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EXECUTIVE SUMMARY 
 
 
The Lake Michigan Air Directors Consortium (LADCO) is working with the States in the upper 
Midwest, Illinois, Indiana, Michigan, Ohio, and Wisconsin, to develop the necessary technical 
support for new State Implementation Plans (SIPs) for regional haze, PM2.5, and 8-hour ozone.  
To support this process, LADCO contracted with ENVIRON to identify and evaluate candidate 
control measures for on-road and nonroad mobile sources for the LADCO states.  
 
The project objectives were to review, recommend and assess emission control measures for 
mobile sources; develop white papers for selected control measures to reduce emissions from 
mobile sources in the LADCO states; and estimate potential emission reductions from these 
selected control measures in the LADCO states. 
 
To achieve these objectives, ENVIRON reviewed mobile source emission inventories to identify 
major sources in the LADCO states; reviewed control measure literature for mobile sources and 
developed a master list of potential control measures; performed a qualitative screening analysis 
to develop a short list of control measures; performed technical and economical analyses on 
selected control measures; and developed emission reduction scenarios to estimate overall 
potential emission reductions, costs, and vehicle or equipment penetration rates for selected 
control measures. 
 
In carrying out the qualitative screening analysis, ENVIRON identified and compiled a master 
list of more than 70 emission control measures for mobile sources by several control measure 
categories, including alternative and conventional fuel, equipment or fleet modernization, idling 
restriction/reduction, inspection/maintenance programs, low-emission vehicle (LEV) programs, 
retrofitting, ozone action days/public awareness programs, intelligent transportation system (ITS) 
and VMT reduction programs.  Section 2 of the report presents the master list and results of the 
qualitative screening analysis. 
 
The objective of the qualitative screening analysis was to refine and reduce the master list to a 
shorter list for further technical and economic analyses, as well as for developing white papers 
on selected control measures for mobile sources.  The screening evaluation for these control 
measures was based on approximate contribution levels to the NOx, PM, and VOC emission 
inventories and past experience in program effectiveness and feasibility for these measures.   
 
While the criteria included emission benefits, emission impacts, cost effectiveness, technical 
feasibility, likely public acceptance, and EPA creditability, the qualitative screening analysis was 
heavily weighted on the emission impacts on reducing NOx and PM emissions, with primary 
focus on NOx emissions.  This was decided based on the results from LADCO’s source 
apportionment study, showing that on-road NOx emissions are the dominant source of ozone and 
PM-nitrate concentrations in the region, as well as the results of LADCO's Urban Organics 
Study, suggesting that mobile sources are the dominant source of primary organic carbon 
concentrations in these areas. 
 
As presented in Section 2 of the report, emission inventory data show that more than 40% of 
NOx and 50% of PM emissions from the 2009 on-road emission inventory are from heavy-duty 
diesel vehicles in the LADCO states.  As for the NONROAD equipment, more than 80% and 
55% of the 2009 NONROAD NOx and PM emissions, respectively, are from the NONROAD 



February 2006 
 
 
 
 

G:\LADCO controls\Reporting\Final\Exe-Sum.doc ES-2 

diesel equipment for all LADCO states.  Construction and agricultural diesel equipment each 
contribute more than 30% and 20% of the NOx and PM emissions, respectively.  Therefore, it 
was determined that control measures targeting these sources (i.e. on-road heavy-duty diesel 
vehicles, nonroad diesel construction and agricultural equipment) would provide substantial and 
effective NOx and/or PM emission reductions. 
  
Using the emission inventories and information/data from past experience of control measures, 
ENVIRON ranked and prioritized the control measures in the master list based on preliminary 
emission reduction potential for each control measure.  With the ranking results and discussion 
with LADCO states, 15 control measures were selected for technical and economic analyses, 
with control measures for on-road HDDVs and diesel construction and agricultural equipment as 
primary control measures.  These selected control measures are summarized in Table ES-1.  
 
Table ES-1.  Selected control measures for different mobile emission sources. 

On-road Diesel Vehicles 
• Measure 16b: California Diesel Fuel 

 
On-road Heavy Heavy-Duty Diesel Vehicles 
• Measure 16a: Emulsified Diesel Fuel 
• Measure 31: Fleet Modernization 
• Measure 42: Accelerate Low NOx Calibration/Reflashing Program  
• Measure 46: Aftertreatment Device Retrofits 
• Measure 47: NG/Dual Fuel Retrofits  
• Measure 29a: Fleet Modernization via HDD AFVs 
• Measure 67: Speed Limit Restriction Program 

      
Nonroad Diesel Equipment 
• Measure 16b: California Diesel Fuel 
 
NONROAD Diesel Construction Equipment 
• Measure 16a: Emulsified Diesel Fuel 
• Measure 20: Equipment Fleet Modernization 
• Measure 51: Aftertreatment Device Retrofits for Nonroad Equipment 

o Measure 51a: Lean NOx Catalyst 
o Measure 51b: EGR+DPF Retrofit 
o Measure 51c: SCR Retrofit 

 
NONROAD Diesel Agricultural Equipment 
• Measure 16a: Emulsified Diesel Fuel 
• Measure 20: Equipment Fleet Modernization 
• Measure 51: Aftertreatment Device Retrofits for Nonroad Equipment 

o Measure 51a: Lean NOx Catalyst 
o Measure 51b: EGR+DPF Retrofit 
o Measure 51c: SCR Retrofit 

 
On-road Light-Duty Vehicles 
• Measure 40: Implementing/Expanding I/M Programs for LDVs 
• Measure 28/29/43/45: Accelerated Vehicle Replacement of Older Fleet Vehicles (10 Years 

old or older) 
• Measure 44: Vehicle Scrappage Program for 25 Years Old Vehicles 
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For each selected control measure, ENVIRON developed a White Paper that includes a technical 
descriptions of the control measure; estimates of emission reductions, costs, and cost-
effectiveness; and issues related to implementation.  These White Papers are presented in Section 
3 of the report. 
 
Per LADCO’s request, several emission reduction scenarios were developed to estimate potential 
emission reductions and associated costs using the results from the detailed cost benefit analyses 
of the selected control measures.  Section 4 of this report presents a few of many potential 
emission reduction scenarios based on those primary selected control measures for reducing NOx 
emissions from on-road diesel vehicles and nonroad diesel equipment, focusing on the on-road 
HDDVs and diesel construction and agricultural equipment as they are the primary sources of 
NOx emissions in the mobile source emission inventories in the LADCO states.  These emission 
reduction scenarios provide a general idea of potential emission reductions from target sources, 
as well as available measures to cost effectively reduce these available or excess emissions and 
associated costs to achieve the potential emission reductions. 
 
To develop these emission reduction scenarios, ENVIRON identified major emission 
contributors based on emission inventories; generated or estimated vehicle or equipment 
population data; identified and selected control measures for target sources; applied potential 
emission reductions and associated cost estimates on a per vehicle or equipment basis, and cost-
effectiveness values for selected measures; developed criteria for penetration or compliance rates 
based on cost effectiveness values and vehicle or equipment availability (turnover rates); and 
estimated potential total emission reductions and measure costs for selected measures and 
combinations of selected measures. 
 
Table ES-2 presents the summary results of an example emission reduction scenario for the on-
road diesel vehicles in the LADCO states.  As shown in this table, this scenario for heavy 
HDDVs could achieve more than 100 tons per day (tpd) of NOx emissions reduction for selected 
incentive/voluntary measures (i.e. all measures, except the California Diesel Fuel and Low NOx 
Calibration/Reflashing) for a cost of about $1.2 billion with an average cost-effectiveness value 
of about $5,200 per ton of NOx reduced.  The total number of vehicles involved under this 
scenario for voluntary/incentive programs is about 40,000, which is about 20% of the total 
available fleet in 2009.  Assuming that a LADCO emission reduction program would begin in 
2007, the 20% vehicle penetration rate would translate to about 7% turnover rate per year in a 
three-year time frame which is a viable penetration rate to achieve. 
 
Table ES-2.  Summary results of an example emission reduction scenario to reduce NOx 
emissions from on-road diesel vehicles in the LADCO states in 2009. 

Technology 

Project 
Cost-

Effectiven
ess ($/ton) 

Estimated NOx 
Reductions per 

Vehicle 
(tons/year) 

Cost per 
Unit ($) 

Number of 
Units 

Available 

Units 
Recomme

nded Total Cost 
Total NOx 
(tons/day) 

Measure 16a: Reformulated Diesel Fuels (Incentive/Voluntary Program) 
Emulsified Diesel Fuel (3 yrs of fuel cost)
MY 1989 and Earlier $9,039 0.33 $8,434 88,148  2,644  $22,303,773 2.39
Sub Total      2,644  22,303,773 2.39 

Measure 47: NG/Dual Fuel Retrofits (Incentive/Voluntary Program) 
LNG/Dual Fuel Retrofit: HDDVs (2.0 g NOx)
MY 1989 and Earlier $9,870 1.49 $42,575  88,148  2,644  $112,586,878 10.79
Sub Total     2,644  112,586,878 10.79

Measure 29a: Fleet Modernization via HDD AFVs
LNG/Dual Fuel Retrofit: Refuse Trucks (2.0 g NOx)
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Technology 

Project 
Cost-

Effectiven
ess ($/ton) 

Estimated NOx 
Reductions per 

Vehicle 
(tons/year) 

Cost per 
Unit ($) 

Number of 
Units 

Available 

Units 
Recomme

nded Total Cost 
Total NOx 
(tons/day) 

MY 1989 and Earlier $4,844 1.79 $44,257 1,763   88  $3,901,182 0.43
MY 1990 $10,733 0.81 $44,257 166 2  $73,536 0.00
Sub Total                  90  3,974,717 0.44
LNG/Dual Fuel Retrofit: Transit Buses (2.0 g NOx)
MY 1989 and Earlier $6,554 2.24 $42,575 233 12  $495,624 0.07
Sub Total     12            495,624 0.07

Measure 31: Fleet Modernization (Incentive/Voluntary Program) 
Diesel Engine/Vehicle Upgrades (MY 1990 Engine 6 g NOx)
MY 1989 and Earlier $6,053 0.82 $35,000 88,148  4,407  $154,258,593 9.95
Sub Total      4,407   154,258,593 9.95
Diesel Engine/Vehicle Upgrades (MY 2001/2 Engine 4 g NOx)
MY 1989 and Earlier $4,772 1.19 $40,000  88,148  4,407  $176,295,535 14.42
Sub Total      4,407   176,295,535 14.42
Diesel Engine/Vehicle Upgrades (MY 2002/4 Engine 2.4 g NOx)
MY 1989 and Earlier $4,423 1.45 $45,000  88,148 4,407  $198,332,477 17.50
MY 1990 $10,246  0.63 $45,000  8,308   83  $3,738,478 0.14
Sub Total     4,490   202,070,955 17.64 

Measure 46: Aftertreatment Device Retrofits (Incentive/Voluntary Program) 
Lean NOx Catalyst  
MY 1989 and Earlier $5,905 0.55 $20,000 88,148 4,407  $88,147,768 6.64
MY 1990 $10,682 0.30 $20,000 8,308   83  $1,661,546 0.07
Sub Total   4,490  89,809,313 6.71 
EGR+DPF Retrofit  
MY 1989 and Earlier $5,970 0.55 $23,000 88,148 4,407  $101,369,933 6.64
MY 1990 $10,846 0.30 $23,000 8,308   83  $1,910,778 0.07
Sub Total     4,490  103,280,710 6.71 
SCR Retrofit  
MY 1989 and Earlier $3,139 1.37 $27,500 88,148 8,815  $242,406,361 33.19
MY 1990 $5,685 0.76 $27,500 8,308 415  $11,423,127 0.86
MY 1991 – 1997 $7,055 0.61 $27,500 49,786 1,494  $41,073,438 2.49
MY 1998 – 2001 $8,984 0.48 $27,500  22,943 688  $18,927,968 0.90
Sub Total      11,412  313,830,895  37.45 
Overall Projects  
MY 1989 and Earlier  88,148 36,240  1,100,098,124 102.02 
MY 1990  8,308  666  18,807,464 1.14 
MY 1991 - 1997  49,786  1,494  41,073,438 2.49 
MY 1998 - 2001  22,943  688  18,927,968  0.90 
Total  193,330 39,089  1,178,906,995 106.57 

Measure 42: Accelerate Low NOx Calibration/Reflash Program (Mandatory Phase-in)
Diesel Engine Reflash (MY 1993-1998 Engines)
MY 1993-1998 $2,485 0.16 $398 146,134 87,680  $34,858,835 38.44
MY 1993-1998 $1,842  0.22 $398 40,201 32,161  $12,786,148 19.02
Sub Total     119,841  47,644,983 57.45 

Measure 16b: California Diesel Fuel (Mandatory Program) 
California Diesel Fuel (All Diesel Vehicles)
LDDVs $29,622 0.00072 $21 40,800 20,400  $437,256 0.04
LDDTs $72,642 0.00046 $33 91,974 45,987  $1,522,696 0.06
Class 2b HDDVs $165,553 0.00041 $67 1,680,666 840,333  $56,475,121 0.93
Class 3-5 HDDVs $41,629 0.00186 $77 353,078 176,539  $13,655,581 0.90
Class 6-7 HDDVs $23,417 0.00524 $123 565,913 282,956  $34,746,503 4.07
Class 8 HDDVs $3,787 0.09519 $360 203,639 101,819  $36,700,580 26.55
Buses $14,199 0.02311 $328 125,592 62,796  $20,607,405 3.98
Sub Total     1,530,831  164,145,142 36.53 
Grand Total       1,395,167,461 200.5 
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Assuming that the LADCO states adopt the California Diesel Fuel measure as a mandatory 
program, the measure would provide more than 35 tpd of NOx emission reduction with a 
conservative 50% compliance rate for a cost of about $165 million.  The average cost-
effectiveness value for the California Diesel Fuel measure was estimated to be about $13,000 per 
ton of NOx reduced.  Thus, it would not be as cost-effective to implement it as a voluntary-type 
program.  If the Low NOx Calibration/Reflashing measure were adopted as a mandatory 
program, the measure would reduce about 60 tpd of NOx emissions for a cost of about $48 
million in 2009 from the applicable HDDVs, with assumed compliance rates of 60% and 80% 
for medium HDDVs, and heavy HDDVs, respectively.  The cost-effectiveness value for the Low 
NOx Calibration/Reflashing measure was estimated to be about $2,000 per ton of NOx reduced. 
 
The potential total NOx emission reduction from the emission reduction scenario for on-road 
diesel vehicles for all measures shown in Table ES-2, focusing on HDDVs, would be about 200 
tpd in 2009 for a total cost of about $1.4 billion.  This scenario is conservative in that a 7% 
vehicle penetration rate is assumed based on an average cost-effectiveness value of $5,000, 
which is much less than the $13,000 cost-effectiveness limit in the Texas Emission Reduction 
Program (TERP). 
 
Table ES-3 presents the summary results of an example emission reduction scenario for major 
NOx emission contributors from construction equipment.  As shown in this table, this scenario 
shows that, with all selected measures, except the California Diesel Fuel measure, NOx 
emissions could be reduced by more than 55 tpd in the LADCO states in 2009 for a cost of about 
$830 million.  The average cost-effectiveness value was estimated to be less than $4,000 per ton 
of NOx reduced.  The total equipment count in this scenario is about 16,500 units, which is about 
20% of the targeted construction equipment population in 2009.  Assuming that a LADCO 
emission reduction program would begin in 2007, the 20% equipment penetration rate would 
translate to about 7% turnover rate per year in a three-year time frame, which is a viable 
penetration rate to achieve.  Also shown in Table ES-3, the California Diesel Fuel measure 
would provide an addition of about 20 tpd of NOx emissions reduction for a cost of about $70 
million. 
 
Table ES-3.  Summary results of an example emission reduction scenario for some major 
construction equipment in LADCO states in 2009. 

Equipment Type 
Total Unit 
Recom. 

Total  
Cost ($) 

Total NOx 
(tpd) 

Measure 16a: Emulsified Diesel Fuel (3 yrs of fuel cost)  
Sub Total 0 0 0.00
Measure 20: Fleet Modernization (Tier 2 or Tier 3 Engines)  
    Excavators 1,074 40,503,000 2.26
    Rubber Tire Loaders 967 67,620,723 3.92
    Crawler Tractor/Dozer 813 58,993,621 3.76
    Tractors/Loaders/Backhoes 1,481 28,195,250 0.99
    Off-Highway Trucks 133 18,082,569 1.49
Sub Total 4,468 213,395,163 12.42
Measure 51a: Lean NOx Catalyst  
    Excavators 1,632 44,378,947 2.30
    Rubber Tire Loaders 1,190 61,905,928 3.25
    Crawler Tractor/Dozer 947 51,423,880 3.19
    Tractors/Loaders/Backhoes 140 2,800,000 0.11
    Off-Highway Trucks 266 30,454,853 2.91



February 2006 
 
 
 
 

G:\LADCO controls\Reporting\Final\Exe-Sum.doc ES-6 

Equipment Type 
Total Unit 
Recom. 

