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ABSTRACT
As part of the Advanced Collaborative Emissions Study
(ACES), regulated and unregulated exhaust emissions
from four different 2007 model year U.S. Environmental
Protection Agency (EPA)-compliant heavy-duty high-
way diesel engines were measured on an engine dyna-
mometer. The engines were equipped with exhaust
high-efficiency catalyzed diesel particle filters (C-DPFs)
that are actively regenerated or cleaned using the engine
control module. Regulated emissions of carbon monox-
ide, nonmethane hydrocarbons, and particulate matter
(PM) were on average 97, 89, and 86% lower than the
2007 EPA standard, respectively, and oxides of nitrogen
(NOx) were on average 9% lower. Unregulated exhaust
emissions of nitrogen dioxide (NO2) emissions were on
average 1.3 and 2.8 times higher than the NO2 emissions
reported in previous work using 1998- and 2004-
technology engines, respectively. However, compared
with other work performed on 1994- to 2004-technology
engines, average emission reductions in the range of 71–
99% were observed for a very comprehensive list of un-
regulated engine exhaust pollutants and air toxic contam-
inants that included metals and other elements,
elemental carbon (EC), inorganic ions, and gas- and par-
ticle-phase volatile and semi-volatile organic carbon (OC)
compounds. The low PM mass emitted from the 2007
technology ACES engines was composed mainly of sulfate
(53%) and OC (30%), with a small fraction of EC (13%)
and metals and other elements (4%). The fraction of EC is
expected to remain small, regardless of engine operation,

because of the presence of the high-efficiency C-DPF in
the exhaust. This is different from typical PM composi-
tion of pre-2007 engines with EC in the range of 10–90%,
depending on engine operation. Most of the particles
emitted from the 2007 engines were mainly volatile nu-
clei mode in the sub-30-nm size range. An increase in
volatile nanoparticles was observed during C-DPF active
regeneration, during which the observed particle number
was similar to that observed in emissions of pre-2007
engines. However, on average, when combining engine
operation with and without active regeneration events,
particle number emissions with the 2007 engines were
90% lower than the particle number emitted from a 2004-
technology engine tested in an earlier program.

INTRODUCTION
Model year 2007 heavy-duty highway diesel engines sold
in the United States must comply with the 2007 U.S.
Environmental Protection Agency (EPA) particulate mat-
ter (PM) emission standard of 0.01 g/hp-hr, a 90% reduc-
tion from the 1994 limit of 0.1 g/hp-hr.1 The 2007 high-
way engines must also comply with a phased-in oxides of
nitrogen (NOx) limit of approximately 1.2–1.5 g/hp-hr, a
38–50% reduction from the 2004 limit. This will be fol-
lowed by a NOx limit of 0.20 g/hp-hr for 2010 heavy-duty
highway diesel engines. Compliance with carbon monox-
ide (CO) and nonmethane hydrocarbon (NMHC) emis-
sions limits of 15.5 and 0.14 g/hp-hr, respectively, is also
required.

Complying with 2007 emission limit challenges re-
quired on-highway heavy-duty diesel engines to adopt
design and external equipment changes, most notably the
addition of a high-efficiency catalyzed diesel particle filter
(C-DPF) in the exhaust system to trap PM. A C-DPF re-
quires periodic cleaning to prevent an unacceptable ex-
haust system pressure increase as the C-DPF collects PM.
The cleaning process is called “regeneration” and it is
achieved by several techniques. For engines in this inves-
tigation, diesel fuel injection into the diesel oxidation
catalyst (DOC) or igniting a burner within the exhaust
system achieved regeneration. The main goal of fuel in-
jection or a burner is to elevate the exhaust stream tem-
perature to oxidize soot trapped in the C-DPF to reduce
engine exhaust back pressure. In addition to the exhaust

IMPLICATIONS
To meet the 2007 EPA heavy-duty highway PM emissions
standard, engine manufacturers have elected to equip en-
gine exhaust with a high-efficiency C-DPF. Because of the
use of the C-DPF, the PM emissions were 86% below the
2007 standard, and many unregulated gas and particle-
phase emissions compounds were substantially lower than
those emitted from pre-2007-technology engines. Signifi-
cant air quality benefits can be expected as the C-DPF
technology, or other equivalent technology, continues to be
applied to future highway engines and to other nonroad and
stationary diesel engines.
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C-DPF, a coalescent filter was added to the blow-by system
to remove PM from the blow-by stream before it is vented
to the atmosphere. The blow-by stream is a small fraction
(�0.01) of the engine exhaust stream. It escapes the com-
bustion chamber from around the piston rings. It has a
high interaction with the engine oil gallery and typically
contains a high level of unburned and partially burned
lube oil mist. Cooled exhaust gas recirculation (EGR) with
increased flow and more effective EGR coolers were used
as the main strategy to reduce NOx emissions. These tech-
nologies are the main improvements to 2007-technology
engines, but other changes such as high boost pressure,
high injection pressure, and improved combustion cham-
ber design also played a role in optimizing the emissions,
particularly NOx and fuel economy.2

Recognizing the potential emissions reduction bene-
fits from 2007-technology engines, phase 1 of the Ad-
vanced Collaborative Emissions Study (ACES) was
launched to fully characterize and document the emis-
sions from four 2007 heavy-duty diesel engines.3 The
characterization included regulated engine exhaust emis-
sions of CO, NMHCs, NOx, and PM; greenhouse gas emis-
sions of carbon dioxide (CO2), methane (CH4), and ni-
trous oxide (N2O); and a detailed list of unregulated
engine exhaust gas and particle-phase species such as
nitrogen dioxide (NO2), elemental carbon (EC), organic
carbon (OC), metals and elements, ions, speciated C2–
C12 hydrocarbons, alcohols, nitrosamines, aldehydes and
ketones, alkanes, polar compounds, polycyclic aromatic
hydrocarbons (PAHs), nitrogenated PAHs (nitroPAHs),
oxygenated PAHs (oxyPAHs), hopanes, steranes, and di-
oxins and furans. These are in addition to particle number
and size distribution characterization. The data provide a
comprehensive characterization of the emissions from
new technology diesel engines. They also established the
basis3 for selecting one of the four engines for a major
animal exposure study as a part of phase 3 of the ACES4

(currently underway at the Lovelace Respiratory Research
Institute [LRRI]).

This paper summarizes the exhaust emissions data
measured and analyzed from four 2007 heavy-duty high-
way diesel engines operated on an engine dynamometer.
The regulated engine exhaust emissions data are com-
pared with the regulatory standards. The unregulated en-
gine exhaust emissions data are compared with data avail-
able in the literature using pre-2007 engines to add some
perspective on the emissions performance of modern
2007 engines compared with older technology engines.

APPROACH
2007-Technology Engines

The 2007 heavy-duty highway engines evaluated in the
phase 1 ACES work were a Caterpillar C13 (430 hp), a
Cummins ISX (455 hp), a Detroit Diesel Corporation se-
ries 60 (455 hp), and a Mack MP7 (395 hp) manufactured
by Volvo. All engines were equipped with variable geom-
etry turbochargers with water-cooled intake air systems.
Three of the four engines were equipped with water-
cooled high-pressure loop EGR systems in which the ex-
haust gas is routed from the exhaust manifold to the
high-pressure side of the intake air compressor. The re-
maining engine was equipped with a low-pressure loop

water-cooled EGR system in which the exhaust gas is
routed from downstream of the C-DPF to the inlet side of
the intake air compressor. Three of the four engines were
equipped with a DOC followed by a C-DPF in the exhaust
system. The C-DPF for each of these engines was actively
regenerated or cleaned using diesel fuel injection into the
exhaust stream upstream of the DOC. The fuel injected
into the exhaust stream reacts with oxygen over the sur-
face of the DOC, leading to an increase in exhaust tem-
perature at the outlet of the DOC/inlet of C-DPF. The high
exhaust temperature triggers the oxidation of soot
trapped inside of the C-DPF by exhaust oxygen and NO2.
A high fraction of NO2 is typically formed in the exhaust
inside of the DOC/C-DPF. This is due to an enhanced
nitric oxide (NO)-to-NO2 oxidation by the catalysts. NO2

formation in the exhaust promotes soot oxidation at a
lower temperature compared with oxygen. One of the
four engines was equipped with an exhaust diesel fuel
burner that supplies a stream of hot exhaust. The burner
stream is mixed with the main exhaust stream to elevate
the temperature before entering the C-DPF to achieve soot
oxidation similar to that of the other three engines.

