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Abstract Diesel particulate matter (PM) has been
associated with adverse health effects in humans and is
classified as a human carcinogen. Additionally, the
strongly light absorbing fraction, black carbon (BC), has
been identified as an important climate forcer. For these
reasons, the effectiveness of aftermarket controls on
reducing PM and BC from three stationary diesel gensets
(230, 400, and 600 kW) of varying engine displacement
(from 8.8 to 27 L) and physical size was investigated.
Uncontrolled emissions were compared with emissions
controlled with a passive (P-DPF) and active diesel par-
ticulate filter (A-DPF) and a diesel oxidation catalyst
(DOC). Overall, the DPFs resulted in significant PM mass
removal (~80-99 %), while the DOC resulted in statis-
tically insignificant reductions (~0-25 %). Both BC and
elemental carbon (EC) removal followed a similar trend,
but EC/PM ratios varied from 0 to 0.79 over all test
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conditions, indicating changes in PM composition with
the addition of aftermarket controls or changes in load.
Further, the single scattering albedo of PM was slightly
decreased from the DPFs compared to the uncontrolled
case. Particle number concentrations were also signifi-
cantly reduced when using DPFs, with a greater than
97 % reduction in particle concentrations with the P-DPF
and greater than 82 % reduction with the A-DPF. The
DOC exhibited much lower particle reductions, reducing
the particle concentration by only 5-35 %, depending
upon the genset or load. These results demonstrate that
while DPFs are effective at reducing PM and BC emis-
sions, the particle characteristics are altered from those of
uncontrolled emissions.

Keywords Diesel genset - Emissions factors - PM control

Introduction and background

As early as 1970, when the United States Congress first
passed the Clean Air Act, finding ways to mitigate or
eliminate particulate matter (PM) emissions from com-
bustion sources has been a focus of research and regulatory
communities in an effort to improve human and environ-
mental health, visibility, and more recently global climate.
Epidemiological evidence has linked ambient PM, 5 with
adverse human health effects (Pope and Dockery 2006;
Brito et al. 2010), and more specifically the World Health
Organization (WHO) has determined that diesel emissions
are a human carcinogen (IARC 2012). Diesel emissions in
the U.S. at one point were estimated to contribute up to
75 % of visibility degradation in urban areas (Eldering and
Cass 1996), but more recent diesel engine emission regu-
lations in the U.S. and other nations have led to an overall
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increase in visibility by requiring decreased PM and NO,
emissions (40 CFR part 89 and 1039).'

Black carbon (BC), a subset of PM found in diesel
emissions, is an important contributor to global climate
change as it directly warms the atmosphere by absorbing
solar radiation and reduces the surface albedo when depos-
ited on snow and ice covered surfaces (Bond et al. 2013). Itis
estimated from climate models as second only to CO, as the
largest climate warming agent (Jacobson 2002; Ramanathan
and Carmichael 2008; Bond et al. 2013). As BC has a much
shorter residence time (~ 1 week) in the atmosphere than
CO, (~150 years), it is possible that a reduction in BC
emissions could lessen the effects of global climate change in
the near-term (Ramanathan and Carmichael 2008). How-
ever, the impact of BC on climate is dependent upon its
optical properties. Particularly, the ratio of the scattering
coefficient to the extinction coefficient (single scatter albedo,
SSA) determines whether BC will warm or cool the sur-
rounding atmosphere (Bond et al. 2013). Also, of importance
is the variation of the absorbance with wavelength, which is
quantified with the absorption angstrom exponent (o) and
can indicate the presence of coatings or light absorbing
organic compounds (Lack and Cappa 2010). How these
optical properties vary with engine load and control tech-
nology has not been characterized.

