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Executive Summary

This report describes the analysis conducted to generate emission rate and energy rate inputs
representing exhaust emissions and energy consumption for heavy-duty vehicles in MOVES2010.
Exhaust emission rate inputs were developed for total hydrocarbons (THC), carbon monoxide
(CO), nitrogen oxides (NOx), and particulate matter (PM). Energy consumption rates were
developed based on measurements of carbon dioxide (CO,), CO and THC. We developed inputs
for heavy-duty vehicles powered by both diesel and gasoline fuels, although emissions from the
heavy-duty sector predominantly come from diesel vehicles. As a result, the majority of the data
analyzed were from diesel vehicles.

Estimation of energy consumption rates for heavy-duty vehicles is covered in this report, but
emissions of greenhouse gases other than CO; are not covered. Estimation of the emissions of
methane and nitrous oxide (N,O) are described in a separate report'.

Evaporative emissions from heavy-duty gasoline vehicles are not covered in this report. Estimation
of evaporative hydrocarbon emissions from heavy-duty gasoline vehicles is described in a separate
document?. Note that the methods described were developed for light-duty vehicles, but are also
applied to heavy-duty gasoline vehicles. The model does not estimate evaporative emissions for
diesel-powered vehicles.

Large volumes of continuous (“second-by-second’) data from various sources were analyzed ,
including onboard emissions measurement systems, chassis dynamometer tests, and engine
dynamometer tests. Data were collected by a number of entities, including EPA, West Virginia
University, and private parties under contract to EPA. For running exhaust emissions, data were
analyzed by model year, regulatory class, and operating mode.

As with the development of emission rates for light-duty vehicles, operating modes for heavy-duty
vehicles are defined in terms of power output (with the exception of the idle and braking modes).
For light-duty vehicles, the parameter used is known as vehicle-specific power (VSP), which is
calculated by normalizing the continuous power output for each vehicle to its own weight. For
heavy-duty vehicles, we have continued to related emissions to power output, but in a different
way. Rather than normalize the tractive power for each vehicle to its own weight, we scale the
power by a fixed multiple designed to fit the resulting means into the existing operating mode
framework. We refer to this parameter as “scaled-tractive power” (STP). Because heavy-duty
vehicles are primarily regulated on an engine work basis (g/kW-hr), we conclude that the use of
STP preserves the emission to power relationship, whereas the use of VSP confounds it, resulting
in unintended consequences in estimation of emissions in relation to vehicle size or weight.

Additionally, to address the question of deterioration, we estimated the effects of tampering and
mal-maintenance on emission rates as a function of age. We adopted this approach due to the lack
of data adequate to directly estimate deterioration for heavy-duty vehicles. Based on surveys and
studies, we developed estimates of frequencies and emission impacts of specific emission control
component malfunctions, and then aggregated these to estimate overall emissions effects for each
pollutant.

Final emission rates in grams per hour were developed for inclusion in the emissionRateByAge
table in the MOVES database. The rates describe the effects of operating mode as well as model
year group, which serves as a broad surrogate for changes in technology and emissions standards,



especially for NOx and PM. The MOVES framework and the emissionRateByAge table are
discussed in the report documenting the rates for light-duty vehicles’.



1  Heavy Duty Diesel Emissions

This section details our analysis of data to develop emission rates for heavy-duty diesel vehicles.
Three emission processes (running, extended idling, and starts) are discussed. The ‘running’
process occurs as the vehicle is operating on the road either under load or in idle mode. This
process is further delineated by 23 operating modes which will be discussed below. The ‘extended
idle’ process occurs during an extended period of idling operation such as when a vehicle is parked
for the night and left idling. Extended idle is generally a different mechanism (usually a higher
RPM engine idle to power truck accessories for operator comfort) than the regular ‘curb’ idle that a
vehicle experiences while it is operating on the road.

1.1 Running Exhaust Emissions

MOVES running-exhaust emissions analysis requires accurate second-by-second measurements of
emission rates and parameters that can be can used to estimate the tractive power exerted by a
vehicle. Compared to volumes of data available for light-duty vehicles, the amount of data
available for heavy-duty vehicles is small. Light-duty emissions were analyzed with respect to
vehicle-specific power (VSP), which represents vehicles’ tractive power normalized by their
(individual) weights. The model approach used in MOVES was first developed for light-duty
vehicles, relying on the VSP concept, and later adapted for use with heavy-duty vehicles. For
practical reasons, it was thus desirable to retain the same operating mode structure for heavy-duty
emission rates.

While VSP is an effective way to characterize emissions from light-duty vehicles, the range of
running weights, coarseness of the VSP bin structure, and work-based (rather than distance-based)
emissions standards make VSP-based emissions analysis for heavy-duty diesel vehicles an
untenable approach. This report describes how we analyzed continuous “second-by-second’
heavy-duty emissions data to develop emission rates applied within the predefined set of operating
modes. As mentioned, the emission rates were using scaled-tractive power (STP), rather than VSP.
The development of STP is described in greater detail below.

MOVES source bins are groupings of parameters which distinguish differences in emission rates
according to physical differences in the source type or vehicle classification. The source bins are
differentiated by fuel type (gasoline or diesel), regulatory class (light heavy duty to heavy-heavy
duty) and model year group. Stratification of the data sample and generation of the final MOVES
emission factors were done according to the combination of regulatory class (shown in Table 1)
and the model year group. The regulatory groups were determined based on gross vehicle weight
rating (GVWR) classifications. The model year groupings are designed to represent major changes
in EPA emission standards.



Table 1. Regulatory Classes for Heavy-Duty Vehicles.

Regulatory Class Description regClassName regClassID Gross V?gi\(/:{fv\lév)egﬁgt Rating
Light-heavy duty < 14,000 1b LHD<=14k 41 8,501 — 14,000
Light-heavy duty 4-5 LHD45 42 14,001 — 19,500
Medium-heavy duty MHD 46 19,501 — 33,000
Heavy-heavy duty HHD 47 > 33,000
Urban Bus Urban Bus' 48 N/A

!see CFR § 86.091(2).

Heavy-duty diesel truck emission rates in MOVES are also stratified by age group. Within a
particular model year group, these age groups are used to account for the effects of deterioration
over time. The age groups are used in the model are shown in Table 2.

Table 2. MOVES Age Group Definitions

ageGrouplp | Lover bound | Upper bound

3 0 3

405 4 5

607 6 7

809 8 9

1014 10 14

1519 15 19

2099 20 ~

1.1.1 Nitrogen Oxides (NOx)

For NOx rates, we stratified heavy-duty vehicles into the model year groups listed in Table 3.
These groups were defined based on changes in NOx emissions standards and the outcome of the
Heavy Duty Diesel Consent Decree?, which required additional control of NOx emissions during



highway driving for model years 1999 and later. This measure is referred to as the “Not-to-
Exceed” (NTE) limit.

Table 3 — Model year groups for NOx analysis based on emissions standards

Model year group FI;;;%TE?)M NTE limit (g/bhp-hr)
Pre-1988 None None
1988-1989 10.7 None
1990 6.0 None
1991-1997 5.0 None
1998 4.0 None
1999-2002 4.0 7.0 HHD; 5.0 other reg. classes
2003-2006 2.4
2007-2009 1.2 1.25 times the family emission level
2010+ 0.2

1.1.1.1 Data Sources
For NOx emissions from HHD, MHD, and urban buses, we relied on two data sources:

ROVER. This dataset includes measurements collected during on-road operation using the
ROVER system, a portable emissions measurement system (PEMS) developed by the EPA. The
measurements were conducted by the U.S. Army Aberdeen Test Center on behalf of U.S. EPA”:
This ongoing program started in October 2000. Due to time constraints and data quality issues, we
used only data collected from October 2003 through September 2007. The data was compiled and
reformatted for MOVES analysis by Sierra Research®. The process of analysis and rate
development was performed by EPA. The data we used represents approximately 1,400 hours of
operation by 124 trucks and buses in model years 1999 through 2007.

The vehicles were driven mainly over two routes:
* “Marathon” from Aberdeen, MD to Colorado and back along Interstate 70
* Loop around Aberdeen Proving Grounds in Maryland

Consent Decree testing. These data were conducted by West Virginia University using the
Mobile Emissions Measurement System (MEMS)”® This program was initiated as a result of the
consent decree between the several heavy-duty engine manufacturers and the US government,
requiring the manufacturers to test in-use trucks over the road. Data was collected from 2001
through 2006. The data we used represented approximately 1,100 hours of operation by 188 trucks
in model years 1994 through 2003. Trucks were heavily loaded and tested over numerous routes



involving urban, suburban, and rural driving. Several trucks were re-acquired and tested a second
time after 2-3 years. Data were collected 5-Hz frequency, which we averaged around each second
to convert the data to a 1.0-Hz basis.

From each data set, we used only tests we determined to be valid. For ROVER, due to time
constraints, we eliminated all tests that indicated any reported problems, including GPS
malfunctions, PEMS malfunctions, etc, whether or not they affected the actual emissions results.
As our own high-level check on the quality of PEMS and ECU output, we further eliminated any
trip where the pearson correlation coefficient between CO; (from PEMS) and engine power (from
ECU) was less than 0.6. These filters led to a smaller and more conservative subset of the overall
ROVER data, than had we applied more detailed and selective criteria. (i.e. not all eliminated tests
produced erroneous results). For the WVU MEMS data, WVU itself reported on test validity under
the consent decree procedure. No additional detailed quality checks were performed by EPA.
Table 4 shows the total distribution of vehicles by model year group from both of the emissions test
programs above.

Table 4. Numbers of vehicles by model year group from the ROVER and WVU MEMS programs used for
emission rate analysis.

Regulatory class | 1991-1997 MY | 1998 MY | 1999-2002 MY | 2003-2006 MY
HHD 19 12 78 91
MHD 0 0 30 32
BUS 2 0 25 19

1.1.1.2 Calculate STP from 1-Hz data

With on-road testing, using vehicle speed and acceleration to estimate tractive power is not
accurate given the effect of road grade and wind speed. As a result, we needed to find an alternate
approach. Therefore, we decided to tractive power from engine data collected during operation.
We first identified the seconds in the data that the truck was either idling or braking based on
acceleration and speed criteria shown in Table 9. For all other operation, engine speed @,,, and

torque 7., from the ECU were used to determine engine power P,,g, as shown in Equation 1. Only
torque values greater than zero were used so as to only include operation where the engine was
performing work.

P =w 71

eng eng C eng Equation 1
We then determined the relationship between the power required at the wheels of the vehicle and
the power required by the engine. We first had to account for the losses due to accessory loads
during operation. These power loads are not subtracted in the engine torque values that are output
from the engine control unit. Heavy-duty trucks use accessories during operation. Some
accessories are engine-based and are required for operation. These include the engine coolant
pump, alternator, fuel pump, engine oil pump, and power steering. Other accessories are required



for vehicle operation, such as cooling fans to keep the powertrain cool and air compressors to
improve braking. The third type of accessories is discretionary, such as air conditioning, lights,
and other electrical items used in the cab. The calculation of the accessory load requirements is
derived below.

We grouped the accessories into five categories: cooling fan, air conditioning, engine accessories,
alternator (to run electrical accessories), and air compressor. We identified where the accessories
were predominately used on a vehicle speed versus vehicle load map to properly allocate the loads.
For example, the cooling fan will be on at low vehicle speed where the forced vehicle cooling is
low and at high vehicle loads where the engine requires additional cooling. The air compressor is
used mostly during braking operations; therefore it will have minimal load requirements at
highway, or high, vehicle speeds. Table 5 identifies the predominant accessory use within each of
the vehicle speed and load areas.

At this point, we also translated the vehicle speed and engine load map into engine power levels.
The power levels were aggregated into low (green), medium (yellow) and high (red) as identified in
Table 5. Low power means the lowest third, medium is the middle third, and high is the highest
third, of the engine’s rated power. For example, for an engine rated at 450 hp, the low power
category would include operation between 0 and 150 hp, medium between 150 and 300 hp, and
high between 300 and 450 hp.

Table 5 — Accessory use as a function of speed and load ranges, coded by power level.

Speed
Low Mid High
Load
Low Air cond.
Engine Access.
Alternator
Cooling Fan Cooling Fan
Mid Air cond. Air cond.
Engine Access. | Engine Access.
Alternator Alternator
Air Compress Air Compress
High

We next estimated the power required when the accessory was “on” and percentage of time this
occurred. The majority of the load information and usage rates are based on information from "7he
Technology Roadmap for the 21st Century Truck."’

The total accessory load is equal to the power required to operate the accessory multiplied by the
percent of time the accessory is in operation. The total accessory load for a STP bin is equal to the
sum of each accessory load. T he calculations are included in Appendix 4./ Calculation of
Accessory Power Requirements .



The total accessory loads Pjyss.qcc listed below in Table 6 are subtracted from the engine power
determined from Equation 1 to get net engine power available at the engine flywheel. For LHD
vehicles, we assumed negligible accessory losses.

Table 6 — Estimates of accessory load in KW by power range.

Engine power | HDT | MHD | Urban Bus
Low 8.1 6.6 21.9
Mid 8.8 7.0 224
High 10.5 7.8 24.0

We then accounted for the driveline efficiency. The driveline efficiency accounts for losses in the
wheel bearings, differential, driveshaft, and transmission. The efficiency values were determined
through literature searches. Driveline efficiency 74.ime Varies with engine speed, vehicle speed,
and vehicle power requirements. Using sources available in the literature, we estimated an average
value for driveline efficiency.'%!!+1%13: 1415161718 Pap e 7 summarizes our findings.

Table 7 — Driveline efficiencies found through literature research.

General truck:
Barth (2005) 80-85%
Lucic (2001) 75-95%
HDT:
Rakha 75-95%
NREL (1998) 91%
Goodyear Tire Comp. 86%
Ramsay (2003) 91%
21st Century Truck (2000) 94%
SAE J2188 Revised OCT2003:
Single Drive/direct 94%
Single Drive/indirect 92%
Single Drive/double indirect 91%
Tandem Drive/direct 93%
Tandem Drive/indiriect 91%
Tandem Drive/double indirect 89%
Bus:
Pritchard (2004): Transmission Eff. 96%
Hedrick (2004) 96%
MIRA 80%

Based on this research, we used a driveline efficiency of 90% for all HD regulatory classes.

Equation 2 shows the translation from engine power P.,g to axle power Py,.

Paxle = ndriveline (Peng - Ploss,acc) Equation 2

10



Finally, we scaled the axle power by a multiplicative factor f;... to fit light-duty operating-mode
ranges. The MHD, HHD, and Bus classes were scaled by 17.1, which is approximately the average
running weight for all heavy-duty vehicles, and the LHD trucks were scaled by 2.06, which is
equivalent to the fleet-average mass of light commercial trucks in MOVES. Table 8 shows the
values selected for the scaling factor.