Total  
Cost ($) 

Total NOx 
(tpd) 

Sub Total 4,175 190,963,608 11.76
Measure 51b: EGR+DPF Retrofit  
    Excavators 125 3,965,684 0.20
    Rubber Tire Loaders 47 3,330,950 0.16
    Crawler Tractor/Dozer 185 12,554,261 0.61
    Tractors/Loaders/Backhoes 0 0 0.00
    Off-Highway Trucks 45 5,924,957 0.45
Sub Total 402 25,775,853 1.42
Measure 51c: SCR Retrofit  
    Excavators 3,018 112,742,763 7.67
    Rubber Tire Loaders 1,760 124,811,283 7.97
    Crawler Tractor/Dozer 1,598 115,875,696 8.72
    Tractors/Loaders/Backhoes 808 22,220,000 0.90
    Off-Highway Trucks 266 23,392,250 5.46
Sub Total 7,450 399,041,993 30.72
Grand Total (Voluntary Programs) 16,495 829,176,616 56.32
Measure 16b: CA Diesel (All Diesel Equipment)  
  Railway Maintenance 1,120 144,510 0.04
  Pleasure Craft 34,461 2,383,585 0.69
  Recreational 3,266 77,563 0.02
  Construction and Mining 126,920 29,236,523 8.46
  Industrial 56,331 6,378,901 1.85
  Lawn and Garden 36,697 1,448,864 0.42
  Agricultural 233,537 27,251,763 7.88
  Commercial 103,414 3,607,695 1.04
  Logging 589 212,576 0.06
  Airport Ground Support 1,617 370,126 0.11
  Underground Mining 368 68,374 0.02
Sub Total 598,319 71,180,481 20.59
Grand Total   900,357,096 76.91
 
 
Table ES-4 presents the summary results of an example emission reduction scenario for major 
agricultural equipment.  This table shows that this scenario could reduce NOx emissions by more 
than 50 tpd for a cost of about $1.3 billion.  The average cost-effectiveness value was estimated 
to be about $6,700 per ton of NOx reduced.  The total equipment count involved in this scenario 
is about 37,500 units, which is about 10% of the targeted agricultural equipment population in 
2009.  Assuming that a LADCO emission reduction program would begin in 2007, the 10% 
equipment penetration rate would translate to a turnover rate of about 3% per year in a three-year 
time frame - a very viable penetration rate to achieve.  Given the favorable average cost-
effectiveness value and turnover rates, a more aggressive cost-effectiveness criteria could be 
used to increase the penetration rates, and hence, the potential emission reductions if funding 
were a secondary issue. 
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Table ES-4.  Summary results of an example emission reduction scenario for some major 
agricultural equipment in LADCO states in 2009. 

Equipment Type 
Total Unit 
Recom. 

Total  
Cost ($) 

Total NOx 
(tpd) 

Measure 16a: Emulsified Diesel Fuel (3 yrs of fuel cost)  
Sub Total 0 0 0.0
Measure 20: Fleet Modernization (Tier 2 or Tier 3 Engines)  
    Agricultural Tractors 10,797 354,163,200 12.6
Sub Total 10,797 354,163,200 12.6
Measure 51a: Lean NOx Catalyst  
    Agricultural Tractors 8,030 252,610,105 8.6
Sub Total 8,030 252,610,105 8.6
Measure 51b: EGR+DPF Retrofit  
Sub Total 0 0 0.0
Measure 51c: SCR Retrofit  
    Agricultural Tractors 18,673 725,979,342 33.2
Sub Total 18,673 725,979,342 33.2
Grand Total (Voluntary Programs) 37,500 1,332,752,647 54.4
 
 
Based on these emission reduction scenarios shown in Tables ES-3 and ES-4, a total NOx 
reduction of more than 130 tpd could be achieved in 2009 by implementing selected control 
measures in 2007 for nonroad diesel equipment focusing on construction and agricultural 
equipment. 
 
Table ES-5 shows the state-by-state potential NOx emission reductions for the three emission 
reduction scenarios.  
 
Table ES-5.  State-by-state potential NOx emission reductions for the three emission reduction 
scenarios.  

NOx Emission Reductions (tpd) 

 
On-Road  

HDDV 
Construction 
Equipment 

Agricultural 
Equipment 

Illinois 50.0 23.10 20.2
Indiana 34.3 12.48 10.9
Michigan 39.2 12.48 6.1
Ohio 50.5 20.70 9.0
Wisconsin 26.6 9.41 8.2
Total 200.6 78.2 54.4

 
 
Diesel fuel costs were key assumptions of most of the selected control measures in determining 
the cost effectiveness of the measures, a sensitivity analysis was conducted to assess the impact 
of increasing fuel costs by 30% on the emission reduction scenarios.  In summary, the fuel 
sensitivity results show that there were no major impacts on potential emission reductions if the 
assumed fuel costs were to increase by 30%.  A summary of the sensitivity analysis is presented 
in Table ES-6. 
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Table ES-6.  Summary of fuel sensitivity analysis for the three example scenarios. 
Potential NOx Emission Reductions  (tpd) 

Scenarios Baseline Diesel 
Fuel Cost 

($2.15/gallon) 

30% Increase in 
Diesel Fuel Cost 

($2.76/gallon) 
 

Differences 

On-road HDDVs 200.5 191.7 8.8
Construction Diesel Equipment 76.9 74.4 2.5
Agricultural Diesel Equipment 54.4 51.8 2.6
Total 331.8 317.9 13.9

 
 
Some of the selected emission control measures would reduce PM emissions, in addition to 
reducing NOx emissions.  For each emission reduction scenario, ENVIRON also estimated the 
potential PM emission reductions by estimating the per-vehicle or equipment PM emission 
reduction and the number of vehicle or equipment recommended for each measure.  The state-
by-state potential PM emission reductions for the three different scenarios are presented in Table 
ES-7.  It is very important to note that these PM emissions reductions are those that are 
associated with the control measures evaluated and this study has focused exclusively on control 
measures for reducing NOx emissions.  There are other control measures for which the cost-
effectiveness for PM emissions reduction will be lower; but this study did not focus on those 
measures. 
  
Table ES-7.  State-by-state potential PM emission reductions for the three emission reduction 
scenarios. 

PM Emission Reductions (tpd) 

 
On-Road 

HDDV 
Construction 
Equipment 

Agricultural 
Equipment 

Illinois 1.163 0.121 0.226
Indiana 0.800 0.062 0.122
Michigan 0.751 0.069 0.068
Ohio 1.190 0.114 0.101
Wisconsin 0.608 0.048 0.091
Total 4.511 0.414 0.608
 
 
In addition to the three primary emission reduction scenarios, ENVIRON also estimated 
potential emission benefits of several secondary control measures for on-road vehicles: speed 
limit reduction measure for HD diesel vehicles, and LEVII, accelerated vehicle replacement and 
scrappage, and I/M programs for light-duty vehicles.  A detailed assessment of potential 
emission reductions for these selected secondary measures would require substantial MOBILE 6 
modeling that was not possible within the available project resources.  Thus, some limited results 
based on available data in existing studies are presented in this report. 
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1.  INTRODUCTION 
 
 
As part of the Midwest Regional Planning Organization (MRPO), The Lake Michigan Air 
Directors Consortium (LADCO) is working with the States in the upper Midwest, Illinois, 
Indiana, Michigan, Ohio, and Wisconsin, to develop the necessary technical support for new 
State Implementation Plans (SIPs) for regional haze, PM2.5, and 8-hour ozone.  In July 2005, 
LADCO issued a contract to ENVIRON to identify and evaluate candidate control measures for 
mobile sources for the LADCO states.  
 
The project objectives were to review, recommend and assess emission control measures for 
mobile sources; develop white papers for selected control measures to reduce emissions from 
mobile sources in the LADCO states; and estimate potential emission reductions from these 
selected control measures in the LADCO states. 
 
To achieve these objectives, ENVIRON: 
 

• Identified and compiled a draft master list of potential emission control measures for 
mobile sources, and discussed and finalized the master list based on LADCO’s 
comments1. 

 
• Compiled or generated 2009 mobile source emission inventories by vehicle or equipment 

types, and by model year and/or technology type, for LADCO states to identify major 
emission sources, and to estimate available emissions and vehicles or equipment for 
control measure qualitative screening and emission reduction scenario analyses.   

 
• Performed a qualitative screening analysis on the control measures in the master list, and 

recommended a short list of control measures for further technical and economical 
analyses based mainly on potential creditable emission reductions tailored to LADCO 
states’ needs, cost effectiveness, technical or implementation feasibility, and likely public 
acceptance. 

 
• Prepared a technical memorandum presenting the results of the qualitative analysis and 

recommended measures, and discussed and finalized the short list of selected control 
measures based on LADCO’s comments. 

 
• Performed technical and economic analyses on selected control measures on major 

emission contributors by estimating potential emission reductions for the selected control 
measures and costs associated with implementing these measures, and calculated the 
cost-effectiveness of these control measures based on the potential emission reductions 
and cost data. 

 
• Prepared emission reduction scenarios to estimate overall potential emission reductions, 

costs, and vehicle or equipment penetration rates for selected control measures based on a 
set of penetration rate criteria as a function of cost-effectiveness values of the selected 
control measures. 

 
                                                 
1 Appendix A provides a list of major control measure references reviewed in this project. 
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This report presents the results of the project for each step in the analysis.  Section 2 presents the 
results of the qualitative screening analysis.  Section 3 presents the results of the technical and 
economic analyses of the selected control measures.  Section 4 presents potential emission 
reduction scenarios for on-road vehicles and non-road equipment in 2009 for the LADCO states.   
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2.  QUALITATIVE SCREENING ANALYSIS OF CONTROL MEASURES 
 
 
QUALITATIVE SCREENING ANALYSIS 
 
In carrying out the qualitative screening analysis, ENVIRON identified and compiled a draft 
master list of control measures for mobile sources, and presented and discussed the draft master 
list with the LADCO states1.  ENVIRON finalized the master list of mobile source control 
measures for the qualitative screening analysis based on LADCO’s comments.  The objective of 
the qualitative screening analysis was to refine and reduce the master list to a shorter list for 
further technical and economic analyses, as well as for developing white papers on selected 
control measures for mobile sources.  The following general criteria were used to qualitatively 
evaluate the candidate control measures: 
 

• Emission impacts in terms of potential emission reduction 
• Emission benefit relative to mobile source category 
• Technical feasibility 
• SIP creditable (permanent, quantifiable, surplus, enforceable) 
• Cost effectiveness 
• Implementation feasibility 
• Public acceptability 

 
Of these criteria, the potential emissions reduction was deemed to be of the highest importance.   
 
The qualitative screening assessment was performed on more than 70 emission control measures 
listed in the preliminary master list in Table 2-1, in the following control measure categories: 
 

• Alternative fuels, 
• Conventional fuels; 
• Equipment modernization programs, 
• Fleet modernization programs, 
• Idling restriction/reduction programs, 
• Inspection/maintenance programs, 
• Low-emission vehicles (LEV) programs, 
• Retrofitting programs, 
• Ozone action days/public awareness programs, 
• Intelligent transportation system (ITS) programs, and 
• VMT reduction programs. 

 
To the extent that data and/or information were available, ENVIRON estimated preliminary 
potential emission benefits for the control strategies based on their control effectiveness or 
efficiency, and potential emission impacts based on the emission benefits and estimated ranges 
of penetration rates.  Section 3 of this report presents the results of the technical and economic 
analyses that provide refined emission reduction benefit and impact estimates for those selected 
control measures. 
  
                                                 
1 Appendix A provides a lost of major control measure references reviewed in this project. 
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Table 2-1.  Master list for mobile source control measures. 

Control ID Category Source Control Measures 
1 Alternative Fuels On-road Alternative fuel pilot projects 
2 Alternative Fuels On-road Private sector clean fuel fleets 
3 Alternative Fuels On-road Public sector clean fuel fleets 
4 Alternative Fuels On-road Alternative fuel vehicle conversion 
5 Alternative Fuels On-road Clean fuel Incentives 
6 Alternative Fuels On-road Alternative fuel, hybrid, fuel cell school/transit bus programs 
7 Alternative Fuels On-road Alternative fuel refuse trucks programs 

8 Alternative Fuels Nonroad 
Hybrid diesel electric and LNG switching engine locomotive pilot 
programs  

9 Alternative Fuels Nonroad 
Accelerate the turnover of residential gasoline lawn & garden 
equipment to electric 

10 Alternative Fuels Nonroad 
Accelerate the turnover of industry equipment to alternative fuels 
or electric 

11 Alternative Fuels Nonroad Airport ground support equipment electrification 
12 Alternative Fuels Nonroad Shoreside power for marine vessels at berth 
13 Conventional Fuels On- & Nonroad RFG/California RFG 
14 Conventional Fuels On & Nonroad Lower RVP Gasoline 

15 Conventional Fuels Nonroad 
Early phase in of ULSD fuels for Nonroad equipment, commercial 
marine; locomotives 

16 Conventional Fuels On- & Nonroad
Reformulated diesel fuels (e.g. Fischer-Trope diesel; emulsified 
diesel; CA diesel) 

17 Conventional Fuels On- & Nonroad Diesel fuel additives 

18 Conventional Fuels On-road 

Gas cap replacement program (give free vouchers to failed 
vehicles w/ faulty or missing gas caps) Toledo Metro COG has 
such program (Ohio & Michigan) 

19 Conventional Fuels On & Nonroad Stage II Vapor Recovery 

20 Equipment Modernization Nonroad 
Accelerated purchase of Tier2/Tier 3/Tier 4 Nonroad engines or 
on-road engines 

21 Equipment Modernization Nonroad 
Accelerate the turnover of large SI engines to engines meeting 
Large SI Nonroad Engine Standards 

22 Equipment Modernization Nonroad 
Replace 2-stroke engines with 4-stroke engines in recreation 
vehicles/marine/equipment 

23 Equipment Modernization Nonroad Accelerate the turnover of older locomotives to Tier 2 locomotives

24 Equipment Modernization Nonroad 
Accelerate the turnover of older commercial marine engines to 
Tier 2 engines 

25 Equipment Modernization Nonroad 
Accelerate the turnover of older agricultural engines to Tier 
2/Tier3/Tier 4 Nonroad engines or on-road engines 

26 Equipment Modernization Nonroad 
Residential L&G equipment (e.g. lawnmowers) 
exchange/rebate/buy back programs 

27 Equipment Modernization Nonroad 
Contract-based incentives/requirements (Green Contracting) to 
contractors on construction projects  

28 Fleet Modernization On-road 
Accelerated replacement of current LD vehicles with LEVs or Tier 
2 vehicles 

29 Fleet Modernization On-road 
Accelerated replacement of current LD and HD vehicles with 
AFVs 

30 Fleet Modernization On-road Buy back and scrap pre-1980 LDVs and high emitters 

31 Fleet Modernization On-road 
Repower HDDVs with older, high emitting engines with low 
emission diesel engines 

32 Fleet Modernization On-road 
Accelerate the turnover of older HDDVs to cleaner late model 
HDDVs  

33 Idling Restriction/Reduction On-road Idling restrictions for public and private diesel fleets 
34 Idling Restriction/Reduction On- & Nonroad Idling reduction programs 
35 Idling Restriction/Reduction On-road Truck stop electrification 

36 Idling Restriction/Reduction Nonroad 
Idling restrictions on linehaul and switching locomotives 
(automatic start-stop devices) 

37 Idling Restriction/Reduction Nonroad Idling restrictions on construction equipment 
38 I/M Programs On-road Enforce smoking vehicle program 
39 I/M Programs On-road Remote-sensing programs to capture high emitters  
40 I/M Programs On-road LDV I/M programs (IM-240, RSD, ASM, RG240 etc.) - OBD only 
41 I/M Programs On-road HDDV I/M programs (smoke; diesel OBD etc.) 
42 I/M Programs On-road HDDV accelerated reflashing programs 
43 LEV Programs On-road LEV programs/requirements for public and private fleets 
44 LEV Programs On-road Scrappage of high emitter LDVs and replace with LEVs 
45 LEV Programs On-road ULEV/SULEV/ZEV pilot programs 

46 Retrofitting On-road 
Aftertreatment retrofit programs for HD diesel vehicles (DPFs, 
catalysts, EGRs etc.) 
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Control ID Category Source Control Measures 

47 Retrofitting On-road 
Retrofit programs for HD diesel vehicles to AFVs (NG, dual-fuel 
etc.) 

48 Retrofitting On-road 
Aftertreatment retrofit programs for HD gasoline vehicles (3-way 
catalysts) 

49 Retrofitting On-road 
Retrofit programs for HD gasoline vehicles to AFVs (NG, LPG, bi-
fuel etc.) 

50 Retrofitting On-road Retrofit programs for LDVs to AFVs or bi-fuel vehicles 

51 Retrofitting Nonroad 
Aftertreatment retrofit programs for Nonroad diesel equipment 
(DPFs, catalysts, EGRs etc.) 

52 Retrofitting Nonroad Alternative fuel retrofit programs for Nonroad diesel equipment 

53 Retrofitting Nonroad 
Retrofit programs for Nonroad gasoline/SI engine equipment (A/F 
control; catalysts) 

54 Retrofitting Nonroad Alternative fuel retrofit programs for Nonroad gasoline equipment
55 Retrofitting Nonroad Retrofit programs for switching locomotive engines 
56 Retrofitting Nonroad Retrofit programs for commercial marine engines 

57 Retrofitting Nonroad 
Repower/replace auxiliary engines of commercial marine with low 
emitting engines  

58 Retrofitting Nonroad Aircraft Electrification: Idling 
59 Ozone Action Days/Public Awareness Various Employer-based ozone action days 
60 Ozone Action Days/Public Awareness Various L&G equipment usage control/restriction programs 
61 Ozone Action Days/Public Awareness Various Public awareness & outreach programs 
62 Ozone Action Days/Public Awareness Various School-based public awareness programs 
63 Ozone Action Days/Public Awareness Various Education and promotion campaigns 
64 Intelligent Transport Systems Various Dynamic message signs 
65 Intelligent Transport Systems Various Video monitor system deployment 

65a Intelligent Transport Systems  Various Improved traffic light signalization (e.g. periodic retiming) 

65b Intelligent Transport Systems  Various 
Traffic incident management (removal of crashed vehicles or 
other traffic obstructions within a certain period) 

66 Intelligent Transport Systems Various Internet site/system to provide road and route information 
67 Intelligent Transport Systems On-road Speed limit restriction (65mph) 
68 VMT Reduction Programs Various Ridesharing (e.g. carpool, vanpool) programs 
69 VMT Reduction Programs Various Enhance/expand regional transit service 
70 VMT Reduction Programs Various Build, extend and expand HOV lanes 
71 VMT Reduction Programs Various Bicycle and pedestrian accommodation programs 
72 VMT Reduction Programs Various Telecommuting 
73 VMT Reduction Programs Various Green space preservation 
74 VMT Reduction Programs Various Mixed land-use development 

 
 
The screening evaluation for these control measures was based on approximate contribution 
levels to the NOx, PM, and VOC emission inventories, and past experience in program 
effectiveness and feasibility for these measures.  As discussed earlier, while the criteria included 
emission benefits, emission impacts, cost effectiveness, technical feasibility, likely public 
acceptance, and EPA creditability, the qualitative screening analysis was heavily weighted on the 
emission impacts.  For each measure, the preliminary emission reduction potential was provided.  
In addition, numerical values of 1, 2, and 3 were assigned to each of the ranking criteria 
representing low, medium, or high ranks.  The values of these criteria were then totaled up to 
represent the overall ranking for the control measures. 
 
