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Executive Summary

Gaseous and particle emissions from construction engines are an important fraction of
the total air pollutants and are gaining increasing regulatory attention. Quantification of
NOx and PM is necessary to inventory the contribution of the construction equipment,
such as used by Caltrans, to atmospheric loadings, particularly for those projects in
non-attainment or maintenance areas. At present, however, there is no model mutually
accepted by Caltrans and regulatory agencies that can be used for the estimation of
construction emissions or the development of appropriate regulations. This is due in
part to a lack of emissions data from construction equipment under in-use operating
conditions. The lack of a sound scientific basis for regulation has resulted in legal cases
and other obstacles that could potentially delay or inhibit important transportation
projects. In a prior project (Barth, et. al), gaseous emission measurement were made for
twelve pieces of construction equipment.

The goal of this research program was to obtain additional construction equipment
emissions data with a specific goal of obtaining quantitative particulate matter (PM) data
and developing a model to estimate gaseous and PM emissions. The program included
two main aspects: 1) in-field emissions and activity measurements; and 2) model
development and validation. The emissions measurements were made on a second-by-
second basis using a portable emissions measurement system (PEMS) to develop
relationships between NO, and PM and other emissions and fuel use. These emissions
data are being used in the development of a model that allows the determination of
emissions from different pieces of construction equipment or for construction projects as
a whole. The model developed is a user-friendly program that can be readily used by
program staff at Caltrans, outside contractors or other government agencies.

Emissions measurements were made for 7 in-use pieces of construction equipment.
The equipment includes 4 backhoes and 3 wheel loaders. A fuel-specific emissions
model has been developed for the gaseous and particulate emissions that can estimate
emissions for Tier 2 or Tier 3 backhoes or wheel loaders. The instrument used to
measure PM actually only measures soot directly. A program provided by the
instrument manufacturer is used to convert the measured soot to PM by including
hydrocarbons, sulfates, etc. which are collected by the standard method of collecting all
PM on filter paper over the total length of the test. When PM is collected by the standard
method it is not possible to model PM emissions since there is only a single number
instead of a g/sec result.

A summary of the major findings and accomplishments of this program are as follows:

» Most construction equipment (of the approximate same size) exhibited similar
emission profiles, however their activity differed somewhat;

o There were differences observed between cold-start and warm-start idle
emissions among the different equipment;
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e Normalizing emission output by fuel results in relatively small variations in
emission levels under different levels of load.

1.0 Introduction

The primary purpose of this project is to develop a user-friendly emissions model that
can be utilized in the development and implementation of construction equipment
regulations. The model was developed from emissions measured on a second-by-
second basis and activity as determined by outputs from the electronic control modules
for Tier 2 and Tier 3 backhoes and wheel loaders. Thus currently the model is only
applicable to equipment of this type.

It is anticipated that as emissions and activity data become available for additional
equipment types the model can be modified so that it will have wide applicability and
provide a more formal basis for regulatory development. It is important to understand
that CE-CERT is already involved with a number of programs with CARB that are
forming the basis for non-road regulations in the State of California, and CE-CERT is in
the process of formally conducting the evaluation of PEMS units for use in upcoming
regulatory work with CARB. With CE-CERT's strong technical background, it is
anticipated these emissions results and the resulting model will be widely accepted by a
range of shareholders. The development of regulations based on sound science will
help the environmental process associated with the implementation of new construction
projects. This will in turn facilitate construction projects necessary for the development
and maintenance of a transportation system that is safe, efficient and effective. At the
same time, a more efficient regulatory process will allow more rapid adoption of
regulations that will improve air quality and promote public health, while reducing legal
and other costs.

2.0 Experimental Procedures
Emissions Measurement Systems

Over the course of the test program, two different analyzers were utilized for the
measurement of the emissions. One analyzer measured all of the gaseous species
while the other measured the particulate matter.