Table 8 — Power scaling factor fg.

Regulatory Class Power scaling factor
MHD, HHD, Bus 17.1
LHD 2.06

Equation 3 shows the conversion of axle power to scaled tractive power using the method
explained above.

P
STPp = &l Equation 3

scale

We then constructed operating mode bins defined by STP and vehicle speed according to the
methodology outlined earlier in MOVES development' and described in Table 9. The
implementation of STP in MOVES for heavy-duty emission rates is the same as that of VSP for
light-duty emission rates. We will refer to the units of STP as scaled kW or skW.

Table 9 — Definition of the Operating Mode Attribute for Heavy-Duty Vehicles (opModelD)

Operating Operating Mode Scaled Tractive Power | Vehicle Speed Vehicle Acceleration

Mode Description (STP, skW) (v;, mph) (a, mph/sec)
a;<-2.0 OR

0 Deceleration/Braking (a,<-1.0 AND
a,1 <-1.0 AND
a2 <-1.0)

1 Idle -1.0 <y, < 1.0

11 Coast STP<0 0 <y, <25

12 Cruise/Acceleration 0 <STP<3 0 <y, <25

13 Cruise/Acceleration 3 <STP<6 0 <y, <25

14 Cruise/Acceleration 6 <STP<9 0 <y, <25

15 Cruise/Acceleration 9 <STP< 12 0 <y, <25

16 Cruise/Acceleration 12 < STP, 0 <y, <25

21 Coast STP<0 25<y,< 50

22 Cruise/Acceleration 0 <STP<3 25<y,< 50

23 Cruise/Acceleration 3 <STP<6 25<y,< 50

11



24 Cruise/Acceleration 6 <STP<9 25<vy,< 50
25 Cruise/Acceleration 9 <STPx 12 25<y,< 50
27 Cruise/Acceleration 12<STP< 18 25<y,< 50
28 Cruise/Acceleration 18 < STP< 24 25<y,< 50
29 Cruise/Acceleration 24 < STP<30 25<y,< 50
30 Cruise/Acceleration 30 < STP, 25<vy,< 50
33 Cruise/Acceleration STP<6 50<y,
35 Cruise/Acceleration 6 <STP< 12 50<y,
37 Cruise/Acceleration 12 < STP<18 50 <v,
38 Cruise/Acceleration 18 < STP< 24 50 <v,
39 Cruise/Acceleration 24 < STP,< 30 50 <v,
40 Cruise/Acceleration 30 < STP, 50<y,
1.1.1.3 Calculate emission rates

1.1.1.3.1 Means

Emissions in the data set were reported in grams per second. First, we averaged all the 1-Hz NOx
emissions by vehicle and operating mode. Then the emission rates were again averaged by
regulatory class and model year group. Data sets were assumed to be representative and each
vehicle received the same weighting. However, we averaged rates by vehicles first because we did
not believe the amount of driving done by each truck was necessarily representative. Equation 4
summarizes how we calculated the mean emission rate for each stratification group (i.e. model year
group, regulatory class, and operating mode bin).

Equation 4

where
n; = the number of 1-Hz data points for each vehicle j,
Iiven = the total number of vehicles,
7, = the emission rate of pollutant p for vehicle j at second i,

ro= the mean emission rate (meanBaseRate) for pollutant p.

For NOx, we calculated a mean emission rate, denoted as the “meanBaseRate” in the MOVES
emissionRateByAge table, for each combination of regulatory class, model year group, and
operating mode bin combination.

12



1.1.1.3.2 Statistics

Estimates of uncertainty were calculated for all the emission rates. Because the data represent
subsets of points “clustered” by vehicle, we calculated and combined two variance components,
representing “within-vehicle” and “between-vehicle” variances. First, we calculated the overall

eq . . . 2
within-vehicle variance s, .

Myely

z (l’l - l)sfeh .
Equation 5

2 _ =l
with —

S
ntot - nveh

where
s_ = the variance within each vehicle, and
ni = the total number of data points for all the vehicles.

Then we calculated the between-vehicle variance s, (by source bin, age group, and operating

mode) using the mean emission rates for individual vehicles (I7p ;) as shown in Equation 6

Myeh [ _
(rp i rp)z
g2 = N Equation 6
betw
n. —1

Then, we estimated the total variance by combining the within-vehicle and between-vehicle
variances to get the standard error s, (Equation 7) and dividing the standard error by the mean

emission rate to get the coefficient-of-variation of the mean ¢, _ (Equation 8).

Tpol

2 2
S = [ e i Equation 7
Tpol Myeh Mot
S
rpn/ .
C = Equation 8
v, pol —
pol

13



1.1.1.3.3 Hole Filling and forecasting

Since the data only covered model years 1994 through 2006, we needed to develop a method to
forecast emissions for future model years and back-cast emissions for past model years. For future
model years (2007-and-later), we decreased the emission rates for all operating mode bins by a
ratio proportional to the decrease in the applicable emissions standards.

While the NOx standard going into effect for MY 2007 is 0.2 g/bhp-hr, it was assigned to be
phased in over a three year period ending in 2010. Rather than phaseing in the after-treatment
technology needed to meet the new standard, most manufacturers decided to meet a 1.2 g/bhp-hr
standard for MY2007-2009, which did not require aftertreatment (down from 2.4 g/bhp-hr in
2006). Therefore, to model this strategy, we estimated rates for MY2007-2009 by decreasing the
rates for MY2003-2006 emission rates by 50%. Starting in MY2010, the NOx standard for all
heavy-duty trucks is 0.2 g/bhp-hr. We projected that almost all of these trucks will be using SCR
aftertreatment technology, which we assume to have a 90% NOx reduction efficiency from levels
for MY2006 levels, and estimated rates accordingly.

For model year 1990, we increased the 1991-1997 emission rates by 20% to account for the
reduction in NOx standard from 6.0 to 5.0 g/bhp-hr from 1990 to 1991. For 1989 and earlier model
years, we increased the 1991-1997 model year group emission rates by 40%, which is proportional
to the increase of the certification levels from the 1991 model year to the 1989 model year. We
assumed that emission levels did not change by model year for 1989 and earlier.

For MHD and HHD trucks, the maximum operating mode represents a tractive power greater than
513 kW (STP= 30 skW x 17.1). This value exceeds the capacity of most HHD vehicles, and MHD
vehicles and buses exert even lower levels. As a result, data are very limited in these modes.

To estimate rates in the modes beyond the ranges of available data, we linearly extrapolated the
rates from the highest operating mode in each speed range where significant data were collected for
each model year group. In most cases, this modes was mode 16 for the lowest speed range, 27 or
28 for the middle speed range, and 37 or 38 for the highest speed range. For each of these
operating modes, work-specific emissions factors (g/kW-hr) were calculated using the midpoint
STP. Then, these emissions factors were multiplied by the midpoint STP of the higher operating
modes (e.g. modes 39 and 40 for speed>50mph) to inpute emission rates for the modes lacking
data. For the highest bins in each speed range, a “midpoint” STP of 33 skW (564.3 kW) was used.

For certain model years, such as 1998, data existed for HHD trucks, but not MHD or buses. In
these cases, the ratio of standards between the missing regulatory class and HHD regulatory class
from the 1999-2002 model year group was used to determined missing class’s rates by multiplying
that ratio by the existing HHD emission rates for the corresponding model year group.

1.1.1.3.3.1 LNT-equipped pickup trucks

To meet NOx emissions standards for the 2010 model year, the use of aftertreatment will probably
be needed. For example, Cummins decided to use aftertreatment starting in 2007 in engines
designed to meet the 2010 standard and used in vehicles such as the Dodge Ram. The technology
adopted for this purpose was the “Lean NOx Trap” (LNT). This technology allows for the storage
of NOx during fuel-lean operation and conversion of stored NOx into N, and H,O during brief
periods of fuel-rich operation. In addition, to meet particulate standards in MY 2007 and later,
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heavy-duty vehicles are equipped with diesel particulate filters (DPF). At regular intervals, the
DPF must be regenerated to remove and combust accumulated PM to relieve backpressure and
ensure proper engine operation. This step requires high exhaust temperatures. However, these
conditions adversely affect the LNT’s NOx storage ability, resulting in elevated NOx emissions.

In 2007, EPA acquired a truck equipped with LNT and DPF and performed local on-road
measurements, using portable instrumentation. We used the PEMS and ECU output to assign
operating modes and calculate emission rates by the same methods used to develop the heavy-
heavy-duty truck NOx rates. While analyzing these data, we distinguished regimes of PM
regeneration from normal operation based on exhaust temperature, with temperatures exceeding
300°C assumed to indication PM regeneration. We performed the emission rate by operating mode
analysis separately for each regime, and weighted the two regimes together based on an assumed
PM regeneration frequency of 10% of VMT. This value is an assumption based on the limited data
available. We will look for opportunities to update this assumption based on any additional
information that becomes available.

Because we assume that LNT-equipped trucks account for about 25% of the LHDDT market, we
again weighted the rates for the two LHD regulatory classes for model years 2007 and later. For
MY 2007-09, we assume that the remaining 75% of LHD diesel trucks will not have aftertreatment
and will exhibit the 2007-2009 model year emission rates described earlier in this section. Starting
in MY2010, we assume that the remaining 75% of LHD diesel trucks will be equipped with SCR,
and will exhibit 90% NOx reductions from 2006 levels, also described in the hole filling section.

Table 10 summarizes this discussion and previous subsections regarding the methods used to
estimate emission rates for each regulatory—class/model-year-group combination.

Table 10. Summary of methods for heavy-duty diesel NOx emission rate development for each regulatory class
and model year group

Model year group HHD MHD Bus LHD
Pre-1988 Proportioned to Proportioned to Proportioned to Proportioned to
certification levels certification levels certification levels certification levels
1988-1989 Proportioned to Proportioned to Proportioned to Proportioned to
certification levels certification levels certification levels certification levels
1990 Proportioned to Proportioned to Proportioned to Proportioned to
certification levels certification levels certification levels certification levels
1991-1997 Data analysis Proportioned to HHD Data analysis Proportioned to HHD
1998 Data analysis Proportioned to HHD | Proportioned to HHD | Proportioned to HHD
. . . MHD engine data with
1999-2002 Data analysis Data analysis Data analysis LHD scale factor
. . . MHD engine data with
2003-2006 Data analysis Data analysis Data analysis LHD scale factor
Proportioned to Proportioned to Proportioned to Data (LNT)’ and
2007-2009 standards standards standards proportioned to
standards (non-LNT)
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Proportioned to Proportioned to Proportioned to Proportioned to

2010+ standards standards standards standards

An important point to note is that we did not make a stratification based on age for vehicles not
equipped with NOx aftertreament technology (largely 2009 model year and earlier). This is
because of a few reasons:

* The WVU MEMS data did not show an increase in NOx emissions with odometer (and
consequently, age) during or following the regulatory useful life?. Since the trucks in this program
were collected from in-use fleets, we do not believe that these trucks were necessarily biased
toward cleaner engines.

* Manufacturers often certify zero or low deterioration factors.

We estimated tampering and mal-maintenance effects on NOx emissions to be small compared to
other pollutants — around a 10% increase in NOx over the useful life of the engine. Our tampering
and mal-maintenance estimation methods are discussed below and detailed in Appendix A.2
Tampering and Mal-maintenance.

1.1.1.3.4 Tampering and Mal-maintenance

Table 11 shows the estimated aggregate NOx emissions increases due to T&M. It also shows the
values that we actually used for MOVES emission rates. As previously mentioned, we assumed
that in engines not equipped with aftertreatment, NOx does not increase due to T&M or
deterioration.

Table 11. Fleet-average NOx emissions increases from zero-mile levels over the useful life due tampering and
mal-maintenance

Model years NOx increasc? from T&M | NOx increase in MOVES
analysis [%] [%]
1994-1997 10 0
1999-2002 14 0
2003-2006 9 0
2007-2009 11 0
2010-2012 SCR 77 77
2010-2012 LNT 64 64
2013+ 58 58

As described in Appendix A.2 Tampering and Mal-maintenance, these emissions increases are
combined with information in Table 37 to estimate the emissions increase for each age group prior
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to the end of the useful life for each regulatory class. With the introduction of aftertreatment
systems to meet regulatory requirements for MY 2010 and later, EPA expects tampering and mal-
maintenance to substantially increase emissions over time compared to the zero-mile level.
Though 77% may appear to be a large increase in fleet-average emissions over time, it should be
noted that the 2010 model year standard (0.2 g/bhp-hr) is about 83% lower than the 2009 model
year effective standard (1.2 g/bhp-hr). This still yields a substantial reduction of about 71% from
2009 zero-mile levels to 2010 fully deteriorated levels. As more data becomes available for future
model years, we hope to update these tampering and mal-maintenance and overall aging effects.

1.1.1.3.5 Defeat Device and Low-NO, Rebuilds

The default emission rates in MOVES for model years 1991 through 1998 are intended to include
the effects of defeat devices as well as the benefits of heavy-duty low-NOj rebuilds (commonly
called reflash) that occurred as the result of the heavy-duty diesel consent decree. Reflashes reduce
NOx emissions on these engines by reconfiguring certain engine calibrations, such as fuel injection
timing. The MOVES database also includes a set of alternate emission rates for model years 1991
through 1998 assuming a hypothetical fully reflashed fleet. Users with questions about the use of
these alternate emission factors should contact EPA at mobile@epa.gov.

Since defeat devices were in effect mostly during highway or steady cruising operation, we assume
that NOy emissions were elevated for only the top two speed ranges in the running exhaust
operating modes (>25mph). To modify the relevant emission rates to represent reflash programs,
we first calculated the ratios emission rates in modes 27 and 37 to that for opMode 16, for model
year 1999 (the first model year with not-to-exceed emission limits). We then multiplied the MY
1999 ratios by the emission rates in mode 16 for model years 1991 through 1998, to get estimated
“reflashed” emission rates for operating modes 27 and 37. This step is described in Equation 9 and

Equation 11. To estimated “reflashed” rates in the remaining operating modes, we multiplied
“reflashed rates by ratios of the remaining operating modes to mode 27 for MY 1991-98, as shown
in Equation 10 and Equation 12.

— Equation 9
= = F999,27
’/;'eﬂash,9lf98,27 - ’/:)1—98,16 7
Operating modes 199,16
(OM) 21-30 _
7 =7 M Equation 10
reflash,91-98,0Mx - reflash,91-98,27 —
T91-98,27
_ Equation 11
Operating modes 7 —7 $999.37
(OM) 31-40 reflash,91-98,37 — 191-98,16 ]
999,16 Equation 12
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The default emission rates were also slightly adjusted for age for the consent decree model years.
An EPA assessment shows that about 20% of all vehicles eligible for reflash had been reflashed by
the end of 2008.?' We assumed that vehicles were receiving the reflashes after the heavy-duty
diesel consent decree (post 1999/2000 calendar year) steadily, such that in 2008, about 20% had
been reflashed. We approximated a linear increase in reflash rate from age zero.

