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 DISCLAIMER 
This report has been reviewed by representatives of the Sponsors, but the interpretation of 
the results of this study, as expressed in the report, is entirely the responsibility of the 
consultant authors and does not imply endorsement of specific points of view by any or all of 
the Sponsors. The expressed recommendations and conclusions based on the findings are 
the opinion of the consultant authors of the study and may or may not be supported by the 
study sponsors. These study sponsors include 

• Environment Canada (Pacific & Yukon Region) 

• BC Ministry of Environment 

• Greater Vancouver Regional District  

• Greater Vancouver Transportation Authority 

• Fraser Valley Regional District 

• Clean Air Research Fund - Canadian Petroleum Products Institute (CPPI) 

• Clean Energy 

CPPI DISCLAIMER 
The Canadian Petroleum Products Institute (CPPI), one of the Sponsors, supports the study’s 
intent to provide guidance to the GVRD, its member municipalities, the Greater Vancouver 
Transportation Authority and others on: 

• the most promising option(s) to reduce emissions from their existing heavy-duty diesel 
vehicles, and 

• future purchases of fleet vehicles / engines and fuels. 

CPPI believes this report provides a valuable resource with technical and economic data on the 
attributes of some of the most relevant emission reduction options for decreasing emissions from 
the current HDDV fleet vehicles. During the course of the study, new methodologies were 
introduced to the scope of the study. CPPI has concerns about the methodologies used but 
wanted to maintain funding support of the study.  CPPI wishes to express our appreciation for 
the opportunity to express our views in this disclaimer. 

CPPI does not endorse the analytical methodology used to estimate the potential health effects 
of air quality improvements and their deemed economic value. In addition, CPPI has concerns 
about the methodology that applies emission weighting factors designed to place a higher 
priority on some pollutants versus others. This methodology is embodied in the equation: Impact 
Weighted Emissions = 25*PM10 + NOx + VOC + CO/7 + 3*SOx.  CPPI believes that air quality 
can have an impact on public health, but does not believe the science is sufficiently robust to try 
to quantify that impact or to quantify the importance of one specific pollutant versus another. 
CPPI is concerned that this equation may skew the analysis and result in misleading results that 
may not be in the best interests of improved air quality and may not be a cost effective response 
to reducing HDDV emissions in the GVRD. 

CPPI has summarized their concerns regarding this methodology in Appendix E and makes 
reference to a related report by epidemiologist, Dr. Suresh H. Moolgavkar, M.D., Ph.D to support 
this point of view. 
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EXECUTIVE SUMMARY 
Emission inventories and forecasts prepared by the GVRD and FVRD show that motor vehicles 
are a significant source of air pollution in the Canadian Lower Fraser Valley (LFV) airshed and 
contribute to concerns about human effects associated with exposure to fine particulate matter 
(PM2.5) and ozone.  Emission standards for heavy-duty vehicles have not been reduced in the 
last decade to the same degree as light duty vehicles and, consequently, their proportional 
contribution to regional emissions has increased.  

Large reductions in emission standards for heavy duty diesel vehicles (HDDV) are occurring and 
scheduled for future years. New HDDVs must meet more stringent exhaust standards for 
combined emissions of nitrogen oxides (NOx) and volatile organic compounds (VOC) in 2004. 
Further reductions in HDDV exhaust emission standards for NOx, particulate matter and VOC 
will be implemented beginning in 2007. Replacement of aging high-emitting diesel 
engines/vehicles with low-emitting engines/vehicles meeting the 2007 standards will result in 
large reductions in emissions. To enable implementation of the advanced catalytic emission 
controls needed to achieve the new emission standards, the sulphur content of diesel fuel in 
Canada will be reduced to not more than 15 ppm by 2006, from a current level near 300 ppm.  

The GVRD and its partner agencies recognize the importance of heavy-duty vehicle emissions in 
the airshed, and the need to investigate their effects and the means and costs of achieving 
emission reductions.  There is evidence from studies in the Lower Fraser Valley and in other 
jurisdictions that exposure to diesel exhaust emissions can have significant effects on human 
health, with diesel particulate matter implicated in increased cancer risk, respiratory and 
cardiovascular illness and premature mortality.  Fine particulate matter emitted from the vehicle 
and formed in the atmosphere from emitted gases can also contribute to degradation of visibility.  
Programs have been implemented in a number of jurisdictions in the United States and Europe 
targeted at reducing emissions from heavy duty diesel vehicles.  

HDDV VEHICLE PROFILE AND EMISSION TRENDS 

The GVRD backcast and forecast of the 2000 emission inventory estimates that onroad heavy 
duty diesel vehicles were responsible for 4.1% of the PM2.5 emitted in the Canadian LFV in 2000. 
The implementation of lower HDDV emission standards and ultra low sulphur diesel fuel (15 
ppm) will reduce the contribution to regional emissions made by these vehicles from about 2% 
by 2010 and 1% by 2025. The share of smog precursor emissions from onroad HDDVs is 
forecast to decrease from 7.8% in 2000 to 4.1% in 2010 and 1 % in 2025. These trends are 
summarized in Table S-1 for the most significant common pollutants emitted by diesel engines. 

According to vehicle registration statistics provided by the Insurance Corporation of BC (ICBC), 
there were 32,521 onroad and 1982 nonroad heavy duty diesel vehicles operating primarily in 
the Canadian Lower Fraser Valley as of June 30, 2003. Of this total, 12,138 vehicles, or 37%, 
are identified as part of a vehicle fleet. The three largest onroad HDDV categories as a 
percentage of the total fleet are Class 8a and 8b heavy-heavy duty trucks at 29.9%, Class 2b 
light-duty trucks at 22.7% and Class 3 medium-duty trucks at 19.6%, which together comprise 
72.2% of onroad HDDVs. 

This study found that the number of HDDVs operating in ICBC Rate Territories in the LFV in 
2003 was lower and had a significantly different distribution by vehicle class than determined by 
the GVRD for the 2000 emission inventory using ICBC statistics as of June 30, 2000. There were 
30% more Class 2b-3 vehicles, 32% fewer Class 4-8b vehicles and 13% fewer vehicles overall.  
The ICBC vehicle statistics in this study included insured HDDVs that were indicated by owners 
to operate primarily in the LFV (Rate Territories D, E, G (Hope only) and H) and excluded 
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vehicles in ICBC Rate Territory Z, which identifies vehicles operating primarily outside the 
province. For the 2000 inventory, the GVRD included registered vehicles in Territories D, E, H 
and Z, as well as registered nonroad vehicles. Differences in the criteria used to define onroad 
HDDVs, together with the monthly variability in registrations are believed to have caused the 
differences observed between the two studies in the number and distribution of onroad HDDVs. 

Table S- 1 Canadian LFV Emission Forecast for Selected Pollutants 

  2000** 2010 2020 
  

Source 
t/yr % t/yr % t/yr % 

Onroad HDDV 12,253 14.9 5,558 8.1 1,517 2.4 
All Other Sources 70,248 85.1 63,329 91.9 61,602 97.6 NOx 
Total  82,501   68,887   63,119   
Onroad HDDV 302 3.0 160 1.6 75 0.7 
All Other Sources 9,762 97.0 10,143 98.4 10,942 99.3 PM10

  Total  10,064   10,303   11,017   
Onroad HDDV 262 4.1 128 2.0 46 0.7 
All Other Sources 6,166 95.9 6,232 98.0 6,852 99.3 PM2.5

  Total  6,428   6,360   6,898   
Onroad HDDV 13,196 7.8 6,014 4.1 1,833 1.3 
All Other Sources 155,352 92.2 141,749 95.9 139,376 98.7 

Smog 
Forming* 

Total  168,548  147,763  141,209  
* NOx+SOx+VOC+PM2.5. 
** Includes GVRD’s estimate of emission reductions from the AirCare OnRoad Program for trucks. 

Updated emissions from onroad HDDVs operating in the LFV were determined in this study for 
2000-2025 using 2003 ICBC vehicle statistics together with emission factors calculated using the 
Canadianized release of the current US EPA MOBILE model (ver. 6.2C). The kilometers driven 
annually by vehicles in municipal and transit bus fleets were obtained from survey data, while 
MOBILE6.2C default values were used for other vehicle fleets. Because of differences in input 
data and assumptions, forecast emissions from HDDVs estimated in this study are higher for 
most pollutants than previously estimated by the GVRD (Table S-1), with the magnitude of these 
differences declining over the forecast period.   

HDDV emissions are forecast to change relative to 2000 as follows (see table below for added 
detail): 

o Common tailpipe pollutants: -40% to -95% by 2010 and -60% to -90% by 2020.  
o Toxic emissions (acetaldehyde, acrolein, benzene, 1,3 butadiene and formaldehyde (as 

benzene equivalent toxicity): -43% by 2010 and -57% by 2020.  
o Ammonia emissions: +18% by 2010 and +34% and 2020. 
o Full cycle greenhouse gas (GHG) emissions from production through end-use: +18% by 

2010 and +35% by 2020. 

The reduction in emissions of common and toxic contaminants and the increase in ammonia 
emissions are due to introduction of new emission control technologies and ultra low sulphur 
diesel fuel to meet the 2007 HDDV emission standards. Greenhouse gas (GHG) emissions are 
forecast to increase because of growth in the number of vehicles and the annual distance driven. 
This estimate of GHG emissions presumes no improvement in the fleet average fuel economy 
(i.e., potential improvements in vehicle fuel economy balance any increase in fleet average 
vehicle size and annual distance driven).  
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The government fleets that provided access to their fleet information in the ICBC dataset include 
22 municipal fleets (including GVRD and UBC), as well as Coast Mountain Bus Company and 
BC Transit. In 2005, municipal HDDVs will contribute about 1% of exhaust PM2.5, 1% of smog 
precursor and 1% of toxic emissions in the updated HDDV emission inventory prepared in this 
study. The TransLink bus fleet will contribute 4% of PM2.5, 4% of smog precursors and 3% of air 
toxics. BCTransit operates a small fleet of HDDVs that will contribute 0.1-0.2% of total emissions 
of these pollutants from the onroad HDDV fleet in the LFV. 

Table S- 2 Updated HDDV Emission Forecast for the LFV 

Pollutant 2000 
(t/yr) 

2010 
(t/yr) 

2020 
(t/yr) 

Change by 
2010 
(%) 

Change by 
2020 
(%) 

CO  3,673 1,774 512 -52 -86 
NOx  14,489 7,887 1,688 -46 -88 
VOC  632 360 272 -43 -57 
SOx  291 14 15 -95 -95 

Total 503 177 83 -65 -83 
Exhaust 473 142 43 -70 -91 PM10

Non-exhaust 30 35 40 +17 +34 
Total 446 142 52 -68 -88 
Exhaust 437 131 39 -70 -91 PM2.5

Non-exhaust 9 11 13 +18 +34 
Acrolein  2 1 1 -43 -57 
Acetaldehyde  19 11 8 -43 -57 
Benzene  7 4 3 -43 -57 
1,3 Butadiene  4 2 2 -43 -57 
Formaldehyde  52 30 22 -43 -57 
Ammonia  23 27 30 +18 +34 
CO2 from vehicle    1,227,623    1,416,971    1,597,439  +15 +30 
Full Cycle GHG    1,464,103    1,721,786    1,969,401  +18 +35 

 

HDDV EMISSION REDUCTION OPTIONS 

Emissions from HDDVs can be reduced by changing the quality of diesel fuel, switching to a 
blend of renewable and diesel fuels, or to an alternative fuel, switching to hybrid diesel electric 
drive technology, retrofitting of improved engine or emission control technology, or some 
combination of these options. Emission reduction measures have differing effects on emissions 
of pollutants and greenhouse gases and also have differing effects on vehicle performance and 
operating cost. These changes influence the suitability of a particular fuel and vehicle option.  

Extensive information on emission reductions, performance attributes and costs are available on 
the performance and effects of emission reduction options and this data was compiled and 
assessed for the study. The technology for diesel engines and most of the emission reduction 
options are changing rapidly to meet the 2007 emission standard and evolving market demands. 
The available data on the percent reduction in emissions has been estimated using test data that 
typically applies to diesel engines meeting mid to late 1990s emission standards. Advances that 
will be made in diesel engine and control technology through the 2007-2010 period will 
significantly change the reference point for assessing the reduction that can be achieved in any 
year by the identified options. The emission reduction estimates derived from current test results 
will be progressively less applicable as future technologies evolve and more is known about the 
deterioration rate of new emission controls for diesel vehicles, introducing uncertainty in long-
term emission forecasts.  
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The emission reduction options reviewed in this study for HDDVs change emissions of 
particulate matter, NOx, VOC, toxic compounds and greenhouse gases and the operating cost 
for fuel to different extents and some also require capital investments for retrofitting control 
equipment or replacing the engine.  Table S-3 summarizes the nominal effects of emission 
reduction options considered in this study showing for a hypothetical individual vehicle the 
changes in emissions and the changes in fuel cost referenced to a fuel consumption rate of 47 
L/100 km. The reduction in emissions and the incremental fuel cost are sensitive to the vehicle 
engine technology and the operating conditions of the target vehicle, so the nominal effects 
shown in Table S-3 must be used with this in mind. This information illustrates that no single 
emission reduction option stands out as being the best for reducing emissions from HDDVs and 
that some address individual pollutants or multiple pollutants, or may decrease emissions of 
some pollutants, while increasing others. 

The reduction in emissions achieved by an emission reduction option depends on the 
penetration of this technology in the fleet (i.e., the percentage of the total number of vehicles in 
the fleet to which the technology is applied), the size and age distribution of the existing fleet and 
the rate of vehicle replacement. The reduction in emissions that can be realized by application of 
an emission reduction option to a fleet will be much lower in the future (assuming continual fleet 
turnover) than at present and this needs to be considered, as done in this study, when assessing 
the cost and performance of emission reduction options.   

EFFECTS OF HDDV EMISSIONS ON AIR QUALITY 

The model developed in 2000 for the Clean Transportation Analysis Project to predict ambient 
PM10 concentrations in the LFV was updated to include more recent air quality monitoring data, 
the latest LFV emission forecast, and refinements to predict PM10 and PM2.5 in the GVRD and 
FVRD separately. Based on the GVRD’s “moderate” emission forecast, the annual average PM10 
concentration in the Western LFV is predicted to remain at about 12-13 μg/m3 to 2015, and 
thereafter to gradually rise 1 μg/m3 by 2025 (Figure 7-6 in Section 7). The annual average PM10 
concentration in the Eastern LFV is forecast to parallel this trend, remaining at about 12 μg/m3 
though 2015 and then rising 0.5 μg/m3 by 2025. Future PM2.5 concentrations are forecast to be 
slightly higher in the Western LFV than the Eastern LFV over this period and to stay fairly 
constant at current levels of 5-6 μg/m3 in the Western LFV and 4-5 μg/m3 in the Eastern LFV, 
before beginning to rise by 2015. 

Particulate and gaseous emissions from HDDVs in the LFV in 2004, as updated in this study, are 
predicted to contribute 0.7 μg/m3 to the annual average PM10 concentration in the Western LFV, 
and 0.5 μg/m3 in the Eastern LFV.  These average about 5% of the regional average PM10 
concentration in the LFV. The estimated contribution of PM2.5 from the HDDV fleet is about 0.5 
μg/m3, or 10% of the average annual PM2.5 concentration in the LFV.  

Average monthly elemental carbon (EC) concentrations measured at five stations in the LFV 
vary from less than 0.5 μg/m3 to about 0.9 μg/m3 (see Chapter 8, Table 8-2). EC is a good 
marker for diesel particulate matter. Average EC concentrations in urban areas, such as at the 
station in Burnaby, are higher than at stations located in rural areas, such as in Chilliwack and 
Abbotsford. Using the measured EC concentrations, which ranged from 0.5-1 μg/m3 in rural 
areas to 1-2 μg/m3 in urban areas, the average diesel particulate matter concentration is about 
0.4 μg/m3 in rural areas and 0.7 μg/m3 in urban areas. Upper estimates of the average diesel 
particulate matter concentration in rural and urban areas are 0.7 μg/m3 and 1.2 μg/m3, 
respectively. Maximum 24-h average EC concentrations would be higher than these average 
values by about a factor of two. 
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Table S- 3 Nominal Effects of Fuel and Vehicle Options on Emissions and Costs Relative to a Current Heavy Duty Diesel Vehicle 

Fuel Quality Fuel Blends Alternative Fuels Alternative 
Propulsion Retrofits 

Parameter 
LSLA** CARB 

Diesel 
Deter-
gents 

Cetane 
Additives 

20% 
Biodiesel 

7.7%  
E-Diesel 

Diesel-
Water 

Emulsion 

Natural 
Gas Propane 20%H2/NG 

Blend 
Hybrid 
Electric DOC+ DPF+

PM 
Rebuild 

Kit 

Engine 
Replace- 

ment 

Fuel Cost 
(¢/km)* +2.3 +1.6 to 

+3.2 -0.5 +0.15 +1.8 to 
+4.2 

+1.4 to 
+2.3 

-2.8 to 
+8.9 - 6.0 -5.0 +3.6 -5 +0.32 +1.4 +0.6 to  

-0.8 -3.0 

Sulphur 
Emissions -88% No 

change 
No 

change 
No 

change -20% -4.8% No 
change -90% -80% -90% -30% 0 0 0 0% 

Particulate 
Emissions -17.8% -8.5% -5 to  

-10 %  -1.9 % -10% -25% -20 to 
-50% -95% -50% -95% -50 to  

-60% 
-25 to 
-30% -60% -20 to  

-30% -80% 

NOx 
Emissions -10.7% -6.2% -10 to 

+6% -2.5% +2% No 
change 

-10 to  
-20% 

-35 to  
-50% Same -75% -35% 0% 0% 0% -60% 

Hydrocarbon 
Emissions -1.1% -19.4% -7 to 

+6% -15.3% -20% 
+ 100% 

to 
+200% 

+30 to 
+100% 

Higher, but 
far below 
standards 

Same 

Higher, 
but far 
below 

standards 

-45% -50 -60 0% 0% 

Toxic 
Emissions 

Some 
lower 

Some 
lower No data Significant 

reductions -4% No data 
Some 

increase/ 
decrease 

Many 
lower No data No data -45% Lower Lower 0% 0% 

GHG 
Emissions +2% Higher -2% No 

change 
-12 to  
-18% -2.8% -1 to -2% 

CNG:  
-6%  

to -16%  
-3% +4% -30% +1 to 

+2% 
+2 to 
+4% 

0 to 
+2% -10% 

* Fuel cost changes are based on a vehicle with a fuel consumption of 47 L/100 km, or 6 mi/Imp gal. 
** LSLA – Low Sulphur Low Aromatics diesel fuel produced by a major Canadian petroleum company. 
+ DOC – diesel oxidation catalyst controls; DPF – diesel particulate filter controls. 
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Emissions of exhaust diesel PM10 from onroad HDDVs are estimated to result in an average 
diesel particulate matter concentration in the LFV of 0.4 μg/m3. The model prediction is 60% of 
the central value and 30% of the upper value for average urban DPM concentration from 
measurements of elemental carbon at five stations in the LFV in 2002-2003. The measured and 
modelled estimates of diesel particulate matter in Vancouver are at or below the low end of the 
range observed in US cities. 

Annual average PM2.5 concentrations beside roadways from HDDV emissions were modelled 
and mapped in this study using average annual HDDV traffic volumes predicted by TransLink’s 
EMME/2 transportation model. PM2.5 concentrations were predicted for each of four zones 
located at the following distances from the edge of a road: Zone 1) 0-20 m; Zone 2) 20-100 m; 
Zone 3) 100-500 m; and Zone 4) ≥500 m.  

The highest Zone 1 PM2.5 concentrations from bus and truck HDDV traffic are predicted to occur 
near major highways and expressways in the LFV where the combined traffic volume is highest.  
Emissions from heavy trucks were predicted to cause the highest predicted PM2.5 
concentrations. Some of the highest Zone 1 PM2.5 concentrations are predicted to occur beside 
Highway 1 between 176 Street and 200 Street and between 232 Street and Mount Lehman 
Road. The annual average PM2.5 concentration in Zone 1 along Highway 1 is predicted to be 
above 2 μg/m3 for some sections and above 8 μg/m3 in others. Use of constant g/vehicle-km 
emission factors rather than ones that vary with vehicle speed (emission factors tend to 
decrease as speed increases) may over-predict PM2.5 concentrations near highways as 
compared to near congested roads or at major intersections simply because of the high traffic 
volume. 

Bus traffic is predicted to result in annual average Zone 1 PM2.5 concentrations in Vancouver in 
the range of 0.6 to 2 μg/m3 along most of the length of Granville Street south to Richmond and at 
UBC. Many roads have predicted Zone 1 PM2.5 concentrations of 0.4-0.6 μg/m3. 

PM2.5 concentrations above 1 μg/m3 from truck and bus traffic in Vancouver and Burnaby are 
limited to generally within 20 m of sections of Granville Street, the Oak Street Bridge, the Iron 
Worker’s Memorial Bridge and sections of Highway 1. Wider corridors of 200 m width are 
predicted to have PM2.5 concentrations above 0.4 μg/m3 along approximately 25 km of arterial 
roads, with the main areas being along Granville Street, Kingsway, Knight Street, Highway 1 and 
all of the major bridges connecting traffic flow to Richmond and the District of North Vancouver. 
Similar effects on air quality will occur in these municipalities close to the bridges. 

COST/BENEFIT OF SHORT-LISTED EMISSION REDUCTION OPTIONS 

Nine options were short-listed as promising candidates for reducing emissions of pollutants and 
greenhouse gases from government and private fleets in the LFV (Table S-4): 

• CARB diesel – reformulated diesel meeting the criteria of the California Air Resources 
Board; 

• Diesel additives – diesel fuel with detergent and cetane additives to reduce emissions; 
• E-Diesel – a blend of 7.7% ethanol in diesel fuel; 
• 20% Biodiesel – a blend of 20% biodiesel in diesel fuel; 
• Natural gas – compressed natural gas (CNG) and Westport high pressure direct injection 

(HPDI) technology; 
• Hybrid bus – diesel electric hybrid drive in a conventional bus; 
• DOC – diesel oxidation catalyst retrofit to the exhaust system of a conventional vehicle. 

The performance of DOC technology is best with ultra-low sulphur diesel fuel.  
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These options reduce emissions of particulate matter and precursors of smog and secondary 
particulate matter formation. Many of the options apply to transit buses, while a more limited 
range are suited to other types of government and private fleet vehicles. The performance and 
cost of the emission reduction options are dependent on fleet-specific conditions, technology 
advancement, competitive market forces and other factors that should be considered in each 
application. Future developments could lead to improvements in emission reduction options that 
were not anticipated in this study, making it advisable to periodically revisit the analysis of 
emission reduction options for HDDVs. 

Air pollutant emissions from most public fleets and many private fleets of diesel vehicles will 
decrease substantially by 2010-2015 due to replacement of existing vehicles with ones meeting 
more stringent standards. Because future advanced diesel engines will be able to meet very low 
emission levels that are approaching those previously achieved only by clean-burning fuels, 
such as natural gas, fleet emission levels with and without emission reduction options will tend to 
converge to similar, very low levels. Application of emission reduction options to a fleet can 
achieve a lower fleet emission rate sooner than would otherwise occur, but will have relatively 
small effects on annual emissions 15-20 years from now.    

The analysis of the short-listed emission reduction options estimated the emission reductions 
that could be achieved over a 15 year lifetime when applied to representative fleets. Table S-4 
lists the combination of emission reduction options and fleet vehicles considered. The cost 
effectiveness of each emission reduction option was determined using two analysis methods: 1) 
total present value of all costs of the control options net of the economic benefits from avoided 
health effects (fuel taxes are excluded in this type of analysis); and 2) total present value of all 
costs of the control option, including fuel taxes, but excluding health benefits. 

Table S- 4 Matrix of Emission Reduction Options Analyzed 

Emission Reduction Measures 

Natural Gas Fleet/Vehicle 
Scenario CARB 

Diesel 
Diesel 

Additives 
E-diesel 

(7.7% ETOH) 
20% 

Biodiesel 
CNG HPDI 

Hybrid 
Bus DOC* Engine   

Upgrade 

City of Vancouver X X X X     X 
Township of 
Langley X X X X      

All municipal fleets X X X X     X 
Transit Buses X X X X X  X X  
Selected Types of 
vehicles:          

School buses  X X X    X  
Garbage, Haul & 
Recycling Trucks  X  X  X  X  

Class 7 vehicles  X X X    X  
Number of Cases 4 7 6 7 1 1 1 4 2 
* A catalyzed diesel particulate filter (DPF) is another option. DPFs provide higher control of particulate matter 

emissions, but are less tolerant of diesel fuel sulphur content. 

An impact weighted sum of changes in emissions was used to calculate cost effectiveness of 
emission reduction options, with individual pollutants weighted to reflect their approximate 
contribution to health effects from PM2.5 and ground-level ozone formation (Appendix D). The 
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change in impact weighted emissions was determined for each of the emission reduction options 
using the following pollutant weighting scheme1: VOC+NOx+CO/7+3SOx+25PM2.5.  

The lifetime change in impact weighted emissions and the corresponding cost effectiveness of 
each of the options and fleets are summarized in Table S-5. The options are shown sorted 
approximately from left to right by impact weighted cost effectiveness determined as the present 
value of total costs, excluding fuel taxes and net of health benefits, divided by the change in 
lifetime impact weighted emissions. The most attractive option is on the left side of the table. 
Cost effectiveness is in units of $/tonne reduced and is usually positive, however, a negative 
cost effective will occur when there is a cost reduction.  Options with low cost effectiveness 
values are preferred from an economic standpoint, as this indicates each tonne of emission 
reduction can be achieved at a low net cost. 

Application of detergent and cetane additives in diesel fuel is consistently ranked first for all of 
the options on an impact-weighted basis. This is due to the expected small improvement in fuel 
economy, which provides a cost saving, combined with the small percentage reduction in 
emissions.  

Replacement of high emitting old engines in Class 8 vehicles is the second highest ranked 
option on an impact weighted basis and is also predicted to yield a net cost saving when health 
benefits are included. The cost effectiveness of this option is quite dependent on the design and 
condition of the vehicle and vehicle-specific analysis is recommended. Application of this option 
was targeted in this analysis to replacement of pre-1992 engines powering vehicles in a large 
municipal fleet. The assumed penetration level would replace all of the old engines in the fleet 
considered.   

The third ranked option is retrofitting of a diesel oxidation catalyst coupled with use of ultra low 
sulphur diesel fuel. This option was assessed assuming a 3 cpl higher cost would be paid for 
ultra-low sulphur diesel needed for maximum performance of this equipment.  

CARB diesel fuel is predicted to yield a 6% reduction in impact weighted emissions at a net cost 
of $6,400-15,700 per tonne reduced. This is based on the modelled impact of the CARB diesel 
formulation on diesel engine emissions. Higher emission reductions and an improved cost 
effectiveness could be achieved by reducing the aromatics content of the diesel fuel below that 
required by CARB. An example of this product is the Low Sulphur Low Aromatics diesel fuel 
produced in Edmonton for the California market. This product is shipped through Vancouver, but 
is not available to the local market. 

Natural gas with Westport high pressure direct injection (HPDI) technology is highly ranked for 
cost effectiveness in solid waste trucking applications. This engine technology offers near the 
efficiency of diesel fuel while reducing emissions, and thus comes out very favourably compared 
to other options. The cost effectiveness of HPDI is higher when health benefits are excluded 
than when they are included, because natural gas is exempt from fuel tax and is therefore at a 
lower cost than diesel fuel. 

 
1 One of the funding sponsors, the Canadian Petroleum Products Institute (CPPI), has concerns 
about the use of this health-based weighting applied to specific pollutants. The CPPI is of the view 
that the methodology has not been adequately documented, nor is it supported by the available 
science and epidemiological data. The CPPI has summarized its concerns regarding the 
methodology of using health based weighting factors applied to air emissions and cost effectiveness 
methodology in Appendix E and makes reference to a related report by epidemiologist Dr. Suresh H. 
Moolgavkar, M.D., Ph.D to support this point of view. The CPPI has also expressed its views in a 
disclaimer in the front of this report. 
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B20 biodiesel and E-diesel fair poorly when evaluated in terms of the cost effectiveness of 
reducing impact weighted emissions. This arises for B20 biodiesel because of slightly elevated 
NOx emissions and, for E-diesel, because of increased VOC emissions. Use of an additive in 
B20 biodiesel to avoid an increase in NOx emissions would improve the cost effectiveness of this 
fuel as a means of reducing both pollutant and greenhouse gas emissions. 

The reduction in impact weighted emissions achievable with the assumed technology 
penetration levels ranges from -1% to -20% for the options and fleets studied. Higher percent 
reductions could be achieved for individual vehicles that are high emitters, or by applying the 
emission reductions to a higher percentage of the fleet than was assumed in the analysis for 
some of the options. In the case of the TransLink bus fleet, higher percent emission reductions 
than those indicated could be achieved if selected options were applied specifically to reduce 
emissions from the existing fleet of 307 buses that have been rebuilt to meet the comparatively 
high 1993 emission standards.  

Because of the small reduction in emissions that could be achieved by application of emission 
control measures to the sizes of fleets assessed in this study, the reduction in regional annual 
average PM10 or PM2.5 concentrations is also small. For example, the largest reduction in PM2.5 
concentrations achieved for any of the options was 0.001 μg/m3 for the combined fleet of all 
municipal vehicles and 0.002 μg/m3 for the TransLink bus fleet, relative to a baseline of about 5.0 
μg/m3.  Localized benefits near roadways would be much higher than this in high traffic areas, as 
suggested by the high baseline PM2.5 concentrations predicted in this study to occur within 20 m 
of major roads. 

Use of detergent/cetane additives and HPDI natural gas technology are predicted to yield a 
saving per tonne of reduction in greenhouse gas emissions when fuel taxes are included. The 
next most cost effective options for reduction of greenhouse gas emissions, with values less than 
$50/tonne for compressed natural gas buses and B20 biodiesel in truck or bus applications. The 
costs for the remaining options exceed $100/tonne GHG reduced. 

SENSITIVITY OF COST EFFECTIVENESS TO CHANGES IN FUEL PRICES 

The sensitivity of the cost effectiveness of control options to changes in diesel fuel price was 
investigated for the TransLink bus fleet and the combined municipal vehicle fleet. The sensitivity 
analysis considered a 45¢/L pre-tax wholesale diesel fuel price compared to the base case 
assumption of 35¢/L, and a proportional change to the Alberta price of natural gas. Prices of 
renewable fuels were unchanged. 

Impact weighted net cost effectiveness (including health benefits) was relatively sensitive to 
diesel fuel price for the renewable fuel blends and natural gas options, but had minor effect, or 
no effect on other options for the TransLink bus fleet (Figure S-1). Similar behaviour was 
observed for options considered for the combined municipal fleet. 



 

Figure S- 1 Sensitivity of Impact Weighted Cost Effectiveness to Diesel Fuel Price for 
the TransLink Bus Fleet - Includes Health Benefits and No Fuel Taxes 
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Table S- 5 Summary of Impact Weighted and GHG Cost Effectiveness for the Fleets 

  Detergent & 
Cetane 

Engine 
Replacement

Oxidation 
Catalyst 

CARB Diesel 
Fuel 

HPDI Natural 
Gas 

Natural Gas 
(CNG) Hybrid Bus E-Diesel B20 Biodiesel 

Lifetime Impact Weighted 
Emission Reduction (%) -4 -11 to -20 -5 to -7 -6 to -7 -12 -6 -5 -1 to -2 -2 

FC GHG Reduction (%) -2 0 to -1 +1 +1 -5% -2 -3 -2 to -3 -16 
Assumed Penetration in 
individual fleets(%) 100 20 (HDDV8a) 75-80 100 29 16 16 100 100 

Cost Effectiveness (2003$PV/lifetime tonne 
Impact Weighted Emissions                   
Including Health Benefits                   

Combined municipal fleet -13,100 -1,600   6,400       14,900 118,000 

TransLink buses -13,800   13,900* 15,700   17,400 59,100 65,900 248,700 

Other fleets -15,300 to  
-13,600   400 to  

16,200*   11,000     3,500 to 30,600 79,800 to 
250,600 

All Fleets -15,300 to  
-13,100 -1,600 400 to 16,200* 6,400 to 

15,700 11,000 17,400 59,100 3,500 to 65,900 79,800 to 
250,600 

Excluding Health Benefits                   

Combined municipal fleet -6,000 8,300   16,100       42,900 61,900 

TransLink buses -7,900   36,300* 26,000   1,200 61,900 83,200 126,000 

Other fleets -10,800 to  
-4,400    21,100 to 

39,200*   -13,900     77,600 to 
137,900 

46,900 to 
121,000 

All Fleets -10,800 to  
-1,100 8,300 1,800 to 

39,200* 
16,100 to 

26,000 -13,900 1,200 61,900 42,900 to 
137,900 

22,700 to 
126,000 

* Includes 3 cpl incremental cost for ultra low sulphur diesel.         
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Table S-5 Summary of Impact Weighted and GHG Cost Effectiveness for the Fleets (Continued) 

 Detergent & 
Cetane 

Engine 
Replacement

Oxidation 
Catalyst 

CARB Diesel 
Fuel 

HPDI Natural 
Gas 

Natural Gas 
(CNG) Hybrid Bus E-Diesel B20 Biodiesel 

Full Cycle GHG Emissions          

Combined municipal fleet -67 1153   Emissions 
increase       186 37 

TransLink buses -45   Emissions 
increase 

Emissions 
increase   12 329 185 40 

Other fleets -59 to -72   Emissions 
increase   -77     193 38 to 39 

All Fleets -45 to -72 1153 Emissions 
increase 

Emissions 
increase -77 12 329 185 to 193 37 to 40 
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RECOMMENDATIONS 

Recommendations were developed for government, transit and private fleets for two time 
frames: a near to medium term period to 2010; and a long term period beyond 2010. The 
recommendations were designed firstly to reduce particulate matter and impact weighted 
emissions and, secondly, to reduce full cycle emissions of greenhouse gases. An abbreviated 
version of the study’s recommendations is presented below. 

Near and Medium Term Emission Reduction Options 

There are certain fuel-based emission reduction options that can be applied widely to most, if not 
all, of the vehicles in many fleets and there are other options that have more limited application 
opportunities.  

The near to medium term work should be focussed on applying and demonstrating the most 
promising short-listed options in the government fleets. This will yield immediate reductions in 
emissions, build and share experience with different technologies in various applications, and 
address the higher emitting, older vehicles that are presently in the fleets. Valuable learning 
experience will be gained by testing a number of the better performing options under local 
conditions, providing a reliable basis for making decisions on the best alternatives in the medium 
and longer term and enabling this experience to be shared with partners in the public and private 
sectors. 

Applications of emission reduction options should start with the government owned and 
controlled fleets to both achieve reductions and provide leadership to the private sector. The 
recommended strategy in the near to medium term therefore takes a three pronged approach: 

• improve the quality of diesel fuel used in heavy duty diesel vehicles to achieve significant 
emission reductions from fleets through small reductions in emissions from many vehicles. 

• use equipment retrofits and alternative fuel and drive technologies to reduce emissions from 
certain classes and ages of vehicles where this is cost effective, provides substantial 
emission reductions and offers the performance required.  

• apply renewable fuel blend options to reduce greenhouse gas emissions and build market 
opportunities that will enable achieving future improvements in cost effectiveness. 

All public and private fleet vehicles could reduce particulate matter and impact weighted 
emissions by purchasing diesel fuel meeting specifications designed to achieve this goal. 
Changes in fuel quality were identified in this study that would reduce emissions from existing 
vehicles and improve fuel economy. Government fleets are large volume purchasers of diesel 
fuel and are in a position to leverage this buying power to achieve desired changes in the 
specifications of the diesel fuel they purchase. 
 

Government Owned or Controlled Fleets 
It is recommended that the following options be considered for government onroad and nonroad 
vehicles, with decreasing priority in the order listed: 

1. Improve Diesel Fuel Quality 

a) Switch to diesel fuel with specifications tailored to achieved reduced emissions of 
particulate matter and smog precursor gases. 
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b) If the above option is not economically viable or the product is not available, use 
detergent and cetane additives in diesel fuel meeting current specifications. 

2. Replace old, high-emitting diesel engines (i.e., pre-1993) in high-use vehicles with new more 
efficient and cleaner burning engines meeting the latest emission standards.  

3. Retrofit diesel oxidation catalysts or diesel particulate filters on high-emitting Class 7, Class 8 
or other suitable large high-use vehicles (diesel fuel sulphur content must meet DOC or DPF 
requirements).  

4. Assess the results of the pilot testing program conducted with biodiesel in the LFV, 
investigate means of reducing biodiesel cost to make B20 biodiesel more cost effective and 
investigate options to reduce or prevent an increase in NOx emissions with use of B20.  

Transit Bus Fleets 

The following options should be considered by TransLink and BC Transit, with decreasing 
priority in the order listed:  

1. Improve Diesel Fuel Quality 

a) Switch to diesel fuel with specifications tailored to achieved reduced emissions of 
particulate matter and smog precursor gases.   

b) If the above option is not economically viable or the product is not available, use 
detergent and cetane additives in diesel fuel meeting current specifications. 

2. Retrofit diesel oxidation catalysts or diesel particulate filters on high-emitting older buses 
(i.e., pre-1993). 

3. Test natural gas buses and evaluate impacts on bus performance, emissions and operating 
costs. Testing could also be done in cooperation with BC Transit to reduce costs. If cost 
effective, consider replacing some of the fleet of pre-1993 vintage buses with this technology 
prior to 2010. 

4. Test diesel electric hybrid drive buses and evaluate impacts on bus performance, emissions 
and operating costs. If cost effective, then consider replacing some of the fleet of pre-1993 
vintage buses with this technology prior to 2010. 

5. Test the use of biodiesel in a pilot program to confirm performance, emission and cost 
parameters, investigate means of reducing biodiesel cost to make B20 biodiesel more cost 
effective and investigate options to reduce or prevent an increase in NOx emissions with use 
of B20.  

Private Fleets 
In the near to medium term voluntary initiatives to reduce emissions from private HDDV fleets 
should be encouraged through sharing of information from tests of options for government and 
transit bus fleets and a program educating private operators about the benefits of such 
initiatives. Incentives will probably be needed to achieve significant implementation of emission 
reduction measures in private fleets in the LFV, as has been offered in US jurisdictions.  

The government could consider phase-in of a program requiring that private companies meet 
certain emission reduction or performance goals before they can provide contract services to 
government agencies.  

It is recommended that the following options be encouraged for the private sector or considered 
for companies providing services to government agencies: 
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1. Improve Diesel Fuel Quality 

a) Switch to diesel fuel with specifications tailored to achieved reduced emissions of 
particulate matter and smog precursor gases.   

b) If the above option is not economically viable or the product is not available, use 
detergent and cetane additives in diesel meeting current specifications. 

2. Test retrofitting of diesel oxidation catalysts or diesel particulate filters on high emitting Class 
8 or other suitable large vehicles. 

3. Test replacement of old, high-emitting diesel engines in high-use vehicles with new more 
efficient and cleaner burning engines meeting the latest emission standards. The tests 
should assess impacts on emissions, vehicle performance and capital and operating costs of 
the vehicles and evaluate the vehicles best suited to engine replacements.  

4. Test natural gas engines and evaluate impacts on performance, emissions and operating 
costs. Natural gas could be applied to solid waste trucks, school buses or other Class 7/8 
vehicles with high emission characteristics and where human exposure is a concern. 
Candidate technologies are compressed natural gas and Westport HPDI. 

Supporting Activities in Near to Medium Term 

• Co-ordinate testing and implementation of emission reductions for the government and 
transit fleets.  

• Each of the fleet owners/managers should develop emission and performance goals for their 
fleet for 2010. 

• The co-ordinated activities between the government and perhaps partnering transit and 
private fleets could form the basis of a larger HDDV emission reduction group and increase 
the penetration of the emission reduction options. This could be modelled along the lines of 
the US DOE Clean Cities Program, which has been very successful. 

Long-Term Emission Reduction Options 

It is difficult to predict the availability of advanced technology in this period because of the 
dramatic changes that will be occurring to diesel engine technology and the uncertainty in the 
progress that will be made in diesel-electric hybrid drives, natural gas engines and fuel cell 
vehicles. 

Improved fuel cell buses may be available by 2010 for testing and demonstration purposes and 
could be available for limited commercial use before 2020. Many fuel infrastructure and vehicle 
performance issues need to be resolved. Conventional diesel, hybrid electric diesel and natural 
gas vehicles will remain the dominant technologies over this time period.   

The changes expected for this period include even greater availability of hybrid vehicles and use 
of this technology with natural gas engines.  

Apart from the introduction of fuel cell technology, the focus for this phase of the program should 
be on expanding the penetration of the technologies found to be most successful over the near 
to medium term and renewing fleet emission and performance goals. 

Air Quality Monitoring Program for Diesel Particulate Matter 

Additional monitoring of elemental and organic carbon, PM2.5 and NOx concentrations is 
recommended to enable diesel particulate concentrations to be estimated in residential areas 
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near a road where traffic volumes and vehicle emission rates are relatively high. It is 
recommended that monitoring be done using the same method or an equivalent method to that 
used at the elemental carbon monitoring stations in the LFV. Monitoring should be done for 
either a 3-month period in winter and summer or, preferably, a full one-year period, to obtain 
reliable data on the season variability and on the average elemental carbon and diesel 
particulate matter concentrations.  

Diesel particulate matter (DPM) concentrations from HDDV emissions were mapped in this study 
for part of the LFV, focusing on higher traffic areas in Vancouver/Burnaby and Surrey. Areas 
where preliminary predictions of annual DPM concentrations near residential areas are above 
0.5 μg/m3 were considered as possible locations for ambient monitoring. The following three 
locations are predicted to meet this criteria and are recommended as candidate DPM monitoring 
sites: 

• Beside Granville St., near or between Broadway and 16th Ave. 
• In Marpole, beside Oak Street or 70th Ave. and near where these streets intersect. 
• In the nearest residential areas beside Highway 1 between 176th St. and 200th Street in 

Surrey.  

It is recommended that the mapping of PM2.5 concentrations near roadways initiated in this study 
be completed and then used to identify additional candidate monitoring sites to those listed 
above and to provide information needed in air quality and transportation planning studies.  
 
Before a decision is made on installing monitoring equipment at one or more monitoring sites, 
the best candidate sites should be evaluated carefully based on site visits, a closer examination 
of site-specific HDDV traffic volumes and emissions, and protocols used by the GVRD for 
selecting monitoring sites.  
 

Supporting Work 

Work is recommended to improve future emission inventories for motor vehicles by using results 
from regional transportation modelling and to improve the forecasting of effects of emission 
changes on regional air quality, human exposure and human health. Details of these 
recommendations are provided in the main body of the report. 
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GLOSSARY AND ABBREVIATIONS 

ACOR AirCare OnRoad program for performing inspections of heavy duty 
vehicles. 

AirCare Light duty vehicle inspection and maintenance program in operation 
in the Lower Fraser Valley. 

Air toxics General term used in this report to refer to gaseous compounds that 
are carcinogens or probable carcinogens. The MOBILE6.2C model 
estimates emissions factors for the following air toxics: acetaldehyde, 
acrolein, benzene, 1-3 butadiene, and formaldehyde. Diesel 
particulate matter is also a probable carcinogen, but is treated 
individually in this study. 

ASTM American Society of Testing Materials. 
B20, B100 B20 is a mixture containing 20% biodiesel and 80% diesel fuel, while 

B100 is 100% biodiesel, by volume. 
BBL Barrel, 1 BBL = 42 US gallons, or approximately 159 litres. 
BC British Columbia. 
bhp-h Brake horsepower-hour, a unit of work output. 
BTU British Thermal Unit, a standard unit of measurement for an amount 

of energy. 1 BTU=1.055 kJ or 1 million BTU = 1.055 GJ.
°C Degrees centigrade. 
CARB California Air Resources Board. 
Cetane A paraffinic hydrocarbon (C16H34) that is used as the primary 

reference fuel for the diesel fuel cetane number scale. The straight 
chain isomer, n-cetane, has a cetane number of 100, while the other 
primary reference fuel, nonane, has a cetane number of 15. 

Cetane number A measure of the ignition quality of diesel fuel based on ignition delay 
in an engine. The higher the cetane number, the shorter the ignition 
delay and the better the ignition quality (SAE, 1995). 

CH4 Methane molecule. 
CNG Compressed natural gas. 
CO Carbon monoxide molecule. 
CO2 Carbon dioxide molecule. 
cpl cents per litre. 
cSt Centistoke, a measure of kinematic viscosity. 
DE Diesel exhaust, including particles, aerosols and gases. 
DPM Diesel particulate matter. 
EC Environment Canada. 
E-Diesel Blend of 7.7% ethanol in diesel fuel. 
ETOH Abbreviation for ethanol. 
°F Degrees Fahrenheit. 
FVRD Fraser Valley Regional District. 
GHG Greenhouse gases, principally carbon dioxide (CO2), methane (CH4) 

and nitrous oxide (N2O). When quantified, GHG are expressed as the 
mass of carbon dioxide having the equivalent global warming 
potential to the mixture of gases emitted using multipliers of 21 for 
methane and 310 for nitrous oxide. 
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GJ Gigajoule of energy, 109 Joules. 
GVRD Greater Vancouver Regional District. 
GVWR Gross vehicle weight rating – the maximum recommended weight 

for a vehicle, including: the weight of the vehicle itself, fuel and 
other fluids, passengers, and all cargo. The manufacturer 
determines the GVWR. The Motor Vehicle Act Regulations of 
British Columbia prohibit vehicle operators from loading their 
vehicle in excess of its GVWR. 

GW Gigawatt of power, 109 Watts. 
H Hydrogen atom. 
H2 Hydrogen molecule. 
HC Total hydrocarbons. 
HDV Heavy duty vehicle. 
HDDV Heavy duty diesel vehicles. Subdivided by GVWR into 8 

subcategories:  
HDDV2b, 8,501-10,000 lb. 
HDDV3, 10,001-14,000 lb. 
HDDV4, 14,001-16,000 lb. 
HDDV5, 16,001-19,500 lb. 
HDDV6, 19,501-26,000 lb. 
HDDV7, 26,001-33,000 lb. 
HDDV8a, 33,001-60,000 lb. 
HDDV8b, >60,000 lb. 

HDGV Heavy duty gasoline vehicles. Subdivided into the same vehicle 
classes as shown in this list for HDDV. 

HHV Higher heating value of a fuel, which is determined with the water 
produced by combustion of fuel hydrogen in a liquid state. 

Imp gallon, or Igal Imperial gallon measurement of volume. 1 Imp gallon = 4.546 L. 
Impact weighted 
pollutants 

Weighted sum of emissions based on damage costs (Taylor, et. al., 
2002): VOC+NOx+CO/7+3SOx+25PM2.5. See Appendices D and E. 

J Joule, a metric unit of measure used for an amount of energy. 
kg Kilogram. 
kPa Kilopascal, a standard unit of measure for pressure. The standard 

atmospheric pressure at sea level is 101.3 kPa. 
kWh Kilowatt-hour, a standard unit of measurement for an amount of 

energy. 1 kWh = 1000 Wh. 
L Litre, 1000 cm3. 
lb Pound. 
LDV Light duty vehicle. 
LFV Lower Fraser Valley, which in this report refers to the rectangular 

shaped region in Canada used for emission inventory and airshed 
planning by the GVRD that extends approximately from the western 
edge of Bowen Island east to beyond Hope and from the Canada-US 
border north to beyond Lions Bay. 

LHV Lower heating value of a fuel, which is determined with the water 
produced by combustion of fuel hydrogen in a vapour state. 

Lifecycle GHG 
emissions 

Emissions of greenhouse gases (CO2, CH4 and N2O) over the life of 
a fuel from production and transportation of raw materials to 
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production of the fuel, distribution of the finished product and end-
use of the fuel in a motor vehicle. Also included are the emissions 
from changes required to the materials in a vehicle to use the fuel 
and the energy used by processes in the lifecycle. 

LPG Liquified petroleum gases. 
MCFC Molten carbonate fuel cell. 
mi Mile. 
MPa Megapascal of pressure. See also kPa. 
MOBILE6.2C The US EPA MOBILE6.2 model adapted by Environment Canada to 

Canadian vehicles. 
mpg miles per US gallon. 
MW Megawatt, a standard unit of measurement for an amount of power. 

Normally used in the context of electric power, but can be used for 
thermal or electric power. 

N Nitrogen atom. 
N2O Nitrous oxide molecule. 
NMHC Nonmethane hydrocarbons. Equal to total hydrocarbons minus 

methane. 
NMOG Nonmethane organic gases. Equal to total organic gases minus 

methane. 
NOx Oxides of nitrogen, including NO and NO2,  reported as an equivalent 

mass of NO2. 
O Oxygen atom. 
O2 Oxygen molecule. 
Octane number The measure of the antiknock performance of a gasoline or gasoline 

component; the higher the octane number, the greater the fuel’s 
resistance to knock. N-heptane has an assigned octane number of 
zero, and isooctane a value of 100. 

OEM Original equipment manufacturer. 
PM, PM10, PM2.5 PM refers to total particulate matter. PM10 and PM2.5 are subsets of 

PM that have aerodynamic particle diameters less than 10 
micrometers and 2.5 micrometers, respectively. 

ppm parts per million concentration by weight. 
ppmv parts per million concentration by volume. 
psi Pounds per square inch pressure. 14.7 psi = 101.3 kPa. 
psia Pounds per square inch pressure, absolute. 
psig Pounds per square inch pressure, gauge. This is the pressure 

measured above an ambient sea level pressure of 14.7 psi. 
SAE Society of Automotive Engineers. 
Smog precursors VOC+NOx+SOx+PM2.5

SOx Oxides of sulphur (sulphur dioxide and sulphur trioxide) reported as 
the equivalent weight of sulphur dioxide. 

t, or tonne metric tonne, 1000 kilograms. 
ton Imperial ton, 2000 pounds. 
US United States of America. 
USD or US$ Dollar in US currency. 
US DOE US Department of Energy. 
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US DOT US Department of Transportation. 
US EPA US Environmental Protection Agency. 
US gallon or USG Unit of measurement of volume in the US, often for liquids. 1 US 

gallon = 3.785 L. 
VkmT Vehicle kilometers travelled. 
VOC Volatile organic compounds. Equal to total organic gases minus 

methane and ethane. 
W Watt of power. 
y or yr Year. 
$ Canadian dollar. Also shown as CDN dollar when converted from US 

currency. 
¢ Canadian cents. 
μg/m3 Concentration in micrograms per cubic meter. 
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1. INTRODUCTION 

1.1 BACKGROUND 

The Greater Vancouver Regional District’s Sustainable Regional Initiative (SRI) includes three 
dimensions of sustainability – social, environmental and economic – each of which is critical to 
the sustainability of the region as a whole.  These elements are reflected in the goals developed 
by the Air Quality Issues Group of the SRI, which focus on achieving a sustainable level of air 
contaminants that has the least possible impact on human health, the environment, and 
economic development.   

Studies have shown that motor vehicles are a significant source of air pollution in the Lower 
Fraser Valley airshed.  For light-duty vehicles, new emission standards and state-of-the-art 
control technologies have been developed over the past decades, including the new Tier 2 
standards, which have substantially reduced emissions from this category of vehicles.  By 
comparison, emission reductions for heavy-duty vehicles have not seen the same level of 
improvement, and as a result, their proportional contribution to overall regional emissions has 
increased in recent years.  

Lower US EPA emission standards for NOx and PM emissions from HDDV vehicles will be 
implemented by manufacturers starting in 2004, and again through the period from 2007 to 
2012. The much more stringent 2007 emission standards will substantially reduce future diesel 
exhaust emissions from onroad heavy duty vehicles as old engines and vehicles are removed 
from service and replaced with new ones.  The sulphur content of diesel in the US and Canada 
will be reduced from current levels near 300 ppm to 15 ppm by 2006 to enable advanced control 
measures to achieve the new emission standards. HDDV vehicles sold prior to 2004 or 2007 will 
have significantly higher emissions and, because of the long life of diesel engines, could 
conceivably continue emitting at these higher levels for many years unless retrofit or rebuilt using 
improved emission control and engine technologies.  

The GVRD and its partner agencies recognize the importance of heavy-duty vehicle emissions in 
the airshed, and the need to investigate the issue.  There is growing evidence that human health 
impacts of diesel emissions are significant, with diesel particulate matter implicated in cancer risk 
in urban areas, as well as increased asthma attacks, excess deaths and other health issues.  
Emissions associated with diesel also contribute to smog formation and degradation of visibility.  
Programs have been implemented in several jurisdictions in the United States to reduce diesel 
emissions and the associated health and environmental impacts.  These programs look at both 
fuel and emission standards, as well as requirements for new vehicles and retrofits or 
replacement of existing vehicles.   

The GVRD has a milestone for the year 2003 to complete an alternative transportation fuel and 
vehicle study for heavy-duty vehicles.  This milestone has a particular emphasis on government 
HDV fleets, as it is acknowledged that agencies such as regional districts, member municipalities 
and transit authorities are in the best position to provide leadership in this area.    

1.2 SCOPE OF WORK 

The purpose of the proposed work is to provide guidance to the GVRD, its member 
municipalities, the Greater Vancouver Transportation Authority and others on: 

 
• the most promising option(s) to reduce emissions from their existing heavy-duty diesel 

vehicles, and 
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• future purchases of fleet vehicles / engines and fuels. 
 

This guidance is to consider the social, environmental, health, and local economical aspects of 
possible emission reduction options.  It is also to consider emerging technologies and cost-
effective transitions to this next generation of fuel/vehicle technologies. 

The main objectives of the project are as follows: 

A. Fleet and Emission Characterization 
• Develop a good data base of fleet characteristics relevant to determining emissions and 

assessing the cost/benefit of emission control measures, giving priority first to government 
operated fleets and second to large privately owned fleets.  

• Determine emission factors for each class of vehicle in the HDDV fleets using the 
characteristic developed in the study that have a strong influence on emissions.  

• Calculate “baseline” emissions of common air contaminants, smog-forming pollutants, 
greenhouse gases and toxics for HDDVs for the period from 2000 to 2025 in 5-year 
intervals.  

• Estimate the spatial distribution of emissions with the intent of providing an approximation to 
actual emissions on roads and near community areas. 

B. Emission Reduction Options 
• Identify the fuel and emission control options that could be considered by fleet owners and 

the HDDV sector in general to reduce emissions (principally particulate matter, NOx, VOC 
and associated toxics) affecting human health. 

• Document the emission control performance, capital cost, operating and maintenance cost, 
implementation requirements and effects on the vehicle performance of fuel and vehicle 
technologies. 

C. Predict Air Quality Improvements and Health Impacts of Emission Reduction Options 
• Predict the change in concentrations of PM10, PM2.5 and air toxics that would result from 

introducing emission reduction options for government fleet vehicles and in the larger HDDV 
population.  

• Discuss the potential health impacts of each emission reduction option based on an 
assessment of the potential changes in air quality that would result. 

D. Assess the Costs and Benefits of Implementing Overall Short and Long-term 
Emission Reduction Options 

• Determine the reduction in health effects (mortality and morbidity) associated with a short-
list of emission reduction options. 

• Determine the annual costs and benefits for each of these options considering direct costs, 
indirect costs, and monetary benefits of reduced health effects.  

• Discuss the effects of the options from the point of view of the regional economy, 
considering factors that have not been included explicitly in the cost/benefit calculation. 

• Calculate cost effectiveness and the net present value of costs and health benefits and 
investigate the effect of uncertainty in the key input variables.  

E. Review of Implementation and Funding of similar HDDV programs in the US 
• Summarize the progress of implementation and funding in diesel emission reduction 

programs in major US jurisdictions where these programs could be illustrative of options for 
the Lower Fraser Valley. 
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F. Findings and Recommendations 
• Recommend options for early reduction of emissions from the existing HDDV fleets in the 

LFV and consider strategies that would facilitate the continued reduction in emissions from 
on-road heavy duty vehicles. 

• Recommend vehicle-fuel applications with the greatest potential for a net benefit to 
emission reductions in the LFV.  

• Recommend an overall strategy for government heavy duty vehicle fleets that considers 
environmental, economic and social sustainability. 

• Recommend a minimum air quality monitoring program to measure concentrations of 
contaminants from diesel exhaust and to provide better data for assessing human health 
risks. 
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2. STUDY METHODS 

2.1 OVERALL APPROACH 

Figure 2-1 illustrates the approach used in the study to calculate emissions, to determine the 
impact of emission reductions on people's exposure to pollutants and to determine the cost 
effectiveness and net social cost-benefit of implementing emission reduction options. The major 
steps in the analysis are: 

• Characterize the heavy duty diesel vehicles in individual vehicle fleets operating in the LFV 
using data from a survey of fleet owners and data from ICBC. 

• Calculate emission factors for each fleet using the Mobile6.2C model and fleet-specific 
vehicle data. 

• Calculate baseline emissions for target vehicle fleets using emission factors and vehicle 
activity data for the period from 2000 to 2025 in five-year intervals. 

• Using data on the performance of a short-list of emission reduction options, calculate 
emission reductions and residual emissions that could potentially be achieved by application 
of these options to target vehicle fleets. 

• Calculate the reduction in people’s exposure to particulate matter and air toxics that would 
result from the short-list of emission reduction options, and the potential reduction in health 
costs. 

• Calculate the cost effectiveness and net cost benefit of each short-listed emission reduction 
option. 

The latest version of the Mobile6.2C model was obtained from Environment Canada and used to 
calculate emission factors for all common and toxic pollutants presently within the capabilities of 
the model.  

Baseline emissions were forecast based on the number of vehicles in each fleet and their 
average annual mileage accumulation rates. Emission reductions potentially achieved by 
implementation of a control option were determined for selected fleets based on estimates of 
emission control efficiency and the penetration of the control option in the fleet to 2025.  

An updated and expanded version of the pollutant exposure model applied previously in the 
Clean Transportation Analysis Project (Alchemy and Levelton Engineering, 2000) was used to 
predict the reduction or increase in exposure to PM2.5, PM10 and toxics that would result by 
implementation of short-listed control options. The increase/decrease in mortality and morbidity 
was calculated from the change in pollutant exposure and these changes, in turn, were 
monetized to determine the health benefits that could potentially arise. The cost effectiveness 
and net cost-benefit was determined based on annualized costs and benefits of the control 
option to 2025. 
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Exposure and Cost 
Benefit Spreadsheet 

Model 
 
- Calculate exposure to 

PM10, PM2.5 and toxics. 
- Calculate mortality and 

morbidity. 
- Calculate health costs 

over life of control 
measure. 

- Calculate cost 
effectiveness and net 
cost-benefit. 

Control Option Costs 
 

- Change in fuel cost 
parameters. 

- Cost of control option. 
- Infrastructure costs. 
- Discount rate 

 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fleet Input data 
For Active Fleet 

Vehicles 
 

- Fleet Code 
- # Vehicles 
- Model year 
- GVW 

MOBILE INPUT FILES 
- Speed by facility 

distributions 
- Season (temp, fuel RVP, 

humidity, etc.) 
- Year 

DISTRIBUTION FILES 
- VkmT distribution 
- Age Distribution 
 

MOBILE 6.2C 
Emission 

Factor Model 
Calculations 

Vehicle Operation 
Factors 

 
- Annual VkmT 
- VkmT Growth % 
- Fuel Economy 

MOBILE RESULTS 
- By vehicle age and 

class 
- For each pollutant 
- For each year 

Emission Factor Data 
Base for Fleet 

 
- Vehicle class 
- Vehicle age 
- Pollutant 
- Emission factor 
- Year (each 5 yr 

interval)

Calculate Baseline Emissions by 
Fleet 

 
Input data for fleets: 

Emission Reduction Analysis
 

- Use baseline emissions as the 
reference. 

- Calculate emission reductions and 
emissions after control for each 
pollutant and vehicle type by year. 

 
RESIDUAL EMISSION = BASELINE 

x (1-PEN/100*CONT/100) 

Control Efficiency Tables 
 
- Control efficiency (%) 

for each pollutant, each 
year & each control 
option. 

- Penetration of control 
for each year. 

- vehicle counts by model year for 
base year. 

- Annual Vkmt by vehicle type 
 
Lookup emission factors for each age 
of vehicle and year 
 
EMISSION = EFxVkmT x (#Vehicles) 

Figure 2-1 Flow Chart for Calculation of Costs and Benefits of Emission Reduction Options 
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2.2 CHARACTERISATION OF FLEET VEHICLES 

2.2.1 Data Collection Process 

Data was collected to characterize heavy duty diesel fleet vehicles operating in the Lower Fraser 
Valley. This data was collected by distributing a survey form directly to fleet managers within 
government and large private companies in the LFV and by contacting the Insurance 
Corporation of BC for an extract of relevant data from their vehicle registration data base. 
Contact with fleet managers was aided by the Fleet Managers Group, with coordination provided 
by Mr. Peter Rowe, City of North Vancouver. 

The following data was requested from government organizations and private companies for 
diesel vehicles having a gross vehicle weight of 3856 kg (8,500 lb), or more: 

• Total number of HDDVs in the fleet. 
• Vehicle registration number. 
• Type of vehicle/use. 
• Make/model of vehicle. 
• Gross vehicle weight.  
• Model year of vehicle. 
• Date of engine rebuild. 
• Engine type (e.g. 2 stroke / 4 stroke). 
• Engine brake horsepower. 
• The annual fuel usage rate for each vehicle or group of similar vehicles. 
• The average annual vehicle-kilometers travelled for each vehicle or group of similar 

vehicles. 
• Duty cycle – i.e. typical starts, idling, hourly usage and similar details needed for 

emission modelling. 
• Vehicle operating speed. 
• Information on emission reduction programs implemented or planned for diesel fuelled 

vehicles, such as alternative vehicles, operating guidelines, maintenance and rebuild 
programs, etc.  

• Information on the operating location of the vehicles to be used for spatial distribution of 
fleet emissions (operating areas or routes) and when estimating exposure of people to 
diesel exhaust. 

Data was obtained from ICBC for active commercial diesel vehicles in 2000 having a gross 
vehicle weight rating (GVWR) of 3856 kg, or more. Data as of June 30 2000 and 2003 was 
requested so that the baseline emissions from heavy duty diesel vehicles could be compared to 
the 2000 inventory of emissions from this category of onroad motor vehicles. The data set 
excluded diesel passenger vehicles (ICBC Vehicle Type 1) having a gross vehicle weight of 
3,856 kg, or more, which numbered about 6,700 in 2000. The fleet code used by ICBC to identify 
common vehicle ownership was included in the data to allow vehicles to be grouped for analysis 
of fleet vehicle characteristics, such as age distribution, vehicle mileage accumulation per year, 
size of fleet and other parameters that influence the viability of emission reduction measures. 
The names of fleet owners were withheld to protect their privacy. ICBC provided the following 
data elements for commercial (ICBC Vehicle Type 2) vehicles:   

• Fleet code 
• Year 
• Vehicle registration number 
• VIN (first 10 characters) 



 

   

 

403-0630 Emission Reduction Options for Heavy Duty 
Diesel Fleet Vehicles in the Lower Fraser Valley 

7

 

• Model year  
• Net vehicle weight 
• Licensed gross vehicle weight rating (GVWR) 
• Vehicle type (ICBC categories) 
• Body style (ICBC categories) 
• Rate class (ICBC categories) 
• Fuel code 
• Postal code (first four characters) 

The gross vehicle weight ratings contained in the ICBC data set are as insured by the vehicle 
owner and may be lower than the manufacturer’s gross vehicle weight rating for the vehicle. 
Some owners may choose to insure their vehicle(s) for less than the manufacturer’s GVWR to 
reduce the cost of licensing, which is based on the weight they plan to carry and tow. This 
introduces some uncertainty in the classification of vehicles by GVWR according to the vehicle 
classes used by the Mobile6 model. 

