropyrene (1-NP), 4-NP, 1,3-dinitropyrene (1,3-
DNP), 1,6-DNP, and 1,8-DNP are all potent —PMS muta-
gens in this strain of TM677.40

Chemical Analysis

Organic chemical analysis by gas chromatography/mass
spectrometry (GC/MS) was conducted to quantfy muta-
genic compounds in both the source and ambient sam-
ples as well as to quantify the concentration of organic
compounds that act as tracers for the presence of the
effluent from specific sources when found in an ambient
sample.23.2¢ Procedures used for GC/MS analysis in the
present study are given in detall elsewhere.41 All GC/MS
analyses used in the source apportionment phase of this
study were done in full scan mode using co-injection of a
known amount of 1-phenyl dodecane as a measure of
instrument response. For quantification of each organic
compound, relative response factors were obtained from
multiple injections of an authentic standard or from mul-
tiple injections of a compound with a similar molecular
weight (MW) and functionality. A 45-component stan-
dard mixture was injected periodically between sample
injections to ensure that instrument performance was
stable throughout the long series of analyses,

The concentration of the trace elements aluminum
(Al) and silicon (§i) required for use by the source appor-
tionment technique?? were determined by X-ray fluores-
cence analysisé? applied to samples collected on 47-mm-
diameter PFTE filters collected in parallel with each of the
quartz fiber filters used for source and ambient measure-
ments. EC and OC concentrations present on sections cut
from the source sample filters were determined by the
thermal evolution and combustion method.31.32
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Chemical Mass Balance Model

A previously published chemical mass balance model that
uses organic compounds as tracers for the presence in the
atmosphere of the emissions from specific sources23-25
was used in this study. Details of this source apportion-
ment technique were given by Schauer and co-workers.23
Briefly, the concentration of a specific compound in the
ambient sample is described as a linear combination of
emissions of that specific compound from the various
emission sources, Using strict chemical species selection
criteria, Schauer and co-workers2? developed a list of or-
ganic chemical species, plus EC, Al, and Si, to apportion
the fine organic aerosol concentration and fine particle
mass concentration in the Los Angeles-area atmosphere
between the contributing sources considered herein. This
compound list was used as a starting point for the present
study.

The selection of emission source types also was im-
portant. If two emission source types had similar chemical
fingerprints, then they would have been indistinguish-
able. Therefore, some grouping of similar source types
occurred for the model to generate useful results. For the
Los Angeles-area source samples used here, the pine and
oak wood combustion source profiles were combined to
produce an emissions-weighted average source profile for
wood smoke, and the catalyst plus noncatalyst gasoline-
powered motor vehicle exhaust profiles were combined to
produce an emissions-weighted average profile for gaso-
line-powered vehicles. The composite woodsmoke profile
was assembled exactly as described by Schauer and co-
workers.23 The gasoline-powered motor vehicle exhaust
composite profile was recalculated as a weighted average
of the catalyst and noncatalyst engine exhaust samples
assembled to reflect a 1993 mixture of emissions from
catalyst versus noncatalyst vehicles according to the 1993
vehicle mileage tables published by the South Coast Air
Quality Management District*3 plus estimates of off-road
gasoline engine use.

Diesel engine emissions were distinguished from gas-
oline-powered vehicle engine emissions in part by the
larger fraction of black EC in diesel exhaust. In recent
years, diesel engine emission control technology has im-
proved greatly, creating a vehicle fleet in current use that
represents a mixture of old and newer technology engines
with varying emissions ratios of EC to organic com-
pounds. In the present study, a fleet average ratio of EC to
particulate organic compounds from on-road diesel vehi-
cles first was computed from the literature review of diesel
engine emissions characteristics as a function of produc-
tion era reported by Sawyer and Johnson44 combined
with estimates of relative annual mileage accumulation
by trucks and autos of different ages.4546 The analysis
suggests that diesel engine emissions in the South Coast
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Air Basin surrounding Los Angeles in 1993 should consist
of ~33% EC and 31% organic compounds by mass, plus
trace amounts of Si and Al, as measured in diesel exhaust
by Hildemann and co-workers.2é The combined diesel
engine profile used in the present study thus consists of
EC, Al, $i, and total organics in those proportions, with
the relative composition of the organic compounds taken
from the GC/MS analysis of filter samples taken during
the source tests of Hildemann and co-workers,26

The completed source profiles for the nine emissions
source types showing the relative concentration of tracer
compounds that were supplied to the chemical mass bal-
ance model are given in Figures 1-5. All chemical com-
pound concentrations in the source samples supplied to
the human cell assay in this study were based on new
GC/MS analyses of high-volume filter samples collected
by Hildemann and co-workers26:3547 because those high-
volume filters were the source of the organic material used
in the new human cell bioassays and because the ambient
samples used here were taken with high-volume dichot-
omous samplers. Analysis of the five source samples that
were found to be nonmutagenic in previous work con-
sisted solely of quantification of tracer compounds used
in the source apportionment calculations, and therefore,
previously generated extracts of these samples were used.
A description of the sample extraction and concentration
protocol used for the five nonmutagenic source samples
can be found in Mazurek et al.4® Elimination of variation
in analytical conditions and techniques made it necessary
to quantify the organic compound concentrations in all
source and ambient samples used in the chemical mass
balance model on the same instrtument, with the same
protocol, over a short period of time, By processing both
source and ambient samples by GC/MS simultaneously,
any biases caused by chemical analysis procedures were
equalized between the source and ambient samples,
which in turn aided the matching of source profiles to the
ambient samples.

RESULTS

Apportionment of Fine Particulate Organic Mass
The chernical mass balance model constructed previously
by Schauer and co-workers23.24 was used to apportion the
fine organic PM in the Los Angeles-area 1993 annual
composite sample between nine source types. These
source types include diesel vehicles, gasoline-powered ve-
hicles, paved road dust, tire wear debris, wood combus-
tion, cigarette smoke, meat cooking, urban vegetative de-
tritus, and natural gas combustion. Improvements were
made to the model based on the more extensive set
of chemical species available from the present series
of chemical analyses. The most volatile polyaromatic
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Figure 1. Source profiles for gasoline-powered vehicle exhaust
aerosol and natural gas combustion particles.

hydrocarbons (PAHs) and oxy-polyaromatic hydrocar-
bons used by Schauer et al.,23 benzofk]fluoranthene,
benzo[b]luoranthene, benzole]pyrene, 7H-benzo[de]-
anthracen-7-one, and benz[aJanthracen-7,12-dione, were
removed from the model and replaced with a very non-
volatile PAH, coronene. The most volatile n-alkane used
by Schauer et al., 23 n-tricosane, was also removed from
the calculation because it has been determined to parti-
tion significantly into the vapor phase.+® The potentially
reactive olefinic acid, oleic acid, previously used as part of
the mass balance for detecting meat smoke, was replaced
by a better meat smoke tracer, cholesterol, which is now
quantifiable in the ambient samples. Base case (i.e., use of
the chemical mass balance as prescribed by Schauer et
al.23 with these improvements) mass balance calculations
yielded a result in which one of the minor source types,
urban vegetative detritus, did not contribute a statistically
significant portion of fine particle organic mass. There-
fore, the chemical mass balance model was reconstructed
in such a way that any compound in the mass balance
calculation that could be coming in significant amounts
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Figure 2. Source profiles for diesel-powered vehicle exhaust
aerosol and wood combustion particles.

from vegetative detritus is not used in fitting the model to
the ambient data. The model then was fit to the eight
remaining source types.

A comparison of the calculated and measured ambi-
ent concentrations for each of the mass balance chemical
species is shown in Figure 6. There is generally good
agreement among the calculated and measured values
across the 34 diverse compounds and three elements used
in the chemical mass balance. The mean (= standard
deviation of the population) of the ratio of calculated to
measured concentrations for each chemically distinct
tracer group is 0.83 (+0.32) for the n-alkanes, 1.15
(+0.33) for the iso- and anteiso-alkanes, 1.01 (=0.23) for
the steranes and hopanes, 1.13 (*0.51) for the conifer
resin acids and their thermal alteration products, and 1.01
(%0.38) for the PAH.

The calculated source contributions to the Los
Angeles-area 1993 annual average particulate organics
mass concentration are given in Table 2. The largest con-
tributors to the fine particulate organics mass are meat
cooking, wood combustion, diesel engine exhaust, tire
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Peved Road Dust

Pigure 3. Source profiles for paved road dust and vegetative
detritus.

wear, and gasoline-powered vehicles. These resuits gener-
ally agree with the previous work by Schauer et al.,23
which apportioned the fine particulate organic mass in
the Los Angeles-area atmosphere based on data collected
in 1982. These researchers found fine particle tire wear to
account for 0.00-0.13 pg organics/m? (versus 0.62 * 0.20
ug/m3 in the present study), fine particle paved road dust
to account for 0.49-0.89 pg organics/m? (versus 0.46 *
0.09 pg/m?® in the present study), cigarette smoke to ac-
count for 0.13-0.19 ug organics/m?® (versus 0.39 = 0.06
ug/m3 in the present study), meat cooking to account for
1.22-1.69 pg organics/m? (versus 2,77 * 0.55 pg/m? in
the present study), wood combustion to account for 0.31-
1.57 ug organics/m? (vetsus 0.95 * 0.42 pg/m® in the
present study), gasoline-powered vehicles to account for
0.25-1.56 pg organics/m3 (versus 0.61 * 0.29 pg/m3 in
the present study), and diesel vehicles to account for
1.02-2,72 pg organics/m> (versus 0.84 * 0.20 pg/m® in
the present study). The main differences between the
1982 and 1993 results are the increase in the tire wear
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Figure 4. Source profiles for tire wear debris and cigarette smoke.

contribution, the increase in the meat cooking contribu-
tion, and the reduction in the contribution from diesel
vehicles, Tire wear is present in the paved road dust sam-
ple,*? and these two sources can be difficult to resolve
separately. The combination of the two contributions is
similar to the previous study. The increase in the contri-
bution from meat cooking is caused by the use of a more
atmospherically stable compound (cholesterol) in the
model. The reduction in the contribution from diesel
vehicles has been documented by Christoforou and co-
workers,51 who illustrate the decline in black EC concen-
tration in the Los Angeles atmosphere over the period
1982-1993. That decline is consistent with the introduc-
tion of cleaner diesel engine technologies and cleaner
diesel fuels over the period 1982-1993.4¢ Each of the
source contributions calculated in the 1993 study is sig-
nificantly different from 0 with 95% confidence.

The sum of the calculated source contributions to
ambient fine particulate organics mass can be compared
with the measured ambient fine particulate organics mass
concentration. The observed 1993 annual average fine
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Figure 8. Source profile for meat cooking aerosol.

particulate organics mass concentration measured by
high-volume sampling is 10.67 * 0.98 pg/m? as calcu-
lated by multiplying the fine particulate OC concentra-
tion by 1.2 to account for the mass of elements other than
carbon, The use of the 1.2 factor for ambient samples is
open for debate; see refs 52 and 53 for further discussion,
Conversion of fine particulate OC mass concentration to
organics mass concentration for primary emissions typi-
cally involves the use of the 1.2 factor.50.54-58 The focus of
this study is the apportionment of the fine particulate
organics mass concentration via chemical mass balance,
not calculating organics mass closure via summation of
individual species mass concentrations. Using the same
OC to organics conversion factor for the source and am-
bient samples is vital to the successful application of the

*
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Figure 8. Comparison of model predictions tc measured ambient
concentrations for the chemical mass balance compounds.
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Table 2. Summary of source contributions to fine ambient organic aerosol annual average mass concentration and mutagen density in the Los Angeies

study area during 1993,

Ssurce Type Human Coll Mutagen Bactorial Assay Mutagen

Contributien Deasity Contributien® Domsity Contribution®

{119 organics IMF +PWS [WF —PMIS [WF
Sawrce Type por w) (x10" por * {x18% per m"] (x10" pr ]
Diesei-powered vehicles 084 =020 015 = 0.05 0.84 =017 430 = 285
Tire wear debris 0.62 = 0.20 ND 0 0
Paved road dust 0.48 = 0.09 ND 0 0
Urban vegetative detritus® 0 ND 0 0
Natura! gas combustion 0.24 = 0.10 088 053 478+ 212 311 =172
Cigaretie smoks 0.30 * 0.0 0.004 + 0,004 0.03 + 0.01 0.04 + 0.02
Meat cooking 2.77 * 0.52 ND 0 0
(asoline-powered vehicles 061 0,29 012 *0.08 031 = 0.15 182 = 0.87
Wood combustion 085 * 0.42 0.08 +0.04 0.13 = 0.07 1612073
Sum 6.80 + 0.80 133 =054 5.80 = 213 10.67 + 3.38
Measured 10.67 = 0.98 160 =0.35 267 = 0.40 14.08 + 4,56
Ratio 0.65 = 0.10 083 +0.38 221 +0.87 0.76 = 0.34

*The human cell mutagen denaity contribution is calculated by multiplying the relative source contribution (g EOC per m® air) by the source’s human cell
mutagenic potency [IMF (x10°% per g EOC]. Only those source samples that tested positive in the bacterial assay were tested in the human cell assay; thersfore,
the human cell mutagenic potency contribution for the other source samples Is labeled not determinad (ND), even though It is expected to be close to zero; “The
bacterlal assay mutagen denaity contribution is calculated by multiplying the relative source contribution (g EOC per m? air) by the source’s bacterlal mutagenic
potency; “The contribution of this source to the ambient sample fine particle organic compound concentration In 1983 is not significantly different from zero;

thersfore, this source was removed from the model calculations.

chemical mass balance model and, therefore, the 1.2 fac-
tor was chosen.

The sum of the calculated source contributions is
6.89 + 0,80 pg/m>3, or 65 = 10% of the measured value,
The remaining 35% places an upper limit on the amount
of secondary organic PM that could be present because of
gas-to-particle conversion processes in the atmosphere.
Schauer and co-workers,2? using the same technique,
found this upper limit on secondary organic aetosol to
range from 13% to 31% in the Los Angeles area in 1982,
Because the sources used in the mass balance are expected
to account for only 80% of the primary organic aerosol
ernissions in the Los Angeles area,26 the best estimate
would be that secondary organic aerosol concentrations
are lower, in the vicinity of 20% of the fine organic aero-
sol on an annual basis in 1993, Several studies have used
EC as a tracer for primary OC.5?-62 While these studies
show that secondary organic aerosol concentration can
reach 80+9% during some episodes, they also suggest that
a 20% secondary organic aerosol contribution for an an-
nual average urban sample is realistic.

The relative contribution of the source types to the
concentration of the individual chemical species also can
be calculated from the mass balance model. The percent-
ages of the calculated concentrations of each chemical
species in the model that originate from the individual
source types are shown in Figure 7.
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Apportionment of Ambient Particulate
Mutagenicity
Each of the 15 source samples shown in Table 1 was tested
previously3s in a bacterial mutagenicity assay (the S. ty-
phimurium forward mutation assay of Skopek et al.28),
These source samples represent emission source types that
accounted for ~80% of the fine particle emissions in the
S met Vahister
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Figure 7. Relative source contribution o modeled ambient con-
centrations of organic compounds in the mass balance.
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Los Angeles area in 1982. Of these 15 source samples, 10
were found to be mutagenic at the doses tested, and
further biological analyses using both bacterial?8 and hu-
man cell2” mutation assays were performed on the 10
mutagenic source samples. The mutagenic potency values
shown in Table 1 represent the mutagenic strength (mu-

tagenicity per mass of organics emitted} of a source sam-

ple in the mutation assay systems studied. In all three
assay systems, the natural gas home appliance emissions
sample showed the highest mutagenic potency. Other
researchers have observed strong mutagenic activity for
the PM emissions from natural gas combustion.s3 In the
human cell mutation assay, the source type showing the
second highest mutagenic potency was noncatalyst auto-
mobile exhaust aerosol, followed by diesel engine exhaust
aerosol, and then followed by several other samples hav-
ing approximately the same mutagenic potency: catalyst-
equipped automobile exhaust, fuel oil-fired boiler emis-
sions, smoke from fireplace combustion of pine wood,
smoke from fireplace combustion of oak wood, and roof-
ing tar pot emissions. In the bacterial assay system with
addition of PMS, noncatalyst auto exhaust aerosol, heavy-
duty diesel truck exhaust particles, and fuel oil-fired boiler
emissions exhibited approximately equal mutagenic po-
tency, followed by catalyst-equipped auto exhaust parti-
cles, smoke from fireplace combustion of pine and oak
wood, as well as cigarette smoke and roofing tar pot emis-
sions. In the bacterial assay system without addition of
PMS, the source sample with the second-highest muta-
genic potency is heavy-duty diesel truck exhaust, fol-
lowed in order of potency by smoke from fireplace com-
bustion of oak wood, catalyst and noncatalyst-equipped
automobile exhaust aerosol, smoke from fireplace com-
bustion of pine wood, fuel oil-fired boiler emissions,
smoke from fireplace combustion of synthetic logs, and
then cigarette smoke and roofing tar pot emissions.

The product of the mutagenic potency of an emission
source times the contribution of that source type to the
ambient fine organics mass concentration provides an
estimate of the contribution of that source type to the
mutagenicity of the ambient aerosol composite. The as-
sumptions are that (1) there are linearly additive muta-
genic contributions to the atmospheric sample, and (2)
mutagenicity of the source effluents is not transformed by
atmospheric chemical reactions. This multipllication of
mutagenic potency {(mutagenicity per unit organics mass)
times the quantity of organics contributed from the
source (organic mass per m?) yields a quantity that previ-
ously has been defined as the mutagen density, which is
the induced mutant fraction per m® ambient air sampled
to supply organics to the standard bioassays. These source
contributions to mutagen density are shown in Table 2.
The mutagenic potency of the gasoline-powered vehicle
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composite sample is estimated as a linear combination of

" the potencies of the catalyst and noncatalyst gasoline-

powered engine exhaust fine particle samples assembled
in proportion to their contribution to fine particle organ-
ics mass emissions from the 1993 Los Angeles fieet, as
calculated earlier. The sum of the mutagen density con-
tributions from each source can be compared with the
mutagen density observed in the ambient sample.

In the human cell assay, the sum of the mutagen
density contributions from the source types used in this
analysis accounts for an IMF of 1,33 (+0.56) X 10°¢ per m?
air, or 83% * 38% of the mutagen density of the com-
posite ambient sample. The overali contribution of the
primary source effluents is statistically indistinguishable
from the total human cell mutagenicity of the ambient
sample, 45-1219% using the uncertainty bounds. This is
consistent with previous inferences drawn from the sea-
sonal and spatial patterns of the mutagenic potency of
ambient samples taken in the Los Angeles area during
1993, which also suggest that mutagenic potency values
do not vary seasonally and do not increase with down-
wind transport away from the primary source areas, as
might be expected if the most important human cell
mutagens were being created by atmospheric chemical
reactions.® The natural gas home appliance emissions es-
timate is by far the largest predicted primary source con-
tributor to the mutagen density of the atmospheric sam-
ple, even though the mass concentration of the natural
gas source material is extraordinarily low. This occurs
because the mutagenic potency of the natural gas com-
bustion aerosol is very high. The PAHs in the natural
gas sample are not accompanied by a large amount of
particle-phase hydrocarbons from unbumed fuel that
contribute to the mass concentration but not to the mu-
tagenidty of many of the other samples.5557 To reiterate,
the natural gas combustion emissions sample used for this
study was a composite sample of only a few natural gas
home appliances. Still, further investigation into the na-
ture of natural gas combustion emissions is warranted.

In a previous study,3% the bacterial mutagenicity of
different extracts from these same source samples was
weighted by their relative Los Angeles-area emissions for
1982, and the mutagenicity of this emissions-weighted
source effluent composite was compared with the bacte-
rial mutagenicity measured in 1982 ambient fine particle
samples taken in Los Angeles. When the bacterial muta-
genicity measured in the ambient sample was compared
with the bacterial mutagenicity of the emissions-
welghted source composite, it was found that this simple
approximation generated rough agreement between the
mutagenicity of the two types of samples.

Given the new ambient samples from 1993 and the
newly calculated 1993 source contributions, it is now
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possible to repeat that earlier study for a more recent year.
The sum of the mutagen density contributions in the
bacterial assay from the source types used in this analysis
accounts for 221% = 87% of the ambient mutagen den-
sity in the presence of PMS and 76% * 34% in the absence
of PMS. Again, the bacterial mutagenicity of a source
contribution-weighted composite of the primary source
samples is approximately laige enough to account for
nearly all of the bacterial mutagenicity of the ambient
samples.

CONCLUSIONS

The primary fine particle organic mass concentration in
the Los Angeles-area atmosphere in 1993 has been appor-
tioned between eight emission source types. The largest
primary contributors to organic aerosol mass are meat
cooking, wood combustion, and diesel vehicles. This re-
sult agrees with a previous analysis performed by Schauer
and co-workers?3 using ambient samples taken during
1982, The major difference between the two studies is a
decrease in the source contribution from diesel vehicles.
That decrease in diesel engine exhaust aerosol concentra-
tion is believed to be consistent with the introduction of
cleaner diesel engines and cleaner-burning diesel fuels
between 1982 and 1993.

The fine particle mutagenicity of the Los Angeles-area
atmospheric aerosol in 1993 also has been apportioned
between the same eight source types using both a human
cell assay system as well as a bacterial assay system. In
both the human cell and bacterial assay systems, a linear
combination of the mutagenicity values of the primary
source samples assembled in proportion to their calcu-
lated contribution to the atmospheric sample composite
is statistically indistinguishable from the measured muta-
genicity of the atmospheric sample itself. In both the
human cell assay system and bacterial assay system
(+PMS), the largest source of the predicted contribution
to the mutagenicity of the atmospheric sample is caused
by natural gas combustion in residential appliances, with
smaller contributions from diesel exhaust, gasoline-
powered vehicle exhaust, and wood smoke. In the bacte-
rial assay system (—PMS), diesel exhaust is the largest
contributor, followed by natural gas appliances, gasoline-
powered vehicles, and wood smoke.

Known primary emissions sources are clearly capable
of emitting mutagenic organic matter to the urban atmo-
sphere in amounts sufficient to account for the observed
mutagenicity of the ambient samples. The error bounds
on this analysis, however, are wide enough to admit to
the possible presence of additional mutagenic organics
that are formed by atmospheric chemical reaction (e.g.,
2-nitrofluoranthene, which has been identified as one of
the more important single human cell mutagens in the
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atmospheric composite studied here, accounting for ~1%
of the total sample mutagenic petency$),

The compounds that have thus far been identified
as the important mutagens in this ambient fine PM
sample include cyclopenta[cd]pyrene, benzola]pyrene,
benzolk]fluoranthene, and benzo[b]fluoranthene. These
compounds account for ~10-15% of the whole sampie
mutagenicity. These compounds also have been identified
In several source samples.50.54-58 The interesting point is
that a linear combination of the emissions of these PAHs
according to the source contributions computed in this
article will overpredict the atmospheric concentration of
these PAHs.54 If these PAHs were reacting to form non-
mutagenic compounds, then the linear combination of the
mutagenic potencies from the sources should overpredict
the atmospheric mutagenic potency. This does not occur.
Likely, there is conversion of mutagenic PAH to mutagenic
PAC (polycyclic aromatic compounds) and formation of
mutagenic PAC from secondary aerosol generation involv-
ing gas-phase PAH. Still, the important source of the ambi-
ent mutagens is the source that emits the PAH.

Interestingly, the major contributors to the particu-
late air pollution mass are not necessarily the major con-
tributors to the mutagenicity of the particulate air pollu-
tion. This may be true of other environmental stresses,
The general method employed herein, which combines
source apportionment with environmental assays of
source and ambient samples, can be used to investigate
the origin of other environmental stresses such as asthma,
as long as a viable assay can be identified.
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Acrolein is a major cigarette-related lung cancer
agent: Preferential binding at p53 mutational
hotspots and inhibition of DNA repair
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The tumor suppressor gene p53 is frequently mutated In cigarette
smoke (CS)-related lung cancar. The p52 binding pattern of carcl-
nogenic polycyclic aromatic hydrocarbons (PAHs) found In €S
coincides with the p53 mutational pattern found In lung cancer,
and PAHs have thus baen considered to be major culprits for lung
cancer. However, compared with other carcinogenic compounds,
such as aldehydes, the amount of PAHs in CS Is minute. Acrolein
(Acr) is abundant in CS, and It can directly adduct DNA. Acr-DNA
adducts, similar to PAH-DNA adducts, induce predominantly G-to-T
transvarsions in human cells. These findings raise the question of
whether Acr-DNA adducts are responsible for p53 mutations In
CS-related lung cancer. To determine the role of Ac-DNA adducts
in p53 mutagenesis In CS-related lung cancer we mapped the
distribution of Acr-DNA adducts at the sequence level in the p53
gene of lung calls using the UvrABC incision method In combina-
tion with ligation-medlated PCR. We found that the Ac-DNA
binding pattam Is similar to the p53 mutational pattem In human
lung cancer. Acr preferentially binds at Cp@G sites, and this enhance-
ment of binding is due to cytosine methylstion at these sequences.
Furthermore, we found that Acr can greatly reduce the DNA repair
capacity for damage induced by benzolalpyrene diol epoxide.
Together these results suggest that Acr is a major etiological agent
for CS-related lung cancer and that It contributes to lung carcino-
genesls through two detrimental effects: DNA damage and Inhi-
bition of DNA repair.

DNA damage

he tumor suppressor gene p53 is frequently mutated in human
cancers (1, 2), and its mutational patterns often bear the
fingerprints of the etiological carcinogens. Most notably it has been
found that >50% of alfatoxin Bl-associated liver cancers have
mutations in codon 249 of the p53 gene and that p53 mutations are
concentrated at contiguous pyrimidines in sunlight-associated skin
cancers (3, 4). Previously we demonstrated that DNA adducts
induced by diol epoxides of polycyclic aromatic hydrocarbons
(PAHS), a major category of cigarette smoke (CS) carcinogens,
preferentially occur at p53 mutational hotspots in CS-related lung
cancers and that adducts formed at these locations are poorly
repaired (5-7). The p53 gene is the most frequently mutated tumor
suppressor gene in CS-related lung cancers, and its mutational
pattern is distinctly different from that found in lung cancers of
nonsmokers (Fig. 5, which is published as supporting information
on the PNAS web site), PAHs have been shown to be strong
carcinogens, and thus PAH-induced DNA damage may shape the
p53 mutational pattern in lung cancer and may also represent a
strong molecular link between lung cancer and cigarette smoking
(1,2, 5-7). The question of whether PAHs are the major culprits in
CS smoke that cause¢ human cancer remains unsettied because CS
contains >4,000 compounds, many of which, particularly aldehydes,
are not only more cytotoxic than PAHSs but can also cause similar
kinds of mutations (8, 9).
Acrolein (Acr) is one of the most abundant, reactive, and
mutagenic aldehydes in CS; it is found in amounts up to
1,000-fold higher than those of PAHs in CS [10-500 ug per
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cigarette compared with 0.01-0.05 ug of benzo[a]pyrene (BP)
per cigarette] (8). It can be taken up reasonably efficiently by
human cells and react directly without metabolic activation with
guanine residues in DNA to produce exocyclic DNA adducts,
6-hydroxy-1,N*-propanodeoxyguanosine and 8-hydroxy-1,N?-
propanodeoxyguanosine adducts (Acr-dG) (Fig. 1), which are
mutagenic and induce predominantly G:C-to-T:A transversion
mutations similar to PAHs (9). Although Acr has been shown to
be cytotoxic and genotoxic in human cells, as a suspected
carcinogen its carcinogenicity in animal models has not been
adequately evaluated because of its extremely potent toxic
effects, which often result in death (9-11). Nonetheless, it has
been found that Acr treatment greatly enhances urinary bladder
papilloma occurrence in rats (9). Acr is one of the two major
toxic metabolites of the chemotherapeutic agents cyclophosph-
amide and ifosfamide, and Acr has been long suspected to be an
important factor in the induction of secondary human bladder
tumors in cyclophosphamide-treated patients (9). Acr-dG DNA
adducts have been detected in animal and human tissues (12),
and it has been shown that the oral tissues of cigarette smokers
have significantly higher Acr-dG levels than those of nonsmok-
ers (13). These findings raise the possibility that Acr may
contribute greatly to CS-related mutagenesis and carcinogenesis.
To determine this possibility we developed a method using the
UvrABC nuclease incision method in combination with the
ligation-mediated PCR (LMPCR) technique (UvrABC/
LMPCR) to map the Acr—dG adduct distribution at the se-
quence level in the p53 gene in normal human lung cells and
compared it to the p53 binding pattern of BP diol epoxide
(BPDE), a major carcinogenic form of BP, in the same cells
(5, 8).

Acr is very reactive toward nucleophiles, including thiol-
containing proteins; intracellularly the majority of Acr is covalently
bonded with proteins (9). Two major endogenously produced
aldehydes, frans—4-hydroxy-2-nonenal (4-HNE) and malondialde-
hyde, can bond with proteins and have been found to cause an
inhibitory effect on nucleotide excision repair (NER) (14, 15). We
therefore also examined the effect of Acr on DNA repair using host
cell reactivation and in vitro DNA damage-specific repair synthesis
assays (14, 15).
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Fig.1. Chemical structures and detections of Acr—dG. (A) Chemical structure
of Acr and Acr-dG adducts. (B) Identification of 32P-labeled Acr-DNA adducts
by 2D TLC. Acr-modified DNA isolated from Acr-treated human cells and
Acr-treated purified genomic DNA were digested with phosphodiesterase and
nuclease P1, labeled with [y32PJATP, and subjected to 2D TLC, as described in
Materials and Methods. The standard Acr-dG adducts were obtained by
reaction of Acr (0.2 M) with dGMP (2 mM) and then labeled with [y-32P]ATP,
and the major Acr-dG 3 adducts are indicated by circles. (a) DNA isolated from
control cells. (b} Acr-modified genomic DNA. (c) DNA from Acr-treated cells.
{d) Acr-modified dGMP. {e) Mixture of c and d.

Results

Acr Can Directly Modify DNA to Form Propanodeoxyguanine Adducts
in Vitro and in Vive. It is well known that Acr can react directly with
guanine residues in purified DNA to produce four isomeric exo-
cyclic DNA adducts, two minor stereoisomeric Acr-dG adducts
(Acr-dG 1 and 2), and two major stereoisomeric 8-hydroxy-1,N2-
propanodexoyguaosine adducts (Acr-dG 3 and 4) (16) (F. L.
and C. Rizzo, personal communication) (Fig. 1). To ensure
that the Acr-DNA adducts formed in vivo resulted from the direct
mteraction of Acr with genomic DNA, we identified the type of
DNA adducts formed in cultured lung cells treated with Acr and in
purified genomic DNA treated with Acr using the 32P postlabeling
and 2D TLC method. The results in Fig. 1 show that Acr-dG 3 is
the major Acr-dG adduct found both in Acr-treated purified
genomic DNA and in DNA from cells treated with Acr. Three
isomeric Acr-dG adducts are found in Acr-modified dGMP, with
the major adduct (Acr-dG 3) being the same as that found in
Acr-treated cells and genomic DNA. No Acr-dG 1 or Acr-dG 2
adducts were found in Acr-treated cells or Acr-modified genomic
DNA. Although a small quantity of Acr—dG 4 adducts was found
in Acr-treated cells, this type of adduct was not found in Acr-
modified genomic DNA. Using relatively high concentrations of
Act (1.1 M) for modifications of calf thymus DNA, Chunget al. (16)
detected Acr-dG 1 and 2 adducts. These two types of adducts
were not evident in Acr-cultured Chinese hamster ovary cells,
liver samples from mice and rats, and human liver and oral tissue
“samples; in contrast, Acr-dG 3 adducts were detected in these
samples (12, 13, 17). Structural constraints in genomic DNA and
chromatin structure may hinder formation of Acr-dG 1 and 2
adduct isomers. Our results are consistent with well established
findings that Acr can react directly without metabolic activation
with guanine residues in DNA to produce exocyclic propanodeox-
yguanosine DNA adducts (12, 13, 16-18).

UvrABC Is Able to Incise Acr—dG Adducts Quantitatively and Specifi-
cally. To assess the contribution of Acr-induced DNA damage to
the p53 mutation pattern in lung cancer it is necessary to map the
Acr-DNA adduct distribution at the sequence level in the p53 gene
of lung cells treated with Acr, Previously, using the UvrtABC/
ILMPCR method, we successfully mapped various types of bulky
carcinogen-induced DNA damage at the sequence level in the p53
and ras genes (5, 19-21). The rationale of this approach is based on
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the finding that, under proper conditions, UvtABC can incise bulky
DNA adducts specifically and quantitatively, and the extent of
UvrABC incision therefore represents the extent of adduct forma-
tion rather than UvrABC sequence preferences (22), Because
radioactively labeled Acr is not available, we assessed the quanti-
tative relationship between UvrABC incision and Acr-DNA ad-
duct formation in supercoiled DNA. We found that the number of
UvrABC incisions was proportional to the concentration of Acr
used for DNA modification, indicating that UvrABC is able to cut
Acr-dG adducts quantitatively (Fig. 64, which is published as
supporting information on the PNAS web site). To determine the
specificity of UvrABC cutting, 5' or 3' single-end, 32P-labeled p53
DNA fragments were reacted with UvrABC nuclease, and the
resultant DNAs were separated by electrophoresis in a denatured-
DNA sequencing gel. The results show that UvtABC makes the
typical dual incisions 7nt 5’ and 4 nt 3’ to an Acr-d(G adduct, similar
to what we have found for most bulky carcinogen-induced DNA
damage (22) (Fig. 6 B and C). The results also show that the kinetics
of UvrABC cutting at different sequences are similar, if not
identical (Fig. 7 4 and C, which is published as supporting infor-
mation on the PNAS web site). It should be noted that we have
found that at the end of incubation UvrABC remains active. Based
on these results we concluded that UvrABC is able to cut Acr-dG
adducts quantitatively and specifically and that the extent of
UvrABC cutting at different sequences represents the extent of
Acr-DNA adduct formation at the sequence.

Acr-DNA Adducts Are Preferentlally Formed at the Lung Cancer p53
Mutational Hotspots. Having established that the UvrABC nuclease
is able to incise Acr—dG adducts specifically and quantitatively, we
then used the UvTABC/LMPCR method to map the Acr-DNA
binding spectrum in the coding strand of exons 5, 7, and 8 of the p53
gene in normal human lung cells. Normal human bronchial epi-
thelial (NHBE) cells and normal human lung fibroblasts (NHLF)
were treated with different concentrations of Acr for 6 h, and
genomic DNA was isolated to map the Acr~DNA binding pattern.
For co i we also mapped the distribution of
BPDE-DNA adducts in the p53 gene of NHBE cells treated with
BPDE using the same UvrABC/LMPCR method. The results in'
Fig, 24, lanes 3-5, show that AcrdG preferentially formed at
codons 152, 154, 156, 157, and 158 in exon 5; codons 248 and 249
in exon 7; and codons 273 and 282 in exon 8 of the p53 gene. The
Acr-DNA adduct distributions in exons 5, 7, and 8 of the p53 gene
in the NHBE cells are very similar, but not quite identical, to the
BPDE-DNA adduct distribution, as shown in Fig. 2B. BPDE
preferentially forms DNA adducts at only CpG sites in codons 156,
157, and 158 of exon 5; codon 248 of exon 7; and codon 273 of exon
8 in the p53 gene in NHBE cells, which is consistent with previously
published reports (5, 6). Codons 157, 158, 248, 249, 273, and 282 of
the p53 gene are the mutational hotspots in CS-related lung cancer,
and codons 249 and 273 of the p33 gene are mutational hotspots in
lung cancers of both cigarette amokers and nonsmokers (Fig. 5).
Whereas Acr-dG adducts preferentially form at codon 249, BPD-
E~dG adducts do not (Fig. 2). It is worth noting that we have
previously found that six of the activated cigarette PAHS either do
not bind or weakly bind to this codon (5, 7).