1.1.14 Sample results

The charts in this sub-section show examples of the emission rates that resulted from the analysis.
Not all rates are shown; the intention is to illustrate the most common trends and hole-filling
results. For brevity, the light-heavy duty regulatory classes are not shown, since the light-heavy
duty rates were based on medium-heavy data and follow similar trends.

In Figure 1, we see that NOx emission rates increase with STP for HHD trucks. Figure 2 adds the
MHD and bus regulatory classes, with the error bars removed for clarity. As expected, the
emissions increase with power, with the lowest emissions occurring in the idling/coasting/braking
bins.

Figure 1. Trends in NOx Emissions by operating mode from HHD trucks for model year 2002.
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The highest operating modes in each speed range will rarely be attained due to the power
limitations of heavy-duty vehicles, but are included in the figures (and in MOVES) for
completeness. Nearly all of the activity occurs in modes 0, 1, 11-16, 21-28, and 33-38, with
activity for buses and MHD vehicles usually occurring over an even smaller range. In some model
year groups, the MHD and HHD classes use the same rates, based on lack of significant differences
between those two classes’ emission rates.

Figure 2. Trends in NOx emissions by operating mode from MHD, HHD, and bus regulatory classes for model

year 2002.
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The effects of model year, representing a rough surrogate for technology or standards, can be seen
in Figure 3, which shows decreasing NOx rates by model year group for a sample operating mode
(# 24) for HHD trucks. Other regulatory classes show similar trends. The rates in this chart were
derived with a combination of data analysis (model years 1991 through 2006) and hole filling. The
trends in the data are expected, since the model year groups were formed on the basis of NOx
standards.
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Figure 3. Trends in NOx by model year for HHD trucks in operating mode 24. Increasingly stringent emissions
standards have caused NOx emissions to decrease significantly.
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Age effects were only implemented for aftertreatment-equipped trucks (mostly model year 2010
and later) based on an analysis of tampering and mal-maintenance effects. Due to faster mileage
accumulation, the heavy-heavy duty trucks reach their maximum emission at the youngest ages, as
shown in Figure 4. Coefficients of variation from previous model year groups were used to
estimate uncertainties for MY 2010.
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Figure 4. Modeled NOXx trends by age for model year 2010 for operating mode 24.
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Figure 5 shows the mean emission rates for LHD trucks for model years 2007-2009. As described
previously, this group of vehicles includes vehicles with LNTs (with NOy increases during PM
regeneration) and vehicles without any aftertreatment. The estimated uncertainties are greater than
for the other heavy-duty regulatory classes, since there were fewer vehicles in our test data.

Figure 5: Mean NOXx rates by operating mode for model years 2007-2009 LHD trucks age 0-3
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1.1.2 Particulate Matter (PM)

In this section, particulate matter emissions refers to particles emitted from heavy-duty engines
which have a mean diameter less than 2.5 microns, known as PM;s. Such particles consist of three
subtypes, including: (1) elemental carbon (EC), usually composed of black colored soot emitted
from combustion, (2) organic carbon (OC), consisting of particles of organic matter formed during
the combustion process or immediately after in the tailpipe. It does not include particles formed in
secondary reactions in the atmosphere, and (3) sulfate particulate, which formed by agglomeration
of sulfur-containing compounds formed during combustion. These subtypes are used to form the
inputs to MOVES.

As described above for NOx, the heavy-duty diesel PM emission rates in MOVES are a function
of: (1) source bin, (2) operating mode, and (3) age group.

We classified the data into the following model year groups for purposes of emission rate
development. These groups are generally based on the introduction of emissions standards for
heavy-duty diesel engines. They also serve as a surrogate for continually advancing emission
control technology on heavy-duty engines. Table 12 shows the model year group range and the
applicable brake-specific emissions standards.

Table 12. Model year groups used for analysis based on the PM emissions standard

Model Year Group Range | PM Standard [g/bhp-hr]
1960-1987 No transient cycle standard
1988-1990 0.60
1991-1993 0.25
1994-1997 0.10
1998-2006 0.10

2007+ 0.01

1.1.2.1 Data Sources

All of the data used to develop the MOVES PM2.5 emission rates was generated in the CRC E-
55/59 research program?. The following description by Dr. Ying Hsu and Maureen Mullen of E.
H. Pechan, in the“Compilation of Diesel Emissions Speciation Data — Final Report” provides a
good summary of the program. It is reproduced in the following paragraphs immediately below:

The objective of the CRC E55/59 test program was to improve the understanding of the
California heavy-duty vehicle emissions inventory by obtaining emissions from a
representative vehicle fleet, and to include unregulated emissions measured for a subset of
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the tested fleet. The sponsors of this project include CARB, EPA, Engine Manufacturers
Association, DOE/NREL, and SCAQMD. The project consisted of four segments,
designated as Phases 1, 1.5, 2, and 3. Seventy-five vehicles were recruited in total for the
program, and recruitment covered the model year range of 1974 through 2004. The number
and types of vehicles tested in each phase are as follows:

* Phase 1: 25 heavy heavy-duty (HHD) diesel trucks
* Phase 1.5: 13 HHD diesel trucks

* Phase 2: 10 HHD diesel trucks, 7 medium heavy-duty (MHD) diesel trucks,
2 MHD gasoline trucks

* Phase 3: 9 MHD diesel, 8 HHD diesel, and 2 MHD gasoline

The vehicles tested in this study were procured in the Los Angeles area, based on model
years specified by the sponsors and by engine types determined from a survey. WVU
measured regulated emissions data from these vehicles and gathered emissions samples.
Emission samples from a subset of the vehicles were analyzed by Desert Research Institute
for chemical species detail. The California Trucking Association assisted in the selection of
vehicles to be included in this study. Speciation data were obtained from a total of nine
different vehicles. Emissions were measured using WVU’s Transportable Heavy-Duty
Vehicle Emissions Testing Laboratory. The laboratory employed a chassis dynamometer,
with flywheels and eddy-current power absorbers, a full-scale dilution tunnel, heated probes
and sample lines and research grade gas analyzers. PM was measured gravimetrically.
Additional sampling ports on the dilution tunnel supplied dilute exhaust for capturing
unregulated species and PM size fractions. Background data for gaseous emissions were
gathered for each vehicle test and separate tests were performed to capture background
samples of PM and unregulated species. In addition, a sample of the vehicles received
Tapered Element Oscillating Microbalance (TEOM) measurement of real time particulate
emissions.

The HHDDTs were tested under unladen, 56,000 1b, and 30,000 Ib truck load weights. The
driving cycles used for the HHDDT testing included:

+ AC50/80;
« UDDS;

* Five modes of an HHDDT test schedule proposed by CARB: Idle, Creep, Transient,
Cruise, and HHDDT S (a high speed cruise mode of shortened duration)

* The U.S. EPA transient test

The proposed CARB HHDDT test cycle is based on California truck activity data, and was
developed to improve the accuracy of emissions inventories. It should be noted that the
transient portion of this proposed CARB test schedule is similar but not the same as the
EPA certification transient test.
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The tables below provide a greater detail of the data used in the analysis. Vehicles counts are
provided by number of vehicles, number of tests, model year group and regulatory class (46 =

MHD, 47=HHD) in Table 13.

Table 13. Vehicle and Test Counts by Regulatory Class and Model Year Group

Regulatory Class Model Year Group Number of tests | Number of vehicles
1960 - 1987 82 7
1988 - 1990 39 5

MHD 1991 - 1993 22 2
1994 - 1997 39 4
1998 - 2006 43 5
2007 + 0 0
1960 - 1987 31 6
1988 - 1990 7 2
1991 - 1993 14 2

HHD 1994 - 1997 22 5
1998 - 2006 171 18
2007 + 0 0

Counts of tests are provided by test cycle in Table 14.

1.1.2.2 Analysis

Table 14. Vehicle Test Counts by Test Cycle

Test Cycle Number of tests
CARB-T 71
CARB-R 66
CARB-I 42
UDDS W 65
AC5080 42
CARB-C 24
CARBCL 34
MHDTCS 63
MHDTLO 23
MHDTHI 24
MHDTCR 29

1.1.2.2.1 Calculate STP in 1-hz data

Within source bins, data was further sub-classified on the basis of operating mode. For motor

vehicles, 23 operating modes are defined in terms of scaled tractive power (STP), vehicle speed and
vehicle acceleration. These modes are defined above in Table 9.
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The first step in assigning operating mode is to calculate scaled tractive power (STP) for each
emissions measurement. At a given time ¢, the instantaneous STP, represents the vehicle’s tractive
power scaled by a constant factor. STP is calculated as a third-order polynomial in speed, with
additional terms describing acceleration and road-grade effects. The coefficients for this
expression, often called road load coefficients, factor in the tire rolling resistance, aerodynamic
drag, and friction losses in the drivetrain. We calculated STP using the equation below:

Av, + Bv} +Cv} +mv,a, _
STP, = Equation 13

f scale

where
A = the rolling resistance coefficient [kW-sec/m],
B = the rotational resistance coefficient [kW-sec*/m?],
C = the acrodynamic drag coefficient [kW-sec’/m’],
m = mass of individual test vehicle [metric ton],
fscate = fixed mass factor (see Table 8),
v, = instantaneous vehicle velocity at time ¢ [m/s],

. . . 2
a, = instantaneous vehicle acceleration [m/s”]

The values of coefficients 4, B, and C are the road load coefficients pertaining to the heavy-duty
vehicles” as determined through previous analyses for EPA’s Physical Emission Rate Estimator
(PERE). This method of calculating STP calculates tractive power using the same equation used to
calculate vehicle-specific power (VSP) in the development of emission rates for light-duty vehicles
except that the scaling factor is used in the denominator, instead of the actual test weights of
individual vehicles™”.

Note that this approach differs from that described above the NOx emission rate analysis since the
particulate data was collected on a chassis dynamometer from vehicles lacking electronic control
units (ECU). Grade effects are not explicitly included in either case because grade does not come
into play in chassis dynamometer tests, and it is already accounted for if STP is calculated through
engine speed and torque from the engine control unit.

We have not formally compared the results of the two methods of calculating STP. However, on
average, we did find the operating-mode distributions to be similar between the two calculation
methods for a given vehicle type. For example, we found that the maximum STP in each speed
range was approximately the same.
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1.1.2.2.2

Compute Normalized TEOM Readings

The TEOM readings were obtained for a subset of tests in the E-55/59 test program. Only 29
vehicles had a full complement of 1-hz TEOM measurements. However, the continuous particulate
values were modeled for the remaining vehicles by Nigel Clark of West Virginia University, and
results provided to EPA. In the end, a total of 56 vehicles (out of a total of 75) and 470 tests were
used in the analysis out of a possible 75 vehicles. Vehicles and tests were excluded if the total
TEOM PM2.5 reading was negative or zero, or if corresponding full-cycle filter masses were not
available. Table 15 provides vehicle and test counts by vehicle class and model year. The HDDV6
and HDDV7 groups were combined in the table because there were only seven HDDV6 vehicles in

the study.

Table 15 Vehicle and Test Counts by Heavy-Duty Class and Model Year

Model Year HDDV6/7 HDDV8

No. Vehicles No. Tests No. Vehicles No. Tests
1969 1 6
1974 1 10
1975 2 10
1978 1 5
1982 1 5
1983 1 10 1 6
1985 1 28 1 10
1986 1 3 1 4
1989 2 11 1 4
1990 1 12 1 3
1992 1 11 1 11
1993 1 11 1 3
1994 1 9 3 15
1995 2 24 3 13
1998 2 20 3 28
1999 3 43
2000 2 18 5 44
2001 1 5 2 21
2004 4 29
2005 1 6

Since the development of MOVES emission rates is cycle independent, all available cycles / tests

which met the above requirements were utilized. As a result, 488,881 seconds of TEOM data were
used. The process required that each individual second by second TEOM rate be normalized to its
corresponding full-cycle filter mass, available for each combination of vehicle and test. This step
was necessary because individual TEOM measurements are highly uncertain and vary widely in
terms of magnitude (extreme positive and negative absolute readings can occur). The equation
below shows the normalization process for a particular one second TEOM measurement.
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normalized, i, J TEOM, j,i Equation 14

ZPMTEOM,:’

Where
i = an individual 1-Hz measurement (g/sec),
j = an individual test on an individual vehicle,
PMrEour ;i = an individual TEOM measurement on vehicle j at second 7,
PMjy.r; = the Total PM2.5 filter mass on j,

PM 0rmaiizeqij = an estimated continuous emission result (PM2.5) emission result on vehicle j
at second i.

1.1.2.2.3 Compute Average Normalized TEOM measures by MOVES Bin

After normalization, the data were classified by regulatory class, model-year group and the 23
operating modes. Mean average results, sample sizes and standard deviation statistics for PM2.5
emission values were computed in terms of g/hour for each mode. In cases where the vehicle and
TEOM samples were sufficient for a given mode, these mean values were adopted as the MOVES
emission rates for total PM2.5. In cases of insufficient data for particular modes, a regression
technique was utilized to impute missing values.

1.1.2.2.4 Hole filling and Forecasting
1.1.2.2.4.1 Missing operating modes

Detailed in Appendix A.4 Developing PM emission rates for missing operating modes , a log-linear
regression was performed on the existing PM data against STP to fill in emission rates for missing
operating mode bins. Similar to the NOx rates, emission rates were extrapolated for the highest
STP operating modes.

1.1.2.2.42  Other Regulatory Classes

The TEOM data was only available in quantity for MHD and HHD classes. There were no data
available for the LHD or bus classes. Thus, rates for these vehicle classes were computed using
simple multiplicative factors based either on engine work ratios or PM emission standards (i.e.,
buses versus heavy trucks). The LHD classes’ emission rates were set as a ratio of the MHD
emission rates, and bus (class 48) emission rates were proportioned to HHD rates.

Because the certification standards in terms of brake horsepower-hour (bhp-hr) are the same for all
of the heavy-duty engines, the emission rates of LHD2b3 are assumed to be equal to 0.46 * MHD
emission rates. The emission rate of LHD45 is assumed to be 0.60 * MHD emission rate.

LHD2b3 emission rate = 0.46 * MHD emission rate
LHD45 emission rate = 0.60 * MHD emission rate
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The values of 0.46 and 0.60 are the ratios of the MOBILE6.2 heavy-duty conversion factors® (bhp-
hr/mile) for the lighter trucks versus the MHD trucks. These are ratios of the relative amount of
work performed by a lighter truck versus a heavier truck for a given distance.