While it is possible to achieve emissions reductions
from diesel combustion through engine modifications,
post-combustion control technologies such as diesel par-
ticulate filters (DPFs) and diesel oxidation catalysts (DOC)
offer an array of options for mitigation or elimination of
gaseous and particulate emissions, and can be utilized for
both on- and off-road applications (Shah et al. 2007; Wien
et al. 2004; Konstandopoulos 2000; Mayer et al. 1995,
1996). Due to regulations, predominately stemming from
on-road use, in the U.S. and the European Union (EU),
these technologies have become more sophisticated and
more capable over the past few decades. Use of fuel-borne
catalysts such as platinum or iron (Nash et al. 2013; Lee
et al. 2006) or ultra-low sulfur diesel (ULSD) fuel (U.S.
DOE 2000) can also alter the emissions from diesel com-
bustion. ULSD must contain less than 15 ppm of sulfur,
and is required for on- and off-road use in the U.S. How-
ever, studies have shown that even lower levels of sulfur
(<10 ppm) optimize the PM removal efficiency of DPFs
(Allansson et al., 2000; U.S. DOE 2000), as less sulfate PM
is formed.

Post-combustion control technologies vary a great deal
for on- and off-road vehicles and equipment, but ultimately
accomplish emission reductions in a similar manner. DPFs
are often used to control PM emissions, and can be used

' 40 CFR part 89 and 40 CFR part 1039. Control of Emissions from
New and In-Use Nonroad Compression Ignition Engines
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with or without selective catalytic reduction (SCR) or DOC
technologies depending on the nature of the diesel engine
and its use. DPFs can operate under a passive or active
approach, with passive technologies using the heat from the
engine exhaust and active technologies using an external
heat or electrical source to clean or “burn off” PM collected
on the filter substrate. A review and further discussion of
DPFs for comparison to on-road applications can be found
in the literature (Resitoglu et al. 2014; Bauner et al. 2009).
DOC:s are typically used to control gaseous emissions such
as hydrocarbons or CO. However, possible co-benefits of
PM reduction up to 40 % with the use of this technology
(U.S. Environmental Protection Agency 2010) have been
discussed. This (EPA report 2010) suggests PM removed by
the DOC is likely in the soluble organic fraction rather than
the elemental carbon (EC) fraction. While other post-
combustion control technologies and combinations of these
technologies do exist (i.e., SCR, and NO, adsorbers), the
active and passive DPF and the DOC were used here, as
particle removal was the focus of this investigation.

The U.S. EPA’s Reciprocating Internal Combustion
Engine (RICE) Rule (40 CFR part 63)2 regulates the emis-
sions from stationary diesels. Non-road diesel gensets often
fall under this regulation as a trailer-mounted diesel genset
can be deemed stationary if it is in the same location for more
than 12 months. It is also common for manufacturers to use
the same engine in both the trailer-mounted, non-road gen-
sets as they do in the stationary diesel gensets, thus certifying
the same engine for both applications. While extensive
studies have been completed for investigating the emissions
of diesel engines on dynamometers for on-road applications
with and without DPFs (Fontaras et al. 2014; Kittelson et al.
2004), few studies have focused on non-road or stationary
diesel gensets (Shah et al. 2004; U.S. DOE 2000; Ryan et al.
2002), and even fewer with the application of post-com-
bustion PM controls (Shah et al. 2007; Wien et al. 2004).
Further, comparisons of particle size distributions with and
without PM controls are limited in the literature for large-
scale gensets (Shah et al. 2007), while much more common
for on-road diesel engines (Liu et al. 2007; Kittelson et al.
2004). A better understanding of how the implementation of
aftermarket PM controls for non-road applications affects
the particle EC composition, number count, and size distri-
bution of these emissions is needed. Therefore, the current
study focused on taking both gaseous and particulate emis-
sions measurements to assess the particle characteristics and
PM emission reduction (including EC and BC) potential for
these aftermarket controls.

2 40 CFR part 63, subpart ZZZZ. National Emissions Standards for
Hazardous Air Pollutants for Stationary Reciprocating Internal
Combustion Engines (RICE)
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Table 1 Genset specifications

Genset Genset EPA tier Maximum Engine model Engine

model model year rating power output displacement
kW) @

XQ230 2009 3 230 CAT C9 ATAAC I-6, 4-stroke, water-cooled 8.8

XQ400 2005 3 400 CAT C15 ATAAC 1-6, 4-stroke, water-cooled 15.2

XQ600 2006 2 600 CAT 3412, V-12, 4-stroke, water-cooled 27

Experimental approach
Equipment

Three four-stroke diesel gensets manufactured by Cater-
pillar (XQ230, XQ400, and XQ600) were rented spanning
a range of power outputs. Each genset, described further in
Table 1, was trailer mounted and EPA certified for non-
road mobile applications at varying tier levels and operated
using ULSD (analysis shown in Table S1). A resistive load
bank (Avtron model K580) was used to apply the load
during steady-state testing. This load bank was capable of
exceeding the 540 kW load needed to achieve a 90 %
loading on the largest genset.