Source apportionment analyses were examined by LADCO to determine the importance of on-
road and non-road sources on ozone and PM2.5 concentrations in nonattainment areas in the 
region.  Model-based source apportionment information was developed by using the  
OSAT/APCA algorithm for ozone and PSAT algorithm for PM2.5 in CAMx modeling.  This 
source apportionment modeling shows that on-road NOx emissions are the dominant source of 
ozone and PM-nitrate concentrations in the region - on the order of 30-40% of anthropogenic 
emissions.  Monitoring-based source apportionment was developed with Positive Matrix 
Factorization (PMF) and Chemical Mass Balance (CMB) analyses using data from LADCO's 
Urban Organics Study.  This information suggests that mobile sources are the dominant source 
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of primary organic carbon concentrations in these areas - on the order of 40-50%.  Although 
further analyses are underway to better define the smoker/non-smoker and gasoline/diesel splits, 
initial results indicate that smoking vehicles may comprise a significant portion of the PM 
emissions.  Thus, the emission impact assessment in the qualitative screening analysis was 
focused on reducing NOx and PM emissions, with primary focus on the NOx emissions.  While 
the primary focus for this project was on reducing NOx emissions, some measures (e.g. idling 
reduction measures) that were ranked lower than those selected measures may provide higher 
PM reductions. 
 
In addition to estimating the control efficiencies, low and high penetration or compliance rates 
were assumed for each control measure based on vehicle/equipment availability and turnover 
rates (assuming that control measures would be implemented in 2007), as well as past 
experiences and engineering judgment.  For example, a 10% penetration rate per year for a 
control measure starting in 2007 would provide a total 30% penetration rate in 2009.  
 
Information on past experience of control measures was based on a variety of reports and studies.  
These include the EPA Transportation Control Measure and Congestion Mitigation Air Quality 
Program reports; SIP-related reports for Sacramento, Los Angeles, San Joaquin Valley, San 
Francisco, and Washington, DC; and Ozone Early Action Compacts (EACs)’s for San Antonio 
and Dallas-Fort Worth, TX, Triad, NC, Tulsa, OK, Kansas City, KS, Northern Shenandoah 
Valley, VA, Eastern Panhandle Region, WV, and Tennessee, as well as other relevant references 
or studies.  Appendix A provides a list of major references reviewed in this project.  
 
 
EMISSION INVENTORIES 
 
For the purposes of this study, emission impacts were calculated using a combination of data 
supplied by LADCO (i.e., the Base K data developed in December 2005) and the 2002 National 
Emissions Inventory (NEI).  Specifically, LADCO has prepared a modeling inventory for 2002 
and 2009 for on-road and non-road sources based on data supplied by its states and the 
Emissions Modeling System (EMS).  On-road emissions were separated into gasoline- and 
diesel-based emissions.  Non-road emissions reflect both sources included in EPA's NONROAD 
model and other sources (i.e., commercial marine, airports, and locomotives). 
 
On-road emissions by vehicle type and model year were needed for this study.  This resolution 
was not available in the current LADCO data, but was available in the 2002 NEI data.  
Consequently, the 2009 on-road emissions for this study were derived by multiplying the 2002 
NEI emissions by the ratio of LADCO's 2009 and 2002 emissions2.  Table 2-2 shows the 
estimated 2009 on-road emission inventory by vehicle type for the LADCO states.  State-by-state 
estimated 2009 on-road emissions by vehicle type are provided in Appendix B. 
 
ENVIRON generated the 2009 non-road emissions inventory using EPA's draft 
NONROAD2004 model with inputs and option files provided by LADCO3.  For commercial 
marine, airports, and locomotives, ENVIRON used an earlier version of LADCO's modeling 
inventory (i.e., 2002 Base J), because the 2009 Base K data were not yet available.  Table 2-3 
shows the 2009 non-road emissions by equipment and fuel types for the LADCO states.  Table 

                                                 
2   Note that average day emissions were derived by dividing the annual NEI emissions by 365. 
3   NONROAD2005 was released by EPA after the work for this study was completed. 
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2-4 shows the 2002 commercial marine and locomotive emissions for the LADCO states.  State-
by-state nonroad emissions by equipment types are provided in Appendix B. 
 
Table 2-2.  Estimated 2009 on-road emission inventory by vehicle types for the LADCO states.  

Emissions (tpd) 
Vehicle Types TOG (Base K) CO (Base J) NOx (Base K) PM10 (Base J) 

LDGV 589 7,859 585 11.7 
LDGT1 297 4,580 337 6.3 
LDGT2 142 1,860 142 2.4 
HDGV 51   564 128 2.7 
Motorcycle 8 50 6 0.2 
LDDV 1   1 1 0.4 
LDDT 1   1 2 0.4 
Class 2b diesel 3   7 30 1.0 
Class 3, 4, 5 diesel 2 7 29 0.7 
Class 6, 7 diesel 11    26 131 3.4 
Class 8 diesel 45 171 857  16.8 
Buses 3 9 39 1.8
Total 1,153 15,135 2,287 47.8

 
 
Table 2-3.  2009 NONROAD equipment NOx, PM and VOC emissions by fuel and equipment 
types for the LADCO states. 

NOx Emissions (tpd) 
Equipment Type Diesel Gasoline CNG LPG Total 

Agricultural Equipment 254.33 1.73 0.01 0.01 256.09
Airport Ground Support Equipment 3.45 0.03 0.00 0.04 3.53
Commercial Equipment 33.67 10.80 1.37 5.29 51.12
Construction and Mining Equipment 272.85 2.94 0.00 0.71 276.50
Industrial Equipment 59.53 2.22 4.91 66.26 132.92
Lawn and Garden Equipment 13.52 23.73 0.00 0.33 37.58
Logging Equipment 1.98 0.06 0.00 0.00 2.05
Pleasure Craft 22.24 30.26 0.00 0.00 52.51
Railway Maintenance Equipment 1.35 0.02 0.00 0.00 1.37
Recreational Vehicles 0.72 8.46 0.00 0.05 9.23
Underground Mining Equipment 0.64 0.00 0.00 0.00 0.64
Total 664.29 80.24 6.30 72.70 823.53

PM Emissions (tpd) 
Equipment Type Diesel Gasoline CNG LPG Total 

Agricultural Equipment 21.59 0.05 0.00 0.00 21.64
Airport Ground Support Equipment 0.22 0.00 0.00 0.00 0.22
Commercial Equipment 3.18 0.68 0.02 0.04 3.91
Construction and Mining Equipment 18.98 1.04 0.00 0.01 20.03
Industrial Equipment 4.47 0.04 0.06 0.75 5.32
Lawn and Garden Equipment 1.01 7.34 0.00 0.00 8.36
Logging Equipment 0.13 0.09 0.00 0.00 0.22
Pleasure Craft 0.46 14.63 0.00 0.00 15.09
Railway Maintenance Equipment 0.14 0.00 0.00 0.00 0.14
Recreational Vehicles 0.12 11.88 0.00 0.00 12.00
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Underground Mining Equipment 0.07 0.00 0.00 0.00 0.07
Total 50.38 35.74 0.08 0.81 87.00

VOC Emissions (tpd) 
Equipment Type Diesel Gasoline CNG LPG Total 

Agricultural Equipment 22.60 2.09 0.03 0.00 24.73
Airport Ground Support Equipment 0.23 0.02 0.00 0.01 0.26
Commercial Equipment 4.67 18.88 2.72 0.77 27.04
Construction and Mining Equipment 21.55 9.30 0.01 0.13 30.98
Industrial Equipment 4.94 1.75 13.59 12.50 32.78
Lawn and Garden Equipment 1.43 89.94 0.00 0.06 91.43
Logging Equipment 0.14 0.65 0.00 0.00 0.79
Pleasure Craft 0.75 198.85 0.00 0.00 199.60
Railway Maintenance Equipment 0.22 0.02 0.00 0.00 0.25
Recreational Vehicles 0.21 384.34 0.00 0.01 384.56
Underground Mining Equipment 0.12 0.00 0.00 0.00 0.12
Total 56.87 705.84 16.35 13.49 792.56
 
 
Table 2-4.  2002 locomotive and commercial marine emissions for the LADCO states.   

Emissions (tpd)1 

Equipment Type VOC CO NOx PM10 
Locomotives 24.1 57.4 520.4 14.4
Commercial Marine 4.6 24.1 178.1 8.8
1 Emission data were extracted from ENVIRON’s 2004 report to LADCO entitled “LADCO Nonroad Emission Inventory Project 
for Locomotive, Commercial Marine, and Recreation Marine Emission Sources,” December 2004.  Annual emissions were 
divided by 365 to obtain tons per day emissions, and THC emissions were converted to VOC emissions by multiplying a factor 
of 1.053 from a NONROAD technical support report (EPA420-R-05-015, December 2005).  

 
 
Figure 2-1 shows the emission contributions to the 2009 on-road emission inventory by vehicle 
type.  As shown in this figure, more than 40% of NOx and 50% of PM emissions from the 2009 
on-road emission inventory are from heavy-duty diesel vehicles.  The emissions contributions 
are similar for each LADCO state individually (see Appendix B). 
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Figure 2-1.  Emission contributions to the 2009 on-road emission inventory by vehicle types. 
 
 
Table 2-5 shows that, among the NONROAD equipment, more than 80% and 55% of the 2009 
NONROAD NOx and PM emissions, respectively, are from the NONROAD diesel equipment 
for all LADCO states.  Construction and agricultural diesel equipment each contribute more than 
30% and 20% of the NOx and PM emissions, respectively.  Therefore, control measures 
targeting these sources (i.e. on-road heavy-duty diesel vehicles, nonroad diesel construction and 
agricultural equipment) would provide substantial and effective NOx and/or PM emission 
reductions. 
 
 
Table 2-5.  Emission contributions to the 2009 NONROAD NOx and PM emissions by fuel and 
equipment types for the LADCO states. 

NOx Emission Contributions 
Equipment Type Diesel Gasoline CNG LPG Total 

Agricultural Equipment 30.88% 0.21% 0.00% 0.00% 31.10%
Airport Ground Support Equipment 0.42% 0.00% 0.00% 0.00% 0.43%
Commercial Equipment 4.09% 1.31% 0.17% 0.64% 6.21%
Construction and Mining Equipment 33.13% 0.36% 0.00% 0.09% 33.58%
Industrial Equipment 7.23% 0.27% 0.60% 8.05% 16.14%
Lawn and Garden Equipment 1.64% 2.88% 0.00% 0.04% 4.56%
Logging Equipment 0.24% 0.01% 0.00% 0.00% 0.25%
Pleasure Craft 2.70% 3.67% 0.00% 0.00% 6.38%
Railway Maintenance Equipment 0.16% 0.00% 0.00% 0.00% 0.17%
Recreational Vehicles 0.09% 1.03% 0.00% 0.01% 1.12%
Underground Mining Equipment 0.08% 0.00% 0.00% 0.00% 0.08%
Total 80.66% 9.74% 0.76% 8.83% 100.00%
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PM Emission Contributions 
Equipment Type Diesel Gasoline CNG LPG Total 

Agricultural Equipment 24.82% 0.06% 0.00% 0.00% 24.87%
Airport Ground Support Equipment 0.25% 0.00% 0.00% 0.00% 0.25%
Commercial Equipment 3.66% 0.78% 0.02% 0.04% 4.50%
Construction and Mining Equipment 21.81% 1.19% 0.00% 0.01% 23.02%
Industrial Equipment 5.14% 0.04% 0.06% 0.86% 6.11%
Lawn and Garden Equipment 1.17% 8.44% 0.00% 0.01% 9.61%
Logging Equipment 0.15% 0.11% 0.00% 0.00% 0.26%
Pleasure Craft 0.53% 16.82% 0.00% 0.00% 17.35%
Railway Maintenance Equipment 0.17% 0.00% 0.00% 0.00% 0.17%
Recreational Vehicles 0.14% 13.65% 0.00% 0.00% 13.79%
Underground Mining Equipment 0.08% 0.00% 0.00% 0.00% 0.08%
Total 57.91% 41.08% 0.09% 0.93% 100.00%

 
 
SCREENING RESULTS 
 
Using the emission inventories and information/data from past experience of control measures, 
ENVIRON ranked and prioritized the control measures in the master list based on preliminary 
emission reduction potential for each control measure.  A summary of the screening results 
prioritized by the highest potential NOx emission reductions is shown in Table 2-6.  The low and 
high values represent the low-end and high-end estimates of assumed ranges of penetration or 
compliance rates.  The estimated potential source emissions, control efficiencies and penetration 
or compliance rates used to estimate the potential emission reductions are shown in Table 2-7.  
With these ranking results, ENVIRON originally recommended that the top ten control measures 
(highlighted in yellow in Tables 2-6 and 2-7), many of which are consistent with the goal and 
effort of the Midwest Clean Diesel Initiative, for further technical and economic analyses. 
 
After discussing the recommended measures with LADCO states, LADCO subsequently 
requested that ENVIRON evaluate a few secondary control measures on low emission vehicles 
(LEV), accelerated fleet turnover or scrappage programs, inspection and maintenance (I/M) 
programs for light-duty vehicles, and a speed limit restriction control measure for on-road 
vehicles (highlighted in green in Tables 2-6 and 2-7). 
 
In summary, ten primary control measures and nine secondary control measures were selected 
for technical and economic analyses based on the results from the screening analysis of more 
than 70 control measures for mobile sources, as well as recommendations from the LADCO 
states.   
 
Table 2-6.  Preliminary screening results with control measures order by potential NOx emission 
reductions. 