We also mapped the distribution of Acr-DNA adducts along the
P53 gene in NHLF treated with Acr. The results show that the
Acr-DNA adduct distribution pattern in the p53 gene in NHLF was
almost identical to that found in NHBE cells (Fig. 24). These
results clearly demonstrate that the specific binding spectrum of Acr
in NHBE cells is due to the intrinsic binding specificity of Acr rather
than the specificity of cell types.

The levels of Acr—dG formation in exons 5, 7, and 8 of the p53
gene of NHBE cells were compared with the mutation distribution
in this gene in CS-related lung cancer obtained from the p53
database (Fig. 2C). The histograms of both show remarkable
resemblance, which indicates that Acr—dG adducts may contribute
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Fig.2. Acr-dG and BPDE~dG distributions in the p53 gene. (A and 8) Acr-dG and BPDE-dG adduct distribution in exons 5, 7, and 8 of the p53 gene of normal
human lung cells treated with Acr (A) and BPDE (8). In A, NHBE cells and NHLF were treated with 20 uM Acr for 6 h, and in B, NHBE cells were treated with 1
M BPDE for 30 min. Genomic DNA was then isolated, the DNA adduct distribution was mapped by the UvrABC/LMPCR method, and the DNA was separated
by electrophoresis. A/G and T/C are Maxam and Gilbert reaction products (26). {C) Comparisons of the frequency of Acr-dG adduct distribution along the p53
gene in NHBE celis with the frequency of the p53 mutations in CS-related lung cancer {(international Agency for Research on Cancer p53 Mutation database,

http:/ /www-p53.iarc.fr}.

to CS-related lung cancer and that Acr, instead of PAHS, from CS
may be the etiological agent that causes mutations at codon 249 of
the p53 in lung cancers of both cigarette smokers and nonsmokers.
Acr is abundant im secondhand smoke and is also rich in cooking
fumes (8, 9), which may be the major sources of Acr exposure for
nonsmokers.

C5 Cytosine Methylation Enhances Acr-dG Binding at CpG Sites In the
P53 Gene. Results in Fig. 2 show that, except for codon 249, all of
the preferential sites of Acr—dG binding are guanines within CpG
sites. Why does Acr preferentially bind at codons containing CpG
sequences? In human genomic DNA cytosines at CpG sequences
are frequently methylated at the C5 position, and this methylation
may affect the stereostructure of DNA and/or nucleosomal struc-
ture in a manner that consequently affects bulky carcinogen binding
(23-25). Indeed, we have found that C5 cytosine methylation at
CpG sites enhances the binding of bulky chemicals at the adjacent
guanines (25). Two approaches were undertaken to ascertain the
reason behind the selectivity of Acr binding at CpG-containing
codons in the p53 gene. First, we determined the Acr—dG binding
pattern in the p53 gene by directly modifying NHBE genomic DNA
and compared it to the pattern that resulted from treating intact
NHBE cells; we found that both patterns of Acr—-dG formation in
the p53 gene are very similar, if not identical (Fig. 8, which is
published as supporting information on the PNAS web site). These
results thus rule out nucleosomal structure playing a major role in
determining the Acr—dG binding pattern in the p53 gene. Second,
we determined the Acr binding pattern in p53 DNA fragments with
or without C5 cytosine methylation at CpG sequences. 3’ *2P-end-

15406 | www.pnas.org/cgi/doi/10.1073/pnas. 0607031103

labeled DNA fragments of exon 7 and 5’ 3P-end-labeled DNA
fragments of exon 5 of the p53 gene obtained by PCR amplification
were subjected to Sssl methylase treatment in the presence of
S-adenosylmethionine to methylate all cytosines at CpG sites. DNA
fragments with and without methylation treatment were then
modified with Acr, and the adduct distributions were mapped by the
UvrABC incision method. The extent of cytosine methylation was
determined by Maxam and Gilbert chemical cleavage reactions
(26). Because hydrazine is unable to modify CS-methylated cy-
tosines, both the 5'- and 3'-phosphodiester bonds of each methyl-
ated cytosine are refractory to piperidine hydrolysis and no cytosine
ladders are observed at methylated cytosines (26). As shown in Fig.
3.4 and B, under the methylation conditions we used all of the CpG
sites in the DNA fragments are methylated, and the intensities of
the UvrABC incision bands of Acr-DNA adducts are enhanced 2-
to 4-fold at almost al!l CpG-containing codons, such as codons 152,
154, 156, 157, 158, and 159 (Fig. 34) and codons 245 and 248 (Fig,
3B) in methylated versus unmethylated p53 DNA fragments. In
contrast, the intensities of UvrABC incision bands of Acr-DNA
adducts did not change significantly at the non-CpG-containing
codons in methylated DNA fragments. To nile out the possibility
that this enhancement of UvrABC cutting at methylated CpG sites
is due to UvrABC having a higher cutting efficiency toward Acr
adducts at methylated CpG sites versus other non-Cp(G sequences,
the kinetics of UvtABC cutting for methylated CpG sequences and
other sequences was determined in methylated p53 exon 7 DNA
fragments to determine whether the kinetics of UvrABC incision
was in fact different for methylated CpG sites versus other se-
quences, We found UvrABC incision at all Acr-binding sites, in
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Fig.3. The effect of 5C cytosine methylation at CpG sites on Acr-dG adduct
formation. Cytosines at CpG sites of 5’ 32P-labeled exon 5{A) and 3’ 32P-labeled
exon 7 (B} of p53 DNA fragments were methylated by Sss| CpG methylase, and
the DNA fragments with and without methylation treatment were modified
with Acr (30 uM, 10-h incubation), treated with UwABC nucleases, and
separated by electrophoresis as previously described (25). A/G and T/C are
Maxam and Gilbert reaction products. T/*C represents Maxam and Gilbert
reaction products from methylated DNA fragments. *C represents the meth-
ylated cytosine, and the codon number of the bands corresponding to CpG
sites is indicated by an asterisk.

both methylated CpG sequences (codons 245 and 248) and other
unmethylated sequences, to be a function of incubation time and to
plateau after 30 min of incubation, which leads us to conclude that
the enhancement of UvrABC cutting at methylated CpG sites is due
to preferential Acr binding as opposed to preferential UvrABC
cutting for Acr adducts at methylated CpG sites (Fig. 7). Taken
together, these results suggest that the strong binding of Acr at
CpG-containing codons in the p53 gene in human lung cells is due
to 5-C cytosine methylation at these sequences. The results also
suggest that the weaker Acr—-dG formation at codons such as 158,
175, and 245 that contain CpG sequences is likely due to cytosines
at these sequences not being methylated.

Acr Treatment Reduces the Abliity of Cells to Repair BPDE-DNA
Adduets, The carbonyl group and olefinic bond of Acr make this
molecule reactive toward not only nucleic acids but also thiol-
containing proteins (9). It is conceivable that Acr binding may or
may not affect the functions of the proteins. Previously we have
found that aldehydes, such as 4HNE and malondialdehyde, can
greatly reduce cellular NER capacity (14, 15). We therefore deter-
mined the effect of Acr treatment on NER capacity using the well
established host cell reactivation assay and in vifro DNA damage-
specific repair synthesis assay (14, 15). We found that, similar to
4-HNE and malondialdehyde, Acr can greatly inhibit NER for
BPDE-induced DNA damage (Fig. 4). This inhibitory effect is
much more pronounced in cell lysates directly treated with Acr than
in whole cells treated with Acr (Fig. 4), suggesting that the Acr may
interact with components in growth medium, that the cellular
membrane may serve as a barrier to the uptake of Acr, and that the
inhibitory effect is due to the interactions of Acr with repair
proteins.

Acr—dG Adducts Induce G-to-T Trensversion Mutations In Human Cells.

It has long been recognized that CS-related lung cancers are rich in
G-to-T transversions in the p53 gene (>>30% versus 10% in other
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FAg.4. Inhibition of the repair of BPDE-DNA adducts in human cells by Acr.
(A) Repair inhibition determined by host cell reactivation assay. BPDE-
modified luciferase reporter and unmodified 5-galactosidase plasmids were
cotransfected into NHLF treated with different concentrations of Acr for 1 h,
and luciferase and g-galectosidase activities were measured 20 h after trans-
fection. The relative repalr capacity was calculated as the percentage of the
relative luciferase activity of the plasmids in Acr-treated cells compared with
untreated cells after normalization of the transfection frequency with g-
galactosidase activity. (B-D) Repair inhlbition determined by /in vitro DNA
repair synthesis assay. BPDE-modified pUC18 and unmodified pBR322 plas-
mids were used as DNA substrates for in vitro DNA repair synthesis assay. {8)
NHLF were treated with different concentrations of Acr for 1 h, and the cell
extracts were used for repair assay. (C) Different concentrations of Acr-were
added directly into cell extracts prepared from untreated NHLF immediately
before the start of repair assay. (Upper) Photograph of an ethidium bromide-
stained gel. {Lower) Autoradiograph of the same gel. (D) The reiative repair
capacity was calculated as the percentage of the repair activity in Acr-treated
samples to untreated samples. The data represent three independent exper-
iments, and the error bars represent the standard deviation.

human cancers) (2). This phenomenon has been attributed to
mutations induced by bulky carcinogens in CS, including PAHs
(5-7, 27). To determine the types of mutations induced by Acr-dG,
we modified shuttle vector pSP189 DNA containing the supF gene
with Acr (100 M) and transfected the plasmid mto NHLF for
replication. Replicated plasmid was then transformed into mndicator
Escherichia coli cells, mutant white colonies were collected, and
Acr-induced mutations in the supF gene were sequenced. We found
that Acr modification resulted in greatly e ing mutation
frequency (from 4 X 1040 120 X 10~4) and that >50% of the base
substitutions induced by Acr—dG adducts are G-to-T transversions
(28 of 55 total base substitution mutants sequenced). These results
further support the hypothesis that Acr in CS contributes signifi-
cantly to p53 mutagenesis in lung cancer.
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Discussion
CS is the major cause of lung cancer deaths, and 90% of all lung

“ cancers in the United States are CS-related (28, 29). CS contains

>4,000 compounds, many of which, including PAHs, N-
nitrosamines, aromatic amines, and metals, are not only mutagenic
but also well established carcinogens in animal models (8, 29, 30).
Therefore, it is reasonable to assume that these compounds con-
tribute to CS-related hung carcinogenesis in humans, Previously,
using the UvtABC/LMPCR. method, we found that diol epoxides
of potent PAH carcinogens found in CS preferentially form DNA
adducts at p53 mutational hotspots in CS-related lung cancer, such
a8 codons 156, 157, 158,-245, 273, and 282 (5, 7). In addition,
BPDE-DNA adducts formed at these sites are poorly repaired (6).
Because the p33 gene is the most frequently mutated gene in
CS-related lung cancer and the p53 mutational spectra in lung
cancer of smokers and nonsmokers are distinctly different (1, 2)
(Fig. 5), our findings strongly suggest that targeted DNA damage
determines the p53 mutational spectrum in CS-related lung cancer.
These results, however, do not exclude the possibility that many
other CS compounds also contribute to lung carcinogenesis. In fact,
these results raise the possibility that any DNA. com-
pounds present in CS that preferentially bind to the CS-related lung
cancer p53 mutational hotspots are lung cancer etiological agents.

Acr is one of the most abundant compounds generated in CS; the
amount of Acr in a single cigarette, depending on the manufacturer,
ranges from 10 to 500 ug (8, 31). The total amount of PAHs present
in CS, in contrast, i8 in the range of just a few micrograms (8). Acr
has been shown to interact with nucleophiles, including DNA and
proteins in cells (32). Unlike PAHs, where only metabolically
activated forms can form adducts with DNA, Acr can directly
interact with DNA and form DNA adducts (18, 23). Similar to
PAH-DNA adducts, Acr-DNA adducts induce mainly G:C-to-T:A
transversion mutations (10, 33-35), the major type of mutations
found in the p53 gene in CS-related lung cancer, Although the
carcinogenicity of Acr in the lung has not been studied because of
the severe toxicity associated with Acr treatment in animals, ip.
injection of Acr has been shown to cause bladder cancer in rats (36).
These results indicate that Acr is indeed a carcinogenic substance.
Although the effects of CS on Acr—dG formation in the lung tissue
of cigarette smokers has not been determined, it has been reported
that the level of Acr—dG DNA adducts in the oral tissue of smokers
is in the range of a few micromoles per mole of guanine, which is
far above the level of PAH-DNA adducts found in the oral or lung
tissue of cigarette smokers (12, 13). It is very likely that the level of
Acr—dG in lung tissue is similar to that found in the oral tissues of
cigarette smokers. If this is the case, then, based on Acr abundance
in CS, its reactivity toward DNA, and mutagenicity of Acr-DNA
adducts, Acr is potentially one of the major etiological agents of
CS-induced lung cancer. Qur current results demonstrate that,
similar to PAHS, Acr preferentially binds to p53 mutational hot-
spots of CS-related lung cancer in human cells, including NHBE
cells. These results strongly suggest that Acr-dG adducts, as well as
PAH-DNA adducts, contribute greatly to these mutations in lung
cancer.

We have found that all of the Acr preferential binding guanines,
except for codon 249, in the p53 gene are located at CpG sequences
and that C5 cytosine methylation at CpG sites can greatly enhance
Acr—dG adduct formation. This C5 cytosine methylation has been
previously shown to also enhance guanine adduction at CpG sites
by BPDE, aflatoxin B1 8,9-epoxide, and N-acetoxy-acetylaminoflu-
orene, even though the binding positions by these agents on
guanines are different (25). The precise mechanism of how C5
methylation enhances adduction to guanines at these sites has yet
to be elucidated. It is worth noting that these CpG sites are in the
coding region of the p53 gene and are also very distant from
promoter region. The function and the extent of methylation at
these Cp(G sites in the p53 gene in NHBE and lung fibroblasts are
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also unknown and may vary among different individuals, If this is
the case perhaps these variations may contribute to the different
susceptibilities of individuals to CS-induced lung cancer.

We found that codon 249 in the p53 gene is a preferential binding
site for Acr even though it is not a CpG-containing site and the Acr
binding at this position is not affected by CpG methylat:on at the
summndmg sequences (codon 248). Codon 249 is a mutational
hotspot in lung and liver cancers (2) (Fig. 5). Intriguingly, we found
that all of the PAHs we tested and AFB1-89-epoxides, the
etiological agents for liver cancer, do not preferentially bind to
codon 249 (3, 5, 7, 25). Recently, bowever, we found that 4-HNE,
another a,f-unsaturated aldehyde and a major lipid peroxidation
product that is also able to interact with DNA to form exocyclic

propanodeoxyguanosine adducts, preferentially forms DNA ad-
ductsatthlscodon(37) 4-HNE~dG adducts have been found to
induce G:C-to-T:A mutations in human cells (38). Increasing
evidence suggests that lipid peroxidation and chronic oxidative
stress play important roles in human carcinogenesis; although the
mechanisms involved are unclear, it is possible that aldehydes
resulting from endogenous lipid peroxidation and other sources,
such as Acr, 4-HNE, malondialdehyde, and crotonaldehyde, may
contribute greatly to mutations at codon 249 in human cancer.

We have also found that Acr can greatly reduce the NER
capacity. NER is the major repair pathway for bulky DNA damage,
including PAH-DNA adducts and exocyclic propanodeoxyguanme
adducts (22, 39). It has been found that the NER capacity in
individuals who have a genetic defect in NER genes, such as
xeroderma pigmentosum patients, is reduced to 10-20% that of
normal individuals; these patients have 2,000-fold and 20- to 30-fold
higher cancer incidence in skin and internal organs, respectively
(40). NER gene knockout animals have a predisposition for spon-
taneous and chemically induced carcinogenesis (41). It has been
strongly suggested that PAHS present in CS and in the environment
are the agents responsible for the lung carcinogenesis, and the DNA
damage induced by activated metabolites of PAHSs initiate carci-
nogenesis (5, 7, 42). Our findings that Acr greatly inhibit cellular
repair capacity to remove BPDE-DNA adducts in human lung cells
strongly suggest that Acr also contributes significantly to lung
carcinogenesis by its inhibitory effects on DNA repair in addition
to damaging DNA directly. Our findings that the Acr-dG adduct
distribution is similar to the mutational spectrum in CS-related lung
cancer and that Acr can cause a significant inhibitory effect on
DNA repair raise the possibility that Acr is an equally potent, if not
more potent, lung cancer etiological agent as PAHS, considering the
abundant amount of Acr in CS and in the environment. We propose
that the carcinogenicity of Acr is derived from two detrimental
effects: damaging DNA and reducing DNA repair capacity. These
two effects may in turn lead to more mutations, which can be
induced by both PAHs and Acr, to trigger carcinogenesis.

Worldwide, >2 million people die of CS-related cancer annually
(43). Although smoking cessation is the most effective way to
reduce these cigarette-induced deaths, this approach is unrealistic
in the short term. Identifying the etiological agents for CS-induced
cancer and designing methods to eliminate them from CS provide
us with the simplest and most realistic solution. Although Acr
carcinogenicity requires further epidemiological confirmation and
studies in proper animal models, inmediate measures to reduce this
contaminant both in CS and in the environment seem warranted.

Materials and Methods

Cell Culture, Carcinogen Treatment, and Genomic DNA Isolation,
NHBE cells were cultured in medium provided by Clonetics (San
Diego, CA). NHLF (CCL-202) and lung adenocarcinoma cells
(A549) (American Type Culture Collection, Manassas, VA) were
grown in MEM supplemented with 10% FBS. Stock solutions of
Agr (Sigma-Aldrich, St. Louis, MO) and BPDE {Chemsyn Science
Laboratories, Lenexa, KS) were prepared immediately before use.
Cells at 70% confluency were washed with phosphate buffer
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(PBS/70 mM NaCl/2 mM KCl/1 mM KH,PO,, pH 7.4} and
treated with different concentrations of Acr (0—100 ;M) in serum-
free culture medium for 6 h or different concentrations of BPDE
for 30 min at 37°C in the dark. After treatment, the genomic DNA
was isolated as previously described (5-7). For in vitro modifica-
tions, genomic DNA was isolated from untreated cells and dissolved
in H,0, mixed with different concentrations of Acr, and incubated
at 37°C for 12 h. After repeated phenol and diethyl ether extrac-
tions, the DNA was then precipitated with ethanol and dissolved in
TE buffer (10 mM Tris, pH 7.5/1 mM EDTA).

. Acr-DNA Adduct Analysis. AcT-DNA adducts formed in cells treated

with Acr (0-100 xM) and in purified genomic DNA modified with
Acr (0~100 uM) were analyzed by the 2P postlabeling and the 2D
TLC method on polyethyleneimine cellulose sheets (Anatech,
Newark, DE), as described by Eder and Budiawan (44). The
solvents used were as follows: D1, 0.7 M ammonium formate (pH
3.5); D2, 03 M ammonium sulfate (pH 7.5). The chromatograms
were visualized by autoradiography, the Acr-DNA adducts (al-
though all 3P-labeled Acr-dG adducts were in 3’,5"-bisphosphate
forms, for the sake of simplicity they remain labeled as Acr—dG
adducts) were excised, and the radioactivity was measured. Acr—
DNA adduct levels were calculated by determining the relative
adduct labeling, which is the ratio of labeled adduct nucleotides to
labeled total nucleotides. The specific radioactivity of [y*?P]ATP,
determined by labeling a known amount of dGMP (deoxyade-
nosine 3'-phosphate) (Sigma), was used for the relative labeling
calculations. The well characterized Acr-dG 2 and Acr-dG 3
adducts and oligomer containing Acr-dG 3 [kindly provided by
Fung-Lung Chung (Georgetown University, Washington, DC) and
Carmelo Rizzo and Larry Marnett (Vanderbilt University, Nash-
ville, TN), respectively] were used as standards (16).

Preparation of 3P End-Labeled p53 DNA Fragments and C5 Cytosine
Methylation at CpG Sites. DNA fragments of 247-bp 5’ 32P-end-
labeled p53 exon 5 and 141-bp 3' 3*P-end-labeled p53 exon 7 were
?repared according to the previously described method (19). These

2P-end-labeled p53 DNA fragments were subjected to SssI meth-
ylase (New England Biolabs, Beverly, MA) treatment in the pres-
ence of S-adenosylmethionine according to the manufacturer’s
instructions to methylate all cytosines at Cp(G sites.
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Acr Modification of Supercolled Plasmids and DNA Fragments and
UNTABC Incision Assay of Acr—dG Adducts. Supercoiled pGEM plas-
mids, purified as described previously (14), and 32P-labeled DNA
fragments were modified with different concentrations of Acr
solution and purified as described above; after ethanol precipitation
DNA was dissolved in TE buffer. Methods for UvrA, UviB, and
UvwrC protein purifications, UvrtABC nuclease incision assays,
separations of the resultant DNA, and quantification of band
intensity were the same as previously described (5-7, 22).

Mapping DNA Adduct Distribution In the p53 Gene in Human Genomic
DNA by Using the UvrABC/LMPCR Mathod. The UvrtABC/LMPCR
method was the same as described previously (5, 20). Each exper-
iment was repeated three times with very similar results. The
calculation of the relative intensities of DNA adduct formation at
different codons in the p53 gene was performed as previously
described (5, 20). We used various concentrations of Acr for
treating cells in this study and found that concentrations did not
qualitatively affect the Acr—DNA binding patterns. Thus, for the
sake of clarity, results from one concentration were used for the
quantitative determinations.

Determination of the Effect of Acr Treatment on DNA Repalr. Host cell
reactivation and & vitro DNA repair synthesis assays were per-
formed as previously described to determine the effects of Acr
treatment on DNA repair in human cells (14, 15).

Determination of Mutations Induced by Acr—DNA Adducts. The meth-
ods used for mutation detection and for mutational spectrum
determination were the same as previously described (38). Briefly,
shuttle vector pSP189 plasmid DNA was modified with different
concentrations of Acr and transfected into NHLF for replication.
Plasmids were recovered 72 h after transfection, and replicated
plasmids were then transformed into MB7070 E. coki indicator cells.
The supF gene in plasmids isolated from mutant white colonies
were then sequenced.
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ASED ON SEVERAL SEVERE AIR
pollution events,'? a temporal
correlation between extremely
high concentrations of particu-
late and sulfur oxide air pollution and
acute increases in mortality was well
established by the 1970s. Subse-
quently, epidemiological studies pub-
lished between 1989 and 1996 re-
ported health effects at unexpectedly low
concentrations of particulate air pollu-
tion.* The convergence of data from
these studies, while controversial,*
prompted serious reconsideration of
standards and health guidelines®'? and
led to a long-term research program de-
signed to analyze health-related effects
due to particulate pollution.!*1n 1997,
the Environmental Protection Agency
adopted new ambient air quality stan-
dards that would impose regulatory lim-
its on fine particles measuring less than
2.5 pm in diameter (PM, ;). These new
standards were challenged by industry
groups, blocked by a federal appeals
court, but ultimately upheld by the US
Supreme Court.**
Although most of the recent epide-
miological research has focused on ef-

1132 JAMA, March 6, 2002—Vol 287, No. 9 (Reprinted)

Context Associations have been found between day-to-day particulate air pollution
and increased risk of various adverse health outcomes, including cardiopulmonary mor-
tality. However, studies of health effects of long-term particulate air pollution have
been less condlusive.

Ob)| To assess the relationship between long-term expaosure to fine particu-
late alr pollution and all-cause, lung cancer, and cardiopulmonary mortality.

Design, Setting, and Pasticipants Vital status and cause of death data were col-
lected bytheAmencan Cancer Sodety as part of the Cancer Prevention Il study, an on-
golngprospecﬂvemortalltysmdy which enrolled approximately 1.2 mitlion adultsin 1982.

completed a questionnaire detailing individual risk factor data (age, sex, race,
welght height, smoking history, education, marital status, diet, alcohol consumption, and
occupational exposures). The risk factor data for approximatety 500000 aduits were linked
with air pollution data for metropolitan areas throughout the United States and com-
bined with vital status and cause of death data through December 31, 1998.

Malin Outcome Measure All-cause, lung cancer, and cardiopulmonary mortality.

Results Fine particulate and sulfur oxide—related pollution were associated with all-
cause, lung cancer, and cardlopulmonary mortality. Each 10-jig/m? elevation in fine
particulate air pollution was associated with approximately a 4%, 6%, and 8% in-
creased risk of ali-cause, cardiopulmonary, and lung cancer mortality, respectively. Mea-
sures of coarse particle fraction and total suspended particles were not consistently
associated with mortality.

Conclusion Long-term exposure to combustion-related fine particulate air pollu-
tion is an important environmental rlsk factor for cardiopulmonary and lung cancer
mortality.

JAMA. 2002;287:1132-1141 Wwww jama.com

fects of short-term exposures, several
studies suggest that long-term expo-
sure may be more important in terms
of overall public health.* The new stan-
dards for long-term exposure to PM;
were originally based primarily on 2
prospective cohort studies,'*'$ which
evaluated the effects of long-term pol-
lution exposure on mortality. Both of
these studies have been subjected to
much scrutiny,? including an exten-
sive independent audit and reanalysis
of the original data."” The larger of these

2 studies linked individual risk factor
and vital status data with national am-
bient air pollution data.'® Our analysis
uses data from the larger study and
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(1) doubles the follow-up time to more
than 16 years and triples the number
of deaths; (2) substantially expands ex-
posure data, including gaseous copol-
lutant data and new PM, 5 data, which
have been collected since the promul-
gation of the new air quality stan-
dards; (3) improves control of occupa-
tional exposures; (4) incorporates
dietary variables that account for total
fat consumption, and consumption of
vegetables, citrus, and high-fiber grains;
and (5) uses recent advances in statis-
tical modeling, including the incorpo-
ration of random effects and nonpara-
metric spatial smoothing components
in the Cox proportional hazards model.

METHODS
Study Population
The analysis is based on data collected
by the American Cancer Society (ACS)
as part of the Cancer Prevention Study
I1 (CPS-11), an ongoing prospective
mortality study of approximately 1.2
million adults.'® Individual partici-
pants were enrolled by ACS volun-
teersin the fall of 1982, Participants re-
sided in all 50 states, the District of
Columbia, and Puerto Rico, and were
generally friends, neighbors, or ac-
quaintances of ACS volunteers. Enroll-
ment was restricted to persons who
were aged 30 years or older and who
were members of households with at
least 1 individual aged 45 years or older.
Participants completed a confidential
questionnaire, which included ques-
tions about age, sex, weight, height,
smoking history, alcohol use, occupa-
tional exposures, diet, education, mari-
tal status, and other characteristics.
Vital status of study participants was
ascertained by ACS volunteers in Sep-
tember of the following years: 1984,
1986, and 1988. Reported deaths were
verified with death certificates. Subse-
quently, through December 31, 1998,
vita] status was ascertained through au-
tomated linkage of the CPS-II study
population with the National Death In-
dex.!” Ascertainment of deaths was
more than 98% complete for the pe-
riod of 1982-1988 and 93% complete
after 1688." Death certificates or codes

©2002 American Medical Association. All rights reserved.
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for cause of death were obtained for
more than 98% of all known deaths.
Cause of death was coded according to
the International Classification of Dis-
eases, Ninth Revision (ICD-9). Al-
though the CPS-II cohort included ap-
proximately 1.2 million participants
with adequate questionnaire and cause-
of-death data, our analysis was re-
stricted to those participants who re-
sided in US metropolitan areas with
available pollution data. The actual size
of the analytic cohort varied depend-
ing on the number of metropolitan ar-
eas for which pollution data were avail-
able. TABLE 1 provides the number of
metropolitan areas and participants

available for each source of pollution
data.

Air Pollution Exposure Estimates
Each participant was assigned a met-
ropolitan area of residence based on ad-
dress at time of enrollment and 3-digit
ZIP codearea.”” Mean (SD) concentra-
tions of air pollution for the metropoli-
tan areas were compiled from various
primary data sources (Table 1). Many
of the particulate pollution indices, in-
cluding PM; 5, were available from data
from the Inhalable Particle Monitor-
ing Network for 1979-1983 and data
from the National Aerometric Data-
base for 1980-1981, periods just prior
to or at the beginning of the follow-up
period. An additional data source was
the Environmental Protection Agency
Aerometric Information Retrieval Sys-
tem (AIRS). The mean concentration
of each pollutant from all available
monitoring sites was calculated for each
metropolitan area during the 1 to 2
years prior to enrollment.!”
Additional information on ambient
pollution during the follow-up period
was extracted from the AIRS database
as quarterly mean values for each rou-
tinely monitored pollutant for 1982
through 1998. All quarterly averages
met summary criteria imposed by the
Environmental Protection Agency and
were based on observations made on at
least 50% of the scheduled sampling
days at each site. The quarterly mean
values for all stations in each metro-

politan area were calculated across the

- study years using daily average values

for each pollutant except ozone. For
ozone, daily 1-hour maximums were
used and were calculated for the full
year and for the third quarter only (ie,
July, August, September}, While gas-
eous pollutants generally had re-
corded data throughout the entire fol-
low-up period of interest, the particulate
matter monitoring protocol changed in
the late 1980s from total suspended par-
ticles to particles measuring less than
10 pm in diameter (PM,,), resulting in
the majority of total suspended par-
ticle data being available in the early to
mid-1980sand PM,, data being mostly
available in the early to mid-1990s.

As a consequence of the new PM;;
standard, a large number of sites be-
gan collecting PM, s data in 1999. Daily
PM, 5 data were extracted from the AIRS
database for 1999 and the first 3 quar-
ters of 2000. For each site, quarterly av-
erages for each of the 2 years were com-
puted. The 4 quarters were averaged
when at least 1 of the 2 corresponding
quarters for each year had at least 50%
of the sixth-day samples and at least 45
total sampling days available. Measure-
ments were averaged first by site and
then by metropolitan area. Although no
network of PM, s monitoring existed in
the United States between the early
1980s and the late 1990s, the inte-
grated average of PM,; concentra-
tions during the period was estimated
by averaging the PM, ; concentration for
early and later periods.

Mean sulfate concentrations for 1980-
1981 were available for many cities
based on data from the Inhalable Par-
ticle Monitoring Network and the
National Aerometric Database. Recog-
nizing that sulfate was artifactually
overestimated due to glass fiber filters
used at that time, season and region-
specific adjustments were made.” Since
few states analyzed particulate samples
for sulfates after the early 1980s, indi-
vidual states were directly contacted for
data regarding filter use. Ion chroma-
tography was used to analyze PM,, fil-
ters and this data could be obtained
from metropolitan areas across the
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United States. Filters were collected for
a single reference year (1990) in the
middle of the 1982-1998 study pe-
riod. The use of quartz filters virtually
eliminated the historical overestima-
tion of sulfate. Mean sulfate concen-
trations for 1990 were estimated us-
ing sulfate from AIRS, data reported
directly from individual states, and
analysis of archived filters.

Statistical Analysis

The basic statistical approach used in this
analysis is an extension of the standard
Cox proportional hazards survival

model ;! which has been used for risk
estimates of pollution-related mortal-
ity in previous longitudinal cohort stud-
ies,'>!¢ The standard Cox model implic-
itly assumes that observations are
statistically independent after control-
ling for available risk factors, resulting
in 2 concerns with regard to risk esti-
mates of pollution-related mortality.?
First, if the assumption of statistical in-
dependence is not valid, the uncer-
tainty in the risk estimates of pollution-
related mortality may be misstated.
Second, even after controlling for avail-
able risk factors, survival times of par-

ticipants living in communities closer to-
gether may be more similar than
participants living in communities far-
ther apart, which results in spatial au-
tocorrelation. If this spatial autocorre-
lation is due to missing or systematically
mismeasured risk factors that are spa-
tally correlated with air pollution, then
the risk estimates of pollution-related
mortality may be biased due to inad-
equate control of these factors. There-
fore, in this analysis, the Cox propor-
tional hazards model was extended by
incorporating a spatial random-effects
component, which provided accurate es-

Table 1. Summary of Altemative Pollution Indices*

Pollutant Data . No.of No. of
{Years of Data ’ Compilation Metropoiitan Participants,
Collection) Units Source of Data Ti Areas in Thousands Mean (SD)

PM,s pg/m®

1879-1983 IPMN HEI 61 350 21.1{4.6)

1900-2000 AIRS NYU 116 500 14.0 (3.0

Average 51 319 17.7 3.7
PM;o pg/md )

1982-1008 AIRS NYU 102 415 28.8 (5.9)
PMys pg/m?

1979-1983 IPMN HE! 683 359 40.3 7.7)
PMgzs ug/m®

1979-1983 IPMN HEI 83 350 19.2 (8.1)
Total suspended particles pg/m®

1980-1881 NAD HEI 156 580 68.0(18.7)

1979-1983 IPMN HE| 56 351 73.7 (14.3)

1982-1998 AIRS NYU 150 573 58.7 (13.1)
Sulfate pg/m?

1980-1981 IPMN and NAD, HEI 149 572 6.5(2.8)

artifact adjusted
1990 Cornpilation and analysis NYU 53 269 6.2 (2.0)
of PMy, filters

Sutfur dicxide ppb AIRS

1680 HEI 118 520 9.7 (4.9

1982-1998 NYU 128 530 8.7 (3.0)
Nitrogen dioxide ppb AIRS

1980 HEI 78 409 27.00.2)

1982-1998 NYU 101 493 214 (7 .1)
Carbon monoxide ppm AIRS

1880 HEI 113 519 1.7{0.7)

1882-1008 NYU 122 536 1.1{0.4)
QOzone ppb AIRS

1680 HEI 134 569 47.9(11.0)

1982-1908 NYU 119 525 45.5 (7.3)

1982-1998% NYU 134 557 58.7(12.8)

*PM; s indicates particles measuring less than 2.5 um in dlameter; PM;q, parﬂdesmeeauhglessmanwwnhdametu PM,q, particies

PMisos,
Monitori

(Envtmnmental

1Dally 1-hour maxirmums ware used. Values were calculated only for the third quarter {la, July, August, September).

less than 15 um In dlameter;

measuring
measuring between 2.5 and 15 um In diameter; pg/m?, micrograms per cubic meter; ppb, parts per bilion; ppm, parts per million; IPMN, Inhalable Particie
Agromatric Informetion Retriaval Protection Agencyl; and NAD, Natlional Aerometric Database.
reanatysis team Mwesmqmymm"mmemeammmwedatmmvomumw
Sd:odostd!dne,NdsonlnsﬂmtacfE:mmemmModdneﬂ(.l.andGDT)
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timates of the uncertainty of effect esti-
mates. The model also evaluated spa-
tal autocorrelation and incorporated a
nonparametric spatial smocoth compo-
nent (to account for unexplained spa-
tial structure). A more detailed descrip-
tion of this modeling approach is
provided elsewhere.”

The baseline analysis in this study es-
timated adjusted relative risk (RR) ra-
tios for mortality by using a Cox pro-
portional hazards model with inclusion
of a metropolitan-based random-
effects component. Model fitting in-
volved a 2-stage process. In the first
stage, survival data were modeled us-
ing the standard Cox proportional haz-

ards model, including individual level '

covariates and indicator variables for
each metropolitan area (without pol-
lution variables). Output from stage 1
provided estimates of the metropolitan-
specific logarithm of the RRs of mor-
tality (relative to an arbitrary refer-
ence community}, which were adjusted
for individual risk factors. The corre-
lation between these values, which was
induced by using the same reference
community, was then removed.” In the
second stage, the estimates of ad-
justed metropolitan-specific health re-
sponses were related to fine particu-
late air pollution using a linear random-
effects regression model.?* The time
variable used in the models was sur-
vival time from the date of enroll-
ment. Survival times of participants who
did not die were censored at the end of
the study period. To control for age, sex,
and race, all of the models were strati-
fied by 1-year age categories, sex, and
race (white vs other), which allowed
each category to have its own baseline
hazard. Models were estimated for all-
cause mortality and for 3 separate mor-
tality categories: cardiopulmonary
(ICD-9 401-440 and 460-519), lung
cancer (ICD-9 162), and all others.
Models were estimated separately for
each of the 3 fine particle variables,
PM; 5 (1979-1983), PM; 5 (1999-
2000}, and PM; 5 (average). Indi-
vidual level covariates were included in
the models to adjust for various impor-
tant individual risk factors. All of these

©2002 American Medical Association. All rights reserved.
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variables were classified as either indi-
cator (ie, yes/no, binary, dummy} vari-
ables or continuous variables. Vari-
ables used to control for tobdcco smoke,
for example, included both indicator
and continuous variables. The smok-
ing indicator variables included: cur-
rent cigarette smoker, former ciga-
rette smoker, and a pipe or cigar smoker
only (all vs never smoking) aleng with
indicator variables for starting smok-
ing before or after age 18 years. The
continuous smoking variables in-
cluded: current smoker’s years of smok-
ing, current smoker’s years of smok-
ing squared, current smoker’s cigarettes
per day, current smoker’s cigarettes per
day squared, former smoker’s years of
smoking, former smoker’s years of
smoking squared, former smoker’s ciga-
rettes per day, former smoker’s ciga-
rettes per day squared, and the num-
ber of hours per day exposed to passive
cigarette smoke.