Three aftermarket control technologies were tested on
each of the three gensets: an active DPF (A-DPF), a passive
DPF (P-DPF), and a DOC for 50-90 % load conditions.
Under normal conditions these control technologies would
be mounted directly after the exhaust manifold to retain the
heat of the exhaust. As these gensets were rented, some
modifications to the installation were made due to the tem-
porary nature of the installation. Metal ductwork (16 in.
diameter, ~10 ft length) was used to route the exhaust
downstream of the engine muffler to the different control
technologies. The duct was insulated and the duct length was
minimized to reduce heat and particle losses to the walls.

The A-DPF consists of four cylindrical sections (cans)
containing a light-weight filter (proprietary material) fol-
lowed by a DOC. For the largest genset tested (XQ600), it
was necessary to install an exhaust splitter such that a portion
of the exhaust could go to the A-DPF unit and a portion could
vent to an in-house air handling system. This was necessary
to avoid overloading the A-DPF (i.e., providing too high a
face velocity) that was not sized large enough for the exhaust
volume from the XQ600. Active regeneration is carried out
by direct heating of the filter material to burn off the
deposited PM. Regeneration is done with one can at a time
and during this testing was set to occur periodically regard-
less of the engine backpressure. Unlike a typical installation
where the genset would power the A-DPF regeneration, this
was supplied from the laboratory in order to maintain con-
stant load for steady-state testing conditions.

The P-DPF consists of as many as five cans containing a
DOC followed by a ceramic filter substrate (proprietary

material). The number of cans was varied depending upon
the size of the genset, three for the XQ230, four for the
XQ400, and five for the XQ600. Regeneration is achieved
by operating the engine at high load, increasing the exhaust
temperature to burn off deposited PM in the filter. Back-
pressure was monitored during testing to determine if a
regeneration was necessary (i.e., switching to a higher
load). However, the manufacturer’s backpressure limit was
never reached during testing and no regeneration cycles
were needed.

The DOC used here was constructed of cordierite and a
catalyst contained in a can. As with the P-DPF, as many as
five DOC cans were used depending on the size of the
genset.

Gas and particle phase measurements

Table 2 describes the instruments and measurement
methods used. Undiluted gas-phase measurements of CO,,
CO, O,, and NO, were made following the EPA methods.
Particulate phase measurements were made from a dilution
manifold (described below) along with a second CO,
analyzer used to calculate the dilution ratio.

PM mass was measured on Teflon filters (Pall, 47 mm
Teflo) and EC was measured on quartz-fiber filters (Pall,
47-mm Tissuquartz). Although thermal-optical methods
were used to determine EC emissions, organic carbon (OC)
emissions are not reported as high OC concentrations were
observed in the background air samples. Attempts to
quantify this OC contamination in the sample lines and
manifold resulted in varying OC artefact that could not be
used for correcting samples in a manner representative of
all conditions tested. X-Ray Fluorescence (XRF) was used
to quantify the non-carbon compounds in several of the
particulate filters collected. BC mass concentration was
measured with an Aethalometer (AE-633). The light
absorption coefficient and scattering coefficient were
measured with a photoacoustic soot spectrometer (PASS-
3). The particle size distribution was measured with a
Scanning Mobility Particle Sizer (SMPS) operated with a
sample and sheath flow of 0.3 and 3 Ipm, respectively,
resulting in a size range of 14.6-615.3 nm. Distributions
were bimodal with a minimum at approximately 20 nm,
which was used to define the two modes: nuclei mode
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Table 2 Description of instrumentation and methods for measurement and calculations