The gaseous emissions were measured with a Semtech DS analyzer (see
http://www.sensors-inc.com/). This system measures NO, using a UV analyzer, total
hydrocarbons (THC) using a flame ionization detector (FID), and carbon monoxide (CO)
and carbon dioxide (CO;) using a non-dispersive infrared (NDIR) analyzer. THC
emissions are collected through a line heated to 190°C consistent with the conditions for
regulatory measurements. The analyzer provides measurements of the concentration
levels in the raw exhaust. A picture of the Semtech DS unit is provided below.


http://www.sensors-inc.com/
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Figure 2-1: Picture of Semtech DS PEMS

A flow meter based on a pitot tube operational principal is used for the measurement of
exhaust flow rates. The flow meter is housed in a 37, 4°, or 5" diameter pipe that is
placed over the tailpipe exhaust for the equipment being tested. A picture of the exhaust
flow meter is provided in Figure 2.2 below. The exhaust flow rates are multiplied by the
concentration levels for the various emission components to provide emission rates in
grams per second.

Figure 2-2: Picture of Semtech DS Exhaust Flow Meter



Measuring and Modeling PM Emissions from Heavy-Duty Construction Equipment

The second analyzer is a prototype AVL Micro Soot Sensor (MSS) with a gravimetric
filter box. The MSS measures the soot concentration on a second by second basis by a
photo-acoustic principle. The gravimetric filter box extends the soot measurement to a
combination of time resolved soot and integral PM measurement based upon
proprietary software. The stored data has to be post processed by the AVL Concerto
software to determine PM emissions equivalent to the PM emissions determined by the
traditional method of capturing the PM on a filter. A picture of the MSS and gravimetric
filter unit is provided below.

Figure 2-3: Picture of AVL Micro Soot Sensor with Gravimetric Fiiter Box on Top

Test Set-up

The test setup included the emissions analyzers (and associated exhaust flow meter), a
gasoline powered Yamaha EF2800 generator to power the AC emission analyzers. The
generator has a built in inverter to power DC equipment such as the PC for logging data.
A picture of the generator is shown below.
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Figure 2-4: Yamaha EF2800 Generator for Powering Equipment

The emissions analyzers were housed in foam lined cases to provide protection from
excessive vibration on the equipment. Initially the cases and generator were secured by
straps to a 4 drum plastic pallet as shown in Figure 2-5 below. However, because of
concerns expressed by the City of Riverside about placing a 4 foot by 4 foot pallet on
the roof of their construction equipment the equipment was removed from the pallet and
the pallet cut in half. All the emission measurement equipment was mounted on the 2
foot by 4 foot pallet and the generator gets mounted in a separate location on the
construction equipment. Having the emission equipment securely fastened to the pallet
and the pallet placed on a 6 inch thick foam and securely fastened to the construction
equipment ensures the analyzers are stable over the course of a test day.
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Figure 2-5:Emission Analyzers, Generator, and Flow Meter on a 4’ by 4’ Plastic Pallet

Preliminary Validation Testing'

Previous studies at CE-CERT have validated the operation of the PEMS and provided
cross comparisons of their operation with some of the other measurement techniques
available at CE-CERT. For one such measurement, the analyzers were cross compared
with the UC Riverside mobile emissions laboratory (MEL), which is a full dilution tunnel
emissions system with laboratory grade analyzers on a mobile piatform. MEL is a
unique laboratory containing all of the instrumentation normally found in a conventional
vehicle emissions laboratory, but the equipment is mounted inside a 53-foot over-the-
road truck trailer, as shown in Figure 2-6. The laboratory contains a dilution tunnel,
analyzers for gaseous emissions, and instrumentation for particulate measurements.
The system is reconfigurable, and can measure real-time gaseous as well as particulate

! This section from: December 2008 Final Report to Caltrans, “Evaluating the Emissions from Heavy-Duty
Construction Equipment”, Matthew Barth, Thomas D. Durbin, J. Wayne Miller, and George Scora
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matter (PM). Although much of the system is custom-designed, the laboratory was
designed to conform to the Code of Federal Regulations (CFR) requirements for
gaseous and particulate emissions measurements (CFR Parts 86 and 89). The
laboratory is designed to operate as a class 8 tractor is pulling it over the road (or on a
closed track over a repeatable cycle); it is not simply a roadside testing laboratory.