Preliminary NOx 
Emission Reduction 

Potential in 2009 
(tpd) 

Preliminary PM 
Emission Reduction 

Potential in 2009 
(tpd) 

 
 
 

Control 
ID 

 
 

Vehicle/ 
Equipment 

Types 

 
 
 
 

Control Measures High Low High Low 

46 HDDV Aftertreatment retrofit programs for HD diesel 
vehicles (DPFs, catalysts, EGRs etc.) 135 68 4 2 

28 LDV Accelerated replacement of current LD vehicles 
with LEVs or Tier 2 vehicles 126 25 2 0 
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Preliminary NOx 
Emission Reduction 

Potential in 2009 
(tpd) 

Preliminary PM 
Emission Reduction 

Potential in 2009 
(tpd) 

 
 
 

Control 
ID 

 
 

Vehicle/ 
Equipment 

Types 

 
 
 
 

Control Measures High Low High Low 

51 Diesel 
Equipment 

Aftertreatment retrofit programs for nonroad diesel 
equipment (DPFs, catalysts, EGRs etc.) 102 51 10 5 

32 HDDV Accelerate the turnover of older HDDVs to cleaner 
late model HDDVs  90 18 3 1 

29 LDV & HDV Accelerated replacement of current LD and HD 
vehicles with AFVs 88 18 3 1 

20 Diesel 
Equipment 

Accelerated purchase of Tier2/Tier 3/Tier 4 nonroad 
engines or on-road engines 80 40 8 4 

42 HDDV HDDV accelerated reflashing programs 77 26 0 0 

31 HDDV Repower HDDVs with older, high emitting engines 
with low emission diesel engines 64 13 3 1 

16 
Diesel 
Vehicles/Equip
ment 

Reformulated diesel fuels (e.g. Fischer-Trope 
diesel; emulsified diesel; CA diesel) 59 30 10 5 

47 HDDV Retrofit programs for HD diesel vehicles to AFVs 
(NG, dual-fuel etc.) 58 12 3 1 

68 LDV Ridesharing (e.g. carpool, vanpool) programs 47 28 1 1 
45 LDV ULEV/SULEV/ZEV pilot programs 45 9 1 0 

43 LDV LEV programs/requirements for public and private 
fleets 44 9 1 0 

52 Diesel 
Equipment 

Alternative fuel retrofit programs for nonroad diesel 
equipment 44 9 7 1 

50 LDV Retrofit programs for LDVs to AFVs or bi-fuel 
vehicles 42 8 1 0 

30 LDV Buy back and scrap pre-1980 LDVs and high 
emitters 42 21 0 0 

44 LDV Scrappage of high emitter LDVs and replace with 
LEVs 38 8 0 0 

40 LDV LDV I/M programs (IM-240, RSD, ASM, RG240 
etc.) - OBD only 34 21 4 3 

25 Agricultural 
Equipment 

Accelerate the turnover of older agricultural engines 
to Tier 2/Tier3/Tier 4 nonroad engines or on-road 
engines 

31 15 4 2 

67 LDV Speed limit restriction (65mph) 29 16 0 0 
1 LDV & HDV Alternative fuel pilot projects 29 6 1 0 
5 LDV & HDV Clean fuel Incentives 29 6 1 0 

24 Marine Accelerate the turnover of older commercial marine 
engines to Tier 2 engines 29 6 2 0 

64 LDV Dynamic message signs 28 9 1 0 
65 LDV Video monitor system deployment 28 9 1 0 
70 LDV Build, extend and expand HOV lanes 28 9 1 0 

27 Construction 
Equipment 

Contract-based incentives/requirements (Green 
Contracting) to contractors on construction projects 28 14 2 1 

53 SI Equipment Retrofit programs for nonroad gasoline/SI engine 
equipment (A/F control; catalysts) 28 14 11 6 

4 LDV & HDV Alternative fuel vehicle conversion 27 5 1 0 

23 Locomotive Accelerate the turnover of older locomotives to Tier 
2 locomotives 26 5 1 0 

13 
Gasoline 
Vehicles/Equip
ment 

RFG/California RFG 24 12 6 3 

33 HDDV Idling restrictions for public and private diesel fleets 22 14 0 0 
59 LDV Employer-based ozone action days 19 9 0 0 
61 LDV Public awareness & outreach programs 19 9 0 0 
62 LDV School-based public awareness programs 19 9 0 0 
63 LDV Education and promotion campaigns 19 9 0 0 

65a LDV Improved traffic light signalization 19 9 0 0 
65b LDV Traffic incident management 19 9 0 0 
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Preliminary NOx 
Emission Reduction 

Potential in 2009 
(tpd) 

Preliminary PM 
Emission Reduction 

Potential in 2009 
(tpd) 

 
 
 

Control 
ID 

 
 

Vehicle/ 
Equipment 

Types 

 
 
 
 

Control Measures High Low High Low 

66 LDV Internet site/system to provide road and route 
information 19 9 0 0 

69 LDV Enhance/expand regional transit service 19 9 0 0 
71 LDV Bicycle and pedestrian accommodation programs 19 9 0 0 
72 LDV Telecommuting 19 9 0 0 
73 Various Green space preservation 19 9 0 0 
74 Various Mixed land-use development 19 9 0 0 

21 Large SI 
Equipment 

Accelerate the turnover of large SI engines to 
engines meeting Large SI Non-Road Engine 
Standards 

18 9 0 0 

36 Locomotive Idling restrictions on linehaul and switching 
locomotives (automatic start-stop devices) 18 7 0 0 

2 LDV & HDV Private sector clean fuel fleets 18 5 1 0 

8 Locomotive Hybrid diesel electric and LNG switching engine 
locomotive pilot programs  16 8 0 0 

12 Marine Shoreside power for marine vessels at berth 15 3 1 0 
56 Marine Retrofit programs for commercial marine engines 15 3 1 0 

48 HDGV Aftertreatment retrofit programs for HD gasoline 
vehicles (3-way catalysts) 14 3 0 0 

34 
HDDV/Nonroa
d Diesel 
Equipment 

Idling reduction programs 14 7 1 0 

15 Diesel 
Equipment 

Early phase in of ULSD fuels for nonroad 
equipment 14 7 5 3 

10 Industrial 
Equipment 

Accelerate the turnover of industry equipment to 
alternative fuels or electric 14 7 1 1 

55 Locomotive Retrofit programs for switching locomotive engines 10 5 0 0 
7 HDDV Alternative fuel refuse trucks programs 8 4 0 0 
38 LDV & HDV Enforce smoking vehicle program 7 1 0 0 

17 
Diesel 
Vehicles/Equip
ment 

Diesel fuel additives 7 4 0 0 

6 Buses Alternative fuel, hybrid, fuel cell school/transit bus 
programs 7 3 0 0 

37 Construction 
Equipment Idling restrictions on construction equipment 7 2 0 0 

35 HDDV Truck stop electrification 6 3 0 0 

57 Marine Repower/replace auxiliary engines of commercial 
marine with low emitting engines  6 3 0 0 

9 
Lawn & 
Garden 
Equipment 

Accelerate the turnover of residential gasoline lawn 
& garden equipment to electric 6 3 2 1 

49 HDGV Retrofit programs for HD gasoline vehicles to AFVs 
(NG, LPG, bi-fuel etc.) 5 1 0 0 

54 SI Equipment Alternative fuel retrofit programs for nonroad 
gasoline equipment 5 1 3 1 

39 LDV Remote-sensing programs to capture high emitters 4 1 0 0 
3 LDV & HDV Public sector clean fuel fleets 3 1 0 0 

60 
Lawn & 
Garden 
Equipment 

L&G equipment usage control/restriction programs 2 0 1 0 

11 
Ground 
Support 
Equipment 

Airport ground support equipment electrification 1 0 0 0 

58 Aircraft Aircraft Electrification: Idling 1 0 0 0 

22  Recreation SI 
Equipment 

Replace 2-stroke engines with 4-stroke engines in 
recreation vehicles/marine/equipment 0 0 10 5 

26 Lawn & Residential L&G equipment (e.g. lawnmowers) 0 0 1 0 
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Preliminary NOx 
Emission Reduction 

Potential in 2009 
(tpd) 

Preliminary PM 
Emission Reduction 

Potential in 2009 
(tpd) 

 
 
 

Control 
ID 

 
 

Vehicle/ 
Equipment 

Types 

 
 
 
 

Control Measures High Low High Low 
Garden 
Equipment 

exchange/rebate/buy back programs 

14 
Gasoline 
Vehicles/Equip
ment 

Lower RVP Gasoline 0 0 0 0 

18 LDV 

Gas cap replacement program (give free vouchers 
to failed vehicles w/ faulty or missing gas caps) 
Toledo Metro COG has such program (Ohio & 
Michigan) 

0 0 0 0 

19 Area Sources Stage II Vapor Recovery 0 0 0 0 
41 HDDV HDDV I/M programs (smoke; diesel OBD etc.) -2 -1 3 1 

 
 
Table 2-7.  Preliminary emission source potential, control efficiencies and penetration rates in 
2009 used in the qualitative screening analysis. 

Preliminary Emission Source 
Potential in 2009 Estimated Control Efficiencies Penetration Rate  

 
 

Control 
ID 

 
 

NOx 

 
 

PM 

 
 

VOC 

 
 

NOx 

 
 

PM 

 
VOC 

High 
Penetration 

Rate 

Low 
Penetration 

Rate 
46 859 22 36 15-90% 30-90% 10-90% 30% 15% 
28 936 21 917 90% 60% 90% 15% 3% 
51 648 57 62 15-90% 30-90% 10-90% 30% 15% 
32 859 22 36 70% 90% 0-5% 15% 3% 
29 1962 48 1008 10-50% 20-70% 10-60% 15% 3% 
20 671 58 62 30-50% 0-90% 0-5% 30% 15% 
42 859 22 36 20-40% 0 0 30% 10% 
31 859 22 36 50% 90% 0-5% 15% 3% 
16 1582 82 103 5-20% 20-60% 0-5% 30% 15% 
47 859 22 36 40-60% 80-90% 0-5% 15% 3% 
68 936 21 917 3-5% 3-5% 3-5% NA NA 
45 936 21 917 95-98% 60-95% 90-95% 5% 1% 
43 328 7 321 90% 60% 90% 15% 3% 
52 648 57 62 40-60% 80-90% 0-5% 15% 3% 
50 936 21 917 10-50% 20-70% 10-60% 15% 3% 
30 280 1 261 10-50% 20-70% 10-60% 50% 25% 
44 280 1 261 90% 60% 90% 15% 3% 
40 936 21 917 0-9% 0-50% 5-28% 80% 50% 
25 258 26 25 30-50% 0-90% 0-5% 30% 15% 
67 936 21 917 2-4% 1-2% 0 90% 50% 
1 1962 48 1008 10-50% 20-70% 10-60% 5% 1% 
5 1962 48 1008 10-50% 20-70% 10-60% 5% 1% 

24 387 17 12 50% 69% 0-5% 15% 3% 
64 936 21 917 1-3% 1-3% 1-3% NA NA 
65 936 21 917 1-3% 1-3% 1-3% NA NA 
70 936 21 917 1-3% 1-3% 1-3% NA NA 
27 281 22 39 5-10% 5-10% 5-10% NA NA 
53 110 40 963 80-90% 90-95% 90-95% 30% 15% 
4 1962 48 1008 5-50% 10-70% 5-60% 5% 1% 

23 341 9 14 50% 69% 0-5% 15% 3% 
13 1161 63 1931 7% 0-5% 27% 30% 15% 
33 908 24 39 2-4% 1.5-3% 0-5% 80% 50% 
59 936 21 917 1-2% 1-2% 1-2% NA NA 
61 936 21 917 1-2% 1-2% 1-2% NA NA 
62 936 21 917 1-2% 1-2% 1-2% NA NA 
63 936 21 917 1-2% 1-2% 1-2% NA NA 
65a 936 21 917 1-2% 1-2% 1-2% NA NA 
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Preliminary Emission Source 
Potential in 2009 Estimated Control Efficiencies Penetration Rate  

 
 

Control 
ID 

 
 

NOx 

 
 

PM 

 
 

VOC 

 
 

NOx 

 
 

PM 

 
VOC 

High 
Penetration 

Rate 

Low 
Penetration 

Rate 
65b 936 21 917 1-2% 1-2% 1-2% NA NA 
66 936 21 917 1-2% 1-2% 1-2% NA NA 
69 936 21 917 1-2% 1-2% 1-2% NA NA 
71 936 21 917 1-2% 1-2% 1-2% NA NA 
72 936 21 917 1-2% 1-2% 1-2% NA NA 
73 936 21 917 1-2% 1-2% 1-2% NA NA 
74 936 21 917 1-2% 1-2% 1-2% NA NA 
21 93 2 226 50-80% 0-5% 50-80% 30% 15% 
36 341 9 14 3-10% 3-10% 3-10% 80% 30% 
2 589 14 303 10-50% 20-70% 10-60% 10% 3% 
8 68 2 3 70-90% 70-90% 70-90% 30% 15% 

12 387 17 12 70-80% 70-80% 60-80% 5% 1% 
56 194 8 6 50% 69% 0-5% 15% 3% 
48 112 3 45 80-90% 90-95% 90-95% 15% 3% 
34 1579 81 102 2-4% 1.5-3% 0-5% 30% 15% 
15 671 58 62 0 3-10% 0 30% 15% 
10 63 5 9 50-95% 70-95% 50-95% 30% 15% 
55 68 2 3 50% 69% 0-5% 30% 15% 
7 36 1 1 50-90% 70-90% 50-90% 30% 15% 

38 1962 48 1008 0-5% 0-50% 0-5% 15% 3% 
17 1582 82 103 1-2% 0 0% 30% 15% 
6 33 2 2 50-90% 70-90% 50-90% 30% 15% 

37 276 21 24 2-4% 1.5-3% 0-5% 80% 30% 
35 716 17 28 2-4% 1.5-3% 0-5% 30% 15% 
57 39 2 1 50% 69% 0-5% 30% 15% 
9 20 6 114 90-95% 90-95% 90-95% 30% 15% 

49 112 3 45 10-50% 20-70% 10-60% 15% 3% 
54 110 40 963 10-50% 20-70% 10-60% 15% 3% 
39 936 21 917 0-5% 0-50% 0-5% 15% 3% 
3 98 2 50 10-50% 20-70% 10-60% 10% 3% 

60 47 10 191 1-5% 1-5% 1-5% NA NA 
11 4 0 0 90-95% 90-95% 90-95% 30% 15% 
58 26 1 7 2-4% 1.5-3% 0-5% 80% 30% 
22 17 37 737 0 90% 90% 30% 15% 
26 20 6 114 0 90% 90% 15% 3% 
14 1161 63 1931 0 0% 5-10% 80% 50% 
18 933 20 915 0% 0% 2% 15% 3% 
19 1161 63 1931 0% 0% 3-5% 80% 50% 
41 908 24 39 0 to -1% 20-30% 0-5% 50% 25% 
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3. TECHNICAL AND ECONOMIC ANALYSIS OF  
SELECTED CONTROL MEASURES 

 
 
As discussed in Section 2, more than 15 selected mobile source control measures were selected 
for further technical and economic analyses based on the screening analysis of more than 70 
measures.  These selected control measures were grouped together as follows due to their 
similarities in measure descriptions and targeted emission sources.   
 

On-road Diesel Vehicles 
• Measure 16b: California Diesel Fuel 

 
On-road Heavy Heavy-Duty Diesel Vehicles 
• Measure 16a: Emulsified Diesel Fuel 
• Measure 31: Fleet Modernization 
• Measure 42: Accelerate Low NOx Calibration/Reflashing Program  
• Measure 46: Aftertreatment Device Retrofits 
• Measure 47: NG/Dual Fuel Retrofits  
• Measure 29a: Fleet Modernization via HDD AFVs 
• Measure 67: Speed Limit Restriction Program 

      
Nonroad Diesel Equipment 
• Measure 16b: California Diesel Fuel 
 
NONROAD Diesel Construction Equipment 
• Measure 16a: Emulsified Diesel Fuel 
• Measure 20: Equipment Fleet Modernization 
• Measure 51: Aftertreatment Device Retrofits for Nonroad Equipment 

o Measure 51a: Lean NOx Catalyst 
o Measure 51b: EGR+DPF Retrofit 
o Measure 51c: SCR Retrofit 

 
NONROAD Diesel Agricultural Equipment 
• Measure 16a: Emulsified Diesel Fuel 
• Measure 20: Equipment Fleet Modernization 
• Measure 51: Aftertreatment Device Retrofits for Nonroad Equipment 

o Measure 51a: Lean NOx Catalyst 
o Measure 51b: EGR+DPF Retrofit 
o Measure 51c: SCR Retrofit 

 
On-road Light-Duty Vehicles 
• Measure 40: Implementing/Expanding I/M Programs for LDVs 
• Measure 28/29/43/45: Accelerated Vehicle Replacement of Older Fleet Vehicles (10 

Years old or older) 
• Measure 44: Vehicle Scrappage Program for 25 Years Old Vehicles 
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Detailed descriptions of these selected measures or measure groups are presented in this section.  
Each measure description includes a technical description of the control measure; estimates of 
emission reductions, costs, and cost-effectiveness; and issues related to implementation.  Tables 
for each control measure providing details on the affected fleet emissions reductions and costs, 
and cost-effectiveness, are provided in Appendices corresponding to their measure 
identifications. 
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Measure 16a: Water Emulsified Diesel Fuels for On-road  
Heavy-Duty Diesel Vehicle and Nonroad Diesel Equipment 

 
 
Description - Emulsified diesel fuel consists of regular diesel fuel to which water and stabilizing 
surfactants have been added.  The NOx and PM emission reductions are achieved by the lower 
peak combustion temperature that is due to the cooling effect of the water content.  Typically 
15% of the volume of emulsified diesel fuels is water, which lowers the energy content of the 
fuel.  There are two emulsified fuel suppliers, Lubrizol and Aquazole, currently supplying 
emulsified diesel fuels in the California market.  Lubrizol’s PuriNOx emulsified diesel fuel has 
been verified by CARB for about 14% NOx emission reduction, 63% PM emission reduction, 
and 25% HC emission reduction. 
 
The EPA, however, has performed an analysis and found that the NOx reduction depends upon 
the base emission level of the engine.  Therefore, as new diesel engines meet lower emission 
standards, the emission reduction percentage with the use of fuel/water will be less than with 
current engines.  EPA estimated that the use of fuel/water emulsions will result in a NOx 
emission reduction of about 14% from highway engines and 21% from nonroad diesel engines. 
 
The emission reduction estimates are consistent with the emission reduction range provided in 
the EPA website on verified technologies1, and discussion in the EPA Draft Guidance for 
Qualifying and Using Emission Reductions From Mobile Source Retrofit Projects in State 
Implementation Plans and Transportation and General Conformity (EPA Draft Retrofit 
Guidance). 
 
Emissions - NOx emission factors for on-road HDDVs were calculated based on the emission 
standards and conversion factors for HDDVs from the EPA’s MOBILE6 model.  
 
For nonroad equipment, the NOx emission factors were calculated based on the Tier 0, Tier 1, 
Tier 2, and Tier 3 nonroad emission standards; load factors and activity data were extracted from 
the NONROAD2004 model using the LADCO input and option files. 
 
ENVIRON assumed that the use of emulsion fuel would reduce NOx emissions by about 18% 
(average value of 14% to 21% reduction as reported by the EPA), while increasing volumetric 
fuel consumption by 15%. 
 