2.2.2 Local Governments Contacted 

All local and regional governments within the Lower Fraser Valley were contacted to request 
their participation in the survey of heavy duty diesel vehicles. This was facilitated for the larger 
fleets of heavy duty diesel vehicles with the assistance of the Fleet Managers Group. The 
governments contacted for the study, and the members of the Fleet Managers Group are listed 
below: 

 GVRD and FVRD regional governments 
 Districts/Cities/Townships/Villages/Electoral areas in the GVRD: 

♦ Anmore  
♦ Belcarra  
♦ Bowen Island Municipality  
♦ Burnaby**  
♦ Coquitlam**  
♦ Delta**  
♦ Electoral Areas (Various) 
♦ Electoral Area A – UBC** 
♦ Langley City 
♦ Langley Township** 
♦ Maple Ridge**  
♦ New Westminster**  
♦ North Vancouver**, City of 
♦ North Vancouver**, District of 
♦ Pitt Meadows**  
♦ Port Coquitlam  
♦ Port Moody**  
♦ Richmond**  
♦ Surrey**  
♦ Vancouver**  
♦ Village of Lions Bay  
♦ West Vancouver**  
♦ White Rock**  

 
 Districts/Cities/Electoral areas in the FVRD: 

♦ Abbotsford**  
♦ Chilliwack**  
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♦ Electoral Areas (Various) 
♦ Harrison Hot Springs 
♦ Hope 
♦ Kent 
♦ Mission** 

 
** Fleet Group member (19 in total)  
 

2.2.3 Federal Government Agencies and Corporations 

Agriculture Canada Marine Services 
Canada Post Industry Canada 
Canadian Forest Service National Energy Board 
Coast Guard Parks and Recreation 
Correctional Service Public Works 
Customs Transport Canada 
Environment Canada National Defence 
Fire Commissioner Natural Resources Canada 
Fisheries  

2.2.4 Provincial Government Agencies and Corporations  

Provincial Agencies  
Ministry of Advanced Education BC Ambulance Service,  
Ministry of Agriculture,  Food & Fisheries Ministry of Human Resources 
Land and Water British Columbia Inc Ministry of Skills Development & Labour 
Ministry of Attorney General and Minister 
Responsible for Treaty Negotiations 

Ministry of Management Services 

Ministry of Children & Family Development Ministry of Provincial Revenue 
Ministry of Community, Aboriginal and Women's 
Services 

Ministry of Public Safety and Solicitor 
General 

Ministry of Competition, Science and Enterprise Oil and Gas Commission 
Elections BC Royal BC Museum 
Ministry of Energy, Mines Ministry of Sustainable Resource 

Management 
Ministry of Finance  Ministry of Transportation  
Ministry of Forests Ministry of Water Land and Air Protection 
Ministry of Health  
  
Transit Buses  
BC Transit (FVRD Transit Buses) Coast Mountain Bus Company (GVRD 

Transit Buses) 
TransLink (for HandyDart)  
  
School Buses  
45 - West Vancouver 35 - Langley 
44 - North Vancouver 36 - Surrey 
43- Coquitlam 37 - Delta 
42- Maple Ridge- Pitt Meadows 38 - Richmond 
75 - Mission 39 - Vancouver 
78 - Fraser Cascade (Hope, Harrison Hot springs, 41 - Burnaby 
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Kent) 
33 - Chilliwack 40 - New Westminster 
34- Abbotsford  
 
Corporations 
Telus 
B.C. Hydro 
Terasen Gas 

2.2.5 Private Companies 

Buses  
Greyhound Mega Coach 
Maverick Pacific Coach 
Western Trailways Premier Pacific Coach 
Gray Lines Quick Coach Lines 
  
School Buses  
Francophone/ Richmond Third wave 
Cardinal (serves all of lower mainland) Lynch 
Pacific Western (for Maple Ridge)  
  
Cement trucks 
Lafarge Cement Ocean Cement 
Lehigh Cement 
 
Trucking to Service the Port of Vancouver 
Vancouver Port Authority Shadow lines 
Aheer Transportation Mercury Express 
American Cartage Canon transport 
Coastal Containers Road Star 
RA transport Canadian Freight 
Team Transport Vansea Transport 
  
Courier Delivery Companies  
FEDEX DHL 
VIP Courier service Danfoss 
Purolator Delta 
City Wide Courier UPS 
AJ Concord OCS 
Alliance Quick Wink Courier 
Atlas Richex 
 Canpar 
  
Freight Delivery  
Diamond Delivery Lower Mainland Fast Freight Inc. 
Envoy Transportation VIMAC transport 
Gary's Delivery Service  
  
Moving Companies  
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SuperMovers AMJ Campbell 
Two Small Men Prince Movers 
Bekins Great Canadian Van Lines 
Quick and Careful Moving A-1 Moving 
Salmons Eco Moving 
King George Able Hands Moving 
  
Solid Waste Transport 
Bobell International Paper Industries 
BFI Northwest Waste 
Canadian Waste Smithrite 
Laidlaw Super Save Disposal 
 

2.3 ANALYSIS OF FLEET DATA FOR USE IN THE STUDY 

Data for selected major fleet vehicles provided by fleet owners and ICBC was analyzed to 
determine the number of vehicles, the fleet age distribution, vehicle mileage accumulation per 
year by age of vehicle, and typical vehicle speeds on different road types. These parameters are 
required inputs for the Canadianized version of the US EPA Mobile6.2C model used in this study 
to calculate vehicle emission factors. Where data was not provided to customize inputs to 
Mobile6.2C, the inputs were set equal to the values used by the GVRD for the 2000 emission 
inventory. The key inputs for the study are the age distribution of fleet vehicles and the mileage 
accumulated each year for each age category. Limited data was available on the speed of 
vehicles on different EPA road types, which are local, arterial, freeway and ramp. Follow-up 
enquiries were made with major fleet operators where needed to clarify and refine input data on 
their vehicles. 

2.4 EMISSION BASELINE 

The Mobile6.2C model (dated May 14, 2003) was used to determine emission factors for each 
category and age of heavy duty vehicle over the period from 2000 to 2025 in five-year intervals. 
The model was provided by Environment Canada (Taylor, 2003), which has made some 
modifications to the US Mobile6.2 to reflect differences appropriate for vehicles in Canada. The 
main changes were: a) to reflect the emission standards met in Canada by pre-1988 light duty 
vehicles and b) to change the assumption in the US version regarding the effectiveness of 
voluntary rebuilds of older engines from 90% to 0% (i.e., no rebuild program in Canada). Test 
runs were done with Mobile6.2C using input files developed by the GVRD for their 2000 
emission inventory and emission forecast to verify that the same emission factors were obtained. 
No discrepancies were identified in these tests. 

HDV (and HDDV) emissions aren't expected to be significantly different between the US and 
Canadian model - one modification is related to HDDV NOx off-cycle emissions, defeat device 
parameters and rebuild/retrofit provisions.  The US version allows rebuilds and uses a default 
90% emission reduction.  The Canadian version will allow rebuilds, but assumes 0% emission 
reduction. 

Emission factors were generated for each age of vehicle in a fleet for each calendar year in five- 
year intervals from 2000 to 2025 for use in a separate emission calculation spreadsheet. The 
mileage accumulation rate by age of vehicle was assumed to be the same in all years as that 
reported by the fleet owner. The age distribution does not affect the calculation of emission 



 

factors in Mobile6.2 for each age of vehicle, though it does affect the fleet composite emission 
factor, which was not used.  

The fleet in future years was assumed to have the same age distribution as in the base year. 
This implies a steady state has been reached in the replacement of retired vehicles with new 
vehicles.  

Annual emissions of each pollutant from each vehicle fleet were calculated for each age of 
vehicle in each EPA vehicle classification using the following formula, then these values were 
summed to determine the total emissions of each pollutant from the fleet:   

The vehicle kilometers travelled (VkmT) by each vehicle was obtained from the data provided by 
the fleet owner, where available from the survey conducted in this study, or from default values 
used by the GVRD in their 2000 emission inventory. 

x = x 
VkmT by vehicle 

age in each 
vehicle 

classification 

Emission factor for each 
pollutant by vehicle age in 
each vehicle classification. 

Annual 
emission of 

each pollutant 

No. of vehicles by 
age in each 

vehicle 
classification 

2.5 EMISSION REDUCTIONS AND COSTS FOR EMISSION REDUCTION OPTIONS 

The percent reduction in emissions from classes of heavy duty diesel vehicles were estimated 
for each identified control option from published reports and papers and from information 
provided by suppliers. Emission reductions and net residual emission were calculated by 
applying the estimated emission control efficiencies to the baseline emissions calculated as 
discussed above for the period from 2000 to 2025 in five year intervals. The efficiency of 
emission control options will vary over the time frame considered in this study, either because of 
technological improvements that would allow improved control, or because of pollution 
prevention that makes further reductions more difficult to achieve. Control efficiencies were 
adjusted upwards or downwards over the study period where this was judged to be appropriate. 

Greenhouse gas (GHG) emissions occur over the full lifecycle of a fuel from production of raw 
materials through refining to end-use. The use of one fuel might reduce emissions from a 
vehicle, but the emissions of GHG may increase in another part of the lifecycle, producing no net 
benefit. These lifecycle analyses can be very complex and require a considerable amount of 
data to be done properly. For this work the GHGenius model has been used to quantify the 
lifecycle GHG reduction opportunities. 

The GHGenius model has been developed for Natural Resources Canada over the past four 
years by Levelton Engineering Ltd. and (S&T)2 Consultants Inc. It is based on the 1998 version 
of Dr. Mark Delucchi’s Lifecycle Emissions Model (LEM). GHGenius is capable of analyzing the 
emissions of many contaminants associated with the production and use of traditional and 
alternative transportation fuels. This model has many advantages over alternative analysis 
methods, in large part because it incorporates Canadian data and can be customized not only 
for Canadian situations, but also for individual provinces. 

The specific gases included in the GHG analysis for this study were limited to the same GHG 
gases considered by Environment Canada for the national emission inventory: carbon dioxide 
(CO2), methane (CH4), and nitrous oxide (N2O). GHGenius also has the capability to include 
other gases with global warming potential. 

The model is capable of analyzing the emissions from conventional and alternative fuelled 
internal combustion engines for light duty vehicles, class 8 heavy-duty trucks, urban buses and a 
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combination of buses and trucks, and light duty battery powered electric vehicles. GHGenius 
was used in this study to estimate the change in lifecycle GHG emissions from a diesel fuelled 
vehicle baseline that would result with a selected alternative fuel or change in vehicle fuel 
consumption. The regional data in the model for British Columbia was used. 

Emission reduction scenarios were developed for fleet vehicles by making a number of 
assumptions about what control options would be applied, the classes of vehicles affected and 
the extent of application to these vehicles over time. The extent of capture of the emissions from 
a class of vehicles targeted by the control option is defined in this study as the "penetration" of 
the control option, measured as a percentage of application to all targeted emission sources. 
The assumed penetration levels for each control option are considered realistic for illustrating the 
impact, effectiveness and cost-benefit of the control option, but should be considered arbitrary. 
Fleet owners may want to implement control options at lower or higher penetration levels, 
depending on their own priorities.  

2.6 PREDICTION OF CHANGES IN AIR QUALITY USED TO ASSESS HEALTH IMPACTS 

The changes in emissions of common and toxic air pollutants were used to estimate associated 
changes in mean ambient concentrations of PM10, PM2.5 and air toxics. In the case of PM10 and 
PM2.5, the method yields an estimate of the combined effect of particulate emissions (i.e., 
primary particulate) and secondary particulate formation from NOx, SOx, and VOC emissions to 
ambient concentrations in the western and eastern areas of the Lower Fraser Valley. 

The air quality exposure model applied in this study is a refinement of the empirical model 
developed for the Clean Transportation Analysis Project (Alchemy and Levelton Engineering, 
2000). This reference describes the development of the model and the algebraic method used to 
estimate the concentration of secondary particulate matter formed from emissions of NOx, SOx, 
and VOC. The following improvements were made to this earlier model, though the basic 
assumption that mean ambient pollutant concentrations are related to appropriately weighted 
changes in emission rates remains the same: 

♦ Historic regional average PM2.5 and PM10 concentrations from the LFV monitoring network 
were updated in the model to 1999-2001 and used to recalibrate the model and to 
recalculate the contribution of the PM10 formed in the western part of the LFV to ambient 
levels in the eastern LFV. 

♦ The model was refined to predict PM2.5, PM10 and air toxic concentrations in the GVRD and 
FVRD separately rather than for the LFV as a whole, based on emissions in these regions. 

♦ Dispersion coefficients that relate primary and precursor emissions of PM10 to ambient 
pollutant concentrations were recalculated using emission data from the 2000 emission 
inventory. The change in PM2.5 concentration with changes in emissions was assumed to be 
an input variable that could be changed by the user. For analysis in this study the change in 
PM2.5 concentration was assumed to be 80% of the change in PM10, as compared to a 50-
60% ratio typical of local ambient air quality. 

♦ The model was extended to predict the mean concentration of toxic gas compounds and 
diesel particulate matter from heavy duty diesel vehicles in proportion to their annual 
emissions using the 1990-2000 average CO dispersion coefficient calculated from the ratio 
of the regional annual average CO concentration in μg/m3 measured at LFV monitoring 
stations to the annual CO emission from motor vehicles in tonnes per year. 

♦ The LFV population was assumed to be exposed to 100% of the predicted changes in PM10 
and PM2.5, which is a conservative approximation. Studies in Vancouver and Prince George 
have estimated people’s average exposure to particulate matter of outside origin at 80% of 
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ambient measured values. The estimated percentage of the time spent inside in North 
America is 85%, according to the US EPA. 

♦ The number of days PM10 and PM2.5 concentrations exceed various threshold levels is used 
in the calculation of mortality impacts, and these were recalculated using a larger data set 
extending from 1995 to 2001; and  

♦ An updated forecast of baseline PM10 and PM2.5 concentrations was developed for the period 
from 2002 to 2025 using the LFV emission forecast (GVRD, 2003) assuming the ratio of 
PM2.5 to PM10 remains constant at the average level measured in the LFV from 1996 to 
2001. 

2.7 COST EFFECTIVENESS AND COSTS-BENEFIT ANALYSIS 

Costs of the emission control options were estimated using results of studies elsewhere, 
information provided by suppliers and engineering judgement. Costs considered in this analysis 
were incremental to new diesel fuelled vehicles and existing infrastructure and included: 

♦ Fuel (pre-tax and with incentives added back in to reflect the social cost) 
♦ Capital cost of equipment (excluding taxes) 
♦ Operating and maintenance costs (excluding taxes) 
♦ Nominal cost of modification and addition to existing facilities required for the control option. 

The cost effectiveness of a control option was calculated using the present value method, which 
divides the present value of the annual stream of costs (net of savings) over an assumed system 
lifetime by the lifetime reduction in emissions. Where a control option reduces emissions of only 
one pollutant the cost effectiveness is readily calculated and is specific to that pollutant. 
However, all options cause a reduction in emissions of a number of pollutants, and may result in 
increases in one or two pollutants.  

To provide fleet operators with information that could be used to assess the best option for their 
own situation and priorities, and to rationalize impacts on multiple pollutants for use in the 
evaluation of options in this study, the cost effectiveness of each option was calculated and 
reported on each of the following emission bases: 

• the change in PM2.5 emissions alone;  
• the change in the emissions of smog precursors, calculated as the sum of changes in VOC, 

NOx, SOx, and PM2.5 exhaust emissions with equal weighting; 
• the change in the sum of VOC, NOx, CO, SOx, and PM2.5 exhaust emissions weighted 

approximately with respect to the damage costs in the LFV, as used in recent studies 
(Shaffer, 2001; Taylor, et. al., 2002; see also Appendix D). The weighted sum of emission 
changes (referred to in this report as “impact weighted”) was calculated using the following 
equation: VOC+NOx+CO/7+3SOx+25PM2.5 exhaust; and 

• the change in full cycle emissions of greenhouse gases.   

One of the funding sponsors, the Canadian Petroleum Products Institute (CPPI), has 
concerns about the use of the above health-based weighting methodology applied to 
specific pollutants because it believes the methodology has not been adequately 
documented and is not adequately supported by the available science and epidemiological 
data. The CPPI has summarized its concerns regarding the methodology of using health-
based weighting factors applied to air emissions and cost effectiveness methodology in 
Appendix E and makes reference to a related report by epidemiologist Dr. Suresh H. 
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Moolgavkar, M.D., Ph.D to support this point of view. The CPPI has also expressed its views 
in a disclaimer in the front of this report. 

The monetary value of estimated reductions in mortality and morbidity associated with reducing 
exposure to air pollutants was calculated annually over the life of the control option. The 
approximate cost saving by reducing each health effect was estimated based on published 
literature. The net cost effectiveness was calculated as the present value of all costs minus the 
present value of all savings from reduced health impacts. A slightly lower discount rate was used 
to determine the present value of the reduced cost from avoided health effects than applied to 
calculate the present value of the costs of equipment and vehicles, as is accepted practice in 
cost/benefit analysis. 

The CPPI does not support the use of the Air quality Valuation Model used in this study. These 
views have been published in the past and the CPPI summary in Appendix E also touches on 
this issue.  



 

3. OVERVIEW OF HEAVY DUTY DIESEL VEHICLES AND EMISSIONS IN 
THE LOWER FRASER VALLEY 

3.1 CLASSIFICATIONS OF HEAVY DUTY DIESEL VEHICLES 

Heavy duty vehicles are commonly classified according to their gross vehicle weight, which 
ranges from 2,722 kg or less for a Class 1 vehicle to 14,969 kg or greater for a Class 8 vehicle. 
These weight classes and illustrations of typical vehicle types in each class are shown in Table 
3-1. This study included vehicles with gross vehicle weights of 3,864 kg, or more. 

Table 3-1 Weight Classes of Heavy Duty Vehicles 

 

Source: Environment Canada, 2001 

 

The US EPA developed a set of classifications for light and heavy duty vehicles that are used in 
MOBILE6.2C for modelling of emissions from motor vehicles. These classifications are used in 
the LFV emission inventory and forecast and are listed in Table 3-2. 
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 Table 3-2 Mobile6.2 Heavy Duty Diesel Vehicle Classifications 

Gross Vehicle Weight Rating (GVWR) Mobile6.2 
Number Abbreviation Description 

Pounds Kilograms 
16 HDDV2b Class 2b  8,501 – 10,000 3,864 – 4,545 
17 HDDV3 Class 3 10,001 – 14,000 4,545 – 6,363 
18 HDDV4 Class 4 14,001 – 16,000 6,364 – 7,272 
19 HDDV5 Class 5 16,001 – 19,500 7,273 – 8,863 
20 HDDV6 Class 6 19,501 – 26,000 8,864 – 11,818 
21 HDDV7 Class 7 26,001 – 33,000 11,818 – 15,000 
22 HDDV8a Class 8a 33,001 – 60,000 15,000 – 27,272 
23 HDDV8b Class 8b > 60,000 > 27,272 
26 HDDBT Transit or Urban Bus   
27 HDDBS School Bus   

 

3.2 CURRENT AND FUTURE EMISSION STANDARDS FOR HDDVS 

Emission standards for light and heavy-duty onroad vehicles in Canada are aligned with those in 
the United States. The U.S. EPA set tighter combined NOx and NMHC emission standards for 
model-year 2004 to 2006 heavy duty engines in 2000, including all vehicles over 8,500 lbs. Much 
more stringent NOx and PM emission standards will come into effect for model year 2007 and 
later heavy duty engines. The standard for NOx will decrease by about 90% for trucks and buses 
compared to the standards in effect for 2004-2006. The standard for particulate matter will 
decrease by about 90% for trucks and 80% for buses. To enable engine manufacturers to meet 
the 2007 vehicle emission standards, the sulphur content will be reduced to no more than 15 
parts per million beginning in 2006.  Current and past emission standards for heavy duty diesel 
trucks and buses are summarized in Table 3-3. 

Table 3-3 US and Canadian Emission Standards for Heavy Duty Diesel Engines 

Emission Standards, g/bhp·hr Model Year 
HC NMHC+NOx NOx CO PM 

Heavy-Duty Diesel Truck Engines 
1988-89 1.3 - 10.7 15.5 0.6 

1990 1.3 - 6 15.5 0.6 
1991-93 1.3 - 5 15.5 0.25 
1994-97 1.3 - 5 15.5 0.1 

1998-2003 1.3 - 4 15.5 0.1 

2004-2006 - 2.4, or 2.5 with a limit 
of 0.5 on NMHC. - 15.5 0.1 

2007 & later NMHC 0.14* - 2007, ~1.2 
2010,  0.2* 15.5 0.01 

Urban Bus Engines 
1991 1.3  5 15.5 0.25 
1993 1.3  5 15.5 0.1 

1994-95 1.3  5 15.5 0.07 
1996-97 1.3  5 15.5 0.05 

1998-2003 1.3  4 15.5 0.05 

2004-2006 - 2.4, or 2.5 with a limit 
of 0.5 on NMHC. - 15.5 0.05 

2007 & later NMHC 0.14* - 2007, ~1.2 
2010,  0.2* 15.5 0.01 

* Phased in based on sales: 50% must meet the standard from 2007-2009, and 100% in 2010. 
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3.3 EMISSIONS FROM HDDVS COMPARED TO OTHER SOURCES IN THE LOWER FRASER 
VALLEY 

The LFV emission forecast and backcast of the 2000 emission inventory (GVRD, 2003a) 
presents emission estimates for the common air contaminants backcast to 1985 and forecast to 
2025. The results from this inventory for 2000, 2010 and 2020 are summarized in Table 3-4, 
showing the emissions from heavy duty diesel vehicles and all sources to illustrate the 
contribution made by this motor vehicle sector. Emissions from onroad heavy duty diesel 
vehicles are forecast to decrease in the GVRD inventory as new vehicles enter the fleet, and to 
comprise a decreasing share of the total emissions in the airshed. This will reduce the 
contribution from this emission source subsector to smog precursors, primary and secondary 
particulate formation and other pollutant levels in the airshed. NOx is the dominant pollutant from 
this vehicle subsector and these emissions will decrease from about 15% of total emissions 
currently to 2.4% of total emission by 2020. Direct PM2.5 emissions from HDDVs are forecast to 
decrease from about 4% of total emissions in 2000 to 1% in 2020. Smog precursor emissions 
from HDDVs are forecast to decrease from 8% to 1% of total emissions between 2000 and 2020. 

Table 3-4 Summary of HDDV and Total Emission Forecast for the Canadian Lower 
Fraser Valley Airshed 

  2000 2010 2020 
  

Source 
t/yr % t/yr % t/yr % 

HDDV 2,556 0.7 1,354 0.4 418 0.1 
All Other Sources 364,723 99.3 353,270 99.6 342,671 99.9 CO 
Total  367,279   354,624   343,089   
HDDV 12,253 14.9 5,558 8.1 1,517 2.4 
All Other Sources 70,248 85.1 63,329 91.9 61,602 97.6 NOx 
Total  82,501   68,887   63,119   
HDDV 423 0.6 316 0.5 256 0.4 
All Other Sources 70,490 99.4 62,970 99.5 60,035 99.6 VOC 

  Total  70,913   63,286   60,291   
HDDV 259 3.0 12 0.1 14 0.1 
All Other Sources 8,447 97.0 9,218 99.9 10,887 99.9 SOx 

  Total  8,706   9,230   10,901   
HDDV 302 3.0 160 1.6 75 0.7 
All Other Sources 9,762 97.0 10,143 98.4 10,942 99.3 PM10

  Total  10,064   10,303   11,017   
HDDV 262 4.1 128 2.0 46 0.7 
All Other Sources 6,166 95.9 6,232 98.0 6,852 99.3 PM2.5

  Total  6,428   6,360   6,898   
HDDV 13,196 7.8 6,014 4.1 1,833 1.3 
All Other Sources 155,352 92.2 141,749 95.9 139,376 98.7 

Smog 
Forming 

Total  168,548  147,763  141,209  
 

Two other source sectors are presently larger emitters of diesel particulate emissions than 
onroad vehicles. One of these is marine vessels, which contributed 14.1% of total PM2.5 
emissions in 2000 and is forecast by 2025 to contribute 21%. The second is referred to by the 
GVRD as other nonroad equipment and includes motor vehicles and a wide variety of 
construction equipment not used regularly for onroad travel. The share of total PM2.5 emissions 
from this subsector was 17.8% in 2000 and is forecast to decline to 14.5% by 2025. Various 



 

   

 

403-0630 Emission Reduction Options for Heavy Duty 
Diesel Fleet Vehicles in the Lower Fraser Valley 

18

 

other point and areas sources also use diesel fuel, but they are not identified individually in the 
published emission inventory. 

3.4 BACKGROUND ON AIR QUALITY AND HEALTH ISSUES ASSOCIATED WITH HDDV 
EMISSIONS IN THE LFV 

Diesel exhaust from onroad vehicles is one of many combustion and noncombustion sources of 
air pollutants in the Lower Fraser Valley that has to be managed to maintain and improve air 
quality in the region and to minimize or avoid adverse impacts to human health and the 
environment. Gaseous pollutants present in diesel exhaust are regulated contaminants and 
precursors to ozone and secondary particulate formation. Particles present in diesel exhaust 
consist of fine particles less than 2.5 microns in size composed of a centre core of elemental 
carbon and adsorbed organic compounds, as well as small amounts of nitrate, sulphate, metals 
and other trace elements. A high proportion of the particles in diesel exhaust are less than 0.1 
microns in size and this group is of particular concern because of the ability of these particles to 
carry organic and other contaminants deep into the lung.  

Extensive research and scientific review of the health effects and the physical and chemical 
characteristics of diesel exhaust particulate matter has been done, and is on-going. This is 
motivated by concern about the wide ranging impacts of fine and inhalable particulate matter on 
human health and, more specifically, because of occupational health and toxicological data 
suggesting diesel particulate matter is a probable carcinogen. A comprehensive assessment by 
the US EPA (2002) concluded that short-term exposure could cause acute irritation, nausea and 
respiratory and other symptoms. There was concluded to be insufficient information to develop 
recommendations as to safe levels of exposure for these effects. Long-term exposure to diesel 
exhaust was concluded to pose a chronic respiratory hazard to humans based on extensive 
evidence from tests with animals. A concentration below 0.5 μg/m3 was concluded to be unlikely 
to result in adverse noncancer effects. Chronic exposure to diesel exhaust was found to be 
associated with an increased lung cancer risk in occupational studies and additional evidence 
exists of the cancer risk from animal studies. Based on the available information, diesel exhaust 
was concluded to be a probable carcinogen, but data was insufficient to develop a unit risk factor 
or to definitively assess diesel exhaust as carcinogenic. The California Air Resources Board has 
ruled that diesel particulate matter is carcinogenic. 

In its review of health and air quality, an expert panel struck under the auspices of the BC Lung 
Association concluded in 2003 that there was evidence of traffic-related impacts of emissions in 
urban areas, with particulate matter from vehicles identified as the pollutant of most concern. 
Residents living near roads were suspected of being at higher health risk from vehicle emissions 
than the general population based on studies in Europe (where diesel vehicles comprise a 
higher fraction of light duty vehicles). The panel recommended expanded exposure monitoring 
along roadways in urban areas to determine if the effects observed in major cities in other 
jurisdictions should also be a concern in the Lower Fraser Valley. 

Diesel particulate matter and its contribution to health risks in the Lower Fraser Valley was 
investigated for the Onroad Diesel Emissions Task Force in 2000 (Levelton Engineering, et. al., 
2000) and a related review of the results of this study was conducted by a scientific panel for the 
Vancouver Richmond Health Board (Brauer et. al., 2000). The study recommended 
implementation of continuous monitoring program aimed at quantifying the concentration of 
diesel particulate in ambient air in a road transportation corridor, continued monitoring of the 
health science regarding diesel particulate matter and partnerships amongst regulatory agencies 
to encourage programs to reduce emissions from heavy duty diesel vehicles in the region. 
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Diesel particulate matter is a component of the mixture of ambient PM2.5 in the LFV air shed. The 
public and the GVRD have identified PM2.5 as a priority issue in the Lower Fraser Valley (GVRD, 
2000), particularly in the eastern part of the airshed. This is driven primarily by the large body of 
evidence that indicates increases in PM2.5 exposure may result in adverse health effects even at 
levels at or below natural background concentrations. In addition, PM2.5 is a concern in the 
region because of the impairment in visibility that can occur as PM2.5 concentrations increase, 
leading to reduction in aesthetic enjoyment in the region and a perception of problems with 
smog.     
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4. REVIEW OF EMISSION REDUCTION OPTIONS 

4.1 PROCESS FOR SELECTION OF REVIEWED OPTIONS 

The emission reduction options considered have been put into one of five categories. The 
groups are: 

• Fuel quality changes 
• Fuel blends 
• Alternative fuels 
• Alternative propulsion systems 
• Modified heavy-duty engines and emission control systems. 

 
The fuel options have been assessed using a common reference point where possible. It has 
been assumed that the cost of diesel fuel is 35 cpl plus taxes and that the fuel is used in a heavy 
duty vehicle that achieves a fuel economy of 47 litres/100 km (6 miles/Imp gal) unless specified 
otherwise for the particular option being discussed. 

4.2 FUEL QUALITY  

In the United States there has been growing interest in reducing criteria pollutant emissions 
through diesel fuel properties (EPA 2001). The Clean Air Act regulated the sulphur content, 
aromatic level and cetane index of diesel fuel as of October 1993. California rules were also 
implemented in October 1993. Texas introduced rules concerning diesel quality in specific areas 
in 2000. California specifies the sulphur and aromatic content, but does allow for fuels that 
produce equivalent emissions to a reference fuel. 

The Engine Manufacturers Association in conjunction with a number of automobile 
manufacturers associations from around the world have published the World Wide Fuel Charter 
(WWFC), which identifies recommended fuel standards for gasoline and diesel fuel. 

In Canada, the diesel fuel sulphur content is regulated by the Federal Government and the oil 
industry voluntarily produces fuel that meets the requirements of the Canadian General 
Standards Board. In the following table the various diesel fuel standards and recommendations 
are compared along with the typical results for Canadian winter diesel fuels, as reported by 
Infineum (2003) and Environment Canada (2003 and 2003b). 

The National Fire Protection Association (NFPA) has established guidelines for the safe storage 
and handling of flammable liquids (NFPA 30, 1996).  This code uses flash point to distinguish 
between different liquid fuels. A Class I liquid has a flash point below 38°C (100°F) and a Class II 
liquid has a flash point above this level.  Ethanol and gasoline are Class I liquids while diesel is a 
Class II liquid.  Blending of biofuels with diesel fuel changes its NFPA classification. 

Cold flow properties are typically quantified by cloud point and pour point. Cloud point is the 
temperature at which initial crystallization or phase separation (i.e. freezing) of the fuel begins 
(because diesel fuel is a mixture of many components it does not have a well defined freezing 
point but solidifies over a wide temperature range). The onset of formation of solid wax crystals 
can plug a fuel filter. Pour point is the temperature below that the fuel will not pour, using a 
definition specific to the ASTM D97 procedure. Many conventional diesel fuels must be modified 
by blending with No. 1 diesel or kerosene, or low temperature flow improving additives, or 
removing the wax from the fuel during winter to avoid phase separation or fuel gelling. 
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Lubricity is the ability of the fuel to lubricate metal surfaces and is relevant to wear in fuel pumps 
and other engine components that are lubricated by the fuel. Severely hydrotreated, ultra-low 
sulphur diesel fuels as well as Fischer-Tropsch diesel fuels tend to have low lubricity.  This can 
be remedied through the use of a lubricity additive or by blending with higher lubricity 
components.  There is at present no ASTM specification for diesel fuel lubricity, although several 
engine manufacturers specify a minimum lubricity level for fuel used in their engines.  

Table 4-1 Diesel Fuel Standards and Typical Quality 

EPA California WWFC CGSB Western 
Canada 

Canadian 
Average  

40 CFR 
§80.29 

Reference 
fuel Category 2  Environment 

Canada Infineum 

Sulphur, % wt 0.05 0.05 0.03 max 0.05 max 0.025 0.029 
Cetane number 40 (index) 48 min 53.0 min 40 min 42.5 43.6 
Aromatics, % wt 35 max 10 25 max - 30.7  
Density, g/L -  820-850 - 848.3 846.7 
T10, C - 204-254 - -  193 
T50, C - 243-293 - -  253 
T90, C - 288-320 340 max 360 max  319 
Viscosity,(cSt) - 2.0-4.1 2.0 -4.0 1.7-4.1  2.47 
Additives - - Detergents -  - 
 
The US EPA (2001) has analyzed a relatively large data set of emission results from diesel 
engines in order to provide some guidance on how fuel properties may effect exhaust emissions 
from diesel engines. The fuel properties included in the US EPA correlations are natural cetane 
number, cetane difference, aromatics, sulphur content, oxygen content, density, and the three 
distillation points. This model has been used as the basis for analyzing the potential impact of 
fuel quality changes. 

4.2.1 Sulphur Content 

The regulated sulphur content of diesel fuel will be reduced from less than 500 ppm to less than 
15 ppm in 2006. This ultra low sulphur diesel fuel (USLD) will enable several new diesel 
emission control strategies such as diesel particulate filters and NOx control systems to be 
introduced into the market. 

The heavy-duty emission model developed by the EPA has equations for NOx, particulate matter 
and hydrocarbons. Only the particulate model includes a sulphur term, so no reductions in NOx 
and hydrocarbons can be expected from the use of ULSD in existing vehicles.  According to the 
model, a reduction of fuel sulphur content of 100 ppm would reduce the particulate emissions 
from heavy-duty engines by 0.8%. If 50 ppm sulphur diesel fuel was to be used instead of the 
300 ppm fuel typically found in Canada then the model predicts a PM reduction of about 2%.  If 
the 15 ppm sulphur fuel was used the reduction increases to about 2.3%.   

Other parties have investigated the impact of fuel sulphur content and have arrived at slightly 
different correlations. In the Worldwide Fuel Charter, there is data for heavy-duty European 
engines that suggests the reduction in particulate matter will be on the order of 5% for a 
reduction from 300 ppm to 15 ppm.  The magnitude of the reduction is obviously dependent on 
the engine specific emissions. The EPA used one of the largest data sets ever assembled for 
heavy-duty engines so those findings are used here. 



 

   

 

403-0630 Emission Reduction Options for Heavy Duty 
Diesel Fleet Vehicles in the Lower Fraser Valley 

22

 

There is only a limited amount of data on the impacts of fuel properties on air toxics emissions. 
The limited data does not suggest any change in air toxics from a reduction in fuel sulphur 
content. 

Ultra low sulphur diesel fuel will have slightly higher greenhouse gas emissions than the current 
product. GHGenius projects this to be 2.6% higher for the full life cycle. This assumes no 
difference in the emissions from the vehicle. Some of the technologies that are enabled by ULSD 
also result in lower engine efficiency so the GHG emissions from diesel vehicles in 2007 is 
expected to be significantly higher than the current emissions. 

There is some concern that the use of ULSD fuel may lead to wear problems in the engines. 
California is in the process of updating their diesel fuel regulation to lower the sulphur content to 
15 ppm and they are also proposing to include a new lubricity requirement as part of the 
revision.  Lubricity additives for diesel fuel are widely available and should be considered with 
the use of ultra low sulphur diesel fuel. Other than lubricity concerns there are no issues with the 
use of ULSD in existing engines. 

The cost of ultra low sulphur diesel fuel (<15 ppm) is about 3 cents per litre more than the price 
of low sulphur diesel fuel (<500 ppm) in those regions of the United States where both are 
available (EIA, Puget Sound Clean Air Agency). If this fuel has to be imported into the Lower 
Mainland from outside the normal supply orbit there will be added transportation and distribution 
costs. It is likely that the cost of this product in the Lower Mainland would be about 4 cents per 
litre more than the existing diesel fuel until 2006 when the price is likely to be 2-3 cents per litre 
above current prices. The impact of a 4 cent per litre higher fuel cost for ULSD on the operating 
cost of the baseline vehicle is shown in Table 4-2. 

Table 4-2 Ultra Low Sulphur Diesel Fuel Operating Cost Through 2006 

 Diesel Fuel Ultra Low Sulphur Diesel 
Diesel Fuel 35 cpl 39 cpl* 
Federal tax 4 cpl 4 cpl 
Provincial tax 21 cpl 21 cpl 
Total cost 60 cpl 64 cpl 
Total cost per km 28.2 ¢/km 30.08 ¢/km 
 
The impacts of the use of ULSD in the existing fleet are summarized in the following table. 

Table 4-3 Summary Ultra Low Sulphur Diesel Fuel 

Parameter Impact 
Operating Cost (based on 4¢/L higher cost) +1.9 cents/km 
Particulate Matter -2.3 % 
Sulphur emissions -95% 
NOx emissions No change 
HC emissions No change 
Air Toxics No change 
GHG emissions +2.6% 
 

4.2.2 Fuel Density 

The fuel density or specific gravity is a component of the EPA model for NOx and for PM. Lower 
fuel density reduces NOx and PM emissions. The Infineum survey found the range of density to 
be 831.2 to 857.1 kg/m3. This is a difference of 25.9 kg/m3 or 0.025 units of specific gravity. The 
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EPA found that changes in specific gravity of twice this range or 0.05 units reduced NOx 
emissions 6.7% and reduced particulate emissions by 11.2%. 

Fuel density is one of the primary differences between No. 1 and No. 2 diesel fuel. In the 
Environment Canada report 2002 Sulphur in Fuels it was reported that the density of low sulphur 
diesel fuel was 848.3 kg/m3 in western Canada and that the density of kerosene/stove oil was 
812.3 kg/m3 (a 4.25% reduction). This probably accounts for most of the emissions performance 
of the No. 1 diesel fuel found in transit buses. 

Fuel density is also directly related to the energy content of the fuel with lower density fuels 
containing less energy. The emissions impact is measured in terms of emissions per bhp-hr so 
the impact of higher fuel consumption is already included the calculation. Lower density fuel also 
produces lower peak power levels from an engine. A fuel density change of 50 kg/m3 would be 
expected to increase consumption and fuel costs by 6% or 1.7 cents per kilometer on a tax- 
included base price of 60 cpl (Table 4-4). This is assuming that the fuel could be obtained for the 
same price as the low sulphur diesel fuel. In the lower mainland, the rack price of No. 1 diesel is 
1.3 cents per litre more than low sulphur diesel. When the reduced energy content (4.25%) of 
this fuel is considered this is an effective price increase of 1.8 cents per kilometer. Increased 
consumption of fuel with the same sulphur content will lead to higher sulphur emissions. 

Table 4-4 Low Density Diesel Fuel Operating Cost 

 Diesel Fuel Low Density Diesel No. 1 Diesel 
Diesel Fuel 35 cpl 35 cpl 36.3 cpl 
Federal tax 4 cpl 4 cpl 4 cpl 
Provincial tax 21 cpl 21 cpl 21 cpl 
Total cost 60 cpl 60 cpl 61.3 cpl 
Total cost per km 28.2 ¢/km 29.9 ¢/km 30.0 ¢/km 
 

The higher fuel consumption associated with lower density fuels does not have a significant 
impact on the carbon dioxide emissions as the hydrogen to carbon ratio in low density fuels 
increases, offsetting the effects of higher volumetric fuel consumption.  It should be noted that a 
higher hydrogen to carbon ratio in diesel fuel is likely offset by a lower ratio in other refinery 
products for a given crude oil slate. Adjusting the carbon to hydrogen ratio of individual refinery 
products does not impact the overall greenhouse gas emissions since all of the carbon that 
enters the refinery eventually is emitted to the atmosphere as carbon dioxide. GHG emissions 
are impacted only is the hydrogen to carbon ratio is increased as a result of a higher ratio in the 
crude oil entering the refinery. 

With respect to emissions of air toxics, the EPA found that decreasing fuel density decreased 
benzene and 1,3 butadiene emissions. Decreasing density and polyaromatic content led to 
decreased formaldehyde emissions. There is insufficient data to quantify the impacts. 

Table 4-5 Summary Low Density Diesel Fuel 

Parameter Impact 
Operating Cost +1.7 to 1.8 cents/km 
Sulphur emissions +6% 
Particulate Matter -11.2% 
NOx emissions -6.7% 
HC emissions No change 
Air Toxics Some lower 
GHG emissions No change 
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4.2.3 Fuel Aromatics 

California has a limit of 10% on diesel fuel aromatics but allows a level of 20% for small refiners. 
All refiners can also produce alternative diesel fuel formulations if they can be shown to provide 
equivalent emission reductions to a 10% aromatic reference fuel.  More than 20 of these 
formulations have been approved and many use higher cetane values to offset higher aromatic 
contents. As a result, the average aromatic content of California diesel fuel is about 22%.   

The EPA model suggests that for a 10% reduction in aromatics NOx will decrease by 2.9%, PM 
by 2.1% with no change in hydrocarbons. 

Diesel fuel produced in western Canada has a relatively high aromatic content in part because of 
the amount of synthetic crude oil used in the refining process. The average aromatic content of 
low sulphur diesel fuel produced in Western Canada is about 30% with a maximum aromatic 
content of about 40% (Environment Canada, 2003). This would suggest that the use of a low 
aromatic diesel fuel, similar to California could produce lower emissions of NOx, PM and 
hydrocarbons. 

There is very little information available on the effects of varying aromatic content on air toxics 
emissions. The EPA found only one study that reported results for a low aromatics fuel. In that 
study, the only statistically significant results were for benzene, toluene, m-xylene and p-xylene. 
The benzene and toluene emissions increased with the low aromatic fuel and emissions of m&p 
xylenes decreased. Changes in other air toxics were not statistically significant. 

If the aromatic content of the diesel fuel were decreased through hydrotreating or hydrocracking 
the aromatics, then the GHG emissions would increase from the extra production of hydrogen. 
This may be partially offset by the higher hydrogen to carbon ratio of the low aromatic fuel but 
like changes in fuel density, the total emissions from the combustion of the whole refinery slate 
are not expected to change since they are a function of the carbon content of the crude oil feed 
and the energy required to refine the crude oil.  Fuel formulation changes tend only to shift the 
emissions between the produced products. 

About 10% of the low sulphur diesel fuel produced in Canada has an aromatic level of less than 
20%.  It may be possible to obtain some of this fuel in the lower mainland. The impacts of a 
diesel fuel with a 10% point reduction in aromatics is shown in the following table.  It has been 
assumed that the low aromatics diesel fuel is available at the same cost as low sulphur diesel 
fuel. 

Table 4-6 Summary of Effects for a Diesel Fuel with a 10% Lower Aromatics Content  

Parameter Impact 
Operating Cost No change 
Sulphur emissions No change 
Particulate Matter -2.1% 
NOx emissions -2.9% 
HC emissions No change 
Air Toxics Some lower 
GHG emissions Higher 
 

4.2.4 CARB Diesel Fuel 

The diesel fuel sold in California is known in the industry as CARB diesel. It is a combination of 
lower aromatic content and higher cetane than the diesel fuel found in other parts of the United 



 

States and western Canada. In the following table is the average US and California diesel fuel 
properties from 1996 to 2000 as reported by the EPA (2001). 

Table 4-7 Average US Diesel Fuel Properties 

Property US Baseline California Value 
Natural Cetane Number 44.1 47.9 
Cetane Increase from additives 0.8 4.4 
Aromatics, vol % 34.4 21.9 
Specific gravity 0.85 0.837 
Sulphur, ppm 333 130 
T10, C 216 214 
T50, C 263 261 
T90, C 317 323 
 
According to the EPA model, the California higher cetane, lower aromatic fuel produced 
emission reductions of 6.2% for NOx, 8.5% for PM and 19.4% for HC compared to the US 
baseline fuel.  

California diesel fuel is generally more expensive than diesel fuels used in the rest of the United 
States. This is shown in the following figure (EIA, 2003). These prices are after tax but the 
California diesel tax is about 0.5 cpl less than the weighted average State tax. The difference in 
prices changes over time with changes in local supply and demand situations. California diesel 
prices that are 3 to 5 cents per litre Canadian have been typical over the recent year. 

Figure 4-1 California Diesel Price Comparison 
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Access to diesel fuel meeting CARB specifications may be possible from local or import supplies. 
One of the major Canadian petroleum companies exports a low sulphur, low aromatics (LSLA) 
diesel fuel to California that meets CARB requirements.  This product is produced in Edmonton 
and shipped through Vancouver. The company has tried to market this fuel to selected large 
fleets in the Lower Mainland for several years but have not yet had any success.  In addition it 
may be possible for other refiners to import CARB diesel fuel for use in the lower mainland. 
Importing California diesel fuel into British Columbia will be difficult logistically. Production from 
California would have to be barged in to one of the local refiners facilities. From time to time, 
local refiners do import gasoline and diesel fuel from the United States to balance local supplies. 
Some of the refiners in Washington State may produce some California diesel fuel but it may or 
may not be available for truck delivery into British Columbia.  

The price of CARB diesel would likely range from 2-3 cents per litre above low sulphur diesel fuel 
for the local product to 5 to 7 cents per litre above existing diesel prices for any product that 
would be imported from the US. 

California diesel fuel may not meet the cold weather fuel requirements of vehicles that refuel in 
the Lower Mainland and then travel to the Interior of the Province in the winter. This would 
probably not be a problem for vehicles that remain in the Lower Mainland all year round. 

The typical properties of a Canadian low sulphur, low aromatics (LSLA) diesel fuel sold in the 
California market are compared to conventional low sulphur diesel below. The aromatic content 
of LSLA is very low and the sulphur content meets a 50 ppm specification.  

 Typical Low Sulphur Diesel LSLA 
Density, Average g/L 864 825 
10% Recovered °C 214  
50% Recovered °C 273 250 
90% Recovered °C 330 300 
Flash Point, Pm °C 67 53 
Sulphur  ppm 424 50 
Aromatics % 30 3 
Cetane Index, Additized - 45  
Cetane Number   48 
 

The impact of using this fuel is summarized in Table 4-8 and compared to CARB diesel. The 
emissions impacts are calculated from the US EPA Unified Model using the typical low sulphur 
diesel fuel as the baseline. It is assumed that this fuel costs 1.3 cents per litre more than the 
standard low sulphur diesel fuel. LSLA offers superior particulate matter and NOx reduction 
compared to CARB diesel.  

Table 4-8 Summary CARB and Canadian LSLA Diesel Fuel 

Parameter CARB LSLA 
Operating Cost +1.6 to 3.2 cents/km +2.3 ¢/km 
Sulphur emissions No change -88% 
Particulate Matter -8.5% -17.2% 
NOx emissions -6.2% -10.0% 
HC emissions -19.4% -2.9% 
Air Toxics Some lower Some lower 
GHG emissions Higher +2% 
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4.2.5 Diesel Additives 

Additives are used by most refiners to improve the performance of diesel fuels. There are a 
variety of products that are routinely used to reduce corrosion, reduce foaming, improve 
oxidation resistance, improve lubricity, improve cold weather performance etc.  Two additional 
additives, detergents and cetane improvers, have the potential to improve the emissions 
performance of diesel fuel and are discussed here. 

4.2.5.1 Detergents 

Detergents are a requirement in gasoline sold in British Columbia. Gasoline detergents are 
designed to keep fuel injectors clean and some reduce the build-up of deposits throughout the 
intake track. Clean engines have been shown to reduce emissions. 

Detergents can be added to diesel fuel in order to clean-up or keep diesel injectors free of 
deposits.  They perform a similar function to the gasoline detergents that are required by law. 
Detergent additives for diesel fuel are recommended by the WWFC for maintaining injector 
cleanliness. Diesel detergents are required to meet the injector flow performance requirement for 
the diesel fuel specification in France (Concawe, 1997). Detergents are also widely used 
voluntarily in European diesel fuels and are used locally by at least one regional fuel supplier. 
The concentration of detergent additives is usually in the 50 to 300 ppm range. 

Most manufacturers and suppliers of additives have test data that indicates improved fuel 
economy and reduced emissions with detergent additives. There is little peer-reviewed 
information available in the public domain related to the performance of these products. In the 
United States, the National Conference on Weights and Measures (NCWM) have developed a 
criteria for a “Premium Diesel” product.  In order to be classified as a Premium Diesel fuel the 
fuel must meet two of the following five criteria; 

1. Energy (Btu) Content: The fuel must have at least 138,700 Btu, as measured by ASTM 
D-240. 

2. Cetane Number: The fuel must have a cetane number of at least 47, as measured by 
ASTM D-613. 

3. Fuel Injector Cleanliness: The fuel must either pass a CRC rating test with a 10.0 or less, 
or it must have a flow loss of 6.0% or less on the Cummins L-10 test. 

4. Low Temperature Operability: The fuel must provide cold-flow performance down to 
ASTM D-975 tenth percentile minimum ambient air temperature charts and maps for the 
region and time of year where the fuel will be sold. This performance must be proven 
through use of the Low-Temperature Flow Test, also known as ASTM D-4539, on the 
Cloud Point Test. 

5. Thermal Stability: The fuel must get at least an 80% reflectance measurement using a 
filter in the Octel F21-61 test. 

The fuel injector cleanliness test is a similar test to that recommended in the WWFC. The 
discussion on the purpose of diesel fuel detergents is discussed in the WWFC and is 
summarized as follows: 

The fuel injector is a component of very high precision designed to meter fuel to a high 
degree of accuracy. The correct behaviour of the engine depends on the injector doing its job 
properly; otherwise there will be repercussions in terms of noise, smoke and emissions. 
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Effect of Injector Fouling 

The tip of the injector is subject to a very harsh environment as it is in direct contact with the 
combustion process, both in pre-chamber and in direct injection engines. The solid matter 
products of combustion are deposited on the tip, and can alter significantly the operation of 
the injector.  For prechamber engines, the combustion products partially block the 
progressive delivery of the fuel at part load, and the combustion can become violent and 
disorganized. Likewise, in direct injection engines, a partial or complete blockage of one of 
the fine spray holes will perturb the atomization of the fuel jet, and the engine no longer 
functions as designed. 

Where pre-chamber engines are concerned, coking is inevitable due to the type of injector 
used, and the choice of injector takes this into account.  However, the coking level depends 
on the quality of the fuel, and excessive coking cannot be tolerated.  The injectors of direct 
injection engines are initially more resistant to coking, but poor fuel quality can eventually 
block a spray hole. 

Influence of Detergent Additives 

The solution to this difficulty is to be found in the use of detergent additives in the fuel.  High 
doses of these additives can partially clean an already heavily coked injector, while smaller 
doses can maintain injectors at an acceptably clean state, which ensures correct operation. 
Many fuel distributors include these additives in commercial diesel fuels as quality features to 
obtain a ‘keep clean’ effect. 

Cleanliness of the injectors has become an even higher priority at present as high-pressure 
injection systems are increasingly used on both heavy-duty and light-duty direct injection 
engines. The conformity of modern engines with their specified performance in terms of 
power, fuel consumption and emissions over time will depend largely on the cleanliness of 
their injectors. 

Heavy-duty engines that have clean fuel injectors provide better performance than engines with 
dirty injectors. Performance data from Lubrizol on their detergent additive family 9530 showed an 
increase in power and torque of 2.5% with clean injectors (as a result of using the additive) 
versus dirty injectors. Fuel economy improvements of 1.85 to 2.9% were measured on the 
dynamometer. Fleet tests of 81 Class 8 trucks with a keep clean dosage of the additive showed 
fuel economy improvements of 4.1 to 6.5%. Performance data from Octel-Starreon for their 
7000C family of detergent additives showed fuel economy benefits of 2.6% compared to 
untreated fuel. 

The emission reductions available through the use of detergents are mostly a function of the 
level of deposits that have built up on the injectors.  Use of detergents in a new engine having no 
deposits is unlikely to reduce emissions, though it will help maintain low emissions as the engine 
ages. Older engines that have built-up deposits will experience emissions that are higher than a 
new, clean engine and, hence, use of detergents to remove deposits in these older engines 
could reduce emissions. 

Emissions of PM decreased 27% in tests performed on one heavy-duty engine by Lubrizol and 
by 12% in a heavy-duty engine tested by Octel-Starreon. The engines were tested with injectors 
that were dirty and then the engines were exposed to the treated fuel for a clean up stage before 
being tested again. The tests were performed over the US federal Test procedure. Tests on light 
duty diesel engine vehicles showed emission reductions of 2 to 18% in other test data from Octel 
Starreon. Not all engines in the fleet will be as dirty as these engines were but it is still likely that 
fleet emission reductions of 5 to 10% for particulate matter could be achieved through the use of 
detergent additives. 
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For carbon monoxide emissions, Lubrizol found emission reductions of 13% and Octel Starreon 
found emission reductions of 6% for heavy duty diesel engines with injectors that had been 
cleaned up through the use of a detergent additive compared to engines with dirty injectors; tests 
were done using the Federal Test Procedure. Hydrocarbon emissions were changed from a 3% 
reduction to a 6% increase. NOx emissions increased by 0% to 6%. In light duty diesel engines, 
there were reduction in HC, CO and NOx emissions when detergents were used. 

Greenhouse gas emissions will be reduced proportionally to the reduction in fuel consumption. 
Reductions of up to 6.5% can therefore be expected in fleet performance. 

There is no data available on the impact of detergents on air toxics. 

Detergent additives can be implemented relatively easily. The detergents are readily soluble in 
diesel fuel and can be added at any point between the loading rack and the final storage tank. 

The cost of the additives depends on the properties desired. Costs of less than 0.2 cents per litre 
can be expected. These costs are offset by the overall lower fuel costs resulting from the better 
fuel economy. A 2% improvement in fuel economy is equivalent to a reduction in fuel costs of 1.2 
cents per litre. 

Table 4-9 Summary Detergent Additives 

Parameter Impact 
Operating Cost -0.5 cents/km 
Sulphur emissions No change 
Particulate Matter -5 to -10 % 
NOx emissions -10 to +6% 
HC emissions -7 to +6% 
Air Toxics No data 
GHG emissions -2% 
 

4.2.5.2 Cetane Improvers 

The cetane number is a measure of the ignition quality of diesel fuel and it influences the fuel’s 
combustion characteristics. The CGSB requires a minimum cetane number of 40. In California, 
the minimum requirement is 48 (47 for small refiners) and in Europe, the minimum requirement is 
51. The average value in Western Canada is about 42 (Environment Canada, 2002). 

Cetane number is a function of the composition of the diesel fuel but it can also be increased 
through the addition of cetane improvers. Cetane improvers are routinely added to diesel fuels in 
Western Canada and about 90% of the diesel fuel contains some cetane improver. Very little 
cetane improver is used in the rest of Canada. Cetane additives are also used in California to 
increase the average cetane from 47.9 to 52.3. In California this is used to offset the higher use 
of aromatic components than the regulations specify. 

The US EPA issued a Final Technical Report (2003) on the effects of cetane improvers on NOx 
emissions. This work followed on from the broader study of the impacts of fuel properties on 
emissions described earlier.  

The predicted emission effect of increasing cetane through the use of additives is summarized in 
Figure 4-2.  Note that the effects are greater when starting from a lower natural cetane level. 



 

 

Figure 4-2 Effects of Cetane Improvers on NOx Emissions 

 

The EPA concluded that effects of cetane improvers on NOx emissions will decline over time as 
new engine technologies are introduced. 

The earlier 2001 EPA work on fuel properties had cetane additive effects for PM and HC 
emissions as well as for NOx. A five cetane increase was projected to reduce emissions of PM 
by 1.9% and HC emissions by 15.3%. 

There is limited data available on the impact of cetane improvers on air toxics. The EPA 
modelling work cited studies performed by Arco Chemical on two different cetane improvers 
used at three different dosages on a single engine. The cetane increases were 10 to 15 numbers 
in the tests. Air toxics emissions were significantly reduced with the cetane enhanced fuels 
compared to the base fuel. The ranges of emission reductions are summarized in Table 4-10. 
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Table 4-10 Air Toxics Reductions from Cetane Improvers 

Air Toxic Reduction Range % 
Acetaldehyde 58-74 
Acrolein 42-69 
Benzene 33-86 
1,3 Butadiene 29-69 
Formaldehyde 42-75 
 
Higher cetane fuels provide some performance benefits, as engines are generally easier to start 
and can have less combustion noise and smoke.   

The most common cetane improver is 2-ethyl-hexyl-nitrate (EHN) and di-tert-butyl-peroxide 
(DTBP) is also used.  Both chemicals are hazardous to human health in their concentrated state 
and extreme care needs to be undertaken when adding them to diesel fuel. They are probably 
not suited for addition by the end user but they can be added at the terminal or refinery safely as 
evidenced by the widespread use in California and Western Canada. EHN is thermally unstable 
and decomposes rapidly at high temperatures. It can reduce the thermal stability of some fuels. 

EHN typically is used in the concentration range of 0.05% mass to 0.4% mass and may yield a 3 
to 8 cetane number benefit (Chevron). The response of diesel fuels to EHN varies widely with 
the fuel and with the dose as shown in the following figure (Octel-Starreon). 

 

Figure 4-3 Dose Response for EHN 
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The cost for EHN was recently quoted at $1.25/lb (US) (NREL, 2003). In an average response 
fuel 1000 ppm will be required to provide a 5 cetane number increase.  The cost of the EHN 
would be about 0.40 cents (US) per litre for this dosage. The price of EHN can be quite volatile 
and the current price for rail car delivery is about $0.60/lb (US) (Malynowsky). A 5 cetane 
increase should be achievable at a cost of less than 0.3 cent per litre (CDN$).  It may also be 
possible to include a detergent component as part of the package at this price. 

Given the widespread use of cetane additives in California to produce alternative diesel fuel 
formulations and the relatively modest costs the use of cetane improvers (possibly combined 
with detergents) may be a viable emission reduction alternative in the Lower Mainland. The 
summary of the impact of increasing the cetane number by 5 is shown in the following table. 

Table 4-11 Summary Cetane Additives 

Parameter Impact 
Operating Cost +0.15 cents/km 
Sulphur emissions No change 
Particulate Matter -1.9% 
NOx emissions -2.5% 
HC emissions -15.3% 
Air Toxics Significant reductions 
GHG emissions No change 
 

4.2.6 Fuel Quality Summary 

The fuel quality changes reviewed in this section are compared in Table 4-12. It can be seen that 
many have a relatively high cost and small benefits. The fuel quality changes with the highest 
benefit to cost ratio appear to be the detergent and cetane additives. 

Table 4-12 Summary Fuel Quality Changes 

Parameter Fuel 
Sulphur 

Fuel 
Density 

Fuel 
Aromatics 

CARB 
Diesel Detergents Cetane 

Additives 

Operating Cost +1.9 ¢/km +1.7 to 1.8 
¢/km No change +1.6 to 3.2 

¢/km -0.5 ¢/km +0.15 ¢/km

Sulphur 
emissions -95% +6% No change No change No change No change

Particulate 
Matter -2.3% -11.2% -2.1% -8.5% -5 to -10 % -1.9% 

NOx emissions No change -6.7% -2.9% -6.2% -10 to +6% -2.5% 
HC emissions No change No change No change -19.4% -7 to +6% -15.3% 

Air Toxics No change Some 
lower 

Some 
lower 

Some 
lower No data Significant 

reductions 
GHG 
emissions +2.6% No change Higher Higher -2% No change
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4.3 FUEL BLENDS  

Diesel fuel can be blended with components other than hydrocarbons to change the emission or 
performance characteristics of the fuel. Products that are being offered for sale in North America 
include water diesel emulsions, ethanol diesel emulsions and biodiesel blends. In general, there 
is more than one supplier of each type of blend. Examples of typical products are discussed in 
the following sections. These fuel blends are designed to be used in unmodified diesel engines.   

4.3.1 Diesel/Water Emulsions (PuriNOx) 

PuriNOx™ is a diesel water emulsion product developed by Lubrizol Corporation. The system 
uses a combination of proprietary additive and a mechanical blending system to produce the 
final product. The product has been under development and demonstration for over five years. 
Caterpillar was an early partner in the development of the product. There are several commercial 
manufacturing systems in operation in the United States and Europe (Lubrizol, 2001). Chevron 
markets the fuel in California using the brand name Proformix™. 

Water diesel emulsions can produce large reductions in particulate matter emissions (~50%) and 
moderate reductions (~10-15%) in NOx emissions in heavy-duty diesel engines. 

4.3.1.1 Product Description and Characteristics 

PuriNOx™ can be any combination of the additive, water (up to 20%) and diesel fuel and in 
different regions of the world different combinations are being used.  In Italy, the water content is 
12 to 15%, and in the United States Lubrizol has registered the combination of 20% water (by 
weight), 77% diesel and 3% PuriNOx™ 1121A additive with the US EPA.  By volume this blend 
is 79.2% diesel, 18% water and 2.7% PuriNOx™. This is the summer blend and Lubrizol has a 
winter blend consisting of 74% diesel (by weight), 16.8% water, 5.7% methanol and 3.5% 
PuriNOx™. In the US, only the summer blend has been fully registered with the EPA and has 
passed the Phase II Health Effects testing.  The winter blend is still going through the EPA 
Phase II Health Effects testing process. 

The PuriNOx additive contains a cetane improver as well as the surfactant (Matheaus, et al.). 
The cetane improver has an impact on the performance and the emissions impact of the fuel. 
The summer blend of the fuel was accepted by the California Air Resources Board as an 
Alternative Diesel Fuel in 2001 with emission reductions of 14% for NOx and 62.9% in particulate 
matter. Lubrizol did not request an approval for the winter blend so it has not been accepted by 
CARB. 

There are a variety of chemistries that can be used to make emulsions of water and diesel fuel, 
thus there are products offered by a number of manufacturers.  The most commercial product in 
North America in addition to PuriNOx™ is Aquazole™, a product developed and offered by 
TotalFinaElf. 

Aquazole™ typically contains 10 to 17% water, 2 to 4% additive and the remainder diesel fuel. 
The fuel was approved by the California Air Resources Board as an alternative diesel fuel in 
August 2002. The formulation of 14% water was found to reduce NOx emissions by 16% and 
particulate emissions by 60%. 

Aquazole™ performance has been validated by extensive tests run on engines of various ages 
and manufacture at original equipment manufacturers (OEM) facilities and independent 
laboratories throughout Europe (including UTAC, the official French certification laboratory for 
engines.) At the TFE Solaize Research Centre (CreS) in France, a bus engine running on 
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Aquazole™ was extensively tested on chassis dynamometers. Numerous tests were also run on 
engine dynamometers. 

From 1996 to 1998, the French heavy-duty truck manufacturer, Renault V.I., analysed possible 
risks of using Aquazole™ in transport vehicles. They examined the effects of Aquazole™ on 
engine components and on fuel systems. These tests included a 500-hour test for engine wear 
as well as lubricant analysis. Upon completion of these trials in 1998, Renault V.I. signed an 
agreement extending Renault V.I.’s after-sales warranty to cover the use of Aquazole™.  Under 
this partnership, large-scale statistical and technical follow-up experiments were conducted by 
scientists at the “Institut Français du Pétrole” (the French Petroleum Institute). 

Similar agreements and trials are on going with other OEMs and vehicle equipment makers 
(e.g. Irisbus France) to demonstrate Aquazole™ compatibility with a broad range of current 
diesel engine technologies.  

TotalFinaElf claim that due to its water content, the loss of available torque is usually less than 
5 percent at mid power, and less than 10 percent at maximum output. They further claim that the 
presence of water in diesel slightly improves an engine’s thermodynamic performance. 
Aquazole™ cuts energy consumption by 1-4 percent relative to regular diesel fuel. 
Consequently, CO2 emissions are also reduced. 

Environment Canada (http://www.etcentre.org/organization/mbdo/mbdo_emulsification_e.html) 
has also developed an emulsification system for large displacement diesel engines that 
produces a mechanical emulsification without the use of a surfactant. The fuel is emulsified on its 
way to the engine and it is not stored as an emulsion. They claim that the same reductions in 
NOx emissions are achieved as with fuels that contain a surfactant.   

There are also other emulsification products that have been developed by additive suppliers and 
developers but only PuriNox™ and Aquazole™ have received California Air Resources Board 
certification as alternative diesel fuels. 

4.3.1.2 Vehicle Applications and Performance Effects 

The US EPA has approved PuriNOx™ as a verified technology in their diesel retro-fit program.  
PuriNOx™ is generally compatible with most diesel powered vehicles.  The following cautions 
are identified on the US EPA retrofit website describing PuriNOx™: 

1. PuriNOx™ is not compatible with optical or conductivity-type fuel sensors.  
2. Engines operation on PuriNOx™ must be run for at least 15 minutes every 30 days.  
3. End use applications must be tolerant of up to a 20% power loss when operating at 

maximum engine horsepower.  
4. Seals, gaskets, and materials used in equipment or engine fuel systems that are not 

compatible with diesel fuel are also not compatible with PuriNOx™.  
5. The engine fuel filter must be changed after the first 24 hours of operation on PuriNOx™.  
6. PuriNOx™ is compatible with most typical diesel fuel filters. PuriNOx™ is not compatible 

with water absorbing water separators, water absorbing fuel filters, or centrifugal style 
water separators.  