Long Ewn
Abwchse Avmmse Tiwost AP »

CVS Turbne 10004000 SCFM. Secondary Probe.  Gas Sample Probe  Seconcary Diuicn System

Variatie Diution ? PM (Sge Mass)

Devver’s Axt

~
Gas Mwasurements CO3 %,  Odution Av: Temmpevatuso, Exhount: Terpanature, Engine Broadcast: Intake Temperature,
O; %. CO ppm, NO, ppm, Absolsts Pressure, Throat AP, AP (E Coolant T Boost N
THG ppm, CH, ppm Baro (Amient), Flow, Flow, Baro Pressure. Viehicle Speed (mph),

Dew Point {Ambiant). Engine Speed (pm), Throtth Position,

Other Sensors. Dew Point, Load (% of rated),
Ambiat Temperatura,
Controt Room Tevpereiure,
Ambent Baro,
Trader Spood {rpm).
CVS Inlet Temp

Figure 2-6: CE-CERT's Mobile Emissions Laboratory {MEL)

For these comparisons, the analyzers were positioned to measure raw exhaust
concentrations upstream of the MEL dilution system. The MEL had been used for on-
road validation of the PEMS measurement allowance for the PEMS in-use Not To
Exceed (NTE) measurement regulatory program. The MEL measurements were made
in the diluted exhaust and converted to equivalent raw exhaust concentrations by using
the dilution ratio determined by the difference of the total tunnel flow minus the flow of
the intake dilution air.
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The comparisons of the PEMS and the MEL showed some differences in concentration
levels, as shown in Table 2-1. The PEMS NO, emission levels were biased 5-15% high
relative to those of the MEL. This comparison for NOy is in a similar range to that seen
in previous comparisons between the MEL and PEMS. CO, measurements were all
within 2%, except at the lowest load point. This is also consistent with previous
comparisons and indicates good comparability for the CO, which is the basis for the fuel
based comparisons. The deviations for CO and THC were higher than those for the
other components. This is not surprising as CO and THC are generally found at
relatively low levels in the diesel exhaust. Similar results have been found in other
comparison studies.

Semtech Results MEL equivalent raw measurements
m (ppm)

Load poin NO, CO, CO THC
100 % 9640  8.80 2059 15.9
75 % 9922 799 1652 13.8
50 % 9199  7.01 143.9 20.1

5952 530 88.3 270
3254 382 12717 424

25%
10%

Percentage differences (relative to MEL)

NO, CO, CO THC
M100 14.1% 1.4% -1.1%-68.1%

M75 12.1% -1.0%-18.1% NA

M50 9.1% -1.9%-13.1% 21.6%
M25 17% -14% 11.9% 57.8%
M10 58% -6.7% -6.4% 80.3%

Table 2-1: Emissions concentration level comparison between PEMS and MEL

Construction Equipment Tested for Emissions

Five pieces of construction equipment (4 backhoes and 1 wheel loader) were rented
from RDO Equipment Co. and operated on a vacant lot by CE-CERT personnel. Two
wheel loaders operated by Riverside County personnel at a quarry in Themal,
California were also tested.

All of the tested equipment is listed in Table 2-2.
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Equipment ipment it Rated Rated H
plprient. Bauipinett. ¢ iTeded  Model  Yeir T BugneM§  BrgneFanily' ErgicMedal P Power  Speed e
Owner Type Mg tested
(HP)  (RPM)
RDO  Backhoe  RDO Lot 4107 2007 2 4045TT095  7IDXL04.5062 Deere Deere 99 200 11816 4
RDO  Backhoe  RDO Lot 31081 2010 3 4045HT054  AJDXLO6.8106  Deere Deere 99 250 2416 4
RDO b‘ ' ad“c:r' RDO Lot 6443 2007 3 6068HDW69  7IDXL06.8101 Deere Deere 225 200 1735 4
RDO  Backhoe  RDOLot  310SG 2006 2 4045TT089  6JDXL04.5062 Deere Deere 92 2300 2599 4
RDO  Backhoe  RDO Lot 410G 2006 2 4045TT093  6JDXL04.5062 Deere Deere 99 200 9459 4
Countyof — Wheel =~ Riverside County vwuu76.6 2009 3 SAA6DI2SE-5 9KLXLILODD6  Komatu  Komasu 273 2000 90 3
Riv loader quarry
Countyet 'Woedl Ruersile Coumy' eareste: 2004 2 CAT ‘ C6.6 CAT 120 2300 2294 3

Riv loader quarry

Table 2-2: Equipment Tested
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Pictures of the equipment with the emission measurement analyzers in place are
presented in Figures 2-7 through 2-13.