The active regeneration strategy of the C-DPF for each
engine is different. It may take into consideration engine
operating time, fuel used, C-DPF loading condition, DOC
inlet temperature, soot loading, and other factors (e.g.,
passive regeneration during normal operation). The en-
gine control module (ECM) triggered all active regenera-
tions occurring during emissions testing without any in-
terference by the engine operator. A monitored signal
broadcasted by the engine ECM was used to determine if
C-DPF active regeneration was “on” or “off.” During ex-
haust system conditioning, before an official emissions
test, the C-DPF went into a “forced” C-DPF active regen-
eration that was triggered by the engine operator. An
active C-DPF regeneration may include multiple, separate
exhaust fuel injection events until the C-DPF is “clean.”
The length of the C-DPF regeneration process is likely to
depend on the duty cycle of the engine or it may be
time-based. High load (and therefore higher temperature)
operation will allow the regeneration to proceed quicker,
resulting in a shorter overall regeneration time. In the
case of using a fuel burner for C-DPF active regeneration,
continuous operation of the fuel burner is enacted until
the C-DPF reaches a clean condition that is defined by the
engine manufacturer.

Fuel and Lubricant
The fuel used in phase 1 of the ACES program was a
commercial refinery ultralow sulfur diesel (ULSD) fuel
that conformed to the EPA 2007 fuel specifications for
2007 highway engines.5 Table 1 shows some selected fuel
properties analyzed in phase 1 of the ACES in accordance
with the American Society for Testing and Materials
(ASTM). The fuel had typical ASTM characteristics and a
sulfur content of 4.5 ppm. In addition to the selected fuel
properties shown in Table 1, additional analyses3 demon-
strated the presence of residual lube oil elements in the
fuel such as phosphorus, calcium and zinc with concen-
trations of 1.36, 1.38, and 1.19 parts per million (ppm),
respectively. In addition, the fuel contained sodium at
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14.5 ppm. The concentrations of these elements in com-
mercially available ULSD fuel may vary depending on the
fuel-refining source and pipeline transportation.6 Al-
though these elements are typically captured by the C-DPF,
their presence in the fuel may increase the ash loading by
the C-DPF and affect its long-term durability, although that
is not the subject of the work presented here.

Table 2 shows the ACES phase 1 ASTM analyses for
the fresh and used lube oil. The fresh oil was analyzed
once. The used lube oil was collected by the Southwest
Research Institute (SwRI) from each of the four engines
before any emissions testing, but after 125 hr of engine
operation run by the respective manufacturers before
shipping the engine and lube oil to SwRI. The average,
minimum, and maximum levels for the used lube oil
shown in Table 2 are based on four lube oil analyses, one
per engine. The dominant elements observed in the fresh
lube oil were calcium (2268 ppm), phosphorus (1043
ppm), and zinc (1157 ppm). Sulfur concentration is ex-
pected to be approximately 3000 ppm, but it was not
measured. The used lube oil had higher levels of boron,
copper, magnesium, manganese, iron, silicon, sodium,
and tin compared with the fresh oil, which implies that
these elements were accumulated in the oil during normal
use.

EXPERIMENTAL SETUP
The experimental setup is described with sufficient infor-
mation for the reader to be able to understand what has
been done in this work. The reader is also encouraged to
review ref 3 for more information about the experimental
setup, measurements performed, and analytical proce-
dures used.

Figure 1 shows the overall exhaust sampling and
measurement setup with a short description of each mea-
surement performed. Regulated emissions measurement
and testing complied with 40 Code of Federal Regulations
(CFR) Part 1065 using a full-flow constant volume sampler
(CVS).5 The average nominal dilution ratio (DR) between
engine exhaust and CVS was approximately 20 for the
Federal Test Procedure (FTP) and the 16-hr cycle. Note
that in this work DR is defined as

DR � �dilution air flow rate � sample flow rate�

� �sample flow rate�

where the dilution airflow rate and the sample flow rate
represent the CVS and engine exhaust flows for the DR
between engine exhaust and CVS.

Table 1. ULSD fuel properties used in the ACES program.

ASTM Test Test Property/Description Units Values

D1319 Aromatics vol % 26.7
D5453 Sulfur content ppm 4.5
D4052 API gravity at 60 °F Dimensionless 33.8

Specific gravity at 60 °F Dimensionless 0.8561
Density at 15 °C g/L 855.6

D5291 Carbon content wt % 86.32
Hydrogen content wt % 12.92
Oxygen by difference wt % 0.76

D613 Cetane number Dimensionless 47.5

Notes: API � American Petroleum Institute.

Table 2. ACES engines ASTM average lube oil properties after 125 hr of engine operation.

ASTM
Test Test Property/Description Units Fresh Lube Oil

Used Oil
(average)a

Used Oil
(minimum/maximum)

D445 Viscosity at 100 °C cSt 15.19 16 13/21
D445 Viscosity at 40 °C cSt 113.86 97 79/112
D5185 Element analysis

Boron ppm �1 5 2/8
Calcium ppm 2268 2245 1879/2459
Copper ppm �1 32 8/96
Iron ppm 1 44 16/72
Lead ppm �1 4 1/6
Magnesium ppm 5 107 8/261
Manganese ppm �1 3 1/5
Phosphorus ppm 1043 1024 978/1125
Silicon ppm 3 41 23/68
Sodium ppm �5 8 6/10
Tin ppm �1 3 1/4
Zinc ppm 1157 1199 1133/1269

Notes: aAverage was based on four analyses of the used lube oil, one per engine.
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To increase the mass of semi-volatile organic com-
pounds (SVOCs) collected during a test to improve engine
emissions detection limits, a high volume sampler (HVS)
connected to the sample zone of the CVS was used. The
HVS total nominal flow rate extracted from the CVS tun-
nel was 850 standard L/min, and the nominal DR was 2.
The HVS contained a 203- by 254-mm Zefluor filter as-
sembly followed by four 106-mm diameter XAD holders.

To provide information on the concentration level of
PM mass, OC/EC, and particle size and number that
might guide the design of experiments for the animal
exposure study under phase 3 of the ACES, an unoccupied
animal exposure chamber (UAEC) was used. The UAEC
was provided by LRRI. It was set up on the CVS tunnel and

used for collections and measurements described in item
“I” under Figure 1. The flow residence time through the
chamber was approximately 4 min and the nominal DR
between CVS tunnel and the exposure chamber was 2,
resulting in an average nominal DR of 40 during an FTP or
a 16-hr cycle.

Analytical Methods. Dilute CO and CO2 were measured
using nondispersive infrared detectors, NOx was mea-
sured using a heated chemiluminescence detector, and
total hydrocarbons (THCs) and CH4 were measured with
heated flame-ionization detectors. All regulated emission
measurements complied with 40 CFR Part 1065.5 NO2 was
determined by subtracting NO from NOx using another
heated chemiluminescence detector for NO measure-
ment. The analytical work for the unregulated emissions
was performed by SwRI and the Desert Research Institute.
Particle- and gas-phase semi-volatiles were extracted and ana-
lyzed using a Varian 4000 ion trap in electron impact mode gas
chromatograph/mass spectrometer (GC/MS). A Varian
1200 triple quadrupole high-resolution GC/high-resolu-
tion MS (HRGC/HRMS) operating in negative chemical
ionization mode was used for nitroPAH compounds. The
analytical protocol followed for analysis of dioxins and
furans (polychlorinated dibenzodioxins or polychlori-
nated dibenzofurans) was EPA method 8290. The instru-
ments used included a VG AutoSpec HRGC/HRMS, a Fi-
sons AutoSpec Ultima HRGC/HRMS, and a Micromass
AutoSpec Ultima HRGC/HRMS. The analytical procedures
used for conducting hydrocarbon speciation (C2–C12 hy-
drocarbons, aldehydes and ketones, and alcohols) fol-
lowed the Coordinating Research Council (CRC) Auto/Oil
phase II protocols.7 With these methods, exhaust emis-
sions samples are analyzed for more than 200 species.
Four GCs and one high-performance liquid chromato-
graph were used to identify and quantify compounds.

PM was collected on a Teflon membrane filter (Teflo)
and analyzed for elements using energy-dispersive X-ray
fluorescence. PM was collected on a Teflon-coated filter
(Fluoropore) and analyzed for particle-phase ions using
ion chromatography. The significant figures reported for
each species in Tables 4–11 signify the detection limit for
that species, as determined using EPA CFR Part 136.