7. Summer blend PuriNOx™ cannot be used in ambient temperatures below 20 degrees F (-
7 °C).  

8. Under proper storage conditions, PuriNOx™ has a storage life of 12 months.  
9. The typical end user will experience a 15% increase in fuel consumption for equipment 

operating on PuriNOx™ fuel. 

http://www.etcentre.org/organization/mbdo/mbdo_emulsification_e.html
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Given that the PuriNOx™ contains 18% water by volume and the volumetric fuel consumption 
only increases by 15% indicates that there is a slightly higher thermal efficiency (2-3%) 
experienced with the PuriNOx™. Vehicle that have marginal fuel tank capacity for their duty 
cycle may also experience operability issues with PuriNOx™. The fuel economy change is likely 
also dependent on the duty cycle with duty cycles involving wide open throttle operation showing 
the lowest efficiency gain (Lubrizol, 2003). 

4.3.1.3 Fuel Implementation Considerations 

The implementation of a PuriNOx™ program requires a commitment to a significant volume of 
diesel fuel given that the fuel supplier will have to install blending equipment and have a storage 
tank available for PuriNOx™. The early manufacturing systems have been batch operations with 
capacities to produce either 10 million litres per year (Intermediate scale) or 40 million litres per 
year (Large scale). A continuous system is under development. 

At the fuel users site a second fuel tank will be required if not all vehicles are capable of using 
PuriNOx™. 

The use of PuriNOx in the Lower Mainland will probably require the use of a winter blend for two 
to three months during the year. This will involve substituting a portion of the water with methanol 
to prevent freezing of the fuel. Note that the PuriNOx™ additive itself does slightly reduce the 
freezing point of water. 

4.3.1.4 Emissions Impact 

• Criteria Emissions 

The US EPA has issued a Draft Technical Report on the impacts of PuriNOx™ on the emissions 
performance on exhaust emissions of heavy-duty engines. The EPA conclusions with respect to 
the impact of PuriNOx™ are shown in the following table. There are increases in HC emissions 
and there can be increases in CO emissions but the emission rates for diesel engines are 
usually far below the standards so that increases in these emissions do not usually result in the 
engines not meeting the standards.   

Table 4-13 Emission Impacts of PuriNOx™ 

NOx PM HC CO  
% reduction % reduction % reduction % reduction 

Highway Engines     
Light-heavy 9.0 55.6 -120.2 13.4 
Medium-heavy 10.2 51.1 -119.1 -25.2 
Heavy-heavy 12.9 58.2 -87.8 33.3 
EGR 10.2 55.6 -103.2 13.4 
Nonroad engines     
0-100 hp 19.3 23.3 -99.4 -34.7 
100-175 hp 17.0 16.8 -80.1 13.4 
175-300 hp 18.8 16.8 -72.8 13.4 
300 + hp 20.2 16.8 -30.0 13.4 
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• Air Toxics 
 
The EPA assessment of PuriNOx™ did not consider the air toxics emissions. Lubrizol has 
published some test data on gaseous air toxic emission rates (Lubrizol 2000) and that data is 
summarized in the following table. 

Table 4-14 Air Toxics Impacts of PuriNOx™ 

 Diesel PuriNOx™ % Reduction 
Formaldehyde 56 mg/km 44 mg/km 21.4 
Acetaldehyde 5.6 mg/km 17 mg/km -203 
Total Aldehydes 61.6 mg/km 61 mg/km 0 
Acrolein 0 mg/km 0 mg/km 0 
1,3 Butadiene 0.3 mg/km 0 mg/km 100 
Benzene 1.2 mg/km 0.6 mg/km 50 
 
• Greenhouse Gases 
 
The greenhouse gas emissions from the use of PuriNOx™ will be primarily a function of the 
improvement in energy efficiency resulting from the use of the fuel. This will be offset slightly by 
any differences in the energy intensity of additive manufacturing process relative to the 
production of diesel fuel and the slightly higher fuel weight carried by the distribution vehicles 
and by the extra weight of fuel carried by the vehicles themselves. PuriNOx™ is not a fuel that is 
included in GHGenius so it is only possible to estimate the magnitude of these impacts. 

The impacts of the extra vehicle weight due to the fuel and any extra energy used to 
manufacture the additive are relatively small and not likely to fully overcome the engine efficiency 
gain. It is estimated that full cycle GHG emissions resulting from the production and use of 
PuriNOx are 1-2% lower than they are for ordinary diesel fuel. 

4.3.1.5 Cost 

• Fuel 
 
The cost of PuriNOx™ is 5.5 to 7.3 cents per litre above that of diesel fuel (Lubrizol 2003). The 
magnitude of the extra cost is partially a function of the diesel fuel price, at higher diesel fuel 
prices the extra cost is less.  This price includes the capital and operating costs of the blending 
unit. In addition, the fuel consumption is approximately 15% higher. In BC, PuriNOx™ receives a 
reduced rate of provincial fuel tax. This reduced rate has been in place since June 2001 and is 
scheduled to remain until June 2004. Table 4-15 shows the impacts of the fuel costs per mile of 
these three factors. It is assumed that the vehicle achieves a fuel economy of 47 litres/100 km (6 
miles/Imp gal) on diesel fuel and 55.3 litres/100 km on PuriNOx™.  It is not clear if the Federal 
Excise tax will apply to the total volume of fuel or just to the non-water portion. In the following 
table, it has been assumed that it applies to the total volume. If the fuel was blended by the final 
user rather than a fuel supplier a strong case could be made for a lower tax rate. 
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Table 4-15 PuriNOx™ Operating Cost 

 Diesel Fuel PuriNOx™ with tax 
incentive 

PuriNOx™ without tax 
incentive 

Diesel Fuel 35 cpl 35 cpl 35 cpl 
PuriNOx - 7 cpl 7 cpl 
Federal tax 4 cpl 4 cpl 4 cpl 
Provincial tax 21 cpl - 21 cpl 
Total cost 60 cpl 46 cpl 67 cpl 
Total cost per km 28.2 ¢/km 25.4 ¢/km 37.1 ¢/km 
 
• Vehicle 
 
Other than changing the fuel filter after the first 24 hours of operation there is no additional 
vehicle capital or operating costs. 

The summary of the impacts of PuriNOx™ is shown in Table 4-16. The ranges shown for the 
emissions reductions are a function of the differences between on-road and off-road engines and 
the difference in operating cost is a function of the tax treatment of the fuel. 

Table 4-16 Summary PuriNOx 

Parameter Impact 
Operating Cost -2.8 to +8.9 cents/km 
Sulphur emissions No change 
Particulate Matter -20 to -50% 
NOx emissions -10 to -20% 
HC emissions +30 to +100% 
Air Toxics Some increases, some reductions 
GHG emissions 1-2% lower 
 

4.3.2 Biodiesel 

Biodiesel is an alternative fuel that can be made from animal fat or vegetable oil. Biodiesel can 
be used in any diesel engine with few or no modifications. It can be blended with diesel at any 
level (for example a 20% blend is known as B20) or used in its pure form (B100). Biodiesel is 
made through a chemical process called transesterification, whereby the glycerin is removed 
from the fat or vegetable oil to produce an ester. If methanol is used in the production process 
the biodiesel is a methyl ester and if ethanol is used it is an ethyl ester. 

Biodiesel produces large reductions in particulate matter with significant reductions in carbon 
monoxide and hydrocarbons. NOx can increase slightly with the use of biodiesel. 

4.3.2.1 Product Description and Characteristics 

The properties of diesel fuel and biodiesel are compared in Table 4-17. The diesel fuel 
specification is taken from the CGSB Type B diesel fuel and the biodiesel specification is the 
ASTM specification. The typical biodiesel data is taken from Graboski, et. al. (1999) and the 
typical Canadian diesel is from an Infineum winter diesel quality survey undertaken in 2002. 
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Table 4-17 Diesel and Biodiesel Fuel Properties 

Property Diesel Spec Diesel Typical Biodiesel Spec Biodiesel Typical 
Flash Point 40 C min 50 C 130 C min 260-325 
Kinematic 
Viscosity 

1.7 min 1.9 1.9 min 4.0 –5.5 

 4.1 max  6.0 max  
Distillation 90% 360 C max 319 360 max 360 
Water and 
sediment 

0.05 % max  0.05 % max 0.00 

Acid no. 0.10 max  0.80 mg KOH/gm 0.13-0.75 
Sulphur 0.05 % max 0.029 0.05 % max 0.0 
Cetane number 40 min 43.6 47 min 53-70 
Copper corrosion No 1. max - No. 3 max 1A 
Carbon residue 0.16 % max  0.05 % max 0.01-0.05 
Free glycerine  - 0.02 % max 0.001-0.002 
Total glycerine  - 0.24 % max 0.08-0.20 
 
It is apparent from the table that biodiesel is marginal for meeting the specifications for diesel 
fuel. The primary issue is the 90% distillation temperature, where biodiesel is at the limit for 
petroleum diesel. Biodiesel will improve the viscosity and lubricity of petroleum diesel, which is 
why it is being marketed as a lubricity agent. There are also other parameters that are being 
measured for biodiesel such as the glycerine content that are not measured for diesel fuel. 

Biodiesel does not have good cold weather properties and that has the potential to impair the 
performance of biodiesel-diesel fuel blends in cold weather.   

There are some small differences in biodiesel characteristics depending on the feedstock used.  
This has the potential to have some impact on fuel performance. Graboski, et. al. (1999) have 
reported on the fuel characteristics of different biodiesels and Connemann has presented some 
data on fuel quality from Europe. One of the primary differences is the cetane number of the fuel, 
which is summarized in table 4-18 for various feedstocks. There is a large range of values 
although all of the cetane values are above that of petroleum diesel in Canada. 

Table 4-18 Biodiesel Cetane Numbers 

Feedstock Graboski, et. al., 1999 Connemann 
Soy Oil 59 53 
Canola Oil 53.9 58 
Tallow 64.8 75 
Inedible Tallow 54.3 - 
Yellow Grease 53.2 - 
Lard - 65 
 

4.3.2.2 Vehicle Applications and Performance Effects 

Biodiesel blends have exhibited similar performance to petroleum diesel in North American trials.  
Engine power and torque remain similar. The higher cetane rating of biodiesel can improve 
starting and reduce smoke emissions. B20 has been demonstrated in many field trials in the 
United States. B100 is widely used in Germany with over 1500 service stations offering the fuel 
and low level blends of about B5 are widely used in France. 
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A large demonstration of biodiesel blends of B5 and B20 in 155 urban buses that ran for one 
year has recently been completed in Montreal (STM). The operational summary reported the 
following: 

From an operational standpoint, using biodiesel did not result in any incident compromising 
continuity of service. No variation in fuel consumption can be substantiated from the data as 
a whole. Mechanical maintenance was unproblematic during and after the cutover to 
biodiesel for most buses, including both older models with 25-µm fuel filters and later models 
with electronic fuel injection systems. Even the two vehicles having a Cummins engine with 
electronic fuel injection, used to test the potentially most problematic biodiesel blends 
(cooking-oil-based B20 and animal-fat-based B20) over the coldest period of winter, ran 
nearly 10,000 km each without any problems. 

Biodiesel thus caused neither bus-related mechanical problems, notably to the fuel injection 
system, nor any degradation of elastomer components in contact with the fuel.  The 
cleansing period was longer than foreseen for buses with 10-µm filters, longer still because 
B5 was used for three months before cutting over to B20. Sporadic incidents caused by the 
finest (10-µm) filters had no real impact on STM operations and resulted in no significant 
unforeseen costs.  Similarly, no specific complications arose from using biodiesel, despite its 
cloud point, in very cold weather (overnight temperatures dropping to between -20°C and -
30°C). The problem that gave rise to incidents would vanish if producers succeed in 
developing processes to better control pure biodiesel’s cloud point. 

 
Many major engine companies have stated formally that the use of blends up to B20 will not void 
their parts and workmanship warranties. This includes blends below 20% biodiesel, such as the 
2% biodiesel blends that are becoming common in some parts of the United States. Some 
engine companies have specified that the biodiesel must meet ASTM D-6751 as a condition, 
while others are still in the process of adopting D-6751 within their company or have their own 
set of guidelines for biodiesel use that were developed prior to the approval of D-6751.  

Table 4-19 summarizes recent stated positions on the effect of use of biodiesel on engine 
warrantees for most engine manufacturers. The full warranty statements from these 
manufacturers are presented in Appendix B. 
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Table 4-19 Manufacturers’ Recent Warranty Positions on Biodiesel Use 

Caterpillar Caterpillar neither approves nor prohibits the use of biodiesel fuels. Caterpillar is 
not in a position to evaluate the many variations of biodiesel fuels, and the long-
term effects on performance, durability or emissions compliance of caterpillar 
products. The use of biodiesel fuel does not affect Caterpillar’s materials and 
workmanship warranty. Failures resulting from the use of the fuel are not 
Caterpillar factory defects and therefore the cost of repair would not be covered by 
the caterpillar warranty. 

Some Caterpillar engines are limited to 5% biodiesel blends. 

Cummins Cummins neither approves nor disapproves of the use of biodiesel fuel.  Cummins 
is not in a position to evaluate the many variations of biodiesel fuels or additives, 
and their long-term effects on performance, durability or emissions compliance of 
Cummins products. The use of biodiesel fuel does not affect Cummins Material 
and Workmanship warranty. Failures caused by the use of biodiesel fuels or other 
fuel additives are not defects of workmanship and/or material as supplied by 
Cummins, Inc and can not be compensated under Cummins warranty. 

Detroit Diesel Biodiesel fuels are alkyl esters of long chain fatty acids derived from renewable 
resources. Biodiesel fuels must meet ASTM Specification D 6751. Biodiesel 
meeting the D 6751 specifications can be blended up to 20% maximum by volume 
in diesel fuel. Failures attributed to the use of biodiesel will not be covered by 
Detroit Diesel product warranty. 

International International Engine Corporation neither approves nor disapproves any product not 
manufactured or sold by International. The use of products such as biodiesel is at 
the discretion of the end-user. Any engine performance problem or failure 
attributed to biodiesel would not be recognized as the responsibility of International 
Engine Corporation. 

International’s engine warranty covers defects caused by material or workmanship.  
The International engine warranty on workmanship and material is not affected 
simply by the use of biodiesel regardless of the product’s origin. Fuel is not 
warranted by International under any condition. 

John Deere John Deere has approved the use of up to 5% concentration soy-based Biodiesel 
fuel in its PowerTech® diesel engines. 

Biodiesel fuels may be used in John Deere diesel engines only if the fuel meets the 
provisional ASTM PS121 (U.S.) or DIN 51606 (German) specifications.  

Raw pressed vegetable oils are NOT acceptable for use for fuel in any 
concentration. These oils do not burn completely, and will cause engine failure by 
leaving deposits on injectors and in the combustion chamber. 
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4.3.2.3 Fuel Implementation Considerations 

In general, the standard storage and handling procedures used for petroleum diesel can be used 
for biodiesel. The fuel should be stored in a clean, dry, dark environment. Acceptable storage 
tank materials include aluminum, steel, fluorinated polyethylene, fluorinated polypropylene and 
Teflon. Copper, brass, lead, tin, and zinc should be avoided. 

Biodiesel and biodiesel blends have excellent solvent properties. In some cases the use of 
petroleum diesel, leaves a deposit in the bottom of fuel lines, tanks and delivery systems over 
time. The use of biodiesel can dissolve this sediment and result in the need to change filters 
more frequently when first using biodiesel until the whole system has been cleaned of the 
deposits left by the petroleum diesel.  

A 20 percent blend of biodiesel with diesel degrades the cold weather properties by 5 to 10 °C 
(pour point, cloud point, cold filter plugging point). Solutions to biodiesel winter operability 
problems are the same solutions used with conventional diesel (use a pour point depressant, 
blend with low pour diesel, use engine block or fuel filter heaters on the engine, store the 
vehicles near or in a building, etc.). 

Since biodiesel is a good solvent, it can, if left on a painted surface long enough, dissolve certain 
types of paints. Therefore, it is recommended that spills of biodiesel blends on painted surfaces 
be cleaned immediately.  

All fuels, including diesel, have a shelf life. This is also true with biodiesel and biodiesel blends. 
Industry experts recommend that biodiesel be used within a year of purchase to ensure that the 
quality of the fuel is maintained. This is not expected to be a significant issue in practice.   

The US National Renewable Energy Laboratory has published a report entitled “Biodiesel 
Handling and Use Guidelines”. Excerpts from that report are presented below to further expand 
on the issues summarized above. 

Biodiesel is slightly heavier than petroleum diesel. Biodiesel has a specific gravity of 0.88 
compared to petroleum diesel at 0.85. Biodiesel should be splash blended on top of 
petroleum diesel, otherwise, the fuels may not mix properly. Mistakes, where proper mixing 
does not occur) can be corrected by: 

• Agitate the fuels together, 
• Pump the fuels out into a tank truck and then pump them back down together, 
• It is possible to ignore the problem if there are no concerns about solvency, material 

compatibility, or cold weather, since biodiesel can be burned as a 100% pure fuel. 
 
Biodiesel blends will not separate in the presence of water, however, for good housekeeping 
and tank/fuel maintenance, water in the storage systems should be monitored and 
minimized. Biodiesel can be stored in standard diesel storage tanks. Copper, brass, zinc, 
lead, and tin parts should be replaced with aluminum or steel since these metals oxidize both 
diesel and biodiesel fuels.   
 
Like any diesel fuel, biodiesel can gel at low temperatures. Some types of biodiesel freeze at 
higher temperatures than others, depending on the level of saturated components in the fuel. 

• Pure biodiesel should be stored at temperatures at least 10 degrees Celsius higher 
than the pour point of the fuel (0 °C to 15 °C). A storage temperature of 8 to 10 °C is 
fine for most B100. 
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• Blends of biodiesel and diesel should be stored at temperatures of at least 10 
degrees above the pour point of the blended fuel. 

• Pure biodiesel can be stored underground in most cold climates, but above ground 
fuel systems should be protected with insulation, agitation, heating systems, or other 
measures if freezing weather is common. This precaution includes tanks, pumping 
equipment, and the vehicles themselves. 

• Blended fuels can be stored below ground in most climates. Above ground storage 
should consider special precautions if temperatures routinely fall below the pour point 
of the blended fuel. 

 
Biodiesel can be splash blended with no problems if the diesel fuel temperature is 10 °C or 
higher. If biodiesel is blended with cold diesel fuel (fuel temperature is less than 8 °C to 10 
°C), the saturated compounds in the biodiesel can crystallize and plug fuel filters and fuel 
lines. If crystals have already formed the solutions (to this problem) include: 

• See if they disappear as the fuel warms with ambient weather conditions 

• Heat the fuel to above 40 °C or until the crystals dissolve 

• Filter the solid fuel crystals out. They can be reused when they melt. 

To prevent forming crystals, it is necessary to blend biodiesel with kerosene in a 50:50 mix 
first (the temperature of the kerosene must be above 8 °C), then blend the biodiesel-
kerosene mix into the cold diesel fuel.  
 
Pure biodiesel is difficult to ship in cold weather. In the winter, most biodiesel is shipped one 
of three ways: 

• hot in tank cars for immediate delivery, 

• frozen in tank cars equipped with steam coils (the tank cars are melted at the final 
destination with steam), 

• in 20% blends with available winter diesel, or in a 50% blend with kerosene.  A 50:50 
blend of soy biodiesel and kerosene has a pour point of –18 °C in most cases. 

 
Adjusting the blend of low pour diesel fuel in the diesel fuel can modify the cloud and pour 
point temperatures of B20. Low pour diesel fuel, kerosene and pour point depressants have 
been used with good results in B20. Pour point depressants work on the diesel part of a 
biodiesel blend and can reduce the gel and cloud properties of blended fuels. No additives 
have been shown to be effective on B100.  
 
There are no lubricity issues with kerosene and biodiesel blends. Since biodiesel is a 
lubricant, 1%-2% would be enough to lubricate kerosene. 
 
User experience with cold weather varies. B20 blends are used in some very cold climates 
such as northern Minnesota and Wyoming where temperatures routinely fall below –40 °C in 
the winter. B20 was used in an airport shuttle fleet for four years in Boston with no problems. 
Some users have reported using B100 in extremely cold climates such as in Yellowstone 
National Park. The vehicles were equipped with winterization packages and no other 
precautions were noted. Since widespread experience with B100 and higher blends in cold 
climates is lacking in the United States, users should be alert to potential problems and take 
reasonable steps to prevent them if possible. We can only conclude that laboratory tests 
appear to be more conservative than field experience. 
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Always wipe up spills and dispose of rags in a safe manner. Biodiesel soaked rags can self-
combust if not handled properly. The most commonly encountered problem with solvency is 
biodiesel’s tendency to “clean out” storage tanks, including the vehicle fuel tanks and 
systems. No. 2 diesel tends to form sediments that stick to and accumulate in storage 
systems, forming layers of sludge or slime in the fuel systems. The older the system, and the 
poorer the maintenance, the thicker the accumulated sediments become. Biodiesel will 
dissolve these sediments and carry the dissolved solids into the fuel systems of vehicles.  
Fuel filters will catch most of it, but in severe cases, the dissolved sediments have caused 
fuel injector failure. 
 
Few problems have been encountered with B20 in typical diesel storage situations. The 
effect is very similar to switching from diesel No. 2 diesel to kerosene. The solvency effect of 
the biodiesel in B20 is sufficiently diluted so that most problems encountered are minor. 
These problems include an occasional plugged fuel filter.  
 
The solvency problems occur most often when customers try to put higher blends or even 
pure biodiesel into aged and dirty systems that previously held No. 2 diesel fuel. If the diesel 
fuel storage tanks are not cleaned before using biodiesel blends of 30% or higher, there is a 
strong risk that excessive fuel filter plugging and fuel injector failure may occur. It is 
recommended to clean fuel storage tanks before using higher blend levels or B100. 
 
Brass, bronze, copper, lead, tin, and zinc will oxidize diesel and biodiesel fuels and create 
sediments. Lead solders and zinc linings should be avoided, as should copper pipes, brass 
regulators, and copper fittings. The fuel or the fittings will tend to change colour and 
sediments may form, resulting in plugged fuel filters. Affected equipment should be replaced 
with stainless steel or aluminum. Acceptable storage tank materials include aluminum, steel, 
fluorinated polyethylene, fluorinated polypropylene, and Teflon. 
 
The effect of B20 on vulnerable materials is diluted compared to higher blends. Some slow 
oxidation can occur, although it may take longer to materialize. Biodiesel also can affect 
some seals, gaskets, and adhesives, particularly those made before 1993 and those made 
from natural or nitrile rubber. It is primarily for these reasons that vehicle and storage 
equipment are modified. Most engines made after 1994 have been constructed with gaskets 
and seals that are generally biodiesel resistant. Earlier engine models or rebuilds may use 
older gasket and seal materials and present a risk of swelling, leaking, or failure. Fuel pumps 
may contain rubber valves that may fail. The typical approach is to create a maintenance 
schedule that checks for potential failures. Users can also contact engine manufacturers for 
more information. 

4.3.2.4 Emissions Impact 

The impact of biodiesel on an engine's exhaust emissions and energy consumption is described 
in the following sections. 

• Criteria Emissions 
 
The US EPA has published a Draft Technical Report on the impacts of biodiesel on exhaust 
emissions (2002b). The purpose of the report is to provide guidance for the development of 
State Implementation plans. The impact of blending biodiesel into diesel fuel on emissions of 
heavy-duty trucks is shown in Figure 4-4. It can be seen that the impacts of adding various 
quantities of biodiesel are almost linear. 



 

 

Figure 4-4 Emission Impacts of Biodiesel Fuel 
 
The impacts of a 20% biodiesel blend on heavy-duty exhaust emissions are summarized in the 
following table. The test data set does not contain any engines newer than 1997 nor any engines 
with exhaust gas re-circulation. There is some evidence (NREL, 2003) that the increase in NOx 
emissions associated with the use of biodiesel can be eliminated through the use of cetane 
improvers. 

Table 4-20 Emission Impacts of 20 vol% Biodiesel Blend 

Parameter Percent Change in Emissions 
NOx +2.0 
PM -10.1 
HC -21.1 
CO -11.0 

 
• Air Toxics 
 
The EPA also investigated the impact of biodiesel on the unregulated air toxics.  They 
investigated the impact on eleven of the fourteen non-metal, non-MTBE air toxics.  The 
emissions impact on the aggregate toxics are shown in Figure 4-5. 
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Figure 4-5 Air Toxics Emission Impacts of Biodiesel Fuel 
 
With respect to the individual toxics the EPA classified them into Tier 1 compounds, where the 
emission results were largely consistent with one another and there was a reasonable degree of 
confidence in the results, Tier 2 compounds where the data was not entirely consistent but 
directional effects could be estimated and Tier 3 compounds for which no clear conclusions 
could be reached. 

The Tier 1 compounds and the impact of a 20 vol% blend are summarized in Table 4-21. 

Table 4-21 Air Toxics Emission Impacts of 20 vol% Biodiesel Blend 

Parameter Percent Change in Emissions 
Acetaldehyde -3.2 
Ethylbenzene -13.9 
Formaldehyde -3.4 
Naphthalene -5.7 

Xylenes -8.2 
 

• Greenhouse Gases 
 

   

The greenhouse gas emissions of biodiesel produced and consumed in Canada were reported 
on in work done for Natural Resources Canada in 2002 (Levelton Engineering, 2002). There 
have been some upgrades to the model since that work was done and for this work, the 
GHGenius model (version 2.3) has been adjusted to represent BC conditions. Transportation 
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distances have been set for diesel fuel and for the biodiesel based on the likely source of the 
products. The electricity has been set to the BC values for those production processes that 
would happen in BC. The full lifecycle emissions results for different blends and different sources 
of biodiesel are summarized in Table 4-22. The overall impact of the biodiesel is very similar to 
that reported in the previous work. 

Table 4-22 Lifecycle GHG Emissions for 20% Biodiesel Blends 

Diesel Fuel Biodiesel Biodiesel Biodiesel 
  Canola Soyoil Animal Fat 
 g/mile g/mile g/mile g/mile 
Vehicle operation 2,009.6 2,008.8 2,008.8 2,008.8 
C in end-use fuel from CO2 in 
air* - -376.8 -376.8 -376.8 

Net vehicle operation 2,009.6 1,631.9 1,631.9 1,631.9 
Fuel dispensing 1.2 1.2 1.2 1.2 
Fuel storage and distribution 26.4 33.9 28.8 26.4 
Fuel production 215.3 230.6 248.8 300.5 
Feedstock transport 2.6 8.3 15.7 13.7 
Feedstock and fertilizer 
production 315.5 404.2 438.8 254.6 

Land use changes and 
cultivation - 95.9 439.8 0.0 

CH4 and CO2 leaks and flares 87.4 71.5 71.5 70.5 
Emissions displaced by co-
products 0.0 -144.6 -544.5 -135.9 

Sub total (fuel cycle) 2,658.0 2,332.9 2,332.1 2,163.0 
% changes (fuel cycle)  -12.2- -12.3 -18.6 
Vehicle assembly and transport 14.6 14.6 14.6 14.6 
Materials in vehicles 60.0 60.0 60.0 60.0 
Grand total 2,732.6 2,407.5 2,406.7 2,237.6 
% changes (grand total)     -- -11.9 -11.9 -18.1 
* Carbon removed from the air by photosynthesis during the growth of the biomass feedstock 

used to produce the biodiesel.  

Table 4-23 GHG Emissions Summary – Biodiesel 

 Canola Biodiesel Soy Biodiesel Animal Fat Biodiesel 

 % Reduction GHG vs. 
petroleum diesel 

% Reduction GHG vs. 
petroleum diesel 

% Reduction GHG vs. 
petroleum diesel 

B2 -1.2 -1.2 -1.8 
B20 -11.9 -11.9 -18.1 
B100 -63.0 -63.2 -93.5 

 

Biodiesel produced from animal fats produces the largest reduction in GHG emissions due to the 
lack of emissions associated with production of the feedstock (Table 4-23). This feedstock is 
produced in British Columbia and is usually available at a lower cost than Canola oil or Soy oil.  
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4.3.2.5 Cost 

• Fuel 
 
The current selling price of biodiesel in the United States is 76 cents per litre (Alternative Fuels 
Index). There are some blending costs associated with biodiesel, but in the US these appear to 
be absorbed in the price of the biodiesel component.  The biodiesel portion of a biodiesel/diesel 
blend is exempt from federal and BC Provincial tax. Biodiesel became exempt from BC 
provincial tax in July, 2004. The following table shows the fuel cost with and without provincial 
tax exemption and the overall fuel cost per mile. For the fuel cost per kilometer, it is assumed 
that the vehicle achieves a fuel economy of 47 litres/100 km (6 miles/Imp Gal) on diesel fuel and 
47.5 litres/100 km on B20 (equivalent energy efficiency). 

Table 4-24 Biodiesel B20 Operating Cost 

 Diesel Fuel Biodiesel with tax 
incentive 

Biodiesel without tax 
incentive 

Diesel Fuel 35 cpl 28 cpl 28 cpl 
Biodiesel - 15.2 cpl 15.2 cpl 
Federal tax 4 cpl 3.2 cpl 4 cpl 
Provincial tax 21 cpl 16.8 cpl 21 cpl 
Total cost 60 cpl 63.2 cpl 68.2 cpl 
Total cost per km 28.2 ¢/km 30.0 ¢/km 32.4 ¢/km 
 

Biodiesel can be produced from animal fats for less cost than producing it from vegetable oils. In 
the United States biodiesel is produced from both feedstocks. The marginal producers are the 
ones that use the vegetable oils and thus they generally set the market price. It may be possible 
in a relatively remote market such as British Columbia, which has not yet developed as a 
biodiesel producer or consumer, to establish biodiesel market prices that are based on animal 
fats and are thus lower than the average North American prices. This would improve the 
economics shown in the above table. If this were to happen, the biodiesel with tax incentives 
would likely be less expensive than diesel fuel. 

The cold weather properties can be improved with the addition of cold flow improver. These 
additives typically add one cent per litre to the cost of the B20 fuel (~0.5 cents/km). It may be 
possible to use biodiesel in the lower mainland without the additive depending on the 
characteristics of the diesel fuel used for blending. In any event, the additive would only be 
required for two to three months per year. They are more likely to be required with biodiesel 
produced from animal fats than from vegetable oils. 

• Vehicle 
 
There are no incremental vehicle costs associated with the use of biodiesel other than a fuel filter 
replacement after the starts using the biodiesel blend. 
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Table 4-25 Summary Biodiesel B20 

Parameter Impact 
Operating Cost +1.8 to +4.2 cents/km 
Sulphur emissions -20% 
Particulate Matter -10% 
NOx emissions +2% 
HC emissions -20% 
Air Toxics -4% 
GHG emissions -12 to -18% 
 

4.3.3 Ethanol Diesel Blends 

Ethanol is not generally soluble in diesel fuel and it requires a third component to create a viable 
fuel in the form of a micro-emulsion commonly called E-diesel. A micro-emulsion is a chemically 
and thermodynamically stable ultra-fine (or colloidal) dispersion of a dispersed liquid phase in an 
immiscible host phase. A micro-emulsion is clear, like a solution, but actually consists of droplets 
or micelles dispersed in the host phase.  The micelle size is roughly one micron. A surfactant 
additive called an emulsifier and a small amount of water are typically required for formation of a 
micro-emulsion.  

E-diesel micro-emulsions appear to have been first described by Borough and co-workers in 
1982.  Since that time emulsifier technology has advanced and today less than 1 volume percent 
of an emulsifier is required in some cases.  Stability is much less of a concern for micro-
emulsions as these have proven stable for extended periods. However, stability of E-diesel 
micro-emulsions under a range of storage conditions still need to be demonstrated. 

Emulsifiers are known to extend the stability of ethanol-diesel blends to lower temperatures at 
ethanol blending levels as high as 15% or even 20% in conventional No. 2 diesel. Different 
additive packages are presently available from several different suppliers, and several of the 
known emulsifiers or emulsifier manufacturers are listed in the following table. For a 15% ethanol 
blend the emulsifier blending level ranges from 0.75 to 5%, depending upon the base fuel 
properties and additive supplier.  Conventional diesel fuel has a nominal aromatic content of 
30%. Detailed data on the efficacy of emulsifiers as a function of temperature and fuel aromatic 
content do not appear to be publicly available. However, some manufacturers have successfully 
tested their product with nominally 10% aromatic fuels and Swedish Class 1 diesel. Most 
manufacturers have not optimized emulsifier and ethanol blending levels and thus the numbers 
in Table 4-26 should be regarded as current practice only.   

Table 4-26 Emulsifier Manufacturers and Blending Levels 

Emulsifier Producer Preferred Ethanol Level 
(Volume %) 

Emulsifier Level 
(Volume %) 

AAE Technologies, Inc/Octel Starreon, LLC 7.7 or 10 0.5 

Akzo-Nobel 10 to 15 1 to 4 
Betz-Dearborn, Inc. 5, 10 or 15 0.25, 0.35-0.75, or 1 
Pure Energy Corporation 5 to 15 1 to 5 
Biodiesel 10 10 
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4.3.3.1 Product Description and Characteristics 

O2Diesel is a specific blend of E-diesel fuel and an additive marketed in North America by Octel-
Starreon. It contains typically 7.7% ethanol, the additive (~0.5%) and the remainder diesel fuel. 
There are a number of manufacturers and organizations that are marketing or promoting ethanol 
diesel blends in North America. Up to 15% ethanol is routinely used in some E-diesel fuels.  The 
O2Diesel fuel has been actively promoted and tested in Canada and there has been some 
interest shown in the product by some fleets in British Columbia. It is a micro-emulsion. 

Emulsifiers are also known to improve the water tolerance of ethanol-diesel blends. An emulsifier 
is required, even at 5% ethanol, for the fuel to remain a single phase in the presence of water 
and provision of water tolerance is a main function of emulsifiers. In addition to emulsifier effects, 
a number of other benefits are claimed for the emulsifiers. These include improved lubricity, 
detergency, and low temperature properties.   

Because of the low cetane number of ethanol (on the order of 8) the additive package (i.e. the 
emulsifier plus other additives) must also include a cetane-enhancing additive such as 
ethylhexylnitrate or ditertbutyl peroxide.  Depending upon the cetane additive blending level, the 
E-diesel cetane number can be increased relative to that of the blending diesel. 

The properties for diesel fuel are defined by the CGSB and ASTM specifications. The list of 
properties included in these specifications, testing methods, and specified property ranges or 
values, are shown in Table 4-27. Also included in the table are a number of other fuel properties 
that, while not included in CGSB, may be important for E-diesel utilization. Many of the results 
included in the table were supplied by Growmark (2001) where emulsifiers supplied by different 
manufacturers (additives A, C, and D) were used to prepare E-diesel from the same diesel and 
fuel ethanol blending stocks. The properties of the blending diesel before addition of ethanol are 
also included in the table. Additive B was blended with Swedish MK-1 diesel. Data on additive B 
and E-diesel produced using biodiesel are not truly comparable to that for the other fuels as they 
are from different studies using different base diesel fuels.   

Flash point is the lowest temperature at which the vapour pressure of a liquid is sufficient to 
produce a flammable mixture in the air above the liquid surface in a vessel. Vapour pressure is a 
related property (not a part of the CGSB diesel specification), which is defined as the pressure 
exerted by a vapour over a liquid in a container at a specified temperature. Vapour pressure and 
flash point are important from both a fire safety standpoint and from the standpoint of 
evaporative hydrocarbon emissions. Typical combustion safety metrics for diesel, ethanol  
(100%) and gasoline are listed in the following table. The flash point for ethanol-diesel blends is 
very similar to the flash point of pure ethanol, which is as much as 50°C lower than that of typical 
diesel.   

 



 
Property 

 
ASTM 

Method 

 
Units 

On-Road 
Diesel 

Blending 
Diesel 

Additive A 
E-Diesel 

Additive B 
E-Dieseld

Additive C 
E-Diesel 

Additive C 
E-Diesel 

Additive D 
E-Diesel 

Additive D 
E-Diesel 

Ethanol Content  vol% -- -- 10 10 10 15 10 15 
CGSB 3.6-M90:           
Flash Point D93 °C, min 40 58 13 <24 13 13 14 13 
Water and Sediment D1796 vol%, max 0.05        
Distillation T90 D86 °C, min 290 318 314  314 314 313 313 
  °C, max 360        
Kinematic Viscosity 
40°C D445 mm2/s, min 1.3   1.73     

  mm2/s, max 3.6        
Ash Content D482 wt%, max 0.01        
Acid No. D974 Mg KOH/g 0.10 0.004 0.009  0.010 0.010 0.010 0.010 
Sulphur D2622 wt%, max 0.05 <0.05  <3 ppm     
Corrosion, Copper 
strip D130 max No. 1   1A     

Cetane Number D613 min 40 42 52 52.6 51 47 51 44 
Cloud Point D2500 °C, max  -19 13 -37 20 18 27 16 
Carbon Residue D524 wt%, max 0.10        
Cetane Index  D976 min 40        
Electrical Conductivity D2624 pS/m, min 25 280 450  450 450 450 450 

Other Properties:           
Pour Point  D97 °C -- -29 -54  -32 -46 -46 -54 
Specific Gravity D4052  -- 0.8628 0.8565 0.81 0.8519 0.8519 0.8565 0.8519 
Distillation IBP D86 °C  176 76  76 76 76 76 
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Note: Additives A, C, and D blended with listed blending diesel. Additive B blended with Swedish MK-1 diesel 

Table 4-27 Properties of Conventional Diesel Fuels and Various E-diesel Products.   
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4.3.3.2 Vehicle Applications and Performance Effects 

There are a number of concerns regarding engine performance. These include the idea that the 
solvency effect of ethanol might loosen deposits in older vehicles causing breakdowns. Another 
concern is that because of E-diesel’s higher volatility there may be greater incidence of pump 
and injector cavitation, leading to increased wear and hot restart problems.  Ethanol’s impact on 
exhaust emissions and energy efficiency are addressed below.  

Currently engine manufacturers will not warranty their engines for use with E-diesel because of 
not only concerns about safety and liability, but also materials and component compatibility. A 
large body of test data acquired in close co-operation with the OEM’s will be necessary to 
address this issue. 

Ethanol is chemically very different from diesel fuel components and will interact differently with 
elastomers and metal surfaces.  This may also be true for emulsifier chemicals. It may also be 
that some emulsifiers protect the elastomers and metals from “seeing” the ethanol and materials 
compatibility issues are not significant. There may also be a difference from one emulsifier to 
another. 

Demonstration of similarity of E-diesel with conventional diesel fuel in terms of materials 
compatibility is a necessary prerequisite to engine durability testing.  If similarity cannot be 
demonstrated, an understanding of what materials must be replaced and of suitable 
replacements must be obtained. Engine durability testing and fleet studies are the ultimate test 
of materials compatibility.  However, if certain materials need to be replaced on engines using E-
diesel this should be known before initiation of durability or fleet studies.   

A number of field demonstrations of E-diesel are ongoing or have recently been completed. Only 
a few of these studies are described here. Marek (2001) recently described several studies and 
this description is briefly summarized here. In 1999, Archer-Daniels-Midland (ADM) began a test 
using three new 1999 Mack trucks equipped with Mack E7 engines. Two of the trucks were 
operated on Pure Energy Corporation (PEC) E-diesel with 15% ethanol (E-15) while the third 
was operated on diesel as a control. These trucks have each accumulated more than 270,000 
miles with no fuel related problems. A second field test of PEC E-15 was initiated at the Chicago 
Transit Authority, also in 1999. Fifteen E-diesel buses and fifteen controls were operated for 
roughly 20,000 miles each. No fuel related problems were encountered, and fuel economy for 
the two fifteen vehicle fleets was identical. A number of farm equipment tests have also been 
reported with no fuel-associated problems. One difficulty with studies of this type is the lack of 
statistical analysis, a particularly important requirement for field demonstrations because of the 
relatively high uncertainty associated with real-world data.  

The City of Winnipeg has completed a significant 10 month trial of O2Diesel fuel in 10 city buses.  
Six of the buses were two stroke engines and four were newer four stroke engines. This trial was 
undertaken over the winter months and there reportedly were no weather related issues with the 
fuel (AAE Technologies). There was also no difference in maintenance performance on the four 
stroke engines. 

While the field demonstrations suggest that E-diesel will not cause engine durability problems, 
they do not eliminate the need for more carefully controlled laboratory durability studies of 
engines and engine components. A 500-hour durability test using PEC 15% E-diesel was 
recently completed by the University of Illinois (Hansen, et al., 2000) using a Cummins B5.9 
engine. Because the expense of running a controlled study was too great (i.e. running two 
500-hour durability tests in parallel) the study relied on examination of engine components for 
abnormal wear and analysis of the lubricant for abnormal levels of wear metals.  The study found 
that E-diesel promotes abnormal wear and corrosion on certain parts of the Bosch fuel pump and 



 

   

 

403-0630 Emission Reduction Options for Heavy Duty 
Diesel Fleet Vehicles in the Lower Fraser Valley 

52

 

fuel injectors. There was also a materials incompatibility problem with an electronic sensor on 
the fuel pump. The excessive fuel pump wear was thought to be caused by excessive backlash 
in the timing device because of high fuelling rates, and thus may have been caused by the lower 
energy content of the E-diesel. On the positive side, there was no increase in metal 
contaminants in the lubricant and use of E-diesel appeared to reduce the amount of injector 
nozzle coking relative to petroleum diesel. 

Some investigators have reported increases in engine power with E-diesel blends in some 
engines and have reported decreases in engine power with others (Hansen, 2001a, 2001b).  
The results appear to be specific to the engine and may be related to the capacity of engine 
peripherals such as fuel pumps rather than the inherent properties of the fuels. 

4.3.3.3 Fuel Implementation Considerations 

Ethanol diesel blends can not be considered as a commercial fuel anywhere in the world.  There 
are a number of trials and demonstrations underway in Canada and in the United States that are 
gathering valuable experience with the handling and use of the fuel. Some of the essential 
issues that must be addressed before the fuel is likely to see widespread adoption are discussed 
in the following sections. 

The National Renewable Energy Laboratory has prepared an evaluation of the technical barriers 
to the use of ethanol in diesel fuel (NREL 2001a) and forms the basis of the information in this 
section. 

An E-Diesel task force has been established under the auspices of the Renewable Fuels 
Association to begin the process of registering E-Diesel with the EPA. This process will likely 
take several years to complete and the full commercialization of the fuel in the US will not be 
possible until the process is completed. To complete registration, products must be subjected to 
at least a two- and possibly three-tier toxicological testing program. Tier 1 requires 
manufacturers to provide combustion and evaporative emissions characteristics and a literature 
search of existing scientific information on public health and welfare effects of the emissions. If 
inadequate data exists, manufacturers are required, under Tier 2, to conduct specified toxicology 
tests to screen for potential adverse health effects of the fuel’s emissions. These include 90-day 
subchronic toxicity test on rodents with additional health effects testing for carcinogenicity, 
mutagenicity, teratogenicity, reproductive toxicity, toxicity, and neurotoxicity. Tier 3 testing, which 
entails additional toxicological tests, may be required at EPA’s discretion after reviewing the Tier 
1 and Tier 2 results, although this is highly unlikely.  

Special provisions and waivers for small manufacturers are included in the EPA registration 
process, and manufacturers of baseline and non-baseline fuels with total annual sales of less 
than $50 million are not required to meet the requirements of Tier 1 and Tier 2 until sales reach 
this threshold. The existing marketers of E-diesel fuels in the US are using this provision. 

There is not a similar program in Canada so E-Diesel could be commercialized here in a much 
shorter time frame. Commercialization efforts in Canada may be hindered by the lack of full 
approval in the US however. 

The National Fire Protection Association (NFPA) guidelines for the safe storage and handling of 
flammable liquids (NFPA 30, 1996) uses flash point to distinguish between different liquid fuels. 
Addition of ethanol to diesel fuel changes its NFPA classification to Class I.  This means that E-
diesel has more stringent storage requirements than conventional diesel, including more distant 
location of storage tanks from property lines, buildings, other tanks, and vent terminals, as well 
as the requirement of flame arrestors on all vents.  Essentially E-diesel must be stored and 
handled like gasoline. This places a considerable end user education burden on the industry to 
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insure that the product is properly transported, stored, dispensed and used. The need for 
distributors and end users to make modifications to storage tanks and fuel handling equipment 
will also have significant cost. Some stakeholders in the E-diesel industry believe that low-flash 
point limits the market to centrally refuelled fleets, where there can be considerable control over 
fuel handling.   

Furthermore, the low flash point may create safety issues with the engine fuel system design. 
Equipment manufacturers that permit use of E-diesel may be exposing themselves to liability. 
OEM’s view the low flash point as a major hurdle, especially in the existing fleet. 

Some progress has recently been made with the use of flame arrestors in the fuel tanks when E-
diesel was stored in the tanks (NREL, 2003b). Some flame arrestor designs were capable on 
stopping a spark at the fuel filler mouth from igniting the vapour in the fuel tank. More work is 
required in this area but it may be that a relatively simple mechanical solution to the problem 
may be found. 

Emulsifier manufacturers claim that their products make ethanol-diesel blends tolerant of 
reasonable water content without phase separation. For example, recent presentations and 
product literature from Pure Energy Corporation and Betz Dearborn indicate tolerance of up to 
3% water under some conditions. It would be desirable for emulsifier manufacturers to publish 
more detailed data quantifying the water tolerance of their products in diesel fuel of varying 
properties.  For both ethanol solubility and water tolerance a minimum requirement for E-diesel 
needs to be specified.  No data on the water tolerance of diesel/biodiesel/ethanol blends appear 
to be available. 

A related issue is the stability of E-diesel blends. While PEC claims their E-diesel formulation is 
stable to -30°C (-22°F), stability in a range of diesel fuels over a range of normal temperatures 
and water content needs to be proven. Stability when E-diesel is blended with conventional 
diesel already present in a tank (commingling) is also an issue. Maintenance of a stable micro-
emulsion for a period of several months would seem to be required at a minimum, although 
discussions with users and stakeholders will be required to quantify the storage time 
requirements. In addition to stability with respect to phase separation, oxidative and biological 
stability also need to be examined. Finally, the stability of the emulsifier additives during storage 
must also be proven. 

Because of the very low freezing point of ethanol relative to diesel fuel, it might be expected that 
E-diesel would have improved low temperature flow properties, as long as the ethanol remains 
soluble. All emulsifier manufacturers claim that their products make ethanol soluble to very low 
temperatures. In fact, most additive manufacturers claim improved low temperature 
performance. In support of this claim, the data in Table 4-27 indicate a very significant pour point 
depression for most E-diesel formulations. However, the cloud point data indicate a significant 
increase. The cloud point data (thought to be indicative of phase separation) are difficult to 
interpret in this regard because cloud point appears to increase significantly, and to levels that 
seem unrealistic for a practical fuel. Engineers in the E-diesel industry believe that upon cooling 
of E-diesel micro-emulsions the micelles grow to near micron size causing a clouding of the fuel. 
These ethanol micelles are liquid and will apparently flow through a fuel filter.  This is in contrast 
to the cloud point of a conventional diesel, which indicates the onset of formation of solid wax 
crystals that can plug a fuel filter. Inclusion of the cold filter plugging point (CFPP) test may 
therefore be desirable in future E-diesel property measurements. Because of the relatively high 
cost and limited availability of No. 1 diesel and kerosene in some markets, the ability to use E-
diesel during the winter months may have an economic advantage should the claims regarding 
cold flow properties be substantiated. 
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The blending cetane number of ethanol is 8 and ASTM D975 requires a minimum cetane 
number of 40 for a diesel fuel.  There is considerable evidence that cetane numbers below 40 
cause poor engine operation and increasing cetane number can improve engine performance 
and reduce emissions. Addition of a cetane-enhancing component is required for E-diesel to 
retain the performance level of the blending diesel fuel. Because cetane-enhancing additives are 
expensive, the lowest cost approach is to use only enough cetane additives to bring cetane 
number of the E-diesel up to the level of the blending diesel fuel. However, use of additional 
cetane additive may be desirable to reduce NOx emissions and to allow marketing as a premium 
diesel fuel.  

Ethanol is not expected to impart increased lubricity to diesel fuel. However, most emulsifier 
manufacturers claim that the emulsifier itself can impart improved lubricity. This would seem to 
be born out by data made public by PEC that shows premium lubricity properties (i.e. HFRR of 
less than 300 micron and SLBOCLE of more than 5200 g).  Demonstration of good lubricity 
properties will be important for obtaining warranty acceptance for E-diesel by engine and fuel 
pump/injector manufacturers. Additionally, as the sulphur content of conventional diesel is 
lowered to 15 ppm in the coming years it is expected that fuel lubricity will decrease. Better 
quantification of the effect of E-diesel on fuel lubricity for both conventional and ultra-low sulphur 
fuels is needed. Because this may be an area where E-diesel has premium properties relative to 
conventional diesel the inclusion of lubricity in an E-diesel standard may be desirable. 

4.3.3.4 Emissions Impact 

• Criteria Emissions 
 
Regulated pollutant emissions for E-diesel fuels produced by three manufacturers have been 
reported (Spreen, 1999; Kass, et al., 2003; Peeples, 2001). As shown in Figure 4-6, studies at 
three different laboratories show comparable PM emissions benefits for all three forms of E-
diesel examined, with the observed PM reduction a linear function of fuel oxygen content. 
However closer examinations of the data indicates significant variation in PM emissions with E-
diesel formulation, and in some cases PM emissions reductions in excess of 30% have been 
obtained at 7.7% ethanol. E-diesel developers claim large reductions in smoke opacity as well.    
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Figure 4-6 PM Emissions for E-Diesel 
 
The three studies cited above show clear and consistent PM emissions benefits. However, other 
studies have shown a PM increase over the AVL 8-mode tests (Sluder, et al., 2001) or PM 
decreasing over only a fraction of the engine map (Cole, et al., 2001). Additional studies will be 
required to fully understand potential emissions benefits for all engine models and driving cycles.  

The particulate matter emissions can be expected to be reduced by 2-3 times the volume 
percentage of ethanol in the blend.  In the case of O2Diesel with a 7.7% ethanol blend, the test 
data suggests that PM emissions will be 25% lower than the diesel fuel. 

The situation for CO emissions is less clear, but given observed correlations between CO and 
PM (Yanowitz, et al., 1999) it seems likely that CO emissions are decreasing in concert with PM 
emissions on a cycle average basis. Many reports indicate a lower rate of reduction for CO 
compared to PM. Results for both AAE and PEC E-diesel showed a 15 to 20% decrease in 
emissions of CO (at 10% ethanol content). The O2Diesel blend can be expected to decrease 
carbon monoxide emissions by 18%. 

Sulphur emissions will be a function of the fuel sulphur contents and are treated that way in the 
model. Since ethanol has essentially zero sulphur, a 10% ethanol blend will reduce the sulphur 
emissions by 6.2% (the portion of the energy supplied by the ethanol). 

It is likely that addition of ethanol will have no effect on cycle average NOx emissions as long as 
the cetane number of the E-diesel is matched to that of the blending diesel. If the emulsifier 
package is formulated to increase the cetane number relative to the base fuel by 5 or more 
cetane numbers, it may be possible to realize NOx benefits.  
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Total hydrocarbon emissions increase with ethanol diesel blends by up to 200%, but are still an 
order of magnitude below the hydrocarbon emissions standard for heavy-duty engines.  

The increase in hydrocarbon emissions is likely to be all ethanol, but this must be confirmed. It is 
also possible that the emulsifier could be contributing to hydrocarbon emissions. Thus, a detailed 
study of speciated hydrocarbon and carbonyl emissions is needed.  

• Air Toxics 
 
There is no public information available on the air toxics emissions of O2Diesel or other ethanol 
diesel blends. Given that the fuel contains ethanol, there may be small increases in emissions of 
acetaldehydes. Air toxics emissions are likely dominated by the particulate matter emissions 
arising from the diesel fuel. 
 
• Greenhouse Gases 
 
The lower heating value of ethanol is 42% lower than that of a typical diesel fuel on a volume 
basis. Blending of ethanol with diesel lowers the volumetric energy density in proportion to the 
ethanol content of the fuel as shown in the calculated heating values in the table. The lower fuel 
energy content will translate directly into a lowering of miles per gallon fuel economy. The engine 
efficiency, in terms of BTU consumed per unit of power produced, does not appear to change 
when ethanol is added in the zero to 15% range. At some blending level modification to the fuel 
injection system to allow injection of larger quantities of fuel is likely to be required for engine 
performance and for fuel injector/pump durability.   

Table 4-28 Heating Value of Diesel, Ethanol and Blends 

Fuel LHV, BTU/US gal (MJ/L) % Decrease from Diesel 
Typical Diesel 132,000 (36.6) -- 
5% Ethanol/Diesel 129,222 (35.8) 2.1 
10% Ethanol/Diesel 126,443 (35.1) 4.2 
15% Ethanol/Diesel 123,665 (34.3) 6.3 
Ethanol 76,431 (21.3) 42 
 
Engine test summaries supplied by AAE (Malynowsky, 2002) indicate that exhaust carbon 
dioxide did not change with 7.7 and 10% ethanol in a variety of diesel fuels. This is consistent 
with no change in the thermal efficiency of the engine. 

Overall, vehicle efficiency is slightly lower with E-diesel as more fuel must be carried to travel the 
same distance. GHGenius automatically calculates this additional fuel, additional vehicle weight 
and the additional energy required. 

The GHG emissions of ethanol diesel blends are then primarily a function of the lower emissions 
associated with the production and use of ethanol. For a blend of 7.7% ethanol made from wheat 
in Western Canada and used in BC, the lifecycle GHG emissions are expected to decrease by 
2.8% compared to 100% diesel fuel. Details are shown in the following table. 
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Table 4-29 Lifecycle GHG Emissions for 7.7% Ethanol Diesel Blends 

E-Diesel Diesel Fuel 
Ethanol from Wheat  

g/mile g/mile 
Vehicle operation 2,009.6 2,010.0 
C in end-use fuel from CO2 in air* - -95.0 
Net vehicle operation 2,009.6 1,915.0 
Fuel dispensing 1.2 1.2 
Fuel storage and distribution 26.4 29.4 
Fuel production 215.3 261.3 
Feedstock transport 2.6 3.5 
Feedstock and fertilizer production 315.5 325.9 
Land use changes and cultivation - 27.4 
CH4 and CO2 leaks and flares 87.4 83.1 
Emissions displaced by co-products 0.0 -64.6 
Sub total (fuel cycle) 2,658.0 2,582.2 
% Changes (fuel cycle)  -2.8 
Vehicle assembly and transport 14.6 14.6 
Materials in vehicles 60.0 60.0 
Grand total 2,732.6 2,656.8 
% Changes (grand total)     -- -2.8 
* Carbon removed from the air by photosynthesis during the growth of the biomass feedstock 

used to produce the ethanol. 

4.3.3.5 Cost 

• Fuel 

Ethanol costs more than diesel fuel and thus widespread use of ethanol diesel blends will require 
either the customer to pay more for the fuel, or some relief from provincial and federal fuel taxes.  

Ethanol diesel blends also require an additive to keep the two components in suspension. The 
costs of these additives are guarded by the manufacturers but it is likely that they add at least 
one to two cents to the blend cost depending in part on the quantity of additive required 
(O2Diesel). The cost of the additive essentially lowers the value of the ethanol. 

Ethanol attracts a lower rate of tax from the federal government and from many of the provinces 
when it is blended with gasoline. This lower rate of tax makes up for the higher cost of producing 
ethanol and results in the after tax cost of gasoline and ethanol gasoline blends being similar. 
Several issues must be considered when looking at diesel ethanol blends. 

The current selling price of ethanol in the United States is about 46 cents per litre (Alternative 
Fuels Index). There would be some transportation costs involved in transporting the ethanol, so 
the landed price would be about 50 cents per litre. There is no open market in Canada for 
ethanol and the value of ethanol as a gasoline component is higher than 50 cents per litre in 
many provinces so the costs shown in the following may be low. The ethanol in E-Diesel is 
exempt from federal level and provincial fuel tax in British Columbia. The following table shows 
the impacts of the fuel costs per mile with and without the exemption from provincial fuel tax. For 
this calculation, it is assumed that the vehicle achieves a fuel economy of 47 litres/100 km (6 
miles/Imp Gal) on diesel fuel and 48.4 litres/100 km on a 7.7% ethanol diesel blend (equivalent 
energy efficiency). 
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Table 4-30 E-Diesel Operating Cost 

 Diesel Fuel 
7.7% Ethanol 
with Prov. tax 

incentive 

7.7% Ethanol 
without Prov. 
tax incentive 

7.7% Ethanol 
without any tax 

incentive 
Diesel Fuel 35 cpl 32.2 cpl 32.2 cpl 32.2 cpl 
Ethanol - 3.85 cpl 3.85 cpl 3.85 cpl 
Additive  2.0 cpl 2.0 cpl 2.0 cpl 
Federal tax 4 cpl 3.68 cpl 3.68 cpl 4 cpl 
Provincial tax 21 cpl 19.32 cpl 21 cpl 21 cpl 
Total cost 60 cpl 61.05 cpl 62.73 cpl 63.05 
Total cost per km 28.2 ¢/km 29.55 ¢/km 30.36 ¢/km 30.52 ¢/km 
 
• Vehicle 
 
There are no extra vehicle costs that would be required for this fuel based on the results of the 
various fleet trials that have been undertaken. 

The summary of the impacts of E-Diesel is shown in the following table. 

Table 4-31 Summary E-Diesel (7.7% Ethanol) 

Parameter Impact 
Operating Cost +1.35 to +2.32 ¢/km 
Sulphur emissions -4.8% 
Particulate Matter -25% 
NOx emissions No change 
HC emissions + 100% to +200% 
Air Toxics No data 
GHG emissions -2.8% 
 

4.3.4 Fuel Blends Summary 

The fuel blends reviewed in this section are compared in Table 4-32. The detergent and cetane 
additives from the previous section are shown for comparison. Larger emission reductions are 
generally available with the fuel blends than with the additives. The additional costs for the fuel 
blends are a function of the tax incentives that are either available or could be available to the 
fuels. 
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Table 4-32 Summary Fuel Blends 

Parameter PuriNOx Biodiesel E-Diesel Detergents Cetane 
Additives 

Operating Cost -2.8 to +8.9 
¢/km 

+1.8 to +4.2 
¢/km 

+1.35 to 
+2.32 ¢/km -0.5 ¢/km +0.15 ¢/km 

Sulphur emissions No change -20% -4.8% No change No change 
Particulate Matter -20 to -50% -10% -25% -5 to -10 % -1.9% 
NOx emissions -10 to -20% +2% No change -10 to +6% -2.5% 

HC emissions +30 to 
+100% -20% + 100% to 

+200% -7 to +6% -15.3% 

Air Toxics 

Some 
increase, 

some 
decrease 

-4% No data No data Significant 
reductions 

GHG emissions 1-2% lower -12 to -18% -2.8% -2% No change 
 

4.4 ALTERNATIVE FUELS  

The modified fuels and fuel blends are designed to work in the majority of unmodified engines. 
There are also alternative fuels that can be used to provide emission benefits, but that require 
modified engines to be utilized. Three of them are discussed here: natural gas; propane; and 
blends of hydrogen and natural gas. 

4.4.1 Natural Gas 

Natural gas has been used as a transportation fuel in North America for the past 20 years. The 
original driving force was a desire to reduce oil consumption and in recent years the fuels ability 
to reduce exhaust emissions has become a significant driver. The early applications of natural 
gas were light duty vehicles and while these are still important, the use of natural gas as a fuel 
for medium and heavy-duty vehicles is a growing market. 

4.4.1.1 Product Description and Characteristics 

Natural gas is composed primarily of methane with small amounts of ethane, propane, butane 
and inert gases such as nitrogen and carbon dioxide. The natural gas used for transportation is 
the same fuel that is used for home heating and other industrial applications. The density of the 
fuel is very low and it must be increased to store a reasonably quantity on board a vehicle. The 
most common method is to compress the fuel to 3,600 psi (about 290 times it’s normal density) 
or for some applications, it is cryogenically liquefied (about 600 times its original density). 

Natural gas has a high octane rating (~130) and therefore a low cetane rating. It is therefore best 
suited to spark ignited engines rather than compression ignited engines.  Since most medium 
and heavy-duty engines are compression ignition engines, for natural gas applications they are 
converted to spark ignition engines. This conversion involves reduction in the compression ratio 
and there is usually a drop in the efficiency of the engine. 
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4.4.1.2 Vehicle Applications and Performance Effects 

Medium and heavy-duty natural gas engines are offered by Cummins Westport, John Deere. 
Detroit Diesel, Mack and Caterpillar. Engines are available from 150 hp to 410 hp. These 
engines are typically used in transit buses, refuse haulers, delivery trucks, and in some class 8 
heavy-duty trucks. 

The engines that are used in the medium duty sector are diesel engines with typically less than 
300 BHP. Typical of the natural gas engines used in this sector are the Cummins Westport B 
Gas Plus and C Gas Plus engines and the Detroit Diesel Series 50G engines. 

There have been a number of published reports on the comparison between diesel engines and 
natural gas engines in the medium duty sector. Several of the reports that compared similar 
engines and vehicles are summarized below. 

A recent program (Kamel, et al., 2002) tested pre-production 2001 Cummins Westport C Gas 
Plus engine and compared its performance against similar 1997 Cummins C8.3 engines. In this 
program, the vehicles were tested both on chassis dynamometers and in fleet use. Both engines 
were equipped with oxidation catalysts. The engines are compared in the following table. 

Table 4-33 Comparison of Cummins Diesel Engine and Cummins Westport Natural 
Gas Engine 

 Diesel Natural Gas 
Engine Model C8.3-275 C Gas Plus 
Horsepower 275@1800 280@2400 
Torque 860 ft-lb@1300 850 ft-lb@1400 
Compression ratio 17.3:1 10:1 
Vehicle Make and Model Freightliner FL70 Ford L8000 
Unladen vehicle weight 10,900 13,160 

 
The vehicles were tested on two driving cycles on a dynamometer, the Urban Dynamometer 
Driving Schedule and a driving cycle designed to replicate the actual operation of the trucks in 
revenue service. The results from these tests are shown in Table 4-34.  

The onroad fuel economy was monitored over a 12 month period for both the diesel and natural 
gas trucks.  The natural gas trucks recorded 5.17 mpg of diesel equivalent while the diesel trucks 
achieved 6.73 mpg. The natural gas trucks used 30% more energy in fleet service.  The natural 
gas trucks only recorded about one half of the miles that the diesel trucks ran during the year. 
This may have had a small impact on fuel economy. 