To control for education, 2 indica-
tor variables, which indicated comple-
tion of high school or education be-
yond high school, were included.
Marital status variables included indi-
cator variables for single and other vs
married. Both body mass index (BMI)
values and BMI values squared were in-
cluded as continuous variables. Indi-
cator variables for beer, liquor, and wine
drinkers and nonresponders vs non-
drinkers were included to adjust for al-
cohol consumption. Occupational ex-
posure was controlled for using various
indicator variables: regular occupa-
tional exposure to asbestos, chemicals/
acids/solvents, coal or stone dusts, coal
tar/pitch/asphalt, diesel engine ex-
haust, or formaldehyde, and addi-
tional indicator variables that indi-
cated 9 different rankings of an
occupational dirtiness index that has
been developed and described else-
where.'”2* Two diet indices that ac-
counted for fat consumption and con-
sumption of vegetables, citrus, and
high-fiber grains were derived based on
information given in the enrollment
questionnaire.*® Quintile indicator vari-
ables for each of these diet indices were
also included in the models.®

In addition to the baseline analysis,
several additional sets of analysis were
conducted. First, to more fully evalu-
ate the shape of the concentration-
response function, a robust locally
weighted regression smoother* (within
the generalized additive model frame-
work?*) was used to estimate the rela-
tionship between particulate air pollu-
tion and meortality in the second stage
of model fitting. Second, the sensitiv-
ity of the fine particle mortality risk es-
timates compared with alternative mod-
eling approaches and assumptions was
evaluated. Standard Cox proportional
hazards models were fit to the data in-
cluding particulate air pollution as a
predictor of mortality and sequen-
tially adding (in a controlled forward
stepwise process) groups of variables
to control for smoking, education, mari-
tal status, BMI, alcohol consumption,
occupational exposures, and diet.

In addition, to evaluate the sensitiv-
ity of the estimated pollution effect
while more aggressively controlling for
spatial differences in mortality, a 2-di-
mensional term to account for spatial
trends was added to the models and was
estimated using a locally weighted re-
gression smoother, The “span” param-
eter, which controls the complexity of
the surface smooth, was set at 3 differ-
ent settings to allow for increasingly ag-
gressive fitting of the spatial structure.
These included a default span of 50%,
the span that resulted in the lowest un-
explained variance in mortality rate be-
tween metropolitan areas, and the span
that resulted in the strongest evidence
(highest P value) to suggest no re-
sidual spatial structure. The risk esti-
mates and SEs (and thus the confi-
dence intervals) were estimated using
generalized additive modeling®” with
S-Plus statistical software,” which pro-
vides unbiased effect estimates, but may
underestimate SEs if there is signifi-
cant spatial autocorrelation and signifi-
cant correlations between air pollu-
tion and the smoothed surface of
mortality. Therefore, evidence of spa-
tial autocorrelation was carefully evalu-
ated and tested using the Bartlett test.?®
The correlations of residual mortality
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with distance between metropolitan ar-
eas were graphically examined.

Analyses were also conducted of
effect modification by age, sex, smok-
ing status, occupational exposure, and
education. Finally, models were fit us-
ing a variety of alternative pollution in-
dices, including gaseous pollutants.
Specifically, models were estimated
separately for each of the pollution vari-
ables listed in Table 1, while also in-
cluding all of the other risk factor vari-
ables.

RESULTS

Fine particulate air pollution gener-
ally declined in the United States dur-
ing the follow-up period of this study.
FIGURE 1 plots mean PM, s concentra-
tions for 1999-2000 over mean PM;,
concentrations for 1979-1983 for the

L |
Figure 1. Mean Fine Particles Measuring
Less Than 2.5 pm in Diameter (PM,,)
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Mean PM, 5 concentrations in micrograms per me-
ters cubed for 1999-2000 are plotted along with con-
centrations for 1979-1883 for the 51 metropolitan ar-
eas with paired pollution data. The dotted line is a
reference 45°-equality line.

51 cities in which paired data were
available. The concentrations of PM, 5
were lower in 1999.2000 than in 1979-
1983 for most cities, with the largest re-
duction observed in the cities with the

. highest concentrations of pollution dur-

ing 1979-1983. Mean PM, s levelsin the
2 periods were highly correlated
(r=0.78). The rank ordering of cities
by relative pollution levels remained
nearly the same. Therefore, the rela-
tive levels of fine particle concentra-
tions were similar whether based on
measurements at the beginning of the
study period, shortly following the
study period, or an average of the 2.
Asreported in TABLE 2, all 3 indices
of fine particulate air pollution were as-
sociated with all-cause, cardiopulmo-
nary, and lung cancer mortality, but not
mortality from all other causes com-
bined. FIGURE 2 presents the nonpara-
metric smoothed exposure response re-
lationships between cause-specific
mortality and PM, 5 (average). The log
RRs for all-cause, cardiopulmonary, and
lung cancer mortality increased across
the gradient of fine particulate matter.
Goodness-of-fit tests indicated that the
associations were not significantly dif-
ferent from linear associations (P>.20).
The fine particle mortality RR ratios
from various alternative modeling ap-
proaches and assumptions are pre-
sented in FIGURE 3. After controlling for
smoking, education, and marital sta-
tus, the controlled forward stepwise in-
clusion of additional covariates had little
influence on the estimated associations
with fine particulate air pollution on car-
diopulmonary and lung cancer mortal-
ity. As expected, cigarette smoking was
highly significantly associated with el-

o e
Table 2. Adjusted Mortality Relative Risk (RR) Associated With a 10-pg/m® Change in Fine

Particles Measuring Less Than 2.5 pm in Diameter

Adjusted RR (95% CI)*
Cause of Mortality I 1979-1983 1689-2000 Average h
All-cause 1.04 (1.01-1.08) 1.06 (1.02-1.10) 1.06 (1.02-1.11)
Cardiopuimonary 1.06 (1.02-1.10) 1.08 (1.02-1.14) 1,00 (1.03-1.16)
Lung cancer 1.08 (1.01-1.18} 1.13 (1.04-1.22) 1.14 (1.04-1.23)
All other cause 1.01 (0.97-1.05) 1.01 (0.97-1.08) 1.01 (0.95-1.06)

*Estimated and adjusied besad on the baseline random-effects Cox proportional hazards model, controliing for age,
sax, raca, smoking, edusation, marital stetus, body mass, alcohol consumption, occupational axposure, and diet.

Gl Indicates confidence
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evated risk of all-cause, cardiopulmo-
nary, and lung cancer mortality
(P<.001). Estimated RRs for an aver-
age current smoker (men and women
combined, 22 cigarettes/day for 33.5
years, with initiation before age 18 years)
were equal to 2.58, 2.89, and 14.80 for
all-cause, cardiopulmonary, and lung
cancer mortality, respectively. Statisti-
cally significant, but substantially smaller
and less robust associations, were also
observed for education, marital status,
BMI, alcohol consumption, occupa-
tional exposure, and diet variables. Al-
though many of these covariates were
also statistically associated with mortal-
ity, the risk estimates of pollution-
related mortality were not highly sen-
sitive to the inclusion of these additional
covariates.

Figure 3 also demonstrates that the
introduction of the random-effects com-
ponent to the model resulted in larger
SEs of the estimates and, therefore,
somewhat wider 95% confidence in-
tervals. There was no evidence of sta-
tistically significant spatial autocorre-
lation in the survival data based on the
Bartlett test (P>.20) after controlling
for fine particulate air pollution and the
various individual risk factors. Further-
more, graphical examination of the cor-
relations of the residual mortality with
distance between metropolitan areas did
not reveal significant spatial autocor-
relation (results not shown). Never-
theless, the incorporation of spatial
smoothing was included to further in-
vestigate the robustness of the esti-
mated particulate pollution effect. Effect
estimates were not highly sensitive to
the incorporation of spatial smooth-
ing to account for regional clustering
or other spatial patterns in the data.

FIGURE 4 presents fine particle air
pollution—related mortality RR ratios af-
ter stratifying by age, sex, education,
and smoking status, and adjusting for
all other risk factors. The differences
across age and sex strata were not gen-
erally consistent or statistically signifi-
cant. However, a consistent pattern
emerged from this stratified analysis; the
association with particulate pollution
was stronger for both cardiopulmo-

©2002 American Medical Association. All rights reserved.

Downloaded from www jama.com on December 11, 2007



nary and lung cancer mortality for par-
ticipants with less education. Also, for
both cardiopulmonary and lung can-
cer mortality, the RR estimates were
higher for nonsmokers.

FIGURE 5 summarizes the associa-
tions between mortality risk and air pol-
lutant concentrations listed in Table 1.
Statistically significant and relatively
consistent mortality associations ex-
isted for all measures of fine particu-
late exposure, including PM,  and sul-
fate particles. Weaker less consistent
mortality associations were observed
with PM,, and PM,,. Measures of the
coarse particle fraction (PM,5,,) and
total suspended particles were not con-
sistently associated with mortality, Of
the gaseous pollutants, only sulfur di-
oxide was associated with elevated mor-
tality risk. Interestingly, measures of
PM, , were associated with all-cause car-
diopulmonary, and lung cancer mor-
tality, but not with all other mortality.
However, sulfur oxide pollution (as
measured by sulfate particles and/or sul-
fur dioxide) was significantly associ-
ated with mortality from all other causes
in addition to all-cause, cardiopulmo-
nary, and lung cancer mortality.

COMMENT

This study demonstrated associations be-
tween ambient fine particulate air pol-
lution and elevated risks of both cardio-
pulmonary and lung cancer mortality.
Each 10-pg/m’ elevation in long-term av-
erage PM, s ambient concentrations was
associated with approximately a 4%, 6%,
and 8% increased risk of all-cause, car-
diopulmonary, and lung cancer mortal-
ity, respectively, although the magni-
tude of the effect somewhat depended
on the time frame of pollution monitor-
ing. In addition, this analysis addresses
many of the important questions con-
cerning the earlier, more limited analy-
sis of the large CPS-I1 cohort, includ-
ing the following issues.

First, does the apparent association
between pollution and mortality per-
sist with longer follow-up and as the co-
hort ages and dies? The present analy-
sis more than doubled the follow-up
time to more than 16 years, resulting

©2002 American Medical Association. All rights reserved.
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in approximately triple the number of
deaths, yet the associations between
pollution and mortality persisted.
Second, can the association between
fine particulate air pollution and in-
creased cardiopulmonary and lung can-
cer mortality be due to inadequate con-
trol of important individual risk factors?
After aggressively conwolling for smok-
ing, the estimated fine particulate pol-
lution effect on mortality was remark-
ably robust. When the analysis was
stratified by smoking status, the esti-
mated pollution effect on both cardio-
pulmonary and lung cancer mortality
was strongest for never smokers vs
former or current smokers. This analy-
sis also controlled for education, mari-
tal status, BML, and alcohol consump-
tion. This analysis used improved
variables to control for occupational ex-
posures and incorporated diet variables
that accounted for total fat consump-
tion, as well as for consumption of veg-
etables, citrus, and high-fiber grains. The
mortality associations with fine particu-
late air pollution were largely unaf-
fected by the inclusion of these indi-

vidual risk factors in the models. The data
on smoking and other individual risk fac-
tors, however, were obtained directly by
questionnaire at ime of enrollment and
do not reflect changes that may have oc-
curred following enroliment. The lack of
risk factor follow-up data results in some
misclassification of exposure, reduces the
precision of control for risk factors, and
constrains our ability to differentiate time
dependency.

Third, are the associations berween
fine particulate air pollution and mor-
tality due toregional or other spatial dif-
ferences that are not adequately con-
trolled for in the analysis? If there are
unmeasured or inadequately modeled
risk factors that are different across lo-
cations, then spatial clustering will oc-
cur. If this clustering is independent or
random across metropolitan areas, then
the spatial clustering can be modeled
by adding a random-effects compo-
nent to the Cox proportional hazards
model as was done in our analysis. The
clustering may not be independent or
random across metropolitan areas due
to inadequately measured or modeled

Figure 2. Nonparametric Smoothed Exposure Response Relationship

Al-Cause Mortalty

Cardiopuimanary Mortallty

et ——

PMy 5, pg/m?

Vertical lines along x-axes indicate rug or frequency plot of mean fine particulate poliution; PM; s, mean fine
particles measuring less than 2.5 ym in diameter; RR, relative risk; and CJ, confidence interval.
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Figure 3. Mortality Relative Risk {RR) Ratic Associated With 10-pg/m® Differences of PM;; Concentrations
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risk factors (either individual or eco-
logical). If these inadequately mea-
sured or modeled risk factors are also
spatially correlated with air pollution,
then biased pollution effects estimates
may occur due to confounding. How-
ever, in this analysis, significant spa-
tial autocorrelation was not observed
- after controlling for fine particulate air
pollution and the various individual risk
factors. Furthermore, to minimize any
potential confounding bias, sensitiv-
ity analyses, which directly modeled
spatial trends using nonparametric
smoothing techniques, were con-
ducted. A contribution of this analysis
is that it included the incorporation of
both random effects and nonparamet-
ric spatial smoothing components to the
Cox proportional hazards model. Even
after accounting for random effects
across metropolitan areas and aggres-
sively modeling a spatial structure that
accounts for regional differences, the as-
sociation between fine particulate air
pollution and cardiopulmonary and
lung cancer mortality persists.
Fourth, is mortality associated pri-
marily with fine particulate air pollu-
tion or is mortality also associated with
other measures of particulate air pol-
lution, such as PM),, total suspended
particles, or with various gaseous pol-
lutants? Elevated mortality risks were
associated primarily with measures of
fine particulate and sulfur oxide pol-
lution. Coarse particles and gaseous pol-
lutants, except for sulfur dioxide, were
generally not significantly associated
with elevated mortality risk.
Fifth, what is the shape of the con-
centration-response function? Within the
range of pollution observed in this analy-
sis, the concentration-response func-
tion appears to be monotonicand nearly
linear. However, this does not preclude
a leveling off (or even steepening) at
much higher levels of air pollution.
Sixth, how large is the estimated mor-
tality effect of exposure to fine particu-
lateair pollution relative to other risk fac-
tors? A detailed description and
interpretation of the many individual risk
factors that are controlled for in the
analysis goes well beyond the scope of
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|
Figure 4. Adjusted Mortallty Relative Risk (RR) Ratio Assoclated With 10-pg/m?® Differences
of PM, s Concentrations .
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Figure 5. Adjusted Mortality Relative Risk (RR) Ratio Evaluated at Subject-Welghted Mean Concentrations
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this report. However, the mortality risk
associated with cigarette smoking has
been well documented using the CPS-11
cohort.* The risk imposed by exposure
to fine particulate air pollution is obvi-
ously much smaller than the risk of ciga-
rette smoking. Another risk factor that
has been well documented using the
CPS-11 cohort data is body mass as mea-
sured by BML3* The Word Health Or-
ganization has categorized BMI values
between 18.5-24.9 kg/m? as normal; 25-
29.9 kg/m?, grade 1 overweight; 30-
39.9 kg/m?, grade 2 overweight; and 40
kg/m? or higher, grade 3 overweight.’!
In the present analysis, BMI values and
BMI values squared were included in the
proportional hazards models. Consis-
tent with previous ACS analysis,* BMI
was significantly associated with mor-
tality, optimal BMI was between ap-
proximately 23.5 and 24.9 kg/m?, and
the RR of mortality for different BMI val-
ues relative to the optimal were depen-
dent on sex and smoking status. For ex-
ample, the RRs associated with BMI
values between 30.0 and 31.9 kg/m? (vs
optimal) would be up to approxi-

MORTALITY AND LONG-TERM EXPOSURE TO AIR POLLUTION

mately 1.33 for never smokers. Based on
these calculations, mortality risks asso-
ciated with fine particulate air pollu-
tion at levels found in more polluted US
metropolitan areas are less than those as-
sociated with substantal obesity (grade
3 overweight), but comparable with the
estimated effect of being moderately
overweight (grade 1 to 2).

In conclusion, the findings of this
study provide the strongest evidence to
date that long-term exposure to fine par-
ticulate air pollution common to many
metropolitan areas is an important risk
factor for cardiopulmonary mortality. In
addition, the large cohort and extended
follow-up have provided an unprec-
edented opportunity to evaluate asso-
ciations between air pollution and lung
cancer mortality. Elevated fine particu-
late air pollution exposures were asso-
ciated with significant increases in lung
cancer mortality. Although potendal ef-
fects of other unaccounted for factors
cannot be excluded with certainty, the
associations between fine particulate air
pollution and lung cancer mortality, as
well as cardiopulmonary mortality, are

observed even after controlling for ciga-
rette smoking, BMI, diet, occupational
exposure, other individual risk factors,
and after controlling for regional and
other spadal differences.
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Reduction in Fine Particulate Air Pollution

and Mortality

Extended Follow-up of the Harvard Six Cities Study
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Exposure, Epidemiology, and Risk Program, Department of Environmental Health, Harvard School of Public Health; and Channing Laboratory,
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Rationale: A large body of epidemiologic literature has found an
association of Increased fine particulate alr pollution (PM;.) with
acute and chronic mortality. The effect of improvements in partide
exposure Is less clear.

Objectives: Earlier analysls of the Harvard Six Cities aduit cohort
study showed an association between long-term ambient PM,; and
mortality between enroliment In the mid-1970s and follow-up until
1990. We extended mortality follow-up for 8 yr in a period of re-
duced alr pollution concentrations.

Methods: Annual dty-specific PM,; concentrations were measured
between 1979 and 1988, and estimated for later years from publidy
available data. Exposure was defined as () city-specific mean PM,;
during the two follow-up periods, (2) mean PM.; in the first period
and change between these periods, (3) overall mean PM,; across
the entire follow-up, and (4) year-spedfic mean PM,;. Mortality
rate ratios were estimated with Cox proportional hazards regression
controlling for Individual risk factors.

Measurernents and Main Results: We found an increase in overall
mortality assoclated with each 10 pg/m’ increase in PM,s modeled
elther as the overall mean (rate ratio [RR], 1.16; 95% confidence
Interval [CI], 1.07-1.26) or as exposure in the year of death (RR,
1.14; 95% Cl, 1.06-1.22). PM,; exposure was assoclated with lung
cancer (RR, 1.27; 95% Cl, 0.96-1.69) and cardiovascular deaths (RR,
1.28; 95% Cl, 1.13-1,44). improved overall mortality was assoclated
with decreased mean PM;; (10 ug/m®) between periods (RR, 0.73;
95% Cl, 0.57-0.95).

Conclusion: Total, cardiovascular, and lung cancer mortality were
each positively assodated with amblent PM,; concentrations. Re-
duced PM,s concentrations were assodated with reduced mortality
risk.

Keywords: air pollution; cohort studies; follow-up studies; mortality

An extensive epidemiologic literature has documented an associ-
ation of fine particulate air pollution with mortality (1, 2). Most
of this research consists of time-series studies of the effects of
particle exposures experienced in the few days before death.
The estimated effect of particulate air pollution has been shown
to increase as longer exposure periods (up to 7 wk) are consid-
ered, indicating exposures in the month(s) before death may be
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important (3-6). Cohort studies have associated mortality with
mean particulate air pollution concentrations over much longer
periods, Three follow-up cohort studies in the United States
(7-10) and a recent pilot study from Europe (11) evaluated
the effects of long-term average ambient concentrations of fine
particles and other air pollutants over many years. These cohort
studies used annual or muitiyear average pollution concentra-
tions as the exposure index, but did not examine the time periods
responsible for the observed association. Cohort studies with
follow-up during periods of substantial change in air pollution
can address this question. The linkage between improvements
in air quality and improved health outcomes is of considerable
public health interest.

A small number of studies have assessed the effect of reduc-
tions in air pollution on mortality. Mortality in Utah Valley
decreased by 3% when average particulate air pollution (PM,)
concentrations decreased by 15 ug/m® as the result of a 13-mo
strike at a local steel mill (12), Mortality in Dublin decreased by
8% after a 36-p.g/m® decrease in average particulate air pollution
(black smoke) due to a ban on coal sales (13). Restrictions on
the sulfur content of fuel oil in Hong Kong resulted in a 45%
average reduction in $O;, and the average annual trend in deaths
from all causes declined 2% and from respiratory causes declined
3.9% (14). In these studies, improvements in mortality were
observed in the months after well-defined improvements in am-
bient air quality.

Dockery and colleagues (7) evaluated the effects of long-
term pollution exposure on survival of adults participating in
the Harvard Six Cities Study monitored for 14 to 16 yr during
the 1970s and 1980s. Exposure to particulate matter smaller than
2.5 pm in aerodynamic diameter (PM,s) was defined by the
city-specific average during follow-up, ignoring the year-to-year
fluctuations. The mortality rate ratio (RR) was 1.13 (95% confi-
dence interval [CI], 1.04-1.73) for each 10-ug/m® increase in city-
specific PM; s concentrations. During follow-up, PM, s concentra-
tions dropped in all cities, although the rank ordering of cities
was unchanged. Evaluation of time-varying PM;; during this
period showed slightly attenuated relative risk compared with
estimates based on the average PM, over the entire period (15).

In this analysis, we extended the follow-up period through
1998. We evaluated the robustness of the previous findings with
additional years of follow-up and examined the extent to which
changes in PM;s concentrations explain changes in mortality.
Some of the results of this study have been previously reported
in the form of an abstract (16, 17).

METHODS

Study Population and Follow-up

The study population consisted of 8,096 white participants residing in
the following cities: Watertown, MA; Kingston and Harriman, TN;
St. Louis, MO;, Steubenville, OH; Portage, Wyocena, and Pardeeville, WI;
and Topeka, KS. Participants were recruited between 1974 and 1977.
The population and study design have been described previously (7),
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and additional details are provided in the online supplement. Date and
cause of death were determined by searching the National Death Index
for calendar years 1979 to 1998, Deaths between 1974 and 1578 were
identified from next-of-kin reports and Social Security records (7).
Survival times were calculated as death date (or December 31, 1998,
for surviving participants) minus enrollment date.

Alr Pollution Concentrations

Each participant’s air pollution concentration was defined by city-specific
mean concentrations of PM, ;. During the original Six Cities follow-up
(1979-1987), daily ambient PM;; concentrations were measured at a
centrally located air-monitoring station in each community (18). We
estimated daily PM, ; concentrations after the shutdown of the Six Cities
monitoring (1985-1998) using city-specific regression equations based
on extinction coefficient (humidity-corrected visibility data from local
airports) (19), routinely collected PM,, concentrations (Environmental
Protection Agency Aerometric Information Retrieval System [AIRS])
from representative monitors within 80 km, and indicators for season.
{More details on the monitors selected and exposure metrics are pro-
vided in the online supplement) City-specific annual mean PM,, was
calculated as the average of the quarterly mean of the estimated sea-
sonal values. The Pearson correlation (r) between the estimated and
observed annual mean PM;; from the Six Cities monitors during the
years when both were available (1985-1987) was 0.93.

Statistical Analysis

We estimated mortality rate ratios associated with PM;; by Cox propor-
tional hazards regression models (20), controlling for baseline individual
risk factors and potential confounders. Time on study was measured
by calendar date. Subjects were stratified by sex and 1-yr age groups,
such that each sex/age group had its own baseline hazard. We controlled
for current or former smoking, number of pack-years of smoking for
former and current smokers separately, education, and body mass index
(linear and squared terms). We first modeled exposure using period-
specific (1974-1989 vs. 1990-1998) indicators for city. The end date of
the original National Death Index search (1,989) was chosen as the cut-
off. (Note that the Dockery and colleagues analysis [7] included several
months of follow-up in 1990, which we have assigned to Period 2.)
Portage, the city with the lowest PM;; levels, was the reference. To
adjust for temporal trends in mortality, we included an indicator for
period. We then assessed the association of mortality with average city-
specific PM, s for the entire period of follow-up (pollution averaged
from 1980-1998) and with the period-specific average PM,,. We tested
for a difference in association between the two periods with an interac-
tion term (period by PM;;) in the model. To evaluate the effect of
change in mean PM; ;s between the two periods, we estimated the associ-
ations of period-specific mortality by including both the mean PM;; in
Period 1 (1980-1985) and the change in mean PM;; between Period 1
and Period 2 (Period 2 [1990-1998] minus Period 1) in the mode!
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simultaneously, Finally, we treated city-specific yearly mean PM; s levels
as a time-varying exposure variable to evaluate the effect of particle
exposures in the year of death. All analyses were performed using SAS
software (version 8; SAS Institute, Cary, NC).

RESULTS

Characteristics of the Dataset

The cohort has been described in detail elsewhere (7). In brief,
the average age of participants at the beginning of the study was
50 yr (range, 25-74 yr) and 55% were female. Average body
mass index was 25.8 kg/m’ (standard deviation, 4.5). Current
smoking on enrollment ranged from 33% in Topeka to 40% in
Watertown, and former smoking ranged from 21% in Harriman
to 25% in both Topeka and Watertown. Education varied be-
tween cities; 12% of participants in Topeka and 45% in St. Louis
had less than a high school education. .

There were 104,243 person-years of follow-up and 1,364 deaths
between 1974 and 1989 (Period 1) and an additional 54,735 person-
years of follow-up and 1,368 deaths between 1990 and 1998 (Period
2; Table 1). The overall death rate was 13.1 deaths per 1,000
person-years in Period 1 and 25.0 in Period 2, reflecting the aging
of this cohort. As in previous analyses, crude mortality rates were
highest in Steubenville and St. Louis (Table 1).

Trends In PM;; Concentrations

Anmal mean PM;; concentrations decreased during the study
period in all cities (Figure 1) but mest dramatically in the dirtiest
cities. Fitting a straight line to the annual means, PM; ; declined
on average 7 wg/m’® per decade in Steubenville, 5 pg/m? in
St. Louis, 3 pg/m? in Watertown, 2 pg/m’® in Harriman, 1 pg/m?
in Portage, and less than 1 pg/m’® in Topeka.

Association of PM,; with Mortality

We calculated city-specific adjusted all-cause mortality rate ra-
tios for Period 1, Period 2, and the complete period of follow-
up compared with Portage (Table 2). City-specific rate ratios
decreased with decreasing PM, s (Figure 2). Similar results were
found for cardiovascular mortality (see online supplement).
The effect of each 10-pug/m® increase in average annual PM,
pollution was comparable in Period 1 (RR, 1.17; 95% CI, 1.08-
1.26; p = 0.0001) and Period 2 (RR, 1.13; 95% CI, 1.01-1.27;
p = 0.03, interaction p = 0.82). Controlling for exposure in Period
1, each 10-pg/m? reduction in Period 2 mean PM, s was associated
with a reduction in risk (RR, 0.73; 95% CI, 0.57-0.95; p = 0.019;

TABLE 1. NUMBER OF PERSON-YEARS OF FOLLOW-UP AND TOTAL DEATHS IN SIX CITIES:
PERIOD 1 (1974-1989 FOLLOW-UP) AND PERIOD 2 (1990-1998 FOLLOW-UP)

Characteristics Portage Topeka Watertown Harfiman St. Louis Steubenwille
No. participants 1,630 1,238 1,332 1,258 1,292 1,346
Perfod 1* (1,364 deaths; 104,243 person-yr)

Person-yr 20,224 14,967 18,640 16,991 16,572 16,849
No. deaths 212 149 238 219 267 279
Deaths/1,000 person-yr 10.5 10.0 12.8 12.9 16.1 16.6
Average PMy; (ng/m®) 11.4 124 15.4 20.9 19.2 290
Period 2 (1,368 deaths; 54,735 person-yr)

Person-yr 11,658 9,062 8,979 8,363 8,172 8,501
No. deaths 264 184 194 229 251 246
Deaths/1,000 person-yr 226 203 21.6 27.4 30.7 28.9
Average PM,5, pg/m? 10.2 131 121 18.1 13.4 22.0

* Period 1 Is restricted to 1,974 through 1989, whereas the original Dockery and colleagues (7) analysis included person-years
of follow-up through June 1991 for a total of 111,076 person-years and 1,430 deaths. In Period 1, average PMy; (ng/m?) is the
mean concentration in 1980-1985, the years when there are monitoring data for all cities (18). In Perlod 2, average PM,;; Is the

mean concentrations of the estimated PMg; in 1990-1998.
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Figure 1. Annuai average concentrations of PM,; in the
Harvard Six Cities Study. (Six Cities monitoring data for
available years 19801988 and PM_; estimated from Aero-
metric Information Retrieval System and extinction data
for years where Six Cities data were not available.)

0 v v v ey
1970 1681 1983 1085 1087 1980 1991 1903 1906
Year

Table 3). We found an increased risk of total mortality associated
with each 10-pug/m’ increase in average PM;; over the entire
follow-up period (RR, 1.16; 95% CI, 1.07-1.26; p = 0.0004;
Table 3). We found essentially the same association of total
mortality with the annual mean PM,; level in the year of death
(RR, 1.14; 95% CI, 1.06-1.22; p = 0.0003). These results were
not substantially changed in sensitivity analyses, removing one
city at a time from the analysis (data not shown).

Cardiovascular mortality was positively associated with aver-
age PM, s over the entire follow-up (p < 0.0001; Table 3). We
found lung cancer mortality positively associated with average
PM;; (p = 0.10; Table 3). Respiratory mortality also was posi-
tively associated with average PM, s (Table 3), but the association
was not statistically significant (p = 0.63). There was no associa-
tion (p = 0.71) with other causes of death (Table 3). There were
stronger reductions in cardiovascular and respiratory mortality
risk with each 10-pg/m? improvement in city-specific mean PM,
in Period 2 compared with Period 1 (Table 3), but little evidence
of reductions in lung cancer risk (Table 3).

1997

DISCUSSION

With approximately 50% more person-years of follow-up and
twice the number of deaths compared with the original Six Cities
chronic mortality air pollution analysis (7), we observed signifi-
cant associations of fine particulate air pollution with mortality.
More importantly, we were able to evaluate the effect of chang-
ing average ambient PM,; concentrations since the original
follow-up. Covariate adjusted mortality rates declined between
1974 and 1989 (Period 1) and 1990 and 1998 (Period 2), consistent
with the general increase in adult life expectancy in the United
States, However, the drop in the adjusted mortality rate was
largest in the cities with the largest reductions in PM,; after
controlling for such a period effect. The proportional hazards
rate ratio for a 10-pg/m? increase in PM,; was comparable in
both of these periods. However, we found a reduction in risk:
0.73 for each 10-pg/m’ decrease in mean PM, s between periods.
This reduction was observed specifically for deaths due to cardio-
vascular and respiratory disease and not from lung cancer, a

TABLE 2. ADJUSTED TOTAL MORTALITY RATE RATIOS AND 95% CONFIDENCE INTERVALS
ESTIMATED FROM COX PROPORTIONAL HAZARDS MODEL FOR EACH FOLLOW-UP PERIOD
{1974-1989 AND 1990-1998) AND THE COMPLETE FOLLOW-UP (1974-1998)

Period 1 Period 2 Complete
Person-Yr of Follow-up 104,243 54,735 158,978
Deaths 1,364 1,368 2,732
RR {25% CI) RR {25% C) RR (95% CI)

Clty-specific model* ‘

Portage 1.00 1.00

Topeka 1.06 (0.86-1.31) 1.01 (0.83-1.22) 1.03 (0.89-1.19)

Watertown 1.06 (0.87-1.28) 0.82 (0.67-1.00) 0.95 (0.83-1.08)

Harriman 1.19 (0.98-1.44) 1.10 {(0.91-1.33) 1.15(1.01-1.32)

St. Louis 1.15 (0.96-1.38) 0.96 (0.80-1.15) 1.05 {0.93-1.20)

Steubenville 1.31 (1.10-1.57) 1.06 (0.89-1.27) 1,18 (1.04-1.34)
Period 1.00 0.97 (0.70-1.35)

Definition of abbreviations. C| = confidence interval; RR = rate ratio.

Rate ratios have been adjusted for age in 1-yr categories, sex, current smoker, current pack-years of smoking, former smoker,
former pack-years of smoking, less than high school education, and linear and quadratic terms for body mass index.

* Clty-specific rate ratios are all expressed in relation to Portage.
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figure 2. Estimated adjusted rate ratios for total mortality and PM,;
levels in the Six Cities Study by period. P denotes Portage, Wi (reference
for both periods); T = Topeka, KS; W = Watertown, MA; L = St. Louis,
MO; H = Hamiman, TN; § = Steubenville, OH. A term for Period 1
(1 if Period 2, 0 if Period 1) was included in the model. Bold letters
represent Period 1 (1974-1989) and italidzed letters represent Period 2
(1990-1998). In Period 1, PM,; (ug/m?) is defined as the mean concen-
tration during 1980-1985, the years where there are monitoring data
for all cities (18). In Period 2, PM,, is defined as the mean concentrations
of the estimated PM,, in 1990-1998.

disease with a longer latency period and less reversibility. These
findings suggest that the mortality effects of long-term air pollu-
tion may be at least partially reversible over periods of a decade.

We found equivalent, statistically significant increased risk
in overall mortality associated with each 10-pg/m® increase in
PM;; modeled either as average over the entire follow-up (RR,
1.16; 95% CI, 1.07-1.26) or as average in the year of death
(RR, 1.14; 95% CI, 1.06-1.22). These findings also suggest that
mortality effects may be partially reversible, but over time peri-
ods possibly as short as a year.

Exposure to PM,s was statistically sigpificantly associated
with deaths due to cardicvascular disease, and the association

with lung cancer mortality was of borderline significance. The
number of nonmalignant respiratory deaths was small (although
comparable to numbers for lung cancer), but the PM, s-associated
risk was positive, although weak.

Chronic exposure studies have observed increased mortality
rates associated with PM. However, the evidence is limited
mainly to the Harvard Six Cities Study and three other studies.
The American Cancer Society Study, a cohort of 552,138 adults
with 7 yr of follow-up, assessed risk for 151 U.S. metropolitan
statistical areas (8). With an additional 9 yr of follow-up, statisti-
cally significant elevations in risk associated with PM,; were
observed for all-cause, lung cancer, and cardiopulmonary mor-
tality (10). In analyses of cause-specific mortality, each 10-pg/m’
increase in PM,s was associated with 8 to 18% increases in
cardiovascular mortality, but only weak associations were found
with nonmalignant respiratory deaths (21). In the Adventist
Health Study of Smog, a 15-yr follow-up of 6,338 nonsmoking
Californians, Abbey and coworkers found mean PM, associated
with increased lung cancer mortality in men and women, and
nonsignificantly increased all-cause and cardiopulmonary mor-
tality in men (9). A pilot prospective study of 4,466 participants
monitored for 8 yr in the Netherlands concluded that long-term
exposure to traffic-related particulate air pollution measured by
black smoke was associated with increased all-cause mortality
1n.