Urban Bus (Class48) emission rates are assumed to be either the same as the HHD emission rates,
or for some selected model year groups, to be a ratio of the EPA certification standards:

1991 — 1993 model years Bus Emissions = (0.40) * HHD emissions
1994 — 1995 model years Bus Emissions = 0.70 * HHD emissions
1996 — 2006 model years Bus Emissions = 0.50 * HHD emissions

1.1.2.2.4.3 Model year 2007 and later trucks (with diesel particulate filters)

EPA heavy-duty diesel emission regulations were made considerably more stringent for total
PM2.5 emissions starting in model year 2007. Ignoring phase-ins and banking and trading issues,
the basic emission standard fell from 0.1 g/bhp-hr to 0.01 g/bhp-hr. This increase by a factor of ten
in the level of regulatory stringency required the use of particulate trap systems on heavy-duty
diesels. As a result, we expect the emission performance of diesel vehicles has changed
dramatically.

Unfortunately, no continuous TEOM data were available for analysis on the 2007 and later model-
year vehicles. However, heavy and medium heavy-duty diesel PM2.5 data are available from the
EPA engine certification program on model years 2003 through 2007. These data provide a
snapshot of new engine emission performance before and after the introduction of particulate trap
technology in 2007. The existence of these data makes it possible to determine the relative
improvement in PM emissions from model years 2003 through 2006 to model year 2007. This
same relative improvement can then be applied to the existing, TEOM based, 1998-2006 model
year PM emission factors to estimate in-use factors for 2007 and later vehicles.

An analysis of the available certification data is shown in Table 16 below. It suggests that the
actual ratio of improvement due to the particulate trap is reduction of a factor of 27.7. This factor
is considerably higher than the relative change in the certification standards, i.e., a factor of 10.
The reason for the change is that the new trap equipped vehicles certify at emission levels which
are much lower than the standard and thus create a much larger ‘margin of safety’ than previous
technologies could achieve.

As an additional check on the effectiveness of the trap technology EPA conducted some limited in-
house testing of a Dodge Ram truck, and carefully reviewed the test results from the CRC
Advanced Collaborative Emission Study (ACES) phase-one program, designed to characterize
emissions from diesel engines meeting 2007 standards. The limited results from these studies
demonstrate that the effectiveness of working particulate traps is very high. The interested reader
can review the ACES report.”
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Table 16 shows average certification results for model years 2003-2007. Average ratio from MYs 2003-2006 to
MY 2007 is 27.7.

Mean
Certification Model Year (g/bhp-hr) | St. Dev. n
2003 0.08369 0.01385 91
2004 0.08783 0.01301 59
2005 0.08543 0.01440 60
2006 0.08530 0.01374 60
2007 0.00308 0.00228 21

1.1.2.2.5 Tampering and Mal-maintenance

The MOVES model contains assumptions for the frequency and emissions effect of tampering and
mal-maintenance on heavy-duty diesel trucks and buses. The assumption of tampering and mal-
maintenance (T&M) of heavy-duty diesel vehicles is a departure from the MOBILE6.2 model
which assumed such vehicles operated from build to final scrappage at a design emission level
which was lower than the prevailing EPA emission standards. Both long term anecdotal data
sources and more comprehensive studies now suggest that the assumption of no natural
deterioration and/or no deliberate tampering of emission control components in the heavy-duty
diesel fleet was likely an unrealistic assumption, particularly with the transition to emission
aftertreatment devices with the 2007/2010 standards

The primary data set was collected during a limited calendar year period, yet MOVES requires data
from a complete range of model year/age combinations. As a result, the T&M factors shown below
in Table 17 were used to forecast or back-cast the basic PM emission rates to predict model year
group and age group combinations not covered by the primary data set. For example, for the 1981
through 1983 model year group, the primary dataset contained data which was in either the 15 to 19
or the 20+ age groups. However, for completeness, MOVES must have emission rates for these
model years for ageGroups 0-3, 4-5, 6-7, etc. As a result, unless we assume that the higher
emission rates which are were measured on the older model year vehicles have always prevailed —
even when they were young, a modeling approach such as T&M must be employed. Likewise,
more recent model years could only be tested at younger ages. The T&M methodology used in the
MOVES analysis allows for the filling of age — model year group combinations for which no data
is available.

One criticism of the T&M approach is that it may double count the effect of T&M on the fleet
because the primary emission measurements, and base emission rates, were made on in-use
vehicles that may have had some maintenance issues during the testing period. This issue would be
most acute for the 2007 and later model year vehicles where all of the deterioration is subject to
projection. However, for this model year group of vehicles, the base emission rates start at low
levels, and represent vehicles that are virtually free from T&M.

We followed the same tampering and mal-maintenance methodology and analysis for PM as we did
for NOx, as described in Appendix A.2 Tampering and Mal-maintenance. The overall MOVES
tampering and mal-maintenance effects on PM emissions over the fleet’s useful life are shown in
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Table 17. The value of 89 percent for 2010+ model years reflects the projected effect of heavy-
duty on-board diagnostic deterrence/early repair of Tampering and Mal-maintenance effects. It is
an eleven percent improvement from model years which do not have OBD (i.e., 2007-2009).

Table 17. Estimated increases in HC and CO emissions attributed to Tampering and mal-maintenance over the
useful life of Heavy-Duty Vehicles.

Model Year Group Percent 'r][gr_‘?_agjvlln PM due
Pre-1998 85
1998 - 2002 74
2003 —2006 48
2007 — 2009 100
2010 + 89
1.1.2.2.6 Computation of Elemental Carbon and Organic Carbon Emission Factors

The MOVES model reports Total PM2.5 emissions according to three species. These include
Elemental Carbon (EC), Organic Carbon (OC) and sulfate. In the results of a MOVES run, Total
PM2.5 is the sum of these three constituents. During rate development, the process is reversed, and
both EC and OC are computed directly from the total PM2.5 emissions using multiplicative factors.

Elemental Carbon is generally the black ‘soot’ that is often visible in engine exhaust. Organic
Carbon generally includes organic particles of large molecular compounds and metals. Sulfate is
computed using a fuel sulfur balance (see the report “Development of Gasoline and Diesel Vehicle
Sulfate and SO2 Emissions for the MOVES Model” for details). Total PM2.5 as computed by
MOVES includes EC, OC and sulfate emissions. Gaseous sulfur dioxide is also part of the fuel
sulfur balance, and is reported by the MOVES model. It is not considered a particulate in the
MOVES model, but can react in the atmosphere to form secondary particulate.

Since the fuel sulfur levels in the underlying studies were not generally known, but believed to be
small (about 1 percent or less), sulfate emissions were ignored in the total PM2.5 emission levels.
As a result, total PM2.5 in this analysis was assumed to be comprised of only EC and OC.

PM,,=EC+0OC Equation 15

Dividing both sides by PM2.5 and rearranging gives
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oC EC

1.0———

2.5

Thus, the OC fraction = 1.0 — EC fraction

The final EC fractions used in MOVES for pre-2007 model year trucks (i.e. before diesel
particulate filters (DPFs) were standard) are shown in Figure 6. These vary according to regulatory
class and MOVES operating mode. They typically range from 25 percent at low loads (low STP)
to over 90 percent at highly loaded modes. All of the EC fractions were developed in a separate
analysis and are documented in Appendix A.5. The primary dataset used in the analysis came from
Kweon et al. (2004) where particulate composition and mass rate data were collected on a
Cummins N14 series test engine over the CARB eight-mode engine test cycle. The EPA PERE
model and a Monte Carlo approach were used to simulate and translate the primary PM emission
results into MOVES parameters (i.e., operating modes).

Equation 16

Figure 6. Elemental Carbon fraction by operating mode for pre-DPF-equipped trucks.
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A different methodology was used to compute EC factors for 2007 and later model year, DPF-
equipped vehicles. For these vehicles it is believed that virtually all of the particulate that is
emitted from the tailpipe will be OC and that only a modest fraction will be EC. The traps are
designed to capture virtually all of the carbon. Potentially, small amounts of OC and sulfate may
escape. This is essentially the opposite of the non-trap equipped heavy-duty diesel vehicles where
the total PM2.5 is dominated by EC. Unfortunately, only limited particulate data exists on trap
equipped vehicles. These data are based on particulate-matter bound ionic species and EC/OC
emissions data from a few trap equipped buses and a heavy-duty tractor. The data were extracted
and a simple average computed from a published source.”’ Based on the date of the paper, it is
likely that all of the diesel vehicle/trap systems were prototypes. Extraction of data from the paper
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yielded a single factor which will be applied to all regulatory types and operating modes for 2007
and later diesel trucks and buses. This factor is the elemental carbon fraction. Table 18
summarizes the EC and OC fractions estimated from the paper. These fractions were used for all
operating mode bins for model years 2007 and later heavy-duty vehicles.

Table 18 shows EC and OC fractions used for DPF-equipped heavy-duty diesel vehicles.

EC fraction 0.0861

OC fraction | 1— ECfraction=0.9139

As additional data become available, EPA will probably revise the EC Fraction used in MOVES
for these vehicles.

Temperature Correction Factors

The draft MOVES model released in March 2009 did not contain temperature correction factors for
PM2.5 emissions from heavy-duty diesel vehicles. This absence of temperature correction factors
does not imply that EPA believes that heavy-duty diesel vehicle PM emissions are insensitive to
temperature effects. In fact, it is quite likely that the reverse is true. Both running and start PM
emissions from at least non-trap equipped vehicles are sensitive to temperature. However, EPA at
this time cannot adequately quantify such emission effects, and is currently using a multiplicative
placeholder value of 1.0 as the temperature correction factor. EPA will update the MOVES model
when sufficient data on diesel temperature correction factors is available for analysis and inclusion
in the model.

1.1.2.3 Sample results

Figure 7 and Figure 8 show how PM rates increase with STP. As with the NOy plots, the highest
operating modes in each speed range will rarely be attained due to the power limitations of heavy-
duty vehicles, but are included in the figures for completeness. At high speeds (greater than 50
mph; operating modes > 30), the overall PM rates are lower than the other speed ranges. For pre-
2007 model years the PM rates are dominated by EC. With the introduction of DPFs in model year
2007, we anticipate large reductions in overall PM rates and that the remaining PM will be
dominated by OC.
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Figure 7. Particulate Matter rates by operating mode representing Heavy heavy-duty vehicles (model year 2002
at age 0-3 years).
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Figure 8. Particulate Matter rates by operating mode for Heavy heavy-duty vehicles (model year 2007 at age 0-
3 years).
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Figure 9 shows an example of how tampering and mal-maintenance estimates increase PM with
age. The EC/OC proportion does not change by age, but the overall rate increases and levels off
after the end of useful life. This figure shows the age effect for MHD. The rate at which emissions
increase toward their maximum depends on regulatory class.
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Figure 9. Particulate Matter rates by age group for Medium heavy-duty vehicles (model year 2002, operating
mode 24).
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Figure 10 shows the effect of model year on emission rates. Emissions generally decrease with
new PM standards. The EC fraction stays constant until model year 2007, when it is reduced to
nearly zero due to widespread DPF use. The overall PM level is substantially lower starting in
model year 2007. The emission rates shown here for earlier model years are an extrapolation of
the T&M analysis since young-age engines from early model years could not be tested in the E-55
program.
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Figure 10. Particulate Matter rates for Heavy heavy-duty vehicles by model year group (age 0-3 years,
operating mode 24).
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1.1.3 Hydrocarbons (HC) and Carbon Monoxide (CO)

Diesel engines account for a substantial portion of the mobile source HC or CO emission
inventories. Recent regulations on non-methane hydrocarbons (NMHC) (sometimes in conjunction
with NOx) combined with the common use of diesel oxidation catalysts will yield reductions in
both HC and CO emissions from heavy-duty diesel engines. As a result, data collection efforts do
not focus on HC or CO from heavy-duty engines. In this report, hydrocarbons are sometimes
referred to as total hydrocarbons (THC).

We used certification levels combined with emissions standards to develop appropriate model year
groups. Since standards did not change frequently in the past for either HC or CO, we created
fewer model year groups than we did from NOx and PM. The HC/CO model year groups are:

* 1960-1989
* 1990-2006
e 2007+

1.1.3.1 Data Sources

The heavy-duty diesel HC and CO emission rate development followed a methodology that
resembles the light-duty methodology, where emission rates were calculated from 1-hz data
produced from chassis dynamometer testing. Data sources were all heavy-duty chassis test
programs:

1. CRC E-55/59%: Mentioned earlier, this program represents the largest volume of heavy-
duty emissions data collected from chassis dynamometer tests. All tests were used, not just
those using the TEOM. Overall, 75 trucks were tested on a variety of drive cycles. Model
years ranged from 1969 to 2005, with testing conducted by West Virginia University from
2001 to 2005.

2. Northern Front Range Air Quality Study (NFRAQS)?®: This study was performed by
the Colorado Institute for Fuels and High-Altitude Engine Research in 1997. Twenty-one
HD diesel vehicles from model years 1981 to 1995 selected to be representative of the in-
use fleet in the Northern Front Range of Colorado were tested over three different transient
drive cycles.

3. New York Department of Environmental Conservation (NYSDEC)?°: NYSDEC
sponsored this study to investigate the nature and extent of heavy-duty diesel vehicle
emissions in the New York Metropolitan Area. West Virginia University tested 25 heavy-
heavy and 12 medium-heavy duty diesel trucks under transient and steady-state drive
cycles.

4. West Virginia University: Additional historical data collected on chassis
dynamometers by WVU is available in the EPA Mobile Source Observation Database.

The on-road data used for the NOx analysis was not used since HC and CO were not collected in
the MEMS program, and the ROVER program used the less accurate non-dispersive infrared
(NDIR) technology instead of flame-ionization detection (FID) to measure HC. To keep HC and
CO data sources consistent, we used chassis test programs exclusively for the analysis of these two
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pollutants. Time-series alignment was performed using a method similar to that used for light-duty

chassis test data. The numbers of vehicles in the data sets are shown in Table 19.

Table 19 Numbers of vehicles by model year group, regulatory class, and age group .

Model year group | Regulatory class Age group
0-3| 45| 6-7| 89| 10-14 | 15-19 | 20+
HHD 581 19| 16 9 16 6 7
MHD 9 6 5 4 12 15 6
1960-2002 Bus 26 1 3
LHD45 2 1
LHD2b3 6
2003-2006 HHD
1.1.3.2 Analysis

As for PM, STP was calculated using an equation similar to the light-duty VSP equation, but
normalized with average regulatory class weight instead of test weight, as described by Equation
17.