Figure 7: John Deere Backhoe 410J on Vacant Lot in Riverside, California

Figure 2-8: John Deere Backhoe 310SJ on Vacant Lot in Riverside, California

10
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Figure 2-9: John Deere Wheel Loader 644J on Vacant Lot in Riverside, California

Figure 2-10: John Deere Backhoe 310SG on Vacant Lot in Riverside, California

11
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e b
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Figure 2-11: John Deere Backhoe 410G on Vacant Lot in Riverside, California

Figure 2-12: Komatsu WA470-6 Wheel Loader at Quarry in Thermal, California

12
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Figure 2-13: Caterpillar 928G Wheel Loader at Quarry in Thermal, California

13
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3.0 Results

The results are shown in Figure 3-1 through Figure 3-7. In these figures the first
plot is the fuel rate in g/sec followed by plots of CO,, CO, THC, and NOy, in g/kg
fuel on the left axis (black line) and in g/sec on the right axis (green line). The last
plot in the series is PM in mg/m>. These plots are based on the data as recorded
without time aligning the emission data to the flow rate data.

The PM concentration data in mg/m® was converted to a PM mass emission rate
in g/sec according to equation 3.1 and is presented in Figure 3-8 through Figure
3-17. The PM in mg/m® is strictly a measure of the soot (black carbon)
concentration in the exhaust whereas the typical filter measurement of PM
includes not only soot but also heavy organic compounds. To account for these
contributions, equation 3.1 applies an adjustment factor of 1.2 to the soot based
PM value. The factor of

PM,, = (PM, x Flow x 0.47195 X 1le —6) X 1.2 (3.1)

where
PM., = PM total mass emission (g/s)
PM. = dilution corrected PM soot concentration (mg/m?)
Flow = Exhaust flow rate in SCFM

1.2 is based upon data from an onroad diesel engine? in which it was observed
that this was a consistent ratio between PM,, and soot emissions in g/s from the
AVL Concerto program.

Calculation of the PM mass emission rate is dependent on PM concentration
data from the AVL Micro Soot Sensor, exhaust flow rate data from the Semtech
DS flow meter, and proper alignment between the two data sets. Time alignment
between the two data sets was performed manually by aligning key events in the
PM concentration and CO values as seen in Figure 3-18 and Figure 3-19. Figure
3-18 shows an example of the alignment of the general modes of activity across
the test data set while Figure Figure 3-19 shows the alignment of spikes at the
second-by-second scale for a smaller portion of the data set.

? Final Report, “Validation Testing for the PM-PEMS Measurement Allowance Program”, Contract No.
07-620, Prepared for : Dipak Bishnu, CARB, November 2010, by Kent Johnson, Tom Durbin, Heejung
Jung, David R. Cocker, Mohammad Yusuf Khan

14



Measuring and Modeling PM Emissions from Heavy-Duty Construction Equipment

Fuel Rate (g/vac) |
e N A m

LR o e |

X

. 8§
Ll I

€02 (g/kg ol

~%28885

0 100 20 3000 400 5000 6000 7000 8000
Time (Sewords)

Figure 3-1: Emissions from John Deere 410J Backhoe on 12/03/2010

Black lines are emissions in g/kg fuel, green lines are emissions in g/sec.
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Figure 3-2: Emissions from John Deere 310SJ Backhoe on 12/07/2010
Black lines are emissions in g/kg fuel, green lines are emissions in g/sec.
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DI T
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Figure 3-3: Emissions from John Deere 644J Wheel Loader on 12/08/2010

Black lines are emissions in g/kg fuel, green lines are emissions in g/sec.
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Figure 3-4: Emissions from John Deere 310SG Backhoe on 12/09/2010

Black lines are emissions in g/kg fuel, green lines are emissions in g/sec.
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Figure 3-5: Emissions from John Deere 410G Backhoe on 12/10/2010

Black lines are emissions in g/kg fuel, green lines are emissions in g/sec.
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Figure 3-6: Emissions from Komatsu WA470-6 Wheel Loader on 2/09/2011

Black lines are emissions in g/kg fuel, green lines are emissions in g/sec.
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Figure 3-7: Emissions from Caterpillar 928G Wheel Loader on 2/10/2011

Black lines are emissions in g/kg fuel, green lines are emissions in g/sec.