Instrument description Instrument manufacturer Sampling References for instrumentation
interval and
methodology
BC 7-wavelength aethalometer Teledyne API model AE-633 1 min Hansen et al. (1984), Park et al.
(2010), Virkkula et al. (2007)
and Arnott et al. (2005)
Absorption 3-wavelength Droplet MEASUREMENT 2s Flowers et al. (2010)
photoacoustic Technology model PASS3
soot spectrometer
EC thermal-optical carbon Sunset Laboratory 20-90 min EPA Method 5 (modified), NIOSH
analyzer Method 5040; Khan et al.
(2012) and Chow et al. (2009)
PM mass Teflon filter Sartorius SE2 Ultra Micro 20-90 min EPA Method 5 (modified)
Balance
Particle particle counter TSI, Inc. model SMPS ~2 min scan Wang and Flagan (1990)
concentration
CO, Gas analyzer California Analytical Inc. model 600  1's EPA Method 3A
CO,, dilute Gas analyzer Li-COR model LI840 ls
CO Gas analyzer California Analytical Inc. model ZRHI 1's EPA Method 10
(0)3 Gas analyzer California Analytical Inc. model 600 ls EPA Method 3A
NO, Gas analyzer Advanced Pollution ls EPA Method 7E

Instrumentation model

200AH

(<20 nm) and accumulation mode (>20 nm). A portion of
the nuclei mode was not measured since it was below the
size range of the SMPS causing a low bias of the nuclei
concentration. The implications of this bias on the nuclei
concentration will be discussed in the results section.

A Welch’s t test (two-tail, 90 % confidence level) was
performed to compare emissions between the controlled
and uncontrolled cases. This analysis determined whether
or not the PM, BC, and EC reduction provided by a given
control device was statistically significant.

Sampling design

The gensets and the load bank were operated outdoors under
varying ambient conditions. No testing was done during
precipitation events due to the potential damage to the load
bank. Each genset was tested with the three aftermarket
controls in random order. When resources permitted, an
initial and final uncontrolled test were done before and after
testing the aftermarket controls. Exhaust from the genset
was routed to each control and then to the exhaust duct
where a sampling probe was placed in the center to avoid
wall effects while sampling occurred. A schematic of the
exhaust sampling arrangement is shown in Fig. 1.

An undiluted and filtered sample was taken for gas-
phase measurements. A diluted sample for PM

@ Springer

measurements was obtained with an eductor supplied with
filtered dry dilution air scrubbed of CO,. Varying dilution
ratios were obtained by changing the orifice (diameter
ranging from 0.01 to 0.04 inches) in the eductor. Dilution
ratios were optimized for each condition to obtain PM
concentrations within the instrument measurement ranges.

The diluted sample was routed through 3/8" anti-static sil-
icone tubing (approximately 25 ft) to a stainless steel manifold
and to each instrument through 1/4" anti-static silicone tubing
(Iess than 10 ft). Residence time to most instruments was
generally less than two seconds. The longest residence time
was to the SMPS at approximately 12 s. Particle losses in the
sampling line are expected to be dominated by diffusional
losses due to the small particle size and amounted to less than
0.5 % to most instruments and filters. The largest losses were
calculated for the SMPS at less than 6 %.

Results and discussion

Three diesel gensets were used to test the removal effi-
ciency of three different aftermarket control technologies
and compared to uncontrolled emissions from the same
gensets. The emissions averages for each condition and
load are shown in Tables 3 and 4 and discussed in further
detail below.
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Fig. 1 Sampling schematic (measurements from several instruments shown in the schematic are not discussed or presented here, but are

anticipated to be the subject for another expected article)

Gaseous emissions

Increases in load from 50 to 90 % on the uncontrolled
gensets caused increases in CO, and NO, emissions, and
decreases in CO emissions. This is in agreement with
reported data from a similar uncontrolled diesel genset
(Caterpillar 500 kW) tested at 50 and 75 % load by Wien
et al. (2004). Also, as expected, CO, and O, were inversely
correlated across all cases tested (both uncontrolled and
controlled). Further, CO, in many cases (with the exception
of the XQ230) increased when either the P-DPF or A-DPF
were used, which is likely attributable to increased fuel
consumption while controls were in use and/or partially
attributable to oxidation of hydrocarbons and PM conver-
sion to CO,.

