








June 12, 1998									








Dear Sir/Madam:





	The staff of the Air Resources Board (ARB) is in the process of updating the exhaust emission estimates of off-road mobile sources using a new model called OFFROAD.  Large spark-ignited (SI) engines 25 horsepower and greater is one of the category included in the OFFROAD model.  This document describes the details related to the various input factors such as population, emission factors, activity and useful life needed to estimate the emissions inventory.  The methodology to calculate exhaust emissions in the new OFFROAD model is described in Attachment 3.





It is the practice of ARB staff to present major emission inventory changes to the Board for its approval.  As such, staff plans to take the inventory of large SI engines 25 horsepower and greater to the Board before the end of 1998.





Before finalizing the emissions inventory of the category discussed in the document, staff is requesting your comments.  In order to give consideration to your concerns, we request that you  provide your comments in writing by July 24, 1998.  If you do not agree with certain input factors, staff would appreciate it if you could provide the data/basis that supports your position.  Written comments should be submitted to the following address:





		Mark A. Carlock


		Mobile Source Control Division


		9528 Telstar Avenue


		El Monte, CA  91731





If you have questions or need further clarification, please call Archana Agrawal, Manager of the Inventory Assessments section, at (626) 450-6136.








Sincerely,








Mark A. Carlock, Chief


Motor Vehicle Analysis Branch


Mobile Source Control Division  





�
Large SI engines are defined as engines of greater than or equal to 25 horsepower and are included in the following OFFROAD categories:





1.  Agricultural


2.  Airport Ground Support


3.  Construction


4.  Lawn and Garden


5.  Light Duty Commercial


6.  Light Duty Industrial


7.  Logging


8.  Transport Refrigeration Units 








Emission Factors





The large SI engine equipment classification includes a wide variety of equipment with diverse application that cannot be characterized by one test cycle.  Emission test results available from different test projects include the ISO-8178-C2 (“C2”) and ISO-8178-D2 (“D2”) test cycles.  The seven-mode C2 cycle is based on variable speed applications such as the lift-truck equipment and is supported by the Industrial Truck Association (ITA).  The five-mode D2 cycle is representative of constant speed applications such as generators and compressors where the equipment is started and operated at constant speed for a prolonged period of time.  Although most of the equipment in the SI engine >= 25 hp categories may have transient-like characteristics, no consensus has been formed on what transient cycle best describes these engines and there is a lack of emissions test data on transient cycles.  Table 1 lists the description of the available test cycles and suggested corresponding applications.








Table 1.  Test Cycle Description and Suggested Applications





Test cycle�
Test modeS�
applications�
�
ISO-8178-C2�
7�
SI Engine >= 25hp in Construction, Agricultural, Light Industrial, Lawn & Garden (turf care), Logging, and Airport Ground Support�
�
ISO-8178-D2�
5�
SI Engine >= 25hp in Light Commercial , Transport Refrigeration Units�
�






Based on the cycles described above for gasoline and gaseous fuel (such as liquefied petroleum gas (LPG) and compressed natural gas (CNG)) powered engines, emissions test data gathered during different test projects are listed in Table 2. 








Table 2.  Gasoline and LPG Emissions Test Data, Uncontrolled (g/bhp-hr)