Av + BV +Cv +mva
STP, =— : : N Equation 17

f;cale

The track road-load coefficients 4, B, and C pertaining to heavy-duty vehicles” were estimated
through previous analyses for EPA’s Physical Emission Rate Estimator (PERE). *!

Using a method similar to that used in the NOx analysis, we averaged emissions by vehicle and
operating mode. We then averaged across all vehicles by model year group, age group, and
operating mode. Estimates of uncertainty for each mean rate were calculated using the same
equations and methods used in development of the NOx rates.Instead of using our results to
directly populating all the emission rates, we directly populated only the age group that was most

prevalent in each regulatory class and model year group combination. These age groups are shown

in Table 20.

Table 20. Age groups used directly in MOVES emission rate inputs for each regulatory class and model year
group present in the data.

Regulatory class Model year group Age group
HHD 1960-2002 0-3

HHD 2003-2006 0-3

MHD 1960-2002 15-19
BUS 1960-2002 0-3
LHDA41 1960-2002 0-3

37



We then applied tampering and mal-maintenance effects through that age point, either lowering
emissions for younger ages or raising them for older ages, using the methodology described in

Appendix A.2 Tampering and Mal-maintenance. The tampering and mal-maintenance effects for
HC and CO are shown in Table 21.

Table 21 Tampering and mal-maintenance effects for HC and CO over the useful life of trucks.

Model years IncreEasg in_ HC and CO
missions (%)
Pre-2003 300
2003-2006 150
2007-2009 150
2010 and later 33

We multiplied these increases by the T&M adjustment factors in Table 37 in section 4.2.3
Analysis to get the emissions by age group.

With the increased use of diesel oxidation catalysts (DOCs) in conjunction with DPFs, we assume
an 80% reduction in zero-mile emission rates for both HC and CO starting with model year 2007.

1.1.3.3 Sample results

The charts in this sub-section show examples of the emission rates that derived from the analysis
described above. Not all rates are shown; the intent is to illustrate the most common trends and
hole-filling results. For simplicity, the light-heavy duty regulatory classes are not shown, but since
the medium-heavy data were used for much of the light-heavy duty emission rate development, the
light-heavy duty rates follow similar trends. Uncertainties were calculated as for NOXx.

In Figure 11 and Figure 12, we see that HC and CO mean emission rates increase with STP, though
there is much higher uncertainty than for the NOx rates. This pattern could be due to the smaller
data set or may truly reflect a less direct correlation between HC,CO and STP. In these figures, the
data for HHD and bus classes were combined to generate one set of rates for HHD and buses.
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Figure 11
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Figure 12. CO emission rates [g/hr] by operating mode for model year 2002 and age group 0-3.
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Figure 13 and Figure 14 show HC and CO emission rates by age group. Due to our projections of

T&M effects, there are large increases as a function of age. Additional data collection would be
valuable to determine if real-world deterioration effects are consistent with those in the model,
especially in model years where diesel oxidation catalysts are most prevalent (2007 and later).

Figure 13. THC emission rates [g/hr] by age group for model year 2002 and operating mode 24.
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Figure 14. CO emission rates [g/hr] by age group for model year 2002 and operating mode 24.
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Figure 15 and Figure 16 show sample HC and CO emission rates by model year group. The two
earlier model year groups are relatively similar. The rates in the model year group reflect the use of
diesel oxidation catalysts. Due to the sparseness of the data and the fact that HC and CO emission
do not correlate as well with STP (or power) as NOx and PM do, uncertainties are much greater.
Rates from HHD regulatory class were used for buses. All regulatory classes have the same rates
for model years 2003 and later.
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Figure 15. THC emission rates by model year group for operating mode 24 and age group 0-3.
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Figure 16. CO emission rates by model year group for operating mode 24 and age group 0-3.
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1.1.4 Energy

The new data used to develop NOy rates also allowed us to develop new running-exhaust energy
rates. These were based on the same data, STP structure and calculation steps as in the NOx
analysis; however, unlike NOy, we did not classify the energy rates by model year or by age,
because neither variable had a significant impact on energy rates or CO,.
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As for previous versions of MOVES, CO, emissions were used as the basis for calculating energy
rates. To calculate energy rates [kJ/hour] from CO, emissions, we used a heating value (HV) of
138,451 kJ/gallon and CO, fuel-specific emission factor (fco,) of 10,084 g/gallon for diesel fuel.

_ _  HV

renergy - rCOZ Equation 18
Jeo,

This analysis updates the running-exhaust energy rates estimated for MOVES2004 for diesel HHD,
MHD, and bus regulatory classes.'’ The revised inputs are shown in Figure 17.

Figure 17 — Diesel running exhaust energy rates for MHD, HHD, and buses.
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Compared to other emissions, the uncertainties in the energy rates are smaller in part because there
is no classification by age, model year, or regulatory class. Thus, the number of vehicles used to
determine each rate is larger, providing for a greater certainty of the mean energy rate.
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1.2 Start Exhaust Emissions

The ‘start’ process occurs when the vehicle is started and is operating in some mode in which the
engine is not fully warmed up. For modeling purposes, we define start emissions as the increase in
emissions due to an engine start. That is, we use the difference in emissions between a test cycle
with a cold start and the same test cycle with a hot start. There are also eight intermediate stages
which are differentiated by soak time length (time duration between engine key off and engine key
on), between a cold start (> 720 minutes of soak time) and a hot start FTP (< 6 minutes of soak
time). More details on how start emission rates are calculated as a function of soak time can be
found later in this section and in the MOVES light-duty emission rate counterpart document
Development of Emission Rates for Light-Duty Vehicles in the Motor Vehicle Emissions Simulator.
Start exhaust energy rates were not updated from previous MOVES analyses.

1.2.1 HC, CO, and NOx

For light-duty vehicles, start emissions are estimated by subtracting FTP bag 3 emissions from FTP
bag 1 emissions. Bag 3 and Bag 1 are the same dynamometer cycle, except that Bag 1 starts with a
cold start, and Bag 3 starts with a hot start. A similar approach was performed for LHD vehicles
tested on the FTP and STO1 cycles, which also have separate bags containing cold and hot start
emissions over identical drive cycles. Data from 21 vehicles, ranging from model years 1988 to
2000, were analyzed. No classifications were made for model year or age due to the limited
number of vehicles. The results of this analysis for HC, CO, and NOx are shown in Table 22:

Table 22 shows average start emissions increases for light-heavy duty vehicles (g).

HC CO | NOx

0.13 | 1.38 1.68

For HHD and MHD trucks, data were unavailable. To provide at least a minimal amount of
information, we measured emissions from a 2007 Cummins ISB on an engine dynamometer at the
EPA National Vehicle and Fuel Emissions Laboratory in Ann Arbor, Michigan. Among other idle
tests, we performed a cold start idle test at 1,100 RPM lasting four hours, long enough for the
engine to warm up. Essentially, the “drive cycle” we used to compare cold start and warm
emissions was the idle cycle, analogous to the FTP and STO1 cycles used for LHD vehicles.
Emissions and temperature stabilized about 25 minutes into the test. The emission rates through
time are shown in Figure 18. The biggest drop in emission rate through the test is with CO,
whereas there is a slight increase in NOx (cold start NOx is lower than hot start NOx), and an
insignificant change in HC.
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Figure 18. Trends in the stabilization of idle emissions from a diesel engine following a cold start . Data were
collected from a 2007 Cummins ISB measured on an engine dynamometer.
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We calculated the area under each trend for the first 25 minutes and divided by 25 minutes to get
the average emission rate during the cold start idle portion. Then, we averaged the data for the
remaining portion of the test, or the warm idle portion. The difference between cold start and
warm start is in Table 23. The NOx increment is negative since cold start emissions are lower than
warm start emissions.

Table 23. Cold-start emissions increases in grams on the 2007 Cummins ISB.

HC CO | NOx

0.0 16.0 23

We also considered data from University of Tennessee™°, which tested 24 trucks with PEMS at
different load levels during idling. Each truck was tested with a cold start going into low-RPM idle
with air-conditioning on. We integrated the emissions over the warm-up period to get the total cold
start idling emissions. We calculated the hot-start idling emissions by multiplying the reported
warm idling rate by the stabilization time. We used the stabilization period from our engine
dynamometer tests (25 minutes). Then we subtracted the cold-idle emissions from the warm idle
emissions to estimate the cold start increment. We found that several trucks produced lower NOx
emissions during cold start (similar to our own work), and several trucks produces higher NOx
emissions during cold start. Due to these conflicting results, and the recognition that many factors
affect NOx emission during start (e.g. air-fuel ratio, injection timing, etc), we set the cold-start
increment to zero. Table 24 shows our final MOVES inputs for HHD and MHD diesel start
emissions increases. The HC and CO estimates are from our 2007 MY in-house testing.
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Table 24 MOVES inputs for HHD and MHD start emissions(grams/start).

HC CO | NOx

0.0 16.0 0.0

1.2.2 Particulate Matter

Data for particulate start emissions from heavy-duty vehicles are rare. Typically, heavy-duty
vehicle emission measurements are performed on fully warmed up vehicles. These procedures
bypass the engine crank and early operating periods when the vehicle is not fully warmed up.

Data from engine dynamometer testing performed on one heavy-heavy-duty engine, using the FTP
cycle with particulate mass collected on filters. The engine was manufactured in MY2004. The
cycle was repeated six times, under both hot and cold start conditions (two tests for cold start and
four replicate tests for hot start). The average difference in PM2.5 emissions (filter measurement -
FTP cycle) was 0.10985 grams. The data are shown here:

Cold start FTP average = 1.9314 g PM2.5
Warm start FTP average = 1.8215 g PM2.5
Cold start — warm start = 0.1099 g PM2.5

We applied this value to 1960 through 2006 model year vehicles. A corresponding value of
0.01099 g was used for 2007 and later model year vehicles (90% reduction due to DPFs). We plan
to update this valuewhen more data becomes available.

1.2.3 Adjusting Start Rates for Soak Time

The discussion to this point has concerned the development of rates for cold-start emissions. In
addition, it was necessary to derive rates for additional operating modes that account for varying
(shorter) soak times. As with light-duty vehicles, we accomplished this step by applying soak
fractions. As no data are available for heavy-duty vehicles, we applied the same fractions used for
light-duty emissions. Table 25 describes the different start-related operating modes in MOVES as
a function of soak time. The value at 720 min (12 hours) represents cold start. These modes are
not related to the operating modes defined in Table 9, which are for running exhaust emissions.

46



Table 25. Operating modes for start emissions (as a function of soak time)

Operating Mode Description
101 Soak Time < 6 minutes
102 6 minutes <= Soak Time < 30 minutes
103 30 minutes <= Soak Time < 60 minutes
104 60 minutes <= Soak Time < 90 minutes
105 90 minutes <= Soak Time < 120 minutes
106 120 minutes <= Soak Time < 360 minutes
107 360 minutes <= Soak Time < 720 minutes
108 720 minutes <= Soak Time

The soak fractions we used for HC, CO, and NOx are illustrated in Figure 19 below. (Although,
since our current estimate for NOx starts is zero, the NOx fractions are currently irrelevant.)

Figure 19. Soak Fractions Applied to Cold-Start Emissions (opModelD = 108) to Estimate Emissions for
shorter Soak Periods (operating modes 101-107).
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The actual PM start rates by operating mode are given in Table 26 below.



Table 26. Particulate Matter Start Emission Rates by Operating Mode (soak fraction).

Operating Mode PM21.S 6(g_rza(r)13)s6 pf/lr ;tart) PM2.52(0g0ra71Ti/i)§r start)
101 0.0000 0.00000
102 0.0009 0.00009
103 0.0046 0.00046
104 0.0092 0.00092
105 0.0138 0.00138
106 0.0183 0.00183
107 0.0549 0.00549
108 0.1099 0.01099

1.3 Extended Idling Exhaust Emissions

In the MOVES model, extended idling is "discretionary" idle operation characterized by idle
periods more than an hour in duration, typically overnight, including higher engine speed settings
and extensive use of accessories by the vehicle operator. Extended idling most often occurs during
long layovers between trips by long-haul trucking operators where the truck is used as a residence,
and 1s sometimes referred to as "hotelling." The use of accessories such as air conditioning systems
or heating systems will affect emissions emitted by the engine during idling. Extended idling by
vehicles will also allow cool-down of the vehicle’s catalytic converter system or other exhaust
emission after-treatments, when these controls are present. Extended idle is treated as a separate
emission process in MOVES.

Extended idling does not include vehicle idle operation which occurs during normal road operation,
such as the idle operation which a vehicle experiences while waiting at a traffic signal or during a
relatively short stop, such as idle operation during a delivery. Although frequent stops and idling
can contribute to overall emissions, these modes are already included in the normal vehicle hours
of operation. Extended idling is characterized by idling periods that last hours, rather than minutes.

In the MOVES model, diesel long-haul combination trucks are the only sourceType assumed to
have any significant extended idling activity. As a result, an estimate for the extended idling
emission rate has not been made for any of the other source use types modeled in MOVES.

1.3.1 Data Sources

The data used in the analysis of extended idling emission rates includes idle emission results from
several test programs conducted by a variety of researchers at different times. Not all of the studies
included all the pollutants of interest. The references contain more detailed descriptions of the data
and how the data was obtained.

e Testing was conducted on twelve heavy-duty diesel trucks and twelve transit buses in
Colorado (McCormick)®'. Ten of the trucks were Class 8 heavy-duty axle semi-tractors,
one was a Class 7 truck, and one of the vehicles was a school bus. The model year ranged
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from 1990 through 1998. A typical Denver area wintertime diesel fuel (NFRAQS) was
used in all tests. Idle measurements were collected during a 20 minute time period. All
testing was done at 1,609 meters above sea level (high altitude).

Testing was conducted by EPA on five trucks in May 2002 (Lim)*>. T he model years
ranged from 1985 through 2001. The vehicles were put through a battery of tests including
a variety of discretionary and non-discretionary idling conditions.

Testing was conducted on 42 diesel trucks in parallel with roadside smoke opacity testing in
California (Lambert)™. All tests were conducted by the California Air Resources Board
(CARB) at arest area near Tulare, California in April 2002. Data collected during this
study were included in the data provided by IdleAire Technologies (below) that was used in
the analysis.

A total of 63 trucks (nine in Tennessee, 12 in New York and 42 in California) were tested
over a battery of idle test conditions including with and without air conditioning (Irick)™.
Not all trucks were tested under all conditions. Only results from the testing in Tennessee
and New York are described in the IdleAire report. T he Tulare, California, data are
described in the Clean Air Study cited above. All analytical equipment for all testing at all
locations was operated by Clean Air Technologies.