For the tests conducted with uncontrolled gensets, the
NO, emissions overall were higher at 90 % rather than
50 % load. Several instances of higher NO, average
emissions were measured (particularly the XQ230) with an

aftermarket control in use as compared to uncontrolled.
The largest average NO, emission measured was from the
XQ600 with the DOC at 90 % load, 1.26 Ib/MMBtu
(1.95 g/kW h). This “worst-case scenario” measured
through the investigation on the XQ600 still maintains
compliance with EPA’s RICE rule (40 CFR part 63) for
stationary engines for Tier 2. Further, for its size with the
DOC in place, it achieves the emissions limits required for
2014 and newer engines under Tier 4. The same is true for
the largest average CO emission measured during the study
of 0.831 Ib/MMBtu (1.29 g/kW h), from the XQ400
uncontrolled at 50 % load.

Particulate emissions
While the gaseous emission trends (higher CO,, CO, and
NO, emissions at higher load) from the current study agree

well with those of Wien et al. (2004), the PM emissions
(shown in Table 4) do not share the similar trend as the

@ Springer



T. L. B. Yelverton et al.

Table 3 Gaseous emissions from XQ230, XQ400, XQ600 both uncontrolled and controlled

Units Samples Gaseous emissions
No. Collected Timesvg CO, 0, NO, CO

Minutes % % Ib/MMBtu Ib/MMBtu
XQ230 50 % Load Uncontr’d 3 40 5.63 £ 0.06 13.3 £ 0.06 3.43E-01 1.47E—01
P-DPF 3 60 5.00 £ 0.02 14.3 £ 0.04 4.76E—01 1.43E—03
A-DPF 3 60 4.90 £+ 0.07 14.3 £ 0.11 5.07E—01 4.52E—02

DOC 3 40 4.88 £+ 0.02 14.4 £+ 0.03 3.71E-01 LOD
90 % Load Uncontr’d 3 45 6.42 + 0.01 12.2 4+ 0.04 4.41E-01 1.02E-01
P-DPF 3 60 5.24 + 0.01 13.4 + 0.02 4.94E—01 3.02E—-03
A-DPF 3 55 5.43 + 0.04 13.6 + 0.06 6.44E—01 3.94E—-02

DOC 3 43 5.53 £ 0.05 13.5 + 0.05 4.54E—-01 LOD
XQ400 50 % Load Uncontr’d 6 30 6.54 £ 0.25 12.2 £ 0.37 4.29E—-01 8.31E—01
P-DPF 3 40 6.89 £ 0.03 11.8 £ 0.04 3.66E—01 2.51E-02
A-DPF 3 30 6.78 £+ 0.01 12.0 £ 0.02 4.68E—01 9.63E—02
DOC 4 26 6.57 + 0.03 12.2 £ 0.03 2.88E—01 2.55E—-02
90 % Load Uncontr’d 6 29 8.22 £0.22 10.1 £ 0.37 1.07E4-00 2.64E—01
P-DPF 3 40 8.48 £+ 0.01 9.7 £ 0.00 8.85E—01 1.74E—02
A-DPF 4 31 8.52 + 0.05 9.65 £ 0.05 8.56E—01 5.93E-02
DOC 3 20 8.02 + 0.02 10.3 £ 0.03 6.81E—01 7.58E—03
XQ230 50 % Load Uncontr’d 6 20 7.17 £ 0.02 11.3 £0.03 8.39E—01 5.94E—02
P-DPF 2 95 7.37 £ 0.03 11.1 £ 0.04 6.23E—01 2.60E—03
A-DPF 3 47 7.60 £ 0.02 10.9 £ 0.04 6.79E—01 6.92E—03

DOC 3 30 7.18 + 0.03 11.5 £ 0.04 6.69E—01 LOD
90 % Load Uncontr’d 7 25 9.49 £+ 0.39 8.29 +0.29 1.12E4-00 2.39E—01
P-DPF 3 90 9.67 £+ 0.06 8.33 £ 0.06 1.10E4-00 7.24E—03
A-DPF 3 30 9.96 £ 0.02 7.81 + 0.03 1.10E4-00 7.43E—02
DOC 3 30 9.36 £ 0.04 8.69 + 0.03 1.26E+00 5.09E-03

LOD represents instances measurements taken that were below the limit of detection

500 kW genset they tested, which had higher PM at lower
load.