Cummins engines were also in the United Parcel Service fleet test (Chandler, et. al., 2002). 
Fifteen natural gas vehicles with Cummins Westport B5.9G engines were tested and compared 
to three diesel trucks with Cummins 5.9 engines. The NG engines produced 195 HP whereas the 
diesel engines produced only 160 HP. The vehicles traveled approximately 50,000 miles and the 
natural gas vehicles were reported to use 27.5% more fuel on an energy equivalent basis. 
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Table 4-34 Dynamometer Test Results 

Diesel Engine Natural Gas Engine % Change  
g/mile g/mile  

Carbon monoxide    
 UDDS cycle 0.76 0.044 -94.2 
 Viking cycle 0.49 0.033 -93.3 
NOx    
 UDDS cycle 14.0 10.3 -26.4 
 Viking cycle 10.7 5.89 -45.0 
THC    
 UDDS cycle 0.44 10.9 2,377 
 Viking cycle 0.26 6.6 2,438 
Methane    
 UDDS cycle  9.53  
 Viking cycle  5.89  
NMHC    
 UDDS cycle 0.44 0.52 18.2 
 Viking cycle 0.26 0.21 -19.2 
Particulate Matter    
 UDDS cycle 0.24 0.015 -93.7 
 Viking cycle 0.20 0.016 -92.0 
Fuel Economy BTU/mile BTU/mile  
 UDDS cycle 21,396 26,514 23.9 
 Viking cycle 16,389 20,390 24.4 

 
Cummins and Cummins Westport engines were used in Boulder Colorado buses that were 
tested on two different chassis dynamometers (Clark, et. al., 1999). The engines were 1997 
Cummins CSB5.9 and the Cummins Westport B5.9G.  The diesel version produced 175 HP and 
the natural gas version 195 HP. All of the engines were installed in World Trans 3000 buses and 
all had catalytic systems. The buses were tested at the Colorado Institute for Fuels and Engines 
Research (CIFER) and by the West Virginia Transportable Heavy Duty Vehicle Emissions 
Testing Laboratory (WVU). There were small differences in test procedures between the two 
facilities. The results of a series of tests are summarized in Table 4-35. 
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Table 4-35 Dynamometer Emission Test Results – Diesel and Natural Gas Buses 

 Diesel Engine Natural Gas Engine % Change 
Carbon Monoxide g/mile g/mile  
CIFER 8.72 0.26 -97.0 
WVU 4.01 0.39 -90.3 
NOx    
CIFER 17.40 10.38 -40.3 
WVU 19.67 8.89 -54.8 
THC    
CIFER 0.16 18.41 11,400 
WVU 0.29 12.55 4,227 
NMHC    
CIFER 0.16 2.05 1,181 
WVU 0.29 0.54 86.2 
Particulate Matter    
CIFER 0.76 0.02 -97.4 
WVU 0.61 0.012 -98.0 
Fuel Economy BTU/mile BTU/mile  
CIFER 23,021 28,178 22.4 
WVU 23,856 27,811 16.6 

 

Natural gas buses are used in Atlanta and the emissions from these buses and diesel control 
buses were tested in 1997 (Clark, et. al., 1997). These buses were powered by Detroit Diesel 
Series 50 engines and tests were done using the Central Business District driving cycle. The 
results from this program are shown in the following table. 

Table 4-36 Emission Results Detroit Diesel Atlanta Buses 

Diesel Bus Natural Gas Bus  
g/mile g/mile 

% Change 

Carbon Monoxide 5.2 9.0 73.1 
NOx 31.5 20.8 -34.0 
THC 0.12 15.8 13,067 
Methane - 13.68 - 
NMHC 0.12 0.80 567 
Particulate Matter 0.66 0.03 -95.5 
 MPG MPG  
Fuel Economy 3.41 2.81 -17.6 

 
Emissions from a CNG bus were compared to the emissions from a diesel bus using very low 
sulphur fuel (11 ppm), an oxidation catalyst, and an engine equipped with a Continuously 
Regenerated Trap (CRT) (Ayala, et. al., 2002). The engines were Detroit Diesel Series 50 
engines. The natural gas engine did not have a catalyst, so a comparison to the diesel tests with 
equivalent emission controls can not be made. The fuel economy differences were not reported 
but the carbon dioxide emissions for the natural gas engine were from 2.0% to 18.7% lower than 
the diesel with a catalyst and 3.8% to 21% lower than the engine equipped with a CRT.  

There are more options available for selecting a diesel engine than there are for a natural gas 
engine. In Table 4-37, the diesel engine options and the natural gas options for one size of 
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Cummins and Cummins Westport engines are shown.  There are seven diesel options and only 
four natural gas options. The diesel engines cover a wider range of power and torque than the 
natural gas engines. Provided that similar engines are compared the performance of the natural 
gas engines should be similar to the diesel engines, there are some small differences in the 
torque curves between the two engines, so the performance is not identical. 

Table 4-37 Diesel and Natural Gas Engine Comparison 

Engine 
Model 

Advertised 
Hp Torque @ Rpm Governed 

Speed rpm Fuel 

ISC 315 315 950 @ 1300 2200 Diesel 
ISC 300 300 860 @ 1300 2200 Diesel 
ISC 285 285 800 @ 1300 2200 Diesel 
CG-280 280  850 @ 1400 2400 Natural Gas 
CG-275 275  750 @ 1400 2400 Natural Gas 
ISC 260 260 800 @ 1300 2200 Diesel 
ISC 260 260 660 @ 1300 2400 Diesel 
CG-250 250  660 @ 1400 2400 Natural Gas 
CG-250 250  750 @ 1400 2400 Natural Gas 
ISC 240 240 660 @ 1300 2400 Diesel 
ISC 225 225 620 @ 1300 2400 Diesel 

 

The vehicle range for the natural gas vehicle will depend on the number and size of tanks that 
can be accommodated on the vehicle. The lower energy density of natural gas will require more 
space devoted to fuel storage to achieve the same range as a comparable diesel vehicle. For 
some applications this can be an issue.  Liquid natural gas is an option for those applications 
that require greater range. 

4.4.1.3 Fuel Implementation Considerations 

The use of natural gas in a portion of the fleet will require the installation of a compressor and 
refuelling system. The capital cost of this system can be provided by the fuel supplier and 
amortized over the quantity of fuel used. There will have to be sufficient demand at the site to 
justify the capital expenditure. This option is therefore not suitable for a fleet with one or two 
vehicles that wish to be converted unless the vehicles can be refuelled at one of the public 
refuelling stations located in the Lower Mainland. Another option for refuelling is to bring the 
compressed fuel in a tanker truck directly to the vehicle. This could be considered for 
intermediate fleet sizes too small to financially justify a dedicated refuelling station. 

Light duty vehicles could also be refuelled at the same facility as the heavy-duty vehicles and 
they could be used to supplement the load. There have been some locations in North America 
where fleet operators have also made their refuelling facility available to the public to augment 
the load.  There are positive and negative aspects to this from the fleet’s perspective so this 
option would have to be carefully considered. 

4.4.1.4 Emissions Impact 

• Criteria Emissions 
 
Natural gas engines and diesel engines must meet the same emissions criteria. With emissions 
standards becoming more and more restrictive both technologies need to employ exhaust gas 
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treatment system to meet the standards.  The Cummins Westport natural gas engines currently 
use an oxidation catalyst to meet the standards and are able to achieve NOx +HC emissions 
levels of up to 40% below the 2004 standard of 2.4 grams/bhp-hr and particulate emissions of up 
to 95% less than the standard of 1.0 gm/bhp-hr. Further work will be required to meet the 
requirements of 0.2 grams/bhp-hr for NOx and 0.01 grams/bhp-hr for particulate that are being 
phased in between 2007 and 2010. 

The certification emission levels of two Cummins Westport natural gas engines and the 
corresponding Cummins diesel engines are shown in the following table. 

Table 4-38 Natural Gas Engine Certification Emissions 

 NOx + HC PM CO NMHC 
 Grams/bhp-hr Grams/bhp-hr Grams/bhp-hr Grams/bhp-hr 
ISB 2.1 0.10 1.3 0.076 
B+ Gas 1.4 0.004 1.0 - 
ISC 4.0 0.05 0.5 0.04 
C+ Gas 1.7 0.008 1.3 0.21 

 
Through to 2007 natural gas engines are likely to reduce the emissions of NOx by 35-50% 
compared to new diesel engines and reduce particulate emissions by 95%. Carbon monoxide 
and hydrocarbon emissions from diesel engines are small contributors to the total transportation 
emissions but these emissions will increase from using natural gas engines. The emissions are 
still significantly below the heavy-duty emission standards. 

 
• Air Toxics 
 
There has been only limited testing of air toxics emissions from medium duty natural gas engines 
(CARB, 2003).  It is a challenge to draw significant conclusions from the work since only five 
vehicles were tested, two diesel engines using low sulphur emission control diesel with either a 
catalyzed muffler or a diesel particulate trap, and three natural gas engines, one with and without 
an oxidation catalyst and one new Cummins Westport C-Plus engine with an oxidation catalyst 
(as the engine is certified). 

Some directional conclusions can be reached based on the data. The magnitudes of the 
emissions were dependent on the driving cycle used in the test. The natural gas engines without 
an oxidation catalyst had higher emissions of 1,3 butadiene and aldehydes than did the diesel 
engines. The use of the oxidation catalysts on the natural gas engines reduced aldehyde 
emissions by over 95% and eliminated the emissions of 1,3 butadiene. Emissions of aromatics 
were lower in the CNG engine equipped with an oxidation catalyst compared to the diesel engine 
equipped with an oxidation catalyst. The engine equipped with the particulate filter had the 
lowest emissions of aromatics. The results from the testing of the two natural gas engines are 
summarized in Table 4-39 (CARB 2003b). The results are from the CBD test procedure. 

Table 4-39 Air Toxic Emissions Natural Gas Engines 

 DDC with OxiCat Cummins Westport with 
OxiCat 

Carbonyl emissions < 100 mg/mile < 100 mg/mile 
BTEX emissions 4 mg/mile 2 mg/mile 
Benzene emissions 0.6 mg/mile 1.3 mg/mile 
1,3 butadiene n.d. n.d. 



 

   

 

403-0630 Emission Reduction Options for Heavy Duty 
Diesel Fleet Vehicles in the Lower Fraser Valley 

65

 

 
• Greenhouse Gases 
 
Medium Duty Engines 
 
All of the test data summarized above has been used to determine the appropriate inputs for the 
GHGenius model. The average increase in fuel consumption for the natural gas engines was 
21%. This is not expected to be static and the changes by year are calculated from an algorithm 
in GHGenius, which utilizes the base year data the maximum efficiency data and an exponent to 
alter the rate of change. The values for the algorithm are shown below. 

Table 4-40 GHGenius Input Values 

 Value 
Fuel Economy  
Base City relative efficiency 0.78 
Base Highway relative efficiency 0.78 
Maximum City relative efficiency 0.90 
Maximum Highway relative efficiency 0.90 
K exponent -0.019 
 
These values produce an improvement in the relative efficiency of the natural gas engine versus 
the diesel engine over time. There are a number of reasons to expect this. First the more 
restrictive exhaust standards are expected to be much more difficult for the diesel engine to 
achieve than the natural gas engine. The fuel economy of the bus that was tested with a 
catalyzed particulate filter used 2.0 to 7.5% more fuel than the engine equipped with an oxidation 
catalyst, depending on the driving cycle. Other technologies such as cooled exhaust gas 
recirculation and selective catalytic reduction systems are expected to further increase the fuel 
economy penalty for the future diesel engines. Secondly, there should be more room for the 
development of the natural gas engines than the diesel engines based on the relative age of the 
technology. The new relative efficiency values produce the following curve showing how the 
efficiency may change over time.  

Depending on the efficiency of the exhaust emission treatment systems, the projected efficiency 
curve may be conservative. Compared to the relative efficiency curve for the light duty vehicle 
spark-ignited engines the medium duty vehicle natural gas curve has lower values and a lower 
rate of increase. 
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Figure 4-7 Medium Duty Natural Gas Engine Relative Efficiency 
 
 
The full cycle greenhouse gas emissions for a transit bus operating on compressed natural gas 
are shown in Table 4-41. The calculations are for the year 2003. The emission rate (grams/mile) 
for the refuse hauler will be higher because of the increased fuel used but the percentage 
reductions will be the same. If the useful life of the two vehicles is the same in miles then the 
total reduction in GHG emissions available from the refuse hauler will be greater because of the 
higher fuel consumption. 

Table 4-41 Greenhouse Gas Emissions Transit Bus 2003 

 Diesel Natural gas (CNG) 
 g/mile g/mile 
Vehicle operation 2,009.6 2,095.8 
Fuel dispensing 1.2 5.9 
Fuel storage and distribution 26.4 81.6 
Fuel production 215.3 106.2 
Feedstock transport 2.6 0.0 
Feedstock and fertilizer production 315.5 31.4 
CH4 and CO2 leaks and flares 87.4 160.3 
Emissions displaced by co-products 0.0 0.0 
Sub total (fuel cycle) 2,658.0 2,481.3 
% Changes (fuel cycle)     -- -6.6 
Vehicle assembly and transport 14.6 17.5 
Materials in vehicles (incl. storage) and 
lube oil production/use 60.0 66.4 

Grand total 2,732.6 2,565.2 
% Changes to Diesel     -- -6.1 
 

For the year 2010, there is estimated to be an improvement in the relative efficiency of the 
natural gas engine relative to the diesel engine. There will be a reduction in the methane 
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emissions from the natural gas engines to approximately one sixth of the 2002 level. The diesel 
fuel specification will also be lowered to 15 ppm sulphur.  The reduction in full cycle greenhouse 
gas emissions offered by vehicles using compressed natural gas engines is forecast to increase 
to 16% (Table 4-42) from 6% in 2003. The improvement is a result of the improved relative 
efficiency of the natural gas engine, the lower methane emissions and the higher amount of 
energy used in the refinery to produce diesel fuel that meets the 15 ppm sulphur standard.  

Table 4-42 Greenhouse Gas Emissions Transit Bus 2010 

 Diesel Natural gas 
 g/mile g/mile 
Vehicle operation 2,005.1 1,864.6 
Fuel dispensing 1.2 5.8 
Fuel storage and distribution 25.9 78.2 
Fuel production 221.5 104.3 
Feedstock transport 2.3 0.0 
Feedstock and fertilizer production 343.8 30.8 
CH4 and CO2 leaks and flares 83.2 148.9 
Emissions displaced by co-products 0.0 0.0 
Sub total (fuel cycle) 2,683.1 2,232.7 
% Changes (fuel cycle)     -- -16.8 
Vehicle assembly and transport 14.5 17.3 
Materials in vehicles (incl. storage) and 
lube oil production/use 57.6 63.3 

Grand total 2,755.1 2,313.4 
% Changes to Diesel     -- -16.0 
 
Heavy-Duty Engines 

Westport Innovations is developing a heavy-duty natural gas engine (HPDI) that allows the full 
diesel engine compression ratio to be used with the natural gas fuel. A small amount of diesel 
fuel is injected into the cylinder to assist with the ignition of the natural gas. These natural gas 
Westport Cycle engines provide the same amount of power and torque as their diesel 
equivalents, benefiting from essentially the same energy efficiency as diesel. The following table 
summarizes the key aspects of the diesel engine, the Westport HPDI engine and the spark 
ignited natural gas engine (Cummins Westport). 

The Westport Cycle engine is being targeted for Class 8 trucks. The engines typically produce 
400 to 500 HP and up to 1650 ft-lb of torque. One of these trucks will travel about 120,000 miles 
per year and have a typical life of about one million miles. The high mileage of these vehicles will 
require large amounts of fuel storage on board.  Liquefied natural gas is a more likely fuel for 
these applications than compressed natural gas because of its higher energy storage density. 
LNG will be assumed for the modelling work but the sensitivity to different types on LNG 
production will be investigated. 

The relative engine efficiency factor for the Westport Cycle for the base year (1995) has been set 
to 0.99 in GHGenius and this has been set to increase at a very slow rate under the assumption 
that it will be easier for these engines to meet the 2007 emissions standards than it will be for a 
diesel engine. The relative efficiency in 2002 is 1.00 and for 2010, the model produces a relative 
efficiency factor of 1.02. The 2010 value may be conservative depending on the fuel economy 
penalty that the diesel engines incur in meeting the new standards. These factors are prior to 
any changes due to the weight of the fuel systems being considered. 
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Table 4-43 Heavy-duty Engine Comparison 

 Diesel 
High Pressure 

Direction Injection 
(HPDI) 

Spark Ignited Natural 
Gas 

Fuel-Air Mixture 
Formation 

Late-cycle, in 
cylinder 
direct fuel injection 

Late-cycle, in 
cylinder 
direct fuel injection 

Mixed with intake air 
before introduction in 
cylinder 

Fuel System High-Pressure diesel
fuel injection system 

Combined high- 
pressure gas & 
diesel pilot injection 
system 

Low pressure gas 
metering system 

Main Fuel Pressure Diesel up to 1500 bar Gas up to 275 bar Gas approx. 1 bar 

Ignition Compression ignition
of diesel 

Compression ignition
of pilot diesel Spark ignition 

Compression Ratio 14-19 14-19 10-12 
Diesel Substitution 0% 85-97% 100% 
User can operate on 
diesel NA No No 

Maximum Torque 100 to 140 ft-lbs per 
litre of displacement 

Same capabilities - 
potential for higher 
since less restricted 
by soot 

90 to 110 ft-lbs per 
litre of displacement 
20% lower 

Power Density 30 to 45 hp per 
litre of displacement 

Same capabilities - 
potential for higher 
since less restricted 
by soot 

25 to 40 hp per 
litre of displacement 
10% lower 

Efficiency (Fuel 
Economy - part load 
applications) 

Reference Same as diesel 20-30% lower 

Tolerant to fuel 
quality changes Yes Yes No 

 

GHG emissions are modelled based on 100% natural gas use. In reality, typically 5% diesel fuel 
is used to ignite the natural gas in the combustion chamber.  GHGenius is not currently set up to 
model what is essentially a blend of diesel fuel and natural gas. The error introduced by this 
simplification is small; less than 1.0% of the reported emissions for the Westport Cycle engines. 

The greenhouse emissions for the Westport Cycle for the year 2003 are shown in Table 4-44. 
Two LNG options are shown, a large efficient plant and a small plant utilizing the turbo expander 
principles. The results are considerably better than for the medium duty spark ignited natural gas 
engine because of the higher efficiency of the Westport Cycle. 

The GHG emission results for the year 2010 are shown in Table 4-45. There is a further 
improvement from 2003 primarily because of the higher relative efficiency, lower methane 
emissions and the more intensive refining processes required for the very low sulphur content 
diesel fuel. 
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Table 4-44 Greenhouse Gas Emissions LNG Westport Cycle Truck 2003 

LNG LNG 

Diesel 
Efficient 

Large Scale, 
Low Transfer 

Losses 

Small Scale, 
High Transfer 

Losses 
Source 

g/mile g/mile g/mile 
Vehicle operation 2,009.6 1,715.2 1,715.2 
Fuel dispensing 1.2 215.1 36.0 
Fuel storage and distribution 26.4 77.9 65.1 
Fuel production 215.3 84.5 84.7 
Feedstock transport 2.6 0.0 0.0 
Feedstock and fertilizer production 315.5 25.0 25.0 
CH4 and CO2 leaks and flares 87.4 164.3 192.8 
Emissions displaced by co-products 0.0 0.0 0.0 
Sub total (fuel cycle) 2,658.0 2,282.0 2,118.8 
% Changes (fuel cycle)     -- -13.8 -19.9 
Vehicle assembly and transport 14.6 17.5 17.5 
Materials in vehicles (incl. storage) and 
lube oil production/use 60.0 66.3 66.3 

Grand total 2,732.6 2,365.8 2,202.6 
% Changes to Diesel     -- -13.0 -19.0 
 

Table 4-45 Greenhouse Gas Emissions LNG Westport Cycle Truck 2010 

LNG LNG 

Diesel 
Efficient 

Large Scale, 
Low Transfer 

Losses 

Small Scale, 
High Transfer 

Losses 
Source 

g/mile g/mile g/mile 
Vehicle operation 2,006.1 1,497.4 1,497.4 
Fuel dispensing 1.2 210.3 35.1 
Fuel storage and distribution 13.3 75.1 62.5 
Fuel production 217.4 83.2 83.4 
Feedstock transport 2.3 0.0 0.0 
Feedstock and fertilizer production 343.5 24.6 24.6 
CH4 and CO2 leaks and flares 83.3 140.7 162.9 
Emissions displaced by co-products 0.0 0.0 0.0 
Sub total (fuel cycle) 2,667.0 2,031.3 1,866.0 
% Changes (fuel cycle)     -- -23.8 -30.0 
Vehicle assembly and transport 14.4 17.3 17.3 
Materials in vehicles (incl. storage) and 
lube oil production/use 57.3 63.2 63.2 

Grand total 2,738.8 2,111.8 1,946.5 
% Changes to Diesel     -- -22.9 -28.9 
 



 

4.4.1.5 Cost 

• Fuel 
 
The historical and possible future relationship between crude oil prices in Canada and natural 
gas prices are shown in the following figure. The crude oil price is the Edmonton Par price and 
the natural gas price is the Alberta Plant Gate Index. The ratio shown is the gas price divided by 
the oil price where both are converted to a common energy measurement. The future price 
forecasts are from Sproule (2003), a Canadian petroleum consulting company. 
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Figure 4-8 Energy Price Forecasts 
 
There has been wide fluctuation in the ratio over the past ten years, but the ratio has been 
trending higher over time. On a forward basis the ratio is approximately 0.77. The price of natural 
gas at a service station will be the composed of the price of gas, the location differential between 
Alberta and BC, the local distribution charge and finally the compression charge. For the case 
where the diesel price in Vancouver is 35 cents per litre, the gas cost in Alberta is equivalent to 
$5.30/GJ. 

Table 4-46 Natural Gas Pricing 

 BC 
 $/GJ 
Gas Cost 5.30 
Gas Cost Differential to Alberta 0.20 
Local Distribution Cost 2.30 
Compression Cost 2.00 - 3.00 
Total 9.80 - 10.80 
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There is some flexibility in the compression charge depending on the utilization rate of the 
station. High volume stations may have compression charges as low as $2.00/GJ.  

It is assumed that the vehicle achieves a fuel economy of 47 litres/100 km (6 miles/Imp Gal) on 
diesel fuel and 58.7 litres eq/100 km on natural gas (adjusted energy efficiency).  The operating 
costs for a vehicle are shown in the following table. Here it is assumed that the compression cost 
is $2.00/GJ. Natural gas is not taxed by the Federal or Provincial government at the present 
time.  The operating cost savings are totally a function of the tax savings. On a pre-tax basis 
natural gas would cost more than diesel fuel due primarily to the lower efficiency of the engine. 

Table 4-47 Natural Gas Operating Cost 

 Diesel Fuel Natural Gas with 
tax incentives 

Natural Gas without 
tax incentives 

Diesel Fuel 35 cpl - - 
Natural Gas - 37.8 cpl 37.8 cpl 
Federal tax 4 cpl 0 cpl 4 cpl 
Provincial tax 21 cpl 0 cpl 21 cpl 
Total cost 60 cpl 37.8 cpl 62.8 cpl 
Total cost per km 28.2 ¢/km 22.2 ¢/km 36.88 ¢/km 

 
• Vehicle 
 
The incremental cost of a CNG transit bus compared to a diesel bus was indicated by suppliers 
in late 2003 to be about $40,000 to $65,000. In November 2004, bus suppliers were re-
contacted to obtain updated incremental prices for CNG buses compared to conventional diesel 
buses, based on a standard 40 foot, low-floor design. The incremental cost of a CNG bus was 
quoted to be approximately CDN$70,000 by Orion Bus Industries (Hristovski, 2004, pers. 
comm.) and to be approximately CDN$61,000 by New Flyer (Gorman, 2004, pers. comm.). 
Based on these results and assuming a moderate to large number of buses would be 
purchased, a CNG bus was assumed to cost $55,000 more than a conventional diesel bus in 
2003$ for the analysis of cost effectiveness in this study.     

Westport HPDI technology is not in commercial production. The incremental cost of this 
technology compared to diesel technology is uncertain due to differences in scale of production 
and the impact of changes in diesel engine and emission control technology to meet the 2007 
emission standards. The incremental cost of Westport HPDI equipped truck compared to a 
diesel truck has been estimated to be about $30,000 in 2007 and to decline with growth in 
production to near zero by 2010 (Westport Innovations, 2004).   

The newest technology natural gas engines are expected to have the same maintenance costs 
as the diesel engine. 

Table 4-48 Summary Natural Gas 

Parameter Impact 
Operating Cost - 6 ¢/km 
Sulphur emissions -90% 
Particulate Matter -95% 
NOx emissions -35 to -50% 
HC emissions Higher (from very low base) 
Air Toxics Most lower 
GHG emissions -6 in 2003 to -16% in 2010 
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4.4.2 Propane 

Propane has been widely used as an alternative fuel in light duty vehicles in Canada and a very 
good refuelling infrastructure exists in Canada. Propane applications in medium duty and heavy 
duty trucks has been more limited and there are currently only two engine suppliers, Cummins 
and Jasper Alternative Fuels that offer medium to heavy duty propane engines. The Cummins 
engine has the most power but it is only 195 hp, which limits its applications to the lower end of 
the heavy-duty vehicle range. 

There has been propane conversions performed in the past on medium and heavy-duty engines. 
These conversions have had mixed success and have not been considered here. 

4.4.2.1 Product Description and Characteristics 

Propane is a gaseous fuel that can be stored as a liquid under moderate pressure. It is a 
relatively pure mixture of typically more than 90% propane and the remainder butane, propylene 
and butylene.   

Propane engines can be modified gasoline engines (in the case of Jasper) or diesel type 
engines that have been modified to have a spark advance (Cummins). 

4.4.2.2 Vehicle Applications and Performance Effects 

The Cummins Westport LPG engine has been used in shuttle buses, street sweepers, refuse 
and recycling trucks and other applications that require up to 200 hp. These vehicles are in the 
14,000 to 30,000 lb. GVW range. It is not suitable for 40 foot transit buses and other higher 
horsepower applications. 

The Jasper Alternative Fuels engine produces 110 hp and is used in lower power applications. 

4.4.2.3 Fuel Implementation Considerations 

The use of propane to reduce the emissions from heavy-duty diesel engines is only an option for 
the purchase of new vehicles in the 14,000 to 30,000 lb. GVW range. Propane fuelling systems 
can be installed at fleet depots subject to zoning restrictions. Some municipalities have required 
below ground installations for retail fuel dispensing. The fuel systems can be leased from the 
propane distribution companies. 

4.4.2.4 Emissions Impact 

• Criteria Emissions 
 
The Cummins Westport propane engines are certified to meet the 2004 heavy-duty 
requirements. The engines are certified to produce 2.11 grams of NOx and hydrocarbons per 
bhp-hr (12% below the standard) and 0.03 grams of particulate per bhp-hr (70% less than the 
standards). 

• Air Toxics 
 
There is no information available on the air toxics emissions from the Cummins LPG engine. 
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• Greenhouse Gases 
 
The upstream emissions for the production and processing of propane are lower than they are 
for diesel fuel and the GHG emissions from the combustion of propane are 16% lower than the 
emissions from the combustion of diesel fuel on a per unit of energy delivered basis. This fuel 
related benefit is lost to the lower efficiency of the propane heavy-duty engine compared to the 
diesel engine. The conversion of the diesel engine to a spark-ignited engine involves lower 
compression ratio pistons, which lowers the efficiency of the engine. The net effect of the fuel 
production properties and the engine performance is a small decrease in GHG emissions for 
propane used in heavy-duty engines. The results from GHGenius are shown in the following 
table for buses. 

Table 4-49 Greenhouse Gas Emissions LPG Transit Bus 2003 

Diesel Propane Source 
g/mile g/mile 

Vehicle operation 2,009.6 2,201.1 
Fuel dispensing 1.2 1.5 
Fuel storage and distribution 26.4 58.6 
Fuel production 215.3 124.3 
Feedstock transport 2.6 0.5 
Feedstock and fertilizer production 315.5 83.6 
CH4 and CO2 leaks and flares 87.4 100.1 
Emissions displaced by co-products 0.0 0.0 
Sub total (fuel cycle) 2,658.0 2,569.6 
% Changes (fuel cycle)     -- -3.3 
Vehicle assembly and transport 14.6 17.5 
Materials in vehicles (incl. storage) and 
lube oil production/use 60.0 68.2 

Grand total 2,732.6 2,655.3 
% Changes to Diesel     -- -2.8 
 

4.4.2.5 Cost 

• Fuel 
 
Propane prices generally follow changes in crude oil prices as shown in the following figure, 
which shows the Edmonton posted price for both commodities (Sproule). There can be some 
variations depending on the supply and demand situation for both fuels. Over the eight year 
period shown below propane was priced at 0.65 times the crude oil price. 

In the case of crude oil, there are refining and distribution costs and for propane there are 
distribution costs that must be added to the Edmonton posted prices.  In the case of crude oil 
this will add about 8-9 cents per litre to the posted price.  For propane, distribution costs will add 
about six cents per litre. The energy content of a litre of propane is only 65% of the energy 
content of a litre of diesel fuel. The Edmonton posted price of propane is therefore about the 
same as the price of crude oil on an energy content basis. In Vancouver, the price of propane is 
equivalent to the price of diesel fuel on an energy basis. Given the lower energy efficiency of the 
propane engine the operating cost on a pre tax basis will be higher than propane. 
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Figure 4-9 Propane Price Comparison 
 
Less Federal and provincial tax is applied to propane than diesel fuel and the resulting 
incremental operating cost comparison is shown in Table 4-50. As in the other cases, the vehicle 
achieves 47 L/100 km on diesel fuel and 90.4 L/100 km on propane. Because of the tax 
incentives the operating costs for propane are less than they are for diesel fuel.  In the table, 
propane with tax incentives has been adjusted for the lower energy content of the fuel, as this is 
the intent of the BC tax regulations.  When the taxes are included, the operating costs for 
propane are higher than they are for diesel fuel. 

Table 4-50 Propane Operating Cost 

 Diesel Fuel Propane with tax 
incentives 

Propane without tax 
incentives 

Diesel Fuel 35 cpl - - 
Propane - 23 cpl 23 cpl 
Federal tax 4 cpl 0 cpl 2.6 cpl 
Provincial tax 21 cpl 2.7 cpl 13.6 cpl 
Total cost 60 cpl 25.7 cpl 39.2 cpl 
Total cost per km 28.2 ¢/km 23.2 ¢/km 35.4 ¢/km 
 

• Vehicle 
 
The capital cost of a Cummins Westport LPG engine is $14,000 higher than the price of a similar 
power diesel engine. The higher capital costs are partially offset by the lower fuel costs. 

Some fleets report 2 to 3 years longer service life and extended time intervals between required 
maintenance for propane vehicles. However, manufacturers and converters recommend 
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conventional maintenance intervals. The operating costs for a vehicle operating on propane are 
assumed to be the same as an equivalent vehicle operating on diesel fuel. 

The impacts from the use of propane are summarized in Table 4-51. 

Table 4-51 Summary for Propane 

Parameter Impact 
Operating Cost -5.0 ¢/km 
Sulphur emissions -80% 
Particulate Matter -50% 
NOx emissions Same 
HC emissions Same 
Air Toxics No Data 
GHG emissions No change 
 

4.4.3 Hydrogen/Natural Gas Blends 

Hydrogen enriched natural gas is referred to by some as Hythane® and by others as HCNG 
(hydrogen enriched compressed natural gas). Hythane® is a registered trademark for a blend of 
hydrogen and natural gas. Research into Hythane® has been going on for about 30 years and 
there have been several demonstrations of the technology over the years. Data from these 
demonstrations have been used in the modelling wherever possible. 

The current interest in HCNG is driven by two factors. Some proponents of a “Hydrogen 
Economy” see the development of a market for HCNG will build an infrastructure bridge so that 
when fuel cell vehicles become available there will already be refuelling infrastructure in place. 
The second factor driving the interest in HCNG is that it appears to be a way to reduce the NOx 
emissions from natural gas engines. 

4.4.3.1 Product Description and Characteristics 

Supplementation of hydrogen into natural gas extends the lean-burn, or charge-dilution limit of 
combustion in engines. Extremely low oxides of nitrogen (NOx) and carbon monoxide (CO) 
emissions can be achieved when a combined lean-burn and exhaust gas recirculation (EGR) 
combustion strategy is employed with HCNG. The excess air from lean-burn can be used to 
reduce CO and non-methane hydrocarbons with an oxidation catalyst. The EGR is intended to 
be the primary charge dilution agent to reduce peak combustion temperatures thus leading to 
extremely low NOx emissions. 

Without the hydrogen enhancement, natural gas would not be able to combust with the amount 
of charge dilution necessary to achieve the targeted NOx reductions without unacceptable 
sacrifices in fuel consumption, torque fluctuation, and hydrocarbon emissions. Hydrogen itself is 
not considered a low NOx fuel. Due to higher combustion temperatures than natural gas at 
equivalent air/fuel ratios, hydrogen actually produces higher NOx emissions. It is important that 
the hydrogen supplementation be significant enough to extend the charge-dilution limit to levels 
sufficient to reduce NOx emissions beyond what is capable with three-way catalyst technology at 
stoichiometric air/fuel ratios. Some developers have been able to achieve this with 20 vol % 
hydrogen and others recommend at least 30 vol % hydrogen to consistently achieve 
improvements in NOx emissions compared to natural gas alone with catalytic exhaust 
aftertreatment. 
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The engines are modified to produce optimum results on HCNG. There are trade-offs involved 
between emissions and performance. Cummins Westport engines for HCNG are similar to their 
natural gas engines and produce the same power, torque and efficiency, but lower NOx 
emissions. The fuel impacts depend on the philosophies of engine suppliers with respect to 
optimization.   

4.4.3.2 Vehicle Applications and Performance Effects 

Two buses were built for the Societe de Transport de la Communaute Urbaine de Montreal to 
operate on Hythane® (20 vol % hydrogen). These buses were operated from September 1995 to 
June 1996 and they accumulated a total of 18,270 km on two regular bus routes (Drolet). The 
engines for these buses were Cummins L10 G engines that had been modified to operate on 
Hythane®. 

One of the buses was tested by Environment Canada (Environment Canada) and the test data 
from that has been used for the model. The bus was tested on both the Central Business District 
cycle and The New York City Composite cycles. The results were compared to the results from a 
natural gas bus with the same engine and exhaust treatment system that had previously been 
tested by Environment Canada. The test results are summarized in Table 4-52. The fuel 
contained 20% hydrogen by volume. This is approximately 6% by energy content. 

Table 4-52 Emission Results Hythane® Buses 

Contaminant CBD Results NYC Composite Results Average 
Carbon Monoxide Increase from zero Increase from zero Increase from zero 
NOx -44.6% -16.4% -30.5% 
Methane -5.4% +80.6% +37.6% 
NMHC -2.3% 2,747% 1,372% 
THC -5.1% 94.3% +44.6% 
Particulate matter 119% -37.2% +40.9% 
Aldehydes -47.7% 32.4% -7.6% 
Carbon Dioxide -6.4% 7.3% -0.4% 
 
The results are very different for the two driving cycles. Only NOx emissions showed the same 
directional results for the two tests. The New York Composite cycle consumes more fuel and has 
higher NOx emissions are thus is a more aggressive driving cycle. The average carbon dioxide 
emissions suggest that the efficiency of the engine was lower on Hythane® as it was on natural 
gas. 

The on-road fuel economy as measured throughout the primary portion of the Montreal 
demonstration consumed 22,030 m3 of Hythane® with an average hydrogen content of 19.1% 
and the buses accumulated 22,413 km during this period. This provided a diesel equivalent fuel 
economy of 0.91 litres/km. A conventional diesel bus was reported to obtain 0.7 L/km over the 
same routes.  This would suggest a relative efficiency of 77% of that of diesel fuel.   

These buses are now in service at Sunline Transit in California. The engines have been updated 
with electronic controls, but are otherwise the same as were used in Montreal. The buses were 
placed into service in April 2001 and except for the summer months have been in regular 
revenue service since.  Sunline (Cromwell, et. al., 2002) report that the buses have similar fuel 
consumption to their CNG buses. 

Westport Innovations has developed a HCNG engine for Sunline Transit in California. This 
engine is similar to the natural gas engine, with some hardware and calibration changes 
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designed to suit the fuel. The engine achieves about half the already low NOx emissions and the 
same energy efficiency as the natural gas engine that it is based on. 

4.4.3.3 Fuel Implementation Considerations 

HCNG could be prepared on site by blending natural gas and hydrogen. Hydrogen could also be 
produced on site by electrolysis, or reforming natural gas or methanol. The compression 
equipment is the same as that used for natural gas. Hydrogen is expensive to produce. The 
capital cost of the hydrogen equipment is high and the production cost of the hydrogen is 
influenced by the utilization of the equipment. Hydrogen can also be purchased and moved to 
the site as compressed gas or as a liquid. The costs of both options are high relative to the price 
of natural gas and diesel fuel. 

The building codes for hydrogen storage and production equipment have not yet been 
developed. Hydrogen installations can still be made, but they require more engineering effort 
and time to move through the development process than is required for other fuel systems. 

The range of a vehicle operated on HCNG will be lower than on natural gas by about 15% 
because of the lower volumetric energy content of hydrogen compared to natural gas. 

4.4.3.4 Emissions Impact 

• Criteria Emissions 
 
NOx emissions can be reduced by 50% with the use of HCNG compared to natural gas. The 
other emissions are about the same as natural gas in a heavy-duty engine application when the 
engine is equipped with a catalyst. 

 
• Air Toxics 
 
Insufficient data are available on the air toxics emissions from HCNG engines to estimate what 
changes would occur when switching to this fuel. Data shown in Table 4-52 indicate aldehyde 
emissions from a bus fuelled with Hythane® are quite dependent on the test cycle, with results 
varying widely from 48% less than, to 32% more than that from a conventional natural gas bus.   
 
• Greenhouse Gases 
 
The greenhouse gas emissions are a function of how the hydrogen is produced. The lowest cost 
option is usually reforming natural gas. This option is included in GHGenius. The well to wheels 
results for a bus application is shown in the following table. The hydrogen/natural gas blend is 
assumed to contain 20 vol % hydrogen produced by decomposition of methanol, which is a 
hydrogen production option that yields a higher GHG reduction. Relative to a diesel bus, HCNG 
reduces GHG emissions slightly and less than does natural gas (Table 4-53). 
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Table 4-53 Full Cycle Greenhouse Gas Emissions for HCNG and CNG 

Diesel Natural gas 
(CNG) 

HCNG 
(20% H2) Source 

g/mile g/mile g/mile 
Vehicle operation 2,009.6 2,095.8 1,958.3 
Fuel dispensing 1.2 5.9 9.4 
Fuel storage and distribution 26.4 81.6 106.0 
Fuel production 215.3 106.2 308.2 
Feedstock transport 2.6 0.0 14.0 
Feedstock and fertilizer production 315.5 31.4 77.5 
CH4 and CO2 leaks and flares 87.4 160.3 161.5 
Emissions displaced by co-products 0.0 0.0 0.0 
Sub total (fuel cycle) 2,658.0 2,481.3 2,634.7 
% Changes (fuel cycle)     -- -6.6 -0.9 
Vehicle assembly and transport 14.6 17.5 17.5 
Materials in vehicles (incl. storage) and 
lube oil production/use 60.0 66.4 66.4 

Grand total 2,732.6 2,565.2 2,718.7 
% Changes to Diesel     -- -6.1 -0.5 
 

4.4.3.5 Cost 

• Fuel 
 
As stated earlier, hydrogen is more expensive to produce or purchase than natural gas or diesel 
fuel. There is a wide range of hydrogen production cost estimates in the literature. Recent 
estimates (NREL, 2002) for a variety of hydrogen supply paths were developed and range from 
$5.00 to $6.50/kg of hydrogen for the lowest cost natural gas based paths. These were based on 
natural gas costs of $7.25/GJ. The high end of the range is used here as the gas cost will be 
higher in the Lower Mainland but the onsite production option was in the middle of the range.   

HCNG is likely to receive the same tax incentives as natural gas. It has been assumed that the 
HCNG is a mixture of 80 vol% natural gas and 20 vol% hydrogen.  The operating costs for this 
blend of HCNG are shown in Table 4-54. As in the other cases, the assumed fuel consumption is 
47 L/100 km on diesel fuel and 58.7 litres eq/100 km on HCNG (equivalent energy content). 
Even with the tax incentives, the operating costs for HCNG are higher than they are for natural 
gas and diesel fuel. Without tax incentives the operating costs are 65% higher than diesel fuel. 

Table 4-54 HCNG Operating Cost 

 Diesel Fuel HCNG with tax 
incentives 

HCNG without tax 
incentives 

Diesel Fuel 35 cpl -  
Natural Gas - 27.7 cpl 27.7 cpl 
Hydrogen  12.9 cpl 12.9 cpl 
Compression  13.5 cpl 13.5 cpl 
Federal tax 4 cpl 0 cpl 4 cpl 
Provincial tax 21 cpl 0 cpl 21 cpl 
Total cost 60 cpl 54.1 cpl 79.1 cpl 
Total cost per km 28.2 ¢/km 31.8 ¢/km 46.5 ¢/km 
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• Vehicle 
 
HCNG engines are not commercially available and pricing has not been determined by Cummins 
Westport, however they are likely to cost more than corresponding natural gas engines. The 
incremental price is expected to be small compared to the price of the vehicle. 

The impacts from the use of HCNG (20% hydrogen in natural gas) are summarized in Table 4-
55, which are based on the limited test results for this fuel together with more extensive results 
from natural gas buses. The emissions of NOx are lower than those from the natural gas engine 
but the other emissions are similar.  The GHG emissions are higher than the natural gas and 
diesel engines. The operating costs are higher than the diesel and natural gas engines. 

Table 4-55 Summary for HCNG (20% H2) 

Parameter Impact 
Operating Cost +3.6 ¢/km 
Sulphur emissions -90% 
Particulate Matter -95% 
NOx emissions -75% 
HC emissions Higher 
Air Toxics No Data 
GHG emissions -0.5% 
 

4.4.4 Alternative Fuels Summary 

The alternative fuels reviewed in this section are compared in the following table. The operating 
costs are shown from the perspective of the operator so they include the impact of tax 
incentives. 

Table 4-56 Summary Alternative Fuels 

Parameter Natural Gas Propane HCNG (20%H2) 
Operating Cost - 6 ¢/km -5.0 ¢/km +3.6 ¢/km 
Sulphur emissions -90% -80% -90% 
Particulate Matter -95% -50% -95% 
NOx emissions -35 to -50% Same -75% 

HC emissions Higher (from very low 
base) Same Higher (from very low 

base) 
Air Toxics Most lower No Data No Data 
GHG emissions -6 to -16% -3 -0.5% 
 

4.5 ALTERNATIVE PROPULSION SYSTEMS 

4.5.1 Fuel Cell Vehicles  

Fuel cell vehicles convert hydrogen into electricity that is then used to propel the vehicle. The 
conversion of hydrogen to electricity is more efficient than converting the hydrogen to 
mechanical energy in an internal combustion engine. Also, electric drives are better suited to the 
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power and torque requirements of road transportation vehicles than are internal combustion 
engines, enabling additional efficiency gains. 

4.5.1.1 Description and Characteristics 

Fuel cell vehicles are being developed by most of the world’s vehicle manufacturers. Most of the 
vehicles developed to date have been either small passenger vehicles or 40 ft buses. Fuel cell 
buses were demonstrated in the Lower Mainland in 2000 and 2001. 

There are additional fuel cell bus demonstrations are planned for various cities in Europe, Japan 
and the United States. There is a fuel cell delivery van that has been tested in Europe and there 
are plans to test it in the United States as well. 

4.5.1.2 Vehicle Performance 

One of the primary purposes of demonstration programs is to acquire data for the development 
of the vehicles. The early programs in Vancouver have lead to further refinements in the systems 
that are being used in the European demonstration programs. 

The fuel cell buses generally have similar performance to conventional buses. The earlier 
versions that were tested in the Lower Mainland had better acceleration performance up to 30 
km/h than the diesel bus but were slower in acceleration to higher speeds. Some of this was due 
to higher weights for these prototypes. Information on the performance of the latest fuel cell 
buses has not yet been made public. 

4.5.1.3 Implementation Considerations 

Fuel cells will likely only be an option for buses in the foreseeable future.  Their use will require a 
hydrogen refuelling system to be installed at the transit yard. The hydrogen demand will be large 
enough that onsite production will be required. The Canadian Transportation Fuel Cell Alliance is 
undertaking a study to assess the challenges involved with the implementation of fuel cell buses 
in the Canadian environment. The challenges are substantial when one considers both the fuel 
production issues and the issues created by slowly introducing a new fuel into the fleet as the 
existing fleet is turned over. Fleet turnover could take 15 years or longer at many transit 
properties. 

4.5.1.4 Emissions Impact 

One of the driving forces behind the development of fuel cell vehicles is the low, or zero 
emissions that occur from the vehicle itself. Emissions can occur during the production and 
distribution of hydrogen and the magnitude of these emissions will depend on the technologies 
used in these processes.   

• Criteria Emissions 
 
For a hydrogen fuel cell bus there will be no criteria emissions from the vehicle.  There may be 
some hydrogen emissions from the vehicle, but these are not currently regulated. As with 
production of other fuels considered in this study, there will be criteria emissions outside the 
region that arise from hydrogen production and distribution. 
 
• Air Toxics 
 



 

   

 

403-0630 Emission Reduction Options for Heavy Duty 
Diesel Fleet Vehicles in the Lower Fraser Valley 

81

 

There will be no air toxics emissions from a hydrogen fuel cell bus. 
 
• Greenhouse Gases 
 
The lifecycle greenhouse gas emissions from the production of hydrogen are a function of how 
the hydrogen is produced. The three most likely pathways are electrolysis and reforming natural 
gas or methanol. The emissions from the electrolysis pathway are dependent on how the 
electricity is produced. In BC, most electricity is currently hydroelectric power, but development 
plans for the future call for 50% of new power to be clean energy, with the remainder being other 
sources, which could include fossil fuels. Clean energy is defined as alternative energy 
technologies that result in a net environmental improvement relative to existing energy 
production (e.g., small hydro, wind, solar, geothermal, tidal current, wave and biomass energy, 
cogeneration of heat and power, fuel cells and efficiency improvements). 

In Table 4-57, the GHG emissions from diesel buses are compared with two different sources of 
hydrogen.  In this case, 100% of the electricity is assumed to be produced at a natural gas fired 
combined cycle facility, which has been identified in BC as energy source large capacity power 
production. GHG emissions for electrolysis of hydrogen with a proportion of the power from 
renewable sources would be a weighted blend of the value estimated in Table 4-57 for combined 
cycle generation and the GHG emissions from green power generation, as appropriate to the BC 
supply of incremental power. The electrolysis option does not reduce greenhouse gas emission 
when power is produced using high efficiency natural gas combined cycle technology, but 
reductions are realized with the reforming pathway. 

Table 4-57 Greenhouse Gas Emissions from Hydrogen Fuel Cell Buses 

Diesel FC Bus FC Bus 

 

Natural Gas 
Combined 

Cycle 
Electrolysis 

Methanol 
DecompositionSource 

g/mile g/mile g/mile 
Vehicle operation 2,009.6 0.2 0.2 
Fuel dispensing 1.2 21.1 21.1 
Fuel storage and distribution 26.4 163.9 163.6 
Fuel production 215.3 2,541.6 1,119.6 
Feedstock transport 2.6 0.0 74.6 
Feedstock and fertilizer production 315.5 0.0 258.2 
CH4 and CO2 leaks and flares 87.4 0.0 71.6 
Emissions displaced by co-
products 0.0 0.0 0.0 

Sub total (fuel cycle) 2,658.0 2,726.8 1,708.9 
% Changes (fuel cycle)     -- 2.6 -35.7 
Vehicle assembly and transport 14.6 19.1 19.1 
Materials in vehicles (incl. storage) 
and lube oil production/use 60.0 88.1 88.1 

Grand total 2,732.6 2,834.0 1,816.1 
% Changes to Diesel     -- 3.7 -33.5 
 

There are many ways of producing electricity and the greenhouse gas emissions from all of the 
pathways are different. In addition, it is likely that future power needs may be met with a 
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combination of sources. In the following table the GHG emissions from a variety of power 
sources are compared. Since the previous table showed that combined cycle natural gas 
produces essentially no change in GHG emissions in the FC bus, all power production pathways 
with lower emissions than this pathway will produce GHG emission reductions in the FC bus and 
those with higher power emissions will produce increases in GHG emissions compared to the 
diesel bus. Note that the definition of clean energy being used in BC does not mean zero GHG 
emissions since a fossil fuel powered co-generation project would meet the clean energy 
definition. 

Table 4-58 GHG Emissions from Electric Power Generation 

GHG Emissions 
Power Source 

g/kWh 
% change from NG Combined Cycle 

Hydro 24 -94.9 
Natural gas combined cycle 474 0.0 
Natural gas boiler 646 +36.2 
Oil boiler 999 +110.8 
Coal 1065 +124.7 
 

4.5.1.5 Cost 

• Fuel 
 
Hydrogen is an expensive fuel to produce and distribute. Hydrogen production costs are likely to 
be on the order of $5.00 to $6.50/kg. The fuel cell buses are projected to be 1.7 times as efficient 
as a diesel bus by the time they are introduced commercially. 
 
Hydrogen is likely to receive the same tax incentives as natural gas. The operating costs for 
hydrogen are shown in the following table. The higher end of the range of hydrogen production 
costs has been used. As in the other cases, the vehicle achieves 47 L/100 km on diesel fuel and 
27.6 litres eq/100 km on hydrogen (equivalent energy content). Even with the tax incentives and 
the increased efficiency the operating costs for hydrogen are higher than they are for diesel fuel. 

Table 4-59 Hydrogen Operating Cost 

 Diesel Fuel Hydrogen with tax 
incentives 

Hydrogen without tax 
incentives 

Diesel Fuel 35 cpl - - 
Hydrogen  172 cpl 172 cpl 
Federal tax 4 cpl 0 cpl 4 cpl 
Provincial tax 21 cpl 0 cpl 21 cpl 
Total cost 60 cpl 172 cpl 197 cpl 
Total cost per km 28.2 ¢/km 46.5 ¢/km 53.3 ¢/km 
 
• Vehicle 
 
There is little reliable information available on the costs of fuel cell buses. The costs of the buses 
being used in the European demonstration program are about $1,000,000 higher than a diesel 
bus, but they are really early pre-production vehicles.  It is not known if this covers the initial cost 
or if it includes engineering support for the demonstration. Very substantial progress would have 
to be made to reduce the costs of the vehicles to a level comparable with the existing buses. 
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No reliable information is available on maintenance costs. Additional information should be 
available after the demonstration programs have been completed. 

A summary of the impact of Fuel Cell buses on the tailpipe emissions and operating costs is 
shown in the following table. 

Table 4-60 Summary Fuel Cell Buses 

Parameter Impact 
Operating Cost +18.3 ¢/km 
Sulphur emissions -100% 
Particulate Matter -100% 
NOx emissions -100% 
HC emissions -100% 
Air Toxics -100% 
GHG emissions +4 to -34% 
 

4.5.2 Hybrid Diesel-Electric Transit Buses 

4.5.2.1 Description and Characteristics 

Hybrid-electric buses utilize two sources of energy on-board the vehicle to provide motive power 
and use an electric drive motor to partially, or fully drive the vehicle’s wheels. One of the on-
board energy sources is electricity stored in batteries. The second energy source is a fuel, such 
as diesel fuel, natural gas, propane or hydrogen, that is used to generation electricity on-board 
the vehicle and, in some designs, to also provide motive power directly to the wheels. The 
capability to generate electricity on-board distinguishes a hybrid-electric bus from a dedicated 
electric bus. 

As of 1999, more than 300 hybrid-electric buses of various sizes had been built worldwide, with 
about 70 being tested in various locations in the United States and 50 in Europe (NAVC, 2000). 
By 2005, the population of hybrid-electric buses in the United States will probably exceed 500, 
considering the commitment by New York City Transit alone to purchase 325 hybrid-electric 
buses for delivery in 2002-2005 (NREL, 2003).  Three large public transit agencies have been 
most actively conducting demonstration programs for hybrid electric buses, namely New York 
City Transit, Cedar Rapids’ Five Seasons Transportation and Los Angeles Department of 
Transportation. Small hybrid electric bus fleets of 1-2 vehicles are being tested on in the Pacific 
Northwest in Seattle, Washington and Portland, Oregon. 

Hybrid electric vehicles are commonly configured in either a series or parallel design. In a series 
design (Figure 4-10a), an electric motor(s) provides power to the wheels of the vehicle and the 
auxiliary power unit generates electric power to replace or supplement power from the batteries.  
In a parallel hybrid (Figure 4-10b), the wheels can be driven simultaneously by an electric motor 
and an auxiliary power unit (engine), depending on the load demand. The drive motor in a 
parallel hybrid may also spin the motor as a generator and thus produce power to recharge the 
batteries. Orion Bus Industries and BAE Systems have developed a hybrid bus using a series 
design, while Allison Transmission has developed a propulsion system based on a parallel 
design. 

With either a series or parallel hybrid design as compared to a conventional drive-train, the 
vehicle can be powered more efficiently by using regenerative braking to recover some of the 
kinetic energy otherwise lost during braking, and by reducing the size of the auxiliary power unit 



 

and operating it closer to optimum conditions. During regenerative braking, the vehicle’s motor is 
used as a generator either to slow the vehicle down or to maintain it at a constant speed, thereby 
generating electricity for return to the batteries. As a result of these design features, hybrid buses 
can achieve lower emissions and better fuel economy than a conventional bus using the same 
fuel and meeting the same emission control standards.  

The power output of the battery and APU can be balanced to suit the specific operating 
requirements of the vehicle, which could result in a design where either the engine or battery 
power output dominates. In current commercial designs, the trend is to size the battery pack to 
be large enough to maximize energy recovery during regenerative braking and to size the APU 
so it is capable of providing most of drive power to the vehicle when needed. 

The benefits and trade-offs of the two main types of hybrid-electric bus designs are summarized 
in Table 4-61 developed from a review of the technology and results of demonstration programs 
to 2000 (NAVC, 2000). 

 

 a) Series Hybrid b) Parallel Hybrid 

Figure 4-10 Hybrid System Configurations 
 
Hybrid-electric buses closest to commercial use utilize diesel fuelled engines or a Capstone 
MicroTurbineTM for the auxiliary power unit. Hybrid electric buses are also being developed for 
engine or microturbine APUs fuelled with natural gas (CNG or LNG) and propane. The challenge 
for natural gas fuelled hybrid-electric buses is the increased weight and the cost and complexity 
of the fuel storage and delivery system compared to diesel. The series hybrid design is suited to 
application of fuel cell technology wherein the APU would be replaced with a fuel cell to provide 
electricity directly. Present challenges to this application of fuel cells are cost, reliability, size, 
weight and the range of travel for the quantity of hydrogen fuel that can be stored on-board. 
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Table 4-61 Comparison of Benefits and Trade-offs of Series and Parallel Hybrid-
Electric Technology 

Series Hybrid Parallel Hybrid 
Benefits  
Reduced emissions – engine rarely idles and 
tends to operates in a narrow peak efficiency 
band. 

More overall power – both engine and motor can 
supply power simultaneously. 

Improved low speed acceleration – all power is 
routed through the electric motor providing high 
torque at low speeds. 

Reduced weight – smaller energy storage 
capacity possible compared to series hybrid. 

Numerous component layout options and 
simpler packaging. 

Greater energy efficiency during steady state 
operation – not all energy must go through 
generator and electric motor, as with the series 
hybrid. 

Fuel cell compatible 
Greater battery life, since batteries are used 
primarily for regenerative braking and 
acceleration assist, not for primary acceleration. 

Trade-offs  
Greater energy losses as more energy passes 
through the energy storage device than in a 
parallel hybrid. 

Generator rotor must spin when using energy 
from the engine, adding mass and rotating 
inertia. 

Maximum power at high speeds may only be 
available with both the APU and energy storage 
device operating. 

Less capable of capturing available regenerative 
braking energy. 

Lower steady state efficiency as generator is 
required to convert engine energy to electric 
energy and back again into mechanical energy. 

Not fuel cell compatible. 

Increased weight – smaller APU will increase 
reliance on batteries and may require more 
batteries (weight) and may shorten battery life. 

 

Source: NAVC, 2000 
 
Information on most of the current developers of commercial hybrid-electric buses is available on 
the web page for the Electric Vehicle Association of the Americas at 
http://www.evaa.org/evaa/pages/bus_electric_hybrid.htm. Links to information on the US DOE 
support programs for field testing of advanced medium and heavy duty vehicles is maintained by 
the US DOE at http://www.ott.doe.gov/otu/field_ops/.  

The largest current order for hybrid-electric buses is to Orion Bus Industries, which has a 
contract to deliver 325 40 foot Orion VII Hybrid buses to New York City Transit in 2003-2005. 
Prior to this order, extensive testing was conducted of a fleet of ten Orion VI hybrid buses. The 
Orion VII buses incorporate the BAE Systems Hybridrive and a Cummins ISB5.9L diesel engine 
with an Englehard DPX catalyzed diesel particulate filter.  

Two hybrid buses manufactured by New Flyer using Allison Electric DrivesTM and Cummins ISB 
engines were delivered in 2002 for use in Portland Oregon. These are similar to two buses 
delivered to Orange County Transportation Authority in 2001.  

King County Metro Transit tested a New Flyer with a Allison Electric Drive, initially equipped with 
a Cummins ISB engine, then a Caterpillar engine. It has decided to move ahead with a contract 
to purchase a fleet of over 200 hybrid buses.  
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Other suppliers of 40-foot hybrid-electric buses include Advanced Vehicle Systems Inc., Nov 
Bus, and Transportation Techniques LLC. 

Based on the current status of development, diesel hybrid-electric buses will be well proven 
commercial technology in the next five years for transit buses up to 60 foot in length. They are 
presently in demonstration and limited commercial operation. 

4.5.2.2 Vehicle Performance 

Lowell (2002), assistant Chief Maintenance Officer of New York City Transit had the following 
comments about the operational experience with the Orion VI hybrid demonstration fleet from 
their use over the period from 1998 to 2002: 

• quiet and smooth in operation; 
• excellent acceleration and smooth braking; 
• handles like a standard bus; 
• little or no additional operator training required; 
• bus does not roll back on hills and is able to be used on all New York City routes; 
• performance can be customized to suite the route. 
 
Average gross vehicle weight and curb weight of a transit bus used in New York City is about 
18,400 kg and 12,700 kg, respectively. Compared to these, the Orion VII hybrid bus has a gross 
vehicle weight of 19,300 kg and a curb weight of 14,400 kg. There is an increase in weight 
because of the added weight of lead acid batteries used in current designs for electricity storage.  
It is generally anticipated that improvements in batteries for hybrid bus applications, such as by 
use of batteries with a specific power rating (kW/kg) higher than that of lead acid batteries, 
combined with improvements in battery management will reduce this weight penalty. 

The Orion VI and Nova Bus hybrid buses tested in New York City Transit demonstration program 
utilized 7.3 L DDC Series 30 diesel engines rated at 230 bhp @2,300 rpm. The conventional 
diesel used for comparison in this program was a DDC Series 50 diesel engine rated at 275 bhp 
@2,100 rpm. Other details of the vehicles tested are provided in Table 4.5-5.   

The fuel economy of the Orion VI hybrid was 5.2 mi/Igal as compared to 4.2 mi/Igal for the 
conventional NovaBus RTS vehicle in chassis dynamometer testing using the Central Business 
District cycle (US DOE/NREL, 2002). This change amounts to a 23%, or a nominal 1 mi/Igal 
improvement. The fuel economy of the Orion VI hybrid showed greater improvement when 
tested under more demanding cycles, with a 64% increase for the slower NY Bus cycle and a 
48% improvement for the intermediate Manhattan cycle. Operating data from the NYCT 
demonstration program found that the earlier Orion VI had an average monthly fuel economy 10-
20% higher than observed for conventional buses. Improvements to the battery management 
system and optimization since the testing program are expected to have improved upon the fuel 
economy of the hybrid buses. 

The more advanced Orion VII hybrid achieved a fuel economy 55%, or 2.3 mi/Igal, higher than a 
conventional bus on the CBD cycle (Table 4-62). Orion (Brager, 2003) expects that the fuel 
economy of the Orion VII hybrid fuel economy will be 28% higher in-use and up to 70% higher in 
dynamometer tests, as compared to a conventional bus. This is consistent with the fuel economy 
achieved with the New Flyer/Allison hybrid being tested in Seattle, which found that the fuel 
economy in-use was 30% higher than achieved with existing diesel buses. 



 

Table 4-62 Fuel Economy Test Results for Orion Hybrid-Electric Buses 

Fuel Economy 
 Test Cycle Vehicle Fuel Test Lab 

mi/Igal km/L 

% Change 
from 

Baseline 
Orion VI Hybrid Diesel Jet A WVU 5.2 1.8 23% 

Orion VII Hybrid Diesel #1 Environment 
Canada 6.5 2.3 55% CBD 

12.6 mph avg. 
NovaBus RTS Diesel Jet A WVU 4.2 1.5 Baseline 
Orion VI Hybrid Diesel Jet A WVU 2.8 1.0 64% NY Bus 

3.7 mph avg. NovaBus RTS Diesel Jet A WVU 1.7 0.6 Baseline 
Orion VI Hybrid Diesel Jet A WVU 4.1 1.4 48% Manhattan 

6.9 mph avg. NovaBus RTS Diesel Jet A WVU 2.8 1.0 Baseline 
 
As compared in Figure 4-11, the fuel economy of diesel hybrid-electric buses measured using 
the CBD drive cycle are significantly higher than the fuel economy of conventional diesel buses 
and compressed natural gas fuelled buses.  

0 0.5 1 1.5 2 2

Orion/BAE VII Hybrid Cummins ISB - LSD

Orion/BAE VI Hybrid - CD

Orion/BAE VI Hybrid - ULSD

Nova-Allison RTS Hybrid - LSD

NovaBUS RTS - CD

Orion V - LSD

Orion V  - LSD

NovaBUS RTS - ULSD

New Flyer C40LF DDC S50G CNG

Orion V DDC S50G - CNG

Fuel Economy (km/L)

.5

Figure 4-11 Fuel Economy for Hybrid Buses Compared to Conventional Buses and 
Alternative Fuelled Buses for CBD Drive Cycle. 

The typical design range of a conventional diesel bus with a 150 US gal tank is 350 miles 
between refuelling. A hybrid electric can achieve the same range with a 100 US gal tank. 

Hybrid buses can meet the same top speed as most transit buses. A challenging application of a 
hybrid is in express bus service with sustained highway speeds up long hills. Orion has been 
able to meet the design requirements in San Francisco for fully loaded buses to handle up to a 
21% grade, though tests by BC Transit in Victoria demonstrated difficulties on steep grades. 
Drivers in tests in New York City reported that the acceleration, gradability and range of the 
Orion VI hybrids were as good or better than the diesel buses and that there were no significant 
differences in operation.  The hybrid buses offer improved acceleration without shifting compared 
to conventional buses, as observed in New York City and Seattle (NAVC, 2000, Gibbs, T., 2003).  
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The parallel configuration of the Allison design can deliver more power to handle steep and long 
hills and sustained highway speeds than the present drive designs using series configurations.   

As hybrid-electric bus technology has not yet matured, maintenance costs can be expected to be 
higher than found for conventional buses. These higher costs were observed in the NYCT 
demonstration program with earlier Orion VI hybrid buses. In the NYCT demonstration program, 
the maintenance costs for the hybrid bus were much higher than for the conventional buses as 
the technology was relatively new. The maintenance costs compared as follows over a 12-month 
period, based on an assumed labour rate of $50/h (US DOE/NREL, 2002): 

Vehicle Parts Cost Labour Cost Total Cost 
Conventional US$ 0.10/mi US$ 0.60/mi US$ 0.70/mi 
Orion VI hybrid US$ 0.16/mi US$ 1.20/mi US$ 1.36/mi 

US$ 0.06/mi US$ 0.60/mi US$ 0.66/mi Cost increase 
(Hybrid:Conventional) 60% 100% 94% 

 

A review of hybrid electric buses in 2000 concluded that there was not enough operating time 
with hybrid buses to reliably quantify the maintenance cost components, but anticipated based 
on available data that costs could increase or decrease by 10%, or US$ 0.16/mile (NAVC, 2000). 
The testing of one hybrid bus at King County Metro Transit, maintenance costs have been less 
than those for the aged existing bus fleet.  A 10% increase in maintenance cost is assumed in 
this study through to 2005, then costs are assumed thereafter to be on par with those 
conventional diesel vehicles.  It is possible that maintenance costs for hybrid buses will be lower 
than for conventional buses because of significantly reduced brake wear and replacement, and 
reduced transmission repair, two relatively high maintenance cost items. 

4.5.2.3 Implementation Considerations 

Recent field trials of hybrid buses in cities in the United States have shown than hybrid bus fleets 
can be integrated into an existing fleet of conventional diesel buses with good success. From an 
operational point of view, information from suppliers and from demonstration programs suggests 
that hybrid buses could be adapted to service route grades, speeds and operational 
requirements in the Lower Fraser Valley. 

Implementation of hybrid buses in the LFV is anticipated to require some infrastructure additions 
or modifications for maintenance and servicing of traction battery packs on the vehicles. 
Maintenance equipment needs for a fleet of 100 hybrid buses are summarized in Table 4-63. 
Regular battery equalization is required on a daily basis and can be performed automatically or 
done during battery recharging, as required. To extend battery life, batteries also need to be 
conditioned monthly or at a frequency recommended by the manufacturer by repeatedly 
discharging and recharging. 