ENGINE�
HP GROUP�
HC�
NOX�
CO�
LOAD FACTOR�
SOURCE�
�
Gas�
25-50�
5.00 (C2)�
6.90 (C2)�
95.20 (C2)�
0.235�
41.4 hp engine, SwRI/ITA 1993�
�
�
�
3.81 (C2)�
7.74 (C2)�
50.70 (C2)�
0.230�
40 hp engine, ARB preliminary�
�
�
�
10.60 (D2)�
1.74 (D2)�
479.40 (D2)�
0.393�
37 hp engine, ARB preliminary�
�
�
51-120�
3.61 (C2)�
13.26 (C2)�
20.20 (C2)�
0.227�
85 hp engine, SwRI/ITA 1993�
�
�
�
3.23 (C2)�
13.67 (C2)�
49.90 (C2)�
0.232�
100 hp engine, Ford/SwRI 1993�
�
�
�
1.49 (C2)�
8.32 (C2)�
16.33 (C2)�
0.283�
53 hp engine, ARB preliminary�
�
�
�
3.99 (C2)�
5.38 (C2)�
124.42 (C2)�
0.213�
54 hp engine, ARB preliminary�
�
�
121+�
1.69 (C2)�
11.96 (C2)�
20.09 (C2)�
0.211�
205 hp engine, ARB preliminary�
�
LPG�
25-50�
1.17 (C2)�
13.80 (C2)�
5.74 (C2)�
0.268�
40 hp engine, SwRI/ARB 1993�
�
�
�
1.70 (C2)�
11.50 (C2)�
8.80 (C2)�
0.220�
40 hp engine, ARB preliminary�
�
�
51-120�
2.30 (C2)�
8.60 (C2)�
33.80 (C2)�
0.218�
85 hp engine, SwRI/ITA 1993�
�
�
�
2.90 (C2)�
4.93 (C2)�
141.00 (C2)�
0.237�
100 hp engine, Ford/SwRI 1993�
�
�
�
0.94 (C2)�
11.67 (C2)�
7.37 (C2)�
0.274�
53 hp engine, ARB preliminary�
�
�
�
0.89 (D2)�
9.86 (D2)�
2.08 (D2)�
0.297�
54 hp engine, ARB preliminary�
�
�
121+�
�
�
�
�
no data�
�
Note:	SwRI :  Southwest Research Institute


	ITA  :  Industrial Truck Association








Using the emissions test data listed above, an average emission rate (gm/bhp-hr) by horsepower group was calculated for each cycle.  Since an inadequate number of engines were tested on the D2 cycle, staff used the emissions data from the fourth mode of the C2 test cycle in order to approximate the characteristics of the D2 cycle.  The load factor is defined as the ratio of the average horsepower to the maximum rated horsepower of the equipment.  Table 3 shows the average emission factors by variable and constant speed application.   Depending on the application type, specific emission factor was assigned to each equipment type.








Table 3.  Average Emission Factors (Uncontrolled, g/bhp-hr)





�
�
VARIABLE SPEED�
�
�
CONSTANT SPEED�
�
�
�
ENGINE�
HP GROUP�
APPLICATION�
�
�
APPLICATION�
�
�
�
�
�
HC�
NOX�
CO�
HC�
NOX�
CO�
�
GAS�
25-50�
4.41�
7.32�
72.95�
4.91�
6.68�
144.50�
�
�
51-120�
3.08�
10.16�
52.61�
2.39�
10.70�
36.55�
�
�
121+�
1.69�
11.96�
20.09�
1.46�
13.49�
12.30�
�
LPG�
25-50�
1.44�
12.65�
7.27�
1.08�
13.75�
2.08�
�
�
51+�
1.62�
10.14�
20.58�
0.77�
13.53�
1.35�
�






The 100 hp engine tested on LPG fuel was not used because the air-fuel ratio was richer than it should have been due to improper calibration.  As stated by the carburetor manufacturer, the test result was not representative of a properly calibrated LPG system.


Most of the engines tested were equipped with liquid-cooled engines.  The 37 hp gasoline engine tested by SwRI was an air-cooled, side-valve engine design which was calibrated extremely rich and had very high HC and CO and very low NOx readings.  These type of engines are typically calibrated to be used in constant speed applications such as generators, compressors, pumps, and welders.  From SwRI, staff obtained manufacturer and model of the 37 hp engine shown in Table 2.  Using this information and the Power System Research (PSR) database, staff was able to identify that 22 percent of the light commercial equipment in the 25 to 50 hp range are equipped with air-cooled engines.  In the 25-50 hp range shown in Table 3, the emission factor for gasoline powered constant speed application reflected 22% air-cooled design (based on 37 hp engine test data) and 78% liquid-cooled engines.  For 51+ hp categories, 100 percent of the engines were assumed to be liquid-cooled.