For the current study, the XQ230 average PM mass
decreased from 1.70e-2 to 6.05e-3 Ib/MMBtu, when
changing from 50 to 90 % load for the uncontrolled con-
dition. However, the opposite is seen from the uncontrolled
XQ400 and XQ600, where the average PM mass increased
with increased load. With the exception of the XQ230 at
50 % load with the DOC, the uncontrolled gensets had
higher PM emissions than any controlled cases, which is in
agreement with Wien et al. (2004). However, Wien et al.
(2004) also found for the DPF-controlled cases that there
were higher PM emissions at 50 % as opposed to 90 %
load, which agreed with the PM emissions from the XQ230
and XQ400, but not the XQ600. Interestingly, the largest
PM emission of 1.99e-2 Ib/MMBtu (0.03 g/kW h) was
measured during testing of the XQ230 at 50 % load with
the DOC. Rather than the DOC providing a co-benefit of
PM removal, in this instance the average PM emissions
were greater (although not statistically significant) than that

@ Springer

of the uncontrolled XQ230 genset at 50 % load. It should
be noted, however, that even this highest level of PM
emissions measured (XQ230 with DOC) would not only
meet and exceed requirements for the Tier 3 rating required
for the manufacturing year of this genset under EPA’s
Control of Emissions from New and In-Use Nonroad
Compression Ignition Engines Rule (40 CFR part 89 and
1039), but would nearly meet the Tier 4 PM emissions
requirements of a similar but newer genset (0.02 g/lkWeh).

As part of the PM emissions characterization, EC and
BC were measured for all conditions from filter samples
and continuous instrumentation, respectively. To better
understand potential changes in particle composition, the
ratios of EC/PM were considered (shown in Table 4 and
Figure S1), and ranged from 0 to 0.79. Typically uncon-
trolled diesel engines would produce predominately carbon
emissions with contributions from metals and inorganics
such as sulfur (Subramanian et al. 2009; Kittelson 1998).
All uncontrolled cases measured in the current study show
similar composition, with EC/PM ratio being greater than
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0.5. However, several instances of EC/PM ratio below 0.5
were measured with DPFs in use. EC/PM ratios for all
conditions tested suggest a substantial portion of the PM
measured consists of compounds other than EC, which
could be attributed to OC and sulfur (Fujita et al. 2007).
For all tests in the current study, non-highway ULSD was
used, restricting the sulfur content to less than 15 ppm, and
as such, sulfur produced solely from the fuel in the PM
emissions was expected to be low. Although using a dif-
ferent control device design, Khalek et al. (2011) found
sulfur content to comprise roughly 50 % of the PM when
using DPFs for onroad diesel engines with ULSD. There-
fore, XRF was performed on nine of the current PM filter
samples spanning the entire test matrix and no quantifiable
levels of any metals were detected, and only trace levels of
sulfur were detected in two samples when a DOC was
utilized. Previous research by Shah et al. (2004) with back-
up generators showed EC dominating the particulate
emissions for two different 4-stroke gensets tested from 10
to 100 % load, which is not seen in the particulate emis-
sions measured from the uncontrolled gensets in the current
study. As with PM, there was no consistent trend with load
for EC or BC emission factors. However, a very consistent
trend in the ratios EC/PM and EC/BC was seen, with EC
measuring 33 % less than PM and BC emissions measuring
nearly twice that of EC emissions for every genset, load,
and control tested (shown Figure S1).

Removal efficiency

The main objective of the current study was to investigate
the removal efficiency of PM using several aftermarket
control devices. An important note for the discussion of
PM removal efficiency is that sample duration varied by
test day. This sampling duration was determined to ensure
sufficient mass was collected on the filter samples and thus
depended on the PM concentration. As mentioned previ-
ously, sampling did not stop or delay when the A-DPF
went into a regeneration cycle, which means variability
exists across this measurement. Furthermore, no regener-
ation cycles were carried out for the P-DPF during sam-
pling. Therefore, the removal efficiency for either DPF
under typical operation could be different than reported
here. These reported removal efficiencies represent the
average removal while sampling with the genset at steady
state. Had the test duration been lengthened to 100 or
1,000 h, then multiple regeneration cycles could have
occurred while sampling, potentially reducing the standard
deviation across the average. However, lengthening the test
duration by that many hours was not possible for the cur-
rent study. Future research should focus on longer test
cycles at steady-state genset conditions in order to ensure
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the samples taken incorporated at least one full regenera-
tion of the DPFs.