Cost - ENVIRON assumed that the use of emulsion fuel would entail no incremental capital 
cost, while the fuel would sell at the same price as diesel on a volumetric basis.  Thus, the only 
cost would be the incremental fuel cost due to the 15% increase in volumetric fuel consumption.  
Using historical data from Annual Energy Outlook 2005, diesel fuel cost was assumed to be 
$2.13 in 2007 to 2009. 
 
For HDDVs, this incremental fuel cost was estimated to be about $3,000 per year.  In order to 
claim the SIP credit in CY 2009, the incremental fuel cost for 3 years for a total cost of about 
$9,000 for an incentive/voluntary program that would begin in CY 2007. 
 

                                                 
1 http://www.epa.gov/otaq/retrofit/retroverifiedlist.htm 
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For nonroad equipment, the estimated incremental fuel cost ranges from $400 to $6,200 per year 
and $2,000 to $37,200 per year for agricultural and construction equipment, respectively, or 
$1,500 to $25,000 per year and $8,500 to $148,900 per year for agricultural and construction 
equipment, respectively, for a three-year program. 
 
Emission Reductions - The emission reduction would be proportional to the amount of fuel 
used.  For the HDDVs, ENVIRON estimated the effect on emissions from a HDDV traveling 
50,000 miles per year.  The emission reduction analysis shows that the emission reduction values 
range from 0.01 to 0.33 tons per year per vehicle, depending on the model year group. 
  
Emission reductions on a per equipment basis by horsepower and technology groups for major 
nonroad construction and agricultural equipment types with Tier 0, Tier 1, Tier 2, and Tier 3 
engines are provided in Appendix M16a.  Nonroad equipment emission reductions vary 
depending on the equipment type and horsepower range.  The range of emission reductions is 
shown by equipment and engine type in Table M16a-1. 
 
Detailed emission reduction values on a per-vehicle basis by model year group for on-road 
HDDVs, as well as on per-equipment basis by equipment type and technology group for nonroad 
construction and agricultural equipment, are provided in Appendix M16a.   
 
Table M16a-1.  Emission reduction values for water emulsified diesel per equipment 
(tons/year/equipment). 

Nonroad Equipment 
Category 

Tier 0 
Engines 

Tier 1 
Engines 

Tier 2 
Engines 

Tier 3 
Engines 

Agricultural 0.02 – 0.36 0.01 – 0.26 0.01 – 0.17 0.01 – 0.11
Construction 0.07 – 2.85 0.05 – 2.16 0.04 – 1.43  0.02 – 0.25 

 
 
Cost-Effectiveness - The cost-effectiveness of the use of emulsified diesel fuel would depend on 
the baseline level of NOx emissions of the engine.  The cost-effectiveness values of using 
emulsified diesel fuel on on-road diesel vehicles range from about $9,000/tons of NOx reduced 
for MY 1989 and earlier trucks, to more than $500,000/tons of NOx reduced for MY2007+ 
trucks.  Appendix M16a provides the potential NOx emission reduction per vehicle and cost-
effectiveness values by model year groups for on-road HDDVs with the use of emulsified diesel 
fuel. 
 
Thus, only the lifetime cost-effectiveness values for the MY 1989 and earlier engines are lower 
than the $13,000 per ton of NOx reduced cost-effectiveness value, which is the general cost 
effectiveness limit for incentive/voluntary programs (e.g. Carl Moyer Program in California2, 
and TERP program in Texas3) to reduce NOx emissions4. 
   
The range of cost-effectiveness values by equipment category and engine type is shown in Table 
M16a-2.  All these values were over the generally accepted cost-effectiveness minimum of 
$13,000 per ton of NOx reduced. 

                                                 
2 http://www.arb.ca.gov/msprog/moyer/moyer.htm 
3 http://www.tceq.state.tx.us/implementation/air/terp/index.html 
4 Cost-effectiveness guidelines for the CARB Carl Moyer program recently have been revised to include PM and 
VOC emission reduction benefits, in addition to the NOx emission reduction benefit. 
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Detailed cost-effectiveness values for on-road HDDVs, and some major types of nonroad 
construction and agricultural equipment with Tier 0, Tier 1, Tier 2, and Tier 3 engines are 
provided in Appendix M16a. 
 
Table M16a-2.  Cost effectiveness values for water emulsified diesel per equipment ($/ton). 

Nonroad 
Equipment Type 

Tier 0 
Engines 

Tier 1 
Engines 

Tier 2 
Engines 

Tier 3 
Engines 

Agricultural 15,000 – 
22,000 

21,000 – 
23,000 

29,000 – 
31,000 

48,000 – 
50,000 

Construction 15,000 – 
50,000 

21,000 – 
68,000 

31,000 – 
100,000 

50,000-
160,000  

 
 
Technical Implementation Feasibility and Public Acceptance - The measure is feasible, as it 
has already been implemented in emission reduction programs in a few U.S. states, including 
California and Texas.  Furthermore, emulsified diesel fuels have been verified by CARB and 
EPA.  However, the degree of acceptability of the use the emulsion fuel would depend on the 
fuel availability, as well as the acceptance of vehicle owners/operators of the fuels on the effects 
of the emulsion fuel on fuel consumption, performance, and engine durability. 
 
 
Appendix M16a: Water Emulsified Diesel Fuels for On-road Heavy-Duty Diesel Vehicle 
and Nonroad Diesel Equipment – Refer to Appendix M16a for detailed emission reduction and 
cost-effectiveness results. 
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Measure 16b: California Low Sulfur Diesel Fuel for  
On-Road Heavy-Duty Diesel Vehicle and Nonroad Diesel Equipment 

 
 
Description – Diesel fuel reformulation could lower NOx and PM emissions through fuel 
replacement alone.  Several fuel reformulations options exist that could be used, including 
California reformulated diesel fuel, cetane improvements, and extreme reformulation using 
advanced technologies such as the Fischer-Tropsch (FT) process.  Reformulated fuels also 
include biodiesel or biodiesel blends or other types of additives or blends with typical diesel fuel.  
Biodiesel or biodiesel blends reduce PM emissions but increase NOx emissions, cetane additives 
provide limited NOx emission reduction, and FT diesel fuels provide substantial NOx and PM 
emissions but commercially scarce and costly.  Thus, this measure focuses only on the California 
diesel fuels. 
 
The emissions benefit from these reformulated diesel fuels depends upon a number of fuel 
properties5.  The NOx emissions are affected by the cetane level, aromatics level, specific 
gravity, and 50% distillation temperature.  In general, lower in any of the aromatics level, 
specific gravity, and 50% distillation temperature properties, and higher in cetane level, would 
reduce NOx emissions.  The PM emissions are affected by the same variables and are also 
affected by sulfur level, and oxygen content.  In general, lower sulfur level or higher oxygen 
content would reduce PM emissions. 
 
The California reformulated diesel fuel regulation adopted in 1988 and took effect in 1993 set 
limits on aromatic hydrocarbon content at 10%, on sulfur content at 500 ppm6.  Subsequently, in 
July 2003, California adopted the California low sulfur diesel fuel regulation that lower the 
sulfur content limit from 500 ppm to 15 ppm, and still requires the 10% aromatic hydrocarbon 
content for both on-road and off-road applications, starting June 20066.  The 15 ppm sulfur 
content limit is aligned with the sulfur limit of the EPA ultra low sulfur diesel (ULSD) fuel 
regulations, starting in mid 2006 for on-road vehicles7, 2010 for off-road engines, and 2012 for 
locomotive marine engines.  While reducing aromatics reduces the NOx and PM emissions, most 
of the PM emission reductions from California reformulated diesel fuels result from lower fuel 
sulfur levels.  Federal diesel fuel with lower sulfur levels will provide equivalent PM reductions. 
 
As one of the ozone SIP measures, the State of Texas adopted its Texas Low Emission Diesel 
(TxLED) Program8.  The TxLED Program contains similar fuel property requirements as the 
California reformulated diesel fuel regulations. 
 
Emissions – The 2009 NOx emission inventory for on-road vehicles in the LADCO States was 
estimated based on the 2002 NEI emission inventory, and the ratio of 2009/2002 Base K 
emissions provided by LADCO.  The 2009 off-road emission inventory for LADCO States was 
generated by running the EPA NONROAD2004 model using LADCO input and option files. 
 

                                                 
5 “Diesel Fuel Impact Model Data Analysis Plan Review,” Prepared by Robert L. Mason, Ph.D. and Janet P. 
Buckingham of Southwest Research Institute for Environmental Protection Agency, July 2001. 
6 http://www.arb.ca.gov/fuels/diesel/diesel.htm#currentreg 
7 Implementation dates have been postponed to September 1, 2006 (instead of July 15, 2006) for terminals, and 
October 15, 2006 (instead of September 1, 2006) for retailers. 
8 http://www.tceq.state.tx.us/implementation/air/sip/cleandiesel.html 
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ENVIRON assumed that the use of California low sulfur diesel fuels would reduce NOx 
emissions by about 6%.  This emission reduction estimate is consistent to the emission reduction 
estimated for the California reformulated diesel fuels9, and presented in an EPA memo on 
TxLED.10 
 
The 2009 NOx emission inventories for on-road diesel vehicles by vehicle class, and 
NONROAD diesel equipment by equipment type, are provided in Appendix M16b. 
 
Cost - ENVIRON assumed that the use of California low sulfur diesel fuels would increase the 
fuel price in the range of $0.05 to $0.10 based on the experience in California and TxLED diesel 
fuels.  Using historical data from Annual Energy Outlook 2005, diesel fuel cost was assumed to 
be $2.13 in 2007 to 200911.  
 
Based on nationwide average VMT and fuel economy data used in the MOBILE 6 model, the 
incremental annual fuel costs for the use of California low sulfur diesel fuels on on-road vehicles 
range from $20 to $360, depending on the vehicle types.  Average VMT and fuel economy data, 
as well as incremental fuel cost estimates, for different on-road diesel vehicle types are provided 
in Appendix M16b. 
 
In order to estimate the incremental fuel costs for the NONROAD diesel equipment, ENVIRON 
assumed that the cost effectiveness of this measure is the same for both on-road diesel vehicles 
and nonroad diesel equipment.  Based on this assumption, the incremental fuel costs for 
NONROAD diesel equipment types were estimated to range from $25 to $360.  Detailed 
incremental fuel costs for different NONROAD diesel equipment types are provided in 
Appendix M16b. 
 
Emission Reductions – Potential NOx emission reductions for on-road diesel vehicles and 
NONROAD diesel equipment were estimated based on the 2009 emission inventories and the 
assumed 6% emission reduction factor.  The potential NOx emission reductions for on-road 
diesel vehicles range from about 0.0004 tpy per vehicle for Class 2B diesel trucks (i.e. 8,501 to 
10,000 lbs GVWR) to 0.0950 for Class 8 HDDVs (i.e. 30,001 lbs and over).  As for the 
NONROAD diesel equipment, the potential NOx emission reductions range from about 0.0025 
tpy per equipment for recreational diesel equipment to 0.0380 for logging diesel equipment. 
 
Detailed emission reduction values on a per-vehicle or per equipment are provided in Appendix 
M16b.   
 
Cost-Effectiveness - The cost-effectiveness of the use of the California low sulfur diesel fuels 
for on-road diesel vehicles range from about $3,800 per ton of NOx reduced for Class 8 HDDVs, 
to $170,000 per ton of NOx reduced for Class 2B diesel trucks.  The average cost-effectiveness 
value, weighted based on potential emission reductions, is about $8,000 per ton of NOx reduced.  

                                                 
9 “California Diesel Fuel,” Fact Sheet, October 6, 2000 & “California Low Sulfur Diesel,” Fact Sheet Updated June 
27, 2003. (http://www.arb.ca.gov/fuels/diesel/diesel.htm) 
10 “Texas Low Emission Diesel (LED) Fuel Benefits,” EPA Memorandum from Robert Larson OTAQ to Karl 
Edlund Region VI, September 27, 2001. (http://www.epa.gov/otaq/models/analysis.htm) 
11  Capital costs resulting from regional refinery changes or infrastructure and/or transportation cost to supply the 
California diesel fuel in the LADCO states were assumed to be part of the incremental fuel costs.  Also, a fuel cost 
sensitivity analysis was performed to assess the impact of increasing fuel costs by 30%, and the sensitivity analysis 
results were discussed in Section 4 of the report. 
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Since similar fuel cost and emission reduction factor were used for on-road diesel vehicles and 
NONROAD equipment, the cost-effectiveness value for NONROAD equipment was assumed to 
be the same, and it was used to estimate the incremental fuel costs for the NONROAD 
equipment. 
 
Technical Implementation Feasibility and Public Acceptance - The measure is feasible, as it 
has already been implemented in California and Texas.  Furthermore, the potential emission 
reductions have been reviewed/discussed by CARB and EPA.  It should be noted that older 
diesel engines might experience fuel system leaks resulting from combination of a change from 
higher to lower aromatics fuel and aged O-rings and elastomeric parts that have lost their 
elasticity, when first switched to the use of higher aromatic diesel fuels. 
 
 
Appendix M16b: California Low Sulfur Diesel Fuel for On-Road Heavy-Duty Diesel 
Vehicle and Nonroad Diesel Equipment – Refer to Appendix M16b for detailed emission 
reduction and cost-effectiveness results. 
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Measure 20/25: Nonroad Equipment Modernization  
via Diesel Engines or Equipment Replacement 

 
 
Description - By far the most widely employed method for reducing emissions from diesel 
engines is the replacement of the engines with new lower-emitting engines or replacement of the 
entire vehicle or piece of equipment with cleaner diesel engines, including remanufactured or 
new engines.  The expected percentage emission reduction from this approach will depend upon 
the engine model year to be replaced and the emission standard that the new engine meets. 
 
This measure focuses nonroad construction and agricultural equipment as they are identified as 
the major NOx emission contributors to the NONROAD NOx emission inventories in the 
LADCO States. 
 
The EPA adopted the first Tier 1 emission standards for the nonroad compression-ignition (CI) 
engines at or above 50 hp (37 kW) on June 1994.  Subsequently in October 1998, the EPA 
adopted Tier 1 emission standards for nonroad CI engines below 50 hp, as well as Tier 2 and 
Tier 3 emission standards for all engine sizes of these nonroad CI engines.  The Tier 1 standards 
were phasing in from 1996 to 2000.  The more stringent Tier 2 standards for all engine sizes are 
phasing in from 2001 to 2006, and yet more stringent Tier 3 standards are phasing in from 2006 
to 2008.  These NOx+NMHC emission standards, along with Tier 0 uncontrolled emission 
levels, are summarized in Table M20/25-1.  While the EPA Tiers 1 to 3 emission standards are 
geared toward reducing NOx emissions from nonroad diesel engines, the recently adopted Tier 4 
emission standards will further reduce NOx emissions, as well as PM emissions, by more than 
90%.  However, engines meeting the Tier 4 emission standards are not expected to be available 
and/or cost effective in the 2007-2009 timeframe. 
 
Table M20/25-1.  NOx+NMHC emission standards and uncontrolled levels for nonroad diesel 
engines. 

 
Engine Power 

(hp) 

 
 

Model Year 

 
 

Regulation 

NOx+NMHC 
Emission Standard 

(g/hp-hr) 
25 to < 50 Pre-1998 Tier 0 (uncontrolled) 7.2 
 1999 – 2003 Tier 1 7.1 
 2004 + Tier 2 5.6 
50 to < 100 Pre-1998 Tier 0 (uncontrolled) 8.8 
 1998 – 2003 Tier 1 6.9 
 2004 – 2007 Tier 2 5.6 
 2008+ Tier 3 3.5 
100 to < 175 Pre-1997 Tier 0 (uncontrolled) 9.5 
 1997 – 2002 Tier 1 6.9 
 2003 – 2006 Tier 2 4.9 
 2007+ Tier 3 3.0 
175 to < 300 Pre-1996 Tier 0 (uncontrolled) 9.3 
 1996 – 2002 Tier 1 6.9 
 2003 – 2005 Tier 2 4.9 
 2006+ Tier 3 3.0 
300 to < 600 Pre-1996 Tier 0 (uncontrolled) 9.5 
 1996 – 2000 Tier 1 6.9 
 2001 – 2005 Tier 2 4.8 
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Engine Power 

(hp) 

 
 

Model Year 

 
 

Regulation 

NOx+NMHC 
Emission Standard 

(g/hp-hr) 
 2006+ Tier 3 3.0 
600 to < 750 Pre-1996 Tier 0 (uncontrolled) 9.7 
 1996 – 2001 Tier 1 6.9 
 2002 – 2005 Tier 2 4.8 
 2006+ Tier 3 3.0 

 
 
This control measure consists of replacing the engine or the entire vehicle with a new engine 
meeting the current emission standard or better, or a remanufactured engine that has lower 
emissions than the older engine.  The actual emission reduction realized will depend upon the 
actual engine replaced and the emission standard that the new engine meets.  Like any scrappage 
program, the scrapped engine or vehicle should be in good working order and would otherwise 
be used for many years to come if not replaced under this program.  The life of the emission 
credit generated will be equivalent to the remaining life of the engine or vehicle to be replaced. 
 
For nonroad agricultural and construction equipment modernization program, replacing Tier 0 
and Tier 1 baseline engines with Tier 2 engines, and replacing Tier 0, Tier 1, and Tier 2 baseline 
engines with Tier 3 engines were investigated for several major nonroad construction and 
agricultural equipment types based on their contribution to the NOx emissions. 
 