Table 4-63 Hybrid Bus Maintenance Equipment Needs 

Equipment Purpose Per 100 Hybrid Buses 

Battery Chargers Battery equalization and 
conditioning 1 to 100 

50A, 208-240 VAC, 3-Phase Electric refuelling and battery 
maintenance 1 to 100 

Laptop computers System diagnostics 4 
Forklift or overhead crane Battery removal from bus 2 

Source: TRB, 2000 
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Charging time for hybrids depends on the design. For example, the New Flyer/Allison hybrid 
used in Orange county requires charging daily by connection to the grid for 8 hours, while the 
Orion VI and VII hybrid maintains its charge, typically requiring connection to the grid less than 8 
hours per month.  

4.5.2.4 Emissions Impact 

• Criteria Emissions 
 
Thorough testing of emissions from hybrid and conventional diesel fuelled buses was conducted 
for the New York City Transit demonstration project using the Central Business District2 (CBD), 
the New York Bus, the Manhattan, a New York Composite and two route specific drive cycles. 
The emission data from the CBD tests is the basis used in this study for determining the 
reduction in vehicle emissions that would be possible with implementation of hybrid-electric bus 
technology in the LFV. The average speed of buses reported by Coast Mountain Bus Co. for this 
study is 18 km/h, which is similar to the average speed in the CBD cycle of 20.2 km/h.  

For reference, the specifications of the buses and engines used in the NYCT demonstration 
project are summarized in Table 4-64. 

Table 4-64 Vehicle System Descriptions for Buses Tested by New York City Transit 
 Hybrid-Electric Diesel (Orion) Diesel (Nova) 
Operating Facility Manhattanville Amsterdam Manhattanville 
Number of Buses 10 7 7 
Chassis 
Manufacturer/Model Orion VI Orion V NovaBUS RTS 

Passenger Capacity 64 75 79 
Chassis Model Year 1998, 1999 1998 1998 
Engine 
Manufacturer/Model/Year Navistar/DDC S30/1998 DDC S50/1998 DDC S50/1998 

 Rated Horsepower 230 bhp@2300 rpm 275 bhp@2100 rpm 275 bhp@2100 rpm 
 Maximum Torque 605 ft-lb@1500 rpm 890 ft-lb@1200 rpm 890 ft-lb@1200 rpm 
Compression Ratio 17.5:1` 15.0:1 15.0:1 
Generator 
Manufacturer/Model BAE Systems N/A N/A 

Battery Pack 
2 Roof mounted tubs, 
23 batteries each tub, 

580 volts total 
N/A N/A 

Regenerative Braking Yes No No 
Retarder No Yes Yes 
Transmission 
Manufacturer/Model 

BAE Systems Electronic 
Controls Allison/B-500R Allison/VR731-RH 

Particulate Filter Yes (catalyzed) No No 
Curb Weight (lbs) 31,840 28,500 27,500 
Gross Vehicle Weight 
(GVW) 41,640 39,930 39,500 

Bus Purchase Price ($) 465,000 290,000 290,000 
Source: DOE/NREL, 2002 
 
                                                  
2 The CBD cycle is typically used to evaluate emissions from transit buses in North America. It is 
comprised of 14 identical sections each requiring acceleration to 2 mph, cruising at 20 mpg, braking 
to a stop, then dwell. The total cycle covers 2 miles in 600 seconds and has an average vehicle 
speed of 12.6 mph (20.2 km/h).  
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Data from NYCT emission tests applies to three different diesel fuel sulphur levels and CNG with 
a number of different baseline and hybrid buses equipped with different emission controls. These 
results are summarized in Table 4-65. For simplicity, conventional diesel refers to 300 ppm S, 
low sulphur diesel refers to 20-30 ppm S, and ultra low sulphur diesel refers to 1 ppm S.  

Appropriate to the current level of sulphur in diesel fuel in the LFV is the comparison of 
emissions from a conventional diesel bus burning 300 ppm S diesel to emissions from a Orion VI 
hybrid electric bus with a DPF using the same fuel. For this case, emissions of CO decreased by 
97%, NOx by 36%, VOC by 43%, PM by 50% and CO2 by 19%. In 2007 and later years, the 
sulphur content of diesel fuel in the LFV will be less than 15 ppm and new vehicles will meet the 
phased in 2007 emission standards. Since there is no CBD cycle emission data available for 
conventional or hybrid buses with engines meeting the more stringent US EPA 2007 HDDV 
standards, the future reduction in emissions possible with implementation of hybrid bus 
technology is uncertain and may be lower than found by tests with 1998-2000 model year buses. 
Tests with an Orion VII hybrid electric bus and an Orion V bus equipped with a DPF likely over-
estimates the reduction that would be possible in 2007 and later, but tests show this vehicle 
reduced CO by 38%%, NOx by 49%, PM by 60% and CO2 by 38%. The measured increase in 
emissions of VOC by 450% in this case is likely due to differences in engines and emission 
controls and a reduction of about 40-45% is more realistic.  

Table 4-65 Chassis Dynamometer Emission Testing Results for CBD Drive Cycle 

CO NOx NMOC 
(VOC) PM CO2 CH4 Fuel Economy 

Drive Cycle & Bus Emission 
Controls Fuel 

g/mi g/mi g/mi g/mi g/mi g/mi km/L 
(mpg Imp) 

Orion/BAE VI Hybrid (1) NETT DPF 300 ppm S 
Diesel 0.1 19.2 0.08 0.12 2,262 0 1.83 (5.16) 

Orion/BAE VI Hybrid (1) NETT DPF 1 ppm S 
Diesel 0.1 18.5 0.03 0.02 2,218 0 1.79 (5.04) 

Orion/BAE VII Hybrid  
Cummins ISB (2) Eng DPF <30 ppm S 

Diesel 0.08 12.9 0.11 0.012 1,848 - 2.30 (6.48) 

Nova-Allison RTS Hybrid 
(1) 

JM regen 
DPF 

20 ppm S 
Diesel 0.4 27.7 <DL <DL 2,472 0 1.65 (4.68) 

NovaBUS RTS (1) OC 300 ppm S 
Diesel 3.0 30.1 0.14 0.24 2,779 0 1.49 (4.20) 

NovaBUS RTS (1) OC 1 ppm S 
Diesel 1.0 32.2 0.05 0.09 2,816 0 1.40 (3.96) 

Orion V (2) OC <30 ppm S 
Diesel 1.4 25.4 0.05 0.17 2,916 - 1.49 (4.20) 

Orion V (2) OC/DPF <30 ppm S 
Diesel 0.13 25.1 0.02 0.03 2,958 - 1.44 (4.08) 

New Flyer C40LF DDC 
S50G (1) OC CNG 12.7 14.9 3.15 0.02 2,343 17.4 1.32 (3.72) 

Orion V DDC S50G (1) OC CNG 10.8 9.7 2.36 0.02 2,785 23.7 1.11 (3.12) 
Emission Change (%):          
 Hybrid Orion VI /Diesel 

Bus DPF/OC CD/CD -97 -36 -43 -50 -19 - +23 

 Hybrid Orion VII/Diesel 
Bus DPF/OC LSD/CD -97 -57 -21 -95 -34 - +54 

 Hybrid Orion VII/Diesel 
Bus DPF/OC LSD/LSD -94 -49 +120 -93 -37 - +54 

 Hybrid Orion VII/Diesel 
Bus DPF/DPF LSD/LSD -38 -49 +450 -60 -38 - +60 

 CNG/Diesel Bus OC/OC -/CD 
 +292 -59 +1868 -92 -8 - -19 

Abbreviations: <DL: Less than detection limit. JM: Johnson Matthey. Eng: Engelhard. DPF: Diesel particulate 
filter/trap. Regen: Regenerative. OC: Oxidation catalyst. 
Sources: (1) NAVC, 2000; (2) DOE/NREL, 2002 report of tests by Environment Canada (Report #01-12).  
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Figure 4-12 Particulate Emissions for Hybrid Buses Compared to Conventional Buses 
and Alternative Fuelled Buses for CBD Drive Cycle. 

 

PM emissions from an Orion VII hybrid-electric bus with a diesel particulate filter when using low 
sulphur diesel fuel are of similar magnitude to PM emissions from the Orion V and New Flyer 
buses burning natural gas (Figure 4-12). PM emissions from the Orion VI hybrid bus declined 
from 0.12 g/mi to 0.02 g/mi when switching from 300 ppm S to synthetic diesel containing 1 ppm 
S. 

Combined NOx and NMOC emissions from an Orion VII hybrid burning low sulphur diesel are of 
similar magnitude to the emissions from Orion V and New Flyer CNG buses (Figure 4-13) and 
about one-half the emissions from an Orion V bus burning the same fuel. 

• Air Toxics 
 
No data were found in a search for literature on emissions of air toxics from hybrid diesel buses. 
Emissions of organics are expected to be reduce in the same proportion as the reduction in 
NMOC shown above. 

• Greenhouse Gases 
 
CO2 emissions from an Orion VII hybrid electric bus burning low sulphur diesel were measured 
with the CBD cycle to be 37% less than the CO2 emissions from a conventional diesel bus. This 
is in proportion to the reduction in fuel consumption per mile measured for these two vehicles. 
The test results also show that CO2 equivalent emissions of CO and CH4 from the Orion VII 
hybrid over the CBD cycle were 32% lower than that measured for the New Flyer CNG bus and 
44% less than that measured for the Orion V CNG bus. 
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Figure 4-13 NOx and NMOC Emissions for Hybrid Buses Compared to Conventional 
Buses and Alternative Fuelled Buses for CBD Drive Cycle. 

 
The GHGenius model’s estimate of full cycle greenhouse gas emissions for a hybrid electric bus 
in 2003 (Table 4-66) is 27% less than the GHG emissions from a modern conventional diesel 
bus with a fuel economy typical of a 2001 model year bus in the LFV (Coast Mountain Bus 
Company data: 56 L/100 km). The hybrid electric bus is assumed to achieve a 30% higher fuel 
economy than the diesel bus for this comparison, as indicated by Orion Bus for their technology 
and observed in tests in King County, Washington. The fuel economy resulting from this 
approximation is 2.34 km/L, which agrees with the average value determined by Environment 
Canada (2002) in tests of a 40-foot Gillig transit bus equipped with a 2002 ISL Cummins engine 
and Allison Ep hybrid drive unit using the Central Business District cycle. These tests were done 
using a chassis dynamometer. Improvement of hybrid drive technology is likely to occur with 
increased commercial application and result in further improvement in the fuel economy of hybrid 
buses relative to conventional technology and greater reductions in full cycle greenhouse 
emissions than currently estimated. 
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Table 4-66 2003 Comparison Between Full Cycle GHG Emissions for a Modern Diesel 
Transit Bus and A Diesel Hybrid-Electric Transit Bus 

Diesel Diesel Hybrid-
Electric Source 

g/mile g/mile 
Vehicle operation 2,009.6 1,435.0 
 Fuel dispensing 1.2 0.8 
 Fuel storage and distribution 26.4 18.8 
 Fuel production 215.3 153.8 
 Feedstock transport 2.6 1.9 
 Feedstock and fertilizer production 315.5 225.3 
 CH4 and CO2 leaks and flares 87.4 62.4 
 Emissions displaced by co-products 0.0 0.0 
 Sub total (fuel cycle) 2,658.0 1,898.0 
 % changes (fuel cycle)     -- -28.6 
 Vehicle assembly and transport 14.6 21.4 
 Materials in vehicles 60.0 81.0 
 Grand total 2,732.6 2,000.5 
 % changes (grand total)     -- -26.8 
Basis: Diesel bus fuel economy: 1.8 km/L (55.6 L/100 km or 5.1mi/Igal)); Hybrid electric bus fuel economy: 
1.3 x 1.8= 2.34 km/L (42.7 L/100 km  or 6.6 mi/Igal). Diesel sulphur content 250 ppm for both cases. 

 
A summary of emission reductions for implementation of hybrid electric buses to replace 
conventional buses in the LFV is presented in Table 4-67. These are estimated from test data 
presented earlier, rounded to the nearest 5%, with judgemental allowances for 2007 and later 
model years.  

 

Table 4-67 Summary of Emission Reductions for Hybrid Electric Buses 

Replacement of Conventional Buses 
Parameter 

2006 and Earlier 
Model Years 

2007 and Later 
Model Years 

Sulphur emissions -30% -30% 
Particulate emissions -50% -60% 
NOx emissions -35% -35% 
HC emissions -45% -45% 
CO emissions -95% -40% 
Air Toxics -45% -45% 
GHG emissions (full cycle) -25% -30% 
 

4.5.2.5 Cost 

• Fuel 
 
The cost of diesel fuel for hybrid electric diesel buses compared to conventional diesel buses will 
be reduced as a result of the improvement in fuel economy, which is estimated to be 30% based 
on information from Orion Bus Industries (Brager, 2003) and field trials. At the average fuel 
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consumption of 2000-2001 model year 40-foot diesel buses operated by Coast Mountain Bus 
Co. of 5.1 mi/Igal (56 L/100km), this amounts to an increase in fuel economy of 1.5 mi/Igal and a 
reduction in fuel use of 13 L/100km. At a pre-tax price of diesel of $0.35/L, this fuel saving is 
4.6¢/km travelled.  
 
• Vehicle Purchase, Operation and Maintenance 
 
The price of the 325 Orion VII 40-foot diesel-electric hybrid buses sold by Orion Bus Industries to 
New York City Transit was US$385,000 per bus. In orders of less than 10 buses, Orion Bus 
Industries provided a budget purchase price in late 2003 of US$425,000 (Brager, pers comm., 
2003). This large-volume price for a hybrid bus is US$110,000 higher than the typical price of a 
conventional diesel bus (US$275,000), and US$65,000 higher than the price of a CNG bus 
(US$320,000). 

Orion (Gorman, 2004, pers. comm.) provided updated approximate budget prices in November, 
2004 for a 40 foot low-floor conventional diesel bus and a diesel-electric hybrid bus based on 
2005 delivery. The hybrid electric bus was quoted to be approximately CDN$315,000 more than 
a convention diesel in moderate quantities and CDN$215,000 more in large quantities, based on 
the following budget pricing: 

• diesel bus: CDN$ 445,000. 
• diesel-electric hybrid:  

o CDN$ 760,000 (moderate volume purchase). 
o CDN$ 660,000 (large volume purchase). 

New Flyer also provide budget pricing for 40 foot low-floor conventional diesel and diesel-electric 
hybrid buses for 2005 delivery (Hristovski, 2004, pers. comm.), which are based on the Allison 
parallel hybrid drive-train. The incremental cost of a diesel electric bus was indicated to be 
approximated CDN$ 264,000. 

Based on the cost data provided by Orion and New Flyer in November, 2004, the analysis of the 
cost effectiveness of diesel-electric hybrid buses was conducted using an assumed incremental 
cost of CDN$ 250,000 per bus relative to a conventional 40 foot low-floor diesel bus.  Assuming 
a lifetime mileage accumulation of 800,000 km, this incremental capital cost over a conventional 
diesel bus amounts to CDN 31¢/km, ignoring borrowing charges. 

No change in operating cost is anticipated for hybrid electric buses compared to conventional 
diesel buses, based on experience with demonstration programs in the United States. 

Maintenance costs for a fleet of hybrid electric buses is anticipated to be higher than that for 
conventional buses through to 2005 and thereafter to be the same. The incremental cost through 
to 2005 is assumed to be 5-10¢/km, based on the estimate for a published by the Transportation 
Research Board (NAVC, 2000), and assuming cost parity for labour, which comprises 90% of the 
cost. This cost includes periodic replacement of traction battery packs.  

• Infrastructure 
 
There would be some infrastructure costs to accommodate a hybrid bus fleet within existing 
transit garages in the LFV. The Transportation Research Board report (TRB, 2000) estimated 
that this cost for a fleet of 100 hybrid buses would be less than US$ 200,000, primarily for 
electrical equipment and wiring needed for battery equalization and charging. For this study, an 
allowance has been included for a one-time cost of CDN$ 200,000 to cover infrastructure costs. 
This is equivalent to 0.2 ¢/km over the lifetime of the fleet, neglecting borrowing charges.  
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The incremental cost of a hybrid electric bus compared to a conventional diesel bus is indicated 
in the following table: 
 

Item Cost (¢/km) 
Fuel -4.6  
Vehicle purchase +31 
Operation +0 
Maintenance +5 to +10 
Infrastructure +0.2 
Total +32 to +37 
 

4.5.3 Alternative Propulsion Systems Summary 

The two alternative propulsion systems reviewed here are not yet commercial technologies 
although the hybrid systems may be commercial within the next five years. The fuel cell systems 
are not likely to be commercial for another decade. The two systems are summarized in the 
following table. 

Table 4-68 Summary Alternative Propulsion Systems 

Parameter Fuel Cells Hybrids 

Operating Cost +18 ¢/km +1 to +6 ¢/km, excluding vehicle 
capital cost 

Sulphur emissions -100% -30% 
Particulate Matter -100% -50 to -60% 
NOx emissions -100% -35% 
HC emissions -100% -45% 
Air Toxics -100% -45% 
GHG emissions +4 to -34% -25 to -30% 
 

4.6 MODIFIED HEAVY-DUTY ENGINES AND EMISSION CONTROL EQUIPMENT 

The development and application of emission control technology for diesel engines is largely 
being driven by the requirement to meet lower emission standards in the United States and the 
European Union.  The US EPA heavy-duty diesel vehicle emission standard for NOx was 6 
g/bhp-hr for the 1990 model year and will decrease to 0.2 g/bhp-h by the 2010 model year (See 
Table 4-3 in Section 3.2). The US heavy-duty diesel vehicle emission standard for particulate 
matter was 0.6 g/bhp-h for the 1990 model year and will decrease to 0.01 g/bhp-h by the 2007 
model year. The hydrocarbon emission standard will decrease from 1.3 g/bhp-h in 1998 to 0.14 
g/bhp-h for NMHC by 2010.   A combined emission standard applies for the 2004 model year, 
which equals either 2.4 g/bhp-h for NOx+HC, or 2.5 g/bhp-h for NOx+HC, with a cap on HC of 
0.5 g/bhp-h.  

Three techniques are being used to meet more stringent emission regulations for heavy-duty 
diesel engines: in-cylinder technology, fuel technology and exhaust after-treatment.  In-cylinder 
technology includes: exhaust gas re-circulation (EGR), advanced injection system, variable valve 
actuation, and model-based control.  Fuel technology is discussed in detail in the previous 
section of this report.  Exhaust after-treatment, or auxiliary emission control devices (AECD), 
include diesel particulate filter (DPF) and diesel oxidizing catalyst (DOC) for PM and adsorber 
catalyst for NOx.    
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PM and NOx emissions control is complicated for diesel engines because of the trade-off 
between NOX and PM reduction.  Most in-cylinder design changes that reduce NOX also increase 
PM emissions, and vice versa.  To date, emission standards for diesel engines have been met 
solely by engine technology improvements.  However, this is not sufficient to meet the proposed 
2007 standards, which has led to extensive research and development of exhaust after 
treatment devices.   

The following section discusses the most promising techniques for PM and NOx control through 
the use of exhaust after-treatment devices, improvements to engine control systems and early 
replacement/rebuilding of high-emission engines. 

4.6.1 Particulate Matter Filters/Traps 

4.6.1.1 Description of Current and Developing Technology 

Early diesel particulate filters (DPF), also known as traps, suffered from problems with poor 
reliability and durability.  

A new generation of DPF has being developed, which overcomes the old design pitfalls.  
Passive regeneration of elemental carbon occurs when the exhaust temperature reaches 600ºC 
and there is enough oxygen to oxidize the elemental carbon trapped in the filter.  In diesel 
engines, although there is always sufficient oxygen for regeneration to occur, exhaust gas 
temperatures near 600ºC are rarely reached.  Consequently, passive regeneration is difficult to 
achieve under normal operating conditions and means are needed either to lower the 
temperature required to initiate combustion, or to provide supplement heating to reach PM 
regeneration temperatures.  Using other means to increase the exhaust temperature is called 
active regeneration, such as electrical heating, and a full-flow burner.   

Passive regeneration can occur if the elemental carbon is oxidized at lower temperatures via a 
catalytic reaction. Passive regeneration can be achieved by placing a catalyst upstream of a 
DPF, sometimes referred to as a catalyzed soot filter (CSF).  The catalyst will oxidize NO to NO2 
and then NO2 will react with the carbon particles trapped in the DPF yielding CO2 and nitrogen 
(N2).  Johnson Matthey, a major exhaust after treatment manufacturer, patented this system.  A 
CSF is a DPF coated with a precious metal such as platinum.  Base-metals, such as copper, can  
also be used as a catalytic DPF coating. 

Active regeneration systems employ electric heaters, which are placed in front of the filter to 
achieve the desire temperature for soot burning.  They are very simple, though expensive to 
operate.  Burner systems are more efficient than electric heaters, but more complicated to 
operate. 

4.6.1.2 Vehicle Applications and Performance Effects 

Filtration efficiency is an important measure of DPF performance.  Filtration efficiency is the ratio 
between the PM trapped in the filter to the total PM passed through.  DPF efficiencies range 
between 80 to high 90s%.  Filter efficiency usually increases with use, as particles build up within 
the filter media.  High filtration efficiency is associated with high backpressure and consequently 
high fuel consumption and loss of power.  Therefore, most of DPF manufacturers recommend 
installing a back-pressure sensor, if not included in the vehicle, to minimize any negative impacts 
to engine performance.  According to the US EPA study of retrofit DPFs (US EPA, 1999), a PM 
conversion efficiency up to 90% is achievable, while at the same time reducing CO and HC 
emissions by between 50-90%. 
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4.6.1.3 Implementation Considerations 

The suitability of a DPF retrofit depends on fuel sulphur content, exhaust temperature, vehicle 
application and engine year.  The type of regeneration method is dependent on the vehicle use.  
DPFs require periodic maintenance, in accordance with manufacturer recommendations to 
maintain their efficiency and service life.  

The recommended fuel for use of a catalyzed DPF (CRT) is diesel fuel having a sulphur content 
of 15 ppm, or less.  As the fuel sulphur content increases above this recommended level, the 
efficiency of the DPF deteriorates, and at high levels, a permanent loss in performance can 
result.  Recommendations for sulphur content, exhaust temperature and maintenance by 
Johnson Matthey, are repeated below, and more information can be found on manufacturer's 
website:  

"The basic requirements for maximum PM reduction with the CRT particulate filter are ultra low 
sulphur fuel (<15 ppm), an average exhaust temperature of 260°C and a NOx/PM ratio of at 
least 25.  For use on higher sulphur fuels the basic requirements are exhaust temperatures in 
excess of 350 C with > 25 NOx/PM ratio, however, total PM reduction is reduced due to 
sulphate make.  Both turbocharged and naturally aspirated engines are acceptable. Also, the 
engine must be maintained within OE specifications.  If the engine burns lubricating oil at rates 
higher than the OE specification, it will be a poor candidate for a CRT filter and probably 
already operates badly.  The only currently recommended maintenance is to clean the filter 
element (one of the modular sections) approximately every 60,000 - 100,000 miles, or once a 
year as needed when using ULSD.  This frequency may be adjusted based on actual operating 
conditions and with the advent of low ash oils it will likely be eliminated.  Checking 
backpressure is a good indicator of when cleaning is necessary.  The CRTdm diagnostic 
module accomplishes this objective." 

A US EPA study of retrofit DPFs (US EPA, 1999) recommends regeneration systems for 
different exhaust temperatures.  The guidance is provided in this reference for selecting the 
appropriate DPF design for a school bus application: 

"Passive filters can be installed on vehicles that have a high exhaust temperatures (380 ºC for 
25 percent of the time).  Most school buses do not have exhaust temperatures that reach 
these levels.  However, a program to determine whether or not this is the case would need to 
be undertaken before deciding whether or not to proceed with a filter retrofit project.  The other 
type of particulate filter, active filters, do not require high exhaust temperatures.  The active 
particulate systems rely on electrical regeneration of the filter each night and thus require the 
availability of shore power.  New active filters are being designed so that only 20 minutes of 
regeneration will be needed for every eight hours of operation.  This will still require that a 
retrofitted bus be near an outlet once every two days (depending upon usage) for 20 minutes." 

 
According to most DPF manufacturers, only 1991 or newer engines can be retrofitted with a 
DPF, while some limit this to engines manufactured since 1994. Table 4-69 summarizes exhaust 
temperature and other considerations for effective retrofit of a DPF using active and passive 
regeneration designs. 
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Table 4-69 Summary of DPF Retrofit Considerations 

Technology Exhaust Temp 
[ºC] 

Sulphur 
Content 
[ppm] 

Maintenance Engine year 

Active <380 
 15 Cleaning ever year or 

60,000-100,000 miles 

At least 1991 or newer, 
preferable consult with the 
manufacture. 

Passive 

>380 
25% of the driving 
cycle or as per the 

manufacturer’s 
recommendations 

15 Cleaning ever year or 
60,000-100,000 miles 

At least 1991 or newer, 
preferable consult with the 
manufacture. 

 
MECA (2001) provides detailed information for different regeneration methods and their 
application in a presentation on "Retrofit DPF Application Considerations and Experience", which 
is summarized in Table 4-70. 

Table 4-70 Regeneration Strategies and Applications 

Regeneration 
Methods Application Comments 

Catalyst-Assist 

Mining, Construction, 
On-road, Locomotive, 

Marine, and 
Stationary 

Several manufacturers indicate that exhaust 
temperatures must exceed in the range of 250 
to 275 oC for over 30% to 50% of the time. 

Electric Heater-Assist 
Mining, Construction, 

and Materials 
Handling

Performed between shifts 

Fuel Burner-Assist Stationary  

Intake/Exhaust 
Throttling 

Mining and 
Construction Limited use 

Fuel 
Injection/Catalyst-
Assist 

Construction and On-
road vehicle 

Fuel injected over a catalysts to increase 
exhaust gas temperature 

Source: http://www.arb.ca.gov/diesel/idrac/presentations/jun01/meca.pdf

4.6.1.4 Emission Impact 

• Criteria Emissions 
 
According to the US EPA verified technology web site, the following reduction in emissions of 
criteria pollutants (Table 4-71) can be achieved by retrofitting a DPF.  

http://www.arb.ca.gov/diesel/idrac/presentations/jun01/meca.pdf
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Table 4-71 EPA Verified DPF Performance 

Reduction% Manufacturer Technology Applicability 
PM CO NOx HC 

Engelhard 
DPX Catalyzed 
Diesel Particulate 
Filter 

Highway, heavy-duty, 4 cycle, 
model year 1994 - 2002, 
turbocharged or naturally 
aspirated 

60 60 n/a 60 

Johnson 
Matthey 

Continuously 
Regenerating 
Technology (CRT) 
Particulate Filter 

Heavy Duty, Highway, 2 & 4 
cycle, model year 1994 - 
2002, turbocharged or 
naturally aspirated engines 

60 60 n/a 60 

Source: http://www.epa.gov/otaq/retrofit/retroverifiedlist.htm

CARB has also posted a list of verified devices for reduction of PM emissions from diesel 
engines, which are summarized in Table 4-72.   

Table 4-72 CARB Verified PM Devices and Their Performance 

Engine Manufacturer 
Sulphur 
Content 
(ppm) 

PM 
Reduction 

 (%) 

NOx 
Reduction 

 (%) 
Contact information 

1994 – 1997 model 
year Cummins M11 & 
International/Navistar 

DT466 on-road 

Cleaire 
Longview 15 ≥85* 25 http://www.cleaire.com 

Engelhard 
DPX 15 ≥85* NA 

http://www.engelhard.co
m/db/template/engelhard
.xml 1994 and newer 

Johnson 
Matthey CRT 15 ≥85* NA http://www.jmcsd.com 

* Categorized by CARB as Level 3 control.  
Source: http://www.arb.ca.gov/diesel/verdev/verifieddevicesapplicableswcv.pdf
 
• Air Toxics 
 
No data is available on the reduction of air toxic emissions with the use of DPF technology. 
 
• Greenhouse Gases 
 
An increase of 1-4% in GHG emissions from the vehicle is expected due to the increase in fuel 
consumption from higher engine backpressure.  

4.6.1.5 Cost 

• Fuel 
 
There will be an increase in fuel cost associated with using a DPF due to the increase in fuel 
consumption that results from higher engine backpressure.  The cost of low sulphur fuel was 
discussed in detail in previous section.  The fuel penalty is summarised in Table 4-73, based on 
data reported on the US EPA website. 
 

http://www.epa.gov/otaq/retrofit/retroverifiedlist.htm
http://www.arb.ca.gov/diesel/verdev/verifieddevicesapplicableswcv.pdf
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Table 4-73 Fuel Penalty for DPF Applications 

Technology Sulphur Content (ppm) Fuel Penalty (%) 
Base Metal Oxidizing PM Filter <500 2-4 
Highly Oxidizing Precious Metal  
PM Filter <15 1-3 

Source: http://www.epa.gov/otaq/retrofit/retropotentialtech.htm
 
• Vehicle 
 
No added cost to the vehicle. 
 
• Capital and Operating cost for the DPF 
 
Prices vary depending on the size of the engine being retrofitted, the sales volume (the number 
of vehicles being retrofitted), the emission target that must be achieved, the regeneration method 
and other factors.  In general, filters that are sold as muffler replacements cost more than in-line 
ones.  MECA released a cost survey for Emission Control Retrofit Technologies in December 
2000.  The summary of this survey is presented in Table 4-74. 

Table 4-74 Cost Survey of DPF Prices 

Engine Size (hp) Muffler Unit (US$) In-Line (US$) 
100-200 4,500 4,000 
201-300 5,000 4,000 
301-500 5,500 4,000 

Source: http://www.epa.gov/otaq/retrofit/documents/meca1.pdf
 
Replacement intervals for a DPF vary according to the application and engine horsepower.  
According to MECA, the average lifetime of a DPF is approximately 266,000 km.  Table 4-75 
presents DPF lifetime for different applications and cost per mile based on DPF average price of 
US$5000. 

Table 4-75 DPF Lifetime and Cost per Mile 

Vehicle 
Application 

Engine 
Displacement 

(L) 

Engine 
horsepower 

Accumulated 
Distance 
(miles) 

Cost 
US¢/mile 

Intercity Train 14 430 372,902 1.34 
Airport Bus 10 292 357,531 1.40 

Express Bus 10 368 304,598 1.64 
Mail Truck 7 236 294,469 1.70 
City Bus 11 260 142,205 3.52 

Refuse Truck 7 235 128,342 3.90 
Average 266,675 2.25 

Source: http://www.arb.ca.gov/diesel/idrac/presentations/jun01/meca.pdf   

4.6.2 Diesel Oxidizing Catalyst (DOC) 

Oxidizing catalysts (OC) are one of the oldest exhaust after treatment devices used to control 
engine emissions and are used on most gasoline vehicles in North America.  The OCs used with 
gasoline engines are often called 3-way catalysts, while those used with diesel engines are 
called DOC or 2-way catalysts.  Both have the same operation principle, but 3-way catalysts 

http://www.epa.gov/otaq/retrofit/retropotentialtech.htm
http://www.epa.gov/otaq/retrofit/documents/meca1.pdf
http://www.arb.ca.gov/diesel/idrac/presentations/jun01/meca.pdf
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oxidize three pollutants (HC, NOx and CO) and 2-way catalysts oxidize only two pollutants (HC 
and CO).   

4.6.2.1 Vehicle Applications and Performance Effects 

There is a fundamental difference between the operation principle of DOCs and catalyzed DPFs 
(CDPF).  CDPFs oxidize the soot, or elemental carbon, trapped in the filter media with the aid of 
a catalyst at a lower temperature than the temperature that would otherwise be required.  DOCs, 
or catalyst mufflers, oxidize only the soluble organic fraction (SOF) of PM.  DOCs have a lower 
efficiency than a CDPF, as the soluble organic fraction constitutes only 25 - 40% of the total 
particulate matter composition.  DOCs also may oxidize sulphur dioxide to sulphate, which off-
sets some of the PM reduction.  The sulphate compounds also react with water to form sulphuric 
acid, causing catalyst poisoning.  

4.6.2.2 Implementation Considerations 

The suitability of a DOC retrofit depends on fuel sulphur content, exhaust temperature, vehicle 
use, engine cycle (2 or 4 stroke) and engine model year.  DOCs do not require periodic 
maintenance.  Manufacturers recommend the diesel fuel contain 15 ppm sulphur, or less, and 
indicate that as the sulphur content rises to 500 ppm there is increasing impact from catalyst 
poisoning.  Recommendations for sulphur content, exhaust temperature and maintenance by 
Johnson Matthey, a DOC manufacturer, are presented in Table 4-76 and more information can 
be found on the manufacturer’s website.  

Table 4-76 Summary of DOC Retrofit Considerations 

Technology Exhaust Temp 
(ºC) 

Fuel 
Sulphur 
Content 
(ppm) 

Requirements Engine year 

Base Metal 
DOC 

>350 
 500 

At least 1991 or 
newer - consult 
with the 
manufacture 

Highly 
Oxidizing 
Precious 

DOC 

>350 for 25% of the 
driving cycle, or as per 
the manufacturer 
recommendations 

15 

 May need an electric 
heater to raise exhaust 
temperature for better 
performance. 
 Different DOCs are 
recommended for 2 & 4 
stroke engines. 
 Muffler insulation is 
recommended for better 
performance. 

At least 1991 or 
newer, preferable 
consult with the 
manufacture 

Source: http://www.jmcsd.com/crt.html 

4.6.2.3 Emission Impact 

• Criteria Emissions 
 
In a study of retrofit technology  (US EPA, 1999), DOCs were retrofitted in 60 heavy-duty diesel 
4 and 2 stroke engines.  Using DOCs with these engines achieved reductions in particulate 
matter emissions ranging from 19 to 50%, with an average reduction of 33%.  DOCs also 
achieved HC and CO reductions of 50-90% and 45-90%, respectively.    

Table 4-77 presents a summary of the results of the study.  
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Table 4-77 Summary of DOC Performance for Heavy-duty Diesel Engines 

Average Percent Emission Reduction Number & Engine Type 
PM HC COStudy/Report 

 
2 stroke 4 stroke 38 for 4 stroke 

27 for 2 stroke 
51 for 4 stroke 
64 for 2 stroke NA 

Urban Bus 10 19 32.8 75.9 67.1
SAE 960134 2 5 NA 79.9 NA 
SAE970186 5 5 24 50-90 45-93 
SAE932982 - 4 44-60 NA NA 
SAE950155 2 - 32-41 60-70 90 
London bus 

report 980342 - 6 45 86 92 

Engelhard 
report 980342 - 1 vehicle & 

3 catalysts 45 93 98 

APTA paper 2  19-44 50-90 45-93 
 
DOCs are commercially available as catalyst mufflers. Table 4-78 and Table 4-79 present the 
DOCs for which performance has been verified by the US EPA and CARB, respectively. 

Table 4-78 EPA Verified DOC Devices and Their Performance 

Emission Reduction (%) Manufacturer Technology Applicability 
 PM  CO  NOx  HC 

CMX 
Catalyst 
Muffler 

Heavy Duty, 
Highway, 2 

cycle  
20 40 n/a 50 

Engelhard 
 CMX 

Catalyst 
Muffler 

Heavy Duty, 
Highway, 4 

cycle  
20 40 n/a 50 

Johnson 
Matthey 

CEM 
Catalyst 
Muffler 

Heavy Duty, 
Highway, 2 

cycle  
20 40 n/a 50 

AZ 
Purimuffler 2 cycle 20 40 n/a 50 Engine 

Control 
Systems 
Lubrizol 

AZ 
Purimuffler 2 cycle 20 40 n/a 50 

Source: http://www.epa.gov/otaq/retrofit/retroverifiedlist.htm
 

Table 4-79 CARB Verified DOC Devices and Their Performance 

Engine Manufacturer 
Sulphur 
Content 
[PPM] 

PM 
Reduction 

(%) 

NOx 
Reduction 

(%) 
Contact information 

1994 and 
newer 

Donaldson 
DOC Spiracle 15 ≥ 25* NA http://www.donaldson.com/en/i

ndex.html
Donaldson 

DOC Spiracle CA Fuel ≥ 25* NA http://www.donaldson.com/en/i
ndex.html1991 and 

newer Donaldson 
DOC 15 ≥ 25* NA http://www.donaldson.com/en/i

ndex.html
* Categorized by CARB as Level 1 control. 
Source: http://www.arb.ca.gov/diesel/verdev/verifieddevicesapplicableswcv.pdf
 

http://www.epa.gov/otaq/retrofit/retroverifiedlist.htm
http://www.donaldson.com/en/index.html
http://www.donaldson.com/en/index.html
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• Air Toxics 
 
No available data for the reduction of air toxic emissions by DOCs. 
 
• Greenhouse Gases 
 
An increase of 1-2% in GHG is expected with DOCs because of the increase in fuel consumption 
resulting with higher engine backpressure.  
 

4.6.2.4 Cost 

Prices vary depending on the size of the engine being retrofitted, the sales volume (the number 
of vehicles being retrofit), the emission target that must be achieved and other factors.  In 
general, DOCs that are sold as muffler replacements cost more than in-line ones.  
  
• Fuel 
 
There will be an additional fuel cost associated with using a DOC because of the increase in fuel 
consumption caused by the increase in engine backpressure.  The fuel penalty for current DOC 
designs is given in Table 4-80, based on data provided on the US EPA website. 

Table 4-80  Fuel Penalty for DOC Applications 

Technology Sulphur Content (ppm) Fuel Penalty (%) 
Base Metal DOC <500 0-2 
Highly Oxidizing Precious metal DOC <15 0-2 
Source: http://www.epa.gov/otaq/retrofit/retropotentialtech.htm
 
• Vehicle 
 
No cost associated with DOC retrofit. 
 
• Capital and Operating 
 
DOC replacement intervals vary according to application and engine horsepower. The service 
life of a DOC is based on operating hours, which is a realistic measure as some applications 
have long idling time than others.  Generally, the lifetime of a DOC is around 10,000 hours.  
Table 4-81 summarizes DOC initial costs.  Table 4-82 gives the DOC lifetime for different 
applications and cost per mile based on a DOC price of US$1500. 

Table 4-81 Cost Survey of DOC 

Engine Size [HP] Muffler Unite [US$] In-Line [US$} 
100-200 1250 575 
201-300 1650 850 
301-500 1750 1150 

 

http://www.epa.gov/otaq/retrofit/retropotentialtech.htm
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Table 4-82 DOC Lifetime and Cost per Km 

Vehicle Application Assumed 
Speed (km/hr) 

Assumed 
lifetime (hr) 

Accumulated 
Distance (km) 

Cost 
(¢/km) 

Highway truck 90 900,000 0.17 
Express Bus 55 550,000 0.27 
Mail Truck 35 350,000 0.43 
City Bus 40 400,000 0.38 

Refuse Truck 45 

Assumed 
lifetime of 

10,000 
450,000 0.33 

Average 530,000 0.32 
 

4.6.2.5 Summary of Impacts for DOC and DPF Devices 

Table 4-83 provides a summary for the presented data on DPF and DOC.  

Table 4-83 Comparison Between DOC and DPF 

 DOC DPF Ratio 
(DOC/DPF) 

Initial average cost (US$) 1500 5000 0.3 
Cost/Km (¢/km) 0.32 1.4 0.28 
Lifetime (km) 530,000 427,000 1.24 
PM emission change (%) -30 -85 to -95 0.33 
CO emission change (%) -40 -60 0.67 
HC emission change (%) -50 -60 0.83 
Fuel penalty (%) +1% to +2% +2% to +4% 0.5 

Fuel requirement 15-500 S, depending 
on catalyst 15 ppm S - 

Auxiliary systems Both needs exhaust auxiliary heater  
 

4.6.3 NOx Adsorbers 

4.6.3.1 Description of Current and Developing Technology 

NOx adsorbers catalytically reduce NOx to N2 in a two-step process. NOx is first absorbed under 
normal lean engine exhaust conditions. The absorber periodically releases this adsorbed NO2 
into exhaust gas that has been pre-conditioned to enrich CO and HC levels. The NO2 is then 
chemically reduced by the CO and HC in the exhaust gas, forming N2 along with carbon dioxide 
and water vapour.  A detailed discussion of the theory of NOx adsorber operation is available in 
Blackeman (2003). The basic components of the NOx adsorber catalyst are well known and 
include, 1) an oxidation catalyst, typically platinum, 2) an alkaline earth metal to store NOx, 
typically barium, 3) a NOx reduction catalyst, typically rhodium, and 4) a substrate and can to 
hold and support the catalyst. 

4.6.3.2 Vehicle Applications and Performance Effects 

Clean Air Act Advisory Committee, 2002, thoroughly investigated NOx adsorber technology.  The 
committee had the following comments on the technology as of 2002: 

“Reducing emissions from the 2004 standard of 2.4/2.5 g/bhp-hr (NOx and NMHC combined) 
to 0.2 g/bhp-hr will require NOx adsorbers that can operate reliably and durably at up to 95 
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percent efficiency.  While there are important technical challenges that must be resolved 
before NOx adsorbers can achieve this level, bench and dynamometer testing has already 
demonstrated adsorber efficiencies at 70 percent and more, leading Panel members to 
conclude that the technology is making significant progress toward successful 
implementation in the 2007-2010 timeframe. 

Engine, vehicle, and emission control manufacturers are making tremendous investments 
now to ensure the successful development and implementation of the NOx adsorber 
technology in time for the 2007 HD Rule’s implementation.  

Panel discussed a number of technical challenges that must be resolved for the successful 
introduction of NOx adsorbers in the 2007-2010 time frame.  The Panel recognizes the 
lesser maturity level of the development of this device compared to particulate filters.  The 
issues discussed by the Panel included:  

• Temperature range: NOx adsorber efficiency must be expanded over a wider range of 
operating temperatures.  

• Durability: Improve NOx adsorber efficiencies over the full useful life of the system 
(e.g., thermal durability).  

• Desulphation: NOx adsorber efficiency is reduced by sulphur, so the adsorber must 
be “desulphated” periodically.  Desulphation methods and performance require 
improvement.  

• System integration: including packaging constraints and fuel economy impacts.  
 
Improving the durability of the NOx adsorber, especially as it relates to desulphation, is the 
most significant fundamental challenge that is being addressed currently.  This will require 
further materials improvements, in addition to better temperature and air-fuel ratio control 
during the desulphation process.   

Vehicle integration strategies and development are in the infant stages.  NOx adsorbers are 
not being tested and integrated into full heavy-duty diesel vehicles yet.  However, it is 
important to note that they are being integrated into light-duty diesel vehicle systems that are 
demonstrating low NOx emissions on the Federal Test Procedure.  For example, EPA tested 
a Toyota light-duty vehicle that demonstrated that a vehicle would be capable of meeting 
Tier 2 Bin 5.  The vehicle was designed for the European market and will require additional 
development if Toyota elects to certify it to US emission standards.  Nonetheless, this level 
of performance was formerly thought to be beyond the capability of light-duty diesel 
emissions control technology.  “ 

NOx adsorbers for onroad heavy duty diesel vehicles are expected to be commercially proven by 
2007. 

4.6.3.3 Implementation Considerations 

The effectiveness of NOx adsorbers is dependant on how much of the NOx in the treated gas is 
in the form of NO2.  Since a high percentage of the NOx from an engine is in the form of NO, an 
oxidizing catalyst is utilized upstream of the adsorber to ensure this NO is fully converted to NO2.    

NOx adsorber material traps, or adsorbs, and chemically decomposes both NO2 and SO2 in the 
same way.  The presence of sulphur compounds “poisons” the catalysts and reduces the 
effectiveness of an adsorber.  Consequently, ultra low sulphur diesel having a sulphur content of 
less than 15 ppm is generally required to ensure NOx adsorbers function efficiently. 
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Release of adsorbed NOx and reduction of this gas to N2 needs to occur under rich conditions, 
i.e. elevated levels of carbon monoxide (CO) and unburned hydrocarbon (HC).  To temporarily 
enrich the exhaust gas during a desorption cycle, diesel fuel is either injected into the engine 
cylinders or directly into the exhaust system, where it is partially oxidized and increases CO and 
HC for a short period of time.    

NOx adsorbers are promising technology for reduction of NOx emissions from diesel engines. 
There is still considerable research and testing needed before the technology becomes 
commercial.  The technology is not likely to be available for commercial use prior to 2007 and 
details for retrofitting of the technology after that time are uncertain.  Table 4-84 summarises the 
issues associated with retrofitting NOx adsorbers on heavy duty onroad diesel vehicles. 

Table 4-84 Summary of NOx Adsorber Retrofit Considerations 

Other Requirements Fuel Sulphur Content (ppm) 

• Supplemental fuel injection 
• Desulphurization is needed to maintain 

catalyst efficiency 
• May require Diesel Oxidizing Catalyst 

<15 

 

4.6.3.4 Emission Impact 

• Criteria Emissions 
 
The available data on the efficiency of NOx adsorbers are based on laboratory testing.  Table 
4-85 summarizes the performance of these devices, as reported by the US EPA. 

Table 4-85 Emission Reduction Efficiency of NOx Adsorbers 

Reduction Efficiency (%) Availability 
 PM  CO  NOx  HC 

2007 10-30 90 90 90 
Source: http://www.epa.gov/otaq/retrofit/retropotentialtech.htm
 
• Air Toxics 
 
No data is available on the effect of NOx adsorbers on emissions of air toxics. 
 
• Greenhouse Gases 
 
An increase of 1-3% in GHG emissions from the vehicle is expected due to higher fuel 
consumption.  

4.6.3.5 Cost 

There are no data available on the commercial cost of NOx adsorbers or on the additional fuel 
cost for engines equipped with NOx adsorbers, as this technology is still being developed.   

• Fuel 
 

http://www.epa.gov/otaq/retrofit/retropotentialtech.htm
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Fuel consumption is expected to increase 1-3% for engines equipped with NOx adsorbers for the 
following reasons: 
 

o In general, fuel consumption in engines equipped with after treatment devices, such as 
DPF or DOC, are 1-4% higher than engines that are not equipped with these devices. 

o Auxiliary fuel injection to enrich the exhaust will increase fuel consumption. 
 
• Vehicle 
 
There will be a cost for the auxiliary fuel injection system. 
 
• Capital and Operating 
 
Although there is no data available yet on the commercial cost of these devices, costs were 
estimated for the US EPA regulatory analysis of the 2007 standards, which considered 
technology cost and fixed costs for research and development, tooling and new engine 
certification.  Costs reported by the US EPA are summarized in Table 4-86 for each of the four 
vehicle categories considered: Light Heavy Duty Diesel, 8,500 - 19,500 lbs; Medium Heavy Duty 
Diesel, 19,501 - 33,000 lbs; Heavy Heavy Duty Diesel, 33,001+ lbs; and transit buses. Costs are 
reported in 1999 US dollars for 2007 deployment of the technology. In this work, the US EPA did 
not consider any incremental operating costs specifically for NOx adsorbers. 

Table 4-86 2007 NOx Adsorber Cost Estimate 

Vehicle Class 
Item Light-Heavy 

Duty Diesel 
Medium-Heavy 

Duty Diesel 
Heavy-Heavy 
Duty Diesel Bus 

Total Purchase Price to 
Customer (1999 US$) $1,012 $1,311 $1,647 $1,647 

Source: US EPA, 2000, Heavy-Duty Standards/Diesel Fuel Regulatory Impact Assessment, 
EPA420-R-00-026, December. 

4.6.4 Engine Rebuilds/Control System Upgrades 

4.6.4.1 Description of Technology 

Most engine manufacturers provide low emission rebuild kits for part of their products line.  
There are also US EPA approved aftermarket kits.  These kits include parts typically needed for 
a major overhaul that also will enable the engine to meet more stringent emission standards.  
They could also include a new camshaft and components to upgrade the emission control 
system, such as a catalytic muffler. 

Typically two rebuild kits available can be obtained from manufacturers for diesel engines to 
achieve low PM and low NOx emissions. The contents of these kits vary between manufacturers.  
Low PM kits are for engine model years 1979-1988, while low NOx kits are for engine model 
years 1993-1998. 

Engine rebuild programs are being promoted in the US and Canada for transit buses. According 
to a Transport Canada study (Transport Canada 1999), US transits agencies normally keep their 
buses in service from 12 to 15 years, while Canadian agencies keep their vehicles in service for 
approximately 18 years, or more.  
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4.6.4.2 Vehicle Applications and Performance Effects 

Low PM rebuild kits are used in transit buses to achieve PM emissions of 0.1 g/bhp, which would 
result in at least a 25% reduction PM emissions relative to the original engine.  Rebuilding an 
engine to achieve emission reductions will involve the replacement of the components shown in 
Table 4-87, based on guidance from the US EPA and the Detroit Diesel Corporation. 

The most common engines used in transit buses are Cummins L10 and DDC6V92 TA MUI.  The 
performance of engine rebuild kits is indicated in Table 4-88. 

Table 4-87 Guidelines for Typical Engine Rebuilds 

US EPA Detroit Diesel Corp. 
Engine Rebuild means an activity occurring 
over one or more maintenance events 
involving: 

o Disassembly of the engine including 
removal of the cylinder head(s); and 

o The replacement or reconditioning of more 
than one major cylinder component in more 
than half of the cylinders. 

A full engine rebuild would typically include 
the following: components:  

o blower,  
o cylinder head,  
o injectors,  
o turbo,  
o cylinder kits,  
o bearings,  
o camshaft as needed and  
o overhaul gasket. 

 

Table 4-88 The EPA Verified Rebuild Kits and Their Performance 

Emission Reduction (%) Manufacturer Applicability 
 PM  CO  NOx  HC 

Cummins Cummins L-10 20 n/a n/a n/a 
Detroit Diesel DD 6V92 TA MUI 20 n/a n/a n/a 
 
Most engine manufacturers have established low NOx rebuild programs to comply with the EPA 
and CARB consent decrees.   

4.6.4.3 Implementation Considerations 

Particulate matter emission rebuild kits are required in the US to be identified as an EPA certified 
kit for a specific standard, and to carry a serial number.  Each certified kit must have a record of 
the parts numbers contained in the kit.  Rebuild kits are certified to one of two levels: 25% 
emission reduction, or a 0.1 gram per brake horsepower hour (g/bhp-hr) emission standard.  
These kits are pre-approved for use with the engines they were certified for under the federal 
Urban Bus Program. 

Engine manufacturers provide low NOx rebuild kits for a certain engines in their product-line.  In 
general, low NOx rebuild kits include the regular parts for the overhaul and instructions for ECM 
adjustments to achieve tighter NOx emissions.  According to Cummins, low NOx rebuild kits are 
required when one of the following occurs:  

• High-Mile Rebuild - A rebuild is required to be a Low NOx Rebuild if a low NOx 
calibration is available and the engine has operated more than 466,711 km [290,000 mi] 
(for Signature, N, M and L) or 297,729 km [185,000 mi] (for ISB and ISC) and more than 
one major cylinder component (piston assembly, liner, rod or ring set) is replaced in more 
than half of the cylinders.    
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• Low-Mile Rebuild - at miles lower than listed above, a Low NOx Rebuild must be 
performed (new calibration and label) if more than one major cylinder component (piston 
assembly, liner, rod or ring set) is replaced in all cylinders. 

CAT and Detroit Diesel also have low NOx kits for specific engine serial numbers and models, as 
listed in Table 4-89 and Table 4-90. Table 4-91 provides a summary of implementation 
considerations for proceeding with installation of a rebuild kit. 

Table 4-89 Engines Serial Number for CAT Low NOx Rebuild Program 

Model Serial Number 
3406E 5EK5767-UP, 6TS97-UP, 1LW1-33262, Reman 4AS1-385 
3126 1WM210-26819, 4ES226-454, Reman 6RW1-Up 
3116 7AS1-37588 

3116B 8WL297-7351 
3176B 9CK647-32795, Reman 3LZ1-Up 
C-10 2PN1000-7278, 8YS449-7060, Reman AKB1-Up 
C-12 1YN1200-12844, 9NS372-19786, Reman ALS1-Up 

  
Exempt engines:  

3406E 5EK1-5766, 5DS1-UP 
3406C PEEC 4CK1-UP 

3176(A) 7LG1-Up 
 All mechanical engines 
 

Table 4-90 Engine Serial Numbers for Detroit Diesel Low NOx Rebuild Program 
Current Group Low NOx Group Current Group Low NOx Group 

Series 60 12.7L U.S. 1994 - 1997 Series 60 11.1L U.S. 1994-1995 
6067-GK60/28 6067-WK60/28 

6000 7041 6005 7155 
6001 7075 6006 7156 
6002 7076 6007 7157 
6011 7077 6008 7158 
6012 7078 6009 7159 
6013 7079 6015 7160 
6026 7080 6016 7161 
6036 7081 6017 7162 
6053 7082 6018 7163 

  6019 7164 
  6020 7165 

Series 60 12.7L U.S. 1998 6021 7166 
6067-TK60/28 6022 7167 

6214 7083 6027 7168 
6220 7088 6032 7169 
6228 7084 6033 7170 
6229 7085 6034 7171 
6235 7086 6043 7172 
6236 7087 6082 7173 
6484 7128 6083 7174 
7098 7129   

Series 60 12.7L U.S. 1994 - 1997 Series 60 11.1L U.S. 1994-1995 
6067-GK60/28 6067-GK60/28 

6003 7130 6090 7175 
6014 7131 6091 7176 
6055 7132 6094 7177 
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6056 7133 6097 7178 
6062 7134 6099 7189 
6063 7135 6101 7179 
6076 7136 6104 7190 
6086 7137  
6087 7138 Series 60 12.7  US 1998 
6122 7139 6067-TK60/28 
6124 7140 6215 7180 
6125 7141 6232 7181 
6133 7142 6247 7184 
6145 7143 6248 7185 
6146 7144 6249 7186 
6153 7145 
6454 7146  

6170 7147 Series 60 12.7 US 1998 
6186 7148 6067-TK60/28 
6187 7149 6242 7182 
6188 7150 6243 7183 
6189 7151 6250 7187 
6190 7152 6280 7188 
6191 7153 
6192 7154 

 

 

Table 4-91 Engine Rebuild or Control System Upgrade 

Technology Retrofit 
Engines When Typical Warranty Applicability 

Low PM Kits For engine model 
year 1979-1989 

On major 
overhaul 

100,000 miles warranty on 
defects and 150,000 on 

emissions 

Mostly for bus 
applications 

Low NOx Kits For engine model 
year 1993-1998 

On major 
overhaul  For specified 

models 

4.6.4.4 Emission Impact 

• Criteria Emissions 
 
In general, rebuild kits contain a catalytic muffler.  Table 4-92 presents a real-world emissions 
performance of a catalytic muffler retrofitted to two buses equipped with DDC 6V71, (Transport 
Canada, 1999). 

• Air Toxics 
 
No data is available data on effects of rebuild kits on emissions of air toxics. 
 
• Greenhouse Gases 
 
GHG emissions from the vehicle are expected to be approximately 6% lower due to fuel savings.  
Fuel savings are discussed in Section 4.6.4.5. 
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Table 4-92 Emission Reductions for A Transit Bus With Use of a Low PM Kit and DOC  

Emission Results Case 
PM HC CO NOx 

Bus 8423 (baseline) (g/km) 1.53 3.00 22.72 16.54 
Bus 8423 (catalyst) (g/km) 0.96 0.91 4.23 15.87 
Emission Reduction     
 g/km 0.57 2.09 18.49 0.67 
 Percent 37.3 69.7 81.4 4.1 
Bus 8548 (baseline) (g/km) 1.34 2.35 24.24 18.97 
Bus 8548 (catalyst) (g/km) 0.94 0.65 8.14 18.30 
Emission Reduction:     
 g/km 0.40 1.70 I 6.10 0.67 
 Percent 29.9 72.3 66.4 3.5 
Average Reduction     
 g/km 0.49 1.90 17.30 0.67 
 Percent 33.6 71.0 73.9 3.8 
Source: Environment Canada, 1999, http://www.ec.gc.ca/transport/publications/bus/bus.pdf. 
 

4.6.4.5 Cost 

• Fuel 
 
In general, engines equipped with catalytic mufflers experience a 0-2% increase in fuel 
consumption, but there will also be an improvement in engine performance as a result of the 
rebuild kit.  For the case of the rebuilding of the transit buses discussed above, the fuel 
consumption before and after the rebuild for DDC 6V71engine were 70.62 and 64.97 L/100km, 
respectively.  The difference amounts to an 8% saving, resulting in a net fuel saving of 6% or 
5.831 L/100km. 
 
• Vehicle 
 
No additional cost associated with the vehicle. 
 
• Capital and Operating 
 
Due to the very large number of suppliers, engines and engine applications, it is hard to provide 
a generic cost estimate for rebuild kits. The average rebuild kit price is $19,000, (Transport 
Canada, 1999).  The difference between a standard rebuild kit and a low PM kits is 
approximately $2500-3000, which is about the cost of a catalytic muffler, according to 1999 
prices. 
 

4.6.5 Early Engine Replacement 

4.6.5.1 Description of Options 

Engine manufacturers strive to produce more fuel-efficient and lower weight to power ratio 
engines.  This is evident in the improvements in engine performance since the 1980s.  Engine 
replacements may involve replacing an old high-emission engine with a newer diesel engine, or 
replacing a diesel engine with an engine that uses an alternative fuel, such as propane or natural 
gas.  
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4.6.5.2 Vehicle Applications and Performance Effects 

Replacement of an old engine with a newer one meeting lower emission standards is an assured 
means of achieving emission reductions.  Replacing a 1988 engine with a 1998 engine will 
achieve an 80% reduction in PM emissions and a 60% reduction in NOx emissions, assuming in-
use emission rates are proportional to emission standards for each engine. It is probably that the 
reduction in emissions in such circumstances will be higher than this estimate if the older engine 
has been poorly maintained. 

4.6.5.3 Implementation Considerations 

Engine replacement is a challenging task.  For example, replacement of a DDC 6V71N with the 
current DDC Series 50 in a transit bus presents significant challenges, as described by Transport 
Canada (1999). The DDC 6V71N is a transversely mounted, mechanically controlled, two-stroke 
engine, while the DDC Series 50 is a longitudinally mounted, fully electronic, four-stroke engine.  
In this case, there are issues regarding the compatibility with the existing drive-train and cooling 
package, and difficulty in fitting the new engine into the existing engine compartment.  The 
upgrade includes rewiring the bus to accept the new electronic control system (some of which 
are controlled from the foot pedal).  Table 4-93 presents a summary of replacement 
considerations. 

Table 4-93 Considerations For Replacement of a DDC 6V71N with a Current DDC 
Series 50 in a Transit Bus 

Replacement Modification 
May need to replace the transmission  Compatibility with the existing drive-train.   
May need to replace the cooling system Cooling system modification 
 Engine mounting modification 

 Wiring system upgrade to accept electronic 
control from foot-pedal 

Source: Environment Canada, 1999, http://www.ec.gc.ca/transport/publications/bus/bus.pdf. 

4.6.5.4 Emission Impact 

• Criteria Emissions 
 
The average annual Canadian bus mileage accumulation rate is approximately 65,000 km/yr  
(Transport Canada, 1999).  This reference also reports that the emission reductions achieved by 
replacing the DDC 6V71N with the current DDC Series 50 is approximately 1.2 and 0.34 g/km for 
NOx and PM, respectively, as shown in Table 4-94. 

Table 4-94 Emission Reductions Achieved by Replacing a DDC 6V71N with a 
Current DDC Series 50 in a Transit Bus 

 1990 STD 
(g/bhp-hr) 

1998 STD 
(g/bhp-hr) 

Emission 
Reductions 

(g/km) 

Emission Reductions based on 
65,000 km/year 
(kg/bus year) 

NOx 6 4 1.2 78 
HC 1.3 1.3 0 0 
CO 15.5 15.5 0 0 
PM 0.6 0.05 0.34 22.1 
Source: Environment Canada, 1999, http://www.ec.gc.ca/transport/publications/bus/bus.pdf. 
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• Air Toxics 
 
Reduction in emissions of air toxics will depend on the specifics details of the early 
engine/control system replacement. 
 
• Greenhouse Gases 
 
GHG emission reductions from installation of rebuild kits could be significant, depending of the 
improvement in fuel economy achieved with the new engine/control system.  In the case of the 
engine replacement for the transit bus discussed above (Transport Canada, 1999), the fuel 
saving achieved was 5-15%.  The fuel economy improvement would result in an equivalent 
reduction in greenhouse gas emissions from the vehicle. 

4.6.5.5 Cost 

• Fuel 
 
The fuel savings for the transit bus example is 5-15% (Transport Canada, 1999). 
      
• Vehicle 
 
The modifications associated with replacing the DDC 6V71N with the current DDC Series 50 is 
estimated at approximately $10,000. 
 
• Capital and Operating 
 
Cost of early replacement of engines varies depending on engine model and horsepower (hp).  
Such analysis should be done on case-by-case basis.  Generally for trucking applications, and 
an engine capacity of 450 hp to 500 hp, the cost for an engine replacement would be 
approximately $55,000 to $65,000.  For transit applications, and a typical engine capacity of 250 
hp, the cost is approximately $40,000.  The cost of modifications to other equipment on the 
transit bus would increase the replacement cost to $50,000 (Table 4-95).  

Table 4-95 Comparison between Rebuild Kits and Early Engine Replacements for the 
DDC 6V71N and DDC Series 50 

 Rebuild Engine Rebuild Engine & 
DOC 

New Engine & 
DOC 

Initial cost (CND$) 16,500 19,000 50,000 
Lifetime (years) 7  7 7 
NOx emissions (g/km) 17.76 17.76 11.84 
PM emissions (g/km) 1.44 0.96 0.34 
CO emissions (g/km) 23.48 6.18 6.18 
HC emissions (g/km) 2.68 1.9 0.78 
Fuel Consumption (L/km) 0.6497 0.655 0.588 
Fuel Consumption (L/yr) 42231 42575 38220 
GHG Emissions (t/yr) 117 118 106 
Source: Environment Canada, 1999, http://www.ec.gc.ca/transport/publications/bus/bus.pdf. 
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5. REVIEW OF EXPERIENCE WITH PERFORMANCE AND COST OF HDDV 
EMISSION REDUCTION MEASURES IN THE UNITED STATES 

Controlling emissions from heavy-duty diesel vehicles has been a priority in the US in recent 
years, as their contribution to air quality problems has become increasingly significant compared 
to emissions from light-duty vehicles. In addressing this issue, the U.S. EPA, as well as state- 
and county-level air pollution regulatory agencies, have embarked on a number of initiatives in 
recent year to reduce emissions from HDDVs.  Some near-term and medium-term emission 
control programs for new heavy-duty engines and the in-use HDDV fleet in the U.S. are 
discussed in this section.   

5.1 EMISSION REDUCTION MEASURES FOR NEW HEAVY DUTY ENGINES 

In controlling emissions from new heavy duty engines, the U.S. Environmental Protection 
Agency (US EPA) recently adopted a tighter combined NOx and NMHC emission standard for 
model years 2004 to 2006, as part of the 1998 consent decrees with engine manufacturers, and 
stringent NOx and PM emission standards for model year 2007 and later engines.  These 
emission standards are summarized in Section 3.2. 
 
The combined NOx and NMHC emission standard for 2004-2006 heavy duty engines is reduced 
by more than 50%, as compared to model year 1998 engines.  The emission standards for 2007 
and later engines is further reduced by more than 85% for the combined NOx and NMHC 
emissions and 90% for the particulate matter (PM) emissions, as compared to 2004/6 engines. 
 
In addition to these exhaust emission standards regulations, the US EPA is requiring that the 
sulphur content of diesel fuels in the U.S. to be reduced from current nation average of 300 ppm 
to 15 ppm by 2006.  One of the major reasons for adopting the Ultra Low Sulphur Diesel (ULSD) 
fuel regulation is to enable after-treatment emission control technologies that will be required for 
most engine manufacturers to meet the 2007 emission standards.   
 
In addition, reducing the sulphur content of diesel fuel reduces the sulphate portion of the PM 
emissions, which means the PM emissions from both the new and in-use HDDVs will be reduced 
starting September 1, 2006.  