Although a large body of literature has shown associations
between particulate air pollution and mortality, the relative con-
tributions of acute and chronic exposures are not known. Effect
estimates from prospective studies are substantially greater than
those indicated by daily time-series studies (22). The majority
of this difference may be explained by expanding the exposure
period from days to months. Two independent studies have
assessed the mortality effects over 40 d rather than 1 or 2 d after
particle exposure. In both studies, the extended PM effects for
periods of up to 6 wk were at least twice the short-term effects
(3, 5). Schwartz showed in a time-series study in Boston that
moving the time scale from days to months (i.e., 60 d) increased
the estimated PM effect and captured approximately half the
difference between the time-series and long-term cohort studies
(4). He concluded that decades of exposure are not required to
develop most of the risk increase seen in cohort studies. OQur

TABLE 3. ADJUSTED PROPORTIONAL HAZARD MORTALITY RATE RATIOS AND 95% CONFIDENCE
INTERVALS FOR A 10-ug/m? INCREASE IN AVERAGE AMBIENT PM.s OVER THE ENTIRE
FOLLOW-UP (1974-1998) AND THE RATE RATIOS FOR AVERAGE PM.s IN PERIOD 1 AND THE

DECREASE IN LEVELS BETWEEN THE TWO PERIODS

RR (25% Ch)
Model 1 Model 2
Entire Follow-Up Perlod 1 Decrease in
Cases Average PM, ¢t Average PM, s} Average PM;
Total mortality 2,732 1.16 (1.07-1.26) 1.18 (1,091.27) 0.73 (0.57-0.95)
Cardlovascular* 1,196 1.28 (1.13-1.44) 1.28 (1.14-1.43) 0.69 (0.46-1.01)
Resplratory* 195 1.08 (0.79-1.49) 1.21 (0.89-1.66) 0.43 (0.16-1.13)
Lung cancer* 226 1.27 (0.96-1.69) 1.20 (0.91-1.58) 1.06 (0.43-2.62)
Other 1,115 1 .02 (0.90-1.17) 1.05 (0.93-1.19) 0.85 (0.56-1.27)

For definition of abbreviations, see Table 2,

Rate ratios have been adjusted for age in 1-yr categories, sex, current smoker, current pack-years of smoking, former smoker,
former pack-years of smoking, less than high school education, and linear and quadratic terms for body mass index. .
* Cardiovascular disease (International Classification of Disease, 9th edition {ICD-9] codes 400-440); nonmalignant respiratory
disease ()CD-9 codes 485-496); lung cancer (JCD-9 code 162).

! Average PM, ; calculated as the average of Six Cities monitoring data for available years 1980-1988 and PM,; estimated from
Aerometric Information Retrieval System and extinction data for years where Six Cities data were not available.
t Average PM;; In Period 1 calculated as the average from 1980-1985, the years where there are monitoring data for all cities,

decrease in average PM:s (average Period 2 (1990-1998) — average Period 1).
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results show that PM-associated mortality decreased in the
decade of the 1990s compared with the mid-1970s and 1980s,
consistent with the decrease in ambient PM,; concentrations.
Furthermore, the similarity of effect for the annual air pollution
metric compared with the mean over the study period (1980
1998) suggests that air pollution during the last year may be
important. At least part of the PM;sassociated mortality may
be reversible, suggesting ambient PM;; is likely associated with
exacerbation of existing disease. However, there also appears
to be a second independent effect that could be described as
development of chronic disease. ‘

Our ability to assess the appropriate time scale is limited
because, although PM; ; levels declined, the ranking of cities did
not change substantially over most of the study period. However,

the largest improvements in PM, s concentrations were in cities

with the highest initial concentrations. There was also some
variation in city-specific annual mean PM,; concentrations. We
did not examine time periods shorter than 1 yr in this analysis.

The original Six Cities Study mortality analysis has undergone
an extensive reanalysis performed by an independent group of
researchers (23). The original data were validated, the original
findings reproduced, and these estimates were found to be robust
to alternative models and to inclusion of other posited city-
specific confounders. Alternative metrics of PM, s were not found
to alter risk of all-cause mortality during the original period of
follow-up (15).

Cardiovascular mortality rates have decreased in the United
States over the course of this study (24). However, this improve-
ment in cardiovascular mortality should affect all cities, and
should not be larger in cities with the greatest improvement in
PM, concentrations. Moreover, PM, s concentrations fluctuated
year to year, including increases as well as decreases from the
preceding year, Yet, using PM,; as a time-varying covariate did
not noticeably change the association. Thus, long-term secular
trends are unlikely to explain our results.

This analysis lacked continuous monitoring of PM, levels
during the extended follow-up period. Six Cities monitoring of
air pollutants ended in 1987 in most cities. The AIRS monitoring
network began collecting PM,, data in 1985. PM; ; measurements
did not start until 1999, and even then did not include monitoring
in all of the Six Cities or in the original monitoring sites. There-
fore, Period 2 is completely dependent on estimated PM, s levels.
We estimated the levels and patterns of PM, ; during the missing
years using city-specific regression of the original Six Cities PM,
measurements against the relative humidity—adjusted extinction
coefficients from nearby airports and routine PM,, measure-
ments from multiple nearby monitors. We assumed that the
local change in PM, s would follow the local PM;,, and extinction
coefficient measurements, and that differences due to siting of
the monitors and methodologies would have remained constant.
Differences in measurement techniques and measurement loca-
tions preclude comparisons with current observations. Estimat-
ing the pattern of PM,; over time using the actual measured
PM,; and extinction data has its limitations, but it is likely to be
closer to reality than extrapolating levels beyond the available
sampling data, as has been done previously (15).

Follow-up information on individual risk factors was available
during the course of the first 12 yr of follow-up. Three follow-up
questionnaires were administered to the participants. There was
no updated information available on individual risk factors or
residence during the extended period of follow-up. In the
original study, baseline characteristics were used to control for
confounding factors (7). Although these factors were significantly
associated with mortality, they did not substantially confound
the relationship with air pollution. In the reanalysis, Krewski
and colleagues (23) evaluated the effect of updating smoking
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status and body mass index during the course of the original
study. They restricted the study population to the 81.5% of the
people who did not move from their original cities at any time
during the study period. These alternative analyses did not
change the conclusions about the association of air pollution and
mortality. Therefore, we elected to use baseline characteristics in
this analysis. We acknowledge that this modeling choice may
lead to misclassification of confounders such as smoking status
and body mass index, and that the associations of these factors
and air pollution may have changed. For example, trends in
smoking cessation are different in different parts of the country
{25). Although these factors were significantly associated with
mortality, they did not substantially confound the relationship
with air pollution. In addition, censoring movers as defined in
Krewski and colleagues’ analysis (23) at the start of the continued
follow-up or excluding all movers from the analysis did not
change our results (data not presented), A limitation of this
analysis is that individual level covariates were not available for
this population in the second period of follow-up.

In this extended follow-up during a time of air pollution
reductions, we had a unique opportunity to assess the effect of
recent versus past exposures. City-specific average PM;; levels
were lower in the extended follow-up during the 1990s than in
the first follow-up (1974-1989) and mortality risk ratios in this
period also were lower. This suggests that the PM, s-associated
mortality in this 25-yr follow-up was at least in part reversible.
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EXECUTIVE SUMMARY

Phase I of the project for the In-Situ Engine Emissions Testing and Comparison for a High Speed
Ferry and Competing Land Transit Vehicles comprises two aspects, divided into six tasks. The
first aspect addresses the research and development of test methods and protocols for the
comparison of emissions between the high-speed ferry and its competing land transit system, the
diesel bus. The second aspect of Phase 1 is the review of current emissions reduction
technologies that are applicable to the ferry.

The objective of the test program is to develop emissions rate factors for the same passenger-
commute for the marine and land based vehicles of a pollutant expressed in grams/BHP-Hr and
normalized for vehicle rider-ship (i.e. grams/passenger/day). The best available, laboratory-
quality analyzers and test methods will be utilized in Phase II to measure emissions from the two
sources to be tested. The same test methods, equipment and personnel will be used in both tests.

An extensive literature search was conducted that identified numerous protocols and standards
for the measurement of emissions. Several references described emissions reduction technology
and contained descriptions of testing methods either under consideration for use, or currently in
use to demonstrate the effectiveness of a particular product. Industry experience and technical
literature suggested that actual in-situ testing of an automobile will not be required for this study.
A vast database of automobile emissions data is already available from the EPA. Therefore, the
research focus is on the identification of test methods for the ferry and the diesel-powered bus.

There are two distinct issues relative to the development of test protocols for marine engines.
The first is the need for a relatively simple and cost-effective test that can emerge as a standard
for periodic emissions source testing. This low cost and easily implemented method would also
serve the testing of various emissions reduction devices and alternative fuels. The sgcond issue
is the need for a detailed, laboratory-quality, field-adaptable protocol for the one-time testing of a
diesel ferry in a particular service and a diesel bus in the same commuter service to create an
absolute, scientifically defensible comparison. The technical literature offered ample
information regarding cost-effective source test protocol. The literature also revealed a gap in
the methods for conducting laboratory-quality field tests of passenger ferry engines and diesel
passenger buses. Neither protocol exists for a satisfactory comparison.

This report concludes that well-established large-bore stationary diesel engine test methods are
best suited for this analysis. This will be accomplished using extractive Fourier Transform
Infrared Spectroscopy (FTIR) for testing of all targeted pollutants. The following pollutant
species will be measured: acetaldehyde, acrolein, carbon 4+ straight-chain hydrocarbons, carbon
dioxide, carbon monoxide, ethane, ethylene, formaldehyde and adelhyde compounds, methane,
oxides of nitrogen (NOx), oxygen, particulate matter, sulfur dioxide, water vapor and any other
FTIR-detected species. With FTIR, a single instrument will directly measure all targeted
compounds and yield the highest quality data achievable utilizing any known test method. The
FTIR analyzer will measure all targeted emissions simultaneously, in real-time, also enabling
excellent measurement of engine transients. -




The primary objective of obtaining precise real time in-situ data, comparing the exhaust
emissions of competing auto, transit bus, and passenger ferry, remains unfinished. Until Phase I
of the program element is completed, the actual emissions produced by competing transit modes,
in particular buses and ferries, will remain undefined. The estimated time required for the in-situ
testing portion of the Phase II effort is approximately 60 days. It is anticipated that another 60
days will be required for the proposed transit bus and ferry engine emissions test period to
address all other administrative and contractual program requirements. This will permit some
margin in the schedule in case of delays in obtaining test equipment or consumables, or to
address any slippage due to the availability of the transit bus or ferry for testing. The total
estimated cost for Phase II is $204, 680.

Passenger ferries for harbor service employ high-speed marine diesel engines in the range of 150
to 3000 brake horsepower (BHP). Regarding emissions reduction technologies for ferries, it
appears that the most effective approach for sulfur oxide (SOx) reductions is the use of high
quality low sulfur (100 ppm) distillate fuel. Further sulfur reductions (to 15 ppm) are anticipated
to occur in 2006. Public health initiatives today in some cases assign greater harm to NOx and
particulate matter (PM) than to other exhaust gases, such as CO, CO; and unburned
hydrocarbons (HC). For commuter-type passenger ferry application, using high-speed marine
diesel engines, it currently appears that the most cost-effective method of partial NOx reduction
is the use water-fuel emulsions. Additionally for NOx and PM control, exhaust gas recirculation
(EGR) is often effective and minimally intrusive for an engine retrofit. Some new engines can
be purchased with EGR built into the design, and some older engine designs can be modified to
employ this technique. Used independently, or together with water-fuel emulsions, NOx
emissions can be expected to drop dramatically, though not as significantly as the 90 percent
reduction demonstrated by the technology of selective catalytic reduction (SCR). Although SCR
is the single most effective NOx eliminator, the drawbacks include its volume in the exhaust
system, and significant capital and life cycle costs.

Particulate filters, although effective at reducing PM, can raise the exhaust gas backpressure, in
some cases enough to compromise engine efficiency and fuel economy. An oxidizing catalyst
that fits into the exhaust system as a relatively inexpensive muffler replacement effectively
reduces CO, HC and PM emissions, which can increase when NOx-control equipment is
installed.
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1.0 INTRODUCTION

United States ports are faced with severe air quality problems that threaten to prevent future
growth. Major California ports are already operating at or above the limits of acceptable air
quality, so that planned projects, such as harbor dredging for the Port of Oakland, new ferry
transit operations, floating and shore-based power-generating stations, and the planned San
Francisco Airport runway extension are all being held in abeyance pending solutions to mitigate
the harmful emissions that these proposals, if approved, are projected to generate. A definite and
growing need therefore exists to better assess the sources of air pollution and provide innovative,
pragmatic solutions to reduce or eliminate harmful emissions from those sources, in particular
from mobile sources, such as vehicles and vessels.

This project, conducted by Seaworthy Systems, Inc., will directly support CCDoTT goals by
helping to obtain the facts about emissions -- where virtually no reliable, published data on
modern marine diesel-powered ferry systems exist. The completed analysis could likely show
that fast ferries either already are or can readily be made to be less polluting than automobiles
and public buses in congested urban/suburban areas and thus support the establishment of a U.S.
fast ferry industry. This project will present the required data to enable viable comparisons of
land versus marine transit emissions and their relative contributions to regional air quality.
Whatever the findings, the information obtained will permit planners and managers of both
civilian and military operations to focus on meaningful solutions to the problem of total air
quality. Phase I of this effort comprises a complete literature review, a definition of scope,
approach and methodology for in-situ (field) vehicle emissions testing. Phase I also includes
development of specific pollutant test protocols and specification of required test equipment,
facilities and support systems.

Seaworthy Systems, Inc., with the assistance of its subcontractor, Advanced Engine
Technologies Corporation (AETC), continues with the preparatory work for the performance of
in-situ testing to compare the emissions from high-speed passenger ferries to competing land-
based vehicles. This unique analysis will develop emissions rate factors a passenger-commute
aboard marine and land-based vehicles for various pollutants, expressed in grams/BHP-Hr and
normalized for vehicle ridership (i.e. grams/passenger/day).

The Phase I portion of this program has been segmented into the following discrete tasks.

Task 1.0 Literature Search

Task 2.0 Test Scope and Methodology Definition
Task 3.0 Test Protocol Development

Task 4.0 Test Equipment Specifications

Task 5.0 Phase IT Schedule and Cost Estimate

Task 6.0 Emission Reduction Technology Evaluation
Task 7.0 Final Report

1-1



1.1  Objective

The objective of this project is to review and analyze exhaust emissions from parallel passenger
commuter vehicles — the urban bus and the passenger ferry. The project further includes
research and recommendations for the engine emission-reduction technologies that are best
suited for incorporation in diesel engines and propulsion systems in passenger ferry applications.

1.2  Program Background

This program element comprises the definition, evaluation, and methods for the reductlon of harmful
emissions generated by three competing segments of the transportation sector — the largest single
source of air pollution. Immediate and long-term program strategic objectives are to demonstrate how to
optimize the air quality in ports by minimizing the regional sum of emissions generated by automobiles,
transit buses, and passenger ferries. This optimization will foster progress for the agile port concept and
in vessel and terminal design, improved public transit, increased port operational efficiency, and
expanded cargo and passenger handling capabilities. Yet a lack of accurate data from mobile sources of
emissions in ports damages programs that promise such benefits because of the public misperception
that new development must always bring unacceptable hazards to health and the environment.

This report is part of the first portion of work (Phase I) to evaluate sources of the major mobile
engine emissions in ports and to provide practical solutions to reduce exhaust emissions by
diesel-powered ferry vessels. Phase I efforts an extensive technical literature search, a rational
methodology for in-situ emissions testing, a list of required test instrumentation, test protocols,
and estimates of cost and time to complete a projected Phase II program.

The Phase I research establishes that no credible emissions test results are available to conduct a
fair comparison of diesel-powered transit buses and passenger ferry vessels. For various reasons,
previous assessments of marine-propulsion emissions, in the absence of in-situ measurements,
were consistently unreliable. Attempts to resolve emissions by source and quantity by a review
of general literature or of vessel engine specifics (as published in Lloyd’s Register) in
combination with observed vessel traffic patterns have yielded inaccurate estimates.
Consistently, such estimates are artificially high when compared to subsequent field tests. This
overestimation has been noted in work by the southern California Port of Houston, and supported
by tests conducted by the San Francisco Bay Area Water Transit Authority.

Phase I research also reveals deficiencies in the most recent efforts to gather emissions data from
passenger ferries, by conducting field tests in Norfolk, Virginia and San Francisco, California in
2001 and 2002, respectively. These tests employed relatively inexpensive portable automotive
test instrumentation. This equipment relied on bagging exhaust samples and transporting them to
remote laboratories for analysis. Portable automotive test instrumentation and protocols are
useful for comparing vector changes in quantities of emissions generated from a single engine
type that undergoes various experimental modification, e.g. use of alternative fuels. However,
such equipment is insufficient in both scope and accuracy for the comparison of one engine (as
aboard a ferry) to another engine (as from a bus or auto). Tests designed to compare different
transportation modes, with discrete operational profiles, atmospheric surroundings, and
propulsion systems, require more sophisticated test instrumentation and more carefully planned
test protocols. The utility-industry grade, state of the art, test instrumentation defined under
Phase I for use in Phase II of this program element is of the highest scientific accuracy. When



combined with the engineering test protocols prepared under Phase I of this project, the final
Phase II test results will be definitive, conclusive, and suitable for universal application.



2.0 LITERATURE SEARCH

2.1  Objective

The objective of this section is to review the available technical literature and identify
laboratory-quality emission measurement methods and test protocols applicable for in-situ
testing of exhaust emissions from marine diesel-cycle engines and diesel powered passenger
buses. In addition, the goal is to identify methods for determination of emissions rate factors for
automobiles serving the same commute. The results of the literature search will inform a test
protocol for Phase II of this study.

2.2  Procedure
The technical literature search utilized the following methods:

1. Review of in-house test reports and technical papers from AETC.
2. Search of the worldwide web via the Internet.

3. Discussions with regulatory agencies including the California Air Resources
Board (CARB), the Environmental Protection Agency (EPA) and the South Coast
Air Quality Management District (SCAQMD).

4. Review of governmental and industry supported technical societies including the
U.S. Maritime Administration (MARAD), the American Bureau of Shipping
(ABS), CIMAC (the European technical society for internal combustion engines)
and the European Commission (EC).

The information obtained from all sources was reviewed and numerous candidate protocols were
reviewed for applicability.

2.3 Search Results

The search revealed numerous proposed protocols and test standards and found that a significant
number of projects to develop protocols are currently underway. Several references for
emissions reduction technologies described testing methods currently in use for product testing,
or under consideration for use. A listing of reviewed sources, relevant to this program, follows.

South Coast Air Quality Management District SCAQMD
Ruie 1631 Pilot Credit Generation Program for Marine Vessels
May 11, 2001

www.agmd.gov/rules/html/r1 631 .html

BAE Systems

Guide to Emission Control Options
March 2000

MS3026

Don Memers, Glenn Walters



ISO/TC 70/SC 8

TC 70: Internal Combustion Engines

. SC 8: Exhaust Emission Measurement
Aug 10, 1994

AG Environmental Products LLC

9804 Pflumm RD

Lenexa KS 66215

Product name: SoyGold

Description: Soydiesel used 2001-2002 on Blue and Gold Fleets in the San Francisco Bay area
for emission reduction.

SoyGold — Lubricity Study 12/27/00
‘Product literature on the effect of the soydiesel alternative on diesel engines.

SoyGold — Material Safety Data Sheet; MSDS
Case number 67784-80-9

INNOVATION ‘Journal of the Association of Professional Engineers & Geoscientist of BC’
Nov 2000 issue Page 12 “Continuous Water Injection”

Summary: Test results from ERMD (Emission Reduction & Means Division) 1998. Initial
testing done by protocol on in-lab engines on a baseline to modification comparison.

BioFuels DOE/G0-102001-1449

September 2001

‘Biodiesel Explanation and Emission Results’
‘Biodiesel Fuel Properties’

Dr. Anataoly D. Mezheritsky P.E.

“MA Turbo/Engine Design”

‘Development of new low emission technology for diesel engines’ No date

Summary: Describes development of new low NOx emission technology tested on converted
CAT 3406E/ Cummings NTC-350/ Wartsila 9R32D for EMRD. Lists test protocols used.

J. Vollenweider, M. Geist and M. Schaub

CIMAC 1995 Interlaken

‘Residual Fuels in Emission Controlled Diesel Engines’
Subject: Background development and operational results.

Blue and Gold Fleet LP

October 2001

‘Emission Reduction Demonstration Project’

Subject: Use of Biodiesel in Fleet. Test protocol and future testing.




ABS Regulatory ‘Air Pollution Prevention’
www.eagle.org/regulatory/regupdate/mep39/air_pollution prevention.htm
‘New annex to MARPOL’

‘Mandatory Code on NOx Reduction’

BAE Systems- Guide to exhaust emission
WwWw.cimac.com

‘Control Options’

Andy Write ABS Europe LTD

CIMAC Program for May 8, 2001

www.CIMAC.com

‘Exhaust emissions- New Challenges in Emission Control”
A. Write ABS Europe LTD

WTA Technical Advisory Committee
“Clean Marine” Ad Hoc work group
November 16, 2001

‘Protocol development’

Emission Standards: USA

Heavy-Duty Truck and Bus Engines
Diesel Net

November 13, 2001
www.dieselnet.com/standards/us/hd.html
‘Emission Standards for New Engines’
‘California Urban Bus Standards’
‘Applicability and Test Cycles’
Summary: See Doc 2

Emission Standards: USA

Off-Road Engines

DieselNet

November 13, 2001 ‘
www.dieselnet.com/standards/us/offroad.html
‘Harmonized with European Standards’
‘Marine Applications’

‘Emission Standards’



Emission Standards: USA
Marine Diesel Engines
DieselNet

November 13, 2001
www.dieselnet.com/standards/us/marine.html
‘Marine Diesel Engines’
‘MARPOL 73/78 Sept 27 1997’
‘MARPOL Annex VI Limits®
‘40CFRpart89’

‘Emission Standards catl/ cat2’
‘Test Cycles- 1ISO8178 for cat 1’
‘Test Cycles- ISO8178 for cat 2’
Summary: See Doc 2

Emission Standards: USA

Urban Bus Retrofit Program

DieselNet

November 13, 2001
www.dieselnet.com/standards/us/ubrr.htm]
‘Urban Bus Retrofit Rebuild (UBRR) Program’
‘40CFRpart85subO’

Emission Standards: USA

Occupational Health Regulations
DieselNet

November 13, 2001
www.dieselnet.com/standards/us/ohs.btml
‘Regulatory Authorities’

‘Exposure Limits for Gasses’

‘Exposure Limits for Particulates’

Emission Standards: EU

Heavy-Duty Truck and Buses

DieselNet

November 13, 2001
www.dieselnet.com/standards/eu/hd.html
‘Euro 1-V Standards 1992’

‘Euro III Standard (Directive 1999/1996/ECY’
‘Emission Standards’

Emission Standards: EU
Emission Test Cycles
DieselNet

November 13, 2001

www.diese]ne;.com/standﬁrds/ecycles/ece 149.html
‘ECE R49 - 13 Mode Steady State Diesel Engine Test Cycle’
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Emission Standards: EU

Emission Test Cycle; European Stationary Cycle (ESC)
DieselNet

November 13, 2001

www.dieselnet.com/standards/cycles/ESC/.htinl
‘ESC replaces R49 protocol’

Emission Standards: EU
European Load Response
DieselNet

November 13, 2001

www.dieselnet.comv/standards/cycles/elr.html
‘Proposed smoke opacity measurement’

Emission Standards: USA
Heavy-Duty FTP Transient Cycle
DieselNet

. November 13, 2001
www.dieselnet.com/standards/cycles/fip_trans.html
‘On-Road Engine test (40CFR86.1333)’
‘New York/ Los Angeles Freeway Simulations’

Emission Standards: USA

Cars and Light-Duty Trucks

DieselNet

November 13, 2001
www.dieselnet.com/standards/us/light.html
‘Emission Standards’

‘Federal Standards’

‘Tier I Standards’

“Tier II Standards’

‘National LEV (Low Emission Vehicle) Program’
‘National LEV II (Low Emission Vehicle) Program’
‘California Standards’

‘Measured by Federal Test Procedures FTP-75°

Emission Standards: USA
Non-Road Vehicles
DieselNet
November 13, 2001
www.dieselnet.com/standards/cycles/iso81 78 html
‘ISO 8178 Emission Test Cycles’
‘Non-Road Steady State Test Cycles’
‘Marine Test Cycles’




Emission Standards: EU
Light-Duty Vehicles
DieselNet

November 13, 2001

www.dieselnet.com/standards/cycle/ece.eudc.html
‘Chassis Dynamometer specifications for Light-Duty Vehicles’

Emission Standards: Sweden
Environmental Zones Program

DieselNet

November 13, 2001 ‘
www.dieselnet.conv/standards/se/zones.html
’City Zone Trucks and Buses July 1 1996’
‘Emission enforcement’

‘Emission Benefits’

Emission Standards: EU

Off-Road Diesel Engines

DieselNet

November 13, 2001
www.dieselnet.com/standards/ew/offroad. html
‘Off-Road Diesel Engine 97/68/EC’

Emission Standards: SE

Off-Road Engine Program

DieselNet

November 13, 2001
www.dieselnet.com/standards/se/zones off.html
‘Emission requirements’

‘Equipment Certification’

Emission Standards: SE

Environmental Zones Program (Buses and Trucks)

DieselNet

November 13, 2001
www.dieselnet.com/standards/se/zones.html

‘Certification and Enforcement’

‘Chassis Dynamometer on “Braunschwig City Driving Cycle™’

- Emission Standards: EU
Off-Road Diesel Engines
DieselNet
November 13, 2001
www.dieselnet.com/standards/ew/offroad. html
‘EU Emission Regulations for Off-road Diesels”
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Emission Standards: US

Off-Road Engine Program

DieselNet ‘

November 13, 2001

www.dieselnet.com/standards/us/offroad. html

‘History Background’

‘Emission Standards’

‘Engine Useful Life’

‘Environmental Benefit and Cost’

Summary: EPA is currently working on a Test Protocol for Off-Road Diesel Engines.

Emission Standards: Germany
Occupational Health Regulations
DieselNet

November 13, 2001
www.dieselnet.convstandards/de/ohs. html
‘Exposure Limits’

‘Diesel Engine Regulations’

‘Future Directions; Fine Particles’

Emission Standards: Japan
On-Road Vehicles and Engines
DieselNet

November 13, 2001

www.dieselnet.com/standards/jp/onroad.html

Emission Standards: Japan
Japanese 10-15 Mode
DieselNet

November 13, 2001

www.dieselnet.com/standards/jp/jp_10-15mode.html
‘Light Duty test cycle’

Emission Standards: Japan

Japanese 13 Mode

DieselNet

November 13, 2001
www.dieselnet.com/standards/jp/jp_13mode.html
‘Heavy-Duty Engine Test Cycle’




EPA - Office of Transportation and Air Quality

Volunteer Diesel Retrofit Program

wWWww.epa.gov/otag/retrofit/retrotesting.htm

Air Pollution Control Technology Verification Center

October 2, 2001

Draft Generic verification protocol for retrofit catalyst, particulate filter and engme modification
control technologies for highway and non-road use diesel engines.

Fairplay Solutions
October 2001
Issue No 61
Page 8 “Dual Fuel Marine Engines”

MARAD

Emissions Monitoring Protocols for Commerciai Ships
James J. Corbett P.E. PhD

Allen Robinson, PhD.

Alex Farrell, PhD.

www.marad.dot.gov/MTS RD/topics.html

EPA
Test/QA procedures for verification of portable NO/NO2 emission analyzers
December 4, 1998

www.epa.gov/etv/07/prot no2.pdf

MARPOL 73/78 Annex VI- Technical Code, International Maritime Organization.
MP/CONF 3/35, 22 Oct 1997

MARPOL 73/78 Annex VI- International Maritime Organization, MP/CONF 3/34, 28 Oct
1997

R. Herrmann and G. Grosshans, “Exhaust Emissions of Ship Propulsion Engines” ASME
Oct 1994

Research Project 396: Exhaust Gas Monitoring: Evaluation of Exﬁaust Gas Monitoring
Equipment for Shipboard Use, Marine Information Note MIN 41 (M+F) Jan 1999

EPA
EMC- CFR Promulgated Test Method

http://www.epa.gov/ttn/emc/promgate.html

24  Discussion

In consultation with AETC, and supported by industry experience and the results of this
literature survey, we conclude that actual in-situ testing of an automobile will not be required for
this study. This is due to the vast database of emissions data available from the EPA and other
sources for automobile pollutant generation rates. Therefore, this review focused on the
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identification of applicable test methods for the ferry, which could also apply to the test of the
diesel-powered bus.

There are two distinct issues relative to the development of test protocols of marine engines. The
first is the development of a relatively simple and cost-effective test that can be established as a
broad-based standard for periodic emissions source testing. This low cost and easily
implemented method would also apply to comparative testing of various emissions reduction
devices and/or alternative fuels. The development and evaluation of such methods is currently
underway by numerous groups as noted in the references.

The second issue, imperative to this study, is the generation of a detailed, laboratory-quality
protocol applicable to the one-time testing of a diesel ferry in a particular service and a diesel bus
in the same commuter service for the purpose of obtaining absolute, scientifically defensible
data. The technical literature overwhelmingly offers information on the former, cost-effective
source test protocol, while clearly demonstrating that results and/or the test methods utilized for
conducting a laboratory quality field test of a marine ferry engine or diesel passenger bus are
non-existent.

Therefore, we will move toward adapting well-established test methods for large-bore stationary
diesel engines to the demands of this analysis. Based on a review of recent test work and
emissions test protocol development performed by AETC for the New York State Department of
Environmental Conservation and upon discussions with various agencies, this will primarily
consist of the utilization of the extractive Fourier Transform Infrared Spectroscopy (FTIR)
method for testing of all targeted pollutants. '

Utilizing FTIR (EPA Method 320) a single instrument will directly measure all targeted
compounds and will provide the highest quality data currently achievable utilizing any known
test method. In addition, since the FTIR analyzer will measure all targeted compounds real-time,
and the measurement of all compounds will occur simultaneously, excellent measurement of
engine transients will be possible. We propose utilizing FTIR to measure the following
compounds:

The following chemical species will be quantified:

Acetaldehyde;

Acrolein;

Carbon4+ straight-chain hydrocarbons (aliphatic HCs, C4 and larger);
Carbon dioxide (CO»);

Carbon monoxide (CO),

Ethane;

Ethylene;

Formaldehyde and aldehyde compounds;

Methane;

Oxides of Nitrogen (NOy) (using NO + NO; on the FTIR);
Oxygen (utilizing a paramagnetic analyzer);

Particulate matter (utilizing EPA Method 5)

29



o Sulfur dioxide (SO»);
° Water vapor (H0); and
. Any other FTIR-detected species.

The capability of the FTIR instrument to measure VOC'’s, methane and formaldehyde
compounds in real-time with unsurpassed accuracy offers tremendous advantages over other
indirect methods which would require the acquisition of an exhaust gas sample that is then sent
(off-site) for laboratory analysis, typically utilizing “wet chemistry” methods.

As noted above, EPA Method 5 will be used for the measurement of particulate matter. EPA
Method 5 is a mass-based particulate method, well established and universally accepted for
stationary sources. The identical test equipment will be utilized for the in-situ test of the marine
engines on the ferry as well as for measurement of the bus emissions while the bus is operated on
a chassis dynamometer.

During the testing utilizing FTIR, we may recommend performing simultaneous testing with an
inexpensive portable-type analyzer for the purposes of qualifying the portable instrument. Once
qualified, the portable unit could be used for later portions of this analysis, which will evaluate
various candidate emissions-reduction devices and/or alternative fuels.
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3.0 TEST SCOPE AND METHODOLOGY DEFINITION

3.1  Objective

The objective of this section is to define in broad terms the scope and methodology to conduct
transit bus and passenger ferry emissions testing and to capture required engine load and
performance data. ‘

3.2  Test Scope and Methodology

3.2.1 Engine Exhaust Emissions Measurements

The imperative requirement of this research is the generation of a detailed, laboratory-quality
protocol applicable to the one-time testing of a diesel engine powered ferry in a particular service
and a diesel engine powered bus in the same commuter service for the purpose of obtaining
absolute, scientifically defensible emissions data. Therefore, we will adapt well-established
diesel engine test methods for use in this analysis. Utilizing Fourier Transform Infrared
Spectroscopy Analysis, FTIR (EPA Method 320), a single instrument will directly measure all
targeted compounds and will provide the highest quality data currently achievable utilizing any
known test method. Moreover, since the FTIR analyzer will measure all targeted compounds in
real-time, and the measurement of all compounds will occur simultaneously, excellent
measurement of engine transients will be possible.

The following chemical species will be quantified:

Acetaldehyde;

Acrolein;

Carbon4+ straight-chain hydrocarbons (aliphatic HCs, C4 and larger);
Carbon dioxide (CO»);

Carbon monoxide (CO);

Ethane;

Ethylene;

Formaldehyde and aldehyde compounds;

Methane;

Oxides of Nitrogen (NOy) (using NO + NO, on the FTIR),
Oxygen (utilizing a paramagnetic analyzer);

Particulate matter (utilizing EPA Method 5);

Sulfur dioxide (SO,);

Water vapor (H,O); and

Any other FTIR-detected species.

To meet the objectives of this test program, it is essential to accurately capture engine power and
speed (load) profiles for both the bus and the ferry. For the passenger ferry, this engine load data
will be captured simultaneously with the exhaust emissions data. Regarding the transit bus, this
data will be obtained in two-stages: (1) on-board testing to determine average daily engine load
profile and passenger ridership profile and (2) chassis dynamometer testing with the engine load
profile programmed into the dynamometer. A description of the engine parameters to be
measured and the respective measurement methods follows.
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3.2.2 Transit Bus Engine Performance Data Collection On-Board

Based on review of the bus routing and routine, the test team will ride a representative bus for
not less than three (3) days. During this time, in addition to recording the number of passengers,
a log will be created noting times and activities of the bus.

In addition, a portable PC based data acquisition system (DAQ) will be used to continuously
monitor the minimum parameters listed in Table 3.1. These parameters will then be used for
programming the chassis dynamometer for the emissions test work.

Table 3.1
Measured Parameters of the Transit Bus Test
Parameter Measurement Method Purpose
. Input to emissions
Fuel Flow Engine control module calculations.
Air manifold temperature “ “ To cc‘)t'nﬁrm engine operating
condition on dynamometer.

Air manifold pressure “ “ L “
Jacket water temperature « * . “
Enﬂile S&d “ 1] “ 1]
Vehjcle speed [ 13 [13 (3
Throttle position Linear displacement transducer | * ¢

. : Input to emissions
Ambient temperature Thermometer calculations.
Misc. engine operating data .
available from engine control E:)iljn tgrli:nerfom ance
module. ; g

As shown in Table 3.1, the majority of the data will be acquired through a serial-port (or similar)
connection to the engine electronic control unit. Data not available from this source will be
acquired from temporary, test-quality instrumentation, connected as analogue voltage inputs to
the data acquisition computer. :

Following the acquisition of the foregoing data, the test team will develop a time versus engine
load and speed profile, relating the various engine operating conditions and the durations at
which the engine operates at each load condition. In addition, the details of transients (i.e.
acceleration /deceleration), observed during the onboard testing will be recorded.

Dynamometer Testing
Once the load profile is completely established, a test matrix will be generated for operation of

the same bus on a chassis dynamometer. While field conditions are duplicated on the
dynamometer, the engine performance data outlined in Table 3.1 will be captured in addition to,
and simultaneously with, the emissions species outlined in Section 3.1 in real time. The data will
be utilized to develop an accurate, scientifically defensible profile of emissions data for a fleet of
buses.



Data Reduction.
For each of the steady-state conditions, not less than three (3) 30-minute test runs will be

conducted on the dynamometer. For each of the transient conditions, each of the transient events
will be tested not less than three (3) times. The three data sets of each type will be checked real-
time to ensure that the data repeatability satisfies the criterion established in the test protocol.
Tests yielding data unable to meet the repeatability standard as defined in the test protocol will
be done again.