Load Factor Correction





The emission factors shown in Table 3 reflect the load factor of the cycle being used for testing, staff evaluated the effect that various load have on emissions.  The majority of the equipment in the large SI engine category are characterized with load factors ranging from 0.20 to 0.80.  Emission test results by mode based on the C2 test cycle were used to derive load correction factors.  The average emissions and load factor for each mode were computed and normalized against the composite cycle average emissions.  The results were plotted by load factor.  The normalized emissions versus load factor data points were then curve fit to obtain equations for load correction factors.  Figures 1-6 show the results of the analysis performed on mode specific emission data.  
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Using the results of this analysis, equipment specific emission factors were corrected for respective loads.  Since the OFFROAD model for SI engine >= 25 hp requires emissions factor by fuel and by horsepower groups, each of the equipment specific load factor corrected emission factor were weighted by that equipment’s activity (average hp, usage, and population) to derive a composite emission factor by horsepower group.  The composite emission factors are shown in Table 4. 











Table 4.  Activity-Weighted Load-Corrected Emission Factors (g/bhp-hr)





HP group�
gas


hc�
gas


NOx�
gas


CO�
lpg


HC�
lpg


NOx�
lpg


co�
�
25-50�
3.81�
7.79�
104.34�
1.39�
13.07�
7.06�
�
51-120�
2.65�
11.42�
48.03�
1.56�
10.47�
20.04�
�
121+�
1.62�
11.31�
24.67�
1.56�
10.47�
19.93�
�









Deterioration Factors





	Deterioration rates, the change in emissions as a function of usage, were derived from a report prepared for the ARB by Energy and Environmental Analysis (EEA) entitled, “Documentation of Input Factors for the New Off-Road Mobile Source Emissions Inventory Model” dated 1997.  EEA calculated deterioration factors for the 25+ hp range based on observed deterioration factors for on-highway engines with similar horsepower ranges.  The deterioration factors, as discussed in the EEA documentation, were presented as a percent increase in emissions over the percent of life consumed.  Table 5 shows the deterioration factors and on-highway engine surrogates used to estimate the OFFROAD deterioration rates.








Table 5.  On-Highway Surrogate for OFFROAD Deterioration Factors  





HP Group�
Deterioration Factor  


% increase�
�
�
On-Highway Equivalent�
�
�
HC�
CO�
NOX�
�
�
25-50 hp�
1.38�
0.83�
0.064�
No market equivalent, assume 51-120 hp range numbers.�
�
51-120 hp�
1.38�
0.83�
0.064�
Compared to non-catalyst, 1969 gasoline light duty trucks�
�
120+ hp�
0.37�
0.56�
0.14�
Compared to non-catalyst, 1970 heavy duty gasoline vehicles.�
�






Using the average useful life within a horsepower group, deterioration factors presented in terms of percentages were converted to deterioration rates with units of grams/brakehorsepower-hour2 (g/bhp-hr2).  The deterioration rates are a function of cumulative hours of use.  Due to lack of data, CNG/LPG engines were assumed to have the same deterioration factors as gasoline engines.


Since deterioration rates are based on on-road vehicle data instead of off-road engine test data, staff used the highest lifetime hours for each horsepower group in calculating the deterioration rates.  In doing so, staff ensured that over its useful life, an off-road engine would  not deteriorate more than the on-road engine surrogate.











Activity Inputs





Input factors such as population, usage, useful life, and load factors for the base year (1990) were obtained from the 1996 edition of Power System Research (PSR) database.  PSR is a independent research firm with more than 15 years of experience in research and development related to engine product life cycles.  This database is a flexible tool containing a large amount of off-road equipment data from one independent source.  