5.2 EMISSION REDUCTION MEASURES FOR IN-USE HDDV FLEET 

New HDDVs have been equipped with low-NOx controls to meet the 2004 standards starting late 
in 2003, while new vehicles meeting the 2007 standards will become available late in 2006. NOx 
and PM emissions contributed by the existing in-use HDDV fleet amount to about 40% and 70% 
of the on-road NOx and PM emissions, respectively3.  Therefore, controlling and reducing the 
emissions from existing in-use HDDV fleet, especially those in air quality non-attainment 
metropolitan areas, is a major priority for the U.S. EPA, state and local air pollution control 
agencies.  The U.S. EPA, as well as state and local air pollution control agencies, has been, or 
are developing and implementing emission control measures to reduce NOx and PM emissions 
from in-use HDDV fleet through voluntary-based or incentive-based emission control programs.  
The design, description and funding mechanism of these control programs are discussed below.   

Some of the emission control measures that are being introduced or implemented in these 
control programs include: 

 
3 1990 nation on-road emission inventories: http://www.epa.gov/otaq/invntory/overview/pollutants/#
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• Ultra low sulphur diesel fuel 
• Alternative diesel fuels (such as Fisher Tropsch diesel, biodiesel, emulsified diesel) 
• Engine or vehicle replacement (fleet modernization with cleaner engines, engine reflash 

and rebuild) 
• Replacement of diesel engines with new technologies 
• Inspection and maintenance program for diesel engines 
• Reduced Idling emission from diesel engines 
• Aftertreatment Retrofit (diesel particulate traps filters or DPF, diesel oxidation catalysts or 

DOC, selective catalytic reduction or SCR systems) 

An overview of US programs, including a description, cost and types of applications of each of 
these technologies, is provided below. 

5.2.1 Ultra Low Sulphur Diesel Fuel 

Description - The ULSD fuel regulation requires refiners to start producing diesel fuel for use in 
highway vehicles with a sulphur content of no more than 15 parts per million (15 ppm), beginning 
June 1, 2006.  The highway diesel fuel sold as low sulphur fuel will be required to meet the 15 
ppm sulphur standard at the terminal level, and at the retail stations and fleets, as of July 15 and 
September 1, 2006, respectively.  The sulphur content of current diesel fuel is capped at 500 
ppm.  The average sulphur content of diesel fuel in the U.S. is about 300 ppm, which means 
more than 95% reduction in sulphur content when the ULSD fuel regulation takes effect in July 
2006. 

While it is still scarce and higher cost as compared to diesel #2, ULSD fuel is readily available 
now in many states.  Many areas around the country including New York and the Puget Sound 
(Seattle-Tacoma area) have initiatives to introduce ULSD fuel earlier than 2006 federal 
requirements for several fleets of publicly and privately-owned vehicles.  As part of the California 
Department of Transportation (Caltrans)’s Greening the Fleet program, Caltrans has been 
progressively introducing ULSD fuel to its fleet by delivering ULSD fuel to many of its refuelling 
stations.   

Potential Control Measures - The control measure is straightforward and involves the use the 
ULSD fuel.  Some control technologies bundle the use of ULSD fuel. 

Nitrogen Oxide Emissions - By itself lower sulphur diesel fuel will not reduce NOx emissions. 

Particulate Emissions - Reducing sulphur in the fuel will, to some extent, also reduce particulate 
emissions because a small portion of the fuel sulphur converts directly to sulphate particulate. 
Only a fraction of the PM emissions are due to fuel sulphur conversion and that fraction varies by 
the base emissions level of the engine, so the percentage reduction will depend upon the engine 
that uses the fuel. In general, lower fuel sulphur will reduce the PM emissions by about 3% for 
diesel engines (with a base PM emission rate of 0.4 g/hp-hr) and about 10% for late model 
highway vehicles (with a base PM emission rate of 0.1 g/hp-hr).  California Air Resources Board 
(CARB) indicated a general 4% reduction of PM emissions in its technical supporting document 
for its diesel fuel regulation (CARB, 2003). 

Sulphur Oxide Emissions - The only practical method to reduce SOx emissions from diesel 
engines is to reduce the sulphur in the fuel. Lowering sulphur to 15 ppm by itself will reduce SOx 
emissions by about 95%.  CARB indicated a general 88% reduction of SO2 emissions (CARB, 
2003). 

Control Costs – The U.S. EPA estimates that the cost of ULSD will be 1.1-1.3 ¢/L (4 to 5 
cents/US gallon) to reduce sulphur from 300 ppm to 15 ppm, however, ULSD is currently about 
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3¢/L more than the price of low sulphur diesel (<500 ppm) in regions of the United States where 
both fuels are available (Section 4.2.1). 

Potential Adverse Effects – For some rare cases, the use of ULSD fuel might cause problems 
with oil seal leaking or lubricity.  

Implementation or Feasibility  - The most feasible option in the U.S. is to wait until ULSD is 
widely available starting in June of 2006 through the Federal rule for on-road diesel fuel.  Prior to 
that date, smaller batches of the fuel could be available for selected fleets with central fuelling 
stations.  Through a voluntary diesel retrofit program, ULSD fuel may be necessary to enable 
emission control technologies where particulate traps and catalytic converters (discussed in 
detailed in the Aftertreatment Retrofit) require this ULSD fuel.  Some example programs include 
the New York City’s Retrofit program, Puget Sound’s Diesel Solutions program, and the Caltrans’ 
Greening the Fleet program. 

5.2.2 Water Emulsified Diesel Fuels 

Description - Diesel fuel/water emulsions are now employed in Texas and California mainly for 
NOx control.  These systems mix diesel fuel with water and surfactants including ethanol or other 
additives.  Typically 15% of the fuel is water lowering the energy content of the fuel though costs 
per gallon are the same as 100% diesel fuel.  The mixture is made on site at a central fuel 
station for fleets that refuel at one location. 

Potential Control Measures - The potential control measure would include one of the verified 
fuel/water emulsion systems where Lubrizol and Aquazole market those emulsions that are 
certified by the CARB’s Fuel Section, and are currently in the U.S. EPA’s retrofit verification 
process.  

Nitrogen Oxide Emissions - CARB has verified these systems for NOx reductions of 14% and 
16%.  EPA however has performed an analysis and found that the NOx reduction depends upon 
the base emissions level of the engine (EPA, 2000).  Therefore, as new diesel engines meet 
lower emission standard the emission reduction percentage with the use of fuel/water will be less 
than with current engines.  EPA predicts that by 2005, 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. 

Particulate Emissions - CARB verified particulate emission reductions for the two vendors’ 
product to range from 58% to 63%.  EPA (2002) estimated that fuel/water emulsion could reduce 
PM emissions by 28% from nonroad diesel engines and 58% from highway engines. 

Sulphur Oxide Emissions - Fuel\water emulsions by themselves will not reduce fuel sulphur 
levels, so there will be no sulphur dioxide reductions under this control measure. 

Control Costs - Fuel/water emulsions typically cost about or slightly more per gallon than 
comparable diesel fuel, yet the energy content of the fuel is lower because roughly 15% is water.  
The cost of the use of this fuel then is realized as a loss of efficiency per gallon of fuel used.  
Overall, it is estimated that the fuel/water emulsions have an additional cost equivalent to $0.25 
per US gallon of fuel, or roughly 15 – 20% increase in fuel costs.  

Implementation or Feasibility - The vehicles and equipment that use fuel water emulsions for 
practical purposes must be centrally fuelled.  This limits the number of emission sources that 
could use this emission reduction approach.  In other regional programs, the added cost has 
been defrayed through incentive programs. 
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5.2.3 Fuel Reformulation of Diesel Fuels 

Description - Besides lowering the sulphur level, diesel fuels can be reformulated to lower PM 
and NOx emissions through fuel replacement alone, as discussed in Chapter 4. 

The emissions benefit from these reformulated diesel fuels depends upon a number of fuel 
properties (SWRI, 2001). The NOx emissions are affected by the cetane level (higher is better), 
aromatics level (lower is better), specific gravity (lower is better), and 50% distillation 
temperature (lower is better).  The PM emissions are affected by the same variables and are 
also affected by sulphur level (lower is better) and oxygen content (higher is better). 

California diesel requirements incorporate many of these variables in its requirement including 
maximum levels of aromatics and distillation temperatures and minimum cetane levels.  The 
State of Texas adopted California fuel regulations starting in 2004.  Other reformulated fuels 
could be developed along these lines including additions of cetane improving additives.  Also, an 
extreme example of reformulation are fuel derived from the Fischer-Tropsch process of 
converting natural gas to a diesel fuel with no aromatics or sulphur in the fuel, low specific 
gravity, and extremely high cetane levels. 

Potential Control Measures - The potential control measure could include any of a number of fuel 
reformulation, but the analysis here includes adopting California specifications, use of cetane 
improvers, and extreme reformulation using a Fischer-Tropsch fuel. 

Nitrogen Oxide Emissions - The California Air Resources Board (ARB, 2000) claims that the 
NOx emission reductions for California diesel fuel is 7%, and EPA (2001) reported their estimate 
of the NOx reduction from California fuel to be 6.2% for current model diesel engines and 4.8% 
for future NOx controlled highway diesel engines.  

EPA (2002) estimated that cetane additives (increasing cetane from 45 to 50) alone will reduce 
NOx by about 2% for current on and off-road diesel engines, but laboratory studies predict that 
there will be less emission reductions using cetane additives with future diesel engines. 

There have been several studies on the effect of FT fuels, and most studies (Clark, et, al., 1999) 
indicate the NOx emissions would be reduced by 12%. 

Finally, a review of biodiesel emission reductions (EPA, 2002) indicates that 100% biodiesel will 
increase NOx emissions by about 10% and blends will affect emissions in proportion to the 
amount of biodiesel used compared with emissions using current on-road diesel fuels. 

Particulate Emissions - Reducing sulphur in the fuel will, to some extent, also reduce particulate 
matter (PM) emissions.  However, lower sulphur fuel is required for particulate traps and filters, 
which can substantially reduce particulate emissions from diesel engines.  Other types of fuel 
reformulation in addition to lower sulphur levels can affect particulate emission reductions in 
current and older engines.  

CARB estimates that California reformulated diesel reduces PM emissions by 20% or more in 
older engines.  The California reformulation does not require low sulphur content in the fuel. 

A SWRI (2001) study indicated that increasing cetane levels by 5 points should reduce PM from 
diesel engines by about 10%.  

Clark, et. al., (1999) compared Fischer Tropsch fuels with typical diesel fuel and found that PM 
was reduced by 25% and low sulphur content is a natural outcome of the fuel’s production 
process.  
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Finally, a review of biodiesel emission reductions (EPA, 2002) indicates that 100% biodiesel will 
reduce PM emissions by about 50% and blends will reduce PM emissions in proportion to the 
amount of biodiesel used compared with emissions using current on-road diesel fuels. 

Sulphur Oxide Emissions - The only practical method to reduce SOx emissions from diesel 
engines is to reduce the sulphur in the fuel. 

Control Costs -CARB (2000) estimates that the increased cost for California reformulated fuels is 
typically less than 5 cents per US gallon.  

California's wholesale diesel prices were lower than three adjoining states (AZ, NV, OR) 
approximately 30 percent of the time.  California's wholesale diesel prices were between 0 to 
5 cents more per gallon than the three adjoining states approximately 41 percent of the time. 

An additional low sulphur limit would add cost to the reformulated diesel option, and EPA 
estimates that the cost of low sulphur fuel will be 4-5 cents per US gallon.  Estimates from 
vendors indicate that cetane increases of 5 points would cost approximately $0.08 per US 
gallon. 

The incremental cost of Fischer-Tropsch fuels ranges from $0.10 (cost to produce) up to $0.25 
per US gallon (to deliver under current market conditions).  The cost of these fuels however has 
been reducing due to advance in the technology and economies of scale if demand increases as 
it is beginning to in California where it is increasingly sold as a neat fuel or a blend stock to 
produce California reformulated diesel fuel. 

California (ARB, 2000) estimated that the cost of neat (100%) biodiesel) is about $1 to $2 more 
per US gallon than conventional diesel fuel. 

Implementation or Feasibility  - One method used by the State of Texas is to mandate 
reformulated fuels.  Another method is to begin purchase of the fuel for captive fleets that are 
centrally refuel.  

5.2.4 Replacement of Diesel Engines: Fleet Modernization 

Description - 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 equipment with cleaner diesel engines, or alternative fuel engines such as dedicated 
natural gas engines or dual-fuel 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.  In addition to 
CNG/LNG engines, there are some diesel engines currently available meeting the 2004 NOx 
emission standards. 

Potential Control Measures - The control measure consists of replacing the engine or the entire 
vehicle with a new engine meeting the current emission standard or better.  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. 

Nitrogen Oxide Emissions - As an example of the potential emission reduction, a 10 year-old 
engine is replaced with one meeting the 2004 emission standard.  The NOx reduction will be 
about 60% for on-road vehicles of equivalent power. 
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Particulate Emissions - Under the same example conditions of replacing a 10 year-old engine, 
the PM emission reduction for on-road vehicles will be minimal (unless a PM trap and low 
sulphur fuel is used).  However, the PM reduction will be more than 90%, if the new engines are 
dedicated or dual fuel natural gas engines. 

Sulphur Oxide Emissions – SOx emissions can be reduced by use of an newer engine burning 
ULSD or natural gas. 

Control Costs - For highway vehicles, the cost of engine replacement with cleaner diesel engines 
has been approximately estimated as US $30,000 in most programs including the SECAT 
(http://www.4secat.com/index1.html), California's Carl Moyer and the Texas Emission Reduction 
Program.  The other option of entire vehicle replacement (e.g. natural gas vehicles) is typically 
preferred only when the amortized value of the vehicle is equivalent or less than the cost of 
engine replacement.  

Implementation or Feasibility  - The method used to implement this control strategy has included 
funded incentive programs using both special funds (e.g. SECAT, Texas Emission Reduction 
Program, and the California Carl Moyer Program) and the use of Congestion Mitigation and Air 
Quality funds available for retrofit and clean vehicle purchases such as the Houston-Galveston 
Area Council’s Clean Cities and Clean Vehicle program. 

5.2.5 Replacement of Diesel Engines with New Power Source Technologies 

Description - There are several emerging technologies that use a power source other than a 
diesel engines.  Power sources with reduced emissions include fuel cells (primarily using CNG) 
and electrification.  In the case of highway vehicles, hybrid electric drive trains can reduce the 
work required by recovering braking energy to reduce overall engine load and fuel consumption.  
These technologies have been used to replace or reduce the need for diesel engines.  

Potential Control Measures - The potential for emission reduction depends upon the technology 
used.  For technologies such as electrification and fuel cells, pollutant emissions from the vehicle 
are reduced by 100%.  Hybrid electric trucks and buses can either use conventional power 
sources (typically diesel engines) or advanced technologies (such as turbines and fuel cells), 
which can significantly improve the vehicle’s emissions performance. 

Nitrogen Oxide Emissions - These technologies reduce NOx emissions by 100% for 
electrification and fuel cells (except for added power plant and/or upstream emissions).  Hybrid-
electric systems reduce emissions at least in proportion to reduced fuel consumption of 20 to 
30%.  If more advanced systems are used as the primary power source additional emission 
reductions can be realized. 

Particulate Emissions - These technologies reduce PM emissions by 100% for electrification and 
fuel cells (except for added power plant and/or upstream emissions).  The hybrid-electric 
systems reduce emissions at least in proportion to reduced fuel consumption of 20 to 30%.  

Sulphur Oxide Emissions - Replacing the engine with one that uses a low sulphur fuel (fuel cells) 
or no fuel at all (electrification), reduces sulphur emissions entirely. 

Control Costs - Electrification of vehicle is an effective means to reduce exhaust emissions, 
however the control cost includes replacement of vehicles, infrastructure for recharging, and 
other costs.  Fuel cells have not been widely employed to date, so costs are uncertain for this 
technology.  Hybrid-electric buses have been costing US$100,000 to US$200,000 extra per bus, 
but reduce fuel consumption by about 20 – 30%. 
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Implementation or Feasibility - This method of emission reduction has only been employed in 
demonstration programs for selected application types and when the situation allows for direct 
replacement.  In most cases, however, an incentive must be provided to encourage the use of 
advanced technology vehicles. 

5.2.6 Inspection and Maintenance Program for Diesel Engines 

Description - This control measure includes roadside testing and maintenance on diesel engines 
and vehicles.  Several States such as California (ARB (1999), NJ (1997)) have adopted 
inspection and maintenance programs for highway diesel engines.  The opacity of the exhaust 
measured with this method is then compared with sets of cut-points to determine whether or not 
the vehicle passes or fails the test.  Smoke opacity tests are conducted following the Society of 
Automotive Engineers (SAE) J1667 “Snap-Acceleration Smoke Test Procedures for Heavy-Duty 
Diesel Powered Vehicles”. This test procedure is used in the AirCare OnRoad Program in the 
LFV.  Failed vehicles are then given a notice of violation, which require maintenance in lieu of a 
fine.   

California’s Periodic Smoke Inspection Program (PSIP) requires all businesses, public agencies, 
and schools that operate two or more heavy-duty diesel fuelled vehicles in California to annually 
test each vehicle for signs of excessive smoke emissions.  The Air Resources Board (ARB) 
performs audits throughout California to ensure compliance with the PSIP regulations and 
penalties may be assessed for violations.  

Potential Control Measures - The control measure would be to identify and encourage the repair 
of diesel engines that have poor maintenance. 

Nitrogen Oxide Emissions - Repairs to meet the criteria of the smoke opacity test will reduce 
particulate and will either not affect, or may slightly decrease NOx emissions on average for a 
fleet of vehicles.  However, an alternate test can be used to identify high NOx emitters as well, 
and NOx reductions may be realized through low NOx rebuilds for some on-road heavy-duty 
vehicles. 

Particulate Emissions - McCormack et al. (2001) performed the most comprehensive study of the 
potential for emission reductions under a grant from EPA.  In that study, failing vehicles were 
identified using the current smoke opacity guidance and then repaired.  The overall fleet PM 
emission reductions were 30%, and total hydrocarbon (THC) and CO was reduced 75% and 
25% respectively, however NOx emissions increased by 12% for these vehicles.  Fuel economy 
is expected to improve with repair of mal-maintained vehicles, but the McCormack testing did not 
indicate either an improvement or a penalty because of the repair. 

Arizona (ADEQ, 2002) also conducted smoke opacity testing and found lower failure rates (no 
higher than 32%) than the approximately 50% failure rate that McCormack et al. (2001) found.  
Therefore the benefits of this program could be less than estimated using the McCormack data. 

Sulphur Oxide Emissions - Repair of diesel engines will only reduce SOx emissions by reducing 
the fuel consumption of the engines repaired. 

Control Costs - The average cost of repair under the McCormack work was US$1,100 for those 
vehicles that failed the test.  

California (ARB, 1997) estimated the administrative cost to the State was US$3,000,000 per 
year with the administrative costs to fleets of US$16,000,000 per year.  Based on the results of 
McCormack et al., just under 50% of the fleet tested needed to be repaired resulting in a 30% 
reduction in fleet wide PM emissions and about $500 in repairs for every vehicle.  Additional 
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costs of the program may occur if emission failure fines do not cover the cost of administering 
the program.  

Implementation or Feasibility – In the US, regulations or laws have been developed most 
effectively at the State level to enable and fund such a program and effectively enforce it. 

5.2.7 Reduced Idling Emissions from Diesel Engines 

Description - This control measure involves reducing the idling of on-road diesel engines and 
vehicles.  The U.S. EPA is working with the trucking industry, manufacturers of idle control 
technologies, various states, and other partners to help save fuel and reduce air pollution from 
idling trucks.  Texas, California and several air quality management districts are considering 
reduced idling restrictions.  In most cases, idling longer than 5 minutes are expected to be 
eliminated, reducing idling emissions by 50 to 75% and yielding an overall emission reduction of 
about 1%. 

Potential Control Measures - To effectively implement this control measure, an automatic shut-
off could be used to successful implement the measure without burdening the operators.  Also, 
auxiliary units and truck stop electrification to provide electrical power, heat and air conditioning 
are some of the technologies being considered to reduce engine idling emissions.  Costs to 
implement truck stop electrification vary depending on the company modifying the truck and 
installing the electrification technology used. 

Nitrogen Oxide Emissions – CARB estimated that vehicle idling is responsible for about 3 to 5% 
of NOx emissions, so a reduction of 50 to 75% would result in about a 2 to 4% reduction. 

Particulate Emissions – CARB estimated that vehicle idling is responsible for about 3 to 4% of 
PM emissions, so a reduction of 50 to 75% would result in about a 1.5 to 3% reduction. 

Sulphur Oxide Emissions - Because the emissions reductions are due to reduced activity, similar 
reduced fuel consumption and therefore SOx emissions are expected. 

Control Costs - The average cost of automatic shut-off installations are expected to be about 
$100.  Many other areas insist on automatic restarts or preheaters for winter operation to prevent 
engine block freezing raising the total cost to about $1,000.  The cost for auxiliary power units 
ranges from $1,500 for direct-fired heaters (providing heat only) to $7,000 for auxiliary power 
units that provide combined cab heat/AC, electric power, and heat to engine and fuel 
(http://www.epa.gov/otaq/retrofit/idlingtech.htm). 

However, the U.S. EPA estimated that truck driver could save more than $3,600 per year for fuel 
saving, and $300 per year for maintenance cost saving, by eliminating truck stop idling 
(http://www.epa.gov/otaq/retrofit/idling.htm). 

Implementation or Feasibility - State regulations or laws have been found to the best means to 
enable and fund such a program and effectively enforce it.  

5.2.8 NOx Retrofit Technology for Diesel Engines 

Description - This control measure includes encouraging fleet owners and operators to retrofit 
on-highway heavy-duty diesel vehicles 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.  

Potential Control Measures - The control measure consists of adding a retrofit device to a current 
engine or the purchase of a new engine or vehicle with such devices included.  

http://www.epa.gov/otaq/retrofit/idlingtech.htm
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Nitrogen Oxide Emissions - The strategies available today 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 the table below. 

Table 5-1 Verified NOx Control Effectiveness of Emission Control Devices 

Emission Control Device NOx Control 
Effectiveness 

Retard timing (Example Vendor: Cleaire’s Flash and Catch) 25% 
EGR (Example Vendor: STT Emtec System) Up to 50% 
Lean NOx reduction catalyst (Example Vendor: Cleaire’s Longview) 25% 
SCR 90% 

 
Particulate Emissions - The NOx control retrofits will not by themselves reduce PM emissions 
and may increase PM emissions.  But often a NOx control device is offered by a vendor 
packaged with a particulate control device.  This is especially true for retard timing and EGR 
NOx control methods. 

Sulphur Oxide Emissions - For many NOx retrofit strategies it is helpful, and for some retrofit 
strategies, such as lean NOx catalysts, it is required to have ultra low sulphur fuel.  Also, ultra 
low sulphur fuel might be required for those NOx control methods that require particulate traps. 

Control Costs - The major control cost for these NOx retrofit devices includes both capital costs 
and operational costs.  The capital cost for installation of these systems is shown in the table 
below, based on vendor and contract information available from State incentive programs. 

Table 5-2 Capital Cost of Retrofit NOx Control Technologies 

Emission Control Device NOx Capital Cost 
(US $) 

Retarded timing (Cleaire’s Flash and Catch) 13,000* 
EGR (STT Emtec System) 15,000 to 21,000* 
Lean NOx reduction catalyst (Cleaire’s Longview) 5,000 to 10,000* 
SCR 10,000 to 45,000** 
* Includes a particulate filter and thus requires low sulphur fuel.  These method also 

include a fuel economy penalty of less than 5% with a lower penalty for EGR than 
retarded timing or lean NOx catalysts. 

** Not including a particulate filter, but requires urea refuelling not included in this cost. 
 
For some retrofit strategies, it is required to have low sulphur fuel, so the cost of low sulphur fuel 
needs to be included in the cost of the strategy. 

Implementation or Feasibility - The method used to implement these control strategies have 
included funded incentive programs using both special funds (Texas Emission Reduction 
Program and the California Carl Moyer Program) and the use of Congestion Mitigation and Air 
Quality funds available for retrofit and clean vehicle purchases. 

The vehicles and equipment that use low sulphur fuel ahead of the mandates by Federal or 
State regulations must be centrally fuelled.  This would limit the number of emission sources that 
could use this emission reduction approach.  In other regional programs, the added cost has 
been defrayed through incentive programs. 
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5.2.9 PM Retrofit Technology for Diesel Engines 

Description - This control measure includes encouraging fleet owners and operators to retrofit 
on-highway heavy-duty diesel vehicles with emission-reduction equipment to reduce particulate 
matter and other diesel exhaust emissions.  The primary purpose of these devices is to 
significantly reduce fine particulate, but installing retrofit devices can also significantly reduce the 
smoke and odour from diesel engines.  

Diesel retrofit devices are similar in appearance to mufflers.  Using catalytic processes and/or 
filter technology, they reduce carbon monoxide, hydrocarbon and particulate emissions.  The two 
devices that have been employed to date include oxidation catalysts and the much more 
effective particulate traps and filters. 

Potential Control Measures - The control measure consists of adding a retrofit device to current 
or purchase of new engines or vehicles with such devices included.  The most effective device is 
a particulate trap or also called a particulate filter, however some older engines and those with 
duty cycles that do not produce high exhaust temperature may only be suited to a less effective 
oxidation catalyst. 

Nitrogen Oxide Emissions - PM retrofit devices such as particulate traps and filters do not 
themselves reduce NOx emissions and must be coupled with NOx control strategies.  

Particulate Emissions - The official EPA-verified emission reductions for these devices are 
shown in the table below (as of April 2003), however the expected and realized PM reduction 
has been much higher especially for traps and filters where PM reductions are typically in excess 
of 90%.  There are a number of vendors of particulate traps and filters that have had the 
performance of their equipment verified following US EPA protocols. The performance data for 
PM filters/traps and oxidation catalysts are presented in Section 4.6.1. 

Sulphur Oxide Emissions - For many PM retrofit strategies the use of ultra low sulphur fuel is 
helpful, and for some retrofit strategies, such as particulate traps and filters, it is required. 

Control Costs - Most reported control costs have been similar to those reported or estimated by 
the Puget Sound’s Diesel Solution Program (http://www.pscleanair.org/ 
dieselsolutions/index.shtml).  Oxidation catalysts have been priced at about US$1,500 to 
US$2,500, and particulate traps and filters at US$5,000 to US$8,000.  The range in the price is 
due to the range in the size of the engine and difficulty of installation. 

For some retrofit strategies, such as particulate traps and filters, it is required to have ultra low 
sulphur fuel, so the cost of low sulphur fuel needs to be included in the cost of the strategy.  

Implementation or Feasibility - There are many such programs to introduce particulate retrofits 
including the Puget Sound’s Diesel Solutions program (http://www.pscleanair.org/dieselsolutions/ 
index.shtml), where a public private partnership has been initiated.  This partnership has found 
funding and willing participating fleets that will retrofit vehicles with particulate emission reduction 
retrofit devices.  

The vehicles and equipment that use ultra low sulphur fuel ahead of the mandates by Federal or 
State regulations must be centrally fuelled.  This approach limits the number of emission sources 
that could use this emission reduction option.  In other regional programs, the added cost has 
been defrayed through incentive programs. 

When the temperature of the exhaust is over 375°C (700°F) for 20% of the duty cycle, the 
catalyst interacts with the collected soot to burn the soot, which produces carbon dioxide and 
water vapour that pass through the filter.  This process is called regeneration and results in a 
clean filter.  The regeneration process is dependent upon exhaust temperature.  While the 
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exhaust temperature does not have to be above 375°C all the time, the more time above this 
temperature the cleaner the filter will be and the lower the back pressure, and the better the 
engine will run.  The basic requirements for maximum organic (black soot and unburned fuel) PM 
reduction with the particulate filters are ultra low sulphur fuel, an average exhaust temperature of 
260°C.  When using higher sulphur fuels the exhaust temperatures must typically be higher in 
excess of 350°C, however higher sulphur fuel may increase PM emissions as sulphur is 
converted to particulate sulphate at higher rates than without the particulate trap.  Both 
turbocharged and naturally aspirated engines can be retrofitted.  But the engine must be well 
maintained.  If the engine burns lubricating oil at high rates, it is a poor candidate for a trap and 
probably could use maintenance to improve operation.  

The choice of particulate trap or oxidation catalyst is therefore made based on the typical duty 
cycle.  While it is always preferable to use a particulate trap, some applications (primarily older 
engines and those with low power duty cycles or high idle times) may not be able to tolerate the 
higher back pressures that will result, and so may only be able to use an oxidation catalyst which 
is less sensitive to the exhaust temperature. 
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6. CHARACTERIZATION OF HDDV FLEET VEHICLES IN THE LOWER 
FRASER VALLEY 

6.1 SOURCES OF DATA USED FOR THE ANALYSIS OF FLEET VEHICLES 

Data describing the heavy duty diesel vehicle fleet operating in the Lower Fraser Valley was 
obtained from two different sources. Information specific to certain fleets was obtained by 
questionnaire from local governments and a few private companies that participated in a survey 
conducted for this study. The scope of the contacts made in this survey and the information 
requested are described in Chapter 2.  The second source of information was the database of 
vehicle statistics for heavy duty diesel vehicles provided by ICBC for the rate territories covering 
the Lower Fraser Valley area. Vehicle statistics were provided by ICBC for 2000 and 2003 as of 
June 30 in each of these years and were limited to insured vehicles. 

This section provides a summary of the heavy duty diesel vehicle fleet statistics from ICBC for 
2003 and survey data and discusses the input statistics and assumptions and the estimated fleet 
emission factors for the individual fleets analyzed for the assessment of emission reduction 
options.  

6.2 DATA FROM ICBC 

6.2.1 Data Fields and Regions 

ICBC provided a database documenting the characteristics of registered and insured heavy duty 
diesel vehicles that owners indicated normally operate within the Lower Fraser Valley. The 
vehicles included have a gross vehicle weight of 3864 kilograms or more.  ICBC identifies the 
rate territory in which a vehicle will normally operate and this was used to select the vehicles to 
be included in the emission inventory. The rate territories or parts of rate territories included 
were: 
• D – Lower Mainland: includes areas from the Township of Langley to the City of Richmond 

south of the Fraser River to the US/Canada border and from Port Coquitlam to West 
Vancouver and Britannia Beach North of the Fraser River; 

• E – Maple Ridge/Pitt Meadows: includes Maple Ridge and Pitt Meadows, as well as the area 
north of these communities that encompasses most of Golden Ears Park; 

• G – City of Hope: This rate territory includes Pemberton and Hope and areas surrounding 
these communities, but only the vehicles based in the City of Hope were included; 

•  H – Fraser Valley: includes an area from Matsqui to east of Chilliwack starting at the 
US/Canada border and extending north to the headwaters of Harrison Lake. 

 
The ICBC database provided the ICBC vehicle registration number, the VIN, model year, fuel 
type and rating territory for each vehicle.  The database also included information on the net and 
gross weight of each vehicle and a standard descriptor ICBC applies to identify the body style.   
Vehicles belonging to a particular fleet were identified by a numerical fleet code.  The first 4 
digits of the insurer’s postal code were provided, but this data was not used to sort the vehicles.    

6.2.2 Numbers and Distribution of Fleet Vehicles 

ICBC provided 2003 data on a total of 66,255 heavy-duty vehicles using 17 different fuels or fuel 
combinations.   Of these vehicles, 34,503 are heavy-duty diesel vehicles.  Using the gross 
vehicle weight and body style descriptions, the heavy-duty diesel vehicles were divided into 



 

vehicle class categories as defined by the U.S. EPA’s Mobile 6.2 model.  The number of diesel 
vehicles in each of these nine categories in 2003, including and excluding off-road vehicles, is 
listed in Table 6-1, along with data used in the 2000 emission inventory by the GVRD (2003b) for 
similar ICBC regions. The data for 2000 includes ICBC region Z that refers to vehicles operating 
most of the time outside the LFV, as well as off-road vehicles.  Figure 6-1 illustrates the 
distribution of vehicles operating in the LFV in 2003 by EPA vehicle class.   

Table 6-1 Heavy Duty Diesel Vehicles in the 2003 ICBC Dataset Obtained in this Study 
and in the 2000 Dataset Obtained Previously by the GVRD 

2003 - Regions D, E, G (Hope) & H 2000 – Regions D, E, 
H & Z 

Including Nonroad Excluding Nonroad Including Nonroad  
Vehicle Class GVWR  

(kg) 
Number % Number % Number % 

HDDBT* or 
HDDVBS**   2082 6.0 2082 6.4 2194 5.9 

HDDV2b 3,864 - 4,545 7,465 21.6 7,390 22.7 5678 15.2 
HDDV3 4,545 - 6,363 6,615 19.2 6,360 19.6 4919 13.2 
HDDV4 6,363 - 7,272 1,283 3.7 945 2.9 991 2.7 
HDDV5 7,273 - 8,863 1,643 4.8 1,447 4.4 1351 3.6 
HDDV6 8,864 - 11,818 1,623 4.7 1,300 4.0 1523 4.1 
HDDV7 11,818 - 15,000 3,557 10.3 3,263 10.0 2974 8.0 

HDDV8a 15,000 - 27,272 3,950 11.4 3,608 11.1 4593 12.3 
HDDV8b > 27,272 6,285 18.2 6,126 18.8 13065 35.0 

Total  34,503 100 32,521 100 37288 100 
* Transit or Urban;  ** School Bus. 
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Figure 6-1 Heavy Duty Diesel Vehicles by Class in the 2003 ICBC Dataset Excluding 

NonRoad Vehicles 
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The body style descriptor used by ICBC defines different types of vehicles by function.  In many 
cases, the body style descriptor identifies vehicles that are for off-road use, such as construction 
or farming vehicles, and not typically included in estimates of emissions from on-road vehicles. 
Emissions from these vehicles cannot be accurately modelled using the Mobile 6.2C model.  The 
different body styles were reviewed and categorized for the purpose of this study as indicating 
either an on-road or off-road vehicle, as listed in Table 6-2.  The 1982 nonroad vehicles 
identified in the dataset were flagged and not included in the analysis of HDDV emissions in this 
study. The additional narrowing of the dataset to include only onroad heavy-duty diesel vehicles 
reduced the total number to 32,521.  

The distribution of HDDVs in 2003 is similar to that in 2000 for most vehicle classes except for 
Classes 2b and 3, which are significantly higher, and Class 8b, which is substantially lower. 
Since these datasets apply to different years and are only a snapshot of the annual average 
number of vehicles operating in a calendar year, differences in the distribution and number of 
vehicles are expected. The smaller number of vehicles in the 2003 data set could possibly be 
due to exclusion of Region Z and off-road vehicles.  

Table 6-2 Body Style Codes for Onroad and Offroad vehicles in the 2003 Dataset  

Onroad Body Styles Off-Road Body Styles 
AMBULANCE LADDER TRUCK BACKHOE 
ARMOURED CAR LIMOUSINE BACKHOE/LOADER 
BOOKMOBILE LOGGING TRUCK CRANE 
BOX TRUCK MIXER CRAWLER 
BULK CARRIER PACKER DRILL 
BUS PALLET EXCAVATOR 
BUS FREIGHTER PANEL TRUCK FARM 
CAB AND CHASSIS PICKUP TRUCK FLOAT 
CAB OVER PUMPER TRUCK FORK LIFT 
CLUBWAGON SCHOOL BUS GIRAFFE 
COMPRESSOR TRUCK SEDAN DELIVERY GRADER 
CONCESSION TRUCK SMALL BUS FREIGHTER ICE SURFACER 
CONVEYOR TRUCK SPREADER LABORATORY 
CREW BUS STAKE TRUCK LIFTER 
CREWCAB TANK LOADER 
CRUMMY TAXI MOWER 
DIGGER TOW CAR PAVER 
DOUBLE DECK BUS TRACTOR (≥8,863 kg) ROLLER 
DUMP TRUCK TRUCK SKIDDER 
EMERGENCY TRUCK TRUCKSTER SNOW BLOWER 
FIRE TRUCK UTILITY TRUCK SNOW VEHICLE 
FLAT DECK VAN SWEEPER 
GARBAGE TRUCK WINCH TRUCK TRACTOR (<8,863 kg) 
HANDY DART BUS WINDOW VAN TRENCHER 
 WRECKER WELDER 
 



 

Of the total on-road heavy-duty diesel vehicles in the 2003 dataset, 20,383 vehicles do not have 
fleet identification codes and were assumed not to be part of a fleet.  The remaining vehicles 
have fleet codes and belong to 1,583 fleets. The number of fleets of different sizes and the total 
number of vehicles in each of these fleet groups are listed in Table 6-3. 

Table 6-3  Distribution of Onroad Heavy-duty Diesel Vehicles in the 
ICBC Dataset Identified as Part of a Fleet 

Number of Vehicles in 
the Fleet Number of Fleets Number of Vehicles Percent of Vehicles 

1 506 506 4.2 
2-5 623 1,932 15.9 
6-10 227 1,675 13.8 
11-25 138 2,192 18.1 
26-50 57 2,011 16.6 

51-100 22 1,513 12.5 
101-200 7 899 7.4 
201-500 2 569 4.7 
501-1000 1 841 6.9 

Total 1,583 12,138 100 
 

6.2.3 Age Distribution 

Of the onroad heavy-duty diesel vehicles in the ICBC dataset, 67.3% have ages of 10 years or 
less and 96.5% are 20 years old or less.  There are 549 vehicles (1.7% of all onroad HDDVs) 
that have model years 25 years old, or more. The overall age distribution for these vehicles is 
shown in Figure 6-2.  
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Figure 6-2 Onroad Heavy-duty Diesel Vehicles by Age from the 2003 ICBC Dataset 
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6.3 DATA FROM THE SURVEY QUESTIONNAIRE  

Government agencies and private companies that operate vehicles in the Lower Fraser Valley 
were surveyed to collect information on their individual heavy-duty diesel vehicle fleets.  A total 
of 23 agencies and companies responded to the survey with useful information on 1935 vehicles 
in total.  The quality of the data received varied from simple vehicle counts to operational 
information with actual fuel use and kilometers travelled. 

6.3.1 General Survey Response 

Government agencies had the highest response rate, with nine municipal and six provincial 
agencies providing data on 602 and 158 vehicles respectively.   While several provincial 
agencies responded to the survey, not much of the data was useful for modelling the fleet 
emissions.   Data on the vehicle weight, which consequently determines the vehicle class, and 
allows the emissions to be calculated, was not provided for 75% of the provincial vehicles 
reported.  Municipal data was more complete, with only 6%, of the vehicle data not including the 
weight information.   

Although only seven private fleets responded with useful information, the vehicles in the private 
sector outnumber those in the government fleets at a total of 1,175 vehicles reported. The 
vehicles reported for the Coast Mountain Bus Company accounted for almost half of the vehicles 
(44%) from these responses.  Data provided by the private sector was reasonably detailed with 
complete reporting of the vehicle weights and kilometers travelled for fleet vehicles.   

6.3.2 Survey Parameters 

Key inputs for modelling of emissions from a fleet are the age distribution and weights of each 
vehicle.   

6.3.2.1 Gross Vehicle Weight 

The gross vehicle weights (GVW) were reported for 1781 vehicles, or 92% of the vehicles 
included in the survey responses. The vehicles were classified into 8 heavy-duty diesel truck 
categories based on this vehicle weight, and an additional 2 classes for urban buses and school 
buses.  The largest fleet that submitted data is owned by the Coast Mountain Bus Company 
(CMBC). The number of buses dominates the other vehicle classes, representing 46% of the 
fleet total. Another 20% of the vehicles belong to the HDDV class 8a, meaning that the vehicle 
weights range between 33,001 and 60,000 pounds.   Aside from the CMBC data, both the 
private sector and the municipal agencies consist predominately of HDDV8a vehicles.  Table 6-4 
shows the number of vehicles in each vehicle weight category for each of the surveyed fleets.   
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Table 6-4 Surveyed Results According to EPA Vehicle Class Category 
Percent and Number of Vehicles in Each EPA Vehicle Class for Each Group 

HDDV2b HDDV3 HDDV4 HDDV5 HDDV6 HDDV7 HDDV8a HDDV8b HDDBT HDDBS Unknown Total Organization 
8,501 - 

10,000 lb 
10,000 - 
14,000 lb 

14,001-
16,000 lb 

16,001 - 
19,500 lb 

19,501 -  
26,000 lb 

26,001 - 
33,000 lb 

33,001 - 
60,000 lb > 60,000 lb Transit 

Buses 
School 
Buses   

Municipal Agencies       
City of Chilliwack 0% 0 0% 0 0% 0 0% 0 0% 0 1% 1 0% 0 28% 18 0% 0 0% 0 0% 0 19 
City of Delta 3% 1 11% 5 25% 8 41% 7 9% 4 0% 0 5% 12 2% 1 0% 0 0% 0 0% 0 38 
Township of Langley 0% 0 2% 1 0% 0 6% 1 0% 0 2% 2 12% 29 6% 4 0% 0 0% 0 0% 0 37 
City of North Vancouver 0% 0 0% 0 0% 0 0% 0 4% 2 3% 3 3% 8 0% 0 0% 0 0% 0 0% 0 13 
Pitt Meadows Municipalities 0% 0 0% 0 0% 0 0% 0 7% 3 0% 0 0% 0 0% 0 0% 0 0% 0 0% 0 3 
City of Port Coquitlam 0% 0 0% 0 0% 0 0% 0 0% 0 0% 0 0% 0 0% 0 0% 0 0% 0 83% 29 29 
City of Richmond 9% 3 17% 8 19% 6 29% 5 4% 2 3% 3 4% 9 11% 7 0% 0 0% 0 0% 0 43 
City of Vancouver 85% 28 67% 31 56% 18 24% 4 71% 32 76% 74 61% 141 41% 26 0% 0 0% 0 0% 0 354 
City of Vancouver-Fire and police 3% 1 2% 1 0% 0 0% 0 4% 2 14% 14 15% 34 13% 8 0% 0 0% 0 0% 0 60 
White Rock Municipality 0% 0 0% 0 0% 0 0% 0 0% 0 0% 0 0% 0 0% 0 0% 0 0% 0 17% 6 6 
Municipal Subtotal 100% 33 100% 46 100% 32 100% 17 100% 45 100% 97 100% 233 100% 64 100% 0 100% 0 100% 35 602 
Percent of Subtotal  5%  8%  5%  3%  7%  16%  39%  11%  0%  0%  6% 100% 
       
Provincial Agencies       
BC Transit 0% 0 0% 0 0% 0 0% 0 0% 0 0% 0 0% 0 0% 0 100% 24 0% 0 0% 0 24 
BC Ambulance Service 0% 0 0% 0 0% 0 0% 0 0% 0 0% 0 0% 0 0% 0 0% 0 0% 0 82% 97 97 
Ministry of Attorney General, 
Public Safety & Solicitor General 0% 0 0% 0 0% 0 0% 0 0% 0 0% 0 0% 0 0% 0 0% 0 0% 0 7% 8 8 

Ministry of Forests 0% 0 0% 0 0% 0 50% 1 0% 0 67% 2 50% 2 0% 0 0% 0 0% 0 0% 0 5 
Ministry of Transportation 0% 0 0% 0 100% 3 50% 1 100% 3 33% 1 50% 2 0% 0 0% 0 0% 0 0% 0 10 
Miscellaneous Provincial Vehicles 0% 0 0% 0 0% 0 0% 0 0% 0 0% 0 0% 0 0% 0 0% 0 0% 0 12% 14 14 
Provincial Subtotal 100% 0 100% 0 100% 3 100% 2 100% 3 100% 3 100% 4 100% 0 100% 24 100% 0 100% 119 158 
Percent of Subtotal  0%  0%  2%  1%  2%  2%  3%  0%  15%  0%  75% 100% 
Private Companies       
Company A 0% 0 0% 0 100% 1 0% 0 100% 5 0% 0 99% 155 0% 0 0% 0 0% 0 0% 0 161 
Coast Mountain Bus Company-
TransLink 0% 0 0% 0 0% 0 0% 0 0% 0 0% 0 0% 0 0% 0 97% 845 0% 0 0% 0 845 

Company B 0% 0 0% 0 0% 0 0% 0 0% 0 0% 0 0% 0 31% 25 0% 0 0% 0 0% 0 25 
Company C 0% 0 0% 0 0% 0 0% 0 0% 0 0% 0 0% 0 0% 0 0% 0 100% 44 0% 0 44 
Company D 0% 0 0% 0 0% 0 0% 0 0% 0 0% 0 0% 0 64% 51 0% 0 0% 0 0% 0 51 
Company E 0% 0 0% 0 0% 0 0% 0 0% 0 0% 0 0% 0 0% 0 3% 27 0% 0 0% 0 27 
Company F 0% 0 100% 1 0% 0 100% 2 0% 0 100% 13 1% 2 5% 4 0% 0 0% 0 0% 0 22 
Private Agency Subtotal 100% 0 100% 1 100% 1 100% 2 100% 5 100% 13 100% 157 100% 80 100% 872  44 100% 0 1175 
Percent of Subtotal    0%  0%  0%  0%  1%  13%  7%  74%  4%  0% 100% 
Grand Total  33  47  36  21  53  113  394  144  896  44  154 1935 
Percent of Grand Total  2%  2%  2%  1%  3%  6%  20%  7%  46%  2%  8% 100% 
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6.3.2.2 Vehicle Ages 

Vehicle ages are determined from the vehicle model year relative to the current year.   The 
intention of this study was to collect information on an agency’s fleet as it would have existed in 
the year 2000.  However, due to the limited availability of historical data for some fleets, the 
overall data collected represented fleets as they existed in 2000, 2001, 2002, or 2003. Thus the 
vehicle age distribution was determined for each individual agency.  The resulting overall age 
distribution was determined assuming the data applied to 2000, unless the fleet contained a later 
model vehicle, then the age was based on that year. 

In addition to collecting vehicle model year data, the date of any engine rebuild was also 
requested.  Some of the agencies that responded to the survey reported vehicles that had rebuilt 
engines and provided the year of this rebuild.  For these fleets, the extent of the rebuild was 
determined by further inquiry with agency staff.  If the engine rebuild involved a complete rebuild 
according to the manufacturer’s requirements, the rebuild year was used as the vehicle model 
year. A small number of engines were deemed to qualify as a full rebuild to a later year than the 
original vehicle model year for all the fleets surveyed, except for the bus fleet operated by Coast 
Mountain Bus Company (CMBC). Engines in the bus fleet that are older than 1993 have been 
rebuilt since the original year of manufacture using engine and control components the dealer 
expects would enable the engine to meet 1993 exhaust emission standards. For emission 
analysis, these engines were assumed to have a model year equal to the year in which they 
were rebuilt. All other engines were assumed to have the same model year as the original year 
of manufacture, even if they had since been fully rebuilt. 

The overall age distribution trend is skewed by the large contribution of the Coast Mountain Bus 
Company (CMBC) fleet to the overall totals.  CMBC accounts for 48% of the vehicles included in 
the survey.  By including CMBC vehicles in the overall trend, a spike in the age distribution is 
created for vehicles with the model year 1993, accounting for 20% of the total vehicle population.  
Coast Mountain Bus engines are fully rebuilt periodically as they age.   

Filtering out the CMBC data from the overall set decreased the variation in the number of 
vehicles per age.  The overall fleet age distribution shows 95% of the vehicles are less than 13 
years old with somewhere between 4 and 12% of the total fleet represented in each of these 
years. This profile is similar to the default age profiles of the heavy duty diesel vehicle categories 
developed by the US EPA for MOBILE6.2.  The vehicle age distributions by fleet are shown in 
Table 6-5. 

The overall age distribution is shown with and without the inclusion of the Coast Mountain Bus 
Company fleet in  Figure 6-3.  Figures 6-4 and 6-5 show the age distributions of the City of 
Vancouver and the City of Chilliwack, respectively.  Figure 6-6 shows the age distribution for the 
heavy-duty diesel vehicle fleet used by the GVRD in the regional emission inventory.   
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Table 6-5 Age Distribution of Surveyed Fleets 
 Vehicle Age* Organization 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24+ Total 
Municipal Agencies                           
City of Chilliwack 1 0 2 2 2 2 1 1 2 0 2 2 0 1 0 0 0 0 0 1 0 0 0 0 0 19 
City of Delta 2 2 7 7 9 7 0 0 0 0 0 1 0 1 1 0 1 0 0 0 0 0 0 0 0 38 
Township of Langley 1 0 0 1 2 8 5 0 2 2 4 2 3 1 0 1 1 2 2 0 0 0 0 0 0 37 
City of North Vancouver 1 0 2 1 3 0 0 0 3 0 0 1 0 0 0 0 0 2 0 0 0 0 0 0 0 13 
Pitt Meadows Municipalities 1 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 
City of Port Coquitlam 1 6 4 2 2 0 2 2 1 2 2 2 0 1 0 1 1 0 0 0 0 0 0 0 0 29 
City of Richmond 4 10 3 1 1 1 5 3 7 5 2 0 0 0 1 0 0 0 0 0 0 0 0 0 0 43 
City of Vancouver 12 34 20 22 18 5 18 22 7 43 38 23 58 26 2 1 4 1 0 0 0 0 0 0 0 354 
City of Vancouver-Fire and police vehicles 2 1 11 11 2 1 0 0 5 1 5 1 4 3 0 2 0 0 0 4 0 4 2 1 0 60 
White Rock Municipality 1 1 0 1 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 6 
Municipal Subtotal 26 54 50 49 39 25 31 28 28 53 53 32 65 33 4 5 7 5 2 5 0 4 2 1 1 602 

 4% 9% 8% 8% 6% 4% 5% 5% 5% 9% 9% 5% 11% 5% 1% 1% 1% 1% 0% 1% 0% 1% 0% 0% 0% 100%
                           

Provincial Agencies                           
BC Transit 8 0 8 0 0 0 0 0 0 8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 24 
BC Ambulance Service 28 51 0 5 7 0 0 0 0 0 1 2 3 0 0 0 0 0 0 0 0 0 0 0 0 97 
Ministry of Attorney General, Public 
Safety & Solicitor General 1 3 0 3 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 

Ministry of Forests 1 0 0 0 0 0 0 2 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 5 
Ministry of Transportation 2 2 0 0 0 0 1 1 0 3 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 10 
Miscellaneous Provincial Vehicles 4 6 1 2 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 14 
Provincial Subtotal 40 56 8 8 7 0 2 3 0 11 1 3 3 0 1 0 0 0 1 0 0 0 0 0 0 158 

 25% 35% 5% 5% 4% 0% 1% 2% 0% 7% 1% 2% 2% 0% 1% 0% 0% 0% 1% 0% 0% 0% 0% 0% 0% 100%
                           

Private Agencies                            
Company A 12 4 10 20 4 55 11 4 11 5 3 6 2 7 1 3 0 1 0 0 0 2 0 0 0 161 
Coast Mountain Bus Company-TransLink 93 107 101 21 50 144 0 0 307** 0 0 0 0 0 22 0 0 0 0 0 0 0 0 0 0 845 
Company B 2 2 1 4 4 2 2 0 1 1 3 2 0 0 0 0 0 0 0 0 0 1 0 0 0 25 
Company C 5 1 1 3 5 0 2 2 0 7 4 1 10 1 1 0 0 0 0 0 0 0 0 0 1 44 
Company D 2 0 0 4 0 4 0 8 4 0 0 0 26 1 0 0 0 0 0 0 0 1 0 0 1 51 
Company E 27 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 27 
Company F 1 2 2 1 2 4 4 1 0 0 0 0 2 2 1 0 0 0 0 0 0 0 0 0 0 22 
Private Agency Subtotal 142 116 115 53 65 209 19 15 323 13 10 9 40 11 25 3 0 1 0 0 0 4 0 0 2 1175 

 12% 10% 10% 5% 6% 18% 2% 1% 27% 1% 1% 1% 3% 1% 2% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 100%
                           

Total 208 226 173 110 111 234 52 46 351 77 64 44 108 44 30 8 7 6 3 5 0 8 2 1 3 1935 
100% 11% 12% 9% 6% 6% 12% 3% 2% 18% 4% 3% 2% 6% 2% 2% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%

* Vehicle ages were determined from the model year as given by each individual agency 
**  Actual model years 1989-1992 rebuild to 1993 standards 
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 Figure 6-3 Age distribution of Surveyed Fleets 
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Figure 6-4 Age distribution of City of Vancouver Fleet 
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Figure 6-5 Age Distribution of City of Chilliwack Fleet 
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Figure 6-6 HDDV Age Distribution Used for the 2000 LFV Emission Inventory 

   

 

403-0630 Emission Reduction Options for Heavy Duty 
Diesel Fleet Vehicles in the Lower Fraser Valley 

134

 



 

   

 

403-0630 Emission Reduction Options for Heavy Duty 
Diesel Fleet Vehicles in the Lower Fraser Valley 

135

 

6.3.2.3 Fuel Economy 

Data was requested in the survey on the fuel economy, the annual kilometers travelled and the 
fuel used for each vehicle.   

Data on the kilometers travelled was provided for most vehicles by the organizations that 
participated in the survey. The reported kilometers driven per year were greater than 100 km for 
96% of the vehicles.  The annual kilometer accumulation varied across vehicle classes as shown 
in Table 6-6, as well as within a vehicle class, depending on the specific use of each vehicle. For 
example, under the transit bus category, BC Transit’s buses operating in the Fraser Valley travel 
almost 20,000 km/year more, on average, than buses operated in the GVRD by the Coast 
Mountain Bus Company.  Heavy duty fire and police vehicles operated by the city of Vancouver 
in all categories have significantly lower travel accumulations than vehicles of the same class 
operated by other agencies.  The kilometer accumulation for this agency ranges from 0 to 5,500 
km, with an average of less than 600 km travelled per year.  Including all survey respondents, 
the average distance driven was 16,356 km/yr. 

Of the respondents to the survey, vehicles operated by private companies had higher annual 
mileage accumulation than vehicles operated by municipal governments.  

Table 6-6 Annual Kilometer Accumulation Reported for Fleets by Vehicle Class 

Annual Kilometers Driven 
Vehicle Class Category 

Minimum Maximum Average 
HDDV2b 1,405 38,954 10,257 
HDDV3 2,109 21,981 8,795 
HDDV4 3,067 42,000 16,024 
HDDV5 5,858 34,962 13,761 
HDDV6 180 69,540 12,317 
HDDV7 213 45,000 9,596 

HDDV8a 143 65,810 10,907 
HDDV8b 157 338,824 26,143 
HDDBT 21,600 93,200 60,546 
HDDBS 10,000 75,000 38,889 

  

The response rate for the annual fuel consumption by vehicle data collected was less than that 
for the kilometers travelled. The fuel consumption reported varied from about 400 to 50,000 litres 
per year.  Similarly to the kilometers travelled annually, the fuel consumption varies with the 
vehicle operation duty cycle.   

The fuel economy for each vehicle was calculated from the reported annual kilometers travelled 
and annual fuel use.   The variation in the data response rate and quality of the data for these 
two parameters limited the number of reasonable estimates for the fuel economy obtained. 
Reasonable values for fuel economy were available for twelve of the fleets.  Unreasonable 
values for fuel economy were judged to be those that were either less than half, or more than 
twice, the MOBILE6.2C default values for fuel economy for the same vehicle class. The average 
fuel economy for these fleets ranged from 21 to 91 L/100 km, as shown in Table 6-7.  The 
maximum and minimum fuel economy for each vehicle class in the MOBILE6.2C model are 
shown at the bottom of Table 6-7  
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Table 6-7 Average Fleet Fuel Economy 
Vehicle Fuel Economy (L/100km) by EPA Vehicle Class 

HDDV2b HDDV3 HDDV4 HDDV5 HDDV6 HDDV7 HDDV8a HDDV8b HDDBT HDDBS Organization 
8,501 - 

10,000 lb
10,000 - 
14,000 lb

14,001-
16,000 lb 

16,001 - 
19,500 lb

19,501 - 
26, 00 lb

26,001 - 
33,000 lb

33,001 - 
60,000 lb > 60,000 lb Transit 

Buses 
School 
Buses 

Weighted 
Average 

Municipal Agencies         
City of Chilliwack 0.0 0.0 0.0 0.0 0.0 18.3 0.0 54.2 0.0 0.0 52.3 
City of Delta 23.5 20.9 27.2 27.2 21.4 0.0 31.2 73.5 0.0 0.0 28.1 
Township of Langley 0.0 17.5 0.0 7.4 0.0 44.0 51.9 60.1 0.0 0.0 50.2 
City of North Vancouver 0.0 0.0 0.0 0.0 12.1 58.8 76.7 0.0 0.0 0.0 62.6 
Pitt Meadows Municipalities Not Available 
City of Port Coquitlam Not Available 
City of Richmond 32.1 29.8 28.7 65.7 41.6 91.3 79.1 65.4 0.0 0.0 55.0 
City of Vancouver 25.8 32.5 34.8 32.9 46.7 68.5 141.3 138.8 0.0 0.0 92.0 
City of Vancouver-Fire and police vehicles Not Available 
White Rock Municipality Not Available 
Municipal Subtotal         78.7 

           
Provincial Agencies            
BC Transit 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 52.0 0.0 52.0 
BC Ambulance Service Not Available 
Ministry of Attorney General, Public Safety & Solicitor General 0.0 0.0 0.0 0.0 0.0 0.0 0.0 25.0 0.0 0.0 25.0 
Ministry of Forests Not Available 
Ministry of Transportation Not Available 
Miscellaneous Provincial Vehicles Not Available 
Provincial Subtotal         45.3 

           
Private Agencies            
Company A 0.0 0.0 90.5 0.0 90.5 0.0 90.5 0.0 0.0 0.0 90.5 
Coast Mountain Bus Company-TransLink 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 60.6 0.0 60.6 
Company B Not Available 
Company C Not Available 
Company D Not Available 
Company E 0.0 0.0 0.0 0.0 0.0 0.0 0.0 21.2 0.0 0.0 21.2 
Company F 0.0 24.4 0.0 24.4 0.0 24.4 24.4 38.8 0.0 0.0 27.0 
Private Agency Subtotal        63.5 

 
67.9 

          
Total           

            
 MOBILE 6.2C Default Range of Fuel Economy           
 Minimum Fuel Economy 38.1 59.7 21.1 23.5 25.4 26.8 29.5 31.9 40.6 45.6 

Maximum Fuel Economy 37.4 53.9 18.1 20.2 23.1 23.8 27.0 31.2 35.7 37.3  
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6.3.2.4 Engine Size 

Of the fleets that responded to the survey, eight provided the engine size for vehicles in the fleet. 
The average engine power ranged between 170 and 430 hp.  Insufficient data was provided to 
determine representative relationships between engine size and vehicle class.  The overall ranges 
of engine horsepower for each fleet are shown in Table 6-8. 

Table 6-8 Engine Size Data from the Survey 
Vehicle Engine Size (hp) Organization 

Minimum Maximum Average 
Municipal Agencies   
City of Chilliwack Data Not Available 
City of Delta Data Not Available 
Township of Langley 190 350 300 
City of North Vancouver 205 300 242 
Pitt Meadows Municipalities 250 250 250 
City of Port Coquitlam 170 430 272 
City of Richmond Data Not Available 
City of Vancouver Data Not Available 
City of Vancouver-Fire and police vehicles Data Not Available 
White Rock Municipality Data Not Available 
Municipal Weighted Average 170 430 279 

   
Provincial Agencies    
BC Transit 250 275 267 
BC Ambulance Service Data Not Available 
Ministry of Attorney General, Public Safety & Solicitor General Data Not Available 
Ministry of Forests Data Not Available 
Ministry of Transportation Data Not Available 
Miscellaneous Provincial Vehicles Data Not Available 
Provincial Weighted Average 250 275 267 

   
Private Agencies     
Company A Data Not Available 
Coast Mountain Bus Company-TransLink 250 330 267 
Company B Data Not Available 
Company C 180 300 220 
Company D Data Not Available 
Company E 190 190 190 
Company F Data Not Available 
Private Weighted Average 180 330 263 

  
Fleet Total 170 430 267 
 

6.3.2.5 Speed 

Six of the 17 agencies that replied provided an average speed estimate. For all but one of these 
fleets, the speed was given as a fleet average rather than by vehicle or vehicle type.  The reported 
speeds varied from 15 km/h to 65 km/h.  In many cases, the reported average speed appears to 
be a maximum or mean speed and not the average over the time of travel. 

6.3.2.6 Operating duty 

Eight agencies provided data on the operating duty of a vehicle or fleet replied.  The majority of 
responses were for overall fleet characteristics.  Transit and waste collection fleets, such as Coast 
Mountain Bus Company and a private waste disposal company, indicated that their vehicles 
operate with extended periods of idling.  
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6.4 EMISSION FACTORS FOR THE ANALYZED HEAVY DUTY VEHICLE FLEETS 

6.4.1 Input Assumptions for MOBILE6.2C Common to all Fleets 

The Canadianized version of the U.S. EPA’s MOBILE6.2 model (MOBILE6.2C) was used to 
provide baseline emission factors by vehicle age and class.   Numerous assumptions were made 
in order to define the required input parameters for the model, as summarized in Table 6-9 for this 
study and the GVRD’s 2000 emission inventory. Emission factors were produced for the following 
pollutants: CO, NOx, CO2, PM10, PM2.5, VOC’s and the following toxic substances: benzene, 1,3-
butadiene, formaldehyde, acetaldehyde, and acrolein.  Emissions calculations related to vehicle 
refuelling were not enabled.  

6.4.1.1 Fuel Sulphur Content 

It was assumed that diesel fuel had a sulphur content of 365 ppm in the year 2000, the same 
value that was used by the GVRD for the 2000 emission inventory.  It was assumed that the diesel 
fuel sulphur content will be 15 ppm in 2006 and beyond, in keeping with the current legislation for 
diesel.  Based on an average diesel fuel sulphur content in 2003 of 270 ppm, it was estimated the 
diesel fuel sulphur content in 2005 would be 194 ppm.   

6.4.1.2 MOBILE6.2C Required Settings 

In order to use the MOBILE6.2C model to estimate emissions, several input parameters are 
required.  Many of these parameters would not have an effect on the emission factors calculated 
for heavy-duty diesel vehicles in the Lower Fraser Valley.  These settings include environmental 
data such as hourly temperatures, humidity, cloud cover, peak sun, and sunrise/sunset times.  
The majority of these parameters are of particular interest for gasoline vehicles and to model the 
effects of air conditioning, neither of which is a concern for this particular study.   

MOBLE6.2C defaults were used for vehicle activity input parameters such as average speed, 
starts per day and weekday trip length data. 

6.4.1.3 MOBILE6.2C Switch Settings 

In addition to the key required parameters, MOBILE6.2C allows users to include the effects of 
specific emissions programs.   One particular program that is assumed to be applicable by the 
MOBILE6.2 model is the Rebuild mitigation program which assumes a reduction in off-cycle NOx 
emissions from heavy-duty diesel vehicles.  This program is not expected to be applicable to the 
vehicles within the Lower Fraser Valley, and thus this option was disabled during modelling.  Other 
MOBILE6.2C default assumptions were considered to apply in the Lower Fraser Valley and were 
therefore not disabled, including the defeat device option and the NOx pull ahead program.  The 
defeat device option allows MOBILE6.2C to estimate the effect that the installation of defeat 
devices on some heavy-duty diesel vehicles has on the overall emission factors.  MOBILE6.2C 
also calculates the reduction of off-cycle NOx emissions as an effect of the Pull Ahead mitigation 
program.    
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Table 6-9 MOBILE6.2C Modelling Settings 

Input Parameter GVRD 
Inventory This Study Explanation 

Pollutants and Emission Rates 
Pollutants Used 

default 
Specified 
Pollutants 

If this command is not entered, M6 outputs HC, CO and NOX.  

Particulates Yes Yes Use for PM and related emissions. For diesel vehicle: - SO4 (sulphate part of 
exhaust PM), OCARBON (organic carbon), ECARBON (elemental carbon), SO2, 
NH3, brake-wear PM, and tire-wear PM.   