21



Measuring and Modeling PM Emissions from Heavy-Duty Construction Equipment

[eq1_t1_comb] [Backhoe] [Tier 2] [2007] [Deere] [Tested 12/3/2010]

1 :20
%2000}' | .103
o [=]
S 1000 i5 ©
o
% 12000
@
=]
3 sor
5 | | l | I
g 0 h 1_.‘_ML ] ! J A l J th.
0 2000 4000 6000 8000 10000 12&0
time, sec

Figure 3-8: CO, and PM emissions from a 2007 Tier 2 John Deere 410 J backhoe.
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Figure 3-9: CO, and PM emissions from a 2010 Tier 3 John Deere 310 SJ backhoe.
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Figure 3-10: CO, and PM emissions from a 2007 Tier 3 John Deere 644 J wheel loader.
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Figure 3-11: CO, and PM emissions from a 2006 Tier 2 John Deere 310 SG backhoe for 1* test.
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Figure 3-12: CO, and PM emissions from a 2006 Tier 2 John Deere 310 SG backhoe for 2" test.
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Figure 3-13: CO, and PM emissions from a 2006 Tier 2 John Deere 410 G backhoe.
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Figure 3-14: CO, and PM emissions from a 2009 Tier 3 Komatsu WA470-6 wheel loader.
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Figure 3-15: CO, and PM emissions from a 2004 CAT 928G backhoe for 1% test.
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Figure 3-16: CO, and PM emissions from 2004 CAT 928G wheel loader for 2™
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Figure 3-17: CO, and PM emissions from 2004 CAT 928G wheel loader for 3" test.
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Figure 3-18: Time alignment example showing pattern of emission events across one test.
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4.0 Off Road Equipment Emission Estimator (ORE)

One of the primary objectives of this research project is to create an emission model to
better represent emissions produced in the field from heavy duty diesel construction
vehicles. The test procedure and data collection was presented in previous sections. In
this section, a description of the data analysis, emission modeling methodology and
Graphical User Interface (GUI) are provided.

Data Analysis

Emission data from this study were analyzed for modeling purposes. The context of the
analysis was to determine what data could be used for modeling and how. One of the
primary concerns for modeling off-road equipment is determining the load on the
vehicle. Vehicle load is dependent on activity. The activity data was mapped in Google
Earth and examples are presented in Figures 4-1 and 4-2. In these figures the green
star indicates the start location of the activity and the red star indicates the end location
of the activity. These figures give some information about the type of activity which
occurred during testing such as movement from a starting location to a work area and
movement within a working area. This information is not sufficient to determine the load
on a vehicle however.

Another indicator of activity can be determined from the engine test data. This data is
presented in Figures 4-3 and 4-4, includes fuel use rate, engine speed and vehicle
forward velocity. The vehicle forward velocity is estimated from the GPS data. In these
two examples, it is clear that vehicle activity varies and that there are at least two
distinct operating modes: idle and non-idle. These two modes can be differentiated
largely by engine speed (rpm), but also from the profile of the fuel use or CO; emission
rate. An example of data split into these two modes is presented in Figure 4-5. The
blue points, which are a very minor fraction of the data, were not included in the model
because it is difficult to classify them absolutely as either idle or work. Vehicle velocity is
not a good indicator of idle activity since the equipment can be under load in a
stationary or relatively stationary position which is evident in Figure 4-3.

Examples of emission rate data for two test files are presented in Figures 4-6 and 4-7.
In these figures the emission rate is presented based on fuel use and time. The fuel
based emission rate is indicated by the blue and the time based emission rate is
indicated by green. The examples in these figures show the variance of fuel based and
time based emission rates throughout the length of a test. In the second subplot, in
Figures 4-6 and 4-7, the emission rate for CO, is presented. The fuel specific emission
rate for CO is fairly constant while the engine is on, as would be expected since almost
all of the carbon in fuel is oxidized to CO, during the combustion process. This direct
relationship does not exist between fuel and CO, HC or NO,, depicted in the following
subplots in Figures 4-6 and 4-7. Trends for these emission rates vary throughout the
length of the test. Comparing the fuel rate in the first subplot to emissions in the
following subplots in Figures 4-6 and 4-7, shows that fuel specific emission rates for
CO, HC and NOy increase at low fuel rates. This trend is particularly noticeable during
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idle which is characterized by a higher fuel specific CO, HC and NO, emission rate than
under steady load.