The focus of this paper is on two test cycles. The first
is on the 20-min FTP transient cycle. EPA requires the FTP
cycle for compliance with regulated engine exhaust emis-
sions species. The second is on a new 16-hr transient cycle
developed by West Virginia University.8–11 The informa-
tion from this cycle is relevant to the ACES phase 3 work
because the 16-hr cycle is a part of it. This cycle also
provides longer sample time and improved detection
limit of low-concentration unregulated exhaust emis-
sions compounds. In addition, the 16-hr cycle repre-
sents a more complete engine operation that includes
C-DPF active regenerations. The 16-hr cycle consists of
four 4-hr segments that are repeated 4 times. Each 4-hr
segment is composed of three FTP transient cycles and
several California Air Resources Board (CARB) steady-
state modes,10,11 including three creeps, four transients,
two cruises, and four high-speed cruises.

One cold-start FTP transient cycle was performed
with each of the four engines only for regulated emissions

Figure 1. Overall experimental setup for the ACES program. A �
2007 heavy-duty diesel engine with aftertreatment. B � background
bag sample of dilution air for CO, CO2, NOx, NO, THCs, CH4, and
C2–C12 speciation. C � regulated PM following CFR Part 1065
using 47-mm Teflo filter. D � impingers for carbonyls, alcohols, ions,
and cyanide ion. E � sorbent traps for nitrosamines and Summa
canister for SVOCs. F � auxiliary PM samples on 47-mm filters for
inorganic ions (Fluoropore filter), XRF (Teflo filter), and inductively
coupled MS (Fluoropore filter), DFI/GC (TX-40 filter). G � XAD
traps for gas-phase semi-volatile compounds: PAHs, oxyPAHs,
nitroPAHs, hopanes, steranes, carpanes, polar organics, high-
molecular-weight alkanes and cycloalkanes, dioxins, furans. H �
filter (8 � 10 in. Zefluor) for particulate-phase semi-volatile com-
pounds: PAHs, oxyPAHs, nitroPAHs, dioxins, furans, hopanes, ster-
anes, carpanes, polar organics, high-molecular-weight alkanes, cy-
cloalkanes, dioxins, and furans. I � UAEC PM mass using Teflo
filter, OC/EC collection using a pair of quartz filters, size and number
using EEPS, real-time total PM using DMM-230, real-time soot using
MSS. J � proportional bag sample for hydrocarbon speciation of
C2–C12 compounds. K � Horiba MEXA 7200 for THCs, CO, CO2,
NOx, NO analyzer, and CH4 analyzer. L � FTIR for N2O.
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measurements. Along with the cold-start FTP, three re-
peats of the FTP hot-start transient cycle were performed
with each of the four ACES engines with blow-by. Three
hot-start repeats were also performed without blow-by.
Official certification testing using the FTP must be done
with the blow-by stream routed to a location in the ex-
haust downstream of the C-DPF. Testing without blow-by
was done to quantify the blow-by contribution to PM
emissions. Before each of the three hot-start FTP emission
tests, a forced active regeneration was performed to con-
dition the exhaust and CVS system and to clean the
C-DPF to a baseline level. No active regenerations were
encountered during FTP emission testing. The 16-hr cycle

was run over 2 days, two 4-hr segments per day with 15
min of engine idle in between segments. All 16-hr cycles
on all four engines were run with blow-by. On day 1, a
forced C-DPF active regeneration was performed once be-
fore the beginning of a hot-start 4-hr segment of the 16-hr
cycle. On day 2, the continuation of the 16-hr cycle
proceeded with a cold-start 4-hr segment, without any
forced C-DPF active regeneration. The regeneration status
was determined via a monitored signal that is triggered by
the engine ECM whenever active regeneration is on. Be-
cause of the infrequent nature of C-DPF regeneration that
may occur once or twice during a 16-hr cycle, it is possible
to find two or three 4-hr segments within a 16-hr cycle

Table 3. Test matrix with the number of repeated runs for each of the four 2007 ACES engines used in the
ACES program (only the highlighted events in bold are reported in this paper).

Cycle
Regulated Pollutants
(number of repeats)

Unregulated
(number of repeats)

Hot-start FTP 3 a,f

Mode 1, rated speed, 100% load, 20 min 3 a,f

Mode 3, rated speed, 50% load, 20 min 3 a,f

Mode 5, peak torque speed, 100% load, 20
min

3 a,f

Cold-start FTP, 20 min 1 a,f

Hot-start FTP, 20 min 6b 6b

Composite CARB HHDDE cycle mode 1, 2,
and 5 (creep, transient, and idle), CARBX-
ICT, 39 min

2 2

Composite CARB HHDDE cycle mode 3 and
4 (cruise and high-speed cruise), CARBZ-
CH, 48 min

2 2

16-hr transient cycle, 16 hr 3 3
Tunnel blanks,c 20 min 4 for first engine and 3 for others 4 for first engine and 3 for others
Tunnel background,d 16 hr 1
16 hr for dioxins and furans only,e 16 hr 1

Notes: HHDDE � highway heavy-duty diesel engine. aOnly real-time particle size, number, total mass, and solid
mass measurements were performed for these tests. bThree hot-start FTP runs with blow-by and three without
blow-by. cTunnel blank is a 20-min test run exactly like an engine test, except the engine is off: one tunnel blank
after cleaning the CVS tunnel but before running the engine; a second tunnel blank after finishing the six hot-start
FTP runs, which is also before starting the CARB composite modes; a third tunnel blank after finishing the CARB
composite modes but before the 16-hr transient cycle; and a fourth tunnel blank after finishing the 16-hr transient
cycle. dTunnel background is a 16-hr test in which samples are taken from the dilution air immediately downstream
of the CVS HEPA filter. Tunnel background dilution air was collected for 16 hr using an 8 � 10 Zefluor filter followed
by four XAD traps. eDioxins and furans were collected separately for 16 hr on engines A, C, and D using 8 � 10
Zefluor filters followed by four XAD traps. fData were shared with each engine manufacturer to make sure that the
engine emissions performance complied with the manufacturer’s expectation and to get approval to proceed with
the program.

Table 4. Average regulated emissions summary for four FTP composite cycles (1/7 � cold start � 6/7 � hot start), one per ACES phase 1 2007 engine.

1998 EPA Standard
(g/bhp-hr)

2007 EPA Standard
(g/bhp-hr)

2007 Average Emissions
(g/bhp-hr)

Percent Reduction
Relative to 2007

Standard

Percent Reduction
Relative to 1998

Standard

PM 0.1 0.01 0.0014 � 0.0007 86 99
CO 15.5 15.5 0.48 � 0.33 97 97
NMHCe 1.3a 0.14 0.015 � 0.024 89 97d

NOx 4.0b 1.2c 1.09 � 0.15 9 73

Notes: aEPA limit was based on THCs including CH4; bEPA limit went to 2.4 g/hp-hr in 2004; cAverage value between 2007 and 2009, with full enforcement in
2010 at 0.20 g/hp-hr; dValue is calculated based on average THC value of 0.034 g/hp-hr using the ACES phase 1 data; eNMHC is reported as the difference
between measured THC and CH4.
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without active regenerations. Thus, with real-time particle
instruments such as the engine exhaust particle sizer
(EEPS) that measure particle number and size distribu-
tions and the microsoot sensor (MSS) that measures soot
mass, it is possible to report average data or real-time data
on the basis of 4-hr segments with and without regener-
ations, as can be seen later in the results section. All
measurements and filter collections listed in Figure 1 were
performed in parallel. Table 3 lists all of the tests per-
formed over the entire program, with the bold entries
being those that are discussed in this paper. Regulated
exhaust emissions species are reported based on a
weighted emissions composite of a 20-min cold-start fol-
lowed by a 20-min hot-start FTP transient cycle. The
weighted regulated emissions species is equal to one-
seventh of the integrated emissions during the cold-start
FTP plus six-sevenths of the emissions during the hot-
start FTP. Unregulated exhaust emissions species are re-
ported based on the entire 16-hr cycle. Unless otherwise
noted, all emissions data are reported on a brake-specific
emissions basis, which is defined as the total mass emitted
during a test interval over the work during that test inter-
val in brake horsepower-hour. Except for real-time data,
in which only one representative ACES engine is used, all
other ACES engines data are reported on an average basis
using all four engines and all repeats of the cycles used.