Particulate EF Yes Yes Use the default files provided with M6.  
Particle Size Yes Yes Allows user to specify the particulate size cut-off (in μm) e.g. 2.5, 10.  Run same as 

GVRD - two separate scenarios in each input file, one for PM10 and one for PM2.5.   
Express HC as VOC Yes Yes Gives HC as VOC - Excludes methane and ethane and includes aldehydes in VOC.
Air Toxics No Yes For diesel fueled vehicles, five toxics are calculated: benzene (exhaust), 1,3-

butadiene, formaldehyde, acetaldehyde, and acrolein. 
No Refueling No No Turns off refueling emission calculation 
Daily Output No Yes Produces emission factors for each vehicle class, age, and facility type, allowing 

fleet emission factors to be developed outside of the model. 
External Conditions 
HourlyTemperatures Yes Yes Used the hourly temperature profile supplied by the GVRD, relevant for gasoline 

vehicles only, but required for modelling. 
Absolute Humidity Yes Yes Daily average humidity affects NOX emissions and is used by M6 to determine A/C 

effects on CO, HC, and HC-related toxic emissions. Use GVRD’s values. 
Cloud Cover Yes Yes This average percent cloud cover for a given day affects only the A/C correction in 

M6. Use GVRD’s values. 
Peak Sun Yes Yes Use GVRD’s values. 
Sunrise/Sunset Yes Yes The time of sunrise and sunset affects only the A/C correction. Use GVRD’s values.
Vehicle Fleet Characteristics 
Diesel Fractions Yes Yes Specifies fraction of each class of vehicle that is diesel. Registration states are 

combined. Set to 1 for our calculations as considering diesel vehicles only. 
Vehicle Activity Level 
Speed vmt No, M6 

default. 
No Allows users to allocate VMT by average speed on freeways and arterial roads. 

Average speed No, M6 
default. 

No Allows users to designate a single average speed to use for all freeways and/or 
arterial/collectors for the entire day. 

Starts per day No No MOBILE6 does not calculate start emissions for heavy-duty diesel vehicles.  Thus 
this command is not applicable to HDDV. 

We da tri len di No No MOBILE6 uses these distributions to calculate running losses, but not for HDDV.  
Vmt by facility Defaults 

applied 
Defaults 

outside of 
model 

Allows users to allocate VMT to various roadway or facility types by vehicle class -
freeway, ramp, arterial, local. 

Fuel Options 
Diesel sulfur Yes Yes Set same as GVRD (365 ppm) for 2000, 270 in 2003, 194 in 2005, 15 ppm in 2010 

and later. 
Alternative Emission Regulations and Control Measures 
No defeat device No No Allows user to turn off the effects of defeat devices installed on some HDDVs that 

resulted in off-cycle NOx emissions.  Do not use. 
No NOx pull ahead No No Allows user to turn off the effects of the Pull Ahead mitigation program used to 

reduce HDDV NOX off-cycle emissions.  Environment Canada and GVRD advised 
that new HDDVs in Canada are expected to comply with the Pull Ahead program. 

No rebuild Yes   Yes  Allows user to turn off the effects of the Rebuild mitigation program used to reduce 
HDDV NOX off-cycle emissions. Expect not to apply in LFV. 

Rebuild effects No No Allows user to change the Rebuild program effectiveness rate used to reduce 
HDDV NOX off-cycle emissions.  Assume no rebuilds. 

No 2007 HDDV rule No No Allows user to disable the 2007 HDDV emission standards.  No relevant to study. 
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6.4.2 Government Fleet Vehicles 

6.4.2.1 Profile of Fleet 

The emissions from a total of 22 municipal, GVRD and UBC heavy-duty diesel vehicle fleets were 
calculated.  Although data had been provided by some municipalities on the number and model 
years of the vehicles within their fleets, the ICBC dataset is a more complete source of vehicle 
data for use in this study. A list of vehicles operated by each municipality was prepared from the 
ICBC dataset using the fleet identification codes that were provided by the fleet managers.   

In total, emissions were calculated from 1234 government vehicles.  The fleet sizes ranged from 6 
vehicles for Pitt Meadows to 292 vehicles for the City of Vancouver. 

6.4.2.2 Assumptions for Baseline Emission Forecast 

Nine municipalities responded to the initial survey with information on the number and ages of the 
vehicles within each fleet.   Of the respondents, 5 municipalities provided reasonable data on the 
average annual kilometers travelled and fuel consumed per vehicle.  The data provided by these 5 
municipalities was pooled to estimate the typical average kilometers travelled and fuel economy of 
vehicles operated in a municipal fleet.  The kilometers travelled and fuel consumed was used to 
calculate the fuel economy of each vehicle.  The vehicles were assigned to the MOBILE6.2C 
vehicle classes based on vehicle weights.  The kilometers travelled and the fuel economies were 
averaged by vehicle class and these results are shown in Tables 6-10.  These averages were 
used with the extracted ICBC data for all municipalities. 

The data provided by ICBC is a snapshot of the registered vehicles as of June 30 2003.  The base 
year 2000 age distribution of each fleet was determined based on this snapshot.    For all future 
years, it was assumed that the overall age distribution would remain the same, which means that if 
a fleet had 5 one-year old vehicles in 2000, it would again contain 5 one-year old vehicles in 2005, 
2010, etc.  Each municipal fleet was assumed to grow in relation to the population growth for the 
particular municipality.  If population growth forecasts were not available for a specific municipality, 
then the population growth forecast for the entire Lower Fraser Valley was applied.  More 
information on the population growth forecast values is provided in Section 6.5. 

Table 6-10 Pooled Average Annual Kilometres Travelled and Fuel Economy for 
Municipal Vehicles  

Vehicle Class Category Average Annual Kilometers 
Traveled 

Average Fuel Economy  
(L per 100 km) 

HDDV2b (3,864kg - 4,545kg) 9,873 26.5 
HDDV3 (4,545kg - 6,363kg) 8,488 32.0 
HDDV4 (6,364kg - 7,272kg) 15,176 33.4 
HDDV5 (7,273kg - 8,863kg) 13,213 32.2 
HDDV6 (8,864kg - 11,818kg) 8,574 37.8 
HDDV7 (11,818kg - 15,000kg) 7,640 49.5 
HDDV8a (15,000kg – 27,272kg) 9,394 49.7 
HDDV8b (greater than 27,272kg) 16,179 55.8 
HDDBT (Transit Buses) 77,915 52.0 
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6.4.2.3 Fleet Average Emission Factors 

Fleet average emission factors for the City of Vancouver, expressed in grams per kilometer 
travelled per vehicle, are shown in Table 6-11 as an example of results generated in the study for 
each municipal fleet. The average emission factors for all 22 municipal fleets, but excluding public 
transit buses that are part of the West Vancouver vehicle fleet, are presented in Table 6-12. As 
West Vancouver is the only municipal fleet in the study that includes transit buses, excluding these 
vehicles in the calculation of the pooled average emission factors for municipal vehicles provided 
factors more representative of a typical municipal fleet.  
 

Table 6-11 Fleet Average Emission Factors for the City of Vancouver 

Fleet Average Emission Factors (g/km/vehicle) Year 
CO NOx VOC SOx CO2  

2000 2.142 9.930 0.373 0.211 1,232  
2005 1.436 7.097 0.272 0.110 1,237  
2010 0.863 3.851 0.215 0.009 1,242  
2015 0.476 1.618 0.171 0.008 1,241  
2020 0.185 0.578 0.147 0.008 1,240  
2025 0.144 0.343 0.143 0.008 1,241  

 PM10 PM2.5
Year Total Exhaust Non-exhaust Total Exhaust Non-exhaust
2000 0.299 0.275 0.024 0.261 0.254 0.007 
2005 0.173 0.149 0.024 0.145 0.137 0.007 
2010 0.103 0.079 0.024 0.080 0.072 0.007 
2015 0.064 0.040 0.024 0.044 0.037 0.007 
2020 0.043 0.019 0.024 0.025 0.017 0.007 
2025 0.039 0.015 0.024 0.021 0.014 0.007 
Year Acrolein Acetaldehyde Benzene 1,3 Butadiene Formaldehyde Ammonia 
2000 0.001 0.011 0.004 0.002 0.031 0.017 
2005 0.001 0.008 0.003 0.002 0.022 0.017 
2010 0.001 0.006 0.002 0.001 0.018 0.017 
2015 0.001 0.005 0.002 0.001 0.014 0.017 
2020 0.001 0.004 0.002 0.001 0.012 0.017 
2025 0.001 0.004 0.002 0.001 0.012 0.017 
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Table 6-12 Fleet Average Emission Factors All Municipalities (Excluding West 
Vancouver Public Transit Buses)   

Fleet Average Emission Factors (g/km/vehicle) Year 
CO NOx VOC SOx CO2  

2000 2.774 10.323 0.464 0.220 1218  
2005 1.694 8.062 0.294 0.114 1221  
2010 1.053 5.060 0.222 0.009 1224  
2015 0.586 2.287 0.181 0.009 1219  
2020 0.266 0.984 0.150 0.009 1218  
2025 0.158 0.435 0.139 0.009 1216  

 PM10 PM2.5
Year Total Exhaust Non-exhaust Total Exhaust Non-exhaust
2000 0.401 0.378 0.023 0.356 0.349 0.007 
2005 0.205 0.182 0.023 0.175 0.168 0.007 
2010 0.111 0.088 0.023 0.088 0.081 0.007 
2015 0.070 0.047 0.023 0.050 0.043 0.007 
2020 0.047 0.024 0.023 0.029 0.022 0.007 
2025 0.039 0.016 0.023 0.022 0.015 0.007 
Year Acrolein Acetaldehyde Benzene 1,3 Butadiene Formaldehyde Ammonia 
2000 0.002 0.014 0.005 0.003 0.038 0.017 
2005 0.001 0.009 0.003 0.002 0.024 0.017 
2010 0.001 0.007 0.002 0.001 0.018 0.017 
2015 0.001 0.005 0.002 0.001 0.015 0.017 
2020 0.001 0.005 0.002 0.001 0.012 0.017 
2025 0.001 0.004 0.002 0.001 0.011 0.017 
  

6.4.3 TransLink Transit Bus Fleet 

The TransLink transit bus fleet is operated by Coast Mountain Bus Company.  Coast Mountain 
replied to the survey, providing the number of buses, vehicle model years, annual kilometers 
accumulated and average annual fuel consumption for the fleet as it existed in 2003.  The GVRD 
also provided information on the TransLink fleet, but as it existed in the year 2000.  Using the fleet 
identification code provided by CMBC, a third set of data on the bus fleet was extracted from the 
ICBC data.   

6.4.3.1 Profile of Fleet 

The CMBC fleet consisted of 845 buses in the year 2003.  This included 328 2-cycle buses and 
517 4-cycle buses.  The buses ranged in model year from 1987 to 2001.  The 2-cycle buses 
represent the older fleet of buses with model years 1987 through 1992.  These buses had engine 
rebuilds to the 1993 model year. The newer 4-cycle buses are rebuilt every 10 years, while older 
2-cycles have engine rebuilds after 5 to 7 years (pers. comm., E. Johnston, Detroit Diesel Allison, 
2003). 

In addition to the data provided on the CMBC fleet for the year 2003, the GVRD provided model 
years for the 864 buses in use in the year 2000.  At that time, there were 112 buses with model 
years 1973-1988 which had been rebuilt to 1989 emission standards.   
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6.4.3.2 Assumptions for Baseline Emission Forecast 

The fleet was modelled with the GVRD provided profile in 2000, and the CMBC 2003 profile for 
2005 and later years.  The CMBC fleet is expected to grow to 1235 vehicles by the year 2013 as 
indicated in the TransLink service plan. Using a combination of the CMBC 2003 fleet statistics, the 
GVRD 2000 fleet statistics, and information provided by CMBC on the forecast fleet growth and 
typical rebuild schedules, a bus replacement and rebuild schedule was assumed to characterize 
the fleet to 2015.  As no further data was available, the fleet age distribution and size was held 
constant at the 2015 profile for the model years 2020 and 2025. 

The actual annual fuel use and kilometers travelled provided by CMBC were used for emission 
calculations, where this information was available. The bus fleet has an average fuel consumption 
rate of 61 L/100km.  The minimum, average and maximum kilometers driven per year by buses in 
the fleet was reported to be 21,600, 58,880 and 93,200 km/yr, respectively. 

6.4.3.3 Fleet Average Emission Factors 

The fleet average emission factors for the Coast Mountain Bus Company expressed in grams per 
kilometer travelled per vehicle are shown in Table 6-13. 
 

Table 6-13 Fleet Average Emission Factors for the TransLink Bus Fleet 

Baseline Emission Factors (g/km/vehicle) Year 
CO NOx VOC SOx CO2  

2000 3.019 11.957 0.328 0.350 1621  
2005 2.577 9.790 0.223 0.160 1405  
2010 0.915 5.116 0.168 0.016 1865  
2015 0.490 2.587 0.142 0.014 1570  
2020 0.195 0.464 0.142 0.014 1571  
2025 0.195 0.464 0.142 0.014 1571  

 PM10 PM2.5
Year Total Exhaust Non-exhaust Total Exhaust Non-exhaust
2000 0.416 0.401 0.015 0.376 0.371 0.005 
2005 0.241 0.228 0.013 0.215 0.211 0.004 
2010 0.069 0.051 0.017 0.053 0.047 0.006 
2015 0.048 0.033 0.015 0.036 0.031 0.005 
2020 0.037 0.023 0.015 0.026 0.021 0.005 
2025 0.037 0.023 0.015 0.026 0.021 0.005 
Year Acrolein Acetaldehyde Benzene 1,3 Butadiene Formaldehyde Ammonia 
2000 0.001 0.010 0.004 0.002 0.027 0.017 
2005 0.001 0.007 0.002 0.001 0.018 0.015 
2010 0.001 0.005 0.002 0.001 0.014 0.019 
2015 0.001 0.004 0.002 0.001 0.012 0.016 
2020 0.001 0.004 0.002 0.001 0.012 0.016 
2025 0.001 0.004 0.002 0.001 0.012 0.016 
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6.4.4 School Bus Fleet 

6.4.4.1 Profile of Fleet 

A private school bus operator provided data on the make, gross vehicle weight, model, model 
year, and average kilometers travelled for 44 school buses.   The buses ranged in age from year 
zero to 14-year old vehicles.  The buses travel between 10,000 and 75,000 km/yr, with an average 
of 38,889 km/yr.    

6.4.4.2 Assumptions for Baseline Emission Forecast  

The vehicle count and model years of the buses as provided by the company were used to 
estimate the total fleet emissions.  The vehicles were modelled using the MOBILE6.2C vehicle 
category called school buses with the average annual kilometers travelled from the survey. Default 
fuel economy data for school buses from MOBILE6.2C was used to estimate emissions of carbon 
dioxide.   The year 2000 age distribution was assumed to apply to the forecast years.  It was 
assumed that the fleet size would increase at the same rate as forecast for the regional population 
within the Lower Fraser Valley. 

6.4.4.3 Fleet Average Emission Factors 

The fleet average emission factors for the fleet expressed in grams per kilometer travelled per 
vehicle are shown in Table 6-14. 
 

Table 6-14 Fleet Average Emission Factors for a School Bus Fleet 

Baseline Emission Factors (g/km/vehicle) Year 
CO NOx VOC SOx CO2  

2000 1.74 9.12 0.54 0.24 1,010  
2005 1.35 7.42 0.40 0.13 1,009  
2010 0.92 4.95 0.31 0.01 1,008  
2015 0.69 2.91 0.25 0.01 1,030  
2020 0.15 0.87 0.18 0.01 1,031  
2025 0.14 0.36 0.18 0.01 1,023  

 PM10 PM2.5
Year Total Exhaust Non-exhaust Total Exhaust Non-exhaust
2000 0.75 0.74 0.02 0.68 0.68 0.01 
2005 0.29 0.27 0.02 0.26 0.25 0.01 
2010 0.09 0.07 0.02 0.07 0.07 0.01 
2015 0.07 0.05 0.02 0.06 0.05 0.01 
2020 0.03 0.02 0.02 0.02 0.02 0.01 
2025 0.03 0.02 0.02 0.02 0.02 0.01 
Year Acrolein Acetaldehyde Benzene 1,3 Butadiene Formaldehyde Ammonia 
2000 0.002 0.016 0.006 0.003 0.044 0.017 
2005 0.001 0.012 0.004 0.003 0.033 0.017 
2010 0.001 0.009 0.003 0.002 0.026 0.017 
2015 0.001 0.008 0.003 0.002 0.021 0.017 
2020 0.001 0.005 0.002 0.001 0.015 0.017 
2025 0.001 0.005 0.002 0.001 0.014 0.017 
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6.4.5 Garbage/Recycling/Waste Hauling Truck Fleet 

6.4.5.1 Profile of Fleet 

A large waste hauler and disposal company provided detailed information on its 161-vehicle fleet. 
This included the make, model, model year, VIN, and type of service of each vehicle. The majority 
of the vehicles in this fleet have a gross vehicle weight between 15,000 and 27,273 kg and fit into 
the mobile 6.2C category HDDV8a.  The fleet also includes a few lighter heavy-duty vehicles 
(class HDDV4 and HDDV6) used for container delivery. 

6.4.5.2 Assumptions for Baseline Emission Forecast 

The vehicle count and model years of the vehicles, as provided by the company were used to 
estimate the total fleet emissions.  The vehicles were modelled using the average annual 
kilometers travelled and fuel use data from the survey.  The year 2000 age distribution was 
assumed to apply to the forecast years.  It was assumed that fleet would increase at the same rate 
as the population increase within the Lower Fraser Valley.  
 
Fleet vehicles accumulate an average of 42,000 km/yr and have an average fuel consumption rate 
of 90L/100 km.   

6.4.5.3 Fleet Average Emission Factors 

The fleet average emission factors for the fleet, expressed in grams per kilometer travelled per 
vehicle are shown in Table 6-15. 
 

Table 6-15 Fleet Average Emission Factors for a Garbage/Recycling Truck Fleet 

Baseline Emission Factors (g/km/vehicle) Year 
CO NOx VOC SOx CO2  

2000 2.49 13.84 0.43 0.23 2,414  
2005 1.73 9.19 0.32 0.12 2,419  
2010 1.18 4.89 0.24 0.01 2,423  
2015 0.44 1.77 0.19 0.01 2,428  
2020 0.21 0.73 0.17 0.01 2,429  
2025 0.17 0.38 0.16 0.01 2,430  

 PM10 PM2.5
Year Total Exhaust Non-exhaust Total Exhaust Non-exhaust
2000 0.36 0.33 0.03 0.31 0.30 0.01 
2005 0.21 0.18 0.03 0.17 0.16 0.01 
2010 0.14 0.11 0.03 0.11 0.10 0.01 
2015 0.07 0.04 0.03 0.04 0.03 0.01 
2020 0.05 0.02 0.03 0.03 0.02 0.01 
2025 0.05 0.02 0.03 0.02 0.02 0.01 
Year Acrolein Acetaldehyde Benzene 1,3 Butadiene Formaldehyde Ammonia 
2000 0.002 0.013 0.005 0.003 0.035 0.017 
2005 0.001 0.010 0.004 0.002 0.027 0.017 
2010 0.001 0.007 0.003 0.002 0.020 0.017 
2015 0.001 0.006 0.002 0.001 0.015 0.017 
2020 0.001 0.005 0.002 0.001 0.014 0.017 
2025 0.001 0.005 0.002 0.001 0.013 0.017 
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6.4.6 Moving Truck/Van Truck Fleet 

6.4.6.1 Profile of Fleet 

A private company provided information on its fleet of 22 moving trucks and vans that range from 
5,500 kg gross vehicle weight (HDDV3) to 35,000 kg gross vehicle weight (HDDV8b).  The model 
years of the vehicles spanned 15 years, with a high proportion of Class 7 vehicles.   The company 
also supplied the average annual kilometers travelled and fuel economy for each vehicle. 

6.4.6.2 Assumptions for Baseline Emission Forecast 

The vehicle count and model years of the vehicles, as provided by the company were used to 
estimate the total fleet emissions. The vehicles were modelled using the average annual 
kilometers travelled and fuel economy data from the survey.  The year 2000 age distribution was 
assumed to apply to the forecast years.  It was assumed that fleet would increase at the same rate 
as the population increase within the Lower Fraser Valley. 
 
The average fuel consumption for the fleet is 27 L/100km. Vehicles accumulate from 7,000 km/yr 
to 100,000 km/yr, with an average of 27,300 km/yr.  

6.4.6.3 Fleet Average Emission Factors 

The fleet average emission factors for the fleet, expressed in grams per kilometer travelled per 
vehicle are shown in Table 6-16. 
 

Table 6-16 Fleet Average Emission Factors for a Moving Truck/Van Fleet 

Baseline Emission Factors (g/km/vehicle) Year 
CO NOx VOC SOx CO2  

2000 2.50 12.22 0.46 0.22 807  
2005 1.51 8.61 0.34 0.12 809  
2010 0.98 4.44 0.25 0.01 810  
2015 0.34 1.88 0.18 0.01 776  
2020 0.20 0.66 0.16 0.01 782  
2025 0.14 0.33 0.16 0.01 845  

 PM10 PM2.5
Year Total Exhaust Non-exhaust Total Exhaust Non-exhaust
2000 0.33 0.31 0.02 0.29 0.28 0.01 
2005 0.17 0.15 0.02 0.14 0.14 0.01 
2010 0.10 0.08 0.02 0.08 0.07 0.01 
2015 0.05 0.03 0.02 0.03 0.03 0.01 
2020 0.04 0.02 0.02 0.03 0.02 0.01 
2025 0.04 0.02 0.02 0.02 0.01 0.01 
Year Acrolein Acetaldehyde Benzene 1,3 Butadiene Formaldehyde Ammonia 
2000 0.002 0.014 0.005 0.003 0.038 0.017 
2005 0.001 0.010 0.004 0.002 0.028 0.017 
2010 0.001 0.007 0.003 0.002 0.020 0.017 
2015 0.001 0.005 0.002 0.001 0.015 0.017 
2020 0.001 0.005 0.002 0.001 0.013 0.017 
2025 0.001 0.005 0.002 0.001 0.013 0.017 
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6.4.7 All Other Fleet Vehicles 

6.4.7.1 Profile of Fleet 

In order to compare the results of prior emission inventories, the ICBC fleet was modelled as one 
large fleet excluding the vehicles modelled separately that comprise the municipal, Coast 
Mountain/TransLink and BC Transit fleets. The emissions from this group of vehicles were 
compiled using data extracted from the ICBC dataset. This fleet consists of 30,386 vehicles, which 
are distributed by vehicle class as shown in Table 6-17, and by age as shown in Table 6-18.   
 

Table 6-17 Distribution of the Balance of Heavy Duty Diesel 
Vehicles by Vehicle Class in the ICBC Dataset 

Vehicle Class Number of Vehicles Percent 
HDDBT 1155 3.8% 
HDDV2b 7320 24.1% 
HDDV3 6248 20.6% 
HDDV4 836 2.8% 
HDDV5 1366 4.5% 
HDDV6 1218 4.0% 
HDDV7 3141 10.3% 

HDDV8a 3099 10.2% 
HDDV8b 6003 19.7% 

Total 30,386 100.0% 
 

Table 6-18 Model Year Distribution for Balance of Heavy Duty Diesel Vehicles 
in the ICBC Dataset 

Model Year Percent Model Year Percent 
1980 and older 2.34% 1993 4.54% 

1981 0.62% 1994 5.94% 
1982 0.32% 1995 6.81% 
1983 0.32% 1996 4.95% 
1984 0.86% 1997 6.06% 
1985 1.28% 1998 6.53% 
1986 2.20% 1999 7.13% 
1987 2.32% 2000 5.76% 
1988 2.91% 2001 7.62% 
1989 3.52% 2002 7.63% 
1990 4.60% 2003 8.43% 
1991 3.24% 2004 0.41% 
1992 3.66% Total  
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6.4.7.2 Assumptions for Baseline Emission Forecast 

The number of vehicles and model year for each vehicle was extracted from the ICBC data. The 
MOBILE6.2C defaults for the annual miles travelled per year and fuel consumed per mile for each 
class and age of vehicle were used to calculate the emissions.   

For all future years, it was assumed that the overall age distribution would remain the same.  The 
overall fleet growth was modelled assuming it would be the same as the forecasted population 
growth for the Lower Fraser Valley. 

6.4.7.3 Fleet Average Emission Factors 

The fleet average emission factors expressed in grams per kilometer travelled per vehicle are 
shown in Table 6-19.  
 

Table 6-19 Fleet Average Emission Factors for the Balance of the Vehicles in the ICBC 
Dataset 

 Baseline Emission Factors (g/km/vehicle) 
Year CO NOx VOC SOx CO2  
2000 2.698 10.653 0.472 0.209 873  
2005 1.750 8.063 0.311 0.108 853  
2010 1.128 4.962 0.231 0.008 845  
2015 0.555 2.315 0.177 0.008 845  
2020 0.286 0.949 0.150 0.008 845  
2025 0.156 0.454 0.139 0.008 845  

 PM10 PM2.5
Year Total Exhaust Non-exhaust Total Exhaust Non-exhaust
2000 0.368 0.345 0.023 0.326 0.319 0.007 
2005 0.207 0.185 0.023 0.177 0.170 0.007 
2010 0.114 0.091 0.023 0.091 0.084 0.007 
2015 0.066 0.044 0.023 0.047 0.040 0.007 
2020 0.046 0.024 0.023 0.029 0.022 0.007 
2025 0.038 0.016 0.023 0.021 0.014 0.007 
Year Acrolein Acetaldehyde Benzene 1,3 Butadiene Formaldehyde Ammonia 
2000 0.002 0.014 0.005 0.003 0.039 0.017 
2005 0.001 0.009 0.003 0.002 0.025 0.017 
2010 0.001 0.007 0.003 0.001 0.019 0.017 
2015 0.001 0.005 0.002 0.001 0.015 0.017 
2020 0.001 0.005 0.002 0.001 0.012 0.017 
2025 0.001 0.004 0.002 0.001 0.011 0.017 
 

6.4.8 All Vehicles 

6.4.8.1 Vehicle Counts and VkmT for Updated Emission Inventory 

Table 6-20 summarizes the data on the number of vehicles and the vehicle kilometers travelled 
(VkmT) for each of the groups of fleet vehicles includes separately in the update of the emission 
forecast. The total annual VkmT for each fleet group was estimated as the product of the number 
of vehicles and the annual average VkmT per vehicle.  
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Table 6-20 Vehicle Counts and VkmT by Year for All Vehicles in Emission Inventory Update 

 Number of Vehicles Average Annual VkmT per Vehicle Total VkmT (1000 km/yr) 
GVRD 

Emission 
Forecast 

Difference 
from GVRD 

VkmT 

Year Municipal 
Vehicles TransLink BC Transit All Others Total Municipal 

Vehicles TransLink BC Transit All Others All 
Vehicles

Municipal 
Vehicles TransLink BC Transit All Others Total 1000 VkmT  

2000 1234 864 41 30386 32525 13356 60411 52,194 42,193 41595 16,481 52,195 2,140 1,282,062 1,352,879 1,195,986 13.1% 
2005 1263 845 42 32873 35023 13291 60411 52,806 42,191 41602 16,787 51,048 2,218 1,386,958 1,457,010 1,391,548 4.7% 
2010 1343 1118 47 35486 37994 13274 60411 54,000 42,191 41719 17,828 67,540 2,538 1,497,176 1,585,081 1,497,518 5.8% 
2015 1463 1235 54 38126 40878 13153 60411 50,971 42,191 41714 19,243 74,608 2,752 1,608,587 1,705,190 1,635,613 4.3% 

4.1% 2020 1591 1235 55 40708 43589 12997 60411 51,461 42,195 41657 20,678 74,608 2,830 1,717,670 1,815,786 1,744,154 
3.8% 2025 1716 1235 56 43181 46188 12900 60411 50,694 42,190 41599 22,137 74,608 2,839 1,821,807 1,921,391 1,850,602 
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For the municipal, TransLink and BC Transit vehicle fleets, this data is as provided in the survey. 
The annual VkmT for all other vehicles in the ICBC dataset was estimated using default values in 
the Mobile6.2C model for each class of HDDV. 

The annual VkmT estimated in this study is compared in Table 6-20 to the VkmT used in the 2000 
LFV emission inventory and forecast (2003ab), which for 2000 is from the EMME/2 transportation 
model, and in later years, from projection of this baseline according to the forecast growth in 
population (see Section 6.5 for the population growth forecast). Considering the fundamental 
differences in the methods applied to develop these separate estimates of annual VkmT, they 
agree quite well, with only a 4-6% difference in 2005-2025. The largest difference occurs in 2000. 

6.4.8.2 Overall Fleet Emission Factors 

Emission factors for all HDDVs included in this study are presented in Table 6-21. These were 
calculated from total emissions and total VkmT for all HDDVs included in the ICBC dataset used in 
this study.  

Table 6-21 Fleet Average Emission Factors for All HDDVs 

 Baseline Emission Factors (g/km/vehicle) 
Year CO NOx VOC SOx CO2  
2000 2.715 10.710 0.467 0.215 907  
2005 1.779 8.132 0.307 0.110 877  
2010 1.119 4.976 0.227 0.009 894  
2015 0.553 2.328 0.175 0.009 882  
2020 0.282 0.930 0.150 0.009 880  
2025 0.158 0.454 0.139 0.008 878  

 PM10 PM2.5
Year Total Exhaust Non-exhaust Total Exhaust Non-exhaust
2000 0.372 0.350 0.022 0.330 0.323 0.007 
2005 0.208 0.186 0.022 0.179 0.172 0.007 
2010 0.112 0.090 0.022 0.089 0.082 0.007 
2015 0.065 0.043 0.022 0.047 0.040 0.007 
2020 0.046 0.024 0.022 0.029 0.022 0.007 
2025 0.038 0.016 0.022 0.022 0.015 0.007 
Year Acrolein Acetaldehyde Benzene 1,3 Butadiene Formaldehyde Ammonia 
2000 0.002 0.014 0.005 0.003 0.038 0.017 
2005 0.001 0.009 0.003 0.002 0.025 0.017 
2010 0.001 0.007 0.003 0.001 0.019 0.017 
2015 0.001 0.005 0.002 0.001 0.014 0.017 
2020 0.001 0.005 0.002 0.001 0.012 0.017 
2025 0.001 0.004 0.002 0.001 0.011 0.017 
 

6.5 POPULATION GROWTH STATISTICS 

The GVRD provided historical population counts and projections to 2025 based on the BC 
P.E.O.P.L.E. Projection Series model.  Population estimates were provided for 16 different 
municipal regions and for the entire Lower Fraser Valley and are the same as were applied by the 
GVRD for the 2000-2025 emission forecast.  The emissions model was designed to accept the 
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input of 5-year growth percentages.  Wherever possible the population growth for a specific 
municipality was applied.  If this was not available, then the forecasts for the Lower Fraser Valley 
were used. The 5-year growth forecasts are listed for the 16 regions and the overall area in Table 
6-22. 
 

Table 6-22 Population Growth Rates for Municipalities and the LFV in this Study 

Percent Increase in Population over each 5-year Interval Municipality/Region 2000-2005 2005-2010 2010-2015 2015-2020 2020-2025
Abbotsford 7.86 8.42 8.31 8.06 7.76 
Agassiz – Harrison 8.70 6.06 6.00 5.27 4.32 
Burnaby 9.54 9.15 8.37 7.53 6.92 
Chilliwack 7.40 10.69 10.47 9.31 7.95 
Coquitlam 11.05 11.98 12.06 10.62 9.65 
Delta 2.15 1.87 1.48 1.11 0.41 
Fraser Valley 7.37 10.06 9.99 9.27 8.43 
Greater Vancouver 8.30 7.66 7.17 6.46 5.78 
Hope 2.90 3.24 2.51 1.80 0.92 
Langley 7.89 13.34 13.94 12.94 12.02 
Maple Ridge 11.50 10.03 8.90 7.81 6.65 
Mission 6.43 16.57 16.47 14.64 12.85 
New Westminster 8.16 9.32 9.46 8.67 8.03 
North Vancouver 4.27 2.64 2.27 1.90 1.35 
Richmond 8.43 5.71 4.45 3.21 2.18 
Surrey 12.70 11.17 10.14 9.19 8.44 
Vancouver Aggregate 6.13 4.69 3.93 3.39 2.59 
West Vancouver-Bowen Island 3.32 2.14 2.51 2.40 1.76 
Lower Fraser Valley 8.20 7.92 7.48 6.77 6.08 
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7. UPDATED BASELINE EMISSIONS AND PREDICTED REGIONAL AND 
LOCAL PM10 AND PM2.5 CONCENTRATIONS FROM HDDVS 

7.1 LFV EMISSION INVENTORY FOR 2000-2025 

The GVRD prepared an emission inventory for 2000 (GVRD, 2002 & 2003b) and an emission 
forecast for the 2000-2025 period (GVRD, 2003a). These reports present information on the 
annual emissions from the combined fleet of gasoline and diesel fuelled heavy duty vehicles for 
the Canadian Lower Fraser Valley.  Additional data was provided by the GVRD for use in this 
study on the emissions from heavy duty diesel vehicles over the 2000-2025 period. These results 
are summarized in Table 7-1 using three significant groups of vehicle classes covering the range 
from the lightest trucks (Class 2b) to the heaviest trucks (8b), as well as transit buses and other 
buses. The results are presented in Table 7-1, excluding emission reductions from the AirCare 
OnRoad (ACOR) Program. The results prior to ACOR are shown here since they are the values 
comparable to the emission estimates developed in this study. 

In the moderate forecast, the GVRD assumed ACOR reduced exhaust particulate matter, VOC 
and NOx emissions from heavy duty diesel vehicles in 2000, but, because the program was 
suspended at that time, would have no effect in later years (p C-9 of GVRD, 2003b).  The 
Province relaunched the ACOR program in 2004 and plans for it to continue for an indefinite 
period. Consequently, some reductions from the pre-ACOR PM, VOC and NOx results shown in 
Table 7-1 can be expected, principally for PM10 and PM2.5, with the magnitude of these reductions 
depending on the number of vehicles inspected and the design of the program in the near and 
long term. 

 

Table 7-1 2000-2025 Emission Forecast for the Canadian Lower Fraser Valley 
Excluding Emission Reductions from the AirCare OnRoad Program 

Pollutant Vehicle Class 2000 2005 2010 2015 2020 2025 
CO, t/yr HDDV 2b & 3 150 214 129 67 45 36 
 HDDV 4, 5,6 & 7 285 379 220 112 75 57 
 HDDV 8a & 8b 1,918 1,614 898 423 263 199 
 Transit Bus 192 157 91 47 26 18 
 Other Buses 11 21 15 10 8 6 
 Total 2,556 2,385 1,354 659 418 316 
NOx, t/yr HDDV 2b & 3 663 754 511 254 140 94 
 HDDV 4, 5,6 & 7 1,498 1,540 952 475 279 177 
 HDDV 8a & 8b 9,589 6,257 3,605 1,778 960 557 
 Transit Bus 691 602 419 199 102 53 
 Other Buses 61 86 71 48 36 24 
 Total 12,503 9,239 5,558 2,754 1,517 904 
 VOC, t/yr HDDV 2b & 3 38 44 36 32 31 31 
  HDDV 4, 5,6 & 7 80 92 65 53 51 51 
  HDDV 8a & 8b 326 256 198 166 158 159 
  Transit Bus 33 18 12 10 11 11 
  Other Buses 4 5 5 5 5 5 
  Total 481 416 316 267 256 258 
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Pollutant Vehicle Class 2000 2005 2010 2015 2020 2025 
 SOx, t/yr HDDV 2b & 3 27 38 2 2 2 2 
  HDDV 4, 5,6 & 7 43 55 2 3 3 3 
  HDDV 8a & 8b 165 166 7 8 8 8 
  Transit Bus 22 20 1 1 1 1 
  Other Buses 2 3 0 0 0 0 
  Total 259 282 12 13 14 15 
 PM10 – Exhaust, HDDV 2b & 3 27 28 14 7 4 4 
 t/yr HDDV 4, 5,6 & 7 51 51 25 12 8 6 
  HDDV 8a & 8b 239 158 77 35 22 18 
  Transit Bus 40 21 8 3 2 2 
  Other Buses 4 6 4 2 1 1 
  Total 361 263 128 60 37 31 
 PM10 – Total, HDDV 2b & 3 30 32 19 13 10 10 
t/yr HDDV 4, 5,6 & 7 55 56 30 17 14 12 
  HDDV 8a & 8b 260 179 98 58 47 45 
  Transit Bus 40 21 9 4 3 3 
  Other Buses 4 6 4 3 1 1 
  Total 388 294 160 95 75 71 
 PM2.5 - Exhaust, HDDV 2b & 3 25 26 13 7 4 3 
t/yr HDDV 4, 5,6 & 7 47 47 23 11 7 6 
  HDDV 8a & 8b 221 146 70 32 20 17 
  Transit Bus 37 19 7 3 2 2 
  Other Buses 4 5 4 2 1 1 
  Total 333 244 117 55 34 28 
 PM2.5 – Total, HDDV 2b & 3 26 27 15 8 6 6 
t/yr HDDV 4, 5,6 & 7 49 49 25 13 9 8 
  HDDV 8a & 8b 227 153 77 39 28 25 
  Transit Bus 37 19 7 4 2 2 
  Other Buses 4 6 4 2 1 1 
  Total 342 253 128 66 46 41 
 

The GVRD estimated that, for the 2000-2025 period, Class 8a and 8b trucks would contribute 60-
66% of the annual PM2.5 exhaust emissions, 62-77% of the annual NOx emissions and 62-76% of 
the combined annual smog precursor emissions. The relative contributions to total HDDV sector 
emissions made by each vehicle class are illustrated in Figure 7-1 for PM2.5 exhaust and in Figure 
7-2 for smog precursors.   The proportion of total emissions from the larger class of heavy duty 
diesel vehicles were estimated to decrease with implementation of the 2007 emission standards, 
resulting in a related increase in the proportion of emissions from smaller vehicles.  Transit and 
other buses were estimated in 2005-2025 to be the two smallest vehicle class in regard to their 
contribution to total PM2.5 exhaust, NOx and smog precursor emissions.  
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Figure 7-1 GVRD’s Estimate of the Distribution of PM2.5 Exhaust Emissions by 
Vehicle Class 
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Figure 7-2 GVRD’s Estimate of the Distribution of Smog Precursor Emissions by 
Vehicle Class 
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7.2 UPDATED FLEET AND TOTAL HDDV EMISSIONS 

7.2.1 Baseline Emissions for 2000-2025 

Emissions of most pollutants generated by heavy duty diesel vehicles in the Lower Fraser Valley 
are forecast to decrease dramatically by 2025 as a result of deployment of vehicles meeting the 
much lower 2007 HDDV emission standards for new vehicles. Table 7-2 summarizes the emission 
forecast developed in this study and illustrates the decrease in emissions by 2025 is expected to 
exceed 90% for CO, NOx, SOx, PM10-exhaust and PM2.5-exhaust and be 58% for VOC. These 
changes are consistent with the changes in the sulphur content of diesel fuel and the change in 
emission standards for new engines that will be implemented for new HDDVs by 2010. Air toxic 
emissions are forecast to decline 58%, except for ammonia, which is forecast to increase by 42% 
over this same period. Emissions of non-exhaust particulate matter from brake and tire wear and 
greenhouse gases will increase 42% due to the forecast growth in the vehicle-kilometers driven in 
the LFV.  

The forecast of vehicle and full cycle greenhouse gas emissions assumes the average fleet fuel 
economy remains similar to that for today’s fleet. This is equivalent to assuming that increase fuel 
consumption associated with addition of the new emission control technology or changes in 
vehicles to meet buyer preferences are off-set by improvements in the efficiency of vehicles and 
engines, such as through reduced vehicle weight and deployment of advanced engine or hybrid-
electric technology. 

Table 7-2 Forecast Emissions from Heavy Duty Diesel Vehicles by Year 

Pollutant 2000 
(t/yr) 

2005 
(t/yr) 

2010 
(t/yr) 

2015 
(t/yr) 

2020 
(t/yr) 

2025 
(t/yr) 

Change 
by 2010

(%) 

Change 
by 2025

(%) 
CO  3,673 2,592 1,774 942 512 303 -52 -92 
NOx  14,489 11,849 7,887 3,969 1,688 873 -46 -94 
VOC  632 448 360 299 272 266 -43 -58 
SOx  291 161 14 15 15 16 -95 -94 

PM10 Total 503 303 177 111 83 73 -65 -85 
  Exhaust 473 271 142 74 43 31 -70 -94 

  Non-
exhaust 30 32 35 38 40 43 17 42 

PM2.5 Total 446 260 142 79 52 41 -68 -91 
  Exhaust 437 250 131 68 39 28 -70 -94 

  Non-
exhaust 9 10 11 12 13 13 18 42 

Acrolein  2 2 1 1 1 1 -43 -58 
Acetaldehyde  19 14 11 9 8 8 -43 -58 
Benzene  7 5 4 3 3 3 -43 -58 
1,3 Butadiene  4 3 2 2 2 2 -43 -58 
Formaldehyde  52 37 30 25 22 22 -43 -58 
Ammonia   23 24 27 29 30 32 18 42 
CO2, t/yr  1,227,623 1,277,807 1,416,971 1,503,385 1,597,439 1,687,747 15 37 
Full Cycle 
GHG, t/yr   1,464,103 1,570,613 1,721,786 1,854,445 1,969,401 2,079,157 18 42 

 



 

Diesel municipal and public transit fleet vehicles (TransLink and BC Transit) contributed 6% of 
total smog precursor emissions from HDDVs in 2000 and are forecast to contribute 5-6% of the 
annual smog precursor emissions through to 2025 (Figure 7-3). Smog emissions are the sum of 
NOx, VOC, SOx and PM2.5 emissions, with NOx being the largest component. These vehicles are 
forecast to emit 6% of annual PM2.5 emissions from HDDVs in 2000 through 2025, as well as 
about 4-5% of total inventoried air toxics. The contribution varies slightly from year to year 
because of fleet turnover and the effect this has on fleet emissions, as illustrated in Figure 7-3 for 
smog precursors and exhaust PM2.5. The percent contribution to smog precursor and exhaust 
PM2.5 decreases in the following order: TransLink bus fleet; the combined municipal government 
fleet; and BC Transit bus fleet. 

The government HDDV and transit bus fleets contribute about 7-11% of the vehicle CO2 
emissions and 10% of the full cycle greenhouse gas emissions from all heavy duty diesel vehicles 
licensed in the LFV. 

Table 7-3 presents a detailed listing of the updated forecast of emissions of common air 
contaminants from the HDDV fleets included in the study. Similarly, Table 7-4 and Table 7-5 
present updated results for emissions of air toxics and greenhouse gases. 
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Figure 7-3 Comparison of Smog Precursor and PM2.5 Emissions from Government 
Fleets to Emissions from All Other HDDVs Operating in the LFV 

 
The emission estimate for TransLink buses took into account the model years and rebuild years of 
all the buses. The effectiveness of the engine rebuilds for the 1992 and earlier year buses was 
investigated through discussions with the local dealer for many of the bus engines. The dealer 
confirmed that the engine rebuilds for these buses would enable them to achieve the 1993 model 
year emission standards, and this assumption was used for the emission estimates. The emission 
forecast for TransLink assumes that the pre-1993 buses are replaced with new diesel buses prior 
to 2010. All other buses in this fleet are assumed to be replaced every 12 years, on average. 
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The emission forecast for the BC Transit fleet is based on the ICBC registration statistics and 
assumes the buses in this fleet are replaced every 12 years from date of purchase. Nontransit 
buses in the BC Transit fleets were grouped by MOBILE6C vehicle classes. 

Table 7-3 Fleet HDDV Emissions Forecast for the LFV for Common Air Contaminants 
Pollutant Fleet 2000 2005 2010 2015 2020 2025 

CO, t/yr   All Municipal Fleets 48 30 22 12 5 4 
    TransLink Buses 158 132 62 37 15 15 
    BC Transit Buses 8 4 2 1 0 0 
    All other HDDV 3,459 2,427 1,688 893 492 285 
    Total 3,673 2,592 1,774 942 512 303 
NOx, t/yr   All Municipal Fleets 181 148 103 48 22 10 
    TransLink Buses 624 500 346 193 35 35 
    BC Transit Buses 26 19 10 4 1 1 
    All other HDDV 13,658 11,182 7,429 3,723 1,631 827 
    Total 14,489 11,849 7,887 3,969 1,688 873 
VOC, t/yr   All Municipal Fleets 9 5 4 3 3 3 
    TransLink Buses 17 11 11 11 11 11 
    BC Transit Buses 1 0 0 0 0 0 
    All other HDDV 605 432 345 285 258 252 
    Total 632 448 360 299 272 266 
SOx, t/yr   All Municipal Fleets 4 2 0 0 0 0 
    TransLink Buses 18 8 1 1 1 1 
    BC Transit Buses 1 0 0 0 0 0 
    All other HDDV 268 150 12 13 14 15 
    Total 291 161 14 15 15 16 
PM10, t/yr Total All Municipal Fleets 9 3 2 1 1 1 

    TransLink Buses 22 12 5 4 3 3 
    BC Transit Buses 1 0 0 0 0 0 
    All other HDDV 472 287 171 106 79 70 
    Total 503 303 177 111 83 73 
  Exhaust All Municipal Fleets 8 3 2 1 0 0 
    TransLink Buses 21 12 3 2 2 2 
    BC Transit Buses 1 0 0 0 0 0 
    All other HDDV 443 256 137 70 41 28 
    Total 473 271 142 74 43 31 
  Non-exhaust All Municipal Fleets 0 0 0 0 0 0 
    TransLink Buses 1 1 1 1 1 1 
    BC Transit Buses 0 0 0 0 0 0 
    All other HDDV 29 31 34 36 39 41 
    Total 30 32 35 38 40 43 

PM2.5, t/yr Total All Municipal Fleets 8 3 2 1 1 1 
    TransLink Buses 20 11 4 3 2 2 
    BC Transit Buses 1 0 0 0 0 0 
    All other HDDV 418 246 136 76 49 39 
    Total 446 260 142 79 52 41 
  Exhaust All Municipal Fleets 8 3 1 1 0 0 
    TransLink Buses 19 11 3 2 2 2 
    BC Transit Buses 1 0 0 0 0 0 
    All other HDDV 409 236 126 65 37 26 
    Total 437 250 131 68 39 28 
  Non-exhaust All Municipal Fleets 0 0 0 0 0 0 

    TransLink Buses 0 0 0 0 0 0 
    BC Transit Buses 0 0 0 0 0 0 
    All other HDDV 9 10 10 11 12 13 
    Total 9 10 11 12 13 13 
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Pollutant Fleet 2000 2005 2010 2015 2020 2025 
Smog Precursors, t/yr All Municipal Fleets 201 157 108 53 25 13 
  TransLink Buses 679 530 361 207 48 48 
  BC Transit Buses 29 20 11 5 2 2 
  All other HDDV 14,940 12,001 7,912 4,086 1,941 1,121 
  Total 15,848 12,708 8,392 4,351 2,016 1,183 
Impact Weighted, t/yr All Municipal Fleets 399 232 146 75 37 23 
  TransLink Buses 1,203 824 449 269 89 89 
  BC Transit Buses 58 25 13 6 3 3 
  All other HDDV 25,777 18,323 11,200 5,789 2,938 1,820 
  Total 27,436 19,403 11,808 6,139 3,067 1,935 

 

Table 7-4 Detailed Listing of Emissions Forecast by Fleet for Air Toxics and Ammonia 

Pollutant Fleet 2000 2005 2010 2015 2020 2025 
Acrolein, t/yr All Municipal Fleets 0.0 0.0 0.0 0.0 0.0 0.0 
  TransLink Buses 0.1 0.0 0.0 0.0 0.0 0.0 
  BC Transit Buses 0.0 0.0 0.0 0.0 0.0 0.0 
  All other HDDV 2.2 1.6 1.3 1.0 0.9 0.9 
  Total 2.3 1.6 1.3 1.1 1.0 1.0 
Acetaldehyde, t/yr All Municipal Fleets 0.3 0.1 0.1 0.1 0.1 0.1 
  TransLink Buses 0.5 0.3 0.3 0.3 0.3 0.3 
  BC Transit Buses 0.0 0.0 0.0 0.0 0.0 0.0 
  All other HDDV 18.2 13.0 10.4 8.6 7.8 7.6 
  Total 19.0 13.5 10.9 9.0 8.2 8.0 
Benzene, t/yr All Municipal Fleets 0.1 0.1 0.0 0.0 0.0 0.0 
  TransLink Buses 0.2 0.1 0.1 0.1 0.1 0.1 
  BC Transit Buses 0.0 0.0 0.0 0.0 0.0 0.0 
  All other HDDV 6.6 4.7 3.8 3.1 2.8 2.8 
  Total 6.9 4.9 4.0 3.3 3.0 2.9 
1,3 Butadiene, t/yr All Municipal Fleets 0.1 0.0 0.0 0.0 0.0 0.0 
  TransLink Buses 0.1 0.1 0.1 0.1 0.1 0.1 
  BC Transit Buses 0.0 0.0 0.0 0.0 0.0 0.0 
  All other HDDV 3.9 2.8 2.2 1.8 1.7 1.6 
  Total 4.0 2.9 2.3 1.9 1.7 1.7 
Formaldehyde, t/yr All Municipal Fleets 0.7 0.4 0.3 0.3 0.3 0.3 
  TransLink Buses 1.4 0.9 0.9 0.9 0.9 0.9 
  BC Transit Buses 0.1 0.0 0.0 0.0 0.0 0.0 
  All other HDDV 49.4 35.4 28.3 23.4 21.2 20.7 
  Total 51.6 36.7 29.5 24.5 22.3 21.8 
Ammonia, t/yr All Municipal Fleets 0.3 0.3 0.3 0.3 0.4 0.4 
  TransLink Buses 0.9 0.7 1.3 1.2 1.2 1.2 
  BC Transit Buses 0.0 0.0 0.0 0.0 0.0 0.0 
  All other HDDV 21.5 23.3 25.1 27.0 28.8 30.6 
  Total 22.7 24.3 26.8 28.6 30.4 32.2 
Total Air Toxics All Municipal Fleets 1.1 0.6 0.5 0.4 0.4 0.4 
  TransLink Buses 2.3 1.5 1.5 1.4 1.4 1.4 
  BC Transit Buses 0.1 0.0 0.0 0.0 0.0 0.0 
  All other HDDV 80.2 57.5 46.0 38.0 34.4 33.6 
  Total 83.8 59.6 48.0 39.9 36.3 35.5 
 



 

Table 7-5 Detailed Listing of Emissions Forecast by Fleet for Greenhouse Gases 

Pollutant Fleet 2000 2005 2010 2015 2020 2025 
CO2, t/yr   All Municipal Fleets 20,594 21,020 22,354 24,042 25,794 27,523 
    TransLink Buses 84,588 71,732 125,956 117,167 117,220 117,220 
    BC Transit Buses 3,005 2,631 2,855 3,332 3,148 3,406 
    All other HDDV 1,119,436 1,182,424 1,265,807 1,358,843 1,451,277 1,539,598
    Total 1,227,623 1,277,807 1,416,971 1,503,385 1,597,439 1,687,747
Full Cycle GHG, t/yr All Municipal Fleets 24,392 24,845 26,385 28,479 30,604 32,763 
    TransLink Buses 111,364 108,915 144,103 159,184 159,184 159,184 
    BC Transit Buses 3,895 4,037 4,619 5,009 5,151 5,167 
    All other HDDV 1,324,453 1,432,816 1,546,679 1,661,773 1,774,463 1,882,044
    Total 1,464,103 1,570,613 1,721,786 1,854,445 1,969,401 2,079,157
 

The largest share of NOx, combined smog precursors (NOx+VOC+SOx+PM2.5) and exhaust 
PM2.5 arises from Class 8a and Class 8b diesel trucks, with this typically being close to 70% for 
the full forecast period. The next largest source of these pollutants is Class 4-7 vehicles, followed 
by Class 2b and 3 vehicles, other buses and transit buses. The share of emissions by vehicle 
class is shown in Figure 7-4 for NOx, in Figure 7-5 for exhaust PM2.5 and in Figure 7-6 for the sum 
of smog precursors. The contribution of these different vehicle classes remains fairly constant over 
the forecast period. 
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Figure 7-4 Percent of HDDV NOx Emissions from Vehicle Classes 

   

 

403-0630 Emission Reduction Options for Heavy Duty 
Diesel Fleet Vehicles in the Lower Fraser Valley 

159

 



 

0

10

20

30

40

50

60

70

80

HDDV 2b & 3 HDDV 4,5,6 & 7 HDDV 8a & 8b Transit Bus Other Buses

Pe
rc

en
t o

f P
M

2.
5 E

xh
au

st
 E

m
is

si
on

s

2000
2010
2020

Figure 7-5 Percent of HDDV PM2.5 Emissions from Vehicle Classes 
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Tables7-6 and 7-7 summarize the emissions of common and toxic air contaminants, respectively, 
that are forecast in 2005 and 2015 from municipal diesel vehicle fleets. Included in this list are 
fleet vehicles operated by the GVRD and the University of British Columbia. Emissions from these 
fleets were determined for each five-year interval from 2000 to 2025. Data for two of these years 
are shown in the table, which give a good indication of the trends observed in the intervening and 
later years. The emission results are specific to the age, size and number of fleet vehicles owned 
by each of the government organizations, as recorded in the ICBC database provided for the 
study. The age distribution of these vehicles was assumed to remain constant in future years. The 
distance assumed to be travelled by these vehicles was estimated as the pooled average of the 
data provided by municipal governments that responded to the survey conducted in this study. 

The results in Table 7-6 show that typically 3-4 of the larger municipalities emit over 50% of the 
common air contaminants.  This is also the trend for emissions of toxic air pollutants listed in Table 
7-7. The results for West Vancouver are dominated by the emissions from 39 buses, which leads 
to this municipal government having the highest annual emissions of all common air contaminants. 
Transit bus emissions for other areas of the Lower Fraser Valley are included in TransLink and BC 
Transit emissions.   
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Table 7-6 Forecast of Common Air Contaminant Emissions from Municipal Diesel Vehicle Fleets in 2005 and 2015 

CO NOx VOC SOx PM10 Exhaust PM2.5 Exhaust 
2005 2015 2005 2015 2005 2015 2005 2015 2005 2015 2005 2015 Municipal Fleet 

(t/yr) (t/yr) (t/yr) (t/yr) (t/yr) (t/yr) (t/yr) (t/yr) (t/yr) (t/yr) (t/yr) (t/yr) 
Abbotsford 1.37 0.59 5.70 2.53 0.24 0.16 0.07 0.01 0.16 0.05 0.15 0.05 
Burnaby 2.23 1.08 11.22 4.27 0.37 0.30 0.13 0.01 0.25 0.08 0.23 0.08 
Chilliwack 0.59 0.22 2.69 1.01 0.11 0.07 0.03 0.00 0.07 0.02 0.06 0.02 
Coquitlam 1.17 0.62 4.54 3.11 0.21 0.17 0.05 0.01 0.16 0.05 0.15 0.05 
GVRD 0.72 0.14 3.23 0.50 0.15 0.09 0.06 0.01 0.06 0.01 0.06 0.01 
Delta 0.71 0.19 3.27 0.66 0.14 0.09 0.06 0.00 0.07 0.02 0.07 0.01 
City of Langley 0.25 0.17 1.46 0.56 0.05 0.04 0.02 0.00 0.02 0.02 0.02 0.01 
Township of Langley 0.93 0.50 4.35 2.18 0.15 0.12 0.04 0.00 0.11 0.04 0.10 0.03 
Maple Ridge 0.55 0.18 2.71 1.04 0.10 0.07 0.04 0.00 0.06 0.02 0.05 0.01 
Mission 0.37 0.23 1.87 0.80 0.07 0.07 0.03 0.00 0.05 0.02 0.04 0.02 
New Westminster 0.64 0.33 3.02 1.24 0.16 0.10 0.05 0.00 0.09 0.03 0.09 0.03 
City of North 
Vancouver 0.30 0.13 1.71 0.41 0.06 0.04 0.02 0.00 0.03 0.01 0.03 0.01 

District of North 
Vancouver 1.53 0.56 5.91 2.17 0.23 0.14 0.08 0.01 0.16 0.04 0.14 0.04 

Pitt Meadows 0.10 0.04 0.59 0.16 0.02 0.01 0.01 0.00 0.01 0.00 0.01 0.00 
Port Coquitlam 0.46 0.21 2.47 0.75 0.09 0.07 0.03 0.00 0.05 0.02 0.05 0.02 
Port Moody 0.24 0.17 1.32 0.78 0.05 0.05 0.02 0.00 0.05 0.01 0.04 0.01 
Richmond 1.42 0.61 8.40 2.40 0.19 0.14 0.12 0.01 0.11 0.04 0.10 0.04 
Surrey 2.37 1.18 11.38 4.10 0.42 0.30 0.13 0.01 0.27 0.10 0.25 0.09 
UBC 2.15 0.44 9.59 1.76 0.24 0.23 0.19 0.02 0.18 0.04 0.17 0.04 
Vancouver 4.41 1.56 21.81 5.31 0.84 0.56 0.34 0.03 0.46 0.13 0.42 0.12 
West Vancouver* 7.25 2.57 39.51 12.48 0.61 0.54 0.59 0.05 0.52 0.15 0.49 0.14 
White Rock 0.23 0.05 1.22 0.23 0.05 0.03 0.02 0.00 0.02 0.00 0.02 0.00 

Total 30.0 11.8 148.0 48.4 4.6 3.4 2.1 0.2 3.0 0.9 2.7 0.8 
* Includes emissions from transit buses operated in West Vancouver, while results for other municipalities do not include transit buses. 
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Table 7-7 Forecast of Toxic and Ammonia Emissions from Municipal Diesel Vehicle Fleets for 2005 and 2015 

Acrolein Acetaldehyde Benzene 1,3 Butadiene Formaldehyde Ammonia 
2005 2015 2005 2015 2005 2015 2005 2015 2005 2015 2005 2015 Municipal Fleet 

(t/yr) (t/yr) (t/yr) (t/yr) (t/yr) (t/yr) (t/yr) (t/yr) (t/yr) (t/yr) (t/yr) (t/yr) 
Abbotsford 0.001 0.001 0.007 0.005 0.003 0.002 0.002 0.001 0.020 0.013 0.010 0.012 
Burnaby 0.001 0.001 0.011 0.009 0.004 0.003 0.002 0.002 0.030 0.025 0.018 0.022 
Chilliwack 0.000 0.000 0.003 0.002 0.001 0.001 0.001 0.000 0.009 0.006 0.005 0.006 
Coquitlam 0.001 0.001 0.006 0.005 0.002 0.002 0.001 0.001 0.017 0.014 0.008 0.013 
GVRD 0.001 0.000 0.005 0.003 0.002 0.001 0.001 0.001 0.012 0.007 0.012 0.013 
Delta 0.001 0.000 0.004 0.003 0.002 0.001 0.001 0.001 0.012 0.007 0.011 0.011 
City of Langley 0.000 0.000 0.002 0.001 0.001 0.000 0.000 0.000 0.004 0.003 0.003 0.004 
Township of Langley 0.001 0.000 0.005 0.004 0.002 0.001 0.001 0.001 0.012 0.010 0.006 0.008 
Maple Ridge 0.000 0.000 0.003 0.002 0.001 0.001 0.001 0.000 0.008 0.006 0.006 0.008 
Mission 0.000 0.000 0.002 0.002 0.001 0.001 0.000 0.000 0.006 0.006 0.004 0.006 
New Westminster 0.001 0.000 0.005 0.003 0.002 0.001 0.001 0.001 0.013 0.008 0.009 0.010 
City of North 
Vancouver 0.000 0.000 0.002 0.001 0.001 0.000 0.000 0.000 0.005 0.003 0.004 0.004 

District of North 
Vancouver 0.001 0.001 0.007 0.004 0.003 0.002 0.001 0.001 0.019 0.012 0.014 0.014 

Pitt Meadows 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.002 0.001 0.001 0.001 
Port Coquitlam 0.000 0.000 0.003 0.002 0.001 0.001 0.001 0.000 0.008 0.006 0.006 0.007 
Port Moody 0.000 0.000 0.002 0.001 0.001 0.001 0.000 0.000 0.004 0.004 0.002 0.003 
Richmond 0.001 0.001 0.006 0.004 0.002 0.002 0.001 0.001 0.015 0.012 0.015 0.015 
Surrey 0.002 0.001 0.013 0.009 0.005 0.003 0.003 0.002 0.035 0.025 0.020 0.024 
UBC 0.001 0.001 0.007 0.007 0.003 0.002 0.002 0.001 0.019 0.018 0.023 0.027 
Vancouver 0.003 0.002 0.025 0.017 0.009 0.006 0.005 0.004 0.069 0.046 0.052 0.055 
West Vancouver 0.002 0.002 0.018 0.016 0.007 0.006 0.004 0.003 0.050 0.044 0.056 0.060 
White Rock 0.000 0.000 0.001 0.001 0.001 0.000 0.000 0.000 0.004 0.002 0.004 0.004 

Total 0.017 0.012 0.137 0.102 0.050 0.037 0.029 0.022 0.373 0.277 0.288 0.329 
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7.2.2 Comparison to GVRD Emission Inventory 

The emission inventory analysis methods and vehicle data used in this study enabled the analysis 
of emissions from individual HDDV fleets and are more detailed than normally applied to develop 
a regional emission inventory. The emission forecast developed in this study for the LFV was 
compared to the emission forecast developed in 2003 by the GVRD to identify similarities and 
differences in the observed emission trends.  

There are a number of differences between the methods and vehicle data used in this study for 
HDDVs compared to what was used by the GVRD for the earlier emission forecast. These are 
summarized below: 

 This Study GVRD Forecast/Backcast 
ICBC Vehicle Data 2003 June 30 dataset for regions D, 

E, G (Hope only) and H. 
2000 June 30 dataset for regions D, 
E, H and Z. 

Vehicles included Onroad commercial HDDV only 
(ICBC Vehicle Type 2) 

Personal and commercial use, 
onroad and off-road HDDVs (ICBC 
Vehicle Types 1 & 2) 

Vehicle emission 
factors 

Mobile6.2C (Canadian version) with 
seasonal weighting for CO, NOx 
and VOC and July result for PM10, 
PM2.5 and SOx.  Separate emission 
factor used for each vehicle age 
group in each HDDV class. 

US Mobile6.0 for CO, NOx and VOC 
with seasonal weighting. 
US Mobile6.2 (beta version) for 
PM10, PM2.5 and SOx. Run for 
January. 
Average emission factor used for 
each vehicle class based on 
estimated class age distribution. 

Vehicle kilometers 
travelled. 

Product of number of number of 
vehicles and average km/yr 
travelled for each vehicle class. 
Survey data for government and 
transit bus fleets. 

Predicted for 2000 using TransLink 
EMME/2 truck and bus 
transportation model. 

Vehicle age 
distribution 

Vehicle age was calculated from the 
model year in the ICBC dataset for 
each HDDV and the emission factor 
corresponding to this vehicle age 
was used. 

Emission factors were determined 
for each class of HDDV from ICBC 
data using the same age distribution 
for the following groups of HDVs: 
HDV2b&3; HDV4-8b; HDBS; and 
HBT. MOBLE6 default diesel 
fractions were used to calculate 
emission factors for diesel vehicles. 

 

Vehicle statistics were provided by ICBC for this study for D, E, City of Hope in G and H rate 
territories, which cover the Lower Mainland, Maple Ridge/Pitt Meadows, Pemberton/Hope and the 
Fraser Valley, respectively. The data set did not include vehicles in Territory Z, which applies to 
vehicles operated out of the Province most of the time. The GVRD included vehicles in Territory Z 
in the 2000 emission inventory and forecast, and therefore includes more vehicles than were 
considered in this study. ICBC does not have any data on the VkmT accumulated, or the time 
spent in the Lower Fraser Valley by Territory Z vehicles, though it is anticipated by ICBC that the 
Class 8 vehicles and buses in this group would be outside the LFV area a majority of the time, 
though not 100% of the time, while in operation.  

The database provided by ICBC for this study contained commercial vehicles used in onroad and 
off-road applications. The GVRD data set includes vehicles for both personal and commercial use. 
Only commercial vehicles are eligible to be part of a fleet and comprise the vast majority of 
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HDDVs over 8,500 lb GVWR according to ICBC. The personal use HDDVs in the GVRD dataset 
are not represented in the emission forecast prepared in this study. 