Fourteen trucks were tested as part of a large Coordinating Research Council (CRC) study
of heavy duty diesel trucks with idling times either 900 or 1,800 seconds long (Gautam)®’.

The National Cooperative Highway Research Program (NCHRP)®® obtained the idling
portion of continuous sampling during transient testing was used to determine idling
emission rates on two trucks.

A total of 33 heavy-duty diesel trucks were tested in an internal study by the City of New
York (Tang)”’. The model years ranged from 1984 through 1999. One hundred seconds of
idling were added at the end of the WVU five-mile transient test driving cycle.

A Class 8 F reightliner Century with a 1999 e ngine was tested using EPA's on-road
emissions testing trailer based in Research Triangle Park, North Carolina (Broderick)™®.
Both short (10 minute) and longer (five hour) measurements were made during idling.
Some testing was also done on three older trucks.

Five heavy-duty trucks were tested for particulate and NOx emissions under a variety of
conditions at Oak Ridge Laboratories (Story)*”. These are the same trucks used in the EPA
study (Lim).

The University of Tennessee tested 24 1992 t hrough 2006 model year heavy duty diesel
trucks using a variety of idling conditions including variations of engine idle speed and load
(air conditioning)30.

1.3.2 Analysis

EPA estimated mean emission rates during extended idling operation for particulate matter (PM),

oxides of nitrogen (NOx), hydrocarbons (HC), and carbon monoxide (CO). This analysis used all

of the data sources referenced above. This update reflects new data available since the initial

development of extended idle emissions for the MOVES model. The additions include the testing
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at Research Triangle Park (Broderick), the University of Tennessee study (Calcagno), and the
completed E-55/59 study conducted by WVU and CRC. In addition, the data was separated by
truck and bus and by idle speed and accessory usage to develop an emission rate more
representative of extended idle rates.

The important conclusion from the 2003 analysis was that factors affecting engine load, such as
accessory use, and engine idle speed are the important parameters in estimating the emission rates
of extended idling. The impacts of most other factors, such as engine size, altitude, model year
within MOVES groups, and test cycle are negligible. This makes the behavior of truck operators
very important in estimating the emission rates to assign to periods of extended idling.

The use of accessories (air conditioners, heaters, televisions, etc.) provides recreation and comfort
to the operator and increases load on the engine. There is also a tendency to increase idle speed
during long idle periods for engine durability. The emission rates estimated for the extended idle
pollutant process assume both accessory use and engine idle speeds set higher than used for "curb"
(non-discretionary) idling.

The studies focused on three types of idle conditions. The first is considered a curb idle, with low
engine speed (<1,000 rpm) and no air conditioning. The second is representative of an extended
idle condition with higher engine speed (>1,000 rpm) and no air conditioning. The third represents
an extended idle condition with higher engine speed (>1,000 rpm) and air conditioning.

The idle emission rates for heavy duty diesel trucks prior to the 1990 model year are based on the
analysis of the 18 trucks from 1975-1990 model years used in the CRC E-55/59 study and one
1985 truck from the Lim study. The only data available represents a curb idle condition. No data
was available to develop the elevated NOx emission rates characteristic of higher engine speed and
accessory loading, therefore, the percent increase developed from the 1991-2006 trucks was used.

Extended idle emission rates for 1991-2006 model year heavy duty diesel trucks are based on
several studies and 184 tests detailed in Appendix 4.3 Extended Idle Data Summary. The increase
in NOx emissions due to higher idle speed and air conditioning was estimated based on three
studies that included 26 tests. The average emissions from these trucks using the high idle engine
speed and with accessory loading was used for the emission rates for extended idling.

The expected effects of the 2007 heavy duty diesel vehicle emission standards on extended idling
emission rates are taken from the EPA guidance analysis (EPA 2003). The 2007 heavy duty diesel
emission standards are expected to result in the widespread use of PM filters and exhaust gas
recirculation (EGR) and 2010 standards will result in after-treatment technologies. However, since
there is no requirement to address extended idling emissions in the emission certification
procedure, EPA expects that there will be little effect on HC, CO, and NOx emissions after hours
of idling due to cool-down effects on EGR and most aftertreatment systems. However, we do not
expect DPFs to lose much effectiveness during extended idling. As a result, we project that idle
NOx emissions will be reduced 12% and HC and CO emissions will be reduced 9% from the
extended idle emission rates used for 1988-2006 model year trucks. The reduction estimates are
based on a ratio of the 2007 standard to the previous standard and assuming that the emission
control of the new standard will only last for the first hour of an eight hour idle. For PM, we
assume an extended idling emission rate equal to the curb idling rate (operating mode 1 from the
running exhaust analysis). Detailed equations are included in the appendix.
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1.3.3 Results

Table 27 shows the resulting NOx, HC, and CO emission rates estimated for heavy-duty diesel
trucks. Extended idling measurements have large variability due to low engine loads, which is
reflected in the variation of the mean statistic.

Table 27. Extended idle emission rates (g/hour).

Model years NOx | HC CO | PM
Pre-1990 112 108 | 84 8.4
1990-2006 227 56 91 4.0
2007 and later 201 53 91 0.2




2 Heavy-Duty Gasoline Vehicles

2.1 Running Exhaust Emissions

2.1.1 HC, CO, and NOx

2.1.1.1 Data and Analysis

As gasoline-fueled vehicles are a small percentage of the heavy-duty vehicle fleet, the amount of

data available for analysis was small. We relied on four medium-heavy duty gasoline trucks from

the CRC E-55 program and historical data from EPA’s Mobile Source Observation Database
(MSOD), which has results from chassis tests performed by both EPA, contractors and outside

parties. The heavy-duty gasoline data in the MSOD is mostly from pickup trucks which fall mainly

in the LHD2b3 regulatory class. Table 28 shows the number of vehicles in cumulative data sets.
In the real world, most heavy-duty gasoline vehicles fall in either the LHD2b3 or LHD4S5 class,
with a smaller percentage in the MHD class. There are very few, if any, HHD gasoline trucks

remaining in use.

Table 28. Distribution of vehicles in the data sets by model-year group, regulatory class and age group.

A
Model year group | Regulatory class ge group
0-5 6-9
MHD 2
1960-1989
LHD2b3 10
MHD 1
1990-1997
LHD2b3 33 19
MHD 1
1998-2002
LHD2b3 1

Similar to the HD diesel PM, HC, and CO analysis, the chassis vehicle speed and acceleration,
coupled with the average weight for each regulatory class, were used to calculate STP (Equation
13). To supplement the meager data available, we examined certification data as a guide to
developing model year groups for analysis. Figure 20 shows averages of certification results by

model year.
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Figure 20. Brake-specific certification emission rates by model year for heavy-duty gasoline engines.
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Based on these certification results, we decided to classify the data into the coarse model year
groups listed below.

e 1960-1989
e 1990-1997
e 1998-2002
e 2003-2006

e 2007 and later

Although there was little data for 2007-and-later, we made a split at model year 2007 to account for
possible increases in three-way catalyst use and efficiency due to tighter NOx standards. We
assumed that these catalysts in gasoline vehicles will yield a reduction in HC and CO also. We
estimate that each of these three pollutants will decrease 70% from 2003-2006 MY levels.

Unlike the analysis for HD diesel vehicles, we used the age effects present in the data itself. We
did not incorporate external tampering and mal-maintenance assumptions into the HD gasoline
rates. Due to sparseness of data we used only the two age groups listed in Table 28. We also did
not classify by regulatory class since there was only one regulatory class (LHD2b3) predominantly
represented in the data.

2.1.1.2 Sample Results

Selected results are shown graphically below. The first (Figure 21) shows all three pollutants vs.
operating mode for the LHD2b3 regulatory class. In general, emissions follow the expected trend
with STP, though the trend is most pronounced for NOy. As expected, NOx emissions for heavy-
duty gasoline vehicles are much lower than for heavy-duty diesel vehicles.

53



Figure 21. Emission Rates by operating mode for MY 1994 at age 0-3 years.
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Figure 22 shows the emissions trends by age group. Since we did not use the tampering and mal-
maintenance methodology as we did for diesels, the age trends reflect our coarse binning with age.
For each pollutant, only two distinct rates exist — one for ages 0-5 and another for age 6 and older.

Figure 22. Emission ratess by age group for MY 1994 in operating mode bin 24.
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Figure 23 shows emissions by model year group. Emissions generally decrease with model year

group. Uncertainties are relatively high but not shown in this plot for clarity.
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Figure 23. Emission rates by model year group for age 0-3 in operating mode 24.
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2.1.2 Particulate Matter

600

500

400

300

200

100

Mean CO rate [g/hr]

Unfortunately, the PM2.5 emission data from heavy-duty gasoline trucks are too sparse to develop

the detailed emission factors the MOVES model is designed for. As a result, only a very limited
analysis could be done. EPA will likely revisit and update these emission rates when sufficient

additional data on PM2.5 emissions from heavy-duty gasoline vehicles become available.

ForMOVES2010, the heavy-duty gas PM2.5 emission rates will be calculated by multiplying the
light-duty gasoline truck PM2.5 emission rates by a factor of 1.40, as explained below. Since the
MOVES light-duty gasoline PM2.5 emission rates comprise a complete set of factors - classified

by particulate sub-type (elemental and organic carbon), operating mode, model year and regulatory
class, the heavy-duty PM2.5 emission factors will also be a complete set.

2.1.2.1

Data Sources

This analysis is based on the PM2.5 emission test results from the four gasoline trucks tested in the
CRC E55-E59 test program. The specific data used were collected on the UDDS test cycle. Each

of the four vehicles in the sample received two UDDS tests, conducted at different test weights.
Other emission tests using different cycles were also available on the same vehicles, but were not

used in the calculation. The use of the UDDS data enabled the analysis to have a consistent
driving cycle. The trucks and tests are described in Table 29.
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Table 29. Summary of data used in HD gasoline PM emission rate analysis.

Vehicle MY Age Test cycle G\[?é\]/R PM2.5 mg/mi
2001 3 UDDS 12,975 1.81
1 2001 3 UDDS 19,463 3.61
1983 21 UDDS 9,850 433
? 1983 21 UDDS 14,775 543
1993 12 UDDS 13,000 67.1
’ 1993 12 UDDS 19,500 108.3
1987 18 UDDS 10,600 96.7
! 1987 18 UDDS 15,900 21.5

The table shows only four vehicles, two of which are quite old and certified to fairly lenient
standards. A third truck is also fairly old at 12 years and certified to an intermediate standard. The
fourth is a relatively new truck at age three and certified to a more stringent standard. No trucks in
the sample are certified to the Tier2 or equivalent standards.

2.1.2.2 Analysis

Examination of the heavy-duty data shows two distinct levels: vehicle #1 (MY 2001) and the other
three vehicles. Because of its lower age (3 years old) and newer model year status, this vehicle has
substantially lower PM emission levels than the others, and was separated in the analysis. The
emissions of the other three vehicles were averaged together to produce these mean results:

Mean for Vehicles 2 through 4: 65.22 mg/mi Older Group
Mean for Vehicle 1: 2.71 mg/mi Newer Group

To compare these rates with rates from light-duty gasoline vehicles, we simulated UDDS cycle
emission rates based on MOVES light-duty gas PM2.5 emission rates (with normal deterioration
assumptions) for light-duty gasoline trucks. The UDDS cycle represents standardized operation
for the heavy-duty vehicles.

To make the comparisons appropriate, the simulated light-duty UDDS results were matched to the
results from the four heavy-duty gas trucks in the sample. This comparison meant that the
emission rates from the following MOVES model year groups and age groups for light-duty trucks
were used:
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e MY group 1983-1984, age 20+

e MY group 1986-1987, age 15-19
e MY group 1991-1993, age 10-14
e MY group 2001, age 0-3

The simulated UDDS emission factors for the older light-duty gas truck group are 36.2 mg/mi for
MOVES organic carbon PM2.5 emissions and 2.641 mg/mi for elemental carbon. Ignoring sulfate

emissions (on the order of 1x10™ mg/mile for low sulfur fuels), these values sum to 38.84 mg/mile.

65.22 .5

This value leads to the computation of the ratio: 3—““ 1.679.

g
mile

The simulated UDDS emission rates for the newer light-duty gas truck group are 4.368 mg/mi for
MOVES organic carbon PM2.5 emissions and 0.3187 mg/mi for elemental carbon. Ignoring
sulfate emissions (which are in the order of 1x10™ mg/mile for low sulfur fuels), these values sum
to 4.687 mg/mi.

18
This value leads to the computation of the ratio: —m': =0.578.
mile

The newer model year group produces a ratio which is less than one and implies that large trucks
produce less PM2.5 emissions than smaller trucks. This result is intuitively inconsistent, and is the
likely result of a very small sample and a large natural variability in emission results.

All four data points were retained and averaged together by giving the older model year group a 75
percent weighting and the newer model year group (MY 2001) a 25 percent weighting. This is
consistent with the underlying data sample. It produces a final ratio of:

Ratio, =Ratio_ . WtFrac+ Ratio __(1—-WtFrac)

final older newer

=1.679x0.75 + 0.578%0.25 = 1.40

We then multiplied this final ratio of 1.40 by the light-duty gasoline truck PM rates to calculate the
input emission rates for heavy-duty gasoline PM rates.

2.1.3 Energy Consumption

The data used to develop heavy-duty running exhaust gasoline rates were the same as those used
for HC, CO, and NOy. However, new energy rates were only developed for MHD, HHD, and bus
classes. Analyses performed for LHD vehicles were not updated in this analysis. Also, similarly to
the diesel running exhaust energy rates, classifications were not made based on model year group,
age, or regulatory class. To calculate energy rates (kJ/hour) from CO, emissions, we used a
heating value (HV) of 122,893 kJ/gallon and CO, fuel-specific emission factor (fcp2) of 8,788
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g/gallon for gasoline (see Equation 18). STP was calculated using Equation 13. Figure 24
summarizes the gasoline running exhaust energy rates stored in MOVES.

Figure 24 . Gasoline running exhaust energy rates for MHD, HHD, and buses.
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A linear extrapolation to determine rates at the highest operating modes in each speed range was
performed analogously to diesel energy and NOy rates (see Section 1.1.1.3.3 Hole Filling and
forecasting).

2.2 Start Emissions

2.2.1 Available Data

To develop start emission rates for heavy-duty gasoline-fueled vehicles, we extracted data available
in the USEPA Mobile-Source Observation Database (MSOD). These data represent aggregate test
results for heavy-duty spark-ignition (gasoline powered) engines measured on the Federal Test
Procedure (FTP) cycle. The GVWR for all trucks was between 8,500 and 14,000 Ib, placing all
trucks in the LHD2b3 regulatory class.