RESULTS AND DISCUSSION
Regulated Emissions

Engine emissions compliance with EPA regulations is
based on the sum of 14.3 and 85.7% of each regulated

emissions species emitted during a cold-start and a hot-
start FTP transient cycle, respectively. Following this pro-
cedure, Table 4 shows the average regulated emissions
results on the basis of four cold-start and hot-start FTP
transient cycles, one per engine. Data were collected on
the ACES phase 1 engines with blow-by, but without any
active C-DPF regeneration. PM, CO, NMHCs, and NOx

were on average 86, 97, 89, and 9% below the 2007
standard, respectively, and 99, 97, 97, and 73% below the
1998 standard. The 1998 standard was based on THCs,
and the percent reduction was based on measured THCs
performed during phase 1 of the ACES work. For EPA
in-use testing and compliance using heavy-duty highway
trucks, it is difficult to route the blow-by stream to down-
stream of the C-DPF to account for its PM emissions
contribution during in-use PM emissions measurement.
Thus, in-use testing on-board vehicles without blow-by is
permitted by EPA, but a PM emissions value for the
blow-by contribution is required. EPA accepts a PM emis-
sions value of 0.0004 g/hp-hr to account for blow-by
contribution. This value was determined from the differ-
ence between PM emissions with and without blow-by
measured in phase 1 of the ACES using hot-start FTP
transient cycles. The average hot-start FTP PM emissions
with and without blow-by were 0.0011 � 0.0005 and
0.0007 � 0.0003 g/bhp-hr, respectively. The average PM
for the hot-start FTP transient cycle was based on 12 tests,
3 tests per engine.

NO2 Emissions
Table 5 shows the average NO2 emissions for 12 repeats of
the hot-start FTP transient cycle using the ACES phase 1
engines. It also shows NO2 emissions from model year
1998 and 2000 heavy-duty highway diesel engines on the
basis of other work that used the same test cycle and
procedures to determine NO2 emissions.12,13 In both
cases, NO2 emissions are reported as the difference be-
tween measured NOx and NO emissions. On the basis of
the data shown in Table 5, the emissions rate of NO2 from
the 2007 ACES engines is 33% higher than that from
engines meeting the 1998 standard. On the basis of SwRI

Table 6. Summary of average unregulated emissions for all 12 repeats of the 16-hr cycles for all four 2007 ACES engines and for 2004-technology
engines used in CRC E55/E5912 (dioxins were compared to 1998 levels).13

Compound
2007 Enginesa

(average � SD, mg/hp-hr)
2007 Engines

(average � SD, mg/hr)
2004 Engines

(average � SD, mg/hr)

Average Percent Reduction
Relative to 2004-

Technology Engines

Single-ring aromatics 0.76 � 0.35 71.6 � 32.97 405.0 � 148.5 82
PAHs 0.74 � 0.25 69.7 � 23.55 325.0 � 106.1 79
Alkanes 1.64 � 0.83 154.5 � 78.19 1,030.0 � 240.4 85
Hopanes/steranes 0.0011 � 0.0013 0.1 � 0.12 8.2 � 6.9 99
Alcohols and organic acids 1.14 � 0.27 107.4 � 25.4 555.0 � 134.4 81
NitroPAHs 0.0065 � 0.0028 0.1 � 0.0 0.3 � 0.0 81
Carbonyls 2.68 � 1.00 255.3 � 95.2 12,500.0 � 3,535.5 98
Inorganic ions 0.98 � 0.40 92.3 � 37.7 320.0 � 155.6 71
Metals and elements 0.071 � 0.032 6.7 � 3.0 400.0 � 141.4 98
OC 0.56 � 0.50 52.8 � 47.1 1,180.0 � 70.7 96
EC 0.24 � 0.05 22.6 � 4.7 3,445.0 � 1110.2 99
Dioxins/furans 6.6 � 10�7 � 5.5 � 10�7 6.2 � 10�5 � 5.2 � 10�5 NA 99b

Notes: NA � not applicable. aData shown in brake-specific emissions for completeness. No comparable brake-specific emissions data were available; bRelative
to 1998-technology engines.

Table 5. Average NO2 emissions summary for all 12 repeats of the
hot-start FTP transient cycle for all four 2007 ACES engines.

NO2

(g/hp-hr)
Percent NO2/NOx

Ratio

2007 ACES engines (1.2 g/bhp-hr NOx ) 0.73 � 0.12 60.8
1998-compliant technology engines10,11

(4.0 g/bhp-hr NOx)
0.55 � 0.01 13.8
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internal data for a 2004-technology engine, the NO2/NOx

ratio was 11% for the FTP transient cycle. Using such
information, the average NO2 emissions from the 2007
ACES engines are calculated to be a factor of 2.8 higher
than the emissions from an engine meeting the 2004 NOx

standard. Although NOx emissions from 2007 engines are
lower than those from engines meeting the 1998 and
2004 NOx standards, a higher NO2 or higher NO2/NOx

ratio was observed. The increase in NO2 emissions from
2007 engines is mainly because of oxidation of partial NO
in the exhaust by the DOC and/or the C-DPF. It is impor-
tant to note that the NO2 emissions increase will affect
only heavy-duty highway engines sold between 2007 and
2009. Starting with 2010 production engines, a stringent
NOx limit of 0.20 g/bhp-hr is required. Assuming that the
NO2/NOx ratio for 2010 engines is similar to that of 2007

engines, the average direct emissions rate of NO2 from
2010-technology engines is expected to be less than or
equal to 0.12 g/hp-hr, which is 84% below 2007 levels,
55% below 2004 levels, and 78% below 1998 levels.

Important Contributors of the 795 Unregulated
Engine Exhaust Emissions Species Investigated

during the ACES phase 1 program
All average unregulated engine exhaust emissions data
reported for the 2007 ACES engines are based on emis-
sions collected during 12 tests of the 16-hr cycle, 3 tests
per engine. Table 6 shows the average emissions of
several groups of unregulated exhaust emissions com-
pounds for the 2007 ACES phase 1 engines and for
2004-technology engines. The 2004 engine emissions
are based on work performed by other researchers using

Table 7. CARB toxic air contaminant average emissions for all 12 repeats of the 16-hr cycles for all four 2007 ACES engines and for 1994- to
2000-technology engines running over the FTP transient cycle.15

TAC No. Compound
2007-Technology Enginesa

(mg/bhp-hr)
1994- to 2000-Technology

Enginesc (mg/bhp-hr)
Percent

Reduction

1 Acetaldehyde 0.61 � 0.27 10.3 93
2 Acrolein �0.01 2.7 	99
3 Aniline 0.000150 � 0.000075 NA NA
4 Antimony compounds �0.001 NA NA
5 Arsenic �0.0002 NA NA
6 Benzene �0.01 1.82 	99
7 Beryllium compounds �0.0003 NA NA
8 Biphenyl 0.013780 � 0.001716 NA NA
9 Bis
2-ethylhexyl�phthalate b NA NA

10 1,3-Butadiene �0.01 1.7 	99
11 Cadmium �0.00003 NA NA
12 Chlorine (chloride) �0.007 0.18 	96
13 Chlorobenzene and derivatives b NA NA
14 Chromium compounds 0.0007 � 0.0003 NA NA
15 Cobalt compounds �0.0001 NA NA
16 Cresol isomers 0.02727 � 0.01233 NA NA
17 Cyanide compounds �0.05 NA NA
18 di-n-Butylphthalate b NA NA
19 Dioxins and dibenzofurans 0.00000066 � 0.000000055 0.000066 99
20 Ethyl benzene 0.05 � 0.04 0.49 90
21 Formaldehyde 1.90 � 1.01 25.9 94
22 Hexane �0.01 0.14 	93
23 Inorganic lead �0.0001 0.0009 	89
24 Manganese �0.00022 0.0008 	73
25 Mercury �0.00016 NA NA
26 Methanol 0.07 � 0.13 NA NA
27 Methyl ethyl ketone �0.01 NA NA
28 Naphthalene 0.0982000 � 0.0423000 0.489 80
29 Nickel 0.0002 � 0.0001 0.01 98
30 4-Nitrobiphenyl �0.00000001 NA NA
31 Phenol 0.00905 � 0.00414 NA NA
32 Phosphorus 0.0130 � 0.0064 NA NA
33 POM, including PAHs and derivatives See Table 8 See Table 8 See Table 8
34 Propionaldehyde 0.01 1.8 	99
35 Selenium �0.0001 NA NA
36 Styrene �0.01 0.73 	99
37 Toluene 0.26 � 0.28 0.64 59
38 Xylene isomers and mixtures 0.35 � 0.10 2.2 85
39 o-Xylene 0.13 � 0.07 0.99 87
40 and 41 m- and p-Xylenes 0.20 � 0.08 1.21 83

Notes: TAC � toxic air contaminant, POM � polycyclic organic matter. aThe significant figures signify the detection limit in mg/bhp-hr; bNot measured; cSD data
were not provided by refs 15 and 16.

Khalek et al.