Table 5 shows the average percent removal and standard
deviation for PM, BC, and EC across all gensets for each
control device. A table with the average removal for PM
broken down by genset is available in Table S2 in the
supplemental material. For all gensets and loads, the
P-DPF resulted in statistically significant reductions of PM,
BC, and EC. Likewise, the A-DPF resulted in statistically
significant reductions in all cases, with the exception of
XQ600 at 90 % load. Conversely, with the exception of the
XQ230 at 50 % load (which provided a statistically sig-
nificant increase in EC), none of the tests performed with
the DOC provided statistically significant PM, BC, or EC
emission reductions. The statistical insignificance of the
minimal PM removal (8-25 %) demonstrates that the DOC
is not effective at reducing the PM, BC, and/or EC in these
gensets with ULSD fuel. However, the DOC was effective
at removing CO, with greater than 97 % removal. There-
fore, it is clear that the DOC is functioning, and is sized,
properly for the gensets tested.

Particle size distribution from SMPS

All distributions are essentially bimodal and in agreement
with measurements from on-road diesels and small-scale
gensets (Kittelson 1998; Lee et al. 2006). Figures S2 and S3
in the supplemental materials show particle size distribu-
tions for all three gensets, with each control configuration,
at 50 and 90 % load, as well as uncontrolled cases com-
pared at 50 and 90 % load. All particle size distributions
represent averages over several tests for each condition and
were corrected for dilution. Approximately 86-95 % of the
particles exist in the accumulation mode (>20 nm), whereas
the nuclei mode (<20 nm) accounts for roughly 5-14 % of
total particle number. The nuclei fraction is biased low
since particles smaller than 14.6 nm were not measured by
the SMPS, but can still be used to identify trends in the
particle size distribution with control technology.

All three gensets have very similar particle number size
distributions and total number of particles emitted at the same
load condition. In agreement with the PM emission factors,
number concentrations (shown in Table 4) were significantly
higher at 50 % load compared to 90 % load (nearly 1.9 times
higher for the XQ400 genset). The peak diameters of the
accumulation mode varied from approximately 40 nm
(XQ230 genset at 90 % load) to approximately 70 nm
(XQ600 genset at 90 % load), in agreement with the geo-
metric mean number diameter of the accumulation mode for
on-road diesel engines reported previously to be 50-80 nm
diameter (Khalek et al. 1998; Kittelson et al. 2004).

Figures 2a—c show the influence of the aftermarket
controls on the particle number (PN) size distributions at



Emissions removal efficiency from diesel gensets

Table 5 Control device
average PM, BC, and EC

Average PM %

Average EC % Average BC % Average PN %

removal removal removal removal
removal
50 % Load
P-DPF 98 + 1.6 99 + 1.6 99 + 1.8 99 + 1.2
A-DPF 80 + 14 87 £ 4.1 85 + 10 89 + 2.0
DOC 3.0 &£ 19* —1.0 £ 18* 9.7 + 0.6* 21 £ 15
90 % Load
* Represents instances where P-DPF 96 £ 4.3 99 + 1.2 99 + 1.2 9 £ 1.3
removal, as compared to A-DPF 80 + 16 85 +93 80 + 11 89 + 6.1
uncontrolled, was statistically DOC 17 + 28% 20 + 17% 11 + 31% 22 4+ 20%

insignificant

50 % load for all three gensets. The highest average par-
ticle removal efficiency (>97 % for all three gensets) was
measured with the P-DPF control device, with a total
particle removal efficiency of more than 99 % measured
for the XQ230 genset. Particle removal efficiency for the
A-DPF was greater than 83 % for all three gensets, with the
highest measured removal efficiency occurring on the
XQ400 genset at 90 % load (>95 %).