Table 30 shows the model-year by age classification for the data. The model year groups in the
table were assigned based on the progression in NOx standards between MY 1990 and 2004.
Standards for CO and HC are stable over this period, until MY 2004, when a combined NMHC+
NOx standard was introduced. However, no measurements for trucks were available for MY2004
or later.
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Table 30. Model-year Group by Age Group Structure for the Sample of Heavy-Duty Gasoline Engines

Model-year Group | Standards (g/hp-hr) | Age Group (Years) Total
CO | HC | NOx |0-3|4-5]|6-7|89)| 10-14
1960-1989 19 |22 41
1990 144 | 1.1 | 6.0 1 29 30
1991-1997 144 | 1.1 |50 73 |59 |32 |4 168
1998-2004 144 | 1.1 | 4.0 8 8
Total 81 |59 |33 |52 |22 247

2.2.2 Estimation of Mean Rates

As with light-duty vehicles, we estimated the “cold-start” as the mass from the cold-start phase of
the FTP (bag 1) less the “hot-start” phase (Bag 3). As a preliminary exploration of the data, we
averaged by model year group and age group and produced the graphs shown in Appendix A.6
Heavy-duty Gasoline Start Emissions Analysis Figures.

Sample sizes are small overall and very small in some cases (e.g. 1990, age 6-7) and the behavior
of the averages is somewhat erratic. In contrast to light-duty vehicle emissions, strong model-year
effects are not apparent. This may not be surprising for CO or HC, given the uniformity of
standards throughout. This result is more surprising for NOx but model year trends are no more
evident for NOx than for the other two. Broadly speaking, it appears that an age trend may be
evident.

If we assume that the underlying population distributions are approximately log-normal, we can
visualize the data in ways that illustrate underlying relationships. As a first step, we calculated
geometric mean emissions, for purposes of comparison to the arithmetic means calculated by
simply averaging the data. Based on the assumption of log-normality, the geometric mean (x,) was
calculated in terms of the logarithmic mean (x;) as

X, =¢ Equation 19

This measure is not appropriate for use as an emission rate, but is useful in that it represents the
“center” of the skewed parent distribution. As such, it is less strongly influenced by unusually high
or outlying measurements than the arithmetic means in Appendix A.6 Heavy-duty Gasoline Start
Emissions Analysis Figures. In general, the small differences between geometric means and
arithmetic means suggest that the distributions represented by the data do not show strong skew in
most cases. Assuming that emissions distributions should be strongly skewed suggests that these
data are not representative of “real-world” emissions for these vehicles. This conclusion appears to
be reinforced by the values in Figure 30 which represent the “logarithmic standard deviation”
calculated by model-year and age groups. This measure (s;), is the standard deviation of natural
logarithm of emissions (x;) in . The values of s; are highly variable, and generally less than 0.8,
showing that the degree of skew in the data is also highly variable as well as generally low for
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emissions data; e.g., corresponding values for light-duty running emissions are generally 1.0 or
greater. Overall, review of the geometric means confirms the impression of age trends in the CO
and HC results, and the general lack of an age trend in the NOx results.

Given the conclusion that the data as such are probably unrepresentative, assuming the log-normal
parent distributions allows us to re-estimate the arithmetic mean after assuming reasonable values
for s;. For this calculation we assumed values of 0.9 for CO and HC and 1.2 for NOx. These values
approximate the maxima seen in these data and are broadly comparable to rates observed for light-
duty vehicles.

The re-estimated arithmetic means are calculated from the geometric means, by adding a term that
represents the influence of the “dirtier” or “higher-emitting” vehicles, or the “upper tail of the
distribution,” as shown in Figure 31 above.

X, = ngT Equation 20
For purposes of rate development using these data, we concluded that a model-year group effect
was not evident and re-averaged all data by age Group alone. Results of the coarser averaging are
presented in Figure 25 with the arithmetic mean (directly calculated and re-estimated) and
geometric means shown separately.

We then addressed the question of the projection of age trends. As a general principle, we did not
allow emissions to decline with age. We implemented this assumption by stabilizing emissions at
the maximum level reached between the 6-7 and 10-14 age groups.
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Figure 25. Cold-start FTP Emissions for Heavy-Duty Gasoline Trucks, averaged by Age Group only (g =
geometric mean, a= arithmetic mean recalculated from x, and s)).
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2.2.3 Estimation of Uncertainty

We calculated standard errors for each mean in a manner consistent with the re-calculation of the
arithmetic means. Because the (arithmetic) means were recalculated with assumed values of s, it
was necessary to re-estimate corresponding standard deviations for the parent distribution s, as
shown in Equation 21.
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_ 2 5% s? H
s=4xg¢€ (e =1 Equation 21

After recalculating the standard deviations, the calculation of corresponding standard errors was
simple. Because each vehicle is represented by only one data point, there was no within-vehicle

variability to consider, and the standard error could be calculated as s/ Jn. We divided the
standard errors by their respective means to obtain CV-of-the-mean or “relative standard error.”
Means, standard deviations and uncertainties are presented in Table 31 and in Figure 26. Note that
these results represent only “cold-start” rates (opModeID 108).
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Table 31. Cold-Start Emission Rates (g) for Heavy-Duty Gasoline Trucks, by Age Group
(italicized values replicated from previous age Groups).

Age Group n | Pollutant
CO | THC | NOx
Means
0-3 81 | 101.2 | 6.39 | 4.23
4-5 59 | 133.0 | 7.40 | 5.18
6-7 33 | 1559 | 11.21 | 6.12
8-9 52| 1903 | 11.21 | 7.08
10-14 22 | 189.1 | 11.21 | 7.08
Standard Deviations
0-3 108.1 | 6.82 | 8.55
4-5 142.0 | 7.90
6-7 166.5 | 11.98 | 12.39
8-9 203.2 | 11.98 | 14.32
10-14 202.0 | 11.98 | 14.32
Standard Errors
0-3 12.01 | 0.758 | 0.951
4-5 1849 | 1.03 | 1.18
6-7 2898 | 2.08 | 2.16
8-9 28.18 | 2.08 | 1.99
10-14 43.06 | 2.08 | 1.99
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Figure 26. Cold-start Emission Rates for Heavy-Duty Gasoline Trucks, with 95% Confidence Intervals
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2.2.4 Projecting Rates beyond the Available Data

The steps described so far involved reduction and analysis of the available emissions data. In the
next step, we describe approaches used to impute rates for model years not represented in these
data. For purposes of analysis we delineated three model year groups: 1960-2004, 2005-2007 and
2008 and later. We describe the derivation of rates in each group below.
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2.2.4.1 Regulatory class LHD2b3

For CO the approach was simple. We applied the values in Table 31 to all model-year groups. The
rationale for this approach is that the CO standards do not change over the full range of model
years considered.

For HC and NOx we imputed values for the 2005-07 and 2008+ model-year groups by multiplying
the values in Table 31 by ratios expressed in terms of the applicable standards. Starting in 2005, a
combined HC+NOx standard was introduced. It was necessary for modeling purposed to partition
the standard into HC and NOx components. We assumed that the proportions of NMHC and NOx
would be similar to those in the 2008 standards, which separate NMHC and NOx while reducing
both.

We calculated the HC value by multiplying the 1960-2004 value by the fraction fic, where

0.14 g/hp-hr 1.0 g/hp - hr)
(0.14+0.20) g/hp - hr
Jue =

1.1g/hp-hr

Equation 22
=0.37

This ratio represents the component of the 2005 combined standard attributed to NMHC.

We calculated the corresponding value for NOx as

0.20 g/hp — hr 0 ghp-hr |
1 (0.14+0.20) g/hp — hr _0.147 Equation 23
o 4.0 g/hp - hr '

For these rates we neglected the THC/NMHC conversions, to which we gave attention for light-
duty.

In 2008, separate HC and NOx standards were introduced. To estimate values for this model-year
group, we calculated the values by multiplying the 1960-2004 value by the fractions fi;c and fyox
where

0.14 g/hp-h
Juc = ﬁ =0.127 Equation 24
dg/hp-hr
0.20g/hp-h
Srox = ﬁ =0.05 Equation 25
U g/hp - hr
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2.24.2 Regulatory classes LHD45 and MHD
For LHD45 and MHD, we estimated values relative to the values calculated for LHD2b3.

For CO and HC, we estimated values for the heavier vehicles by multiplying them by ratios of
standards for the heavier class to those for the lighter class.

The value for CO is

Jeo :%=2.58 Equation 26
and the corresponding value for HC is1.73.

Jie = % =1.73 Equation 27

We applied this ratio in all three model-year groups, as shown in Table 32.

Note that in Draft MOVES2009, the ratios in Equation 26 and Equation 27 were erroneously

applied to the 2005-2007 model-year groups for LHD45 and MHD vehicles. In MOVES2010,
values for these model-year groups were set equal to those for the LHD2b3 vehicles, with the
rationale that the standards converge for both groups.

For NOx, all values are equal to those for LHD2b3, because the same standards apply to both
classes throughout. The approaches for all three regulatory classes in all three model years are
shown in Table 32.

Table 32. Methods used to Calculate and Start Emission Rates for Heavy-Duty Spark-Ignition Engines

Regulatory Class | Model-year Group | Method
CO THC NOx
Values from Values from Values from
1960-2004 Table 31 Table 31 Table 31
Reduce in . .
Values from . Reduce in proportion
LHD2b3 2005-2007 Table 31 proportion To standards
To standards
Values from Reduce.ln Reduce in proportion
2008 + proportion
Table 31 To standards
To standards
Increase in proportion Increase Same values as
1960-2004 To standards in proportion LHD2b3
To standards
Increase in proportion | Increase in proportion | Same values as
LHD45, MHD 2005-2007 To standards To standards LHD2b3
2008 + Increase in proportion | Increase in proportion | Same values as

To standards

To standards

LHD2b3

66



As for heavy-duty diesel and light-duty vehicles we applied the curve in Figure 19 to adjust the
start emission rates for varying soak times. The rates described in this section were for cold starts
(soak time > 720 minutes).

2.2.4.3 Particulate Matter

Data on PM start emissions from heavy-duty gasoline vehicles were unavailable. As a result, we
used the multiplication factor from the running exhaust emissions analysis of 1.40 to scale up start
emission rates for light-duty trucks.
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A. Appendices

A.1 Calculation of Accessory Power Requirements

Table 33. Accessory load estimates for HHD trucks

VSP Cooling Fan | Air cond Air comp Alternator Englng Total Accessory Load (kW)
Accessories
Low Off = 0.5 kW
Power (kw) 19.0 2.3 3.0 15 15
% time on 10% 50% 60% 100% 100%
Total (kW) 1.9 1.2 2.0 1.5 15 8.1
Mid Off = 0.5 kW
Power (kw) 19.0 2.3 2.3 1.5 1.5
% time on 20% 50% 20% 100% 100%
Total (kW) 3.8 1.2 0.9 15 15 8.8
Off = 0.5 kW
19.0 2.3 2.3 15 15
30% 50% 10% 100% 100%
5.7 1.2 0.7 1.5 1.5 10.5

Table 34. Accessory load estimates for MHD trucks

VSP Cooling Fan | Air cond Air comp Alternator Englng Total Accessory Load (kW)
Accessories
Low Off = 0.5 kW
Power (kw) 10.0 2.3 2.0 15 15
% time on 10% 50% 60% 100% 100%
Total (kW) 1.0 1.2 1.4 15 15 6.6
Mid Off = 0.5 kW
Power (kw) 10.0 2.3 2.0 15 15
% time on 20% 50% 20% 100% 100%
Total (kW) 2.0 1.2 0.8 1.5 1.5 7.0
Off = 0.5 kW
10.0 2.3 2.0 15 15
30% 50% 10% 100% 100%
3.0 1.2 0.7 1.5 1.5 7.8




Table 35. Accessory load estimates for buses

VSP Cooling Fan | Air cond Air comp Alternator Engmg Total Accessory Load (kW)
Accessories
Low Off = 0.5 kW
Power (kw) 19.0 18.0 4.0 15 15
% time on 10% 80% 60% 100% 100%
Total (kW) 1.9 14.4 2.6 15 15 21.9
Mid Off = 0.5 kW
Power (kw) 19.0 18.0 4.0 15 15
% time on 20% 80% 20% 100% 100%
Total (kW) 3.8 14.4 1.2 1.5 1.5 22.4
Off = 0.5 kW
19.0 18.0 4.0 15 15
30% 80% 10% 100% 100%
5.7 14.4 0.9 15 15 24.0
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A.2 Tampering and Mal-maintenance

Tampering and mal-maintenance (T&M) effects represent the fleet-wide average increase in
emissions over the useful life of the engines. In laboratory testing, properly maintained engines
often yield very small rates of emissions deterioration through time. However, we assume that in
real-world use, tampering and mal-maintenance yield higher rates of emissions deterioration over
time. As a result, we feel it is important to model the amount of deterioration we expect from this
tampering and mal-maintenance. We estimated these fleet-wide emissions effects by multiplying
the frequencies of engine component failures by the emissions impacts related to those failures for
each pollutant. Details of this analysis appear later in this section.

A.2.1 Modeling Tampering and Mal-maintenance

As T&M affects emissions through age, we developed a simple function of emission deterioration
with age. We applied the zero-age rates through the emissions warranty period (5 years/100,000
miles), then increased the rates linearly up to the useful life. Then we assumed that all the rates
level off beyond the useful life age. Figure 27 shows this relationship.

Figure 27. Qualitative Depiction of the implementation of age effects.

Emission rate

Final emission rate

Zero-mile
emission

End of warranty 1 care Age

The useful life refers to the length of time that engines are required to meet emissions standards.
We incorporated this age relationship by averaging emissions rates across the ages in each age
group. Mileage was converted to age with VIUS* (Vehicle Inventory and Use Survey) data, which
contains data on how quickly trucks of different regulatory classes accumulate mileage. Table 36
shows the emissions warranty period and approximate useful life requirement period for each of the
regulatory classes.
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Table 36. Warranty and useful life requirements by regulatory class

Warranty age Useful life

. . Useful

Regulatory class (Requirement: mileage/age life age
100,000 miles or 5 years) requirement &

HHD 1 435,000/10 4
MHD 2 185,000/10 5
LHDA45 4 110,000/10 4
LHD2b3 4 110,000/10 4
BUS 2 435,000/10 10

While both age mileage metrics are given for these periods, whichever comes first determines the
applicability of the warranty. As a result, since MOVES deals with age and not mileage, we need
to convert all the mileage values to age equivalents, as the mileage limit is usually reached before
the age limit. The data show that on average, heavy-heavy-duty trucks accumulate mileage much
more quickly than other regulatory classes. Therefore, any deterioration in heavy-heavy-duty truck
emissions will presumably happen at at younger ages than for other regulatory classes. Buses, on
average, do not accumulate mileage quickly. Therefore, their useful life period is governed by the
age requirement, not the mileage requirement.