Volume 61 April 2011 Journal of the Air & Waste Management Association 433



vehicles operating at the idle, transient, and cruise
modes of the five CARB steady-state modes, which com-
prise only a portion of the 16-hr cycle tested in this
work.14 The average of the three modes combined is re-
ported in Table 6 in grams per hour. Substantial emissions
reductions were observed with the 2007-technology en-
gines ranging from 71 to 99% as compared with 2004-
technology engines. The average emissions for the three
modes on a grams-per-hour basis, as reported in Table 6,
will result in lower emissions because of the low emission

rates in grams per hour at idle compared with the tran-
sient and creep modes. Thus, the percent reduction re-
ported below relative to 2004-technology engines is con-
sidered a conservative estimate. The reduction from 2007
engines would likely be even greater if 2004-technology
engines were used for comparison on the basis of the
16-hr cycle. The 99% reduction in dioxins and furans was
relative to 1998-technology engines.15 The above compar-
ison indicates an overall substantial reduction in total
unregulated engine exhaust emissions species. This is also

Table 8. PAH and nitroPAH average emissions for all 12 repeats of the 16-hr cycles for all four 2007 ACES
engines and for a 2000-technology engine running over the FTP transient cycle.16

PAH and NitroPAH Compounds
2007 Enginesa

(mg/bhp-hr)
2000-Technology

Enginea, b (mg/bhp-hr)
Percent

Reduction

Naphthalene 0.0982000 � 0.0423000 0.4829 80
Acenaphthylene 0.0005000 � 0.0005000 0.0524 98
Acenaphthene 0.0004000 � 0.0001000 0.0215 98
Fluorene 0.0015000 � 0.0009000 0.0425 96
Phenanthrene 0.0077000 � 0.0025000 0.0500 85
Anthracene 0.0003000 � 0.0001000 0.0121 97
Fluoranthene 0.0006000 � 0.0006000 0.0041 85
Pyrene 0.0005000 � 0.000400 0.0101 95
Benzo(a)anthracene �0.0000001 0.0004 	99
Chrysene �0.0000001 0.0004 	99
Benzo(b)fluoranthene �0.0000001 �0.0003 	99
Benzo(k)fluoranthene �0.0000001 �0.0003 	99
Benzo(e)pyrene �0.0000001 �0.0003 	99
Benzo(a)pyrene �0.0000001 �0.0003 	99
Perylene �0.0000001 �0.0003 	99
Indeno(123-cd)pyrene �0.0000001 �0.0003 	99
Dibenz(ah)anthracene �0.0000001 �0.0003 	99
Benzo(ghi)perylene �0.0000001 �0.0003 	99
2-Nitrofluorene 0.00000360 � 0.00000410 0.0000650 94
9-Nitroanthracene 0.0000148 � 0.0000213 0.0007817 98
2-Nitroanthracene 0.00000040 � 0.00000090 0.0000067 94
9-Nitrophenanthrene 0.00002110 � 0.00002090 0.0001945 89
4-Nitropyrene �0.00000001 0.0000216 	99
1-Nitropyrenec 0.00001970 � 0.00002430 0.0006318 97
7-Nitrobenz(a)anthracene 0.00000020 � 0.00000020 0.0000152 99
6-Nitrochrysene �0.00000001 0.0000023 	99
6-Nitrobenzo(a)pyrene �0.00000001 0.0000038 	99

Notes: aThe significant figures signify the detection limit in mg/bhp-hr; bSD data were not provided by ref 15.
cPrevious work showed artifact formation during filter collection of the compounds highlighted in bold.

Table 9. Elemental average emissions for all 12 repeats of the 16-hr cycles for all four 2007 ACES engines
and for 1994- to 2000-technology engines running over the FTP transient cycle.15,16

Element
2007-Technology Enginesa

(mg/bhp-hr)
1994- to 2000-Technology

Enginesa, b (mg/bhp-hr)
Percent

Reduction

Zinc 0.0027 � 0.002 1.16 	99
Sulfur 0.291 � 0.129 2.89 	99
Calcium 0.0115 � 0.0078 0.02 	43
Silicon 0.0022 � 0.0014 0.02 	89
Copper 0.0004 � 0.0002 0.78 	99
Lead 0.0784 � 0.0731 1.83 	96
Iron 0.0152 � 0.0092 1.66 	99
Chloride �0.001 0.18 	99
Ammonia �0.001 11.5 	99

Notes: aThe significant figures signify the detection limit in mg/bhp-hr; bSD data were not provided by refs 15
and 16.
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true for individual pollutants that are considered air toxic
contaminants by CARB,16 as shown in Table 7. Table 7
shows that 2007 engines substantially reduce CARB air
toxic contaminants compared with emissions technology
from 1994 to 2001 engines.17,18

Table 8 shows further evidence for the reduction of
some selected PAHs and nitroPAHs, including those that
are typically required to be measured by regulatory agen-
cies such as EPA and CARB in fuel-testing registration and
verification. The reductions in PAHs range from 80% to
more than 99% relative to a 2000-technology engine.19

All PAHs with more than four rings except fluoranthene
and pyrene were below the detection limit. Table 8 reports
a 92% reduction in nitroPAH compound emissions with
the 2007-technology engines. Previous work showed arti-
fact formation during filter collection of the compounds
highlighted in bold in Table 8.20 The work presented here

shows that even for these compounds, a substantial re-
duction is observed, with 6-nitrobenzo(a)pyrene re-
ported to be below the detection limit. This suggests
that nitroPAH artifact formation, if any, is negligible
with the 2007-technology engines. It did not seem to
affect the high nitroPAH reductions observed relative to
older technology engines.

Table 9 shows a substantial reduction in metals and
other elements relative to 1994- to 2000-technology en-
gines. Sulfur emissions are lower because of a reduction in
sulfur level in the fuel from 500 ppm to less than 15 ppm,
complemented by a reduction in sulfur in lube oil from
approximately 6000 to 3000 ppm. The ACES phase 1 work
demonstrates that all of the unregulated emissions com-
pounds measured from 2007 technology heavy-duty die-
sel engines, except NO2, were substantially lower than
those emitted from 1994- to 2004-technology engines.

PM Composition
Figure 2 shows the average PM emissions on the basis of
filters collected from the exposure chamber during the
16-hr cycles for all four ACES engines tested in phase 1.
The measured chemical makeup of PM includes OC and
EC, sulfate, and elements and metals. The bar on the right
shows the percent chemical composition of PM. In addi-
tion to the very low PM mass emissions discussed previ-
ously, sulfate (53%) and OC (30%) dominate the total PM
emitted from 2007 heavy-duty highway diesel engines.
EC represents only 13% of the total PM emissions, fol-
lowed by metals and elements at 4%. This PM composi-
tion is different from what has been measured from earlier
technology diesel engines having much higher emissions
of soot in the range of 10–90% of total PM, depending on
engine operating conditions. With 2007-technology en-
gines, it is likely that the soot fraction remains very low,
regardless of engine operation, provided that the high-
efficiency C-DPF functions properly in real-world use.

The sum of the measured chemical composition of
PM was 19% lower than the total PM on the basis of filter
collection and weighing. To perform a material balance

Table 10. Average element emissions rate and composition used in
Figure 3 for all 12 repeats of the 16-hr cycles using all four 2007 ACES
engines.

Element
Average Emissions

(�g/hp-hr)
Percent of Measured

Elemental Mass
Percent of

Total PM Mass

Sodium 24.4 � 9.4 30.8 1.1
Magnesium 3.6 � 1.4 4.5 0.2
Aluminum 2.5 � 0.4 3.1 0.1
Silicon 2.2 � 1.4 2.7 0.1
Phosphorous 13.3 � 6.4 16.8 0.6
Chlorine 1.0 � 1.0 1.2 0.0
Potassium 1.1 � 1.1 1.4 0.1
Calcium 11.5 � 7.8 14.5 0.5
Titanium 0.38 � 0.43 0.5 0.0
Vanadium 0.01 � 0.01 0.0 0.0
Chromium 0.70 � 0.30 0.8 0.0
Manganese 0.22 � 0.14 0.3 0.0
Iron 15.2 � 9.2 19.1 0.7
Nickel 0.22 � 0.1 0.3 0.0
Copper 0.37 � 0.15 0.5 0.0
Zinc 2.7 � 2.2 3.3 0.1

Table 11. Summary of data plotted in Figure 5.