Wherever possible, other resources such as other government agency’s data, research publications, and industry association data were evaluated to cross check PSR’s accuracy.  This analysis resulted in following major changes to PSR’s in-use population estimates.  (1)  Population estimates for the forklift category were revised.  In a 1992 report entitled “Off-Road Mobile Equipment Emission Inventory Estimate” prepared by Booz Allen & Hamilton (BAH) for the ARB, the California in-use population estimates and the LPG to gasoline split are different from PSR.  Based upon manufacturer’s product shipment data provided by the U.S. Census Bureau, Manufactures - Industry Series data indicated that there are more LPG-equipped forklifts than there are gasoline forklifts.   The Industry Series indicated a 70/30 LPG to gasoline split, while PSR indicated a 50/50 split between LPG and gasoline forklifts.  One reason for the discrepancy could be because PSR estimates the population of the engines leaving the factory.  In many cases, the engine are later  retrofitted for LPG fuel.  BAH reported a 62/38 split between LPG and gasoline forklifts.  (2)  The BAH report indicated an in-use forklift population of 35,586 while PSR reported 20,378.   A 1996 report prepared for the National Propane Gas Association (NPGA) entitled “The Role of Propane in the Fork Lift/Industrial Truck Market: A Study of its Status, Threats, and Opportunities” indicated population estimates closer to the BAH estimates than PSR.  Since the source for the forklift estimates in the BAH report is from the Industrial Truck Association and the LPG to gasoline split seems reasonable, BAH estimates for forklift population by fuel type are used instead of PSR.  Table 6 shows the forklift gas/LPG distribution.








Table 6.  Forklift Gas/LPG Distribution





hp group�
psr


gas�
psr


lpg�
New


gas�
new


lpg�
�
25-50�
1304�
2803�
2916�
4757�
�
51-120�
8171�
6241�
10233�
16695�
�
121-175�
458�
68�
374�
611�
�
Total�
9933�
9112�
13523�
22063�
�






From anecdotal evidence and other research findings, the population estimates in the light commercial equipment category, which consists of generators, compressors, pumps, welders, and pressure washers, were revised from the original PSR estimates.  In the light commercial category, PSR’s database does not distinguish between what is considered off-road and stationary equipment.  The 1992 BAH report stated “interviews with engine manufacturers (DDC, Caterpillar, Cummins, and Deutz) and equipment manufacturers (Stewart & Stevenson and Valley Diesel) suggest that the majority of equipment in these categories over 100 HP is in fact stationary.”  The report provides the split between portable and stationary engines by horsepower as shown in Table 7.  Using Table 7, staff modified the PSR’s estimates for compressors, generators, welders, pumps and pressure washers.








Table 7.  Light-Duty Commercial Portable/Stationary Adjustments





hp group�
percent portable�
percent stationary�
�
25-50�
90�
10�
�
51-120�
70�
30�
�
121-175�
20�
80�
�
176-250�
15�
85�
�
251-500�
10�
90�
�






PSR’s database indicated that generators in the greater than 25hp range were mostly gasoline-fueled as opposed to LPG-fueled.  Staff believes that generators, like forklifts, may be retrofitted to LPG fuel after it is shipped from the original equipment manufacturers.  Because of the lack of data indicating the split between these two types of generators, the original population estimates are used.


In addition to forklifts that use internal combustion (IC) engine, there are a majority of forklifts that operate on electricity.  In the NPGA report, electric forklifts (both ride-on and motorized walk-behind) are listed as having an in-use nationwide population in 1995 of 730,860.  Applying the IC forklift California percentage (11%), the California in-use population for electric forklifts in 1995 is estimated as 80,395 (62%) as compared to 50,166 IC forklifts (38%).  


The population estimates, activity and other input factors used for the large SI engines category are shown in Attachment 1.  The emission factor inputs are shown in Attachment 2. 








Growth Factors





	The growth factors were obtained from the 1994 California State Fullerton report prepared for ARB entitled “A Study to Develop Projected Activity for Non-Road Mobile Categories in California, 1970-2020” using 1990 as the base year.  Growth factors for major categories, non-farm equipment (construction, light duty commercial, light duty industrial, logging) and farm equipment (agricultural), are based on employment and gasoline sales data respectively. 








�
Non-Preempted/Preempted Classification





	In the OFFROAD model, each equipment type is classified as preempted (P) or non-preempted (N) as shown in Attachment 2.  The U.S. Environmental Protection Agency (USEPA) has the sole authority to adopt emissions control standards for preempted equipment.  Generally, the U.S EPA has control over new farm and construction equipment less than 175 horsepower.  The list below shows equipment that utilize engines with 25 or greater horsepower and are not considered construction or farm equipment.