For the steady-state runs, the total mass emissions rates will be generated by multiplying the
daily duration (hours) at the specific load condition by the emissions mass flow rates measured
on the dynamometer (grams/hour). Similarly, for the transient data, the total mass of pollutants
emitted during each transient (grams) will be multiplied by the number of transients of each type
occurring each average day.

The total mass of the steady state and transient runs will then be summed to determine a total
daily average mass emissions rate.

3.2.3 Passenger Ferry Engine Performance Data Collection

Engine operating data will be recorded simultaneously with emissions data, while aboard the
vessel as it performs its usual schedule. Testing will consist of not less than three (3) days, as
equal to the testing of the transit bus.

In addition to the emissions test equipment, the portable DAQ, supplemented by manual data
entry, will be used to continuously monitor the minimum parameters listed in Table 3.2. These
measured parameters include engine combustion airflow, exhaust flow, fuel consumption, power
output, etc., as required to develop a complete description of the engine’s operational condition
for developing mass emissions rates in transient and steady state periods.



Table 3.2

Measured Parameters of the Passenger Ferry Test

Parameter Measurement Method Purpose
Fuel Flow (supply & Test Meters connected to Input to emissions
return) DAQ* calculations.
. . ‘ Engine performance
Air manifold temperature | RTD Connected to DAQ monitoring. _
Engine performance
Air manifold pressure gt;f:;;d o ggcce’r monitoring and to support
| ' emission rates calculations.
Jacket water temperature | RTD Connected to DAQ Eng1'n © Performance
monitoring.
Shaft speed From shaft torque meter Brake HP calculation.
Shaft Torque From shaft torque meter. Brake HP calculation.
Throttle position Linear displacement Engine performance
po transducer monitoring.
i Input to emissions
Ambient temperature Thermometer calculations.
Lube oil temperature Local instrument Englp © Performance
monitoring.
Lube oil pressure Local instrument Englpe Performance
monitoring

*DAQ: Data Acquisition System.

Engine operating data, such as air manifold pressure, air manifold temperature, jacket water
temperatures, etc., will be used to capture complete engine operating performance
characteristics. These characteristics will be compared to data from different test runs at
identical load points in order to validate the data in the final reported results.

In addition to obtaining passenger count from the operators’ daily log, other parameters will be
recorded to document the condition during each testing run:

Sea state.

Wind speed and direction.

Vessel heading and speed.

Vessel position or leg of route.

Vessel draft

Ambient conditions

Basic operating data from other engine as available from local instruments.

A el ol M

As the passenger ferry performs to actual field conditions, the emissions species data outlined in
Section 3.1 will be captured simultaneously with engine performance data to develop an
accurate, scientifically defensible profile of emissions data for this means of transportation.

34



3.3  Automobile Data Review

As discussed in our previous report, a test of an automobile will not be performed, as sufficient
and widely accepted data is available from various regulatory bodies. In order to obtain a
defensible comparison, the automobile emissions rates will be determined based on the general
routing of the transit bus to determine the automobile daily load profile and average number of
trip miles. Next, based on information from the Department of Motor Vehicles for the county to
be studied, the average vehicle gross weight and age data will be obtained for that county. This
data, together with Corporate Average Fuel Economy (CAFE) standards for these size and
‘vintage of vehicles will be used to generate a per passenger daily mass emission rate for
comparison with results from the transit bus and passenger ferry.

34  Discussion

During both the ferry and the bus tests, maximum effort will be extended to measure and record
engine operating data for use in developing the emissions profile for the respective vehicles. The
information is useful for data checks performed during the testing Moreover, such data may
also be used afterwards for comparison with data from the engine manufacturers to further
validate the reduced test data.



40 TEST PROTOCOL DEVELOPMENT

41  Objective

The objective of this section is to develop protocols to determine emissions rate factors for the
same passenger-commute for the marine and land based vehicles of a pollutant expressed in
grams/BHP-Hr and normalized for vehicle rider-ship (i.e. grams/passenger/day).

4.2  Scope of Test Protocols

The scope of the test program is to develop emissions rate factors for the same passenger-
commute for the marine and land based vehicles of a pollutant expressed in grams/BHP-Hr and
normalized for vehicle rider-ship (i.e. grams/passenger/day). The best available, laboratory-
quality analyzers and test methods will be utilized to obtain accurate measurements of the
emissions from the two sources to be tested. In addition, the same test methods, equipment and
personnel will be used in both tests.

The following chemical species will be quantified:

Acetaldehyde;

Acrolein;

Carbon4+ straight-chain hydrocarbons (aliphatic HCs, C, and larger);
Carbon dioxide (CO»);

Carbon monoxide (CO);

Ethane;

Ethylene;

Formaldehyde and aldehyde compounds;

Methane;

Oxides of Nitrogen (NOy) (using NO + NO; on the FTIR),
Oxygen (utilizing a paramagnetic analyzer);

Particulate matter (utilizing ISO Method 8178)

Sulfur dioxide (SO.);

Water vapor (H;0); and

Any other FTIR-detected species.

Total hydrocarbons (THC) will be derived from the FTIR speciated hydrocarbon data. Moisture,
CO,, and O; will be reported in volume percent. Other gaseous emissions will be reported in
parts per million by volume (ppmv), ppmv dry (ppmvd), ppmdv corrected to 15% oxygen, and
pounds per hour (lb/hr). Particulate emissions will be calculated in pounds per million Btu
(Ib/MMBtu), Ib/hr, and grains per dry standard cubic foot (gdscf). Test runs will be of a duration
based on source route data. One-minute averages will be collected for the instrumental FTIR
method test runs. '



The following methods will be used to determine these parameters in conformance with 40 CFR
60, “Standards of Performance for New Stationary Sources”.

Table 4.1
Parameters and Test Methods
— Parameter - Method
Traverse Point Locations EPA Test Method 1 - Sample and Velocity
Traverses for Stationary Sources
Gas Composition, Oxygen (O;) EPA Test Method 3A - Determination of

Oxygen and Carbon Dioxide from Stationary
Sources (Instrumental Analyzer Procedures)

Volumetric Flow Rate EPA Method 19.
Actual fuel flow and intake airflow will be

measured and summed as a data check for
Method 19.

Particulate ISO Test Method 8178 - Determination of
Particulate Emissions

Formaldehyde, Acetaldehyde, Acrolein, Water | EPA Test Method 320 -Measurement of Vapor
vapor (H>0), Carbon monoxide (CO), Carbon | Phase Organic and Inorganic Emissions by
dioxide (CO,), Oxides of Nitrogen (NOy) Extractive Fourier Transform Infrared (FTIR)
(using NO + NO; on the FTIR), Sulfur dioxide | Spectroscopy

(S80,), Methane, Ethane, Propane, C4+
straight-chain hydrocarbons, Ethylene

THC, TNMHC THC & TNMHC will be derived from the
FTIR speciated hydrocarbon data.

Fuel Flow Measurement 40 CFR 92.107 “Fuel Flow Measurement”

Intake Air Flow 40 CFR 92.108 “Intake Air and Cooling Air”

Torque (Ferry only) ASME Power Test Code PTC-19.7

43  Testing Program and Description of Source
The testing of each source will be conducted utilizing identical emissions test techniques and
with the same test team. A description of the test procedures for each follows.

4.3.1 Bus

The candidate bus is a moder, passenger service bus operated by the Golden Gate Bridge
Highway and Transportation District. The bus is powered by a four-stroke cycle, Detroit Diesel
engine controlled by the DDEC Series IV electronic control system. The bus engine is fitted
with Detroit Diesel’s low-emission controls equipment.

The bus emissions test will be preceded by pre-test, on-board data logging during a period of not
less than one-week. During the pre-testing, test personnel will ride the bus, monitoring and
recording vehicle and engine parameters including load (HP), speed, torque, operating
temperatures and logging rider-ship. Monitoring will be performed using a laptop computer
connected to the on-board Detroit Diesel Electronic Control (DDEC) system and operating the
DDEC companion software program.



Based on the duty-cycle data gathered during the pre-test, the test team will operate the bus on a
chassis dynamometer to duplicate the actual bus performance, including transients, while
conducting the emissions testing. The test procedure will be as follows:

Bus on Dynamometer.
Discuss procedure with test team and driver.
Review safety measures with all participants.
Connect computer to DDEC system & establish communications.
Install intake air mass flow meter.
Install fuel oil supply / return metering system.
Connect fuel flow and air flow transducers to data acquisition system.
Mobile emissions laboratory set-up and calibrate.
Begin Trial Test runs
Commence Test Program
o Steady-state data
. 10-minute averages
. Repeat each condition three-times and average data.
o Transient Conditions
= For each transient repeat three-times and average the data.
Post Test Calibration.
Uninstall test equipment.
Bus returns to service.

4.3.2 Ferry

The Seaworthy team will perform all testing of the passenger ferry, M/V Mendocino, a new
high-speed, multi-hull (catamaran), passenger vessel. The ferry is powered by four (4) identical
Cummins KTA-50, sixteen-cylinder marine diesel engines which each drive a water-jet via a ZF
Marine reduction gear. The engines are fitted with the engine manufacturer’s electronic
govemning system.

All testing will be performed during normal service between Larkspur and San Francisco over a
period of approximately three-days. Test equipment will be installed during the evenings or to
coordinate with planned vessel maintenance activities to minimize impact on ferry operations or
schedule.

The test procedure will be as follows:

Discuss procedure with test team and crew.

Review safety measures with all participants.

Connect computer to engine control module & establish communications using
the Cummins’ “INSITE” software program.

Install intake-air mass flow meter.

Install fuel oil supply / return metering system.

Install shaft torque meter.
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° Connect fuel flow, torque meter and air flow transducers to data acquisition
system. :
Mobile emissions laboratory set-up outside engine room and calibrate.
Begin Trial Test runs / check equipment.

Commence Test Program
o) Determine voyage average mass emissions rates (Dock to Dock)
o) Confirm Steady-state data
. 10-minute averages.
. Observe each condition three-times and average data.
o) Transient Conditions
n For each transient observe three-times and average the data.
Post Test Calibration.
Uninstall test equipment.
Ferry returns to service

4.3.3 Schedule of Activities
Testing on-site for each source will commence following the completion of pretest engine
equipment checks. A list of activities by days is shown below.

Table 4.2
" Test Agenda
LAB
DAY ACTIVITY AT-SITE
1 INSTRUMENT SET-UP - BUS NO
EMISSIONS MOBILE LAB SET-UP YES
3 EQUIPMENT SET-UP, CALIBRATION AND TRIAL YES
RUNS
EMISSIONS TESTING YES
EMISSIONS TESTING, POST-TEST CALIBRATION YES
DEMOBILIZATION YES
7 INSTRUMENT SET-UP -FERRY INO
8 INSTRUMENT SET-UP NO
EMISSIONS MOBILE LAB SET-UP YES
10 EQUIPMENT SET-UP, CALIBRATION AND TRIALYES
RUNS
11 EMISSIONS TESTING YES
12 EMISSIONS TESTING, POST-TEST CALIBRATION YES
13 DEMOBILIZATION YES

4.4 Determination of Flue Gas Parameters

4.4.1 Stratification Check (Ferry Only)
Prior to testing of the ferry engine, the FTIR operator may be directed to determine if
stratification of the exhaust stream is present. Stratification is a variation in measured analyte



concentration as a function of the sample probe traverse position within the stack. Stratification
is usually found in situations where two or more source streams are combined in a laminar (i.e.,
poorly mixed) manner ahead of the measurement point. If there is only one source stream, then
it may indicate a leak of ambient air into the stack upstream of the measurement point with poor
mixing. It is possible to observe stratification in a leak-free multi-cylinder internal combustion
engine exhaust, if individual cylinder exhaust streams are (1) different in composition; and (2)
exhibit laminar flow characteristics. Based on current experience, however, stratification is
extremely rare in internal combustion engine exhaust streams.

The procedure to measure stratification is straightforward. A set of five 1-minute data points are
measured by the FTIR at each of three (or greater) traverse points across the stack cross section.
The number of traverse points depends on EPA Method 1 criteria (Appendix B), and will be
determined once the stack diameter is known. A statistical comparison, analysis of variance
(ANOVA), between the three (or greater) data sets for a selected analyte (e.g., formaldehyde)
will be performed. ANOVA will reveal if there is a statistically significant difference between
data sets. If the ANOVA test shows significant differences, then the percent difference between
the lowest and highest value data sets is computed. If a statistically significant difference of
greater than 5 percent between the lowest and highest points is found, then stack traversing using
EPA Method 1 points must be conducted during sampling to obtain a representative sample. If a
difference of less that 5 percent is found between traverse points, then subsequent sampling will
be carried out with the probe tip located at the estimated centroid of the stack cross section.

An insignificant ANOV A result indicates no stratification is detected, and subsequent sampling
is carried out with the probe tip at the estimated centroid of the stack cross section.

4.4.2 Volumetric Flow Rate ,

Exhaust flow rates for the engines will be determined by direct measurement of the inlet air and
net fuel oil flows to cross-check EPA Method 19. Calculated average F-Factor values will be
used in determining the exhaust gas flow rate based on individual fuel heat input rates and F-
Factors. )

4.4.3 Oxygen Concentration

Oxygen concentrations in the flue gas during each test run will be determined in accordance with
procedures outlined in EPA Test Method 3A - Determination of Oxygen and Carbon Dioxide
Concentrations in Emissions from Stationary Sources. (Instrumental Analyzer Procedure).
(Other relevant references are contained in Appendices B, C and D.)

Samples will be collected from a single point in the stack and transported to the mobile

laboratory using a heat-traced sampling system. Further information about the sampling system
is given in Section 6 of this test protocol.
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4.4.4 Determination of Stack Gas Moisture Content

Stack gas moisture will be determined using EPA Test Method 320 (Appendix F), which is
described in Section 6 of this test protocol. EPA Test Method 320 has been validated for
moisture in gas-fired engines. This data is presented in a report published by the Gas Research
Institute entitled, Fourier Transform Infrared (FTIR) Method Validation at a Natural Gas-Fired
Internal Combustion Engine, GRI Document No. GRI-95/0271, December 1995.

4.5  Particulate Matter Emissions Testing Using ISO Method 8178

The test team will utilize a partial dilution tunnel-type sampling system from either Sierra
Instruments or from AVL. The equipment provider will be selected once a test schedule has
been established and will be based on equipment and operator availability. A number of
different test methods and equipment types for the particulate sampling portions of this test
program were investigated before deciding on the method described in this section. Background
information and a topical discussion follow.

4.5.1 Background

Due to unique historical circumstances, the EPA has never published emissions test methods for
stationary (or marine) Internal Combustion (JC) engines similar to 40CFR60 Method 20 for gas
turbines. In the absence of such a rule, testers have typically utilized one of two separate sets of
emissions testing methods, automotive/transport testing specifically for IC engines or generic
stationary methods. A brief summary of each follows.

Automotive/Transport 40CFR86/89
Historically, the automotive/transport methods always included various load cycles and/or

transient tests. Data Acquisition Systems (DAQ) and analyzers of the time lacked sufficient
transient response, so samples were simply collected in bags at regular intervals to achieve a
simple robust averaging method. This necessitated a cool sample to keep from damaging the
(typically plastic) bag, so it became standard practice to dilute the full exhaust sample with fresh
air to achieve a temperature of ~125°F or less. The dilution had many beneficial side effects:

. Prevented water condensation, eliminating the need for water knockouts.
. Permitted the use of atmospheric analyzers.

Once particulates were added to the testing, the dilution and cooling process caused aerosols and
vapors to solidify - just as they would in the atmosphere. Consequently only a filter was needed
to catch the particulates (or said another way, the particulates were defined as what could be
caught with a filter).

Stationary Sources 40CFR60

Stationary source test methods presume the source operates at steady state, or that the rate of
change is sufficiently slow that direct on-line sampling suffices. In addition, the large volume of
exhaust flow precludes full dilution of the exhaust stream. Consequently, a small fractional
portion of the exhaust is collected, and kept hot until it reaches a conditioning station where
particulates are removed and water rapidly dropped out and removed. Sampling is then
conducted generally cold and dry.
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To accommodate particulates, EPA Method § requires the use of a separate manually traversed
sampling probe to directly collect hot sample gas. The hot gas immediately passes through both a
filter for particulates and canisters to condense the liquids, which have not yet solidified. At this
time there is not a good correlation between Method 5 and the automotive dilution method.

Hybrid Approach
With the advent of high-speed data acquisition systems, many large engine testers have begun’

directly collecting a fractional sample and passing that through the analyzers, either hot and wet
or cold and dry. This is particularly attractive where the tremendous volume of the exhaust
precludes dilution.

However, to obtain data that better correlates with dilution tunnel measurements, several
researchers have developed “partial dilution” methods specifically for particulates. These include
Sierra Instruments in the USA and AVL in Europe. These methods extract a precisely measured
isokinetic fraction of the exhaust flow and then dilute it similar to a full dilution tunnel.
Depending on the specifics of the method, it would appear to more or less correlate with full
dilution data, though this requires further investigation.

Rather interestingly, 40CFR94, the new test method for marine diesels, uses 40CFR92
(locomotive) test methods. This method permits partial dilution for particulate measurement,
offering few specifics. Again much more information is needed.

In developing methods for the current protocol AETC recommends using 40CFR60 methods for
gaseous components in conjunction with a good partial dilution sampling method for
particulates.

4.5.2 Principle of Operation

Referring to Figure 4.1 on the following page, the dilution tunnel operates by drawing a known
volume of exhaust from the stack and into the dilution tunne] where it is diluted with a known
quantity of clean air. The fresh air keeps the exhaust gases cool and at the same times prevents
moisture from condensing out of the exhaust stream. Some of the diluted air/exhaust mixture is
then passed through a filter medium, which captures the particulate matter.

Filters are weighed before and after testing and the particulate matter concentrations in the
exhaust system are then derived from the difference in the before and after weights. Appendices
B and D of this protocol contain detailed descriptions of the sampling operation and the
accuracies of the method.

4.5.3 Sampling Equipment

Detailed descriptions, certifications test reports and operating instruction manuals appear for the
two partial dilution particulate sampling systems evaluated by AETC appear in AETC Report
4005.01.04, deliverable No. 4, “Emissions Test Equipment”.
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Figure 4.1
Partial Dilution Sampling System

EXAMPLE OF PARTICULATE DILUTION TUNNEL

LEGEND

1. Transfer tube gate valve 9. Back pressure control valve
2. Heater (aptianal) 10. Damping volumes (optional)
3. Restrictar {adjustable) 11. Control vaive

4. Extractor pump or fan 12. Sample flow meter

5. Thrattle 13. Dilution air filter

6. Sample tube gate valve 14, Exhoust duct

7. Filter halder 15. Dilution tunnel

8. Sample pump
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4.6 Fourier Transform Infrared (FTIR) Spectroscopy Analysis

4.6.1 Introduction

The extractive FTIR measurement method is based on continuous extraction of sample gas from
the stack, transporting the sample to the FTIR spectrometer and performing real-time spectral
measurement of the sample gas. The sample gas spectra are analyzed in real time for target
analytes, archived, and re-analyzed, if necessary, at a later date for other target analytes.

Our proposed FTIR subcontractor, Spectral Insights (SI), has conducted over 75 compliance tests
using FTIR on natural gas-fired engines, using EPA Method 320 or equivalent. Each of these
tests was completed successfully. In approximately 50 of the tests, corresponding EPA reference
methods for THC, NO#, CO;, and CO were conducted simultaneously. The agreement between
the methods was very good, except in cases where high levels of NO, were present. This was
found to be due to low converter efficiency in chemiluminescent NOy analyzers. It was also
determined at low NOy levels, the chemiluminescent analyzer is subject to fluorescence
quenching due to CO,. FTIR is not subject to these known problems. The U.S. EPA has
accepted all SI-collected FTIR data submitted to them without question, including NO, and CO
data, (For further information on EPA's position on the use of FTIR for NO,, CO, and other
species, please contact Ms. Rima Dishakjian at (919) 541-0443, Mr. Ken Durkee at (919) 541-
5425, or Mr. Mike Toney at (919) 541-5247).

The proposed method will follow all of the procedures described in EPA Test Method 320. SI
performed (as Radian Corporation) the successful EPA Method 301 FTIR validation test funded
by the Gas Research Institute (GRI) in 1994. The validation was accepted by EPA, and EPA
stated in a letter to GRI that FTIR can be used at any "gas-fired source". These data are reported
in a document published by the Gas Research Institute entitled, Topical Report: Fourier
Transform Infrared (FTIR) Method Validation at a Natural Gas-Fired Internal Combustion
Engine, GRI Document No. GRI-95/0271, December 1995.

SI has conducted EPA Method 301 validation studies for the following compounds:

Acetaldehyde;

Acrolein;

Carbon dioxide (CO»);

Carbon monoxide (CO);

Formaldehyde;

Oxides of Nitrogen (NOy) (using NO + NO; on the FTIR); and
Water vapor (H;O).

SI has successfully used FTIR to determine THC and TNMHC data from engines. These
components of engine exhaust are primarily methane (CH,), ethane, ethylene, and formaldehyde.
Because FTIR can measure these species separately, it is straightforward to measure THC and
TNMHC using the FTIR system by adding the concentration of the appropriate species, either
un-weighted, or carbon-weighted. Because the usual detector used in Method 25A analysis is a
flame ionization detector (FID), the measurement of THC can be biased with the varying relative
responses for each hydrocarbon. However, because THC in the engine exhaust is primarily



methane, the differences between THC by FID and FTIR are typically negligible. TNMHC
determination has historically been difficult using M25A, due to the high levels of methane
expected to be present in the effluent gas and the difficulty of selectively removing methane. A
recent EPA-sponsored test of Internal Combustion (IC) engine exhaust measurements at
Colorado State University using a "TNMHC" analyzer showed the difficulties with attempts to
remove high (1000 ppm) levels of methane.

4.6.2 Summary of FTIR Method
FTIR measurement is based on the absorbance of infrared energy by gas phase compounds.
Most molecules absorb infrared energy at characteristic frequencies based on the molecular
vibrational and/or rotational motion within the molecule. The absorption characteristics of a
particular compound can be used to identify and quantitate the concentration of that compound.
The concentration of a single target compound is related to its absorbance according to Beer’s
Law:

A() = a(W)bc ' '

Where:
A(v) = absorbance at wavelength [,
a(v) = absorption coefficient at wavelength [,
b = path-length, and
¢ = concentration,

If more than one compound absorbs light at a given wavelength, then the total absorbance is
found from a linear combination of Beer’s Law for each compound.

Where:
Aper V) = bﬁaiwi
Awtal total absorbance at wavelength v;,
ai (v) absorption coefficient for compound I at wavelength v,

concentration of compound I,
total number of absorbing compounds, and

path-length.

Compounds with very sharp spectral features, such as CO, can exhibit nonlinear analyzer
response, requiring correction algorithms to accurately calculate concentrations. Correction
algorithms are generated by measuring the spectrum of the compound at several different
concentrations and fitting the resulting data to an appropriate correction curve.

Ay
1 | TV

Quantitation of each target compound is based on the application of a reference spectrum that is
specific to that compound and is measured at a known concentration, temperature, and pressure.
For the target compounds, quantitation is performed by selecting characteristic absorbance
regions that have minimal interferences from other compounds present in the gas stream.
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The classical least squares (CLS) method is applied to fit the reference spectra to the sample
spectrum, with the resulting scaling factors used to calculate concentrations. The CLS method
finds the set of concentrations that minimizes the residuals in the analysis region and provides a
confidence interval for each concentration calculated. The confidence interval is used as a
diagnostic to determine how well the CLS method fit was accomplished. It is used to assess
instrument performance and to alert the user to review the data for the presence of new or
elevated concentrations of interferants in the sample.

4.6.3 Analytes ‘
The analytes that will be measured by this method and their CAS numbers are shown below.
Table 4.3
Target Analytes
Compound Chemical Abstract Number
Acetaldehyde 75-07-0
Acrolein 107-02-8
C4+ straight-chain hydrocarbons NA
Carbon dioxide (CO») 124-38-9
Carbon monoxide (CO) 630-08-0
Ethane . 74-84-0
thylene 74-85-1
Formaldehyde 50-00-0
ethane 74-82-8
itrogen dioxide (NO,) 10102-44-0
itric oxide (NO) , 10102-43-9
ropane 74-98-6
Sulfur dioxide (SO,) 7446-09-5
Water vapor (H,0) 7732-18-5

4.6.4 Applicability

This method applies to the analysis of vapor phase organic or inorganic compounds that absorb
energy in the mid-infrared spectral region, about 400 to 4000 cmr-' (25 to 2.5 um). This method
is used to determine compound-specific concentrations in a multi-component vapor phase
sample that is contained in a closed-path gas cell. Spectra of samples are collected using double
beam infrared absorption spectroscopy. A computer program is used to analyze spectra and
report compound concentrations. ‘

4.6.5 Method Range and Sensitivity
Range and sensitivity of the method are functions of the following factors:

Measurement cell path-length;
Absorption coefficient of each target compound at the selected analytical
frequency region,

. Spectral resolution;
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Interferometer sampling time;

Number of individual interferograms used to produce each time-averaged
spectrum;

Detector sensitivity and response time;

Compounds comprising the sample matrix; and

Biases due to the sample collection and/or analysis system.

Measurement cell path-length is the primary determinant of the range and sensitivity of the
method. Appropriate path-length of the measurement cell will be determined by considering the
following:

. The lowest expected concentration or the desired target detection limit of each
target compound; and
. The expected concentration of any potential interfering compound.

4.6.6 Performance Specifications
Prior to the performance of the work, the performance specifications shown below will be
verified with the FTIR instrumental configuration anticipated for this program.

Table 4.4
FTIR Method Performance Specifications *
Compound Detection Limit

Acetaldehyde 1.0 ppmv
Acrolein 1.0 ppmv
C4+ straight-chain hydrocarbons’ _ [0.1 ppmv
Carbon dioxide (CO,) <0.04%
Carbon monoxide (CO) 0.1 ppmv
Ethane <] ppmv
Ethylene 0.1 ppmv
Formaldehyde 0.2 ppmv
Methane <5 ppmv
Oxides of Nitrogen (NOyx) <5 ppmv
Propane <1 ppmv
Sulfur dioxide (SO,) <5 ppmv
Water vapor { H,0) <0.1%

* Precision (% RSD) and Accuracy (% bias) equal to £10% and are defined
at concentrations 10 times greater than the analyte detection limit.
® Reported as hexane equivalents.
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4.6.7 FTIR Sampling Equipment
The sampling and measurement system consists of the following components:

Heated probe;

Heated filter;

Heat-traced Teflon® sample line;

Teflon® coated, heated-head sample pump;
FTIR spectrometer; and

QA/QC apparatus.

The following Figure 5.1 illustrates the FTIR sampling and measurement system. In operation at
any source, the sample is continuously extracted from the stack through the heated probe.
Sample gas is then sent into a heated filter assembly, which will remove any particulate matter
from the sample stream to protect the remainder of the sampling and analysis system. The probe
liner and filter body are made of glass, and the filter element is polytetrafluoroethylene. In
addition to providing an inert surface, the glass filter holder allows the operator to observe the
filter loading during sampling operations. The probe and filter are contained in a heated box,
which is mounted on the stack and maintained at a temperature of 250 °F.

After passing through the filter assembly, the sample gas is transported to the FTIR spectrometer
by a primary heat-traced PTFE sample line maintained at 250 °F driven by a heated- PTFE head
sample pump maintained at approximately 204° C (400° F). The sampling flow rate through the
probe, filter, and sampling line is a nominal 20 standard LPM. Sample gas then enters an
atmospheric pressure heated PTFE distribution manifold where it is sent to the FTIR
spectrometer via a slipstream flowing at 9 LPM. Another slipstream from this manifold supplies
sample to the oxygen analyzer for EPA Test Method 3A analyses. Excess sample gas not used
by instruments is vented to atmosphere.

FTIR spectrometer sample gas is taken from the distribution manifold by a secondary heated
PTFE head sample pump maintained at approximately 204° C (400° F) and directed into the
FTIR sample cell maintained at 185° C (365° F) for real-time analysis. The cell is made of
nickel-plated aluminum, with gold-plated glass substrate mirrors and potassium chloride
windows. Exhaust gas from the cell is vented to the atmosphere.
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4.6.8 Preparation for Sampling
Before commencement of daily sampling operations, the following tasks will be carried out:

System leak check;

Measurement of FTIR background spectrum;
Instrumental QC; and

Sampling and measurement system QC spike run.

Detailed descriptions of these tasks are presented in the paragraphs below.

The heated sampling lines, probes, and heated filter will be positioned at the inlet and outlet
locations. All heated components will be brought to operating temperature, and a leak check of
both inlet and outlet sampling systems is performed. The leak check will be performed by
plugging the end of the probe and watching the main sample flow meter to see that the value
goes 1o zZero.

A background spectrum is measured using zero air or zero nitrogen through the cell. Next the
QC gases are measured by flushing the cell and they must agree to within a percentage of target
value. The QC gases used for this program include (with acceptance criteria):

. Carbon monoxide (CO) used for frequency calibration. Carbon monoxide is
directly injected into the sample cell to measure photometric accuracy, validity of
the non-linear correction algorithm and serve as a frequency (i.e., wavelength)
calibration. Acceptable limits for CO standard analysis are +6 percent of certified
concentration; and :

. Methane/nitric oxide/carbon dioxide mixture, used for overall system
performance check (calibration transfer standard) (acceptance limits are +6% of
the certified concentration).

These two mixtures are typically combined into one mixture. The gas standards are also known
as calibration transfer standards, as described in EPA Test Method 320.

The sampling and measurement system spike test will be used to perform validation and directly
challenge the complete system and provide information on system accuracy and bias. Dynamic
analyte spiking involves injecting a known concentration of spike analyte at the probe exit and
looking for an appropriate instrument response. Formaldehyde will be used as a surrogate for all
target analytes. Formaldehyde is selected as the surrogate due to its potential difficulties in
sampling. While this procedure can be performed for NO, and CO, experience has shown that
the direct instrumental challenges are sufficient for those species. While it is certainly possible
to perform spikes for NO, and CO, this would add to the cost of the program by obtaining an
additional gas standard containing NO,, CO and a sulfur hexafluoride tracer (to determine
dilution) as well as approximately 30-45 minutes per day extra to perform the spikes before and
after the day's testing. The standard must contain 10 times the usual concentration of the target

species because the spike gas will be diluted by at least a factor of 10, according to EPA Method
320.
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This test is conducted to satisfy the requirements set in EPA Test Method 320. Section 6,
Equipment and Supplies, of Method 320 gives a description of the dynamic spiking apparatus.
FTIR has been validated for the compounds listed in Section 6.1 of this test protocol.

The FTIR spiking procedure used will be the following:

Measure native stack gas for a 3 minute period (i.e., 3-1 minute samples);
Start spike gas flow into sample stream, upstream of the heated filter;

Let system equilibrate for at least 2 minutes;

Measure spiked sample stream for 3 minutes (i.e., 3 - 1 minute samples); and
Turn off spike gas flow.

The above procedure will produce 3 spiked/unspiked sample pairs. Spike recovery and relative
standard deviations for 3 spiked/unspiked sample pairs will be computed from the procedure
given in Sections 8.6.2 and 9 of EPA Method 320. The recovery must be 70-130% for the
system to be considered acceptable for testing. ‘

The spiked/unspiked pairs will not be recorded simultaneously, because only one FTIR system
will be available for this test program. This procedure should produce acceptable results because
previous experience indicates that this type of source is very stable for a given operating
condition.

4.6.9 Sampling and Analysis

FTIR sampling will be performed simultaneously with EPA Test Method 3A and ISO Method
8178 (particulates) during the testing. The start and stop times of the PM method will be
coordinated with the FTIR operator, so that FTIR data files can be coordinated with method 8178
start and stop times. FTIR sampling will be accomplished using a heated transfer line.

Typical FTIR operating conditions are shown below. These parameters provide the detection
limits given previously in section 5.6. Some of these parameters are sample matrix dependent.

Table 4.5
Typical FTIR Operating Parameters
Parameter Value ]
Spectral Range (cm™) 400 - 4000
Spectral Resolution (cm™) 0.5 (or better)
Optical Cell Path length (m) 3.4 (variable -~ 1-10)

Optical Cell Temperature (°C) 185
Sample Flow Rate (liters/minute) |9 (3.0 optical cell volumes/minute)
Integration Time (minutes) 1 (Aveiaﬁof 43 spectra)

~ Sample flow rate will be determined by the data averaging interval and FTIR spectrometer
sample cell volume. A minimum of 3 sample cell volumes of gas must flow through the system
to provide a representative sample during a single integration period. Typically, a 1 minute
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averaging period with a 3 liter volume sample cell gives a minimum flow rate of 9 LPM.
Typically a flow rate of 20 standard LPM is used to accommodate the FTIR and EPA Test
Method 3 A instrumentation on-site, and to minimize sample residence time in the sampling
system. .

The temperature of all sampling system components will be at a minimum of 250 °F to prevent
condensation of water vapor or other analytes in the sampling system. Actual sampling system
operating temperatures will be determined before start of testing. The FTIR sample cell
temperature will be maintained at 365 °F (185 °C) to ensure that condensation of high-boiling
point analytes on the cell optics is minimized.

FTIR sample cell pressure will be monitored in real-time in order to calculate analyte
concentration in parts-per-million. The cell is normally operated near atmospheric pressure with
the cell pressure continuously monitored.

Stack gas temperature will also be monitored to provide information on potential sample analyte
condensation in the sampling system. If the stack gas temperature is higher than the lowest
sampling system component temperature, then an assessment by the spectroscopist or field team
leader must be made whether any analytes of interest may condense within the sampling system,
resulting in measurement bias.

Sampling probe location will be determined by the requirements set in EPA Method 1 in terms of
duct diameters upstream and downstream of disturbances. Sampling and analysis procedures are
straightforward for a single-source measurement. Once QA/QC procedures have been completed
at the beginning of a test day, the sample will be allowed to flow continuously through the FTIR
spectrometer cell and the software will be instructed to start spectral data collection. The
spectrometer collects one interferogram per second and averages a number of interferograms to
form a time-integrated interferogram, Typical averaging times range from 1 to 5 minutes. The
interferogram is converted into a spectrum and analyzed for the target analytes. After spectral
analysis, the spectrum is stored on the computer and later permanently archived. Spectral data
collection is stopped after a pre-determined time, corresponding to a “run”. Typical runs will be
1 hour long; giving 60 1_minute averaged points for each target analyte. At the end of the test
day, the end-of-day QA/QC procedures are conducted.

Correction of all target analyte (except water) concentrations to a dry basis will be made using
the following equation:

Dry = Wet
1-(H290/100)
Where:
- Dry = Corrected dry concentration of the target analyte;
Wet = Measured concentration of the target analyte on a wet basis, at a
specific point in time;
H,0 = Corresponding measured concentration of H,O (in percent).

Before any testing is started at a given site, an initial “snapshot” of the stack gas is taken with the
FTIR measurement and analysis system to determine the true sample matrix. If any target
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analytes are present at significantly higher levels than expected, adjustments will be made to the
cell path length and/or the spectral analysis regions used for quantitative analysis. These
adjustments will minimize interferences due to unexpectedly high levels of detected analytes.

FTIR method performance is gauged from the results of the QA/QC procedures given in
Section 9, Quality Control, of EPA Test Method 320. Acceptable spiking tests will meet
acceptance criteria of 70 to 130 percent recovery. The acceptable instrument diagnostic and
system response check accuracy will be within + 6 percent of target. Acceptable system
response check precision will be 6 percent RSD.