Since MOVES deals with age groups and not individual ages, the increase in emissions by age
must be calculated by age group. We assumed that there is an even age distribution within each
age group (e.g. ages 0, 1, 2, and 3 are equally represented in the 0-3 age group). This is important
since, for example, HHD trucks reach useful life at four years, which means they will increase
emissions through the 0-3 age group. As a result, the 0-3 age group emission rate will be higher
than the zero-mile emission rate for HHD trucks. Table 37 shows the multiplicative T&M
adjustment factor by age. We determined this factor using the mileage-age data from Table 36 and
the emissions-age relationship that we described in Figure 27. We multiplied this factor by the
emissions increase of each pollutant over the useful life of the engine, which we determined from
the analysis in the section 4.2.3 Analysis below and which is listed in the corresponding
running exhaust sections above.
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Table 37 shows the T&M multiplicative adjustment factor by age (frm,age group)-

Age Group LHD | MHD | HHD Bus
0-3 0 0.083 | 0.25 | 0.03125
4-5 1 0.833 1 0.3125
6-7 1 1 1 0.5625
8-9 1 1 1 0.8125
10-14 1 1 1 1
15-19 1 1 1 1
20+ 1 1 1 1

In this table, a value of 0 indicates no deterioration, or zero-mile emissions level (ZML), and a
value of 1 indicates a fully deteriorated engine, or maximum emissions level, at or beyond useful
life (UL). The calculation of emission rate by age group is described in the equation below. TM,,;
represents the estimated emissions rate increase through the useful life for a given pollutant.

rpol,agegrp = rpal,ZML (1 + fTM,agegroupTMpol) Equation 28

A.2.2 Data Sources

EPA used the following information to develop the tamper and mal-maintenance occurrence rates
used to develop emission rates used in MOVES:

e California’s ARB EMFAC2007 Modeling Change Technical Memo*' (2006). T he
basic EMFAC occurrence rates for tampering and mal-maintenance were developed
from the Radian and EFEE reports and internal CARB engineering judgment.

e Radian Study (1988). The report estimated the malfunction rates based on survey and
observation. T he data may be questionable for current heavy-duty trucks due to
advancements such as electronic controls, injection systems, and exhaust aftertreatment.

e EFEE report (1998) on PM emission deterioration rates for in-use vehicles. Their work
included heavy-duty diesel vehicle chassis dynamometer testing at Southwest Research
Institute.

e EMFAC2000 (2000) Tampering and Mal-maintenance Rates

e EMA’s comments on A RB’s Tampering, Malfunction, and Mal-maintenance
Assumptions for EMFAC 2007

e University of California —Riverside (UCR) “Incidence of Malfunctions and Tampering
in Heavy-Duty Vehicles”
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e Air Improvement Resources, Inc.’s Comments on H eavy-Duty Tampering and Mal-
maintenance Symposium

e EPA internal engineering judgment

A.2.3 Analysis

A23.1 T &M Categories

EPA generally adopted the categories developed by CARB, with a few exceptions. The high fuel
pressure category was removed. We added a category for misfueling to represent the use of
nonroad diesel, not ULSD onroad diesel. We combined the injector categories into a single group.
We reorganized the EGR categories into “Stuck Open” and “Disabled/Low Flow.” We included
the PM regeneration system, including the igniter, injector, and combustion air system in the PM
filter leak category.

EPA will group the LHDD, MHDD, HHDD, and Diesel bus groups together, except for 2010 and
beyond. We assumed that the LHDD group will primarily use Lean NOx Traps (LNT) for the NOx
control in 2010 and beyond. On the other hand, we also assumed that Selective Catalyst Reduction
(SCR) systems will be the primary NOx aftertreatment system for HHDD. T herefore, the
occurrence rates and emission impacts will vary in 2010 and beyond depending on the regulatory
class of the vehicles.

A.2.3.2 T&M Model Year Groups
EPA developed the model year groups based on regulation and technology changes.
e Pre-1994 represents non-electronic fuel control.
e 1998-2002 represents the time period with consent decree issues.
e 2003 represents early use of EGR.
e 2007 and 2010 contain significant PM and NOx regulation changes.

e EPA issued a rule to require OBD for heavy duty trucks, beginning in MY 2010 with
complete phase-in by MY 2013.

A.2.3.3 T &M Occurrence Rates

A.2.3.3.1 EPA T &M Occurrence Rate Differences from EMFAC2007
EPA adopted the CARB EMFAC2007 occurrence rates, except as noted below.

Clogged Air Filter: EPA reduced the frequency rate from EMFAC’s 15% to 8%. EPA reduced
this value based on the UCR results, the Radian study, and EMA’s comments that air filters are a
maintenance item. Many trucks contain indicators to notify the driver of dirty air filters and the
drivers have incentive to replace the filters for other performance reasons.
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Other Air Problems: EPA reduced the frequency rate from EMFAC’s 8% to 6% based on the
UCR results.

Electronics Failed: EPA will continue to use the 3% frequency rate for all model years beyond
2010. CARB increased the rate to 30% in 2010 due to system complexity. EPA does not agree
with CARB’s assertion that the complexity of electronic systems will increase enough to justify a
ten-fold increase in malfunction occurrence rates. We believe that the hardware will evolve
through 2010, rather than be replaced with completely new systems that would justify a higher rate
of failure. EPA asserts that many of the 2010 changes will occur with the aftertreatment systems
which are accounted for separately.

EGR Stuck Open: EPA believes the failure frequency of this item is rare and therefore set the
level at 0.2%. This failure will lead to drivability issues that will be noticeable to the driver and
serve as an incentive to repair.

EGR Disabled/Low Flow: EPA believes the EMFAC 20% EGR failure rate is too high and
reduced the rate to 10%. All but one major engine manufacturer had EGR previous to the 2007
model year and all have it after 2007. Therefore, EMFAC’s frequency rate increase in 2010 due to
the increase truck population using EGR does not seem valid. However, the Illinois EPA stated
that “EGR flow insufficient” is the top OBD issue found in their LDV I/M program42 so it cannot
be ignored.

NOX Aftertreatment malfunction: EPA developed a NOx aftertreatment malfunction rate that is
dependent on the type of system used. We assumed that HHDD will use primarily SCR systems
and LHDD will primarily use LNT systems. We estimated the failure rates of the various
components within each system to develop a composite malfunction rate.

The individual failure rates were developed considering the experience in agriculture and stationary
industries of NOx aftertreatment systems and similar component applications. Details are included
in the chart below. We assumed that tank heaters had a 5% failure rate, but were only required in
one third of the country and one fifth of the year. The injector failure rate is lower than fuel
injectors, even though they have similar technology, because there is only one required in each
system and it is operating in less severe environment of pressure and temperature. We believe the
compressed air delivery system is very mature based on a similar use in air brakes. We also
believe that manufacturers will initiate engine power de-rate as incentive to keep the urea supply
sufficient.
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| Occurrence Rate
SCR
Urea tank 0.5%
Tank heaters 1%
In-exhaust injectors 2%
Compressed air delivery to injector 1%
Urea supply pump 1%
Control system 5%
Exhaust temperature sensor 1%
Urea supply 1%
Overall 13%
LNT
Adsorber 7%
In-exhaust injectors 2%
Control system 5%
Exhaust temperature sensor 1%
Overall 16%

NOXx aftertreatment sensor: EPA believes the 53% occurrence rate in EMFAC2007 is too high
and will use 10%. CARB assumed a mix of SCR, which uses one sensor per vehicle, and NOx
adsorbers, which use two sensors per vehicle. They justified the failure rate based on the increased
number of sensors in the field beginning in 2010.

We developed the occurrence rate based on the following assumptions:

e Population: HHDD: vast majority of heavy-duty applications will use SCR technology with
a maximum of one NOx sensor. NOx sensors are not required for SCR — manufacturers can
use models or run open loop. Several engine manufacturers representing 30% of the
market plan to delay the use of NOx aftertreatment devices through the use of improved
engine-out emissions and emission credits.

e Durability expectations: SwRI completed 6000 hours of ESC cycling with NOx sensor.
Internal testing supports longer life durability. Discussions with OEMs in 2007 indicate
longer life expected by 2010.

e Forward looking assumptions: M anufacturers have a strong incentive to improve the
reliability and durability of the sensors because of the high cost associated with frequent
replacements.

PM Filter Leak: EPA will use 5% PM filter leak and system failure rate. CARB used 14% failure
rate. They discounted high failure rates currently seen in the field.

PM Filter Disable: EPA agrees with CARB’s 2% tamper rate of the PM filter. The filter causes a
fuel economy penalty so the drivers have an incentive to remove it.

Oxidation Catalyst Malfunction/Remove: EPA believes most manufacturers will install
oxidation catalysts initially in the 2007 model year and agrees with CARB’s assessment of 5%
failure rate. This rate consists of an approximate 2% tampering rate and 3% malfunction rate. The
catalysts are more robust than PM filters, but have the potential to experience degradation when
exposed to high temperatures.
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Misfuel: EPA estimated that operators will use the wrong type of fuel, such as agricultural diesel
fuel with higher sulfur levels, approximately 0.1% of the time.

A.2.3.3.2 Tampering & Mal-maintenance Occurrence Rate Summary

Tamper & Malmaintenance
Frequency of Occurrence: Average rate over life of vehicle

Frequency Rates
1994-97 | 1998-2002 | 2003-2006 2007-2009 2010+ HHDT |2010+ LHDT
Timing Advanced 5% 2% 2% 2% 2% 2%
Timing Retarded 3% 2% 2% 2% 2% 2%
Injector Problem (all) 28% 28% 13% 13% 13% 13%
Puff Limiter Mis-set 4% 0% 0% 0% 0% 0%
Puff Limiter Disabled 4% 0% 0% 0% 0% 0%
Max Fuel High 3% 0% 0% 0% 0% 0%
Clogged Air Filter - EPA 8% 8% 8% 8% 8% 8%
Wrong/Worn Turbo 5% 5% 5% 5% 5% 5%
Intercooler Clogged 5% 5% 5% 5% 5% 5%
Other Air Problem - EPA 6% 6% 6% 6% 6% 6%
Engine Mechanical Failure 2% 2% 2% 2% 2% 2%
Excessive Oil Consumption 5% 3% 3% 3% 3% 3%
Electronics Failed - EPA 3% 3% 3% 3% 3% 3%
Electronics Tampered 10% 15% 5% 5% 5% 5%
EGR Stuck Open 0% 0% 0.2% 0.2% 0.2% 0.2%
EGR Disabled/Low Flow - EPA 0% 0% 10% 10% 10% 10%
Nox Aftertreatment Sensor 0% 0% 0% 0% 10% 10%
Replacement Nox Aftertreatment Sensor 0% 0% 0% 0% 1% 1%
Nox Aftertreatment Malfunction - EPA 0% 0% 0% 0% 13% 16%
PM Filter Leak 0% 0% 0% 5% 5% 5%
PM Filter Disabled 0% 0% 0% 2% 2% 2%
Oxidation Catalyst Malfunction/Remove - EPA 0% 0% 0% 5% 5% 5%
Mis-fuel - EPA 0.1% 0.1% 0.1% 0.1% 0.1% 0.1%

A.2.3.3.2 Emission Effects
NOx Emission Effects

EPA developed the emission effect from each tampering and mal-maintenance incident from
CARB’s EMFAC, Radian’s dynamometer testing with and without the malfunction present, EFEE
results, and internal testing experience.

EPA estimated that the lean NOx traps (LNT) in LHDD are 80% efficient and the selective catalyst
reduction (SCR) systems in HHDD are 90% efficient at reducing NOx.

EPA developed the NOx emission factors of the NOx sensors based on SCR systems’ ability to run
in open-loop mode and still achieve NOx reductions. The Manufacturers of Emission Controls
Association (MECA) has stated that 75-90% NOX reduction with open loop control and >95%
reductio4r‘1‘ with closed loop control.** Visteon reports 60-80% NOX reduction with open loop
control.

The failure of the NOx aftertreatment system had a different impact on the NOx emissions
depending on the type of aftertreatment. The HHDD vehicles with SCR systems would experience
a 1000% increase in NOx during a complete failure, therefore we estimated a 500% increase as a
midpoint between normal operation and a complete failure. The LHDD vehicles with LNT
systems would experience a 500% increase in NOx during a complete failure. We estimated a
300% increase as a value between a complete failure and normal system operation.
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The values with 0% effect in shaded cells represent areas which have no occurrence rate.

Tamper & Malmaintenance
NOX Emission Effect

1994-97

1998-2002

2003-2006

2007-2009

2010+ HHDT

2010 LHDT

Federal Emission Standard

5.0

5.0

4.0

2.0

0.2

0.2

Timing Advanced

60%

60%

60%

60%

6%

12%

Timing Retarded

-20%

-20%

-20%

-20%

-20%

-20%

Injector Problem (all)

-5%

-1%

-1%

-1%

-1%

-1%

Puff Limiter Mis-set

0%

0%

0%

0%

0%

0%

Puff Limiter Disabled

0%

0%

0%

0%

0%

0%

Max Fuel High

10%

0%

0%

0%

0%

0%

Clogged Air Filter

0%

0%

0%

0%

0%

0%

Wrong/Worn Turbo

0%

0%

0%

0%

0%

0%

Intercooler Clogged

25%

25%

25%

25%

3%

5%

Other Air Problem

0%

0%

0%

0%

0%

0%

Engine Mechanical Failure

-10%

-10%

-10%

-10%

-10%

-10%

Excessive Oil Consumption

0%

0%

0%

0%

0%

0%

Electronics Failed

0%

0%

0%

0%

0%

0%

Electronics Tampered

80%

80%

80%

80%

8%

16%

EGR Stuck Open

0%

0%

-20%

-20%

-20%

-20%

EGR Disabled / Low Flow

0%

0%

30%

50%

5%

10%

Nox Aftertreatment Sensor

0%

0%

0%

0%

200%

200%

Replacement Nox Aftertreatment Sensor

0%

0%

0%

0%

200%

200%

Nox Aftertreatment Malfunction

0%

0%

0%

0%

500%

300%

PM Filter Leak

0%

0%

0%

0%

0%

0%

PM Filter Disabled

0%

0%

0%

0%

0%

0%

Oxidation Catalyst Malfunction/Remove

0%

0%

0%

0%

0%

0%

Mis-fuel

PM Emission Effects

EPA developed the PM emission effects from each tampering and mal-maintenance incident from
CARB’s EMFAC, Radian’s dynamometer testing with and without the malfunction present, EFEE
results, and internal t