Emissions - For nonroad equipment, the NOx emission factors were calculated based on the Tier 
0, Tier 1, Tier 2, and Tier 3 nonroad emission standards; load factors and activity data were 
extracted from the NONROAD2004 model using the LADCO input and option files.  Detailed 
emission rates, load factors, and activity data for major construction and agricultural equipment 
types are provided in Appendix M20/25.  
  
Cost – ENVIRON estimated that Tier 2 engines cost about $100 per horsepower yielding a range 
of Tier 2 engine costs of about $13,800 to $136,000, and $3,800 to $67,500 for construction 
equipment and agricultural equipment, respectively, depending on the horsepower range.  Tier 3 
engines were estimated to cost about $120 per horsepower yielding a range of Tier 3 engine costs 
of about $16,500 to $118,500, and $4,500 to $81,000 for construction equipment and agricultural 
equipment, respectively, depending on the horsepower range.  The typical range of incremental 
capital costs on engine or equipment replacement for TERP and Carl Moyer funded projects is 
about $20,000 to $50,000.  Since limited cost data are available, ENVIRON assumed that the 
incremental engine or equipment replacement for Tier 3 engines was about 20% more than the 
Tier 2 engines.  Capital recover factor for the project life was calculated using an assumed 3% 
discount rate. 
 
Emission Reductions - The emission reduction would depend on the technology group (i.e. Tier 
0, Tier 1, Tier 2 or Tier 3), equipment type or horsepower range of the engine replaced and the 
emission standard that the remanufactured or new engine meets.  The emission reduction values 
for equipment modernization via replacing lower emission engines or equipment for construction 
and agricultural equipment are summarized in Table M20/25-2.  Detailed emission reductions 
values on a per-equipment basis for major construction and agricultural equipment types are 
provided in Appendix M20/25.   
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Table M20/25-2. Emission reduction values for engine or equipment replacement. 
Emission Reduction per Equipment (tpy)  

Tier 0 with Tier 2 Tier 1 with Tier 3 Tier 2 with Tier 3 
Agricultural 0.02 – 1.07 0.04 – 0.84 0.02 – 0.36 

Construction 0.21 – 7.90 0.18 – 2.00 0.08 – 0.64 
 
 
Cost-Effectiveness - The cost-effectiveness of the engine or equipment replacement would 
depend on the technology group, equipment type or horsepower range of the engine replaced.  
The range of cost effectiveness values for nonroad equipment engine or equipment replacement 
is summarized in Table M20/25-3.  Detailed cost effectiveness values for major construction and 
agricultural equipment types are provided in Appendix M20/25. 
 
Table M20/25-3.  Cost effectiveness values for engine or equipment replacement. 

Cost Effectiveness ($/ton NOx reduced)  
Tier 0 with Tier 2 Tier 1 with Tier 3 Tier 2 with Tier 3 

Agricultural $7,000 – 26,000 $11,000 – $36,000 $22,000 – $84,000 
Construction $2,000 – 8,000 $4,000 – 11,000 $9,000 – $25,000 

 
 
Technical Implementation Feasibility and Public Acceptance - The measure is feasible, as the 
emission reductions are based on available certified lower emission engines or equipment with 
lower emission engines.  In addition, such equipment fleet modernization program has already 
been implemented in many states in the U.S. (e.g. California, Texas etc.).  However, guidelines 
or mechanism, especially on eligible equipment or engines, and project/emission credit life, 
should be clearly defined to avoid potential issues related to surplus emissions versus normal 
turnover rates.   
 
 
Appendix M20/25: Nonroad Equipment Modernization via Diesel Engines or Equipment 
Replacement – Refer to Appendix M20/25 for detailed emission reduction and cost-
effectiveness results. 
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Measure 31/32: On-Road Fleet Modernization via  
Diesel Engine or Vehicle Replacement 

 
 
Description - By far the most widely employed method for reducing emissions from diesel 
engines is the replacement of the engines with new lower-emitting engines or replacement of the 
entire vehicle or piece of equipment with cleaner diesel engines, including remanufactured or 
new engines.  The expected percentage emission reduction from this approach will depend upon 
the engine model year to be replaced and the emission standard that the new engine meets. 
 
This measure focuses on the fleet modernization of Class 8 HDDVs as they are identified as the 
major NOx emission contributors to the on-road NOx emission inventory in the LADCO States. 
 
The EPA has recently adopted a tighter combined NOx and NMHC emission standard for model 
years 2004 to 2006 HD engines, and much more stringent NOx and PM emission standards for 
model year 2007 and later HD engines.  These emission standards, along with those for early 
model year HD engines, are presented in Table M31/32-1.  As shown in Table M31/32-1, the 
combined NOx and NMHC emissions for MY 2004-2006 HD engines are reduced by more than 
50%, as compared to MY 1998 HD engines.  The PM emission standards for MY1992 and later 
HD engines were reduced by more than 80% as compared to those for MY 1990 and earlier HD 
engines.  The emissions from MY 2007 and later HD engines are further reduced by more than 
85% for the combined NOx and NMHC emissions and 90% for the particulate matter (PM) 
emissions, as compared to MY 2004/2006 HD engines. 
 
Table M31/32-1.  EPA emission standards for heavy-duty engines for on-road vehicles. 
 Pollutant (g/bhp-hr) 
 
Model Year 

Hydrocarbons 
(HC) 

Carbon Monoxide
(CO) 

Nitrogen Oxides 
(NOx) 

Particulate Matter 
(PM) 

1988-1989* 1.3 15.5 10.7 0.60 
1990 1.3 15.5 6.0 0.60 
1991 1.3 15.5 5.0 0.25 
1992-1994 1.3 15.5 5.0 0.10 
1998-2003 1.3 15.5 4.0 0.10 (truck) 

0.05 (urban bus) 
2004–2006 **2.5 combined 

NMHC+NOx 
15.5 **2.5 

combined 
NMHC+NOx 

0.10 (truck) 
0.05 (urban bus) 

2007+ 0.14 NMHC 15.5 0.20 0.01 
*   The adopted Federal NOx emission limit of 6.0 g/bhp-hr was adopted in 1988, but was postponed until 1990.  
** The 2004 standards apply to all GVW classes, and are defined as a combined non-methane hydrocarbon plus nitrogen oxides (NMHC + NOx) 
emission standard of 2.5 g/bhp-hr. 
 
 
This control measure consists of replacing the engine or the entire vehicle with a new engine 
meeting the current emission standard or better, or a remanufactured engine that has lower 
emissions than the older engine.  The actual emission reduction realized will depend upon the 
actual engine replaced and the emission standard that the new engine meets.  Like any scrappage 
program, the scrapped engine or vehicle should be in good working order and would otherwise 
be used for many years to come if not replaced under this program.  The life of the emission 
credit generated will be equivalent to the remaining life of the engine or vehicle to be replaced. 
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Four cases of diesel engine or vehicle replacement were investigated for on-road HDDVs in this 
measure: 

• Replacing pre-1987 engines (10.7 g/bhp-hr) with remanufactured MY 1990 (6 g/bhp-hr) 
engines or with remanufactured MY2001/2 (4 g/bhp-hr) engines or with new MY2002/4 
(2.5 g/bhp-hr) engines; 

• Replacing MY 1988 to 1990 (6 g/bhp-hr) engines with remanufactured MY2001/2 (4 
g/bhp-hr) engines or with new MY2002/4 (2.5 g/bhp-hr) engines; 

• Replacing 1991 to 1997 (5 g/bhp-hr) engines with remanufactured MY2001/2 (4 g/bhp-
hr) engines or with new MY2002/4 (2.5 g/bhp-hr) engines; 

• Replacing MY 1998 to 2001 engines with new MY2002/4 (2.5 g/bhp-hr) engines or with 
new MY 2007 (0.2 g/bhp-hr) engines. 

 
Emissions - NOx emission factors for on-road HDDVs were calculated based on the emission 
standards and conversion factors for HDDVs from the EPA’s MOBILE6 model.  It was also 
assumed that the replacement vehicle or vehicle with replacement engine would travel 50,000 
mile annually within the nonattainment or maintenance area that the SIP or conformity analysis 
or emission credit applies to, and 8 years of vehicle life.  Emission rates and conversion factors 
by different model year groups are provided in Appendix M31/32.   
 
Cost – For the on-road HDDVs, ENVIRON assumed that the incremental engine or vehicle 
replacement costs for the remanufactured MY 1990, and MY 2001 and 2002 engines were 
$35,000 and $40,000, respectively, and $45,000 for the new MY 2002 and 2004 engines.  These 
cost estimates were consistent with the engine replacement costs funded by the California Carl 
Moyer12 and Sacramento Emergency Clean Air Transportation (SECAT)13 Programs, and Texas 
Emission Reduction Plan14 or VMEP programs (e.g. in Houston-Galveston and Dallas Fort-
Worth areas).  Since limited cost data are available, ENVIRON assumed that the incremental 
engine or vehicle replacement cost for MY 2007 engines was about 30% more than the MY 2004 
engines or about $60,000.  Capital recover factor for the project life was calculated using an 
assumed 3% discount rate. 
 
Emission Reductions - The emission reduction would depend on the model year or equipment 
type or horsepower range of the engine replaced and the emission standard that the 
remanufactured or new engine meets.  
 
The annual NOx emission reduction values for on-road HDDVs range from 0.17 to 1.5 tpy per 
vehicle.  Potential emission reductions for on-road HDDVs for replacing vehicles with older, 
high emitting engines with vehicles with remanufactured or new lower emission engines are 
provided in Appendix M31/32. 
 
Cost-Effectiveness - The cost-effectiveness of the fleet modernization measure would depend on 
the model year and equipment type or horsepower range of the engine replaced. 
 
Replacing MY 1989 and earlier engines with either MY 1990, MY 2001 and 2002 or MY 2002 
and 2004 engines, and replacing MY1990 engines with MY2002/2004 engines would have cost-
effectiveness values less than $13,000 per ton of NOx reduced.  On the other hand, replacing 

                                                 
12 http://www.arb.ca.gov/msprog/moyer/moyer.htm 
13 http://www.4secat.com 
14 http://www.tceq.state.tx.us/implementation/air/terp/index.html 
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MY 1991 and later engines with newer MY 2001/2002, MY2002/2004 or MY 2007 engines or 
vehicles would not be as cost-effectiveness.  Detailed cost-effectiveness values for the fleet 
modernization measure for on-road HDDVs are provided in Appendix M31/32. 
 
Technical Implementation Feasibility and Public Acceptance - The measure is feasible, as it 
has already been implemented in emission reduction programs in many states in the U.S (e.g. 
California, Texas etc.)  However, guidelines or mechanism, especially on eligible vehicles and 
project/emission credit life, should be clearly defined to avoid potential issues related to surplus 
emissions versus normal turnover rates.   
 
 
Appendix M31/32: On-Road Fleet Modernization via Diesel Engine or Vehicle 
Replacement – Refer to Appendix M31/32 for detailed emission reduction and cost-
effectiveness results. 
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Measure 29a/47: Replacement of On-road HDDVs with  
Natural Gas/Dual-Fuel Engines or Vehicles 

 
 
Description – This measure is very similar to the diesel engine replacement measure, except that 
it would replace older diesel engines or on-road HDDVs with new lower emission natural gas 
(NG) or Dual-Fuel (natural gas/diesel) engines, retrofit diesel engines with Dual-Fuel conversion 
kits, or replace entire diesel vehicles with NG/Dual Fuel vehicles.  The NG/Dual-Fuel engines 
are certified to 2.0 g/bhp-hr of NOx emission level.  Some of the certified NG/Dual-Fuel engines 
are shown in Table M29a/47-1.  NG/Dual-Fuel engines also produce substantially lower PM 
emissions as compared to diesel engines.  PM emissions can be reduced by more 90% and 99% 
for a NG/Dual-Fuel engine with and without an oxidation catalyst, respectively, in comparison to 
a comparable diesel engine.  This measure would target HDDV fleets that have centralized 
refueling stations or practices, such as short-haul trucks, refuse trucks or transit buses. 
 
Table M29a/47-1.  Some of the certified NG/Dual-Fuel engines for HD vehicles. 

Engine Type Engine 
Typical 

Application 
Size 

(Liters) Power (hp) 
NOx Cert. 

Level 

Cummins B5.9G MHD 5.9 150/195/230 2.5 

Cummins C8.3G HHD, Transit 8.3 250/275 2.5 

DDC Series 50G Transit 8.5 275 2.0 

DDC Series 60G HHD  12.7 330 2.5 

Mack E7G HHD, Transit 11.9 325 2.0 

DDC Transit 12.7 275 2.0 

John Deere MHD 6.8 225 2.5 

John Deere MHD 8.1 250 2.5 

John Deere School Bus 8.1 280 2.0 

Ford Shuttle 5.4 225 0.5 

Spark-Ignited 

Baytech (retrofit) MHD 5.7 211 1.5 

Caterpillar/PSA 3126 MHD 7.2 200/240/250 2.5 

Caterpillar/PSA C-10 HHD, Refuse 10.3 305/350 2.5 

Pilot-Ignition Dual Fuel 

Caterpillar/PSA C-12 HHD, Refuse 12 370/410 2.5 

 
 
Five cases of NG/Dual-Fuel engine replacement or repowering are investigated in this study: 
 

• Replacing pre-1989 (10.7 g/bhp-hr) engines with new dedicated NG or Dual Fuel engines 
or Dual-Fuel retrofit system, or replacing the entire vehicle with a NG/Dual Fuel vehicle; 

• Replacing MY 1990 (6 g/bhp-hr) engines with new dedicated NG or Dual Fuel engines or 
Dual-Fuel retrofit system, or replacing the entire vehicle with a NG/Dual Fuel vehicle; 

• Replacing 1991 to 1997 (5 g/bhp-hr) engines with new dedicated NG or Dual Fuel 
engines or Dual-Fuel retrofit system, or replacing the entire vehicle with a NG/Dual Fuel 
vehicle; 

• Replacing MY 1998 to 2001 (4 g/bhp-hr) engines with new dedicated NG or Dual Fuel 
engines or Dual-Fuel retrofit system, or replacing the entire vehicle a NG/Dual Fuel 
vehicle; and 
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• Replacing MY 2002 to 2006 (2.4 g/bhp-hr) engines with new dedicated NG or Dual Fuel 
engines or Dual-Fuel retrofit system, or replacing the entire NG/Dual Fuel vehicle. 

  
Emissions – NOx emission factors for on-road HDDVs were calculated based on the emission 
standards and conversion factors for HDDVs from the EPA’s MOBILE6 model.  The NG/Dual-
Fuel engines were assumed to certify as 2.0 g/bhp-hr NOx emission levels.  The useful life for 
the replacement engine/vehicle was assumed to be 8 years.  Annual VMT of 50,000 miles is 
assumed for Class 8 trucks, 50,000 miles for buses, and equivalent 20,000 miles15 for refuse 
trucks.  
 
Cost - ENVIRON assumed that the engine replacement costs for the new NG/Dual Fuel engines 
and Dual-Fuel retrofit systems were $35,000 and $30,000, respectively, while whole truck 
replacement cost was assumed to be $150,000.  These cost estimates were consistent with the 
incremental capital costs funded by other similar programs (Sacramento Emergency Clean Air 
Transportation Program, Texas Emission Reduction Plan, or Houston-Galveston and Dallas Fort-
Worth VMEP programs.)  Capital recover factor for the project life was calculated using an 
assumed 3% discount rate. 
 
In addition to incremental capital costs, fuel cost and energy consumption differences were also 
included in the cost-effectiveness analysis.  Using historical data from Annual Energy Outlook 
2005, diesel and natural gas fuel costs were assumed to be $2.13 and $1.68, respectively, in 2007 
to 2009.  In addition, energy consumption for NG/Dual Fuel engine is assumed to be 10% higher 
than the diesel. 
  
Emission Reductions – Potential NOx emission reductions would depend on the model year of 
the engine replaced, ranging from 0.06 to 1.51 tons per HD diesel truck per year, 0.08 to 1.82 
tons per refuse truck per year, and 0.1 to 2.24 tons per transit bus per year.  Detail emission 
reductions are provided in Appendix M29a/47. 
  
Cost-Effectiveness - The cost-effectiveness of this measure would depend on the model year of 
the engine replaced.  Replacing MY 1990 and earlier engines with NG/Dual Fuel engines are 
generally below $13,000 per ton of NOx reduced.  Detailed cost-effectiveness values for this 
measure are provided in Appendix M29a/47.  
  
Technical Implementation Feasibility and Public Acceptance - The measure is feasible, 
especially for targeted fleets with centralized fueling facilities, as it has already been 
implemented in throughout the U.S.  The NG/Dual Fuel engines and retrofit systems are certified 
with the EPA and CARB. 
 
 
Appendix M29a/47: Replacement of On-road HDDVs with Natural Gas/Dual-Fuel Engines 
or Vehicles – Refer to Appendix M29a/47 for detailed emission reduction and cost-effectiveness 
results. 