Quantitative analysis is performed by a mathematical method called multi-variate least squares
(commonly known as Classical Least Squares or CLS). CLS constructs an optimized linear
combination (or ‘fit’) of the reference spectra to duplicate the sample spectrum, utilizing the
Beer-Lambert Law. The Beer-Lambert Law states that the absorbance of a particular spectral
feature due to a single apalyte is proportional to its concentration. This relationship is the basis
of FTIR quantitative analysis. The coefficients of each compound in the linear fit yield the
concentration of that compound. If it is found that the quantitative analysis of a given compound
responds non-linearly to concentration, a calibration curve is developed by measuring a series of
reference spectra with differing optical depths (concentration times path length) and using them
in the linear fit. Low molecular weight species such as water vapor and carbon monoxide
require non-linear correction, possibly even at levels as low as 100 ppm-meters (concentration
times path length). Analytes greater than 50-60 amu molecular weight usually do not require
non-linear corrections. An experienced spectroscopist can determine whether non-linear -
corrections are necessary for an analyte in a given source-testing scenario. -

The SI validated spectral database includes the compounds shown below. These spectra were
validated in the laboratory at a cell temperature of 185° C against certified gaseous standards.
Any compounds identified in the stack gas and not included in the SI database can be quantified
if necessary after subsequent laboratory reference spectrum generation.

‘ Table 4.6
Available Reference Compound FTIR Spectra *

1-butene chlorobenzene methylene chloride
1,3-butadiene cis_2 butene n_butanol
2-methylpropane cyclohexane n_butane
2-propanol cyclopentane n_pentane
2-methoxyethanol cyclopropane nitric oxide
2-methyl-2-propanol | ethane nitrogen dioxide
2-methylbutane ethylbenzene nitrous oxide
4-vinylcyclohexane ethylene | 0_cresol
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Acetaldehyde formaldehyde o_xylene
acetic acid hexanes p_cfesol
acetone hydrogen fluoride |p_xylene
Acetylene hydrogen chloride | phenol
acrolein isobutylene propane
ammonia m_Xxylene propylene
benzene m_cresol styrene
carbon monoxide methane , sulfur dioxide
carbon dioxide methanol toluene
carbonyl sulfide methyl ethyl ketone | Trans-2-butene
water vapor

* Spectra were collected at a cell temperature of 185° C.

4.6.10 FTIR Analytical Uncertainty and Detection Limits

FTIR analytical uncertainty for each analyte will be reported in real-time by the FTIR
quantitative analysis software. After each run, the estimated detection limits for each analyte of
interest can be computed. These real-time calculations exceed the requirements set in

Method 320, since they are actual values in the presence of the real sample matrix, not estimates
as computed in the method.

4.6.11 FTIR Method Data Review Procedures
The following procedure will be conducted to review and validate the FTIR data.

Post-test Data Review procedure (on-site

1. Examine the concentration vs. time series plot for each compound of interest, and
identify regions with the following characteristics:
. sudden change in concentration;
. unrealistic concentration values;
. significant changes in 95 percent confidence intervals reported by
. software; and
o sudden increase of noise in data.
Select representative spectra from the time periods indicated from Step 1.
Subtract from each representative spectrum chosen in Step 2 a spectrum, which
was taken immediately prior in time to the indicated time region.
4, Manually quantitate (including any non-linear corrections) for the species in
question and compare the result to the difference in software-computed
concentrations for respective spectra.

W
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5. If concentration values in Step 4 do not agree to within 5 percent, determine
whether the difference is due to a recoverable or non-recoverable error.

6(i). If the error is non-recoverable, the spectra in the indicated time region are
declared invalid.

6(ii). If the error is recoverable, and time permits, determine possible source(s) of error
and attempt to correct. If time is critical, proceed with measurement. If
correction is achieved, conduct QA/QC checks before continuing,

7. Determine the peak-to-peak scatter or the root mean square (RMS) noise-
equivalent-absorbance (NEA) for the representative spectra.

8. If the NEA exceeds the limits required for acceptable detection limits, the spectra
in the time region are declared invalid (due to non-recoverable error).

9. Data found invalid are subject to re-measurement.

Final Data Review (off-site)

The procedures for final data review include those given above; however, if a non-recoverable
error is found during this phase, the data are considered invalid. In addition, the following
procedures will be carried out by the spectroscopist to perform a final data validation:

1. If any recoverable data errors are detected from the procedure, determine the
cause and perform any necessary corrections. ”
2. For analytes which were not detected or detected at low levels:
i Estimate detection limits from validated data;
ii. Check for measurement bias.

4.6.12 FTIR QA/QC Procedures
The FTIR QA/QC apparatus will be used to perform two functions:

Dynamic analyte spiking; and
. Instrumental performance checks.

Dynamic analyte spiking is used for quality control/quality assurance of the complete sampling
and analysis system. Dynamic spiking is continuous spiking of the sample gas to provide
information on system response, sample matrix effects, and potential sampling system biases.
Spiking is accomplished by either:

. Direct introduction of a certified gas standard; or
o Volatilization of a spiking solution.

Certified gas standards are preferred due to simplicity of use, but many target analytes cannot be
obtained as certified gas standards, and must be spiked using standards generated by volatilized
solutions.

Gaseous spiking is carried out by metering the spike gas into the sample stream at a known rate.
Spike levels are calculated from mass balance principles. When certified gas standards are used,
a dilution tracer, such as sulfur hexafluoride, is used to directly measure the fraction of spike gas
spiked into the sample. This technique can be used instead of mass balance calculations.
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FTIR method performance is gauged from the results of the QA/QC. EPA Test Method 320
instructs the user to determine the percent spike recovery of 3 pairs of spiked/unspiked samples.
EPA Test Method 320 acceptance criterion is 70 to 130 percent recovery for the three pairs of
samples. The acceptable instrument diagnostic and system response check accuracy will be
within + 6 percent of target. Acceptable system response check precision will be 6 percent RSD.

4.7  Sampling Locations

Sample locations were selected based on obtaining the most representative samples by meeting
the requirements of EPA Method 1, Sample and Velocity Traverses for Stationary Sources. As
indicated in Section 4.0, a stratification check at the ferry engine sampling location will be
performed prior to commencement of testing to confirm the suitability of the sample location.
The small diameter of the bus exhaust system precludes this test for the bus.

4.7.1 Bus
Downstream of the turbocharger a special collar / stack extension section will be installed to
accommodate both the particulate and FTIR (heated) sampling probes.

4.7.2 Ferry
In engine room, five (5) pipe diameters downstream of the turbocharger outlet.

4.8  Site Requirements

Sample ports will be designed, fabricated and installed during pre-test set-up and prior to the
mobilization of the emissions laboratory. The facilities will provide either 240 volts at

40 amperes (single phase) or 480 volts at 20 amperes (single or three-phase) power at each
engine location.

The mobile laboratory will be located adjacent to the bus and in the case of the ferry will be set-
up near the entrance to the engine room on the main deck so that no more than 100 feet of heat-
traced sample line will be required for the FTIR sampling train.

It will also be necessary for the bus and ferry operating personnel to assist with starting, stopping
and normal operation of the engines as required during the test program.

49  Quality Assurance Program

The quality assurance effort to be implemented as part of this test program will incorporate both
quality assurance and quality control. Quality control (QC) is a system of routine technical
activities implemented by the project team personnel to measure and control the quality of the
data as it is collected and manipulated. QC activities include technical reviews, accuracy checks,
and the use of standard procedures for data collection, analysis, and reporting. Quality assurance
includes those activities that provide an independent assessment of a project or project tasks,
including quality control functions. The Quality Assurance Coordinator assigned to this project
will be responsible for coordinating the development and execution of QA/QC activities in all
phases of the project and will supervise and check data collected from the Method 8178
equipment as well.
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The Seaworthy project team will conduct all QA/QC procedures specified in the EPA test
methods.

4.10 Safety

4.10.1 Responsibilities
This section of the field test plan describes the general health and safety requirements for field
work. Test personnel will also abide by all safety measures administered by the facility.

4.10.1.1 On-Site ‘

The person responsible for implementing and ensuring compliance with the health and safety
requirements during the on-site testing is the FTIR Project Manager. All supervisors are
responsible for ensuring that assigned employees and their subcontractors under their direction
comply with the requirements. All employees and subcontractors on-site are responsible for
complymg with the requirements and those of the host facxhty Each Test Team member reads
and signs a copy of the safety plan prior to arrival on-site.

4.10.1.2_Authorities

The Project Manager and Test Team Leaders will have the authority to upgrade the requirements
of this plan if, in either’s judgment, such adjustments are necessary and will complete the
following Project Health and Safety Sign-Off Sheet prior to the initiation of the testing program.

The designated representative at the test facility (ferry or dynamometer operator) also has the

authority to impose additional constraints or to waive particular facility Health and Safety
restrictions.
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Project Health and Safety Sign-Off Sheet
Project Number/Title:

Location:

CHECK ONE

é NO PROJECT SPECIFIC HEALTH AND SAFETY PLAN REQUIRED
RATIONALE:

é PROJECT SPECIFIC HEALTH AND SAFETY PLAN REQUIRED

CERTIFICATION: Spectral insights and its subcontractors will conduct the
activities specified In the contract ancor work

in accordance with the a Health and
uniess instructed by the authorized and
Salety Officer.

| cortify that | have read, understood, and If applicable, approved the Health and Safety
requiroments in the Health and Safety plan clted above.

Project Manager:

Health and Safety Officer:

Project Team Members:

Project Manager: Distribute completed, signed coples of this form to:
Project Rle

Figure 4.3
Project Health and Safety Sign-off Sheet
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4.10.2 Site Entry
At the start of each day of sampling, the on-site team leader or his designee informs the plant
contact of the test crew arrival.

4.10.3 Hazard Analysis

4.10.3.1 Physical Hazards
The physical hazards expected to be encountered in performing the sampling tasks are discussed

below.

Falls

If test personne] are required to work on sampling platforms during the sample collection phase
of this project, the platforms and their access ladders present fall hazards. All platforms will
have handrails and safety harnesses will be used as necessary.

Heat

Source sampling tasks involve collecting samples from hot flue gases. The ducts covering these
gases and the probes used to sample them present the hazard of thermal burns. It is expected that
the stack gas temperature will exceed 500°F. Working in elevated ambient temperatures has the
potential for causing heat stress. Regular work breaks will be enforced as the ambient working
conditions dictate. Ambient temperatures are expected to not exceed 95°F during the daytime.

Electrical

The use of electrical equipment, particularly portable equipment and extension cords, often poses
electrical shock hazards. Furthermore, work at heights may require working in close proximity
to power lines.

Noise
The potential for overexposure to noise will exist at locations near the engines.

Fire
Flammable reagents are the primary fire hazard. The facility may also have areas where ignition
sources are prohibited.

4.10.3.2 Chemical Hazards
In addition to the analytes expected in the flue gas, several chemicals are used for QA/QC
purposes. The table below contains a list of the known chemical hazards.

Table 4.7
Chemical Hazards

Exposure Location Chemical
Sample Collection Acetone

Carbon dioxide
Carbon monoxide
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Exposure Location Chemical
Formaldehyde
Methane
Nitric oxide
Total mass particulate

The Material Safety Data Sheets (MSDS) for chemicals kept at the test location are listed below:

‘Acetone;

Carbon dioxide;

Carbon monoxide;
Methane;

Nitric oxide;

Nitrogen, compressed; and
Nitrogen, liquefied.

Ampbient air monitors are maintained in the mobile laboratory to monitor the following:

PPM levels of SO; and NO;

Percent O5;

PPM levels of CO; and

Percent lower explosive limit (LEL).

4.10.4 Hazard Abatement
This section describes the general requirements for hazard abatement.

4.10.4.1 Physical Hazard Abatement

Fall Prevention

Inspection of the scaffolding and platforms is required before any are used. If the sampling
platforms are unstable or structural defects are detected, measures must be taken to correct the
problem prior to platform loading. When accessing elevations, no more than one person is to
climb access ladders at a time.

Burn/Heat Stress Prevention .

Hot sampling probes are handled only by persons wearing heat-insulating gloves. Personnel
monitor each other for signs of heat stress: profuse perspiration, cool or pale skin, dizziness, or
nausea. Affected individuals should rest in a cool area and sip cool water or electrolytes. If
symptoms of heat stroke, such as hot, dry skin or unconsciousness appear, obtain medical
attention immediately.
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Electrical Shock Prevention

Field crewmembers should be constantly aware of the position of power lines and cords relative
to themselves and their electrical equipment in use to prevent electric shock. All equipment that
is not required to operate overnight is left unplugged. The use of power strips with multiple
outlets is limited to strips with internal circuit breakers. All cord connections are secured so
there is no direct stress on joints or terminal screws. All electrical sampling equipment is
properly grounded to reduce electrical hazards. The cord connections are manually disconnected
from the power source prior to any work that allows direct access to potentially energized parts.

Noise Exposure Control

Test personnel wear hearing protection when working in areas that are either designated as
requiring protection or in areas where they must raise their voices to converse with someone no
more than three feet away. Earplugs are provided to all sampling personnel.

Fire Prevention

In areas where flammable materials are stored or in use, no ignition sources, including smoking,
are permitted. Personnel will follow the facility’s safety requirements to prevent fires in other
areas.

Dust
In areas where process dust might cause eye and/or respiratory problems, all sampling personnel
will wear dust masks and sealed goggles, as necessary.

4.10.4.2 Chemical H Abatement

Personal Protective Equipment

All on-site test team personnel will, at a minimum, wear:

Hardhat;

Safety glasses;

Safety shoes or boots; and -

Work clothing (long-sleeved shirts), if required.

Beyond the personal protective equipment routinely required as listed above, the personnel on
the following tasks will wear additional gear as specified below.

Source Samplers

Under general sampling conditions, there is an opportunity for exposure to contaminants
transported in the flue gases. Therefore, during set-up, breakdown, or under any other conditions
where exposure may result, personnel wear full-face respirators with organic vapor/HEPA filter
cartridges.

Work Practices

Compressed gases will be used during the sampling and analysis phase of this program. No
protective equipment is required, but care will be exercised when handling, shipping, connecting
and disconnecting gas lines to the cylinders.
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5.0 TEST EQUIPMENT SPECIFICATIONS

5.1 Objective

The objective of this section is to identify and describe the principal test equipment for use in the
Phase II program and justifies decisions to use particular devices with regard to accuracy and
robustness.

5.2 Equipment

5.2.1 Gaseous Emissions Measurement

Measurement of oxygen will be made using a paramagnetic analyzer as described below. All
other gaseous exhaust emissions constituents will be measured using an FTIR analyzer as
configured by Spectral Insights.

3.2.1.1 Oxygen Analyzer

The oxygen analyzer will be a California Analytical Model 100P, which measures the
paramagnetic susceptibility of the sample gas by means of a magneto-dynamic type measuring
cell. The measuring cell consists of a dumbbell of diamagnetic material, which is temperature
controlled electronically at 50° C. The higher the oxygen concentration, the greater the dumbbell
is deflected from its rest position. This deflection is detected by an optical system connected to
an amplifier. Surrounding the dumbbell is a coil of wire. A current is passed through this coil to
return the dumbbell to its original position. The current applied is linearly proportional to the
percent oxygen concentration in the sample gas. This concentration is displayed on a digital
panel meter.

The 100P is a rack-mounted paramagnetic analyzer that provides two types of analog outputs: (1)
Current (0-20 or 4-20 mA) or (2) Voltage (0-1 or 0-10 volts). The 100P requires a conditioned
sample. Sample conditioning is achieved with a gas chiller (Apex Instruments).

The analyzer 4-20 mA output is fed to a 16-bit ADC system (Strawberry Tree) for storage and
display. Data is collected every 2 seconds and averaged for typically 1 minute. Digital filtering
algorithms (by Spectral Insights) are used to process data.

Table 5.1
O: Analyzer Specifications
Concentration Ranges 0-5, 0-10, 0-25 percent
Response Time (90 percent) 2 seconds
Linearity Better than 1 percent

3.2.1.2 FTIR Analyzer

The Spectrometer to be utilized is a Thermo-Nicolet model Nexus 670. This is Thermo-Nicolet's
research-grade, fully upgradeable FTIR spectrometer. The instrument is fitted with a 1 to 10
meter optical path length heated cell made by Infrared Analysis (Model 4-10) with custom



coupling optics by Spectral Insights. This cell allows the FTIR spectrometer to measure gas
samples with sub-ppm sensitivity for many species.

Data collection is controlled by custom software (by Spectral Insights) that interfaces with the
Thermo Nicolet OMNIC software. The custom software contains digital signal processing
algorithms, which enable lower detection limits for some species.

Table 5.2

FTIR Specifications
Spectral Range __| 400 to 4000 wave numbers
_Resolution 0.5 wave number
Data collection rate 1 spectrum per 1.2 seconds
Gas Cell Optical path length 3.2 meters
Number of Compounds Measured 10 or more, depending on application
Noise Equivalent Absorbance 1 x 107 (5 minute average) @ 2000 cm”

5.2.2 Particulate Sampling

Two different types of partial dilution tunnel, particulate sampling systems were evaluated. The
first was the SPC model 472 Smart Sampler manufactured by AVL. The second was the BG-2
system as manufactured by Sierra Instruments based on dilution tunnel technology licensed from
the Caterpillar Engine Company. (See Appendices A, B, C, and D.)

Both systems offer (relative) portability and high accuracy. Final decision regarding which
system to use will be based on pricing and availability at the time of testing.

3.2.2.1 AVL SPC 472 Smart Sampler
The AVL system offers excellent accuracy and the company has demonstrated extensive

application experience with shipboard particulates testing in Europe. This model represents the
third generation in the product’s development, indicating a mature device. Meetings with
representatives from AVL to discuss the current project at the March 2002 Society of
Automotive Engineers conference confirmed the suitability for their device for the bus and ferry
testing.

The complete system includes sample probe, dilution tunnel, filters, pumps, flow meters and a
data acquisition system for real-time data logging.

5.2.2.2 _ Sierra Instruments Model BG-2

Sierra Instruments Inc. combined their expertise in the manufacture of precision flow meters
with Caterpillar’s micro-dilution tunnel design to create the BG-1/2 family of micro-dilution
tunnel test devices. Similar to the AVL Smart Sampler, the BG-2 is a complete, modular engine
test station including sampling equipment, the dilution pumps, flow meters, controls and a data
acquisition program written in National Instruments Labview software. (Refer to Appendices E -
and F))




5.2.3 Air Flow

Due to the relatively small engine sizes concerned in the test program, and based on the
requirement to obtain best possible accuracy, it was decided to utilize direct measurement of the
inlet air flow in order to determine exhaust flow rate and ultimately mass emissions rates.

Based on a survey of the technical literature, including other marine eﬁgine test work performed
by the USCG and MARAD, AETC selected the model 780S-EIA, Engine Inlet Airflow meter
manufactured by Sierra Instruments was selected for this task (Appendices G and H).

This device is a direct indicating mass flow meter incorporated into an airflow conditioning
body. The flow conditioner allows the meter to function accurately even in short runs of piping.
Since it is a direct (thermal method) flow device, pressure and temperature corrections are not
necessary. ‘ ‘

For testing, the output signal from the transmitter will be connected to the data acquisition
computer.

5.2.4 Fuel Flow

Fuel flow will be measured on the supply and return lines of each test engine utilizing precision,
positive displacement meters manufactured by KRAL (Appendix N). Net fuel consumption
(pounds} will be summed with the inlet air mass flow to determine exhaust flow. The wide range
flows coupled with excellent accuracy will permit the use of the same meter pair for both the
ferry engine and the bus engine.

The meters will be the KRAL Volumeter model OMG in conjunction with KRAL’s BEM 4U
flow management and totalizing unit.

5.2.5 Shaft Torque

Shaft torque will be measured on the Ferry to monitor engine power output. A reusable /
removable strain gage collar system will be utilized. An analogue voltage output from the torque
measuring signal conditioning unit will be brought into the data acquisition system. The system
selected is the Wireless Data Corporation model 1625 (Appendix O). Due to the use of strain
gages attached to parallel bars, the accuracy of the system exceeds that of shunt calibrated strain
gages mounted directly to the drive shaft.

The system can also be moved to different shafts in order to compare the horsepower developed
by each of the four different propulsion engines on the ferry.

5.2.6 Engine Communications .
Communication with the engines will be necessary for both tests, however, in the case of the bus,
obtaining the duty cycle information will be of paramount importance to the representativeness

of the emissions data.

Both engine types utilize an electronic governor and engine control module which can
communicate, via a serial port or USB connection, to a laptop computer operating companion
software.



3.2.6.1 Detroit Diesel DDEC
Of the two products, the DDEC system and software is vastly more capable, benefiting from

years of development and use by the engine manufacturer. The DDEC system will be to obtain
accurate duty cycle load profiles for the bus while riding the bus for approximately one-week of
commuting,

The software permits momtonng and loggmg of all engine parameters for which a sensor is
installed including all non-emissions engine parameters needed for the testing.

DDEC technical literature, including a list of diagnostic fault codes provides a clear summary of
the amount and type of data available with the system and is presented in Appendices K and L.

3.2.6.2 Cummins INSIT,
The Cummins software, “INSITE” is much simpler than that offered by Detroit Diesel, however,

it will provide the basic engine data required including torque, fuel pump pressure and engine
speed. (Refer to Appendix N.)
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6.0 PHASE Il SCHEDULE AND COST ESTIMATE

6.1 Objective

The objective of this section is to assess the effort required to plan, prepare, conduct and
complete all activities necessary to accomplish comprehensive engine and exhaust emission
pollutant characterization testing for a the passenger ferry and transit bus.

6.2 Summary of Phase II Scope of Work

The effort required to plan, prepare, conduct and complete all activities necessary to accomplish
comprehensive engine and exhaust emission pollutant characterization testing for a transit ferry
and bus is summarized below on a task-by-task basis.

Task IA - Pre-Test Design and Preparatory Work: This task will consist of the detailed
design work that must be completed prior to mobilization of the test team. This effort includes
such activities as design and fabrication of sampling ports, determination of inlet air system
modifications required for the installation of combustion airflow metering equipment, design and
fabrication of brackets and piping modifications for fuel oil supply and return meters, etc.

Task IB - Automotive Emissions Data Survey: Work on this task includes the review and
analysis of existing emissions data for the purpose of developing comparable parameters for
automobiles in the same commute service as the bus and ferry.

Task I1 - Bus Pre-Test Data Collection: To develop a representative transit bus passenger load
profile, a Seaworthy project team technician will ride the bus for one week, equipped with a
laptop computer connected to the on-board engine control system. At completion of the week of
data collection, the technician and an engineer will review the data and determine the final 1oad
profile to be utilized for bus emissions factor computation.

Task III - Emissions Testing of Bus: This task will address controlled emissions test of the bus
engine while in operation on the chassis dynamometer.

Task IV - Ferry Pre-Test Set-up: All work necessary for preparing the ferry for the emissions
testing, including the installation of the fuel oil and air flow meters, installation of the shaft
torque meter and installation of sampling probe penetrations into the exhaust system will be
completed as part of this task. In addition, all required test equipment will be brought aboard.
Test equipment checkout and initial calibration will also be performed at this time.

Task V - Emissions Testing of Ferry: Emissions testing of the ferry engine will consist of
obtaining specific emissions data for a typical round trip. Up to three (3) emissions reduction
methodologies will also be tested, including alternative diesel fuels (bio-diesel and/or fuel water
emulsions).

Task VI - Summary Report: After thoroughly and precisely reducing and analyzing all
collected emissions and related data to engineering units, the Seaworthy team will prepare a
detailed summary report. Appendices of the report will include all raw data and instrumentation
calibration information. The report will describe the test methods utilized, present an analysis of




the errors (if any) for all measurements taken, discuss the test results and make recommendations
for future follow-on test work, if necessary. In addition, the efficacy of any emissions reduction
methodologies tested aboard the ferry will also be addressed.

6.3  Phase Il Schedule

For the in-situ testing portion of the Phase II effort, as shown in Figure 3-1, the total elapsed time
is approximately 60 days. It is anticipated that an additional 60 days will be added to the
proposed transit bus and ferry engine emissions test period to address all the other administrative
and contractual program requirements; to provide some margin in the schedule in case of
unforeseen delays in obtaining test equipment or consumables; and to address any slippage in the
availability of the transit bus or ferry for testing.

6.4  Phase II Cost Estimate
Table 4.1 presents a categorized breakdown of anticipated costs to accomplish the in-situ transit
bus and ferry engine emissions testing work scope outlined previously.

Table 6.1
Phase II Cost Estimate

1. Labor (SSI, AETC, Spectral Insights) $ 127,710
2. Test Equipment (F.O. meters, torsion meter,

air flow meters, dynamometer and dilution $ 29,770
tunnel, rental, etc.)

3. Other Project Related Costs (fuel oil,

laboratory materials, travel/equipmen $ 47.200
transportation, etc.) '
Total: $204,680

It should also be noted that the above, more precise Phase II cost estimate is approximately 12%
higher than the original estimate submitted with our Phase II proposal to CCDoTT in November
2001. This difference is due to increases in fuel and laboratory materials and related consumable
costs that more than offset the lower total labor cost shown above when compared to our initial
labor cost estimate as proposed in November 2001. The costs shown above are also based on the
assumption that all testing will be completed during the first quarter of Fiscal Year 2003.
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6.5 Inventory of Harmful Emissions and Regulations

Each category of harmful exhaust emissions represents unique threats to health and the environment.
However, one of the problematic issues in restoring air quality is that proven methods of reducing one
harmful component of engine exhaust can often increase the emission of another. As one example, tests
conducted to date on biodiesel fuel indicate that it reduces harmful particulate emissions, but increases
equally damaging emissions of NOx. The inventory of harmful diesel engine exhaust emissions to be
reduced and the threat(s) each imposes can be briefly described in roughly descending order of
importance as follows:

1. Oxides of Nitrogen (NOx) have local, regional, and global effects. They cause
climate change, atmospheric acidification, increased ground level ozone (and
consequent respiratory diseases), and formation of toxic compounds. In addition,
NOx compounds have been identified as precursors to toxic particulate. The
California Air Resources Board estimates that heavy duty mobile engine sources
generate 40 percent of NOx emissions statewide, chiefly from trucks, aircraft,
locomotives, and marine vessels. .

2. Particulates, or Particulate Matter (PM) have local effects. They are
characterized as solid particles primarily less than 2.5 microns in diameter. PM
contributes to smog, reduces atmospheric visibility and is a pulmonary
carcinogenic. When inhaled and lodged in the lung, PM can cause cancer.
Particulate also collects on and discolors buildings, monuments, bridges, and
other structures.

3. Oxides of Sulfur (SOx) have both local and regional effects. They cause
atmospheric acidification and form toxic compounds, which precipitate out into
lakes, streams and reservoirs as acid rain.

4. Carbon Dioxide (CO-) has a global effect. It is a leading greenhouse gas,
believed to contribute to trends of global warming.

5. Hydrocarbons (HC) have local and regional effects. They contribute to ground
level ozone and consequent respiratory disease.

6. Carbon Monoxide (CO) has a local effect. It is toxic to breathe.

Until the 1980’s, engine manufacturers concentrated development efforts on continuously
improving fuel economy, reliability, power-to-weight ratio, durability, life cycle economy, and
overall performance. Little attention was paid to exhaust emissions because they were not a
legally recognized problem. Although emissions were largely ignored during this period of
advancement in engine thermal efficiency, reduced emissions was a fortunate, but unintended
consequence. The improved fuel economy that diesel engines would achieve has brought a
significantly beneficial change to global air quality. Because diesels burn the least fuel per unit
of power output, diesel engine exhaust contains much lower quantities of toxic and global
warming CO and CO; per unit of power output than any other type of internal combustion
engine. In short, because of fundamental differences in fuel consumption, a modern automotive
spark ignition engine or gas turbine will tend to burn more fuel and emit from 10 to 30 percent
more CO and CO; than a comparable diesel engine developing the same power.

As scientific knowledge of air quality problems increased, the need to legally regulate engine
emissions became apparent. The nationwide fleet of automotive (spark ignition) engines was
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quickly recognized to have the most numerous point sources of air pollution. These engines
were the first to face regulation, fuel (gasoline) reformulation, and design improvements to
reduce harmful emissions. Exhaust catalysts became standard equipment and computer-
controlled fuel injection systems superceded the mechanical carburetor, enabling substantial
improvements in automotive exhaust emissions. The reformulation of gasoline and steady
retirement of older automobiles, combined with the required exhaust gas catalytic converter
caused a significant improvement in vehicular emissions by the end of the twentieth century.

The second most numerous category of mobile equipment to be regulated was the diesel-
powered highway vehicle. The first effort in the U.S. to improve and reduce highway diesel
engine emissions was the introduction of low-sulfur highway diesel fuel in 1993. Subsequent
engine design improvements such as electronic fuel injection and exhaust gas recirculation began
to appear on new highway vehicle engines, further improving the emissions profile. A major
stumbling block on the road to capital improvements of the nation's trucking fleet has been the
inherent robustness of diesel-powered trucks and buses on the roadways. Truck and bus drive
trains are significantly costlier than automobiles and are designed for decades of reliable service.
The greater durability and cost of these engines makes for slow retirement of generations of
vehicles, which are pollution sources. The automobile fleet, on the other hand, with its short life
span is quickly updated and replaced with more efficient, cleaner-burning engines. Nevertheless,
new highway diesel engines have been developed and are now available with emission
characteristics that are 40 percent less polluting than earlier models.

The most recent category of mobile source emissions to be regulated is the off-road diesel
engine. These comprise the diverse inventory of railroad locomotive, mining, earth moving,
heavy construction equipment, marine container terminal equipment, general seaport cargo
handling equipment, and ship engines. Engines in these categories, while comparatively few in
number and often subject to lower duty cycles than their highway counterparts, are now the focus
of increased regulatory scrutiny. The timing and scope of anticipated international regulations
on marine engine emissions is still being debated. The Montreal Protocol of 1987, amended in
London in 1990, and the Kyoto Protocol of 1997 have largely framed the debate. International
Maritime Organization (IMO) MARPOL (marine pollution) regulations are effectively
motivating engine manufacturers and U. S. government regulatory agencies towards lower
engine emissions. MARPOL 73/78 Annex VI Marine Diesel Engine Requirements sets
worldwide limits on engine NOx and SOx emissions.

U.S. federal and state agencies are simultaneously focusing more on the adverse impacts to air
quality by marine diesel engines and are working to improve emission standards. In 1998, the
U.S. Environmental Protection Agency proposed a set of emission standards for all diesel
engines rated from 50 to 750 horsepower. In 1999 the E.P.A. published NOx, HC, CO, and PM
emission standards for commercial marine engines rated greater than 50 horsepower. These
standards are scheduled to be effective in 2004, 2005, and 2007, depending on engine cylinder
displacement. Engine manufacturers expect to meet these standards with new production
designs. Meanwhile, the inventory of existing marine engines with more harmful emissions
characteristics continues to constitute a serious air quality problem. The two pollutants believed
to require the most rapid reduction are NOx and PM.
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7.0 EMISSION REDUCTION TECHNOLOGY EVALUATION

7.1  Objective

The objective of this section is to review and analyze engine emission-reduction technologies
that are best suited for incorporation in diesel engines and systems for use in passenger ferry
applications.

7.2 Scope of Engines and Fuels Addressed

7.2.1 Recreational Boating

With few exceptions, recreational watercraft are powered either by diesel- or gasoline-powered
(spark ignition) engines. While prominent in recreational boating, gasoline fueled engines are
virtually nonexistent within industrial marine applications. To date, excepting two-cycle
outboard motors and engines on personal watercraft, recreational marine engines have been
subjected to virtually no significant emission regulations. No recreational boating engines are
included in the scope of this program element.

7.2.2 Deep Sea Vessels

Diesel engines are the vastly dominant source of propulsion and auxiliary power aboard large
oceangoing ships. The rare exceptions to this rule comprise either nuclear or oil/coal-fired
Rankine steam-cycle plants, and gas turbine plants, or one of the above in the case of a liquefied
natural gas (LNG) tanker, burning cargo boil-off for fuel. This program element does not
address the emissions of any large seagoing ships. Deep-sea ships almost invariably operate on a
variety of high-viscosity, heavy residual-fuel oils, which are outside the scope of this analysis.

7.2.3 Inland Waterway and Harbor Craft

The remaining classes of vessels are diesel-powered inland waterway and harbor craft. This
class of vessels operates on a much more restricted, typically more refined, range of fuels. This
report addresses emissions from the passenger ferry, one segment among the inland waterway
and harbor craft class of vessels. Power outputs for the typical high-speed diesel engines utilized
in main propulsion and auxiliary engine applications in these vessels range from 150 to 3,000
brake horsepower (BHP). Passenger ferry engines have been designed to operate on distillate
liquid fuel termed marine gas oil (MGO), the marine equivalent of standard California highway
diesel fuel known as Number 2 diesel oil.

The standard California highway diesel oil is low-sulfur diesel fuel. MGO was once
differentiated from low-sulfur highway diesel fuel by statutory limits that maintained a lower
sulfur threshold for highway diesel fuel than for MGO. Low-sulfur highway diesel fuel was set
apart from dirtier (MGO) fuels by use of a red-colored dye additive. Eventually, for economic
and logistical reasons, MGO was folded into the much larger highway fuels market.
Consequently, there is no difference between the fuels today, and MGO, too, is low-sulfur and
dyed red. The diesel-powered ferry engines analyzed for this program will burn low-sulfur
highway diesel fuel, the same as the bus engines burn, because that is the actual fuel used by
each of these transit operations.



7.3  Marine Diesel Engine Emission Reduction Alternatives

A broad range of alternatives exists to reduce harmful marine engine emissions.

Environmental advocates have endorsed most of these options at one time or another. The
challenge posed by many technologies is that they are either too costly or are inconsistent with
the safety, regulatory, and operational requirements of practical operating vessels. Many green
concepts themselves are obstacles to plausible implementation such as solar-powered storage
batteries, stored kinetic energy flywheels, the inconsistency of wind-power, the high cost, and
the massive size-to-power ratios that many alternative prime movers offer, even in their best
configurations. Many alternative, and presumably cleaner-burning marine fuels that have been
promoted for ferry use, such as biodiesel and compressed or liquid natural gas, are likewise
problematic for their high costs, safety, logistics, and other operating issues (such as the refitting
of fueling, storage and engine systems for natural gas fuel). Some alternative fuel problems will
be resolved in the future. In the near term, cost and technical obstacles are preventing a broader
switch to alternative fuels in existing vessels.

The forecast for other advanced engineering concepts, in particular fuel cells, is likewise

beyond immediate reach. The current and ten-year anticipated levels of development in fuel cell
technology and comparably advanced energy sources (such as nuclear power) preclude their near
term application to all but a few experimental vessels as restricted by fundamental laws of
economics, physics, chemistry, and thermodynamics.

There are, however, practical alternative solutions available to reduce marine diesel engine
emissions in the near term. These can be categorized under three general categories: feasible
alternative fuels, replacement of older engines, and engine system modifications. A primary
benefit of any practical cleaner-burning fuel is that its impact is immediate and universal,
regardless of engine type or age. Whether or not engine replacement or modification may be
economically practical, a successful fuel change is capable of delivering the most wide-ranging
benefits and therefore should be considered a primary step to achieve lower diesel engine
exhaust emissions.

7.3.1 Low Sulfur Fuels

One of the first breakthroughs in diesel engine emission reductions was the U.S. introduction of

the low-sulfur highway diesel fuel in 1993. Prior to this reformulation, the sulfur content of No.

2 diesel oil was approximately 5,000 parts per million (ppm) or roughly 0.5 percent. Low sulfur
highway diesel fuel limits sulfur content to 2 percent of this number, or a maximum of 100 ppm.
The use of low sulfur highway fuel, as mandated by Clean Air statutes, led to significant benefits
for regional air quality, described below.

(1.)  Engine emissions of acid rain-causing SOx were reduced 98 percent. SOx
emissions occur commensurately with sulfur content of the fuel oil.

) A less-noticed achievement was the small increases in engine performance per
unit of fuel consumed. The drop in sulfur content increased the mole fraction of
hydrocarbons in the fuel, which account for the superior properties of flame
propagation and heat content in fuel oils. The total energy released from
combustion of low sulfur fuel is therefore slightly greater than with pre-1993 No.
2 diesel fuel.