Species
Average Emissions

(mg/hp-hr)
Species State as Collected

or Measured
Collected from

(location/collection)

PAH 0.74 � 0.25 Gas and particle phase Full-flow CVS/Zefluor filter/XAD
OxyPAHs 0.005 � 0.002 Gas and particle phase Full-flow CVS/Zefluor filter/XAD
NitroPAHs 0.0007 � 0.0003 Gas and particle phase Full-flow CVS/Zefluor filter/XAD
Polar 1.14 � 0.27 Gas and particle phase Full-flow CVS/Zefluor filter/XAD
Alkanes 1.64 � 0.83 Gas and particle phase Full-flow CVS/Zefluor filter/XAD
Hopanes 0.0006 � 0.0011 Gas and particle phase Full-flow CVS/Zefluor filter/XAD
Steranes 0.0004 � 0.0008 Gas and particle phase Full-flow CVS/Zefluor filter/XAD
C6–C12 speciation 3.78 � 1.38 Gas phase Full-flow CVS/Tedlar bag
Nitromethane and ethane 1.18 � 1.38 Gas phase Full-flow CVS/Summa canister
EC 0.24 � 0.05 Particle phase Exposure chamber/quartz filter
OC 0.56 � 0.50 Particle phase Exposure chamber/quartz filter
Elements 0.07 � 0.03 Particle phase Full-flow CVS/Teflo filter
Sulfate 0.98 � 0.45 Particle phase Full-flow CVS/fluoropore filter
PM 2.27 � 0.7 Particle phase Exposure chamber/Teflo filter

Notes: Data are based on the average emissions for all 12 repeats of the 16-hr cycles using all four 2007 ACES
engines.
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between the filter weighed and the sum of the chemical
makeup, one needs to estimate the mass of material
bound to each of the measured species, which is not an
easy task. For exhaust PM collected on a filter and
weighed in a 9.5 °C dew point environment at an ambient
temperature of 21 °C, it is a common practice to treat a
sulfate ion as a sulfuric acid molecule with 7.19 water
molecules attached to it.21 Under such treatment, the
calculated hydrated sulfuric acid for this work will be
within 1% of the total PM collected by the filter. In
addition, the sum of the chemical makeup will be 37%
higher using OC, metals, and other elements as measured.
Thus, simply converting sulfate to hydrated sulfuric acid
using the above treatment may have worked for pre-2007
practices in which the sulfate is less than 5% of total PM,
but for 2007 engines with a sulfate level at 53% of total
PM, such conversion leads to an overestimation of the
contribution of sulfate to PM.

Relative to OC, there are several issues encountered
when converting OC to total organic matter. First, the
operational definition of the OC/EC split using the ther-
mal optical transmittance (TOT) or thermal optical reflec-
tance (TOR) method is a key issue.22,23 The TOR method is
reported in this work because it gives a better agreement
in ambient PM measurements.24 However, there could be
as much as 30–80% lower EC reported based on the TOR
compared with the TOT method.20 Work is needed to
investigate which of the two methods is appropriate for
2007 diesel engine PM emissions characterization. Sec-
ond, quartz filters used for the collection of OC are subject
to significant absorption and desorption of organic vapors
and artifact formation and loss as compared with the
Teflon membrane filter media used to report total PM.25

Thus, artifact formation and loss on quartz filters is an
issue, particularly when 30% of the PM is volatile hydro-
carbon, as is the case in this work. Previous work related
to emissions from engines showed a reasonable agree-
ment between OC/EC and total PM collected on a Teflon

membrane filter when a quartz backup filter was used for
artifact subtraction from the primary quartz filter using
20-min short engine cycles.25,26 For this work, the backup
filter was not subtracted from the primary filter to report
OC because of concerns that some of the materials lost
from the primary filter could have deposited on the
backup filter during the long 16-hr cycle. Third, the con-
version factor from OC to organic mass (OM) is not well
quantified to account for hydrogen, oxygen, and other
species that are attached to OC. For ambient PM, conver-
sion factors ranging from 0.73 to 2.1 are used to convert
OC to OM.27 In the Interagency Monitoring of Protected
Visual Environments (IMPROVE), a revised conversion
factor of 1.8 instead of 1.4 is used.24 For fresh particles
emitted from diesel exhaust, a conversion factor of 1.18
(corresponding to a diesel fuel hydrogen-to-carbon ratio
of 18%) is typically used. Using a 1.18 conversion factor
for OC but without making any correction for other mea-
sured chemical species, the sum of the chemical makeup
increased, but it was still 14% below the total PM col-
lected by the filter. If a factor of 1.8 is used, the sum of the
chemical makeup will be within less than 1% of the total
PM collected by the filter, making no room for sulfate or
other corrections to be made. More work is needed to
determine a more appropriate OC-to-OM conversion fac-
tor when it comes to 2007 diesel engines.

Relative to the measured elements, one needs to as-
sume that elements are bound to other elements such as
oxygen, hydrogen, and nitrogen that were not measured
by the X-ray fluorescence (XRF) method. For example, a
calcium oxide molecule will weigh 40% more than the
calcium measured. Measured elements were 4% of the
total PM in this study. If the actual molecular composi-
tion is known, including elements that were not mea-
sured using XRF, they can add up to a higher percentage
of total PM compared with the level reported. The main
point from the above discussion is that it is difficult to
make a mass balance between total PM on a filter and
the sum of the chemical species without making many
assumptions.

Figure 3 (Table 10) shows the elements comprising
the 4% of total PM. Sulfur is not a part of the 4% because
it was accounted for in the sulfate portion. Sodium was
the dominant metal, representing 31%, followed by iron,
calcium, and zinc at 19, 14, and 3%, respectively. Phos-
phorus was the highest nonmetallic element, represent-
ing 17%. Note that phosphorus, calcium, and zinc were
present in the fuel and the lube oil. Sodium was measured
mainly in the fuel at a concentration of 14.5 ppm, a factor
of approximately 11 higher than phosphorus, calcium,
and zinc. Figure 4 shows the particle-phase SVOCs col-
lected on a Zefluor filter. Alkanes and polar compounds
(mainly alcohols and organic acids) dominated the PM
composition at 45 and 31%, respectively. PAHs, hopanes,
and steranes were in the range of 6–9%, and nitroPAHs
and oxyPAHs were 1%. The total measured particle-phase
emissions of semi-volatile compounds were 7.5 �g/
bhp-hr, representing only 1.4% of the OC measured by
the OC/EC method.

Differences between the OC and the particle-phase
semi-volatile collection may help explain the lower par-
ticle-phase semi-volatile emissions. First, particle-phase

Figure 2. Average PM emissions rate and composition for all 12
repeats of the 16-hr cycles using all four 2007 ACES engines. The
filter for weighing was collected from the exposure chamber using a
Teflo filter; OC and EC were collected from the exposure chamber
using a quartz filter and analyzed using TOT; and sulfate and ele-
ments were collected from a full-flow CVS on fluoropore and Teflo
filters, respectively, and were analyzed using ion chromatography
and XRF, respectively.
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semi-volatile compounds were collected on a Teflon filter
(Zefluor) whereas the quartz filter was used for the OC/EC
analyses. A quartz filter is known to have a higher gas-
phase adsorption capacity than a Teflon filter. Second,
particle-phase semi-volatiles were collected on a filter
having an average filter face temperature in the range
between 35 and 52 °C with a residence time of approxi-
mately 2 sec, whereas OC determined by the OC/EC
method was collected at an ambient temperature of 25 °C
from an exposure chamber having a residence time of 4
min. The higher filter face temperature and lower resi-
dence time favor less collection of particle-phase material.
For example, the PM emission rate based on a Teflon filter
used on the full-flow CVS at a filter face temperature of
47 °C and a residence time of approximately 2 sec was
50% lower than that reported based on the exposure

chamber collection. On the analytical side, the SVOCs
included an unresolved complex mixture with its mass
not being reported. This may also explain part of the
discrepancy between the measurement of particle-phase
semi-volatiles and the OC using the OC/EC method.

Essentially, there is different partitioning between
gas- and particle-phase semi-volatiles in engine laboratory
testing depending on the dilution and cooling process,
DR, temperature, and residence time, with some added
complexities associated with the filter collection methods
that are related to the filter media, filter face tempera-
ture, and filter face velocity. The total measured gas-
and particle-phase semi-volatile emissions were 3.14 mg/
hp-hr, a factor of 418 higher than the particle-phase semi-
volatiles reported in Figure 4 and a factor of 5.6 higher
than the OC reported in Figure 2. If one adds to the
semi-volatiles the sum of measured hydrocarbon species
(C2–C12) with a boiling point greater than 80 °C and
other volatile organic carbons such as nitromethane, the
total measured emissions of OC materials will increase to
8 mg/hp-hr, a factor of 14 higher than the OC measured
by the OC/EC method. This is also a factor of 3.5 higher
than the total PM based on weighed filters collected from
the exposure chamber, and a factor of 7 higher than the
total PM based on the CFR method.