Figure 4-1: This figure shows sample mapped activity data for a back hoe. The green star is the
starting location and the red star is the ending location.

RN n ane P i AT

Figure 4-2: This figure shows sample mapped activity data for a wheel loader. The green star is
the starting location and the red star is the ending location.
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Figure 4-4: This figure shows sample activity data for a wheel loader.
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Figure 4-5: This figure shows an example of the separation of the data ranges into idle and work
modes. Data colored red is in the idle mode while data colored green is in the work mode. Blue
colored data is not incorporated in emission factor calculations.
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Figure 4-6: This figure shows sampie emission rate data for a wheel loader.
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Figure 4-7: This figure shows sample emission rate data for a Backhoe.

ORE Modeling Methodology

One constraint in any modeling process is always the availability of the input data. A
model that requires inputs which are not readily available is not useful. The model
developed here is based on fuel consumed, fraction of time spent in each mode and
fuel based emission factors. This methodology was established in earlier work which
utilized only emission data in units of concentration. The advantage of this method is
that emission factors can be calculated from concentration data and that emission
predictions are easily derived from inputs of fuel consumed. The data analysis in the
previous section demonstrates that fuel specific emissions are generally higher at idle
and decrease under load. The proposed framework for a construction model based on
the test data collected would consist of two sets of fuel based emission factors, one for
idle mode and one for load conditions.

Fuel based emissions are calculated from either concentration data or mass emission
rates. The basic calculation based on concentration data is illustrated in equation 4.1.
The fuel rate is estimated based on a carbon balance with emissions. The terms for CO
and HC in the denominator may be excluded since roughly 99% of the carbon in fuel is
oxidized to CO and relatively little ends up in CO and HC.

emission,g emission X Pemission X CWFpye 3
fu8l use,g o (COZ X pCOz X CWFCOZ +CO X Pco X CWFCO + HC X PHc X CWFﬂc) (4‘ )

where
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emission = the emission rate in ppm
= the emission density in g/l
= CO, emission rate in ppm
= CO emission rate in ppm
= HC emission rate in ppm
= the density of x in g/, (x = CO,, CO, HC, NO,, PM)
= the carbon weight fraction of x, (x = Fuel, CO,, CO, HC)

p emission

CO;
(610
HC

Px
CWE,

When mass emission rates are provided, the fuel based emission factor can be
calculated easily by equation 4.2.

emission,g emission,g/s

Faclals X 1000

fuel use,kg 42

Fuel based emission rate factors are applied to fuel use to estimate a mass emission
rate as shown in equation 4.3.

emission, g = | —— 1. uee 138, '
9 fuel use, kg g
where
- i H H
[_em“‘ 29| = afuel based mass emission factor
fuel use kg

Four equipment categories were created from the collected data set and they are
presented in Table 4-1. The 4 categories consist of a Tier 2 and Tier 3 wheel loader and

Engine
Eaement; Equi, Date Tested Equip. Tier | Year IManufacturerf Model | Disp. | Cylinders Katedd | Howrs
Category ID Type . Power |Tested
Engine Model
# | # hp Hrs
Deere/
1 12/3/2010 |Backhoe| 2 |2007 4045T1095 410) | 4.5 4 99 4
Backhoe Deere/
Tier 2 4 12/9/2010 |Backhoe| 2 |2006 404571089 310SG | 4.5 4 92 4
Deere/
5 12/10/2010 |Backhoe| 2 |2006 404571093 410G 4.5 4 99 &
Backhoe Deere/
Tier 3 2 12/7/2010 |Backhoe| 3 |2010 4045HT1054 310S) | 6.8 6 99 4
Wheel
Wheel CAT
Loader 7 2/10/2011 Koo 2 |2004 Cat/Cé6.6 928G 6.6 6 120 3
Tier 2
Wheel Deere/
WI'Ie:: 3 12/8/2010 loader 3 |2007 6068HDWES 644 1] 6.8 6 225 4
Wheel Komatsu/
Tier3 6 2/9/2011 Soailer 3 | 2009 i 012555-5““470—6 11.04 6 273 : |
Table 4-1: Description of Equipment Tested
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a Tier 2 and Tier 3 backhoe. Each of these categories was developed based on 3 to 12
hours of test data and 1 to 3 test vehicles.