(3.)  Engine wear dropped as much as 50 percent. Cleaner, sulfur-free combustion
yielded lower engine wear and subsequent repair and maintenance costs. Much of
the wear improvement is aftributed to the absence of acidity that sulfur is known
to form in the engine lubricating oil.

(4.)  Another direct result of the cleaner combustion process was a small but
measurable decline in toxic exhaust particulate matter (PM).

These improvements to air and equipment came with a temporary cost. The initial price of low-
sulfur highway diesel fuel was approximately 5 percent greater than its higher-sulfur alternative.
Once the oil refiners recouped their investment for the low-sulfur conversion, and as production
and distribution of the new fuel matured, the early cost premium quickly disappeared. A second
notable problem occurred with some of the older engines, as they sustained compatibility
problems with some of the older-type rubber gaskets and seals. This problem, though -
predictable and readily corrected, is useful for future iterations of fuel reformulation. Engine
owners and operators must first contact the original equipment manufacturer to verify that all
propulsion components are will function with new fuel or other emissions-control devices. By
2006, industry is likely to use even lower sulfur fuel — 15 ppm vice today's "low sulfur" fuel of
100 ppm - as required by pending EPA regulations.

7.3.2 Emulsified Diesel Fuels
Consideration of water emulsions in diesel fuel should first stlpulate a low or ultra-low sulfur
diesel fuel for the benefits discussed above.

The emissions improvement achieved by properly engineered fuel-water emulsification is
universal and immediate, regardless of engine age or make. The pnmary benefit of water-fuel
emulsions in diesel engines is a well-documented reduction in NOx emissions. NOx can roughly
be lowered one percent for each percent (by weight) of water content in the fuel, up to a practical
limit of 25 to 30 percent, depending on engine design and service profile. In cases of the largest-
bore marine diesel engines, emulsions with up to 50 percent water content have been
successfully used. This reduction is achieved by lowering the peak combustion temperature in
the engine cylinders. NOx production is a cubic function of combustion temperature. Better fuel
atomization and more complete combustion serve to offset any reduced thermal efficiency
resulting from the quenching effect of water during the combustion process. The net impact on
engine power development and fuel economy is minimal.

It is important to recognize that water contains no energy and, to the extent that water displaces
fuel in the emulsion, the total volumetric flow of an emulsion will exceed the flow of unblended
(pure) diesel fuel required to produce the same power. This means that it may be necessary to
resize (enlarge) engine fuel system components, in particular injector port size, and water-storage
tanks, to handle the increased volume of the emulsified fuel blend.

Vessel owners and operators have been reluctant to implement emulsified fuels because most
engine manufacturers have been unwilling to extend warranties to cover engine operation on
emulsified fuels. In large part, OEMs have felt no compulsion to include emulsions-operation
under engine warranty when the propulsion market has overwhelmingly abided pure, unblended
diesel fuel and its attendant higher emissions as acceptable. The engine warranty limitation has



been a simple matter of practical self-interest for OEMs. The pure-diesel-only paradigm must be
overcome if emulsified fuel systems are ever going to take their deserved place in engine
emissions-reduction technology. The gradual growth in successful land-based emulsified fuel
applications indicates that emulsions are finally trending toward greater industrial acceptance
and use.

There are two fundamental approaches to utilizing water-fuel emulsions, described below.

7.3.2.1 Onboard Emulsiﬁ. cation Systems
This approach requires design and installation of a suitably sized fresh water storage tank, a

piping system, an electric motor-driven fuel blender/agitator, an emulsifying surfactant chemical
for use in low sulfur diesel fuels with water, and a control system to regulate fresh water flow
into the blend. The blending control system must achieve minimum NOx emissions under
variable operating conditions. Considerations for this system must address the initial capital
investment, ongoing (but minimal) system energy consumption, system maintenance and repair
costs (also very small), and availability of fresh water supply when refueling.

There are several advantages to onboard emulsification systems vice the loading of pre-blended
emulsion fuels. Advantages of onboard blending include a vessel life-cycle savings in fuel costs,
freedom from complications which might arise with the stability of pre-blended fuels during
long-term storage, such as during vessel inactivation; roughly 25 percent higher fuel quantities
per delivery, greater options for selecting fuel vendors, and the ability to blend fuel emulsions
tailored for individual engine applications.

7.3.2.2 Preblended Emulsified Fuel.

As the name implies this approach utilizes direct delivery of emulsified fuel to the vessel by tank
truck. The blending is accomplished at a remote facility and the water-fuel emulsion is simply
pumped into the vessel’s fuel storage tanks for use. The Lubrizol Corporation, for example, has
developed a proprietary blend of emulsified fuel called PuriNOx. PuriNOx contains a patented
stabilizing additive to maintain the emulsion over prolonged periods of time.

There are several advantages of pre-blended fuel emulsions. The vessel owner/operator has no
initial capital investment, nor an extra onboard (fuel) system to operate, maintain and repair, nor
a need to acquire and store volumes of fresh water.

The disadvantages are slightly higher life-cycle costs for fuel, the potential for instability of the
emulsion during extended storage periods, less flexibility in selecting the ratio of the fuel-water
blend, restricted sources of fuel vendors, and roughly a 25 percent reduction in the volume of
fuel (due to its displacement by water). The displacement issue equates to larger fuel tanks or
more frequent refueling events.

7.3.3 Summary

Operators of diesel-powered vessels can lower their fleet exhaust NOx emissions by as much as
25 to 30 percent for smaller-bore diesel engines and as much as 50 percent for the largest-bore
diesel engines, by employing water-fuel emulsion technology. The first priority for bringing
proven fuel-water emulsion technology to broader commercial application is to overcome the
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existing proprietary, often parochial, resistance by many engine manufacturers to the acceptance
of this innovation. Manufacturers' acceptance of emulsions is the critical step toward
commercial application, which in many cases awaits the extension of warranties to cover engines
using this technology.

The selection of onboard emulsion blending or bunkering with pre-emulsified fuel depends on
several factors. In the case of pre-blended emulsion fuels, principal considerations include the
availability of multiple suppliers of emulsion fuels for price competition; whether more frequent
refueling is acceptable, or if the vessel's fuel tanks may be expanded to accommodate a greater
volume of less energy-dense emulsion fuel to maintain the same range as operation on pure
diesel oil. In the case of onboard blending of emulsion fuels, principal considerations include
whether there is such limited availability of pre-blended fuel vendors that prices remain
artificially high, whether the capital cost of the water and surfactant tanks and blending systems
is manageable, and whether there is space enough aboard the vessel to outfit it with that
equipment. A simple list of pros and cons for each method, with respect to a particular vessel
and operating location, would point to the better option.

74  Engine Replacement for Reduced Emissions

Diesel engme designs have evolved substanhally since the 1980s to attain significantly cleaner
exhaust emissions. Older marine engines, particularly two-cycle models, cannot approach the 40
percent lower NOx emissions typically achieved by modern four-cycle engines equipped with
electronic fuel injection systems. Other notable design improvements to the diesel engine, such
as exhaust gas recirculation, are continually added to new generations of engines. Each
successive generation of engines, complete with new develops in emissions control, achieves
lower levels of harmful NOx, HC, and PM emissions.

It follows that every owner/operator of a vessel with a technically obsolete propulsion engine,
from an emissions standpoint, should consider the option of replacing that engine with the
newest equivalent low-emissions model. The basic obstacle to this solution is the inherently
high cost of replacing a durable marine diesel engine. The vast majority of older units are too
reliable, economical, and serviceable to be discarded lightly. Vessel life cycle economics bear
heavily on the engine replacement decision and are seldom favorable without substantive public
assistance. A variety of government incentive programs exist to reduce the financial burden on
vessel owners and operators wishing to develop cleaner fleets. The State of California’s Carl
Moyer Memorial Program is an example of a program that has effectively promoted the
replacement of environmentally obsolete engines with cleaner, modern substitutes. The Carl
Moyer Memorial Program received $114,000,000 in appropriations between 1998 and 2002 and
has facilitated enormous near-term emissions benefits that California must achieve in order to
meet impending federal air quality deadlines. Shrewd vessel owner/operators will investigate
the availability of incentive programs that apply to them by contacting the relevant air quality
agencies to get the specifics of how to participate in such programs. In many cases, plans to lay
up a vessel for extensive repairs, re-powering, or other life-extending modifications will coincide
nicely with an emissions-reducing engine replacement program.
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7.5  Engine System Modifications for Reduced Emissions

There are several proven propulsion plant modifications for reducing harmful engine exhaust
emissions. These modifications can include humidification of the engine intake air, altered fuel
injection and valve timing, ceramic coatings on valves and piston crowns, or post-combustion
treatment of exhaust gases. Some of these approaches are readily applicable to marine
installations and others, for unique reasons, are not. The available options span a measurable
range of cost-effectiveness. Merits of each technique should be evaluated on a case by case
basis. The emphasis on near term and future marine air-quality problems will be placed on NOx
and PM. emissions. In the sections that follow, the four most promising retrofit options for
limiting NOx and PM will be described and their merits and drawbacks assessed.

7.5.1 Selective Catalytic Reduction (SCR)

The maximum reductions in NOx emissions effected to date have employed selective catalytic
reduction technology. An engine exhaust system fitted with an SCR module will typically
reduce NOx emissions by 75 to 90 percent, depending on engine design and service profile. This
is far in excess of what can be achieved with simple water-fuel emulsions. In addition, SCR
applications on diesel engines have demonstrated up to an 80 percent reduction in unburned
hydrocarbons (HC) and a 20 to 50 percent reduction in particulate (PM). The Europeans have
proactively and fairly successfully applied SCR technology to diesel engines. In the United
States, the application of SCR is now gaining momentum.

SCR modules require minimum exhaust gas temperatures that are generally not achieved at loads
less than 30 percent of an engine's rated capacity. SCR is therefore effective in reducing
emissions only at sustained engine loads in excess of 30 percent. SCR applications in the marine
industry have been very rare to date. Impediments to broader acceptance of SCR in marine
transportation are outlined below. :

° Sulfur contert in fuel is incompatible with SCR. The previous dominance of
.(high sulfur) marine gas oil and heavy (residual) fuel oil as standard marine
engine fuels prohibited use of this technology. The specification and exclusive
use of low sulfur and ultra low sulfur distillate fuels will overcome this industry
impediment.

. The acquisition cost of marine SCR equipment remains high. At present, each
new SCR installation is virtually custom designed and built to suit a specific
application. There is no “mass production” of SCR equipment for heavy-duty
diesel engines. As a result, economies of scale have not emerged in marine or
industrial SCR purchases to date. SCR installation costs on smaller highway
truck and bus engines have ranged from $10,000 to $50,000 per unit. Larger
marine engines will face significantly higher costs. A recent (February, 2002)
cost estimate for a European SCR/particulate filter installation on a 7,000
horsepower diesel ferry was $500,000. At least one vendor, RJM Corporation,
has progressed in the situation by offering pre-engineered designs that employ
standardized components suitable for engines from 100 to 3,000 horsepower.

. The close confines of typical marine engine room spaces, particularly aboard
workboats and high-speed passenger ferry vessels, generally do not allow the
space required for SCR modules and urea storage tanks.



. The additional weight of an SCR installation can also present a significant
problem for finely tuned high-speed passenger vessel designs. With an SCR
module aboard, the passenger capacity (payload) may be diminished to maintain
vessel displacement tonnage and service speed.

. SCR requires continuous injection of a reagent into the exhaust gas flow. The
optimum choice for this application is urea, which is a naturally occurring non-
hazardous material. Nevertheless, the need to continuously supply any reagent
requires addition of a storage tank and a delivery piping system, and some degree
of operator-attention to ensure that flow is maintained and that ample supplies of
reagent are on hand. The cost of the reagent itself may be modest (5 to 8
kilograms are used per megawatt-hour) remains a consideration.

Despite some significant obstacles, SCR technology still embodies the maximum opportunity for
practical reductions in NOx, HC, and, to a lesser extent, PM emissions from existing marine
diesel engines. The capital expense of SCR can be entirely absorbed by the vessel owner or
shared by a variety of government-sponsored air quality-improvement incentive programs. Ifa
vessel can accommodate the space and weight penalties of SCR equipment, then this technology
merits serious consideration.

7.5.2 Exhaust Gas Recirculation (EGR)
Exhaust gas recirculation (EGR) is a development in diesel engine control technology which
obtains significant NOx reductions. The recirculation of exhaust gas reduces peak temperatures
in the combustion chamber (engine cylinders) by slowing the reaction rates and absorbing some
of the heat generated from combustion. While NOx is reduced, PM and fuel consumption can
increase, especially at high loads, because available oxygen for combustion is reduced and burn
times are consequently lengthened. Reducing the flow of recirculated exhaust gas or by cooling
the exhaust gas, and reducing its specific volume, can enable better combustion and mitigate
these penalties at high load.

In the case of large slow-speed marine diesel engine, EGR in conjunction with direct water-
injection (a variant of the emulsion technology), a 70 percent reduction in NOx was achieved.
Without EGR, only a 50 percent NOx reduction was achieved. Also with some large, slow-
speed marine diesel engines, the exhaust was recirculated simply by decreasing the efficiency of
the scavenging process and trapping additional exhaust in the cylinder. This internal EGR
eliminates the need for external hardware such as piping and valves, reducing cost and
complexity. Second, by capturing the exhaust gas in the cylinder and not recirculating it into the
intake system, deposits and wear are eliminated from the intake manifold and turbocharger that
might otherwise be caused by EGR. The cost of retrofitting an EGR system to the average truck
or bus engine is estimated to be $13,000 to $15,000. The cost is expected to be higher for a
larger marine diesel engine.

7.5.3 Particulate Filters .

This particular option could achieve only near-term practicality in a minority of marine engine
applications, specifically on low powered vessels. The sole reason that particulate filters are
worthy of discussion is that they are the most effective established means to reduce PM
emissions by much as 90 percent. As mentioned above, the use of low and ultra-low sulfur



diesel fuels, water-fuel emulsions, modern low-emission engine designs, and SCR all have
beneficial impacts on particulate emissions. The sum of these initiatives, while not directly
additive, would probably enable a cumulative reduction of PM emissions by roughly 20 to 55
percent, depending on engine model, age, and operating profile. By contrast, the particulate
filters cut PM emissions 90 percent, regardless of engine model, age, and operating profile. Itis
therefore anticipated that more government incentives will promote the installation of particulate
filters, as attention focuses on the carcinogenic effects of PM.

Until now, particulate filters have primarily been demonstrated in thousands of European
stationary, mining, and highway vehicle applications. Typical vehicular PM filter costs are in the
range of $7,500 each. A marine unit, even for a small ferry vessel, would likely be considerably
more expensive. Periodic maintenance (filter regeneration/cleaning) requirements would also
add financial burdens to the vessel owner. For large, high-speed vessels, these practical and
economic issues would likely preclude particulate filters from consideration until less
troublesome filter technology were demonstrated. The list of other prerequisites and problems
for particulate filters generally follows the pattern already established for emissions reducing
options discussed above.

Low sulfur fuel is required.

Vessel engine room space and weight limitations may preclude consideration.
Particulate filters will increase backpressure on engine exhaust flow. Excessive
backpressure compromises fuel economy and, therefore increases emissions of
carbon-based greenhouse gases.

In summary, it is clear that the benefits of particulate filters have been well established, but that
too many penalties come with this technology, as it exists today, for widespread acceptance by
the marine industry. The optimum installation would undoubtedly be on a new vessel designed
from the beginning to incorporate both SCR and a particulate filter. Nevertheless if, as expected,
future air quality regulations impose stringent restrictions on particulate emissions, some form of
particulate filter could have to be considered. :

7.5.4 Diesel Oxidation Catalyst

The diesel oxidation catalyst is a stainless steel canister with a honeycomb structured catalyst
support, fixed into the exhaust stream. The platinum or palladium metal catalyst coatings inside
convert exhaust gas pollutants to less harmful gases by a process of chemical oxidation. The
catalyst is most effective at converting carbon monoxide (CO) and unburned hydrocarbons (HC)
into CO; and H20 vapor. The level of PM reduction is influenced by the content of liquid HC
particles in the particulate, which varies with engine design and fuel type. In many cases the HC
is reduced from the PM by as much as 90 percent by the catalyst.

Although the oxidation catalyst by itself has not demonstrated great effectiveness at reducing
NOx emissions, it is very useful with other NOx-control methods. Because the combustion
characteristics are altered by NOx-control methods such as EGR and water-fuel emulsions, the
improvement in NOx emissions is typically offset by higher PM, CO and HC emissions.
Standard NOx-control techniques that boost these other emissions will benefit from an oxidation
catalyst in the exhaust stream. Together, a NOx-control system with an oxidation catalyst can



effectively reduce NOx, PM, CO, HC and smoke emissions. One such system, approved under
the EPA's urban bus rebuild/retrofit program uses an oxidation catalyst with proprietary engine
controls for NOx control, yields 40 percent lower NOx very low PM emissions to below 0.1
g/bhp-hr. The history of the 20,000 catalysts installed on urban buses in Europe and the U.S. has
proven to be virtually maintenance free. In mining and other non-road materials-handling
activities, nearly 250,000 units have been installed over the past 30 years, demonstrating
significant reductions in CO, HC and PM emissions. Many oxidation catalysts are designed to
simply replace an existing muffler in the exhaust system. The cost for truck and bus engines has
ranged from $475 to $1750, depending on engine size and installation.

7.6  Conclusions and Recommendations

The primary objective of this program element, to obtain precise real time in-situ data comparing
the exhaust emissions of competing auto, transit bus, and passenger ferry, remains unfinished.
Until Phase II of the program element is completed, the actual emissions produced by competing
transit modes, in particular buses and ferries, will remain undefined. As a consequence, attempts
to improve regional air quality, to upgrade port facilities and infrastructure, and to increase the
speed, efficiency, and cost effectiveness of port operations would likely be delayed by public
opposition based on the perception that such objectives would degrade regional air quality.

As discussed in sections 4.0, 5.0 and 6.0, there are a variety of methods for reducing harmful
exhaust emissions from marine diesel engines. The best, most sweeping method is the
improvement of fuel quality, which has been incrementally accomplished through the reduction
of the sulfur content in the fuel. Further sulfur reductions are anticipated in the near future.
Public health initiatives today place the higher priorities on the reduction of NOx and PM above
the other exhaust gases, such as CO, CO, and HC. The most cost-effective method of NOx
reduction is the proven technology of water-fuel emulsions. Depending on the criteria discussed
in section 4.3, such as fuel suppliers available and space on board for fresh water and blending
equipment, a decision would have to be made on a case-by-case basis whether to purchase pre-
blended emulsions from ashore, or whether to install water, fuel and surfactant blending
equipment on board the vessel.

In addition to water-fuel emulsions, the technology of exhaust gas recirculation (EGR), is proven
effective and minimally intrusive for an engine retrofit. New engines can be purchased with
EGR built into the design, and old engines can be modified to employ this technique. Used
independently, or together with water-fuel emulsions, NOx emissions can be expected to drop
dramatically, though not as significantly as the 90 percent reduction demonstrated by the SCR
technology. SCR has several drawbacks, however. The catalyst requires much volume in the
exhaust system. There is the lifetime capital cost of the urea reagent that is consumed in the
catalyzing process. And the retrofit is expensive for its materials and custom fabrication, from
vessel to vessel.

Particulate filters, although effective, pose the obstacle of raising the exhaust gas backpressure
high enough that engine efficiency and fuel economy is compromised. The oxidizing catalyst,
on the other hand, drops into the exhaust system as a relatively inexpensive muffler replacement.
The oxidizing catalyst effectively reduces CO, HC and PM emissions, which are precisely what
increase with supplementary NOx-reduction equipment. The best combination of emissions




reduction equipment, therefore, would employ: either EGR, water-fuel emulsion, or both, to
reduce NOx and an oxidizing catalyst to reduce the other harmful emissions of CO, HC and PM.

The operator's financial cost for lowering emissions is undoubtedly greater than if emissions
were ignored altogether. Various federal and state environmental agencies, aware of this
business consideration, offer financial incentives in tax relief and grants for transportation
operators who would make capital improvements to their fleets to improve exhaust emissions
and regional air quality.
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APPENDIX A
FOURIER TRANSFORM INFRARED (FTIR) SPECTROSCOPY ANALYSES

L Introduction

The extractive FTIR measurement method is based on continuous extraction of sample gas from
the stack, transporting the sample to the FTIR spectrometer and performing real-time spectral
measurement of the sample gas. The sample gas spectra are analyzed in real time for target
- analytes, archived, and re-analyzed, if necessary, at a later date for other target analytes.

Spectral Insights (SI) has conducted over 75 compliance tests using FTIR on natural gas-fired
and diesel engines, using EPA Method 320 or equivalent. Each of these tests was completed
successfully. In approximately 50 of the tests, corresponding EPA reference methods for THC,
NOx, CO,, and CO were conducted simultaneously. The agreement between the methods was
very good, except in cases where high levels of NO; were present. This was found to be due to
low converter efficiency in typical chemiluminescent NOy analyzers. It was also determined at
low NOx levels, the chemiluminescent analyzer is subject to fluorescence quenching due to COa.
FTIR is not subject to these known problems. We believe that SI possesses the greatest amount
of knowledge and experience regarding the use of FTIR spectroscopy on engine (as well as other
SOurce) emissions measurements.

The U.S. EPA has accepted all SI-collected FTIR data submitted to it without question, including
NOy and CO data. For further information on EPA's position on the use of FTIR for NO,, CO,
and other species, please call either Ms. Rima Dishakjian at (919) 541-0443, Mr. Ken Durkee at
(919) 541-5425, or Mr. Mike Toney at (919) 541-5247, all at EPA.

The proposed method will follow all of the procedures described in EPA Test Method 320. SI
performed (as Radian Corporation) the successful EPA Method 301 FTIR validation test funded
by the Gas Research Institute (GRI) in 1994. The EPA accepted the validation, as stated in an
EPA letter to GRI that FTIR can be used at any "gas-fired source”. These data are reported in a
document published by the Gas Research Institute entitled, Topical Report: Fourier Transform
Infrared (FTIR) Method Validation at a Natural Gas-Fired Internal Combustion Engine, GRI
Document No. GRI-95/0271, December 1995.

SI has successfully used FTIR to determine THC and TNMHC data from engines. Engine
exhaust primarily contains methane (CH,), ethane, ethylene, and formaldehyde. Because FTIR
can measure these species separately, it is straightforward to measure THC and TNMHC using
the FTIR system by adding the concentration of the appropriate species, either unweighted, or
carbon-weighted. Because the usual detector used in Method 25A analysis is a flame ionization
detector (FID), the measurement of THC can be biased with the varying relative responses for
each hydrocarbon. However, because the engine exhaust is primarily methane, the differences
between THC by FID and FTIR are typically negligible. TNMHC determination has historically
been difficult using M25A, due to the high levels of methane expected to be present in the
effluent gas and the difficulty of selectively removing methane. A recent EPA-sponsored test of
IC engine exhaust measurements at Colorado State University using a "TNMHC" analyzer
showed the difficulties with attempts to remove high (1000 ppm) levels of methane.



II. Summary of FTIR Method

FTIR measurement is based on the absorbance of infrared energy by gas phase compounds.
Most molecules absorb infrared energy at characteristic frequencies based on the molecular
vibrational and/or rotational motion within the molecule. The absorption characteristics of a
particular compound can be used to identify and quantitate the concentration of that compound.
The concentration of a single target compound is related to its absorbance according to Beer’s
Law:

A(v) = a(v)bc
Where:
A(v) = absorbance at wavelength v,
a(v) = absorption coefficient at wavelength v,
b = pathlength, and
¢ = concentration.

If more than one compound absorbs light at a given wavelength, then the total absorbance is
found from a linear combination of Beer’s Law for each compound:

Ay V) = bfl)ai(vsci

total absorbance at wavelength v;,
absorption coefficient for compound I at wavelength v,

Ay
(1 T [

concentration of compound I,
N total number of absorbing compounds, and
b path length.

Compounds with very sharp spectral features, such as CO, can exhibit nonlinear analyzer
response, requiring correction algorithms to accurately calculate concentrations. Correction
algorithms are generated by measuring the spectrum of the compound at several different
concentrations and fitting the resulting data to an appropriate correction curve.

Quantitation of each target compound is based on the application of a reference spectrum that is
specific to that compound and is measured at a known concentration, temperature, and pressure.
For the target compounds, quantitation is performed by selecting characteristic absorbance
regions that have minimal interferences from other compounds present in the gas stream.

The classical least squares (CLS) method is applied to fit the reference spectra to the sample
spectrum, with the resulting scaling factors used to calculate concentrations. The CLS method
finds the set of concentrations that minimizes the residuals in the analysis region and provides a
confidence interval for each concentration calculated. The confidence interval is used as a



diagnostic to determine how well the CLS method fit was accomplished. It is used to assess
instrument performance and to alert the user to review the data for the presence of new or
elevated concentrations of interferants in the sample.
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EPA TEST METHOD 1 — SAMPLE AND VELOCITY TRAVERSES FOR
STATIONARY SOURCES.
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SILVIS, WILLIAM M., MAREK, GERALD, KREFT, NORBERT, "DIESEL
PARTICULATE MEASUREMENT WITH PARTIAL FLOW
SAMPLING SYSTEMS: A NEW PROBE AND TUNNEL DESIGN
THAT CORRELATES WITH FULL FLOW THROTTLES," SAE
PAPER NO.2002-01-0054, PRESENTED MARCH, 2002.
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EPA TEST METHOD 3A — DETERMINATION OF OXYGEN AND CARBON
DIOXIDE FROM STATIONARY SOURCES (INSTRUMENT ANALYZER
PROCEDURE).
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EXHAUST ION .’ ' TIONS FOR

INTERNATIONAL COUNCIL ON COMBUSTIONENGINES
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APPENDIX F

EPA TEST METHOD 320 — MEASUREMENT OF VAPOR PHASE ORGANIC
AND INORGANIC EMISSIONS BY EXTRACTIVE FOURIER
TRANSFORM INFRARED (FTIR) SPECTROSCOPY SOURCES.



APPENDIX G

AVL MODEL SPC 472 SMART SAMPLER — BROCHURE.
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AVL MODEL SPC 472 SMART SAMPLER — CUT SHEET FROM WEB SITE.
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MAGAZINE ARTICLE FROM MECHANICAL ENGINEERING, "A FLEXIBLE
SAMPLER FOR DIESEL EXHAUST," FEATURING SIERRA INSTRUMENTS.,
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SIERRA INSTRUMENTS, MODEL BG MICRO-DILUTION TEST STAND
— BROCHURE.
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SIERRA INSTRUMENTS, MODEL BG-1 MICRO-DILUTION TEST STAND —
OPERATING INSTRUCTIONS.
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MODEL BG-1 CERTIFICATE OF CONFORMITY FROM TUV HANNOVER.
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MODEL 780S THERMAL MASS FLOW METER — PRODUCT BULLETIN.




APPENDIX N

KRAL VOLUNTEER FUEL METERING SYSTEM — CUT SHEET FROM WEB
SITE.
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WIRELESS DATA CORPORATION, MODEL 1625 TORQUE SENSOR
ASSEMBLY — PRODUCT BULLETIN.
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1Gasmet In-Situ 5.0

In-Situ Muiticomponent FTIR Gas
Analyser

GASMET FTIR In-Situ SERIES includes industrial
multicornponent gas analysers for continuous monitoring
applications. The GASMET In-Situ 5.0 incorporates a Fourier
Tranaform Infrared spectrometer, a sample cell which is
directly Inserted into the sample gas flow, and signal
processing etectronics. The analyser is fully aquipped for fixed
Installations and K offers versatiiity and high performance for a
wide range of applications.

Standard In-Situ 5.0 anatyzer Includes analog cutputs 4-20 mA
for measuring data and relay contacts for alarms. As en option
the In-Situ analyser can be equipped with an external
computer unit. in this case the In-Situ employs the same
Calemet user interface as an sxiractive GASMET CEMS.

The sample must be non-condensing and the upper limit for
sample temperature Is 250 °C. Sample cell absorption peth
length is 5.0 meters. Insartion depth of the sample probe is
590 mm and the flange diameter is 240 mm.

Pulttitie 8 A
FIO0880 Helsinki
Finlend

Gasmat Tachnolegles Oy

| General parameters

Measuring principle: Eourler Transform |nfrared, FTIR

Performance: - simultaneous analysis of up to 50
gas compounds

Response time, Ty typically < 120 s, depending on the
gas fiow and measurement time

Operating tsmperature: -30 - 40 °C non condsnsing

Storage temperature: -30 - 60 °C, non condensing

Power supply: 100-115 or 230 V/ 50 -60 Hz

Power consumption: 500 W max.

Instrument eir: Dew point —20 °C, oil free

Max. air consumption: 120 I/min for vortex cooling (cont.)
100 Vmin for zero calibration/purge
{15 minutes at 24 hour intervalg)

| spectrometer

Resolution; 8cm’

Scan frequency: 10 scans/s

Detactor: Peltler cooled MCT

Source: SiC, 1550 K

Beamsplitter: ZnSe

Window material: ZnSe

Wavenumber range: 800 -4 200 cm™

TeL +358 9 759 00 400 wes: wwagasmet fi
FAX: +358 9 759 00 450 vaAT NO: FI1952639%

EMAIL consactipgasmet.fi



| Sample Celi ]

Structure: Multi-pass, fixed path length 5.0 m

Probe body material: AlSl 316 steel

Mirror material: Rhodium coated aluminium

Mirror coating: Reflective gold coating

Gaskets; Viton® O-rings

Window material: BaF,

insertion depth 589 mm

Mounting flange 240 mm diameter

Measuring parameters

Zsro point callbration: 24 hours, cslibration with
instrument alr

Zesro point drift: <2 % of measuring range per zero
point calibration interval

Sensitivity drift: none

Linsarity deviation: < 2 % of measuring rangs

Temperature drifts: < 2 % of measuring range per 10
K temperature change

Pressurs Influencs:

1 % change of measuring value
for 1 % sample pressure change.
Sample pressura changes are
measured and compansated

| Sampie Gas Conditions

' Gas temperature:

Up to 250 °C, non condensing

| Etectrical Connectors

AD Converter: Dynamic range 95 dB

Signal Procassor: 2 32-bit fioating point DSP's
120 MFLOPS

Digital interface: Bayonet locking 10-pole circular
connector (MIL-C-5015) for serial
and relay output.

Msasuring data: 4-20 mA, max 8-channel

Alarm Rslays: Function, alarm, service relays

Power connection: Terminal connectors forL + N +
PE wires

| Optional Computer Unit |

Analyzer Is connacted to an extemnal computer via serlal cable.
The extsrnal computer controls the GASMET In-Situ analyzer

Minimum Configuration: 512 MB Memory, > 40 GB hard
disk, > 2.4 GHz Intel Pentium IV
Processor, Modem, Network card
Operating system: Windows Xp operating system
Softwarse Included: Calcmet for Windows
Watchdog support: Inciuded
Relay contacts (status): Function Fault
Sarvice required
Sampling Alarm
Relay contacts (valves): Sample gas
Zero gas
Span gas 1
Mouse: Inciuded
Keyboard: Not Included
Gasmast Technologles Oy Pulttitie 8 A
FI-O0880 Helsinki
Finland

Display: TFT display

Digital Interface RS-232 cable to analyzer, max
10m
Remote control: Built-in modem/network card and
PC Anywhere support
| Options

Adapters for flanges larger than 240 mm

RS-422/485 interfacs instead of RS-232 for longer distance,

max 1 km.
|Enclosure
Materisl: Aluminium / Steel /
Polysthylethylketone (PEEK)
Dimensions (mm): 1018 x 390 x 250
Welght: 30kg
CE - Label: According to EMI guideline
89/336/EC
[3)
E N - .
w

it

TeL +358 9 759 00 400 Wi W geonsh fi
FAX: +358 9 799 00 450 vAT NO: FI1952639%
SWAIL contactiPgewmet fi




GE |
Energy

Extractive FTIR Air Emissions Testing

Following the 1970 Clean Air Act, impinger-based,
manual air emissions tests were called into service.
Technology later brought us single-component
instrument monitors, capable of identifying compounds
such as SO, NOy, and CO.

Increasingly stringent air pollution regulations continue
to spur development in emissions measurermnent
technology, as requirements call for more sensitive
detection across a growing list of pollutants. Timely
data delivery is a critical issue, too. It is no longer
practical to manually gather and send samples out for
analysis, and wait sometimes weeks to see if g facility
is in compliance.

Extractive Fourier Transform infrared (FTIR) technology,
available from GE Energy, represents the latest
generation of emissions testing, with numerous
advontages over traditional methods, including:

Real-time, on-site data

Multi-component measurements

High sensitivity/low detection fimits

Fully archived data

Robust infrared Measurement

Extractive FTIR measurements are performed using an analyzer that
detects gas phase molecules by infrared absorbance spectroscopy.
The analyzer components include the infrared light source, the
interferometer, transfer optics, a heated muitipass gas cell, and an
infrared detector. The analyzer is coupled to a heated, extractive
sompling system, allowing sompled stack gases to flow through the

gas cell.

Gas From
Sompling System

Tronsfer Heated Multiposs
Optics Gos Cell J

F,
T

IR Source

Infrared or Pressure Sensor
To Vent or Pump
| .
IR Beam Mimor  Window

PC

The analyzer collects a complete infrared spectrum

{o measurement of the infrared light absorbed by molecules

in the gas cell} with each sweep of the moving mirror in the
interferometer. In a typical measurement, data is collected on

a one-minute basis, with multiple sweeps “co-added” to improve
signal-to-noise. The FTIR software immediately analyzes the
spectrum and concentrations are reported on-screen.

Real-Time, On-Site Data

FTIR simultaneously measures multiple analytes in a complex gas
matrix, detecting virtually oll gas-phase species, including multiple
Clean Air Act Hazardous Air Pollutants (HAPs), criteria poliutants,
diluents, and Volatile Organic Compounds (VOCs). Measurements
are made on a continuous basis and reported in real time.

The most important odvantage of real-time FTIR data is that it
demonstrates whether or not a facility is meeting emissions
requirements while the test is being conducted. This is particularly
beneficial when working to optimize pollution control equipment or
while modifying process variables. The effect on emissions is known,
and process can be adjusted, prior to compliance testing. This not
only saves time, versus off-site lab analysis, but saves considerably
in retesting fees as well.




Extractive FTIR Air Emissions Testing

Multi-Component Measurements

FTIR detects gaseous compounds by their absorbance of infrared
radiation. All gases—with the limited exception of homonuclear
diatomic compounds such as nitrogen [N,} and oxygen [0,)—
absorb in the infrared spectral region and can, in principle, be
detected. While detection limits vary by compound, the majority
of gaseous compounds can be detected at the parts-per-million
(ppm} level, with a large number detectable at parts-per-billion
[ppb} concentrations.

Up te 30 compounds can be detected simultaneously in an FTIR
measurement. Examples of the compounds detected by FTIR
include:

« Acid gases [HCI, HF, HCN)
* Inorganics (CO, SOz, NH,)
 Nitrogen Oxides (NO, NO,, N,O}
* Diluents [H,0, CO,)
+ Greenhouse gases {CFCs, N,0, CO,}
+ All Volatile Organic Compounds (VOCs}
- Aromatics (benzene)
- Aldehydes [formaldehyde)
- Aliphatics {(methane)
- Alcohols lethanal)
- Ketones (acetone)
- Amines (triethylamine)
- Acetates ethyl acetate)
- Acids {formic acid)
* QOver 100 Clean Air Act HAPs

Parts-Per-Billion to Percent Level Sensitivity
While FTIR can measure a broad range of compounds at
ppm/ppb concentrations, the detection range extends to high
percent levels. Indeed, an FTIR measurement can simultaneously
detect compounds present at very low and high concentrations.
For example, FTIR can quantify emissions from a gas-fired
combustion process with water and carbon dioxide present at
concentrations aver 10%, while at the same time detecting CO,
SO,, NO, NO,, and NH, at less than 10 ppm, and farmaldehyde at
less than 100 ppb.