Figure 5 shows a comparison between the filter-based
collection and weighing method and the sum of gas- and
particle-phase organic and inorganic materials measured
using different scenarios. Figure 5 illustrates the discrep-
ancies that can arise at low emissions levels when defini-
tions of PM and the measurement methods do not self-
consistently distinguish species that can act as gases or
particles. The emission rate sum of measured gas-phase
volatile and SVOCs (boiling point of 80 °C) and particle-
phase chemical composition collected by the filter (in-
cluding volatile and SVOCs, sulfate, EC, and elements)
was a factor of 4 higher than the emissions based on
exposure chamber filter collection and weighing. It was
also a factor of 9 higher than the emissions based on CVS
filter collection and weighing following CFR Part 1065.
These results indicate that there are substantial amounts

Figure 3. Average element emissions rate and composition for all
12 repeats of the 16-hr cycles using all four 2007 ACES engines. As
a percentage of total PM: sodium (1%), phosphorus (0.6%), calcium
(0.5%), iron (0.7%), and zinc (0.1%). Note that the graph shows the
percent of total elements and not PM; PM was collected from the
full-flow CVS for these analyses.

Figure 4. Average particle-phase semi-volatile emissions rate and
composition for all 12 repeats of the 16-hr cycles using all four 2007
ACES engines. Particle-phase semi-volatiles were collected from the
full-flow CVS.

Figure 5. Maximum potential of particle-phase emissions using
chemical composition compared with filter weighing and other chem-
ical makeup. Data plotted based on the average emissions for all 12
repeats of the 16-hr cycles using all four 2007 ACES engines. PM for
OC/EC was collected from the exposure chamber; PM for sulfate,
elements, and gas- and particle-phase semi-volatiles and volatiles
were collected from the full-flow CVS.
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of materials measured in the gas phase compared with
particle phase, mainly because of the sample and dilution
method. For example, if 0 °C was used for exhaust dilu-
tion instead of 25 °C, and/or instead of the high-
efficiency particulate air (HEPA) dilution air used in this
work, and one uses ambient air containing particles, then
the partitioning between particle and gas phase will likely
be different from what has been observed in this work.
This subject of partitioning between the gas and particle
phase deserves more research. The laboratory method in
accordance with CFR Part 1065 is operationally defined. It
specifies a minimum DR between 5 and 7, a residence
time greater than 0.5 sec and less than 5 sec, a filter face
velocity of 100 cm/sec, and a filter face temperature of
47 � 5 °C. When deviating from these defined variables
and/or when different methods are used to measure or
determine PM, one expects to obtain different results,
particularly with engines such as the 2007 ACES engines,
in which a large fraction of the PM is volatile. It is beyond
the scope of this work to investigate how PM should be
measured in the laboratory to reflect PM emissions to the
atmosphere.

Particle Number and Size
Phase 1 2007 ACES engine particle number and size dis-
tribution data were based on measurement of total (solid
plus volatile) particles in the size range from 5.6 to 560
nm using the EEPS. Measurements were taken from the
exposure chamber during the FTP and the 4-hr segments
of the 16-hr cycle with and without C-DPF active regen-
eration. The 2004-technology engine particle size and
number data were based on data generated by SwRI on a
2004 heavy-duty diesel engine, similar to one of the ACES
engines but without a DOC and a C-DPF. The 2004-
technology engine was also operated on ULSD fuel with a
sulfur content of 1 ppm. The 2004 engine data were
measured from the full-flow CVS for the FTP transient
cycle using the EEPS. The dilution profile and tempera-
tures were similar to those of the ACES engines, but the
residence time was 3 sec, much shorter than the 4-min
residence time in the exposure chamber. Figure 6 shows
the average brake-specific particle number emissions for
2007 and 2004-technology engines on the basis of data
collected using the EEPS. For 2007 engines, the average
total particle number emissions for the FTP transient cycle
without active regeneration were 88% lower than those
for the 16-hr cycle with active regeneration and 99%
lower than those for the FTP of a 2004-technology engine.
Because the operation of 2007-technology engines must
include infrequent active C-DPF regeneration events, the
average number emissions based on the 16-hr cycle accu-
rately reflect the overall emissions from these technology
engines because it has one or two active regeneration
events. Nevertheless, even with the 16-hr cycle including
C-DPF active regeneration, the average particle number
was still 89% lower than that emitted from 2004-technology
engines.

The average number-weighted size distribution is
shown in Figure 7 for the case with and without active
C-DPF regeneration using 19 4-hr segments with regener-
ation and 29 4-hr segments without regeneration. The
data are also compared with the average size distribution

of the 2004-technology engine used in Figure 6. The num-
ber mean diameter for the case with regeneration is 25 nm
compared with 40 nm for the case without regeneration
and with 46 nm with the 2004-technology engine. Note
that for particles larger than 30 nm, total particle number
with the 2004-technology engine is higher than those
reported for the ACES engine with and without regener-
ation. For particles below 30 nm, the number emission is
comparable between the ACES engines during regenera-
tion and the 2004-technology engine. However, it is
important for the reader to keep in mind that the 2004-
technology engine number emission, particularly nuclei-
mode volatile particles, could have been higher if the
measurement was taken from the exposure chamber and
if the fuel sulfur content was higher.

Figure 8 shows the particle number emissions profile
for one of the 2007 ACES engines during 4-hr segments of
the 16-hr cycle with and without C-DPF active regenera-
tion. This was compared with the 2004-technology en-
gine during the FTP transient cycle. Each repeated 4-hr
segment of the 16-hr cycle contains three FTP transient
cycles that start at 0, 6500, and 11,500 sec. For the 2004-
technology engine, number data were plotted at time
periods that coincided with the 2007 engine’s FTP por-
tions of the 4-hr segment of the 16-hr cycle. The real-time
data show that there is an approximate 1 order of magni-
tude increase in particle number when the exhaust tem-
perature reaches 400 °C, and there is a substantial increase
in particle number when the temperature exceeds 400 °C
during active C-DPF regeneration. The increase in particle
number for events without active regeneration remained
lower than the 2004 technology particle number, but the
increase in particle number during active regeneration
was comparable to that of a 2004-technology engine.
However, it is important to note that the long residence
time in the exposure chamber of approximately 4 min
serves as an integrator that may have clipped the peak
concentration of the 2007 engine, compared with the

Figure 6. Average particle number emissions comparison between
the 2007 ACES engines with and without C-DPF regeneration and a
2004-technology engine. Data for the 2007 ACES engines were
based on 12 repeats of the FTP transient cycle and 12 repeats of the
16-hr cycle using all four ACES engines. Data for the 2004-technology
engine were based on six repeats of the FTP transient cycle. Data for
the 2007 ACES engines were taken from exposure chamber and
from full-flow CVS for the 2004-technology engine.
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2004 engine data that were measured with a much shorter
residence time of 3 sec.

Figure 9 shows that the number emissions from the
2007 engines were dominated mainly by nuclei-mode
sub-30-nm particles, particularly during active regenera-
tion, when the number of sub-30-nm particles represents
more than 80% of the total particle number. The nature of
particles emitted during C-DPF active regeneration can be
inferred to be mainly volatile particles. This can be ob-
served as shown in Figure 10 by comparing real-time total
particle mass using the EEPS with soot mass using the MSS

during C-DPF active regeneration. The MSS is a photoa-
coustic instrument that measures the mass of black car-
bon or soot particles. The EEPS measures total particle size
and number. The EEPS data were converted into mass
assuming spherical particles with a unit density of 1
g/cm3 to look at the trend of the total mass emissions
compared with soot mass. The accuracy of the EEPS mass,
using the above assumption, and how it compares with
other mass measuring techniques deployed on this pro-
gram deserves a separate paper devoted to such a topic.

Figure 10 shows a substantial increase in total particle
mass compared with soot mass during active regenera-
tion, suggesting that most particles formed during active

Figure 7. Average size distribution comparison between all 2007 ACES engines with and without
C-DPF regeneration and a 2004-technology engine without a DOC and/or a C-DPF. Data for the 2007
ACES engines were taken from the exposure chamber for the 4-hr segments of the 16-hr cycle. Data
for the 2004 engine were taken from the full-flow CVS for the FTP transient cycle. GNMD � geometric
number mean diameter, GSD � geometric standard deviation.

Figure 8. Example of particle number emissions and C-DPF outlet
temperature during two separate 4-hr segments of the 16-hr cycle
with and without C-DPF active regeneration using one of the ACES
engines. Plotted also for comparison are the number emissions from
a 2004-technology engine without DOC/C-DPF using the FTP tran-
sient cycle. The same FTP data with the 2004-technology engine are
plotted in three separate locations to coincide with the FTP transient
cycle that is part of the 4-hr segment of the 16-hr cycle.