From the data analysis presented in the previous section, the idle and load mode were
determined to be distinct in a number of tests for most emission species tested and for
several construction vehicles. Table 4-2 presents emission factors for these two modes
of operation for the 4 equipment categories. These emission factors reflect the total
construction vehicle activity that occurred during the test period for all pieces of
equipment within a test group. Assuming that the machinery tested during this test
period was operated in a typical fashion, these emission factors would be representative
of typical emission factors for these construction vehicle categories. Typically one
expects that all the emission factors for a Tier 3 will be lower than for a Tier 2. This
holds true for the Tier 3 backhoes versus the Tier 2 backhoes. For the Tier 3 wheel
loaders the Tier 3 emission factors for CO are higher than the Tier 2 by 21% for idling
and 73% for working, and the Tier 3 NO, working emission factor is higher than the Tier
2 by 15%. Since CO is so far below the regulation standards the manufacturers do not
have to design their engines to control CO so the typical expectation may not hold. For
this limited dataset and the number of variables a difference of 15% is probably well
within statistical probability. While all of the backhoes were John Deere’s with
essentially the same horsepower, the wheel loaders consisted of a 120 hp Tier 2 Cat, a
225 hp Tier 3 John Deere, and a 273 hp Tier 3 Komatsu.

Wheel Loader Backhoe
Parameter | Units Mode Tier 2 Tier 3 Tier 2 Tier 3
Fuel ole Idling 0.64 0.88 0.49 0.48
Working |  3.02 5.18 1.96 3.70
Idling 12.71 15.44 17.41 10.41
co

9% "working | 10.00 17.31 8.77 6.65
Idling 2.33 1.86 4.08 1.80

HC Ik
99 "working | 1.41 0.50 2.57 1.27
- okg | 1dling_ | 42.42 37.38 47.15 45.66
x Working |  23.07 26.44 26.73 16.47
Idling 0.50 0.38 0.32 0.10

PM Ik
9% Mworking | 0.90 0.62 0.35 0.15

Table 4-2: Typical Emission Factors for Each Pollutant under Idling and Working Conditions

ORE Graphical User Interface

A graphical user interface was developed for the ORE model using Visual C# and the
.NET 3.5 Framework. The .NET 3.5 Framework was released in 2007 and can be
installed on Windows XP, Vista and Windows 7. The ORE GUI provides a user friendly
interface for running single vehicle emission estimations.

The main window of the GUI is presented in Figure 4-7. In this window, the user selects
the equipment type and the amount of diesel fuel consumed in gallons. The application
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then calculates the minimum and maximum possible running time for the equipment
type based on fuel use rates at idle and during working conditions. The minimum value
is based on the idle fuel rate and the maximum value is based on the working fuel rate.
The user can then input the appropriate run time in the provided box or select the
percent of time spent in idle mode or work mode using the provided sliders. If any of
these three values is set (time in hours, percent idle time, or percent work time), the
remaining two variables are calculated and updated. In addition to this, the Idling,
Working, and Total outputs for Fuel, CO,, CO, HC, NOx and PM are calculated.

TWJ“ » —— e s |
i
Inputs Outputs
Usar note gous heve.

‘Whaoal Loadar - Tar 2 -

52
LB4 .27 202
30
N
| Check Parameters | | Resst | | Cotcutme. |

135

4. 477

V7.7

s

B4452 410645

Figure 4-8: Main window for ORE model

The fuel use rates in grams per second, along with the fuel based emission rates can be
viewed using the “Check Parameters” button which brings up the window in Figure 4-9.

These values are presented for idle and work modes.
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Fuel Idle = 0.640 (g/s)

Fuel Work = 3.020 (g/s)

Cco Idle = 12.710 (g/kg fuel)
CO Work - 10.000 (g/kg fuel)
HC Idle = 2.330 (g/kg fuel)
HC Work = 1.410 (g/kg fuel)
NOx Idle = 42.420 (g/kg fuel)
NOx Work = 23.070 (g/kg fuel)
PM Idle = 0.500 (g/kg fuel)
PM Work - 0.900 (g/kg fuel)

(o]