Dedicated Mobile Laboratory

GE operates a mobile FTIR laboratory complete with a paired
heated sampling system for time-shared testing at two locations,
or simultanecus testing using two FTIR analyzers.

IMACC (Industrial Monitor & Control Corp.) FTIR Analyzer mounted
in mobile FTIR lob

Mobile FTIR lab conducting field emissions test

Portable FTIR Analyzer

GE dlso utilizes a portable, low resolution Gasmet™ FTIR analyzer
(Gasmet Technologies Oy) that can be set up in a mobile lab or
at a test location. This is particularly advantageous when fast
response is required, or when measuring species whose sample
transport is a challenge —such as measuring ommonia slip from
a coal-fired facility using selective catalytic reduction ISCR) for
NO, control.




Extractive FTIR Air Emissions Testing

Successful Applications

Because extractive FTIR can measure so many compounds over
a wide range of concentrations, potential applications are
numerous. The examples below illustrate the industries where
GE has successfully used FTIR testing:

« Coal-Fired Utility: Measurement of criteria pollutants (CO, SO,,
NO, NO,, N,0), diluents (H,0, CO,), HAPs (HCI, HF), and other
compounds (NH;, HNO,)

» Ethanol Fermentation Plant; Measurement of multiple VOCs
{ethanol, isopropanol, formaldehyde, acetaldehyde, acetic
acid, formic acid, methyl acetate, ethyl acetate, methyl
formate) and HCI

* Chemical Manufacturing: Simultaneous inlet and stack
measurements at a thermal oxidizer using two FTIR analyzers
to determine species-specific control efficiency for an
aromatic and an organic amine compound

Chemical Manufacturing: Charactenzation of an organic
acetate, acrylate, and aldehyde emissions from a batch
polyrnerization process

» Fiberglass Monufacturing: Meosurement of phenol,
formaldehyde, and methanol; simultaneous inlet and stack
measurements at a thermal oxidizer using two FTIR analyzers
to determine control efficiency for formaldehyde

* Reciprocating Internal Combustion Engine (RICE}: Measurement
of formaldehyde, acrolein, and uncombusted fuel {natural gas)
erissions

* Fire Research Center: Charactenization of emissions of 22
compounds, including 15 VOCs, from uncontrolled combustion
processes

FTIR technology is often utilized for these applications:

* Compliance ond engineering studies

» Characterization of steady-state or batch thighly variable)
emissions

» Species-specific cornitrol device efficiency determination

¢ Measurement of very high concentration gas streams using a
dilution system

HCI ppmvw

Regulatory Acceptance

The United States Environmental Protection Agency [USEPA)
funded the initial development of FTIR testing in the early 1990s
and currently cites three extractive FTIR tests in its reference
methods, in addition to the American Society for Testing and
Materials {ASTM] method used for compliance testing:

» USEPA Reference Method 318, “Extractive FTIR Methed for
Measurement of Emissions from the Mineral Wool and Wool
Fiberglass Industries,” 40CFR63

= USEPA Reference Method 320, "Measurement Of Vapor Phase
Organic And Inorganic Emissions By Extractive Founier Transform
infrared {FTIR) Spectroscopy,” 40CFR63

» USEPA Reference Method 321, “Measurement of Gaseous
Hydrogen Chloride Emissions At Portland Cement Kilns by Fourier
Transform Infrared (FTIR} Spectroscopy.” 40CFR63

¢ ASTM Method D6348-03, “Standard Test Method for
Determination of Gaseous Compounds by Extractive Direct
Interface Fourier Transform infrared (FTIR) Spectroscopy”

FTIR test methods are unique among EPA methods because they
are considered “self-validating” through the use of dynamic
matrix spiking calibrations. In this technique, conducted as part
of every compliance test, a compound of interest is injected into
the back of the sampling probe where it mixes with the sampled
gas and is transported to the analyzer. The injection is
accomplished using a certified gas cylinder and a calibrated
mass flow meter, with the spike injected at a dilution ratio of at
least 10:1. This calibration certifies that the compound can be
measured in the presence of the source matrix, and can be
transported through the sampling system without losses. The
plot below shows typical spiking data collected in an FTIR test.
The spike gas here is formaldehyde, and the spike tracer (used to
determine the dilution ratio} is SF;. The spike was recovered at
98.8% of the expected volue; well within the method required 70-
130% recovery.
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Extractive FTIR Air Emissions Testing

Extractive FTIR testing has also been incorporated in numerous
Maximum Achievable Control Technology (MACT) standards, and
is increasingly being included in facility permits as the mandated
testing methodology.

Cost-Effective Emissions Testing

The cost of extractive FTIR testing is, as for all air emissions
testing methods, dependent on the scope of work and project
duration. Certainly, when there is a need to measure a single
compound like HCl, manual testing will be less costly; however,
the manual method data will not provide as low a detection limit
or time-resolved emissions data. Similarly, a VOC test conducted
using Method 25A {florne ionization detector) will be less costly,
but will not provide information on the compaunds being emitted
or accurate source emissions {unless response factors gre
measured).

FTIR delivers considerable cost advantage when used to

measure multipie components, thereby replacing several manuai.

ond/or instrumental test methods ond the respective personnel.
And, with FTIR deployed on-site, tests can be conducted while
process variations are under study, thereby avoiding costly
retests later on.

GE Expertise and Focus on Quality

As with any advanced measurement technology, good results
come from proper source testing, expert spectral interpretation,
and meticulous data analysis. With GE's FTIR, sample collection
is performed by skilled technicians with a minimum of five years
expenience in FTIR testing. Sample integrity is rigorously
rmonitored through our quality assurance (QA] calibrations and
matrix spike validation process. GE's own Six Sigma (6o} process
ensures data quality. And o 19-year veteran of FTIR technology,
an experlenced spectroscopist who participated in the original
EPA-sponsored research to develop the methodology, conducts

our interpretation.
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Origin, Occwrence, and Sowrce
'Emission Rate of Acrelein in
Residential Indoor Air

VINCENT Y. SEAMAN,!

DEBORAH H. BENNETT,* AND

THOMAS M. CAHILL*$

Departments of Environmental Toxicology and Public Health,
University of California, Davis, Davis, California, and
Department of Integrated Natural Sciences, Arizona State
University at the West Campus, P.O. Box 37100, Phoenix,
Arizona 85069

Acrolein, a volatile, unseturated eldehyde, is @ known
respiratory toxicant and one of the 188 most hezerdous
air pollutants identified by the U.S. EPA. A newly daveloped
anelytical method was used to determine residentiel
indoor air concentrations of acrolein and other volatile
aldehydes in nine homes located in thres Celifornia counties
{Los Angeles, Placer, Yolo). Average indoor air concentra-
tions of acrolein wara an order of magnitude highar than
outdoor concentrations at the same tima. All homes
showad similer diurnal petterns in indoor air concentrations,
with acrolain levels in avening samplas up to 2.5 times

~ higher than morning samples. These increases wera strongly
corraletad with temperature and cooking avents, end
homas with fraquent, regular cooking activity had the highest
baseline {morning) acrolain levels. High acrolein concen-
trations ware also found in newly built, uninhabitad homes
and in emissions from lumber commonly usaed in homa
construction, suggaesting indoor contributions from off-gassing
and/or secondary formation. The results provide strong
avidence that human exposure to acrolein is dominatad by
indoor air with litde contribution from ambiant outdoor

air.

Acrolein, a highly reactive o,f-unsaturated aldehyde, is a
common constituent of both indoor and outdoor air (1, 2).
Acrolein Is a known pulmonary toxicant (3—8) and has been
shown to act synergistically with other carcinogens in the
development of lung cancer (9). Epidemiological studies have
implicated acrolein in the exacerbation of asthma in children
(10) and high rates of lung cancer in women exposed to
cooking fumes (11). A recent risk assessment of acrolein in
ambient air suggests that acrolein could be associated with
decreased respiratory function in the United States (12).
Acrolein {s produced by the incomplete combustion of
organic material as well as the oxidation of atmospheric
chemicals such as 1,3-butadiene, a primary component of
motor vehicle exhaust. The U.S. Environmental Protection
Agency (EPA) estimates that about 75% of ambient acrolein
originates frorn mobile sources, with the remainder from

* Corresponding author e-mail: tmeahill@asuedu.

* Department of Environmental Toxicology, University of Cali-
fornia, Davis.

 Department of Public Health, University of California, Davis.

# Arizona State University.
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agriculture, industrial processes, tobacco smoke, and forest
fires (13). Using emission data from 1996 to model ambient
air concentrations, the EPA estimated average acrolein
concentrations of 0.119 u4g/m? (national) and 0.157 ug/m?
(California), which are well above the EPA Reference
Concentration (RfC) of 0.02 ug/m?* (14). A more recent study
projected the average concentration of acrolein in ambient
air in California to be 0.36 xg/m? (15), which is more than
twice the EPA estimate. The California Air Resources Board
(CARB) reported tliat the statewide average ambient con-
centrations in 2004, 2005, and 2006 were 1.21, 1.37, and 1.35
ug/m®, respectively, based on routine air monitoring of
acrolein using a canister sampling method {stated method
minimum detection limit = 0.3 ug/m3{16). Although the
modeling estimates and measurements are not in close
agreement, they all report ambient acrolein levels weil above
the EPA RfC.

Less is known about indoor sources of acrolein, which
include heated cooking oil, cigarette smoke, incense, candles,
and wood-burning fireplaces (1, 2, 17). Carbonyls can also
be formed by the oxidation of volatile organic compounds
{(VOCs) which off-gas from home furnishings, building
materials, carpeting, wood finish, glues and adhesives, and
paints (18—20). The formation of acrolein and other unsat-
urated aldehydes by these processes, however, {s complex
and not well understcod at this time. Numerous attempts to
quantify residental indoor acrolein levels have either been
unsuccessful or have provided conflicting and/or inconsistent
results (20-26). These studies have reported higher indoor
levels of numerous other volatile carhonyls than those
outdoors, however the methods used have failed to generate
reproducible results for acrolein. These methods also require
extended sampling periods (24—48 h or longer) and thus do
not provide maximum exposure concentrations or diumnal
fluctuations. Therefore, while 1t is generally accepted that
indoor concentrations of many VOCs are higher than outdoor
levels, the values for acrolein are uncertain. It is also clear
that traditional methods for measuring carbonyls are not
sultable for acrolein. A method recently developed by the
authors has the capability to detect low ng/m? concentradons
of acrolein and cther carbonyls using a sampling perlod of
10 min (27). This method is useful for determining the
concentrations of acrolein found indoors and the temporal
fluctuations due to human activities and stationary sources.

The objective of this research was to quantify the indoor
and outdoor concentrations of acrolein in nine homes in
three different California counties and in a number of
unoccupied, newly constructed houses. These data were then
used to establish the source emission rates for acrolein in a
typical home and to identify possible sources of these
compounds. In addition to acrolein, over 30 other volatile
carbonyls were similarly measured (see Table S1, Supporting
Information). A variety of building materials and furnishings,
such as wood, particleboard, adhesive, carpet, paint, and
drywall, were also analyzed to identify potential sources of
indoor carbonyls.

Materials asd Metheds

Selection of Sampling Locations. Three non-smoking resi-
dental homes were selected as a convenience sampie in
each of three California countles (Yolo, Placer, and Los
Angeles) to reflect semi-rural, suburban, and urban environ-
ments. The locations of the homes sampied were chosen to
provide & variety of internal and external environments (Table
1). Two of the homes in Placer County (PL-01,02) were located
in the same housing tract and were of similar size, construc-
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TABIE 1. Physical and Environmental Characteristics of the Homes

area  wolume AER
hosse type location m} ) )
¥0-01 condominium  Davis? 158 578 0.12
YO-02 apartment Davis? 80 133 0.23
Y0-03 house, 1-story Davis? 182 500 0.14
LA-01  houae, 2-story  Glendale? 186 527 0.23
LA-02 house, 1-story  Arcadia® 194 531 0.19
LA-03 duplex, lower Loa Angelest 34 82 2.23
PL-01  house, 2-story  Roseville® 207 756 0.13
PL-02 house, 2-story  Roseville® 214 782 0.10
PL-03 house, 1-story Fair Oaks® 186 510 0.28

temp (°C) RH (%}
am p-m. am pm.

cooking inm out im ouwt in out im out
p.m.9 17 18 18 15 72 89 69 86
ampmd 19 18 19 17 79 80 79 80
amd9pmd 19 12 17 14 52 78 54 79
p.m.9 20 25 19 15 56 49 64 75
p.m.9d 17 12 22 18 73 83 55 68
p.m.@ 18 15 19 18 68 68 72 72
16 12 19 15 79 100 69 71

a.m. 18 12 19 15 75 100 72 T1
p.m. 21 13 22 18 59 62 54 100

*Yolo County, semi-rural. ® Los Angeles County, urban. ¢ Placer County, suburban. #Cooking occurred prior to/during alr sampling.

tion, and age, thus differences in indoor air quality would
likely be due to furnishings and/or occupant activities.

Indoor and outdoor measurements were also made in six
newly built, unoccupied homes. These homes were tested to
detect carbonyls arising from building materials, fixtures,
and furnishings in the absence of human habitatdon. Four
were model homes in Sacramento, CA, which were com-
pletely furnished and decorated but had no residents. Two
were newly built, unoccupied houses in Davis, CA, complete
with carpeting, paint, and cabinets, but no furniture or
decorative items.

House Characterization. The homeowners were asked
to complete a questionnaire before and after sampling,
detailing physical characteristics of their home and personal
activities that might affect carbonyl emissions. All sampling
and analysis protocols were approved by the Institutional
Review Board of the University of California, Davis.

The air exchange rate (AER) for each home was determined
using the perfluorocarbon (PFT) technique, which is based
on a continual release of tracer gas and uptake by diffusion
samplers (capillary adsorption tubes or CATs) {28). The
perfluorocarbon sources were placed in the test homes 24
h prior to the placement of the CATs to allow the indoor PFT
concentrations to equilibrate. A single CAT was then placed
in each home 1 m above the floor and within 2 m of the air
sampling equipment. The sampling locations were similar
in all of the homes, and were at least 2 m from windows,
doors, fireplaces. A second CAT was placed in two of the
homes (YO-01, LA-03) for quality control purposes. AER
measurements took place the same day that air sampling
was being conducted and the CAT analysis was performed
according to the PFT method cited.

Sample Collection. An initial intensive sampling set was
conducted in house YO-01 to assess diurnal fluctuations in
a typical home. Samples were collected every 2 h for two
separate 24-h periods 1 month apart. This experiment was
designed to ensure that indoor concentrations do not
fluctuate widely and thus a house could be characterized by
a pair of samples in the morning and evening.

In the nine residential homes, indoor and outdoor air
samples were collected twice during a 24 h period in January
2006. The first set of samples was taken in the morning
between 7 and 9 a.m., while the second set was inthe evening
between 5 and 7 p.m. {(after any evening cooking). The
uninhabited houses (i.e., the new and model homes) were
only sampled during the moiming time period due to access
limitations. Duplicate samples were collected simultaneously
at each measuring event by placing two sets of mist chambers
side-by-side. Temperature and relative humidity were re-
corded for each sampling event.

Carbonyl sample collection and analysis was conducted
using previously described methods (27). Briefly, two sets of

mist chambers (each set = two mist chambers stacked in
series), each containing a 0.1 M bisulfite solution that raps
aldehydes and other carbonyls, were placed on a cart such
that the mist chamber air intake was 1 m above the floor.
This height was selected as it represents the breathing zone
for a person in the seated position. Each set of mist chambers
was connected to a small, portable pump and ambient air
was puiled through at a rate of 19 L-min~! for 10 min. After
the samples were collected, the solutions were transferred
to a test tube contalning hydrogen peroxide (to oxidize the
bisulfite and liberate the carbonyls), pentafluorohydroxy-
lamine (PFBHA) (to dertvatize the free carbonyls), and hexane
(to extract the PFBHA-derivatives from the aqueous solution).
The samples were allowed to react for 4 days at room
temperature and the derivatives were then extracted in
hexane, concentrated by nitrogen evaporation, and quantified
by gas chromatography—negative chemical ion mass spec-
trometry. Acrolein-d; and benzaldehyde-ds were used as
internal standards, and were added to the bisulfite solution
as field-positive contols (matrix spikes) prior to sample
collection. Acrolein-d, was used for the quantification of
acrolein and other unsaturated aldehydes, while benzalde-
hyde-ds was used to quantify the saturated and aromatic
aldehydes.

Duplicate samples were collected simultaneously at each
measuring event using the two sets of mist chambers placed
side-by-side. Two field blanks were collected at each site
{one indoor and one outdoor} by adding 10 mL of sodium
bisulfite and 10 xL of the labeled matrix spike to separate
mistchambers, waiting 10 min, and transferring the solution
to areaction tube. The blanks were then stored and processed
in the same manner as the samples.

Emissions from Building Materials. Several common
building materials were tested to determine if they could be
primary sources of carbonyls, The synthetic buikling materi-
als consisted of a wood adhesive, interior latex paint, nylon
carpet pleces, particleboard, and drywall. Five different
species of lumber, namely Douglas fir (Pseudotsuga men-
ziesii), pine (50:50 mixture of Pinus ponderosa and Pinus
lambertiana), redwood (Sequoia sempervirens), “yellow
poplar” (Liriodendron tulipifera), and red oak (Quercus
rubra}, were purchased at a local lumber yard and tested. To
the best of our knowledge, none of the lumber samples were
treated with preservatives or other chemicals by the retailer
or wholesale supplier and were the grade commonly used
in home construction. In addition, a fresh wood sample was
coliected from a living redwood tree and analyzed im-
mediately to determine emissions from wood prior tolumber
processing and aging.

In each case, 10 g of the material was sealed in a round-
bottom flask. The latex paint was brushed onto aluminum
foil (~750 cm? surface area) and allowed to dry for 24 h before
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being peeled off, cut into strips, and put in the flask. The
wood adhesive was dried directly in the flask with a stream
of air for 24 h before sample collection. The wood, drywall,
and particleboard samples were whittled into shavings or
small pleces with a stainless steel knife. The samples were
stored in the sealed flasks for 24 h before sample collection.
Purified nitrogen gas was then pumped through each flask
and into a pair of mist chambers for 10 min at 19 L/min as
per the standard sample collection procedure. The mist
chamber solutions were extracted and analyzed in the same
manner as the air samples. It should be noted that there was
no attempt to determine the surface areas of the materials,
except for the latex paint, thus quantitative comparisons by
surface area are not possible. In additon, this sampling
procedure will not volatilize all the chemicals from the
substrates, so the results represent a qualitative measure of
chemicals that are emitted from the different substrates.
Finally, the use of nitrogen as the carrler gas Umits the
chemical species collected to primary emissions, thus
secondary carbonyl formation via ozone and/or other
oxidizers would not be seen.

House Characterization. The physical characteristics of the
sampled homes, ternperature, relative humidity (RH), and
cooking activities for all test days appear in Table 1. Air
exchange rates in seven of the nine homes were between 0.1
and 0.26, which are slightly iower than normally seen in the
average home (0.25—0.64) (28). Lower AERs are more
common in newer houses (five of the homes were less than
15 years old) because they have fewer air leaks and drafts
than older homes. Also, the sampling was performed during
cool weather, so relatively few windows and doors were open
on the test days. LA-03, an older home, had an AER of 2.23
due to a very small area, windows and doors being open
nearly all of the time, and a steady, strong breeze at the site.
The homes were also characterized as to the type of

. heating or cooking appliances used (natural gas or electric),
floor coverings (carpeting, wood, or tlle), recent remodeling
(new furniture, paint and tile work within the past 6 months),
and the useof candles, incense, or air fresheners, Fresh paint
was being applied to the exterior of the house next door to
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LA-01 during a.m. outdoor sampling. The a.m. sampling was
performed prior to any cooking except for home YO-03.
Cooking prior to the p.m. sampling occurred in all but two
homes. None of the inhabitants of thehomes snoked tobacco
products.

Winds were calm for all outdoor measurements except
LA-03, a beachfront unit located on the Pacific Ocean. In the
moming, a 10 mph breeze was blowing off-shore {from the
east), and in the afternoon, a 12 mph wind was blowing on-
shore (from the west).

QA/QC. The acrolein concentrations reported for each
event were the average of duplicate, side-by-side measure-
ments. The relative standard deviation (RSD) of the duplicates
ranged from 0.01 to 23% (avg. = 8.9%)}. The two field blanks
were averaged at each location and subtracted from the
collected sample concentration. The effective minimum
detection limits (MDL) for acrolein (0.009 xg/m? outdoors;
0.081 ug/m? indoors} were determined as the mean field
blank mass plus 3 standard deviations of the blanks. This
equates to three times the standard deviations of the field
blanks for the blank-subtracted air concentrations. All the
indoor and ambient samples were above the MDLs. The two
duplicate CATs had RSDs of 0.8 and 1.1%.

Diurnal Acrolein Concentrations. The fluctuations of
acrolein and benzaldehyde were monitored in home Y0O-01
over two 24 periods to assess the diurnal variation of these
chemicals (Figure 1). Overall, the acrolein concentrations
ranged by nearly a factor of 2 (4.8—8.8 ug/m?% while
benzaldehyde showed a much smaller diurnal variation (2.4—
3.1 ug/m?). Acrolein levels were lowest between the hours of
3 a.m. and 3 p.m,, and steadily increased from 3 to 9 p.m.
A central heating system (natural gas) ran from 8:00 to
8:30 a.m. on both days, and aside from a single cooking event
each day at approximately 4:30 p.m., there were no other
human activities during the two 24-h sampling periods. The
30 min heating periods produced small, temporary increases
in both acrolein and benzaldehyde levels, while the cooking
events coincided with sharp increases in the acrolein
concentrations, which continued to rise for 4—5 h after the
cessation of cooking. The cooking events had no discernible
effecton benzaldehyde levels (Figure 1). Based on the results
of the diurnal experiments, an a.m. sample (collected between



TABLE 2. indeor/Outidosr Concentrations of Acrelein

acrolein coacentration (sg/n)
am. p.
heass Indoors owtdoors ladoor/outdoor retio indoers outdoors indoor/outdoor ratlo

YO-01 7.8 0.09 87 12.2 0.41 30

Y0-02 7.7 0.31 25 8.7 0.68 13

YO-03 35 012 - 29 4.3 0.23 19

average + SD 63+24 0.17 £ 0.12 47 £ 35 8.4+ 40 0.43 £0.22 21186

LA-01 3.4 1.6 21 39 11 35

LA-02 28 08 3.3 8.5 1.7 38

LA-03 2.5 1.7 15 5.9 0.4 15

average + SD 29+05 1.2+06 23+09 55+t14 1.4+05 74+886

PL-01 22 0.17 13 3.5 0.45 7.8

PL-02 4.0 017 24 8.1 0.456 14

PL-03 2.1 0.27 7.8 3.4 ' 0.16 21

sverage =S D 28141 0.20 £ 0.08 1583 421+ 18 0.35 +0.17 14+ 8.6

average {all homes) 40x22 0.68 + .64 21127 8.0+29 0.62 +0.49 14+85

model home #1 45 0.40 n

model home #2 55 0.31 18

model home #3 5.4 0.68 7.9

model home #4 4.5 0.72 63

average + SD 5.0+06 0.53 +0.20 1+63

new home #1 3.0 0.84 38

new home #2 3.2 0.52 6.2

avarage +5D 3.1+01 0.68 + 0.23 48+18
7 and 9 a.m.) and a p.m. sample (collected between 5 and | TABLE 3, indeer Acrelein Sewrce Rsts
7 p.m.) would reflect the daily minimum and maximum
concentrations of acrolein inside the home. An average of source rats {mg/h)
the a.m. and p.m. samples in this study represents a houss am. pa. wp
reasonable estimate of the 24-h average for carbonyls.

Indoor/Outdoor Acrolein Concentrations. Outdoor con- z&g; g'gf ;';g g'gg
o . . .

centrations of acrolein ranged from 0.09 to 1.7 ug/m® and | yqoga 0.41 0.48 0.44
were consistent within each geographical area, with gimilar averaga + SD 0.56 0.76 0.66
values in Yolo and Placer Counties and higher levels in Los LA-01 0.31 0.48 0.40
Angeles County (Table 2). The indoor acrolein concentrations | (.02 0.27 0.72 0.50
{2.1-12.2 g/ m?) were approximately 10 times higher than LA-02 0.16 1.04 0.60
the outdoor concentrations, and were similar in all the homes avarage + SD 0.25 0.76 0.50
except YO-01 and YO-02 (Table 2). These two houses had PL-01 0.34 0.52 0.43
both am. and p.m. acrolein concentrations that were PL-02 0.41 0.86 0.73
approximately twice that of the other homes. Therewereno | PL-03 0.33 0.53 0.43
apparent relationships between indoor acrolein levels and | avarage + SD 0.33 053 0.43

the type of house heating or cooking appliances (natural gas
or electric), floor coverings (carpeting, wood, or tile), recent
remodeling (new furniture, paint and tile work in the past
6 months), or the use of candles, incense, and air fresheners.
There was a strong correlation (Pearson correlation, r=0.72,
p < 0.05) between temperature and the a.m.—p.m. changes
in indoor acrolein levels, but not outdoor concentrations of
acrolein (r = 0.06). The relative humidity had a moderate
inverse correlation with the a.m.—p.m. acrolein changes both
inside (r=—0.52, p < 0.15) and outside (r= —0.54, p < 0.15).
However, this may be the result of the negative correlation
between relative humidity and temperature.

Indoor acrolein concentrations in the unoccupied model
and new homes were also similarly elevated compared to
the outside air. The new homes had indoor a.m. acrolein
levels (3.0 ug/m?3) comparable to thos of the occupled homes
(2.9 ug/m3 excluding YO-01 and YO-02), while the furnished
model homes were nearly 70% higher (5.0 ug/m?).

a.m./p.m. Acrolein Concentrations. In all homes, the
indoor p.m. concentrations of acrolein were significantly
higher (paired ¢-test, P < 0.003) than the a.m. levels (Table
2}, The greatest a.m.-to-p.m. increases were in homes where
cooking activities were occurring at the time of p.m, sample
collection (YO-01, LA-02, LA-03), however increases also
occurred in homes where no human activities occurred (the
residents were absent during the day at PL-01 and PL-02).

averags + SD (all homes) 0.41 +£0.23 0.72 +£0.20 0.58 + 0.27

QOutdoor acrolein concentrations also increased at six of the
nine home sites from a.m. to p.m., although the increases
and resultant levels were much less dramatic than those seen
indoors.

Acrolein Source Strength of Homes. The acrolein source
emission rate or source strength (S) of each home was
calculated using the following formula:

S=(AER+ k) x Vx (C, — Coud n

where S = source strength (ug/h), AER = air exchange rate
(h™), kaer = 0.0935 h™? (indoor disappearance rate constant
for acrolein, from (29)), V= house volume (m?, Gy = indoor
acrolein concentration {(£g/m?), and G = outdoor acrolein

. concentration (ug/m?).

The source strength was higher in the p.m. than the a.m.
in all homes (Table 3). The greatest increases were seen in
LA-02, where the resident baked a ham and cooked numerous
dishes containing both animal and vegetable fats prior to
the p.m. sampling, and LA-03, the small duplex unit where
the resident was sautéing fish and vegetables on the stove
during sampling. The homes with the smallest increase, YO-

- 02 and YO-03, were characterized by both a.m. and p.m.
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sample scrolein emission*

building material

nylon carpet N.D.

wood adhesive N.D.

latex paint 0.35 + 0.08

drywall N.D.

particle board 1.0 £ 0.045

|lumber spacies

Douglaa fir 8.1+ 0.8C

pine 5.9 £ 0.55

“yellow poplar” 1.0 £ 0.053

red oak 1.0+ 0.14

redwood lumber 1.3+ 0.4

redwood (fresh) N.D.

*ng acrolein/g of matoﬁ'al {n = 3). N.D. = below the limit of
quantification.

cooking. The overall average source rate for acrolein was
0.56 = 0.27 mg/h and theincrease from a.m. to p.m. (> 175%)
is highly significant (paired r-test, P < 0.003).

Indoor/Outdoor Concentrations of Other Carbonyls.
While this research focused on acrolein concentrations, many
other carbonyls were also detected and quantified (see Table
$1, Supporting Information). For almost all compounds, the
levels in indoor air were higher than those outdoors.
Furaldehyde, benzaldehyde, and the Cs—C,y n-aldehydes
were found in the greatest concentrations.

Emissions from Bullding Materials. The ac-
rolein emission data from building materials appears in Table
4. The pine and Douglas fir wood, which are commonty used
for framing houses, had the highest acrolein emission rates.
“Yellow poplar”, oak, redwood, and particleboard, which
consists of wood particles and adhesives, also emitted
moderately high concentrations of acrolein. Interestingly,
no acrolein emissions were detected from the fresh redwood.
Trace amounts of acrolein were produced by the latex paint,
but none were produced by the drywall, construction
adhesive, and nylon carpet samples. Overall, the lumber
samples appeared to give greater direct aldehyde emissions
compared to synthetic materials. We agein note that because
the surface areas of the samples were not determined and
no attempt was macde to quantify secondary emissions from
reactions of VOCs with ozone or other oxidants, so these
conclusions are at best a partial description of the building
materials emissions.

In addition to acrolein, the building materials emitted a
variety of other volatile carbonyls, The interior latex paint
emitted large amounts of glycolaldehyde, benzaldehyde, and
glyoxal, but only traces of other aldehydes. The r-aldehydes
were among the most abundant compounds detected in the
pine and fir samples. The red oak samples were associated
with a definite odor and emitted large amounts of furaldehyde
and 2,4-hexadienal. The drywall, construction adhesive, and
nylon carpet samples showed little or no aldehyde emission.
The quantitative results for all of the aldehydes are presented
in Tables S2 and $3, Supporting Information.

Discussion

The major finding of this studywas thatindoor concentrations
of acrolein, one of the top hazardous air pollutants (HAPS)
identified by the U.S. EPA and a known pulmonary toxicant,
were 3—40 times higher than outdoor concentrations mea-
sured at the same time. The indoor concentrations ranged
from 2.1 to 12.2 ug/m?, and are consistent with previously
published indoor values (1, 26), although they were higher
than those found in the RIOPA study (24). Outdoor con-
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centrations, which averaged 0.63 xg/m? (0.09—1.7 ug/m3),
were highest in Los Angeles and are similar to the CARB
ambient monitoring values and others reported in the
literature (I, 2, 24). This value is more than four times higher
than the EPA estimated average for California (0.157 ug/
m3)(14) providing evidence that the EPA model significantly
underestimates ambient levels of acrolein. Outdoor con-
centrations increased from a.m. to p.m. at six of the nine
home sites. The higher a.m. concentrations at the remaining
three homes can possibly be explained by weather (evening
rain at PL-03), geography (off-shore wind blowing off of Los
Angeles in a.m., on-shore wind blowing off the ocean in p.m.
at LA-03), and environmental sources (fresh paint applied
adjacent toLA-01 in a.m.). There was no apparent relationship
between the indoor and outdoor acrolein levels. In fact, the
homes with the lowest indoor levels were located in Los
Angeles, which was the area with the highest outdoor levels
(Table 2). This would suggest that indoor acrolein levels are
the result of indoor production and emissions and are not
normally influenced by the outdoor air. Although the sample
size was relatively small (n = 9), the homes varied in their
locaton, style, size, age, and occupants and thus should be
an adequate representation of common residences. The
strong correlation between the indoor a.m.—p.m. levels of
acrolein and temperature suggests that a combination of
fixed sources, such as off-gassing from wood, combined with
human activities such as cooking, account for the high indoor
levels of acrolein.

Off-gassing of acrolein from indoor sources is also
supported by the fact that during the diurnal measurernents
at YO-01 the changes in acrolein levels coincided with changes
in temperature while benzaldehyde, a much less volatile
compound, showed only a slight temperature dependence.
This pattern was seen in all of the homes, as am. to p.m.
increases in acrolein concentrations occurred even in the
absence of human activity (PL-02). The high quantities of
acrolein emitted by pine and fir lumber along with the
elevated acrolein concentrations found in the new, unoc-
cupied homes both provide evidence that off-gassing from
wood is a potential source of indoor acrolein. The observation
that no acrolein was detected in the freshly cut redwood
sample, while the redwood lumber had significant acrolein
emissions, suggests that acrolein is a decomposition product
which is released as the wood ages. This would also explain
prolonged emissions by wood products used in home
construction, The fact that the modet homes {fully furnished
and decorated) had indoor acrolein concentrations averaging
1.5x greater than those of the new homes (no furniture or
decorative items) indicates that primary emissions of acrolein
from furniture and/or secondary formation via oxidation of
other emitted YOC's may aiso be occurring.

Numerous studies have shown that acrolein is produced
by heated animal and vegetable oils (11, 30—32). During the
diurnal measurements at YO-01, it was noted that cooking
events coincided with a noticeable “spike” in the indoor
acrolein concentration (Figure 1). The residents of the homes
with the highest a.m. and p.m. levels of indoor acrolein (YO-
01 and YO-02) reported cooking stir-fried meals on a daily
basis. One possible explanation for this is that acrolein may
accumulate in indoor air when large amounts are produced
on a continual basis, The greatest a.m.-to-p.m. increases were
in homes where cooking activities were occurring at the time
of p.m. sample collection (YO-01, LA-02, LA-03). These
observations provide strong evidence that cooking is a
significant source of acrolein in occupied homes.

It is evident from these data that indoor acrolein
concentrations in residential homes are the result of both
fixed sources and human activides. The nearly twofold
increase in the source rate from a.m. to p.m. (0.41—0.72 mg/
h) reflects the contributions of human activitles and increased




fixed source emissions throughout the day. The overall
average indoor source rate for acrolein was 0.56 =+ 0.27 mg/
h.

The concentrations of acrolein determined in this study
contrast with those of the recent RIOPA study that sampled
234 homes (24). The RIOPA study found no statstcally
significant indoor/outdoor differences for acrolein, although
all 9 of the other compounds quantified showed higher
concentrations indoors. The median indoor acrolein con-
centration was reported as 0.59 ug/m?3 compared to a median
outdoor concentration of 0.46 ug/m® (24). However, both
these median values are close to the reported limit of
detection of 0.14 ug/m?® (33) and only 68% of the outdoor
samples and 71% of the indoor samples were above the
detection limit (24). Therefore, the failure of the RIOPA data
to identify a significant indoor—outdoor difference in Acrolein
concentrations may have been due to difficulties associated
. with quantifying values near the limit of detection. In contrast,
the current study sampled a more limited number of houses
(9 active homes and 6 model/new houses). However, the
analytical method was able to detect acrolein in all the indoor
and outdoor samples at concentrations that were 61 and 67
times greater than the limit of detection, respectively, which
resulted in very precise quantification of acrolein with an
average difference between field replicates of 8.9%. The
precise acrolein measurements combined with multple
replicates per house resulted in statistically significant
differences in indoor and outdoor acrolein concentrations
despite a smaller sample set of houses. The acrolein results
presented here are consistent with those of the other 9
carbonyls quantified in the RIOPA study which all showed
statistically higher concentrations indoors.

The observed indoor acrelein concentrations result from
direct acrolein emission and possibly the oxidation of other
volatileindoor chemicals. The data cellected from the houses
cannot differentiate between primary acrolein emission and
secondary formation. However, the increase in acrolein
concentrations after cooking suggests a significant contribu-
tion from primary emissions. The sources of the background
concentrations which occur in the absence of human activity
are likely numerous and complex. Wood used for framing
and construction is a probable primary source for acrolein
and other aldehydes, which were also found indoors in
elevated concentrations. The oxidation of other organic
chemicals may also be source of acrolein that should he
investigated.

These results suggest that human exposure to acrolein
will be dominated by indoor exposure because people
commonly spend more time indocrs than outdoors. The
identification of specific primary and secondary sources of
indoor acrolein could be used to develop mitigation mea-
sures. In light of these findings, the ratonale of regulating
ambient air concentrations of acrolein to reduce human
exposures is questionable and efforts should be focused on
understanding sources in the indeor environment.
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