Figure 9. Nuclei-mode particle number in the sub-30-nm size
range plotted as a percentage of total particle number during a 4-hr
segment of the 16-hr cycle with active C-DPF regeneration. Data are
similar to the data shown in Figure 8 for the ACES engine with active
regeneration but are plotted as the percentage of total number for
sub-30-nm particles.
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regeneration are volatile in nature. This is also consistent
with the PM composition that was dominated by sulfate
and OC. Because of the large increase in exhaust temper-
ature (600 °C) during C-DPF active regeneration, sulfate
stored on the surface of the DOC/C-DPF may be released
to the exhaust stream. This may contribute to the rise of
volatile nanoparticles through sulfuric acid nucleation
and growth during dilution and cooling.28,29 Storage and
release of volatile hydrocarbon material from the surface
of the C-DPF and exhaust system downstream may con-
tribute to the increase in the number of volatile nanopar-
ticle formation and growth.30 Previous work showed that
it can take several hours of high-temperature engine op-
eration to purge the exhaust and sample system of the
material that can contribute to higher emissions of vola-
tile mass.31 Storage and release can even occur without
C-DPF active regeneration. For example, in Figure 8, more
than a 10-fold increase in particle number can be ob-
served when the exhaust temperature exceeded 400 °C
for the case without active regeneration, and for the
case with active regeneration but before exhaust fuel
injection, in which the exhaust temperature was very
similar to that without active regeneration. Figure 9
also shows that during a temperature increase of nor-
mal engine operation before exhaust fuel injection, the
sub-30-nm particle number increased from 10 to 70% of
the total particle number, further supporting the hy-
pothesis of the increase in volatile nanoparticles due to
the storage and release phenomenon.

Note also for the case without active regeneration in
Figure 7, there is a volatile nuclei mode in the sub-30-nm
size range with a concentration level similar to that of the
accumulation mode at 40 nm. This mode could be related
to multiple short events of storage and release processes
that occurred under normal increases in engine exhaust
temperature during the 16-hr transient operation without
active regeneration. For example, Figure 8 showed that
between 0 and 3000 sec, before any active regeneration,
there was a rise in sub-30-nm particles from 10 to 70% of
the total particle number. Because of a much lower mass
of volatile material in the exhaust downstream of the
C-DPF for the case without active regeneration compared

with active regeneration, it is hypothesized that the nu-
cleation and growth process was limited during exhaust
dilution and cooling because of the lack of available ma-
terial. However, the nucleation and growth process was
sufficient to produce nuclei-mode particles in the sub-
30-nm size range that have an equal weighting to the
accumulation-mode particles with a mean diameter at 40
nm. Recent modeling work showed that particle nucle-
ation during exhaust dilution and cooling can take place
using ULSD fuel with a catalyzed C-DPF,32 but with lim-
ited growth, when the exhaust temperature is sufficient to
promote the conversion and release of sulfate. The forma-
tion of nuclei-mode particles in the sub-30-nm particle
size range coincides with an exhaust temperature that is
peaking at 400 °C. This temperature enhances the conver-
sion of sulfur dioxide to sulfur trioxide by exhaust oxida-
tion catalysts.33 Volatile particle formation and growth
depend strongly on the dilution process.31,34 The data
reported during this portion of the ACES work were col-
lected from an exposure chamber with a residence time of
approximately 4 min at a temperature of approximately
25 °C. Using different residence times and/or different
temperatures may produce fewer or more particles, de-
pending upon ambient conditions.31,34 The long resi-
dence time used in this work typically promotes particle
growth and reduces the number of sub-30-nm particles be-
cause of growth into larger particles by volatile adsorption/
condensation or by loss to the wall of the exposure cham-
ber via particle diffusion.31,34 Furthermore, the long
chamber residence time, particularly under transient en-
gine operation, serves as an integrator before particles are
measured by the instruments. The actual instantaneous
particle number concentration at similar DRs but with
shorter residence time may produce much higher instan-
taneous peaks than those reported with the exposure
chamber. Thus, the exposure chamber may reduce sharp
peaks in particle concentration dynamics during actual
animal exposure in phase 3 of ACES because of the long
residence time. Currently, there is no protocol for the
measurement of total particle number and size from en-
gine exhaust in ways representative of atmospheric dilu-
tion. The subject is still being debated and discussed
among the scientific community.

CONCLUSIONS
Phase 1 of the ACES program included a comprehensive
characterization of regulated and unregulated species
emitted from 2007-technology engines that utilized an
exhaust C-DPF. All four ACES engines tested along with
the C-DPFs were new with only 150 hr of engine opera-
tion before emissions testing. Except for NO2, very sub-
stantial reductions in average regulated and unregulated
emissions were observed from 2007-compliant highway
heavy-duty diesel engines compared with pre-2007 high-
way diesel engine emissions. Regulated emissions of
NMHCs, CO, and PM were on average 89, 97, and 86%
less than the EPA 2007 certification standard, respec-
tively, and NOx emissions were on average 9% less than
the standard. Total unregulated exhaust emissions that
included inorganic ions, single-ring aromatics, PAHs,
nitroPAHs, alkanes, alcohol and organic acids, hopanes/
steranes, carbonyls, metals and elements, OC, EC, and

Figure 10. Total and soot particle mass emissions rate profile
during a 4-hr segment of the 16-hr cycle with C-DPF active
regeneration.
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dioxins/furans were 71–99% less than the corresponding
emissions from 2004 technology heavy-duty highway en-
gines. Substantial reductions in CARB-defined toxic air
contaminants, individual PAH and nitroPAH compounds,
and elements also were reported relative to 1994- to 2000-
technology engines. The reductions ranged from 59% to
more than 99%.

The average NO2 emission rates were 1.3 and 2.8
times higher than the levels emitted by 1998- and 2004-
technology engines, respectively. The stringent 2010 NOx

regulatory limit will force NO2 emissions to be much
lower with 2010 heavy-duty highway engines compared
with pre-2010 highway engines. The average NO2/NOx

ratio from the 2007-compliant ACES engines was 61%
compared with a ratio of 14% for 1998 engines during the
FTP transient cycle.

The average PM emission for the 16-hr cycle, includ-
ing infrequent C-DPF active regeneration, is composed of
53% sulfate and 30% OC with only 13% EC and 4%
elements. Elemental composition (except sulfur) was
dominated by sodium (31%), iron (19%), phosphorus
(17%), calcium (14%), and zinc (3%). Phosphorus, cal-
cium, and zinc were measured in the lube oil and fuel, and
sodium was measured in the fuel. The presence of these
elements in the ULSD fuel was due to refinery and/or fuel
transportation contamination. Eliminating or reducing
contamination of these elements from ULSD fuel should
result in lower emissions. It should also extend the life-
time of the C-DPF before plugging because most of these
elements are expected to be captured by the C-DPF.

Measured particle-phase semi-volatiles were domi-
nated by alkanes (45%), alcohols and organic acids (31%),
hopanes (9%), PAHs (8%), steranes (6%), nitroPAHs (1%),
and oxyPAHs (1%). The measured particle-phase semi-
volatiles were only 1.4% of the OC measured using the
OC/EC method. Partitioning between the gas phase and
the particle phase because of filter media and dilution and
sampling differences may have led to this discrepancy,
particularly because total semi-volatiles (gas plus particle
phase) can be as much as a factor of 5.6 higher than the
measured OC using the OC/EC method.

Active C-DPF regenerations led to 1 order of magni-
tude increases in cycle-average particle number emissions
compared with cycles without regeneration, although
their occurrence was infrequent. However, even with the
particle number increase during C-DPF active regenera-
tions, the average particle number emission rates were
still 1 order of magnitude lower than the average rates
from a typical 2004-technology engine. Exposure cham-
ber real-time total particle number emissions during ac-
tive regeneration were comparable to those observed with
2004-technology engines. However, the long residence
time in the exposure chamber may have reduced the peak
concentration levels observed with the 2007 engines, com-
pared with the levels reported with the 2004-technology
engine using a much shorter residence time. Most particle
number increases during active regeneration occurred for
volatile nuclei-mode particles in the sub-30-nm size
range. Sulfate formation and the release of volatile mate-
rials from the exhaust system at temperatures exceeding
400 °C during active regeneration may have contributed
to nanoparticle nucleation and growth during dilution

and cooling. However, as of today, there is no standard
protocol for measuring total (solid plus volatile) particle
number and size emitted from engines, and the volatile
particle number emissions reported in this work may not
fully represent what occurs in the real world.
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