                                                 
15 Refuse trucks are generally traveled less than 50,000 miles annually.  However, emissions for refuse trucks were 
estimated based on an equivalent 50,000-miles to account for more severe duty cycles (i.e. stop and go, and garbage 
bin pickup-dump) as compared to that for a typical Class 8 truck.  
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Measure 42: Accelerated Low NOx Rebuild/Chip Reflashing Program for 
On-Road Heavy-Duty Diesel Vehicles 

 
 
Description – The Environmental Protection Agency (EPA), the Department of Justice, and 
California Air Resources Board (CARB) discovered that seven large diesel engine manufacturers 
had designed engines with advanced computer controls (software) that maximized fuel economy 
and created “off-cycle” NOx emissions during certain periods of vehicle operation, such as long-
haul or steady-state driving, during the 1990s.  As part of the federal Consent Decrees signed in 
1998 between them, the EPA and the Department of Justice, seven engine manufacturers are 
required to partially mitigate their off-cycle NOx emissions via a number of mitigation measures, 
including development of low NOx software and installation of low NOx software upgrades free 
of charge upon rebuild or upon request on applicable vehicles that produce off-cycle emissions16.  
Most 1993-1999 model year Class 7 and Class 8 HDDVs with model year 1993-1998 engines 
manufactured by Caterpillar, Cummins, Detroit Diesel Corporation, Mack/Renault, Volvo and 
International have an obligation to have low NOx software installed.  However, years later, 
evidence has shown that the installation of the low NOx software has not been done on as many 
applicable trucks as anticipated; California, in 2003, estimated that only less than 10% of the 
applicable trucks had been installed with low NOx software over a 4 year period after signing of 
the Consent Decrees17. 
 
Resulting from the finding, CARB, in 2004, adopted the heavy-duty diesel engine software 
upgrade regulation (chip reflashing) to accelerate the low NOx software upgrade2.  The program 
requires that: 
 

• 1993 and 1994 model year Low NOx Rebuild Engines (i.e. engines with off-cycle NOx 
emissions) must have a Low NOx Rebuild Kit installed by April 30, 2005; 

• 1995 and 1996 model year must have a Low NOx Rebuild Kit installed by August 31, 
2005; 

• 1997 and 1998 model year Low NOx Rebuild Engines other than MHDDE, must have a 
Low NOx Rebuild Kit installed by December 31, 2005; and 

• 1997 and 1998 model year MHDDE Low NOx Rebuild Engines must have a Low NOx 
Rebuild Kit installed by December 31, 2006. 

 
This control measure would be to adopt regulations similar to the CARB Low NOx Software 
Upgrade program with a set phase in schedule that would require all low NOx rebuild engines to 
have low NOx rebuild kit installed by 2009.  
 
Emissions – NOx emission factor for MY 1993-1998 medium and heavy HDDVs with low NOx 
rebuild kit installed was estimated at 6.0 g/bhp-hr (after rebuild NOx level) based on the EPA’s 
MOBILE6 model. 
 
ENVIRON assumed that the Low NOx Rebuild/Chip Reflashing Program would reduce NOx 
emissions by about 5% to 40%, with an average of 23% based on a study to assess the low NOx 

                                                 
16 http://www.epa.gov/compliance/resources/cases/civil/caa/diesel/condec.html 
17 http://www.arb.ca.gov/regact/chip04/chip04.htm 
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rebuild on in-use service trucks conducted by the University of California, Riverside18, while 
increasing fuel consumption by 2%.  
 
Cost - ENVIRON assumed that the phase-in of the Low NOx Rebuild/Chip Reflashing Program 
would entail no incremental capital cost as per the Consent Decrees.  Thus, the only cost would 
be the incremental fuel cost due to the 2% increase in the fuel consumption.  Using historical 
data from Annual Energy Outlook 2005, diesel fuel cost was assumed to be $2.13 in 2007 to 
200919.  This incremental fuel cost was estimated to be about $400 for vehicles traveling 50,000 
miles.  
 
Emission Reductions – Potential NOx emission reductions for the Low NOx Rebuild Program 
were estimated to be 0.16 tpy per vehicle for MY 1993-1998 medium-HDDVs, and 0.22 tpy per 
vehicle for MY 1993-1998 heavy-HDDVs.  Detailed emission reductions for different vehicle 
groups for this measure are provided in Appendix M42. 
  
Cost-Effectiveness - Lifetime cost-effectiveness values for medium-HDDVs and heavy-HDDVs 
are $2,500 and $1,800, respectively. Detailed cost effectiveness for different vehicle groups for 
this measure are provided in Appendix M42. 
  
Technical Implementation Feasibility and Public Acceptance - The measure is feasible, as it 
has been implemented in California, and low NOx rebuild kits are available and the 
manufacturers are required to install them on trucks upon rebuild or upon request.  However, due 
to the potential fuel economy penalty, this measure would be more effective as a mandatory, 
instead of voluntary, program as experienced in California.   
 
 
Appendix M42: Accelerated Low NOx Rebuild/Chip Reflashing Program for On-Road 
Heavy-Duty Diesel Vehicles – Refer to Appendix M42 for detailed emission reduction and cost-
effectiveness results. 
 

                                                 
18 “Evaluation of the Effectiveness of Low NOx ECM Reprogramming to In Service Heavy-Duty Vehicles,” UC 
Riverside CE-CERT, CRC Poster Session, 1998. 
19  Note that a fuel cost sensitivity analysis was performed to assess the impact of increasing fuel costs by 30%, and 
the sensitivity analysis results were discussed in Section 4 of the report. 
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Measure 46/51: NOx Retrofit Technologies for Diesel Engines 
 
 
Description - This control measure includes encouraging fleet owners and operators to retrofit 
on-road HDDVs and nonroad equipment with emission-reduction devices to reduce NOx diesel 
exhaust emissions. The primary purpose of these devices is to significantly reduce NOx 
emissions but often PM retrofit devices are also included in many NOx retrofit devices. 
 
This measure focuses on the fleet modernization of Class 8 HDDVs, and major construction and 
agricultural equipment types as they are identified as the major NOx emission contributors to the 
NOx emission inventory in the LADCO States. 
 
The technologies available to reduce NOx emissions from mobile sources include retarded 
engine timing modification, Exhaust Gas Recirculation (EGR), lean NOx catalyst, and Selective 
Catalytic Reduction (SCR).  Examples of verified and demonstrated emission reductions 
effectiveness are shown in Table M46/51-1. 
 
The NOx control retrofits will not reduce PM emissions by themselves and may increase PM 
emissions.  Often a NOx control device is accompanied by a particulate control device, such as a 
diesel particulate filter (DPF), in a package offered by the vendor.  This is especially true for 
retarded timing and EGR NOx control strategies.  For the EGR+DPF retrofit, the PM emissions 
would be reduced by more than 90%.  Unless these technologies are coupled by a DPF or diesel 
oxidation catalyst (DOC), the lean NOx and SCR retrofits would have a limited effect on PM 
emission reductions.  While it would not provide NOx emission reduction, a DOC would provide 
about 30% PM emission reductions. 
  
Table M46/51-1.  NOx retrofit control technologies.  

 
Emission Control Device 

 
Verification Status 

NOx Control 
Efficiency 

Lean NOx reduction catalyst 
(Example Vendor: Cleaire’s Lonestar) 

EPA Certification Process 40% 

EGR+DPF (Example Vendor: STT 
Emtec System) 

EPA Certification Process Up to 50% 

SCR (Example Vendor:  
Extengine etc.) 

CARB/EPA Verification Process 70 to 99% 

 
 
Emissions – NOx emission factors for on-road HDDVs were calculated based on the emission 
standards and conversion factors for HDDVs from the EPA’s MOBILE6 model.  It was also 
assumed that the vehicle with installed retrofit device would travel 50,000 mile annually within 
the nonattainment or maintenance area that the SIP or conformity analysis or emission credit 
applies to, and 8 years of project life.  Detailed emissions by different model year groups are 
provided in Appendix M46/51.   
 
For nonroad equipment, the NOx emission factors were calculated based on the Tier 0, Tier 1, 
Tier 2, and Tier 3 nonroad emission standards; load factors and activity data were extracted from 
the NONROAD2004 model results using LADCO input and option files.  The useful life for 
these retrofit technologies was assumed to be 10 years.  Detailed emission rates, load factors, and 
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activity data for major construction and agricultural equipment types are provided in Appendix 
M46/51. 
  
The control efficiency for the lean NOx catalyst was assumed to be 40%.  The NOx control 
efficiencies for the EGR+DPF, and SCR systems were assumed to be 30% and 75%, 
respectively.  The control efficiencies are consistent with the emission reduction range provided 
in the EPA website on verified technologies20, and discussion in the EPA Draft Guidance for 
Qualifying and Using Emission Reductions From Mobile Source Retrofit Projects in State 
Implementation Plans and Transportation and General Conformity (EPA Draft Retrofit 
Guidance). 
  
Cost – The major costs for these NOx retrofit systems include both capital and operational costs.  
The average capital costs for installation of these systems are estimated to be $85 per hp for lean 
NOx catalyst systems, $95 per hp for EGR+DPF systems, and $115 per hp for SCR systems.  
These costs were consistent with the incremental capital costs funded by other similar programs 
(e.g. Sacramento Emergency Clean Air Transportation Program, Texas Emission Reduction 
Plan, or Houston-Galveston and Dallas Fort-Worth VMEP programs.) 
 
Table M46/51-2 provides a summary of the estimated capital costs. For the lean NOx catalyst 
system, a 2% increase in the fuel consumption was assumed.  For the EGR+DPF system, it was 
assumed that it would increase fuel consumption by 3%.  For the SCR system, it was assumed 
that the urea consumption was equivalent to about 2% of the fuel consumption.  Capital recover 
factor for the project life was calculated using an assumed 3% discount rate. 
 
Table M46/51-2.  Estimated average capital cost for some NOx retrofit control technologies. 

Control Technology Capital Cost 
On-road HDDVs 

Lean NOx Reduction Catalyst $20,000 
EGR+DPF $23,000 
SCR $27,500 

Nonroad Construction Equipment 
Lean NOx reduction 
catalyst - Lonestar 

175 – 750+ hp $20,000 - $ 114,500 

EGR+DPF 175 – 750+ hp $23,000 - $ 131,700 
SCR 175 – 750+ hp $27,500 - $ 157,400 

Nonroad Agricultural Equipment 
Lean NOx reduction 
catalyst - Lonestar 

25 - 750 hp $5,200 - $ 56,800 

EGR+DPF 100 - 750 hp $5,600 - $ 65,400 
SCR 100 - 750 hp $6,300 - $ 78,200 

 
 
Emission Reductions - The emission reduction values for the lean NOx catalyst, EGR+DPF, 
and SCR retrofits for on-road HDDVs are presented in Appendix M46/51.  The annual NOx 
emission reduction values for the lean NOx catalyst strategy for on-road HDDVs range from 
0.11 to 0.55 tons per year (tpy) per vehicle.  For the EGR+DPF and SCR retrofit system, the 
annual NOx emission reduction values range from 0.11 to 0.55, and 0.29 to 1.37 tpy per vehicle, 
respectively. 
                                                 
20 http://www.epa.gov/otaq/retrofit/retroverifiedlist.htm 



February 2006 
 
 
 
 

G:\LADCO controls\Reporting\Final\Sec3_Measures.doc 3-21 

The emission reduction values for the lean NOx catalyst, EGR+DPF, and SCR system retrofits 
for major nonroad construction and agricultural equipment are presented in Appendix M46/51. 
Annual emission reduction values associated with each control measure vary depending on the 
equipment types and horsepower ranges.  Table M46/51-3 summarizes the range of annual 
emission reduction values for all three after treatment measures investigated. 
 
Table M46/51-3.  Potential emission reductions by equipment type and NOx retrofit control 
technology. 

Emission Reductions Per Equipment (tpy) Nonroad 
Equipment 
Category 

 
Control Technology

Tier 0 
Engines 

Tier 1 
Engines 

Tier 2 
Engines 

Tier 3 
Engines 

Lean NOx Catalyst 0.16 - 6.34 0.12 - 4.81 0.08 - 3.18 0.05 - 0.54
EGR+DPF System 0.12 - 4.75 0.09 - 3.60 0.06 - 2.38 0.04 - 0.42

Construction 

SCR System 0.31 - 11.9 0.22 - 9.01 0.15 - 5.95 0.09 - 1.05
Lean NOx Catalyst 0.03 - 0.81 0.03 - 0.58 0.03 - 0.38 0.02 - 0.24
EGR+DPF System 0.03 - 0.61 0.02 - 0.43 0.02 - 0.29 0.01 - 0.18

Agricultural 

SCR System 0.06 - 1.52 0.06 - 0.72 0.05 - 0.71 0.03 - 0.45
 
 
Cost-Effectiveness – The cost-effectiveness values for on-road HDDVs by MY group and 
retrofit technology are summarized in Table M46/521-4.  The cost-effectiveness values for major 
construction and agricultural equipment by technology type and retrofit technology are 
summarized in Table M46/521-5. 
 
Table M46/51-4.  Cost-effectiveness values for HDDVs by model year group and NOx retrofit 
control technology. 

Cost-Effectiveness Values ($/ton of NOx Reduced)  
 

Control Technology 
MY 1989 & 

Earlier MY 1990 
MY 1991-

1997 
MY 1998 - 

2001 
MY 2002 - 

2006 
Lean NOx Catalyst $6,000 $11,000 $13,000 $17,000 $28,000
EGR+DPF System $6,000 $11,000 $14,000 $17,000 $29,000
SCR System $3,000 $6,000 $7,000 $9,000 $15,000

 
 
Table M46/51-5.  Cost-effectiveness ranges for major construction and agricultural equipment 
and NOx retrofit control technology. 

Cost-Effectiveness Values ($/ton of NOx Reduced) Nonroad 
Equipment 
Category 

Control 
Technology Tier 0 Engines Tier 1 Engines Tier 2 Engines Tier 3 Engines 

Construction Lean NOx 3,000 - 16,000 4,000 - 22,000 6,000 - 33,000 12,000 - 54,000
 EGR+DPF  7,000 - 32,000 9,000 - 45,000 13,000 - 66,000 26,000 - 108,000
 SCR 2,000 - 12,000 3,000 - 17,000 4,000 - 25,000 9,000 - 40,000
Agricultural Lean NOx 9,000 - 28,000 12,000 - 38,000 18,000 - 57,000 30,000 - 91,000
 EGR+DPF  16,000 - 45,000 22,000 - 61,000 33,000 - 92,000 54,000 - 147,000
 SCR 7,000 - 20,000 9,000 - 28,000 14,000 - 42,000 22,000 - 67,000

 
 
Technical Implementation Feasibility and Public Acceptance – These NOx retrofit strategies 
are feasible, as they have already been implemented in California, Texas and elsewhere in the 
U.S.  All of these NOx retrofit technologies, except the lean NOx catalyst and SCR system for 
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limited nonroad equipment, are unverified technologies.  Therefore, until they are verified, 
guidelines and enforcement mechanism should be developed to assure the emission reductions 
are real.  This would include emission measurement to assess the emission performance and 
durability of those unverified technologies. 
 
 
Appendix M46/51 - NOx Retrofit Technologies for Diesel Engines – Refer to Appendix 
M46/51 for detailed emission reduction and cost-effectiveness results. 
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Measure 28/29/43/44/45: LEVII, and Accelerated Vehicle  
Replacement and Scrappage Programs 

 
 
Description - This control measure discusses the accelerated replacement or scrapping of older 
light-duty vehicles, LDVs (i.e. passenger cars or light-duty trucks), with lower emission vehicles, 
as well as provides general assessment of the implementation of a LEV II Program instead of a 
Tier II Program in the LADCO States based on findings of past studies21. 
 
LEVII Program - The Environmental Protection Agency (EPA) sets emission standards for new 
vehicles sold in the United States, but California has the authority to set its own vehicle 
standards.  Other states may adopt either California or the federal standards.  In the late 1990’s, 
California established the Low Emission Vehicle (LEV) Program22 that contained more stringent 
emission standards compared to the federal standards for LDVs, and several Northeast states 
adopted the California LEV program.  California, subsequently in November 1998, adopted the 
second-generation of the LEV Program, so called LEVII program.  The EPA, in December 1999, 
adopted the Tier 2 emission standards for LDVs, phasing in between 2004 and 2007 for light 
LDVs or LDTs, and 2008 to 2009 for heavy LDTs and medium-duty passenger vehicles. 
 
A number of emission benefit assessments of the LEVII program relative to the Tier 2 program 
have been conducted in several states (e.g. Northeast states23,24, Texas.).  While results from 
these studies showed that there would be substantial long-term emission benefits for the LEVII 
program, the NOx emission benefits for the LEVII program would be limited during the first few 
years after program implementation.  Figure M28-1 shows the NESCAUM modeling of NOx 
emission benefits for the LEV II program implemented in 2009 in the Northeast states25.  As 
shown in this figure, potential NOx emission benefits for the LEV II program range are about 
2% in 2012, 5% in 2015, and 12% in 2020.  Given the lead time required for adopting such a 
program, the LEVII program would not provide substantial NOx emission benefits for the 
LADCO States in 2009; if implemented in 2009, analysis showed that the LEVII program would 
provide about 3 tons per year or 0.008 tons per day of NOx emission reduction in the LADCO 
States in 2009 (i.e. during the first year of the program implementation), based on the projected 
2009 LADCO emission inventory for LDVs, and modeling results of the NESCAUM study.  

                                                 
21 A detailed assessment to compare emission reductions of the LEV II Program to the Tier 2 Program would require 
an extensive MOBILE6 modeling effort, and was out of the scope for this work.  
22 http://www.arb.ca.gov/msprog/levprog/levprog.htm. 
23 “Comparing the Emissions Reductions of the LEV II Program to the Tier 2 Program,” White Paper prepared by 
NESCAUM, and Cambridge Systematics, Inc., October 2003. 
24 “Preliminary Assessment of LEV-II Program Benefits for Texas,” H37 Final Report by ERG, and Cambridge 
Systematics, Inc. for Houston Advanced Research Center, December 31, 2004. 
25 Spreadsheet file provided by Coralie Cooper of NESCAUM. 
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Figure M28-1.  LEV II versus Tier 2 programs using EPA input assumptions for both programs 
implemented in 2009 in the Northeast States26. 
 