While PN reduction with the DOC was significantly
lower, a co-benefit of particle removal was observed with
total PN removal between roughly 4 and 34 %. The only
exception to this trend in PN removal was the XQ230
genset at 90 % load which had a (statistically insignificant)
negative removal. The PN increase for this particular
condition is in agreement with increases in PM mass and
BC (also not statistically significant) for the same condi-
tion indicating increased particle formation with a DOC. A
slight drop in EC/PM ratio coupled with an increase of PN
in the nuclei mode could suggest the presence of semi-
volatile compounds, and trace amount of sulfur measured
by the XRF indicate formation of sulfate nanoparticles. A
similar trend was seen by Shah et al. (2007) when testing
with a 350 kW diesel genset at 100 % load with a DOC
(exhaust temperature ~ 550 °C), and was attributed to the
formation of sulfate nanoparticles, as the testing was
conducted with 500 ppm sulfur diesel. However, these
changes in EC/PM ratio and PN nuclei formation likely
resulted in minimal change to the overall PM composition.
For XQ400 and XQ600 gensets with each of the three
controls, particles in the nuclei mode were removed more
efficiently than those in the accumulation mode. The trend
of decreasing particle removal efficiency with increasing
particle size indicates that smaller particles may consist of
more volatile OC compared to EC and thus more likely to
be oxidized.

Optical properties

The average aerosol absorption at 781 nm, SSA at 532 nm,
and o from 405 nm to 781 nm for each condition is shown

in Table 4. The aerosol absorption had a similar trend to
that observed for the PM, BC, and EC, i.e., large reductions
in absorption with the A-DPF and P-DPF and minimal if
any reduction with the DOC. Low particle concentrations
during the P-DPF cases necessitated low dilution ratios to
meet the detection limits of most of the instruments.
Therefore, the diluted sample NO, absorption was larger
than the particle absorption. Although the PASS-3 accounts
for gas-phase light absorption with periodic baseline
adjustment with a filtered sample, fluctuations of the NO,
concentration in between adjustments caused larger light
absorption than the particles at the 532 nm and 405 nm
wavelengths for these P-DPF cases. The A-DPF case also
had lower dilution ratios, but in general had lower NO,
concentrations and higher particle concentrations and was
thus less affected by NO, fluctuations in the diluted
exhaust sample.

The SSA averaged over all conditions tested, with the
exception of the P-DPF cases (likely impacted by NO,
absorption), for these gensets was 0.26 + 0.03, which was
slightly larger than similar measurements (at mid-visible
wavelengths) from tunnel studies of on-road diesels at 0.2
(Strawa et al. 2010) and 0.14 (Dallman et al. 2012) and
from a chamber experiment with a light-duty diesel
engine at 0.2 (Schnaiter et al. 2003). The SSA exhibited
statistically significant increases with engine load, except
for the XQ400 genset, where the increase was not sta-
tistically significant. Generally, the SSA was decreased
when the DOC or A-DPF was used, but the decrease was
small (<20 %) and not statistically significant in most
cases.

The average a for all cases (except when the P-DPF
was used) of 1.09 £+ 0.07 was almost the same as the 1.1
measured by Schnaiter et al. (2003) on emissions from a
light-duty diesel engine. Except for the XQ230 genset, o
showed a slight decrease with increasing load that was
not statistically significant. For the most part, o increased
with the use of the A-DPF or DOC, but even the largest
increase was less than 12 % and was not statistically
significant.
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Fig. 2 Particle size distribution of 50 % load for each genset
a XQ230, b XQ400, and ¢ XQ600 with and without aftermarket
controls in log—log space

Summary

The results presented here describe the gaseous and par-
ticulate emissions of three stationary diesel gensets ranging
from 230 to 600 kW configured with and without A-DPF,
P-DPF, and DOC aftermarket control technologies. The
DPFs tested, both active and passive, were found to be

@ Springer

viable means for mitigating PM emissions from large-scale
diesel gensets with 4-cycle engines, across the entire sub-
micron particle size range. However, no statistically sig-
nificant PM removal was measured from any of the gensets
while using the DOC. PM, EC, and BC emissions were
reduced from those of the uncontrolled gensets in most
conditions tested with either DPF. Low EC/PM values seen
at some conditions suggest potential for compositional
changes, and in all cases tested the BC measured was
roughly twice that of EC. Increasing the load caused a
small but statistically significant increase of the SSA. The
addition of aftermarket controls caused a slight decrease in
SSA and slight increase in o that was not entirely consis-
tent over all conditions and was not statistically significant.
Findings from this study would suggest that further
investigation into changes in carbon emissions composition
with the use of aftermarket PM control devices is needed.
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