	


	Non-Preempted Equipment List


	Aircraft Ground Power


	Baggage Handling


	Forklifts (not rough terrain) less than 50 horsepower, not powered by diesel engines


	Generator Sets


	Mining Equipment not otherwise primarily used in the construction industry


	Off-Highway Recreational Vehicles (Specialty Vehicles)


	Other Industrial Equipment


	Refrigeration Units less than 50 horsepower


	Scrubbers/Sweepers


	Tow/Push


	Turf Care Equipment	








Large SI Engine (25HP+) Emission Inventory





Table 8 shows the 1990 and 2010 statewide uncontrolled exhaust emission inventory for the large SI off-road engines category.  The OFFROAD model uses the designation of G4 for gasoline fueled 4-stroke engines and C4 for gaseous fueled 4-stroke engines.








   	�
Table 8.  Uncontrolled Exhaust Emissions for 1990 and 2010








Calendar Year 1990 Statewide, Uncontrolled�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
P/N�
FUEL�
HP�
1990


Pop�
Activity


(hrs/day)�
ROG


(tons/day)�
CO


(tons/day)�
NOX


(tons/day)�
�
Non-preempted�
C4 �
50�
4,947�
23,463�
0.80�
3.34�
4.32�
�
�
�
120�
289�
287�
0.03�
0.39�
0.17�
�
�
�
175�
160�
48�
0.01�
0.11�
0.06�
�
�
�
250�
25�
1�
0.00�
0.00�
0.00�
�
�
C4  Total�
�
5,421�
23,799�
0.84�
3.84�
4.55�
�
�
G4 �
50�
18,664�
23,254�
2.27�
59.90�
3.09�
�
�
�
120�
4,575�
4,526�
0.80�
15.25�
2.80�
�
�
�
175�
555�
617�
0.08�
1.50�
0.58�
�
�
�
250�
190�
710�
0.11�
2.23�
0.73�
�
�
�
500�
20�
184�
0.10�
1.97�
0.72�
�
�
G4  Total�
�
24,004�
29,291�
3.36�
80.85�
7.92�
�
Non-preempted Total�
�
�
29,425�
53,090�
4.20�
84.69�
12.47�
�
Preempted�
C4 �
120�
16,694�
82,331�
5.34�
56.40�
20.67�
�
�
�
175�
610�
3,013�
0.28�
3.91�
1.65�
�
�
C4  Total�
�
17,304�
85,344�
5.62�
60.31�
22.32�
�
�
G4 �
50�
10,681�
7,217�
0.84�
23.41�
1.32�
�
�
�
120�
24,816�
61,551�
7.18�
129.35�
20.68�
�
�
�
175�
3,504�
3,277�
0.37�
6.97�
2.56�
�
�
G4 Total�
�
39,001�
72,045�
8.39�
159.73�
24.56�
�
Preempted Total�
�
�
56,305�
157,389�
14.01�
220.03�
46.88�
�
Grand Total�
�
�
85,730�
210,479�
18.21�
304.72�
59.35�
�






�



Calendar Year 2010 Statewide, Uncontrolled�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
P/N�
FUEL�
HP�
2010