Figure 4-9: Current parameter display window for ORE Model

The “Save to file” button saves the output data to an ASCII text output file for which the
user provides the name. An example output file is presented in Figure 4-10. The file's
header section contains the program name, version number and credit information.
Following the header section, the user note is referenced. The user note is specified on
the main page and allows the user to add identifying information to the model
calculation and output file. The input section presents the user inputs associated with
the calculation and the output section present the fuel consumption and emission
production for the idling and working mode as well as combined total.
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Emission Estimator v1.00
california, Riverside 2011

off-Road Equi
university

Inputs
Equipment Type: wheel Loader - Tier 2
Fuel used: 5.2 gal
Total Time: 2.02 brs
idle Activity: 30 %
work Activity: 70 %
outputs

Idling working Total
Fuel (I:?) 1.395 15.364 16.760
- Co2 (kg 4.427 48.740 53.166
o fg 17.736 153.642 171.378
HC 3.251 21.663 24.915
NOX c);) 59.194 354.452 413.645
m (g z 13.828 14.525

Figure 4-10: Sample output file from the ORE model
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Appendix A - Background Information on UCR’s Mobile Emission Lab

Extensive detail is provided in Reference 1; so this section is provided for those that
may not have access to that reference. Basically the mobile emissions lab (MEL)
consists of a number of operating systems that are typically found in a stationary lab.
However the MEL lab is on wheels instead of concrete. A schematic of MEL and its
major subsystems is shown in the figure below. Some description follows.

GPS: Pat,
Long, Elevation,
# Satellite Precision.

Diluted Exhaust: Temperature,
Absolute Pressure, Throat AP,
Flow.

CVS Turbine: 1000-4000 SCFM, Secondary Probe.  Gas Sample Probe. Secondary Dilution System* ) )
Variable Dilution. PM (size, Mass). Drivers Aid.

Gas Measurements: CO; %,  Dilution Air: Temperature, Exhaust: Temperature, Engine Broadcast: Intake Temperature,

Oz %, CO ppm, NO, ppm, Absolute Pressure, Throat AP, AP (Exhaust-Ambient), Coolant Temperature, Boost Pressure,

THC ppm, CH, ppm. Baro (Ambient), Flow, Flow. Baro Pressure, Vehicle Speed (mph),
Dew Point (Ambient). Engine Speed (rpm), Throttle Position,

Other Sensor: Dew Point, Load (% of rated).

Ambient Temperature,

Control room temperature,

Ambient Baro,

Trailer Speed (rpm),
CVS Inlet Temperature,

Major Systems within the Mobile Emission Lab

The primary dilution system is configured as a full-flow constant volume sampling (CVS)
system with a smooth approach orifice (SAO) venturi and dynamic flow controller. The
SAO venturi has the advantage of no moving parts and repeatable accuracy at high
throughput with low-pressure drop. As opposed to traditional dilution tunnels with a
positive displacement pump or a critical flow orifice, the SAO system with dynamic flow
control eliminates the need for a heat exchanger. Tunnel flow rate is adjustable from
1000 to 4000 scfm with accuracy of 0.5% of full scale. It is capable of total exhaust
capture for engines up to 600kW. Colorado Engineering Experiment Station Inc. initially
calibrated the flow rate through both SAOs for the primary tunnel.

The mobile laboratory contains a suite of gas-phase analyzers on shock-mounted
benches. The gas-phase analytical instruments measure NO,, methane (CH,), total
hydrocarbons (THC), CO, and CO; at a frequency of 10 Hz and were selected based on
optimum response time and on road stability. The 200-L Tedlar bags are used to collect
tunnel and dilution air samples over a complete test cycle. A total of eight bags are
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suspended in the MEL allowing four test cycles to be performed between analyses.
Filling of the bags is automated with Lab View 7.0 software (National Instruments,
Austin, TX). A summary of the analytical instrumentation used, their ranges, and
principles of operation is provided in the table below. Each modal analyzer is time-
corrected for tunnel, sample line, and analyzer delay time.

| Rang Monitoring
Component Method
NO4 10/30/100/300/1000 (ppm) Chemiluminescenc

e
Co 50/200/1000/3000 (ppm) NDIR

CO, 0.5/2/8/16 (%) NDIR

THC 10/30/100/300/1000 & 5000 Heated FID
(ppmC)

CH4 30/100/300/1000 (ppmC) FID

Summary of gas-phase instrumentation in MEL
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