 
Accelerated Vehicle Replacement/Scrappage Program - The accelerated vehicle replacement 
program would include replacing older (10 years old or older) light-duty vehicles with lower 
emission vehicles (i.e. fleet modernization), and buy-back and scrapping 25 years and older 
vehicles.  The accelerated vehicle replacement program would target fleet light-duty vehicles 10 
years old or older, and the scrappage program would target all light-duty vehicles 25 years old or 
older.  The actual emission reduction realized would depend upon the model year of the 
replaced/scrapped vehicle, and the replacement vehicle.  Like any replacement or scrappage 
program, the replaced or scrapped vehicle should be in good working order and would otherwise 
be used for many years to come if not replaced under these programs.  The life of the emission 
credit generated will be equivalent to the remaining life of the engine or vehicle to be replaced.  
These programs should follow the EPA guidance document on accelerated vehicle retirement or 
scrappage for LDVs27. 
 
As discussed earlier, potential emission reductions would depend upon model year of the 
replaced vehicle and the replacement vehicle.  While a detailed MOBILE6 modeling assignment 
is beyond the scope of this project, three cases were investigated as examples to estimate the 
potential emission benefits, associated costs, and cost-effectiveness values of the accelerated 
vehicle replacement program: replacing a 10 year old vehicle with Tier 2 LDV, SULEV, or ZEV.  
Emission reductions might be higher if the replaced vehicle is older than 10 years old.  For the 
scrappage program of 25 years old and older vehicles, replacement of 1983 and earlier model 
vehicles with a 2007 LDV was investigated. 
 

                                                 
26 Spreadsheet file provided by Coralie Cooper of NESCAUM. 
27 “Guidance for the Implementation of Accelerated Retirement of Vehicles Programs,” EPA 420-R-93-018, 
Environmental Protection Agency, Ann Arbor, MI, February 1993. 
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Emissions - NOx emissions for LDVs were based on the MOBILE6 model using national 
default conditions28, and MOBILE6 default annual mileage accumulation rate data by vehicle 
type was used to estimate annual vehicle mileage.  For the accelerated vehicle replacement 
program and the scrappage program, the useful life was estimated based on the estimated 
average remaining life of the LDV to be replaced or scrapped.  The useful life was assumed to be 
10 years for the accelerated vehicle replacement program, and 3 years for the scrappage program 
as per the EPA LDV Vehicle Replacement Guidance29. 
 
Cost – For the accelerated vehicle replacement program, incremental costs to trade in a 1996/7 
vehicle for a Tier 2 vehicle, SULEV (e.g. a hybrid vehicle), or ZEV would be about $10,000, 
$16,000, and $20,000, respectively, based on typical retails price for a compact car.  For the 
vehicle scrappage program, an incurred cost of $1,000 per vehicle was assumed.  Capital recover 
factor for the project life was calculated using an assumed 3% discount rate. 
  
Emission Reductions – For the accelerated vehicle replacement and scrappage programs, the 
emission reductions would depend on the model year of the LDV replaced.  Table M28-1 shows 
the potential emission reductions for LDVs.  For the LEV II program, NOx emission reductions 
are an estimated 0.009 tons per day in 2009.  For the example accelerated vehicle replacement of 
a 10 year old vehicle, NOx emission reductions were estimated to be about 0.0119, 0.0125, and 
0.0127 tons per year for replacement with a Tier 2 vehicle, SULEV, or ZEV, respectively.  For 
the scrappage program of 25 years old and older vehicles, the NOx emission reduction was 
estimated to be 0.00634 tpy. 
 
Cost-Effectiveness - The cost-effectiveness of the accelerated replacement and scrappage 
programs would depend on the model year of the engine replaced.  As shown in Table M28-1, 
the cost effectiveness values of the example accelerated vehicle replacement program to replace 
10 year old vehicles with a Tier 2 vehicle, SULEV, or ZEV were estimated to be about 
$100,000, $160,000, and $190,000 per ton of NOx reduced per year, respectively.  The cost 
effectiveness of the scrappage program of 25 years and older vehicles was estimated to be about 
$56,000 per ton of NOx reduced per year.  These cost-effectiveness values are substantially 
higher than most selected measures for the on-road heavy-duty diesel vehicles and NONROAD 
diesel equipment. 
 
Technical Implementation Feasibility and Public Acceptance – While they might not be as 
cost effective in reducing NOx emissions when comparing to those selected measures for heavy-
duty vehicles and nonroad diesel equipment, these measure are feasible as they have been 
implemented in emission reduction programs in several states in the U.S.  
 
 

                                                 
28 “Emission Inventories and Potential Emission Control Strategies for Ozone Early Action Compact Areas in 
Tennessee,” Draft Report to Division of Transportation Planning, Tennessee Department of Transportation, and 
Division of Air Pollution Control, Tennessee Department of Environmental and Conservation, Department of Civic 
and Environmental Engineering, University of Tennessee, April 2003. 
29 “Guidance for the Implementation of Accelerated Retirement of Vehicles Programs,” EPA 420-R-93-018, 
Environmental Protection Agency, Ann Arbor, MI, February 1993. 
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Table M28-1.  Potential NOx emission reductions and cost-effectiveness values for LEV II, 
Accelerated Vehicle Replacement and Scrappage programs. 
 
Measure 28: Implementing LEV II Program in 2009 instead of Tier 2 Program (First Year 
Program Implementation) 

NOx Emission Reduction  
2009 LADCO 

States 

Baseline NOx 
Emissions (tpd) 

(%)  (tpd) 
LDGV  585  0.00% 0.000 

LDGT1  337  0.17% 0.006 

LDGT2  142  0.24% 0.003 

Total  1,064  0.009 

 
 
Measure 29/43/45: Accelerated Vehicle Replacement with Lower Emissions Vehicles 
(Example Case: Replacing 10 Years Old Vehicles) 

NOx Emissions   
  1996 LDVs 2006 LDVs SULEV ZEV 
Annual mileage 10,482 10,482 10,482 10,482

Incremental Capital Cost  10,000  16,000   20,000 

Useful Life (years) 10 10 10 10

Annualized Capital Cost ($/yr) $1,221 $1,953  $2,442 

NOx g/mile  1.10  0.07  0.02  0

NO tons/year 0.013 0.001 0.000242692 0

Emission Reduction (tons/year) 0.0119 0.0125 0.0127

Cost-Effectiveness ($/ton)  102,568  156,657   192,083 

 
 
Measure 44: Scrappage Program for LDVs Over 25 Years Old and Older 

NOx VOC   
  1983 & Earlier 2007 Avg Veh 1983 & Earlier 2007 Avg Veh 
Annual mileage 3,587 3,587 3,587 3,587
Incremental Capital Cost  1,000     1,000 
Useful Life (years) 3 3 3 3
Annualized Capital Cost ($/yr)  $354  $354 
NOx g/mile  2.51 0.90  2.58  1.15 
NO tons/year 0.010 0.004 0.010 0.005
Emission Reduction (tons/year)  0.00634  0.0056
Cost-Effectiveness ($/ton)  $55,773  $62,652

 



February 2006 
 
 
 
 

G:\LADCO controls\Reporting\Final\Sec3_Measures.doc 3-27 

Measure 40: Inspection and Maintenance Programs for LDVs 
 
 
Description – Implementing and/or expanding a vehicle inspection and maintenance (I/M) 
program can reduce emissions from in-use vehicles, especially from high emitters and/or 
vehicles with defective emission control systems.  An I/M program can consist of a combination 
of exhaust and evaporative emission control system inspections30.  The exhaust inspection can 
consist of idle test, ASM test, IM240 test, OBD test, or a combination of these tests.  The 
evaporative inspection can consist of a fill-pipe pressure test, gas cap inspection and an 
evaporative OBD check1. 
 
Currently, all LADCO States except Michigan have adopted some sort of I/M program in their 
non-attainment counties.  Illinois has a biennial I/M program (Vehicle Emission Testing 
program) for 1986 and newer light-duty vehicles in the counties of Cook, Dupage, Lake Kane, 
Kendall, McHenry, Will, Madison, Monroe, and St. Clair31.  Indiana's Vehicle Emissions Testing 
Program is also a biennial I/M program for 1976 and newer LDVs in the Clark, Floyd, Lake and 
Porter counties32.  The Ohio’s E-Check I/M program is also a biennial program; the program 
applies to all LDVs, including diesel vehicles, 25 years old and newer, in the counties of Butler, 
Clark, Clermont, Cuyahoga, Geauga, Greene, Hamilton, Lake, Lorain, Medina, Montgomery, 
Portage, Summit and Warren33.  The Vehicle Inspection Program in Wisconsin is also a biennial 
program for 1968 and newer light-duty vehicles in the counties of Kenosha, Milwaukee, 
Ozaukee, Racine, Sheboygan, Washington, and Waukesha34. 
 
All of these I/M programs consist of a combination of idle, I/M 240, and OBD tests for exhaust 
emissions based on the model year of the vehicle, as well as evaporative test/inspections.  The 
Ohio’s E-Check I/M program recently switched to ASM 2525, replacing the I/M240 test. 
 
This control measure focuses on implementing more stringent I/M programs and/or expanding 
the existing I/M programs in the LADCO States. 
 
Emissions – NOx emissions were calculated based on the 2009 emission inventory estimated 
using the 2002 NEI Emissions & LADCO Base J 2002/2009 gasoline and diesel emission ratios.  
Vehicle population estimates by vehicle type were developed using the calculated FHWA VMT 
data, and MOBILE6 default annual VMT data for different vehicle types.  MOBILE6 modeling 
results from a recent study showed that implementing a stringent I/M program, similar to the 
existing I/M programs in Illinois, Indiana, Ohio and Wisconsin, in areas with no I/M program 
would provide about 8% NOx emissions benefit immediately, and 40% NOx emissions reduction 
in about 20 years35.  This reduction was used in this measure to estimate the potential emission 
reduction on per vehicle basis for the LADCO States.36  

                                                 
30 http://www.epa.gov/otaq/im.htm 
31 http://www.epa.state.il.us/air/vim/ 
32 http://www.in.gov/idem/air/programs/imsite/index.html 
33 http://www.epa.state.oh.us/dapc/mobile.html 
34 http://www.dot.wisconsin.gov/drivers/vehicles/im.htm 
35 “Emission Inventories and Potential Emission Control Strategies for Ozone Early Action Compact Areas in 
Tennessee,” Draft Report to Tennessee Department of Environmental and Conservation, prepared by Department of 
Civic and Environmental Engineering, University of Tennessee, April 2003. 
36 Detailed assessment to quantify emission reductions of an I/M program would be program, state and county 
specific.  It would require extensive MOBILE6 modeling effort, and was out of the scope for this work.    
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Cost – While the existing I/M programs in Illinois, Indiana and Wisconsin do not charge testing 
fees, there would be costs incurred resulting from program implementation or expansion, as well 
as vehicle repair costs due to test failures.  The Ohio’s E-Check I/M program charges a test fee 
of $19.50.  The Tennessee study estimated that the average cost of the I/M Program per vehicle 
tested was about $586.  This cost estimate was used in the cost-effectiveness analysis of this 
measure. 
  
Emission Reductions – Potential NOx emission reductions would depend on the effectiveness 
of the I/M Program.  Based on MOBILE6 modeling results, the Tennessee study reported that a 
potential NOx emissions reduction of 0.00187 tons per year per vehicle could be achieved with a 
stringent I/M Program in those areas not currently covered by an I/M program.  
  
Cost-Effectiveness - The cost-effectiveness of this measure would depend on inspection failure 
rates as well as repair costs.  The cost effectiveness value reported in the Tennessee study was 
about $30,000 per ton of NOx reduced. 
  
Technical Implementation Feasibility and Public Acceptance - The measure is feasible, as it 
has already been implemented in throughout the States, including four LADCO States. 
 
Table M40-1.  Potential NOx emission reduction and cost-effectiveness value for an I/M 
program Measure37. 

Short Term 
(2007) Long Term (2030)

  NOx VOC NOx VOC 
Stringent I/M 240 with 5% waiver vs. No I/M (%) 8.2 25.55 41.5 36.75
Stringent I/M 240 with 5% waiver vs. No I/M (tpy/veh.) 0.00187 0.00417 0.00187 0.00213
  
Cost Estimate ($/per veh.) $57.70 
NOx Cost-Effectiveness ($/ton) 31,000
VOC Cost-Effectiveness ($/ton) 14,000

 

                                                 
37 “Emission Inventories and Potential Emission Control Strategies for Ozone Early Action Compact Areas in 
Tennessee,” Draft Report to Tennessee Department of Environmental and Conservation, prepared by Department of 
Civic and Environmental Engineering, University of Tennessee, April 2003. 
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Measure 67: Vehicle Speed Reduction Program (65 mph to 55 mph) 
 
Description – For on-road vehicles, especially heavy-duty diesel trucks, emissions vary 
significantly as a function of vehicle speed.  As shown in Table M67-1, MOBILE6 estimates that 
heavy-duty diesel trucks emit more NOx at higher speeds than they do at lower speeds.  Light-
duty vehicles follow the same trend as well but to a lesser extent.  Thus, this measure consists of 
reducing NOx emissions from HD diesel trucks via reducing the LADCO area-wide speed limit 
from 65 mph to 55 mph for HD trucks. 
 
Table M67-1.  NOx and VOC emission factors as predicted by MOBILE6. 

SPEED 
(mph) 

LDGV 
(g/mile) 

LDGT34 
(g/mile) 

HDGV 
(g/mile) 

HDDV 
(g/mile) 

5 1.368 2.134 2.498 14.644 
15 0.727 1.257 2.751 10.9 
25 0.725 1.27 3.004 9.243 
35 0.713 1.268 3.257 8.84 
45 0.729 1.295 3.51 9.507 
55 0.75 1.329 3.764 11.555 
65 0.773 1.369 4.017 16.046 

Reduction from 
65 to 55 -3% -2.9% -6.3% -28% 

 
 
Emissions – The area-wide emission reductions were estimated based on similar studies in 
Dallas, Fort Worth, Houston and Galveston, Texas, and the State of Tennessee.  NOx emissions 
were calculated based on the 2009 emission inventory estimated using the 2002 NEI Emissions 
& LADCO Base K 2002/2009 gasoline and diesel emission ratios.  Vehicle population estimates 
by vehicle types were developed using the calculated FHWA VMT data, and MOBILE6 default 
annual VMT data for different vehicle types.  
 
Cost - The primary cost of this measure is in enforcement and signage.  According to 
salary.com, the average salary for a highway patrol officer in the U.S. is about $41,000.  
Including fringe benefits, $100,000 annual cost was assumed for a highway patrol officer.  If ten 
additional highway patrol officers for each LADCO state were added to enforce the 55 mph 
speed limit, annual costs for the five LADCO states would be $5,000,000. 
  
Emission Reductions - The reduction in NOx emissions was estimated to be 3.0% area-wide on 
HD diesel trucks based on past studies in Dallas, Fort Worth, Houston and Galveston, Texas, and 
State of Tennessee.  Based on the estimated 3.0% NOx emissions reduction, potential emissions 
reductions from all on-road HD diesel vehicles with a 100% compliance rate were estimated to 
be about 32 tons per day (tpd) as shown in Table M67-2.  Assuming a 50% compliance rate, the 
potential emission reduction would be about 16 tpd, and this value was used to calculate the cost 
effectiveness of the program.  On a per vehicle basis, the potential emission reduction was 
estimated to be about 0.004 tons per year (tpy) per HD truck.  While emission reduction 
estimates are provided here, more accurate emission reduction estimates would need to be 
determined on a link-by-link and hour-by-hour basis using the CONCEPT model. 
 
Cost-Effectiveness - The speed limit decrease would be enforced 7 days a week so the emission 
reduction would occur each day of the year.  Assuming a 50% compliance rate, total annual NOx 
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emission reductions would be about 5,000 tpy.  Thus, the cost effectiveness of the measure was 
estimated to be about $840/ton of NOx reduced. 
 
Technical Implementation Feasibility and Public Acceptance - The measure is feasible, as it 
has already been implemented in other areas in the U.S.  However, the effectiveness of the 
measure would depend on program enforcement.  
 
Table M67-2.  Potential NOx emission reduction and cost-effectiveness value for a vehicle 
speed reduction program for HD diesel trucks. 

Emission Reduction (tpd) 

LADCO States  

Baseline NOx
Emissions 

(tpd) (%)
100% 

Compliance
50% 

Compliance

 
Vehicle 

Population 

Emission 
Reduction per 

Veh (tpy) 
Class 2b diesel 30.15 1680666 
Class 3, 4, 5 diesel 28.99 353078 
Class 6, 7 diesel 131.14 565913 
Class 8 diesel 856.58 203639 
Buses 38.69

  

148281 

  

Total On-Road HD Trucks 1085.56 3% 32.6 16.3 2951576 0.00403
Notes: 
Enforcement Cost:  5,000,000 ($/year) 
 - Assumed 10 additional officers per state at a cost of $100,000 of salary & fringe benefits per officer to enforce the speed limit 
program. 
Cost-Effectiveness (assumed a 50% compliance rate):  841$/ton of NOx reduced 
Emissions Reduction - Area Wide On-road Heavy-Duty Diesel Trucks: 3% 
 

 