Pop�
Activity


(hrs/day)�
ROG


(tons/day)�
CO


(tons/day)�
NOX


(tons/day)�
�
Non-preempted�
C4 �
50�
6,384�
29,941�
1.02�
4.25�
5.50�
�
�
�
120�
386�
443�
0.05�
0.59�
0.27�
�
�
�
175�
188�
57�
0.01�
0.13�
0.07�
�
�
�
250�
42�
1�
0.00�
0.00�
0.00�
�
�
C4  Total�
�
7,000�
30,442�
1.08�
4.97�
5.84�
�
�
G4 �
50�
21,825�
26,916�
2.40�
58.54�
3.67�
�
�
�
120�
5,804�
6,339�
1.02�
18.01�
4.01�
�
�
�
175�
795�
963�
0.11�
1.95�
0.91�
�
�
�
250�
292�
1,070�
0.13�
2.48�
0.99�
�
�
�
500�
32�
222�
0.12�
2.04�
0.91�
�
�
G4  Total�
�
28,748�
35,510�
3.78�
83.02�
10.49�
�
Non-preempted Total�
�
�
35,748�
65,952�
4.86�
87.99�
16.33�
�
Preempted�
C4 �
120�
21,303�
105,060�
6.76�
71.57�
26.36�
�
�
�
175�
779�
3,845�
0.35�
4.96�
2.11�
�
�
C4  Total�
�
22,082�
108,905�
7.11�
76.53�
28.47�
�
�
G4 �
50�
12,607�
8,415�
0.90�
23.08�
1.57�
�
�
�
120�
28,779�
69,451�
7.47�
123.99�
24.09�
�
�
�
175�
4,226�
3,780�
0.39�
6.83�
3.05�
�
�
G4 Total�
�
45,612�
81,646�
8.76�
153.91�
28.71�
�
Preempted Total�
�
�
67,694�
190,551�
15.87�
230.44�
57.18�
�
Grand Total�
�
�
103,442�
256,503�
20.73�
318.43�
73.50�
�



Note :	C4 :  	4 Stroke CNG/LPG


	G4 :   	4 Stroke Gasoline








Comparison Between OFFROAD Output and SIP Inventory





	Table 9 shows 1990 and 2010 statewide comparison of uncontrolled emissions inventory from the 1994 State Implementation Plan (SIP) and the OFFROAD model.  











�



Table 9.  Comparison of Uncontrolled Statewide Emission Inventory�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
YEAR�
OFFROAD MODEL�
�
�
SIP Inventory�
�
�
�
�
ROG


(tons/day)�
NOX


(tons/day)�
CO


(tons/day)�
ROG


(tons/day)�
NOX


(tons/day)�
CO


(tons/day)�
�
1990�
18.21�
59.35�
304.72�
70.95�
44.61�
2065.31�
�
2010�
20.73�
73.50�
318.43�
100.20�
66.38�
3083.00�
�






The difference in emissions is due to updates in baseline emission factors, inclusion of deterioration rates, load factor, population and activity estimates.  Tables 10 and 11 show the difference in emission factors and various activity input factors.  Additional differences between the 2010 SIP and OFFROAD inventory is due to the different growth factors used.  SIP estimates were calculated based on 50 percent growth in 2010 population from 1990 and OFFROAD estimates are calculated based on 23 percent growth in 2010 population from 1990.








Table 10.  Comparison of Uncontrolled Emission Factors (g/bhp-hr)�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
OFFROAD MODEL�
�
�
SIP Inventory�
�
�
PERCENT�
�
FUEL�
HP GROUP�
�
�
�
�
�
�
DIFF.  FROM SIP�
�
�
�
ROG�
NOX�
ROG+NOX�
ROG�
NOX�
ROG+NOX�
ROG+NOX�
�
GAS�
25-50�
3.81�
7.79�
11.60�
8.50�
2.50�
11.00�
-5.5%�
�
�
51-120�
2.65�
11.42�
14.07�
8.25�
3.00�
11.25�
-25.1%�
�
�
121+�
1.62�
11.31�
12.93�
7.50�
4.50�
12.00�
-7.8%�
�
LPG�
25-50�
1.39�
13.07�
14.46�
6.12�
3.00�
9.12�
-58.6%�
�
�
51-120�
1.56�
10.47�
12.03�
6.12�
3.60�
9.72�
-23.8%�
�
�
121+�
1.56�
10.47�
12.03�
6.12�
5.40�
11.52�
-4.4%�
�






Table 11.  Stepwise Analysis between OFFROAD and SIP Inventory�
�
�
�
�
�
�
�
�
�
Stepwise Analysis�
OFFROAD Model�
SIP Inventory�
Percent


Diff. From SIP�
�
1990 Population�
85730�
105204�
18.51%�
�
Pop*Act (hr/yr)�
7.68E+07�
7.11E+07�
-8.02%�
�
Pop*Act*Avg Hp (hr-hp/yr)�
5.04E+09�
5.60E+09�
10.00%�
�
Pop*Act*Avg Hp*Load (hr-hp/yr)�
1.76E+09�
3.09E+09�
43.04%�
�
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