A substantial number of heavy duty diesel vehicles in the ICBC dataset are for nonroad uses, such 
as backhoes, cranes, fork lifts, snow control vehicles, mowers, and others, as listed in Section 
6.2.2. There are 1982 off-road HDDVs in the 2003 ICBC dataset obtained for this study and these 
were not included in the emission inventory, because the emission factors from the MOBILE 
model do not apply to such vehicles and the default VkmT for the same weight class of onroad 
vehicle would over-state actual distances driven. The GVRD included off-road HDDVs in the 2000 
ICBC dataset when determining vehicle class age distributions used in the MOBILE6.2C model, 
which would affect the resulting emission factors, but not affect the VkmT used to calculate 
emissions as these values were estimated separately using the EMME/2 transportation model. 

Vehicle age distributions can be used in the MOBILE6.2C model to calculate the weighted 
average emission factor for each vehicle weight class. In this study, the emissions from HDDVs 
were calculated using emission factors and distance travelled for each age group and weight class 
of vehicle based on model year data in the ICBC dataset. Hence, average emission factors for 
each weight class were not required and this feature of MOBILE6.2C was not used.  The GVRD 
used a different approach that calculates emissions as the sum, for all vehicle classes, of the 
average emission factor and the total VkmT driven for each weight class. The GVRD ran the 
MOBILE6 model using the same age distributions for Class 2b-3 and Classes 4-8b, which were 
determined from the 2000 ICBC data. Grouping the age distributions in this way affects the 
average emission factor for each weight class. 

For the reasons noted above, 4,763 fewer heavy duty diesel vehicles were included in this study 
than was included in the 2000 LFV inventory, which amounts to a difference of -12.8%. In addition 
to this change, there is also a difference in the distribution of vehicles by vehicle weight class, 
particularly for Class 4-8b vehicles (Table 7-8). As the vehicle weight information used for vehicle 
classification comes directly from the ICBC database, the differences are believed to be due to the 
annual and monthly variability of vehicle insurance statistics and differences in the handling of 
nonroad vehicles and the region Z vehicles between the two studies.     

Table 7-8 Number of Vehicles and VkmT for this Study Compared to the 2000 LFV 
Emission Inventory 

Difference Relative to GVRD  This Study GVRD 
Number Percent 

Vehicles:     
HDDV2b-3 13,756 10,597 +3,159 +29.8% 
HDDV4-8b 16,670 24,497 -7,827 -32.0% 
Transit & Other Buses 2,099 2,194 -95 -4.3% 
Total 32,525 37,288 -4763 -12.8% 

Vehicle Kilometers 
Travelled 1,352,879 1,195,986 +156,893 +13.1% 

 

The new information available from this study on the mileage accumulation rate and age of 
municipal fleet vehicles and the effect of rebuilds on the age to be used to model emissions from 
transit buses has improved the estimate of emissions from these diesel vehicle fleets. Emissions 
from the balance of the heavy duty vehicles operating in the Lower Fraser Valley were estimated 
using improved emission factors more specific to the age of vehicles in each vehicle class. 
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Differences between the studies in the means used to calculate VkmT will affect total emissions 
for all weight classes.  

Table 7-9 compares the LFV emission forecast for common contaminants developed in this study 
and the values reported by the GVRD. Because of the differences discussed above, the emissions 
forecast prepared in this study is higher for most pollutants than previously estimated, most 
notably for the 2000 and 2005. Figures 7-7 and 7-8 illustrate the differences in the emission 
forecast for exhaust PM2.5 and the sum of smog precursors, respectively.  The percent reduction 
in pollutant emissions by 2025 from levels in 2000 is similar for both forecasts.   

Table 7-9 Results from This Study and the GVRD Emission Forecast 

Pollutant 2000 2005 2010 2015 2020 2025 % Change 
from 2000

  This Study 3673 2592 1774 942 512 303 -92 CO 
  GVRD 2556 2385 1354 659 418 316 -88 
 This Study 14489 11849 7887 3969 1688 873 -94 NOx   GVRD 12503 9239 5558 2754 1517 904 -93 
 This Study 632 448 360 299 272 266 -58 VOC   GVRD 481 416 316 267 256 258 -46 
 This Study 291 161 14 15 15 16 -94 SOx   GVRD 259 282 12 13 14 15 -94 

This Study 503 303 177 111 83 73 -85 Total GVRD 388 294 160 95 75 71 -82 
This Study 473 271 142 74 43 31 -94 Exhaust GVRD 361 263 128 60 37 31 -92 
This Study 30 32 35 38 40 43 42 

PM10

Non-exhaust GVRD 28 31 33 36 38 40 44 
This Study 446 260 142 79 52 41 -91 Total GVRD 342 253 128 66 46 41 -88 
This Study 437 250 131 68 39 28 -94 Exhaust GVRD 333 244 117 55 34 28 -92 
This Study 9 10 11 12 13 13 42 

PM2.5

Non-exhaust GVRD 9 10 10 11 12 13 46 
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Figure 7-7 Comparison of PM2.5 Emission Forecasts 
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Figure 7-8 Comparison of Smog Precursor Emission Forecasts 

   

 

403-0630 Emission Reduction Options for Heavy Duty 
Diesel Fleet Vehicles in the Lower Fraser Valley 

167

 



 

7.3 UPDATED FORECAST OF REGIONAL PM10 AND PM2.5 CONCENTRATIONS 

The algebraic PM Model for annual average PM10 concentration developed for the BC Clean 
Transportation Analysis Project (Alchemy and Levelton Engineering, 2000), was updated and 
expanded to incorporate the 2000-2025 LFV emission forecast prepared by the GVRD, additional 
air quality monitoring data that became available since the earlier study was completed, and a 
modelling relationship for PM2.5 based on the PM10 concentration.  This model predicts annual 
average PM10 and PM2.5 concentrations in the western and eastern LFV, including primary 
particulate matter from direct emissions and secondary particulate matter formed in the 
atmosphere from NOx, VOC and SOx emissions. 

Figure 7-9 illustrates the results from the PM Model, including past annual average PM10 and 
PM2.5 air quality monitoring data used to calibrate the model, and backcast and forecast results for 
the western and eastern parts of the Lower Fraser Valley (WLFV and ELFV, respectively). The 
annual average PM10 concentrations predicted for the 1995 to 2001 period using the GVRD’s 
emission backcast compare well with regional air quality monitoring data, confirming the model 
predicts the effects of modest to small changes in emissions on average annual PM10 
concentrations in the region reasonably well.  
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The PM Model forecast is based on GVRD’s “moderate” forecast of emissions from all sources in 
the LFV, including their estimates for HDDVs. The forecast of emissions from HDDVs prepared in 
this study was not available in time for merging with the GVRD’s forecast of emissions from all 
other sources due to delays in obtaining the ICBC dataset. However, the differences between 
these emission forecasts for HDDVs would have a negligible effect on the forecast of ambient 
annual PM10 and PM2.5 concentrations, as they are small compared to total regional emissions 
from all sources that contribute to ambient particulate matter concentrations. 
 
The PM Model results suggest that PM10 concentrations under the moderate emission forecast 
scenario used by the GVRD will remain relatively constant at about 12.6-12.7 μg/m3 in the western 
LFV through to 2015, and then increase gradually about 1 μg/m3 by 2025. In the eastern LFV, the 
result is similar, with PM10 remaining at about 11.7 μg/m3 through 2015 and subsequently rising 
0.5 μg/m3 by 2025.  PM2.5 is forecast to also remain fairly constant in these areas through to 2015, 
followed by a 0.2-0.4 μg/m3 increase by 2025. 
 

7.4 IMPACT OF HDDV EMISSIONS ON PM2.5 CONCENTRATIONS NEAR ROADWAYS 

7.4.1 Methods 

The scope of work for the study included development of information on the spatial distribution of 
emissions from heavy duty diesel trucks and buses operating in the Lower Fraser Valley. The 
baseline emission inventory for onroad vehicles developed by the GVRD and updated in this study 
is based on total annual distances travelled and is not spatially disaggregated. The only source of 
information that could be used to develop an estimate of the spatial distribution of emissions from 
onroad vehicles is the model predictions of peak hour traffic developed periodically by TransLink 
for use in regional transportation planning activities. 

A method was developed to estimate the concentration of PM2.5 in the vicinity of roads in the 
Lower Fraser Valley based on modelled peak-hour traffic volume and estimated dispersion 
relationships. This method involves the steps illustrated schematically below: 

 

Input peak hour 
truck  & bus 

data by link from 
EMME/2. 

Remove trolley 
bus traffic from 
data for links & 
merge two-way 

links.

Calculate annual 
avg. PM2.5 

concentrations in 
4 zones using 

dispersion factors.

Calculate 
emission rate for 
each link using 

emission factors 

Link predicted 
PM2.5 

concentrations 
to the road 
network.

Map average 
annual PM2.5 

concentrations 
for the road 

network.

Calculate annual 
emissions using 

expansion factors 
and sum for all 

links
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7.4.2 Calculation of VkmT and Emission 

Peak hour truck and bus traffic data was obtained from TransLink (Clark Lim, 2003) in GIS format 
as produced for transportation modelling within the region. Traffic volume data was obtained for 
each link defined in the EMME/2 transportation model and the three Regional Transportation 
Model (RTM) vehicle types relevant to the study:  transit bus; light truck (4,500-20,000 kg GVWR) 
and heavy truck (over 20,000 kg GVWR). The data set was for 1999, which is more recent than 
the 1996 data that was provided to the GVRD for the 2000 emission inventory. The data set for 
trucks agreed well with the data provided to the GVRD previously, while there was a difference in 
the data set for transit buses, as discussed below, though the difference was not large. 

The modelled traffic data is predicted using the EMME/2 transportation model for the morning 
peak hour. To develop annual data on emissions for comparison to data developed by other 
means, the peak-hour values were extrapolated to annual traffic on each link using the same 
expansion factors applied by the GVRD for development of the 2000 emission inventory (GVRD, 
2002 & 2003b). These expansion factors are as follows: 

 

RTM Vehicle Class GVWR 
(kg) 

AM Peak Hour to 
Daily 
(D/H) 

Daily to Annual 
(A/D) 

Light Truck 4500-20,000 14.2 240 
Heavy Truck >20,000 12.7 240 

Bus  9.0 330 
 

Annual VkmT on each link was calculated using the above expansion factors in the following 
formula: 
 

Annual VkmT for each link= peak hour traffic on each link * link length in km* (D/H) * (A/D) 
 

The 1999 traffic volume data provided by TransLink for buses was stated to include electric and 
fossil fuelled buses, which if used directly would over-estimate the impact of this traffic on air 
quality. An estimate of trolley bus traffic on each road link was developed and subtracted from the 
total bus traffic on each link to provide net traffic data for calculation of VkmT and emissions from 
diesel fuelled buses. This was done manually using data provided by Coast Mountain Bus 
Company listing weekday and weekend frequency of service statistics for all trolley routes (13) 
and diesel bus routes as of September 2003, together with maps of the trolley bus routes 
published by TransLink. Through this process, the fraction of diesel bus and trolley bus trips was 
determined for major roads in the City of Vancouver and applied to correct the modelled bus traffic 
volumes. The estimated trolley bus traffic VkmT developed by this process accounts for 74% of 
the total VkmT accumulated by trolley buses, as reported by the Coast Mountain Bus Company, 
so corrects for a majority of effect of this bus traffic on emissions. 

The calculated VkmT for light truck, heavy truck and bus traffic used for spatial analysis of 
emissions in the Lower Fraser Valley are compared in Table 7-10 to values used in the 2000 LFV 
emission inventory. The VkmT estimated for 2000 in this study includes a 4% growth in traffic from 
modelled values for 1999, as recommended by Lim (2003). The two estimates of truck VkmT 
agree very well. The annual VkmT in 1999 for all transit buses estimated by EMME/2 modelling is 
14.3% less than the VkmT reported for all bus trips by Coast Mountain Bus Company (Table 7-
11). Subtracting the total trolley bus VkmT provided by Coast Mountain Bus Company from the 
EMME/2 prediction of all bus VkmT yields an estimate of diesel bus VkmT of 48,169,150 km/yr, 
which is 9.8% lower than the value used in the 2000 LFV emission inventory. The diesel bus 
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VkmT actually used in the predictions of PM2.5 emissions in this study is based on the EMME/2 
VkmT prediction for all buses minus the trolley bus VkmT developed from the product of bus trips 
and route length data provided by Coast Mountain Bus Company. This approximation of annual 
diesel bus VkmT is 50,797,232 km/yr, which is 4.8% less than the GVRD’s value for 2000. With 
compensating differences in the VkmT estimates for the different vehicle types, the overall VkmT 
for heavy duty diesel vehicles used for spatial analysis in this study is essentially identical to the 
VkmT included in the 2000 LFV emission inventory (difference of -0.2%). 

The next update of the regional emission inventory should check that the non-trolley bus VkmT 
estimate predicted by EMME/2 agrees reasonably well with the actual VkmT recorded by Coast 
Mountain Bus Company for these vehicles.   

Table 7-10 Comparison of VkmT Estimated in This Study for Spatial Analysis to the 
Values Used in the 2000 Emission Inventory 

RTM Vehicle 
Class 

Annual VkmT 
Used in 2000 

Inventory* 

Annual VkmT For 
Spatial Analysis in 

This Study 
Notes 

% Difference 
from LFV 

Inventory Basis
Light Truck 554,417,328 553,455,890  -0.2% 
Heavy Truck  812,328,434 813,135,741  +0.1% 

Bus  53,373,583 59,770,686  a) Total from EMME/2 model 
including trolley bus VkmT - 

 - 48,169,150 
b) Net of total trolley bus VkmT 
reported by Coast Mountain 
Bus Co. 

-9.8% 

 - 50,797,232 
c) Net of trolley bus VkmT 
estimated in this study from bus 
traffic & route lengths.  

-4.8% 

Total 1,420,119,254 1,417,388,863 Based on c). -0.2% 
* GVRD, 2003b 

 

Table 7-11 TransLink and West Vancouver Bus VkmT in 2000    

Bus Type Annual VkmT 
Diesel 54,844,929 km 
Natural Gas 3,268,857 km 
Trolley Buses 11,601,535 km 
Total 
Total Excluding Trolley Buses 

69,715,321 km 
58,113,786 km 

Source:  Coast Mountain Bus Company, 2003 

The VkmT predicted by EMME/2 for light trucks and heavy trucks applies to vehicle weight 
categories that are different from those used by MOBILE6.2C for calculation of emission factors. 
The VkmT from TransLink were redistributed to be more consistent with these standard vehicle 
categories so the data could be used for link-specific predictions of PM2.5 concentration impacts. 
The vehicle weights for heavy duty vehicles included in this study start at 3856 kg for the HDDV2b 
category, which is below the cut off for light trucks. The HDDV8a and 8b categories used by 
MOBILE6.2C include vehicles with a GVWR of 14,969 kg or more, compared to the EMME/2 
heavy duty truck category that starts at 20,000 kg.   

The GVRD redistributed the TransLink VkmT data into MOBILE6.2C categories when it prepared 
the 2000 emission inventory (GVRD, 2002, 2003b) . This same approach and data were used to 
redistribute the VkmT data for light and heavy trucks in this study. The redistributed VkmT were 
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then used with composite emission factors generated by the MOBILE6.2C model. This 
redistribution process did not change the total VkmT, but simply reallocated it according to groups 
of MOBILE6.2C categories better suited to the spatial analysis. The factors used were as follows: 

Distribute Light Truck VkmT to a combined HDV2b-HDV7 group:  multiply by 1.279 
Distribute Heavy Truck VkmT to a combined HDV8a-HDV8b group:  multiply by 0.833 

The fraction of diesel fuelled vehicles in these composite classes was determined using the data 
developed by the GVRD for the 2000 inventory. The fraction of diesel fuelled vehicles in the 
HDDV2b-HDDV7 group of vehicles is 0.658. All vehicles in the HDDV8a-HDDV8b categories were 
assumed to be diesel fuelled. 

Annual emissions on each link were determined using the following formula: 

Annual Emissions = Annual VkmT by vehicle type x VkmT Adjustment Factor x Diesel Fraction 
x Emission Factor.  

 
Composite exhaust PM2.5 emission factors for the light and heavy duty vehicle groups referred to 
above were determined using the MOBILE6.2C model. Emission factors were developed for two 
cases: a) assuming the same vehicle age distribution and ACOR emission reduction as used by 
the GVRD for the 2000 LFV emission inventory; b) using the updated emission factors in this 
study, including the 2003 ICBC vehicle age distribution and without emission reductions from 
ACOR. The key assumptions for these two cases are: 

a) GVRD inventory assumption - The vehicle age distribution for each vehicle class and other 
inputs were assumed to be the same as used by the GVRD for the 2000 emission inventory. - 
The emission factors with these inputs are slightly lower than those used by the GVRD for the 
2000 emission inventory, because of revisions to the MOBILE model in the intervening period 
and use of July as the reference month, rather than January, as used previously. The 
difference in the PM2.5 emission factor varied from a low of -4% for HDDV5 to a high of -9% for 
HDDBT (urban bus). The PM2.5 exhaust emission factors from the MOBILE6.2C model were 
then reduced by 24%, which is the same emission reduction used by the GVRD in their 
analysis.  

b) Updated emission factors - The vehicle age distribution for each vehicle class was determined 
from model year statistics in the ICBC 2003 data set. Annual VkmT were taken from the data 
survey for municipal and transit vehicles and from the MOBILE6.2C model for all other 
vehicles. The emission factors determined in this way are discussed in Section 6.4.  

Calculation and mapping of PM2.5 concentrations near road links in the LFV was done using the 
PM2.5 emission factors estimated using vehicle age distributions that were developed by the 
GVRD for the 2000 LFV emission inventory, and assuming ACOR reduced emissions by 24%. 
These factors are listed in Table 7-12. The ICBC data was not available at the time work 
proceeded on the spatial analysis, preventing use of the emission factors subsequently developed 
in this study from the 2003 ICBC dataset. These updated emission factors are compared in Table 
7-12 to the ones based on the GVRD inputs, both with and without a 24% emission reduction due 
to ACOR. A recent study (Levelton Consultants, et. al., 2004) estimated the PM2.5 emission 
reduction from ACOR at 4% in 2000 rather than 24%, due to the relatively small fraction of the 
onroad HDDVs that were inspected by the program (11%). Based on this finding, the updated 
emission factors shown in Table 7-12 without ACOR would yield the best estimate of PM2.5 
emissions and ambient concentrations in 2000. Consequently, the emission factors used for the 
spatial analysis underestimate the impacts of emissions from light and heavy trucks and 
overestimate the impacts of emissions from public transit buses. 



 

Table 7-12 Emission Factors Estimated For Use in Spatial Emission Analysis 

 
PM2.5 Exhaust Emission Factor* 

(g/km) 
GVRD Vehicle Age 

Distributions 
This Study with 2003 ICBC Data 

Set & Survey Data 

Nominal RTM 
Vehicle Class 

MOBILE6.2C Vehicle 
Classes 

With ACOR* With ACOR* Without ACOR 
Light Trucks HDDV2b-HDDV7 0.128 0.152 0.200 
Heavy Trucks HDDV8a-HDDV8b 0.236 0.328 0.431 
Buses HDBT 0.479 0.281 0.371 

* Includes ACOR emission reduction for exhaust PM2.5 of 24%.  
 

7.4.3 Calculation of PM2.5 Concentrations Near Roads 

 
The concentration of a pollutant downwind of a continuously emitting infinite line source is 
theoretically given by the equation (Turner, 1994): 
 
C (x) =  2 q   exp   - H2  
 sin(Φ)(2π)1/2 σZ u 2 σZ

2

 
where, 
 C = pollutant concentration (μg/m3), 
 q = emission source strength (grams/second per km length), 
 Φ = angle between the wind and the line source,  
 σZ(x) = dispersion parameter (standard deviation of the concentration distribution) in the 

vertical direction at downwind distance x,  
 H = effective height of emission release due to initial dispersion, 
 u = wind speed at point of emission release, 
 x = distance downwind (m). 
 
This line source pollutant dispersion equation can be applied to approximate the incremental effect 
on ambient pollutant concentrations of emissions from vehicles travelling on a road. For distances 
less than 300 meters from a road, and assuming the wind direction is perpendicular to the road 
and that effects of intersecting roads can be neglected, the general form of the above equation for 
long-term concentration effects, as given by the European Environmental Agency 
(http://reports.eea.eu.int/tec11a/en/page014.html), becomes: 
 
C (x)/q =   F    
 u(H + σZ ) 
 
where, 
  
 C (x)/q = concentration per unit of line source strength, or dispersion factor 

(μg/(g/s-km). 
 F = a coefficient that is typically close to 1, 
 H = effective height of emission release due to initial dispersion, 
 u = wind speed at point of emission release. 
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Modelling of the pollutant concentrations in the vicinity of the Lougheed Highway in Burnaby done 
by Levelton for another project was used to develop a correlation for a dispersion coefficient that 
could be used to predict annual average PM2.5 concentrations. This roadway is oriented generally 
in an east-west direction and was modelled using the CALINE3 model using approximately 1 year 
of local meteorology to predict pollutant concentrations at distances from the edge of the road to 1 
km away perpendicular to the road. To develop a correlation for the dispersion coefficient that 
could be applied in this study, the concentrations predicted for both sides of the road were 
averaged and only the average annual concentration was used. Figure 7-10 shows the data points 
calculated from the modelled concentrations and the correlation developed to fit these points. 
 

y = 277.88x-0.5778

R2 = 0.9915

0

10

20

30

40

50

60

70

80

90

100

110

120

0 50 100 150 200 250 300 350 400 450 500

Distance from road edge (m)

D
is

pe
rs

io
n 

C
oe

ffi
ci

en
t (

μg
/m

3 /(g
/s

-k
m

))

ZONE 1 = 73

ZONE 2 = 49

ZONE 3 = 19

Figure 7-10 Approximate Dispersion Coefficient for Annual Average PM2.5 
Concentrations At Distances Perpendicular to a Road 

 
To simplify the analysis, the PM2.5 concentrations near roadways were approximated in zones 
parallel to the direction of the roadway and set back from the edge of the road at distances guided 
by the rate of change in the predicted concentrations. The PM2.5 concentration in each zone was 
calculated for each link as follows: 
 
CZ (Link L) =  Ei x FD/L 
 
where,  
 CZ (Link L) = Annual average PM2.5 concentration in zone Z beside link L (μg/m3)  
 Ei  = Annual average emission rate on link L (g/s) 
 FD = Dispersion Factor for zone Z (μg/m3)/(g/s-km) 
 L = Link Length (km) 
 
Conservatively high dispersion factors were calculated for each zone to compensate for the 
contribution of PM2.5 from intersecting and nearby links that could not be included in this simplified 
method. This was done using the dispersion factor correlation shown in Figure 7-10 at reference 
distances located at the edge of the zone nearest to the road, except for the first zone where an 
intermediate distance was used.  
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Predicted concentrations decrease rapidly within about 20 m of a roadway, as observed with 
recent modelling analysis of annual concentrations and previous analysis of 24-h average 
concentrations near a roadway in Vancouver (Levelton Engineering and Alchemy, 2000). Short-
term and long-term concentrations decline more slowly with distance over the next 100 m then 
approach a background concentration.  

The locations of the concentration zones used in this study, the reference distances and the 
dispersion factors applied to calculate emissions are summarized in Table 7-13 and Figure 7-10. 
 

Table 7-13 Locations and Dispersion Factors Used for Each Modelled 
Concentration Zone 

Zone Code 
 Distance Away from 

Edge of Road (m) 
Reference Distance 

(m) 
Dispersion Factor  
(μg/m3)/(g/s-km) 

1 5 - 20 10 73 
2  20 - 100 20 49 
3 100 - 500 100 19 
4 >500 500 8 

 
 

7.4.4 Calculation and Mapping of Zone PM2.5 Concentrations 

The link specific peak hour traffic volumes for buses, light trucks and heavy trucks were provided 
in spreadsheet format by TransLink (Lim, 2003). These files contained the information required to 
calculate emissions from each of these types of vehicles for each of the 15,600 links used to 
simulate the road network. A spreadsheet was created to automate this process and provide 
flexibility for specifying the appropriate emission factors and other adjustment factors that need to 
be used to calculate PM2.5 emissions on each link and PM2.5 concentrations in each adjacent 
zone. 

The links used to model traffic flow are defined as connections between end-point nodes and not 
as unique road segments. This approach is required to model two directional traffic flow, however, 
the PM2.5 emissions and zone concentrations results calculated for these links needed to be 
merged to reflect the total effect of traffic flow for each actual road segment in the network. This 
was done by post processing the file and summing the emission and concentration results for 
each duplicate link. Merging of all the links between common pairs of nodes yielded approximately 
8000 unique links suitable for mapping of the results.   

The EMME/2 output includes traffic on links to hypothetical nodes located at the centroids of traffic 
zones. This simulates the traffic flow on residential streets that are not simulated individually in the 
model. The simulated traffic volume is in reality distributed over many streets within a traffic zone 
and does not represent traffic on any individual road. Because heavy duty truck traffic on these 
urban streets will be minor compared to the traffic on major roads, centroid links were not included 
in the modelling in this study of ambient concentrations beside roads.  

Using ArcView software, the merged data set containing the predicted PM2.5 concentrations for 
each unique link and zone was connected to the GIS files provided by TransLink that maps the 
physical location of the links and the road network.  

A corridor mapping technique was developed to map the concentration zones beside each of the 
unique links in the network. A number of difficulties with correct presentation of the zone 
concentrations were encountered because many links overlap or are located very close together, 
causing conflicts in mapping information. These types of problems were resolved using ArcView 
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tools. In areas where the Zone 3 and Zone 4 areas associated with intersecting or nearby links 
overlapped, the concentrations in either Zone 3 or Zone 4 for the affected links were averaged and 
this value was mapped.  

7.4.5 Predicted PM2.5 Concentrations Near Roadways from Bus and Truck Traffic 

The total PM2.5 exhaust emissions from all EMME/2 road links in 2000 were estimated to be 244 
t/yr for the spatial analysis based on EMME/2 traffic projections and emission factors developed 
using the same vehicle age distribution as in the 2000 LFV inventory and assuming 24% emission 
reduction from the AirCare OnRoad (ACOR) program. Table 7-14 compares this emission 
estimate to one based on the EMME/2 traffic data, but with updated emission factors reflecting the 
2003 ICBC vehicle age distribution and assuming no reduction from ACOR.  On this basis, PM2.5 
exhaust emissions on roads increase by 65% from 244 t/yr to 404 t/yr. This value is consistent 
with the updated inventory developed in this study, which estimated PM2.5 exhaust emissions in 
the LFV in 2000 to be 437 t/yr (Section 7.2). The emission estimates are sensitive to variability in 
the age distribution of HDDV classes, especially regarding higher proportions of the oldest and 
highest emitting vehicles, and to the emission reduction assumed for the ACOR program.  

Ambient PM2.5 concentrations predicted near roadways vary proportionally with the emission rate 
per unit length of road, or line source strength (g/s-km).  The emission results discussed above 
suggest that PM2.5 concentrations estimated for the spatial analysis may be underestimated near 
roads with high truck traffic. 

Table 7-14 PM2.5 Emissions from EMME/2 Traffic Data Compared to Updated Emission 
Inventory 

Annual PM2.5 Exhaust Emissions (t/yr) 
Based on EMME/2 Traffic Projections & 

Emission Factors 
Emission Inventory 

Update 
Diesel Vehicle Type 

Spatial Analysis  
(ACOR @ 24% 

Reduction) 

2003 ICBC Vehicle 
Age Distribution 
(ACOR @ 0% 

Reduction) 

ACOR @ 0% 
Reduction 

Transit Buses  
(TransLink & BC Transit) 24 19 20 

Light and Heavy Trucks 
and Other Buses 220 385 416 

All HDDVs 244 404 437 
 

The predicted annual average PM2.5 concentrations provide a reasonable indication of where 
heavy duty diesel traffic are elevated, but are very approximate. The predicted values are annual 
averages and, as such, are less sensitive to short-term changes in meteorological conditions than 
shorter-term 24-hour or 1-hour averages. The most important sources of uncertainty in the 
predicted values are expected to be: 

• variability in emission rates depending on vehicle age, type and mechanical condition, 
especially in the vicinity of intersections where queuing of vehicles and acceleration of 
vehicles during normal or congested traffic flow conditions will lead to emission rates higher 
than the averages used in the analysis; or on highways, where operation of vehicles at high 
speed near their design operating conditions will lead to emission rates lower than the 
averages used in the analysis; 
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• limitations of the regional EMME/2 model to simulate actual peak AM traffic on roads in the 
LFV and the coarseness of the road link network used to represent the actual road system; 

• excluding the traffic on links to centroids in traffic zones that simulate traffic on small urban 
streets; 

• uncertainty in the expansion factors used to scale from the peak AM traffic volume to the 
average annual traffic volume; 

• differences in meteorological and dispersion conditions caused by local terrain, buildings and 
street orientation that are significantly different from those from which the dispersion factors 
were developed. 

• additive effects of emissions from vehicles operating on nearby roads. 

PM2.5 concentrations in each of the four zones used in this study were estimated for all links used 
in EMME/2. Not all of these results were mapped. To illustrate the results of this modelling 
approach, the PM2.5 concentrations in Zone 1 were mapped for most areas of the LFV and the 
PM2.5 concentrations in all four zones were mapped for two selected areas. Full mapping was 
done for a)  the southern part of Vancouver from the Fraser River to False Creek, and from UBC 
east to Sperling Ave in Burnaby; b) Highway 1 from 176 Street to 272 Street in Surrey. PM2.5 
concentrations were predicted for all simulated road links in the LFV, so the mapped areas could 
be expanded. 

As shown in Figure 7-11 for buses and Figure 7-12 for trucks, about 84% of the 8,036 road links in 
the LFV have annual average Zone 1 PM2.5 concentrations from these vehicles alone of less than 
0.1 μg/m3. Ninety-eight percent of the annual average Zone 1 PM2.5 concentrations are less than 
0.4 μg/m3 for buses and 0.6 μg/m3 for trucks. Truck traffic results in the highest predicted 
concentrations, with 4 links at 8-15 μg/m3, 49 links at 2-8 μg/m3 and 39 links at 1-2 μg/m3. 
Predicted maximum PM2.5 concentrations from transit bus emissions were substantially lower than 
for trucks and fewer links had concentrations over 1 μg/m3. Bus traffic is limited to certain routes 
and, of these, 7 road links had predicted PM2.5 concentrations of 1-2 μg/m3. Figure 7-13 shows the 
combined effect of bus and truck emissions on ambient particulate concentrations near roads. In 
this case, 67% of annual average PM2.5 concentrations are less than 0.1 μg/m3 and 99% are less 
than 1 μg/m3. 

Table 7-15 summarizes statistics for the annual average PM2.5 concentrations in each zone from 
emissions from buses alone, trucks alone and these vehicles combined for both the base case 
emission factors used for the spatial analysis and the updated emission factors developed in this 
study and used for the updated emission inventory.  The differences in the assumptions used for 
these emission factors are discussed further in Section 7.4.2. The highest PM2.5 concentrations 
beside roads are caused by truck traffic. The contribution from truck emissions to the total effects 
of bus and trucks is less pronounced in the 98th and lower percentile levels of PM2.5 than the 
maximums. PM2.5 concentrations are predicted to be significantly higher with the updated 
emission factors developed in this study than with the emission factors based on the same 
assumptions as used in the LFV emission inventory forecast, in proportion to the ratio between 
these emission factors for each vehicle class modelled.  With the updated emission factors, PM2.5 
concentrations from buses decrease 22% and PM2.5 concentrations from trucks increase 76%. 
The impact of this change for combined emissions from buses and trucks varies, with the change 
in the maximum PM2.5 concentrations controlled by the effect on truck emissions and the lower 
percentiles of PM2.5 concentration increasing 25-40%. 
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Figure 7-11 Link Frequency Distribution for Zone 1 PM2.5 Concentrations from Bus 
Emissions 
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Figure 7-12 Link Frequency Distribution for Zone 1 PM2.5 Concentrations from Truck 
Emissions 
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Figure 7-13 Link Frequency Distribution for Zone 1 PM2.5 Concentrations from Combined 
Bus and Truck Emissions 

 

Table 7-15 Statistics for the Annual Average PM2.5 Zone Concentrations from Bus and 
Truck Emissions 

Predicted Annual Average PM2.5 Concentration (μg/m3) 
Spatial PM2.5 Distribution: GVRD 

Vehicle Age Distributions with 24% 
ACOR Emission Reduction 

Updated Emission Factors - 2003 
ICBC Data with No ACOR Emission 

Reduction 
 

Zone 1 
<20 m 

Zone 2 
20-100 m

Zone 3 
100-500 m

Zone 4 
>500 m 

Zone 1 
<20 m 

Zone 2 
20-100 m 

Zone 3 
100-500 m

Zone 4 
>500 m 

Transit Buses         
Maximum 1.70 1.14 0.44 0.19 1.32 0.88 0.34 0.14 
98th Percentile 0.40 0.27 0.10 0.04 0.31 0.21 0.08 0.03 
95th Percentile 0.24 0.16 0.06 0.03 0.19 0.13 0.05 0.02 
90th Percentile 0.14 0.09 0.04 0.02 0.11 0.07 0.03 0.01 
Trucks         
Maximum 15.32 10.28 3.99 1.68 26.94 18.08 7.01 2.95 
98th Percentile 0.60 0.40 0.16 0.07 1.05 0.71 0.27 0.12 
95th Percentile 0.30 0.20 0.08 0.03 0.51 0.34 0.13 0.06 
90th Percentile 0.16 0.11 0.04 0.02 0.27 0.18 0.07 0.03 
All HDDV         
Maximum 15.32 10.28 3.99 1.68 26.94 18.08 7.01 2.95 
98th Percentile 0.78 0.53 0.20 0.09 1.09 0.73 0.28 0.12 
95th Percentile 0.49 0.33 0.13 0.05 0.61 0.41 0.16 0.07 
90th Percentile 0.30 0.20 0.08 0.03 0.37 0.25 0.10 0.04 
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The highest Zone 1 PM2.5 concentrations from total HDDV traffic are predicted to occur near major 
highways and expressways, as shown in Figure 7-14 for the western part of the Lower Fraser 
Valley.  Additional maps of Zone 1 PM2.5 concentrations are provided in Appendix C, including 
separate results for buses, trucks and combined HDDV traffic in the western part of the LFV and 
combined HDDV traffic in the eastern LFV (the contribution from bus traffic is small in this area). 
Very high Zone 1 PM2.5 concentrations were predicted to occur on Highway 1 between 176 Street 
and 200 Street and between 232 Street and Mount Lehman Road. Use of constant emission 
factors rather than ones that vary with vehicle speed may cause a bias toward estimating high 
emissions and high PM2.5 concentrations near highways rather than near more congested roads 
simply because of higher traffic volume, even though emissions per km would be higher on 
congested roads and near intersections. This effect could be investigated using data available 
from EMME/2 model runs on vehicle travel speeds and additional analysis for the sensitivity of 
emission factors to speed. However, this was outside the scope of the study and is offset to an 
unknown degree by the use of lower emission factors than determined in the emission inventory 
update. 

Bus traffic is predicted to result in Zone 1 PM2.5 concentrations in Vancouver in the range of 0.6 to 
2 μg/m3 in the downtown area, along most of the length of Granville Street south to Richmond and 
at UBC. Numerous roads have predicted Zone 1 concentrations of 0.4-0.59 μg/m3. 

The areas affected by elevated PM2.5 concentrations from all heavy duty diesel vehicles are 
shown for the central part of Vancouver and the western part of Burnaby in Figure 7-15, which 
was mapped using data from all four zones modelled. PM2.5 concentrations above 1 μg/m3 are 
limited in to within the 20 m corridor used for Zone 1 and along Granville, the Oak Street Bridge, 
the Iron Worker’s Memorial Bridge and sections of Highway 1. Wider corridors of 200 m width are 
predicted to have Zone 2 PM2.5 concentrations above 0.4 μg/m3 for about 25 km of arterial roads, 
with the main areas being Granville Street, Kingsway, Knight Street, Highway 1 and all of the 
major bridges connecting traffic flow to Richmond and the District of North Vancouver. Similar 
effects on air quality will occur close to the bridges in these municipalities. 

The areas affected by PM2.5 emissions on Highway 1 between 176 Street and 272 Street is 
illustrated in Figure 7-16. The annual average PM2.5 concentration in Zone 1 along Highway 1 is 
predicted to be above 2 μg/m3 for the section shown, and to be above 8 μg/m3 between 176 St 
and 200 St and East of 232 St. The annual average PM2.5 concentrations are estimated to drop 
quickly in adjacent modelled zones because of averaging with values in zones along roads having 
very low traffic volumes.  In reality, this averaging will have little affect on the concentrations in 
Zone 2 adjacent to Highway 1 and PM2.5 concentrations in these areas are probably higher than 
illustrated. 

The Ministry of Transportation and Highways supported a study of the concentration of traffic 
related emissions on the North side of Highway 1 at 176 St in January and February 2001 (MOTH, 
2001). Air samplers were placed 5 m, 10 m and 20 m from the edge of the west bound merge 
lane. Instruments were installed to measure total suspended particulate matter and PM10 
concentrations at these sampling locations. The annual average daily traffic on the merge lane in 
1999 was 5,625 vehicles/day; the traffic increases in summer months to about 5,933 vehicles/day. 
The traffic in the Westbound lane of Highway 1 was estimated at that time to be 33,155 
vehicles/day on average and 34,695 vehicle/day in summer. The tests were done at times of low 
wind speeds and road dust entrainment was concluded to not be a significant factor in observed 
PM concentrations.  PM10 measurements were made over limited times ranging from 24 to 36 
hours and tended to be highest closest to the road. The 24-h average PM10 concentrations were 
17-36 μg/m3 5 m from the road and 25-38 μg/m3 20 m from the road. The measured values 
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ranged from 1.4 times to 4 times the PM10 values measured on the same days at the nearest 
GVRD monitoring station (T15) located at 72 Ave and 192 St in Surrey.  

Taking the highest measured value in the monitoring period for the MOTH study as the 98th 
percentile suggests an average at this location of 18 μg/m3, assuming the ratio in this location is 
consistent with that measured at GVRD’s 13 PM10 monitors in 2002, which had 98th 
percentile/average ratios closely grouped within a range of 2.0-2.5. The predicted annual average 
PM10 concentration from HDDV exhaust emissions and EMME/2 traffic data for this segment of 
Highway 1 is 6-8 μg/m3 at distances up to about 20 m from the road. The measured and modelled 
values are only approximate indications of annual average PM10 concentrations in this location, 
but suggest levels are increased significantly by traffic emissions and that a high percentage of 
ambient PM10 close to Highway 1 are likely arising from HDDV exhaust emissions. 

The approximate kilometers of road, based on link length, having predicted annual average PM2.5 
concentrations from combined heavy duty diesel truck and bus traffic above various levels are 
listed in Table 7-16. Approximately 196 kilometers of road has predicted incremental annual PM2.5 
concentrations from HDDVs above 1 μg/m3 beyond 20 m of the edge of the road, which is 
equivalent to an increase of 300 in a million lifetime risk (70 yrs) of cancer based on the California 
Air Resources Board unit risk factor. This length of road is 5% of the 4,266 km included in the 
EMME/2 model. 

Table 7-16 Road Lengths Having Annual Average PM2.5 Zone 1-4 Concentrations Above 
Various Levels from Combined Bus and Truck Emissions 

Km of Road With Zone Concentration Above Indicated PM2.5 ConcentrationAnnual Average 
PM2.5 Concentration 

(μg/m3) 
Zone 1 
(<20 m) 

Zone 2 
(20-100 m) 

Zone 3 
(100-500m) 

Zone 4 
(>500m) 

0.2 1021 741 294 182 
0.5 467 300 179 90 
1 237 196 111 29 
2 175 131 38 0 
3 130 90 17 0 
4 111 55 0 0 
5 72 38 0 0 
6 55 29 0 0 
7 55 17 0 0 
8 33 17 0 0 
9 29 17 0 0 
10 17 9 0 0 
15 9 0 0 0 



 

Figure 7-14 Spatial Distribution of Annual Average PM2.5 Concentrations in Zone 1 (5-20m) from HDDV Traffic in the Western LFV 
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Figure 7-15 Spatial Distribution of Annual Average PM2.5 Concentrations from HDDV Traffic the South Vancouver Area 
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Figure 7-16 Spatial Distribution of Annual Average PM2.5 Concentrations from HDDV Traffic in the Area of Highest Concentrations 

 



 

8. REVIEW OF HEALTH EFFECTS AND ECONOMIC BENEFITS 
ASSOCIATED WITH CHANGES IN PARTICULATE MATTER 
CONCENTRATION 

8.1 DIESEL EXHAUST PROFILE 

8.1.1 Physical and Chemical Characteristics 

Diesel engine exhaust (DE) is a complex mixture of gaseous vapours and fine particles emitted 
by a diesel-fuelled internal combustion engine, as illustrated in Figure 8-1.  Diesel particulate 
matter (DPM) is the most frequently used measure of DE and is composed of elemental carbon 
particles (EC), adsorbed organic compounds (OC), traces of metallic compounds and sulphates.  

The fraction of organic carbon and elemental carbon has changed significantly in the last twenty 
years with advances in engine technology. Modern heavy duty diesel engines have been 
measured to have particulate matter containing typically 75% +/-10% elemental carbon (Table 8-
1), whereas measurements in the 1980s ranged from 20-90%. Particles from gasoline engines 
contain about 25% elemental carbon when hot and stabilized, considerably lower than observed 
for diesel particulate matter. The organic component is estimated to account for approximately 
19% +/- 8% for modern engines, but ranges widely depending on the engine technology, driving 
conditions, engine maintenance and other factors. Earlier studies suggested a range of 21-36% 
of the fine particulate mass was organic carbon.  The composition will vary depending on engine 
type, operating conditions, lubricating oil, fuel quality and emission control systems. 

 
Source: Kittelson, 2004 

Figure 8-1 Typical Structure of Diesel Engine Exhaust Particles  
 

Organic compounds present in the DE gases and adsorbed onto the particles originate from 
unburned fuel, lubricating oil, products of incomplete combustion and pyrolysis products 
(including: alkanes, alkenes, aldehydes, monocyclic aromatic compounds, PAHs). Whole DE 
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versus filtered DE (free of DPM) is used to differentiate between gaseous-phase effects from 
effects induced by the particle and its adsorbed organics. 

As a result of incomplete combustion, DE contains more than 40 toxic air contaminants, 
including known or suspected carcinogens such as benzene, arsenic, nickel, formaldehyde, and 
benzo(a)pyrene.  DE also contains nitrogen oxides, carbon monoxide, sulphur dioxide, 
hydrocarbons, particulate matter (PM), aldehydes, ketones, sulphates, cyanides, phenols, 
ammonia and metals. 

It is generally accepted that diesel particulate matter (DPM) contributes the majority of the risk 
associated with exposure to DE.  Approximately 98% of the mass of diesel exhaust particles is 
less than 10 microns in diameter, while 94% is less than 2.5 microns and 92% is less than 1 
micron in diameter (Figure 8-2). DPM is mainly an aggregate of spherical elemental carbon 
particles coated with organic and inorganic substances.  Due to their small size, diesel exhaust 
particles can be inhaled and trapped in small airways and alveolar regions of lung. The small 
size of DPM, and its large surface area, may enhance the potential for subcellular interactions 
with important cellular components of respiratory tissues, once the particles are inhaled. 

Physical removal of DPM from the atmosphere is usually by accretion of particles, fall-out and 
removal by rain.  DPM is expected to remain in the atmosphere from 5 to 15 days. 

Table 8-1 Organic and elemental Carbon Fractions of Diesel and Gasoline engine PM 
Exhaust 

Fuel Type Organic Carbon (%) Elemental Carbon (%) 

HD diesel engines 19 ± 8 75 ± 10 
HD diesel engines (SPECIATE)a 21-36 52-54 
LD diesel engines 30 ± 9 61 ± 16 
LD diesel engines (SPECIATE) 22-43 51-64 
Gasoline engines (hot stabilized) 56 ± 11 25 ± 15 
Gasoline engines (smoker and high 
emitter) 76 ± 10 7 ± 6 

Gasoline engines (cold start) 46 ± 14 42 ± 14 
a US EPA SPECIATE database of emission factors. 
Source: US EPA, 2002. 
 
 



 

 
Source: Kittelson, Arnold and Watts, 1999 

Figure 8-2 Typical Diesel Engine Exhaust Particle Size Distribution by Mass and 
Number 

8.1.2 Ambient Air Concentrations of DPM 

The California State-wide population-weighted average outdoor concentration of DE PM10 was 
estimated to be 2.2 μg/m3 in 1995. According to the World Health Organization (WHO), daily 
average ambient concentrations of diesel particulates near roads are 8-42 μg/m3.  In the United 
States, the estimated annual average concentrations of DPM near roads are estimated to be 1-2 
μg/m3 in urban areas and 0.6-1 μg/m3 in rural areas.  The concentrations of DPM near roads are 
correlated with traffic density and decrease with increasing distance from roads.  

The US EPA (2002) has modelled the DPM concentration in urban and rural locations using a 
number of different methods. The exposure to DPM in urban areas in the US from onroad 
vehicles was estimated to be 0.8 μg/m3 in 1996 and forecast to decline by 2007 to 0.4 μg/m3. 
Average exposure to DPM will decrease further beyond 2007 as a result of the 2007 HDDV 
emission standards. Urban workers were estimated to have higher exposure to DPM than the 
general population. Total exposure to DPM will be above these estimates as they apply to 
emissions from onroad vehicles only. 

A pilot study conducted in 2002 by Brauer and Hendersen (2003) monitored traffic-related 
pollutants for different two-week periods at five locations in Vancouver within 10-15 m of the 
centrelines of roads having morning rush hour traffic volumes of 3,900 to 5,700 vehicles per 
hour; two on Kingsway, one each on Knight St, Rupert St. and Clark St. The tests were done 
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from mid-May to early September. At the same time, air quality was monitored at 3 background 
stations considered in the study to be more than 100 m away from high traffic roads, but within 
500 m of three of the stations monitoring the effects of traffic. The concentration of NO/NO2/NOx, 
PM10 and PM2.5 and particle filter absorbance were measured. Elemental carbon was estimated 
using particle filter absorbance measurements and a correlation developed from comparative 
tests at the GVRD’s South Burnaby station in 2001. Summary particulate monitoring data from 
these tests, uncorrected for differences in time of measurement are given below: 

Traffic Sites Background Sites 
Parameter 

Mean Range Mean Range 

PM10 (μg/m3) 14.23 8.16-20.51 15.70 13.06-18.62 

PM2.5 (μg/m3) 7.66 4.71-11.44 10.57 9.18-13.20 

Estimated Elemental Carbon 
(μg/m3) 1.18 0.6-2.14 0.78 0.69-0.86 

 

Elemental carbon (EC) is produced by combustion of fossil fuels and is more strongly associated 
with particulate matter from combustion of diesel fuel than gasoline. Typically, 52-75% of DPM is 
composed of elemental carbon and in source apportionment studies in the US, 46-68% of the 
elemental carbon measured in the ambient air was attributable to DPM (US EPA, 2002). These 
results suggest a range of estimates for the relationship between DPM and EC ranging from a 
low of (0.46/0.75) or 0.62 x EC to a high of 1.31x EC, with an average of 0.89 x EC.  

Brauer and Hendersen (2003) approximated the concentration of diesel particulate matter from 
estimates of elemental carbon concentrations from the test program, concluding that background 
DPM concentrations were 0.7-0.9 μg/m3 at the urban sites. Using the average relationship 
between EC and DPM discussed above suggests the measured range of elemental carbon 
concentrations is equivalent to a DPM concentration range of 0.6-0.8 μg/m3 and a much wider 
range if the lower and upper bound estimating factors are applied. Concentrations of DPM at the 
traffic sites were 50-70% higher than at the background sites (mean 1.2 μg/m3 EC or 0.89 x 1.2 
= 1.1 μg/m3 DPM), depending on whether or not results are adjusted to remove the effect of 
sampling at different times. Surprisingly, PM2.5 was 20-30% lower at the traffic sites than the 
background sites. The model developed in this study using the assumptions for the spatial 
analysis predicts annual average DPM concentrations from HDDV traffic at these five sites that 
average approximately 0.3 μg/m3 20 m from the road, and 0.2 μg/m3 100 m from the road. About 
the same DPM concentration is predicted at 20 m from the road when using the updated PM2.5 
emission factors. 

The algebraic PM Model developed in this study predicts that the updated estimate of emissions 
of particulate matter and gaseous precursors of secondary particulate formation from HDDVs 
would in 2004 result in an annual average PM10 concentration of 0.7 μg/m3 in the GVRD and 0.5 
μg/m3 in the FVRD. The impact equals about 5% of the average PM10 concentration in the LFV 
(12.1 μg/m3).  Similarly, HDDV emissions would contribute PM2.5 concentrations of 0.6 μg/m3 
and 0.4 μg/m3 in the GVRD and FVRD, respectively, which is equivalent to 10% of the average 
PM2.5 concentration in the LFV (5 μg/m3).   

The updated estimate of exhaust PM10 emitted from HDDVs in 2004 (311 t/yr) is estimated to 
result in an average DPM concentration of 0.4 μg/m3, based on the dispersion factor for CO 
emission from onroad vehicles (see Section 8.3 for derivation of this dispersion factor). The 
model estimate is in order-of-magnitude agreement with the range of values measured by Brauer 
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and Hendersen (2003), which is reasonable considering the simplicity of the model and that it 
predicts a regional average and not a value specific to an urban area.  The measured and 
modelled estimates of DPM in Vancouver are at or below the low end of the range observed in 
US cities, and much less than observed in European cities where a higher percentage of onroad 
motor vehicles use diesel fuel. 

Elemental carbon concentrations have been measured continuously for three years at three 
stations in the LFV by the GVRD. Environment Canada has measured 24-h average elemental 
carbon concentrations at two other stations in the LFV, 1 day in every three days, starting in 
2003. The five monitors are located in urban and rural areas and in the western and eastern 
parts of the LFV, as listed in Table 8-2. The GVRD stations are automated and all use Rupprecht 
& Patashnick 5400 carbon monitors approved by the German Environmental Protection Agency. 
Samples are taken every two hours and the concentrations of elemental carbon, organic carbon 
and total carbon are measured. 

Average monthly elemental carbon concentrations vary from less than 0.5 μg/m3 to about 0.9 
μg/m3 throughout the LFV based on the results from the monitoring stations (Table 8-2). Average 
elemental carbon concentrations in urban areas, such as at the Burnaby station, are higher than 
at stations located in rural areas, such as in Chilliwack and Abbotsford. Maximum 24-h averages 
range from 0.5 -1 μg/m3 in rural areas to 1-2 μg/m3 in urban areas in the LFV. Using the central 
estimate of the ratio of DPM to elemental carbon from the US EPA (2002), the average DPM 
concentration in the LFV is about 0.4 μg/m3 in rural areas and 0.7 μg/m3 in urban areas. Upper 
estimates of the average DPM concentrations in rural and urban areas are 0.7 μg/m3 and 1.2 
μg/m3, respectively. Maximum 24-h average DPM concentrations would be higher than average 
values by about a factor of two. 

Table 8-2 Elemental Carbon Concentrations Measured in the LFV 

Chilliwack Airport 
(GVRD T12) 

Pitt Meadows  
(GVRD T20) 

Vancouver Airport 
 (GVRD T31) 

Burnaby 
(NAPS Rumble St.**) 

Abbotsford 
Airport  

(NAPS Walmsley Ave.*) 
2002 2003 2002 2003 2002 2003 2003 2004 2003 2004 Mo. 

Mo. 
Avg 

Max 
24h 

Mo. 
Avg 

Max 
24h 

Mo. 
Avg 

Max 
24h 

Mo. 
Avg 

Max
24h

Mo.
Avg

Max
24h

Mo.
Avg

Max
24h

Mo. 
Avg 

Max 
24h 

Mo. 
Avg 

Max 
24h 

Mo. 
Avg 

Max 
24h 

Mo. 
Avg 

Max 
24h 

J - - 0 0 - - 0 - - - 0 2 - - 0.8 1.7 - - 0.7 1.4 
F - - 0 1 0 1 0 1 1 2 1 1 - - 0.7 1.5 - - 0.5 0.9 
M 0 0 0 0 0 1 - 1 0 1 0 1 0.8 1.3 0.5 1.0 - - 0.6 1.1 
A 0 0 0 1 0 1 0 - - 0 0 1 0.7 1.0   - -   
M 0 0 0 0 - - 0 1 0 0 0 1 0.6 1.4   - -   
J 0 0 0 1 - - 0 1 0 1 0 1 0.7 1.5   - -   
J 0 0 0 0 0 1 0 1 0 0 0 1 0.6 1.7   - -   
A 0 0 0 1 - - 0 1 0 1 0 1 0.6 2.0   - -   
S 0 1 0 1 0 1 0 1 0 1 0 1 0.9 1.5   - -   
O 0 1 0 1 1 2 0 2 1 1 0 1 0.6 1.0   0.7 1.4   
N 0 1 1 1 1 2 1 1 1 3 1 1 0.8 1.8   0.7 1.6   
D 0 1 0 1 0 2 0 2 0 2 1 3 0.5 1.2   0.6 1.3   

All concentrations in μg/m3 elemental carbon. Zero values are below detection limits. 
* NAPS station101004 at 31790 Walmsley Ave. in Abbotsford east of Abbotsford airport and south of Highway 1. 
** NAPS station 100119 at 5455 Rumble St. in Burnaby east of Royal Oak Ave. 
Source: GVRD data provided by A. Percival, 2004. NAPS data provided by T. Dann, 2004. 

 

The predicted annual average DPM concentration in the LFV from onroad HDDV emissions (0.4 
μg/m3) is 30% to 60% of the upper and central estimates of the average DPM concentration 
measured in urban areas of the LFV, based on monitoring of elemental carbon. This contribution 



 

is higher than suggested by the contribution of annual PM2.5 emissions. In the 2000 LFV 
inventory (GVRD, 2002), exhaust PM2.5 emissions from onroad HDDVs were 4% of the total 
PM2.5 from the dominant diesel exhaust sources (onroad HDDV+marine vessels+nonroad 
mobile) and 18% of the total PM2.5 from sources on land (excludes marine vessels). 

Ambient DPM concentrations determined in US urban centers from EC measurements are 
summarized in Table 8-3 and show a range of 0.4-2.2 μg/m3 for three eastern US cities and 
means of 2.4-4.5 μg/m3 measured in extensive testing done in the South Coast Air Basin for the 
MATES II project. The elemental carbon data for Vancouver falls in the low end of the range 
observed in US cities. 

Table 8-3 Ambient Diesel Particulate Concentrations from Measured Elemental 
Carbon Measurements in US Urban Locations 

Source: US EPA, 2002 

In a study in the United Kingdom, measurements were made at the center of a busy street 
canyon, where traffic flows were typically 1200 gasoline and 600 diesel vehicles per hour.  The 
contributions of airborne particulate matter, expressed as seasonal means for daytime working 
hours, were 200-421 μg/m3 after allowing for urban background concentrations, with the 
particulate matter being attributed primarily to diesel vehicles. 

8.1.3 Indoor Air Sources and Concentrations 

Average indoor DPM concentrations, estimated by the California Population Indoor 
Exposure Model, ranged from 1.7 μg/m3 (in office buildings) to 3.2 μg/m3 (in industrial plants, 
inside vehicles). Exposure modelling indicated that Californians were exposed to an average 
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concentration of 2.1 μg/m3 in enclosed environments in 1990, which was two-thirds the 
population-weighted ambient average outdoor diesel exhaust PM10 concentration in 1990. 

8.2 HEALTH EFFECTS OF DIESEL EXHAUST 

8.2.1 Acute Exposure 

Short-term health effects of inhalation exposure to DE include odour, irritation (eye, throat and 
bronchi); neurophysiological symptoms (such as headaches, light-headedness, fatigue, 
abdominal discomfort and nausea); respiratory symptoms (such as coughing and phlegm); 
compromised pulmonary function; and cardiovascular effects. The cardiovascular effects are 
related to the formation of carboxyhemoglobin resulting from carbon monoxide in the exhaust. 

Increase in airway resistance and increases in eye and nasal irritation in human volunteers was 
observed following a 1-hour chamber exposure to DE.  Increased cough, laboured breathing, 
chest tightness and wheezing has been associated with exposure to DE in bus garage workers. 

Acute exposure to DE at concentrations of nitrogen dioxide above 0.3 parts per million 
(ppm) and particulate matter greater than 0.3 mg/m3 were found to cause eye and nasal 
irritation.  Transient decreases in lung function have been observed in populations exposed 
to DE at concentrations of nitrogen dioxide exceeding 5 ppm. 

Studies have shown that DE impairs pulmonary clearance and induces pulmonary 
inflammation in laboratory animals.  Inhalation or direct application of diesel exhaust into the 
respiratory tract of experimental animals induces inflammatory airway changes, lung 
function changes, and increased susceptibility of exposed animals to lung infection. 

8.2.2 Chronic Exposure - Non-Cancer 

Chronic respiratory effects are the primary non-cancer hazard to humans from long-term 
environmental exposure to DE. Chronic exposure to DE can cause dose-dependent 
inflammation and histopathologic changes in the lung.  Epidemiological studies have shown that 
prolonged DE exposure can impair pulmonary function and increase the risk for emphysema, 
pneumonia and influenza, and other chronic obstructive lung diseases. 

Studies have shown an increased incidence of cough, phlegm and chronic bronchitis among 
those exposed to DE than among those not exposed.  Increased hospital admissions, 
emergency room visits, asthma attacks and premature deaths have also been associated with 
chronic DE exposure. 

Several occupational studies have evaluated the non-cancer effects of chronic exposure to DE.  
In a study on diesel-bus garage workers, those with the highest exposures to respirable 
particulate (greater than 0.31 mg/m3) reported significantly more cough, itchy or burning eyes, 
headache and wheeze.  There are also reports of reduced pulmonary function associated with 
occupational exposures.  Studies by Ulfvarson and coworkers (1990/1991) showed that 
pulmonary function increased after a work-shift during which DE was removed from the work 
environment. 

Studies have shown that DPM can enhance allergic inflammation and can induce allergic 
immune responses.  There is growing evidence that DE can exacerbate allergenic effects to 
known sensitizers, and can also evoke production of biochemical markers typically associated 
with asthma.  For instance, co-exposure to DE particulate and ragweed pollen significantly 
enhanced the immunoglobulin E antibody response relative to ragweed pollen alone.  Polycyclic 
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aromatic hydrocarbons (PAHs), a major component of DPM, have been shown to enhance the 
production of immunoglobulin E. 

Chronic DE exposure can cause inflammation of the lungs, which can aggravate chronic 
respiratory symptoms and increase frequency or intensity of asthma attacks.  Newly developed 
cases of asthma have been reported in workers exposed to DE. 

People with emphysema, asthma, and chronic heart and lung disease are especially sensitive to 
fine particle pollution, such as diesel engine exhaust.  Children are also more susceptible.  DE 
exposure has been associated with increased frequency of childhood illnesses, and it can also 
reduce lung function. 

Diesel exhaust particles and their extracts have been established to be genotoxic.  In addition, 
the organic chemicals adsorbed onto the particles, particularly the genotoxic components, are 
likely bioavailable in humans. DE has also been found to be mutagenic in bacterial and 
mammalian cell systems, and can induce chromosomal aberrations, aneuploidy, and sister 
chromatid exchange in rodents and human cells in vitro. 

Several multi-dose studies indicate exposure-response relationships based on chronic inhalation 
exposure to whole DE in rats.  Chronic respiratory effects included inflammatory, 
histopathological, and functional changes in pulmonary and tracheobronchial regions. Laboratory 
studies in rats also indicated that DE exposure can decrease resistance to infection. Exposure of 
rats, guinea-pigs and cats to DE with a particle content of 6 mg/m3 for approximately 4 weeks 
altered lung function including a 35% increase in pulmonary flow resistance in guinea-pigs and a 
10% decrease in vital capacity in cats. 

Dose-related toxic effects were observed in different species after long-term inhalation of DE 
with significant increase in lung weight; pulmonary inflammation; impairment of lung mechanics; 
increasing numbers of particle-laden macrophages with focal accumulations under overload 
conditions; and subsequent alterations of epithelial cells and onset of fibrosis. Other effects such 
as neurological, growth and survival, neurobehavioural, lowered resistance to respiratory 
infection, and liver effects have been observed in animal studies at higher exposures than those 
producing the respiratory effects. 

The current literature is insufficient to establish if DE induces reproductive, developmental or 
teratogenic effects in humans.  Inhalation exposure in mice and monkeys did not induce sperm 
abnormalities nor affect spermatogonial survival, although sperm anomalies were observed in 
hamsters.  Studies suggest potential effects from DE exposure on the corpora lutea and mating 
period for lab rodents.  Rats born to dams exposed to high concentrations of DE had delayed 
ossification of the chest.  Exposure during neonatal developmental period of rodents induced 
neurobehavioral and neurophysiological effects, but did not affect general lung development.  
Generational studies in rodents indicated that inhalation exposure to DE resulted in increases in 
lung weight in all generations examined. 

8.2.3 Chronic Exposure - Cancer 

8.2.3.1 Human studies 

Long term exposure to diesel exhaust particles poses the highest cancer risk of any toxic air 
contaminant evaluated by Office of Environmental Health Hazard Assessment (OEHHA).  The 
Air Resources Board (ARB) estimated that approximately 70% of the cancer risk that the 
average Californian faces from breathing toxic air pollutants stems from diesel exhaust particles. 
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Epidemiological studies in truck drivers, transport and equipment workers, dock and railway 
workers and farm tractor operators reported a statistically significant increase in the incidence of 
lung cancer associated with DE exposure.  The increased lung cancer relative risks generally 
ranged form 1.2 to 1.5, although some studies were as high as 2.6. 

Garshick et al. (1987) conducted a case-control study of lung cancer deaths in relation to DE 
exposure in male railroad workers.  A total of 1,256 cases of lung cancer was retrieved from the 
registry, and exposure history to DE was calculated based on job reports.  After taking into 
consideration smoking history and exposure to asbestos, the study results indicated that men 
younger than 64 years of age at time of death, with a 20-year occupational exposure to DE, were 
at significantly elevated risk for developing cancer as compared to their matched comparisons.  
Men older than 64 years of age at time of death had substantially less diesel exposure and the 
study indicated that they did not have a significantly enhanced lung cancer incidence.  In the 
group whose members were younger than 64 years old at the time of death, the exposure-
response relationship was found to have an OR of 1.41 (95% CI=1.06-1.88) for 20 or more 
diesel-years of exposure. 

In a study by Bruke-Hohlfeld et al. (1999), a pooled analysis was conducted of 2 case-control 
studies among male workers exposed in Germany.  3498 lung cancer cases and 3541 controls 
were selected from compulsory municipal registries. Job titles and industries were classified in 
33 and 21 categories respectively.  Significantly higher risks were found among all 4 job 
categories.  For professional truck, bus or taxi drivers, odds ratio (OR) ranged from 1.25 to 2.53.  
For other traffic related jobs (diesel forklift operators, switchmen, etc), ORs ranged from 1.53 to 
2.88.  For heavy equipment operators (bulldozers, excavators), ORs ranged from 2.31 to 4.3.  
For farm equipment drivers, the only significant excess was for exposure greater than 30 years 
(OR=6.81, 95% CI=1.17, 39.5). 

In a study by Steenland et al. (1990), the investigators studied lung cancer deaths in truck 
drivers of the Teamsters Union using death certificates from pension files to identify 1058 cases 
and 1160 controls.  The study revealed an increased risk of lung cancer with increasing years of 
exposure, for both long-haul and short-haul drivers.  For truck drivers who primarily drove diesel 
trucks and worked for 35 years, the OR was 1.89 (95% CI=0.81, 2.22). 

Cohen and Higgins (1995) reviewed 35 epidemiologic studies of occupational exposure to diesel 
exhaust published between 1957 and 1993.  Six of the studies reported RR less than 1, 
compared to 29 of the studies (83%) reporting at least one RR greater than 1, indicating a 
positive association.  The evidence suggests that occupational exposure to diesel exhaust 
increases the rate of lung cancer by 20 to 40% in exposed workers generally, and to a greater 
extent among workers with prolonged exposure. 

In 2001, the National Resources Defence Council Coalition for Clean Air published a study 
measuring the level of DE to which children are typically exposed as they ride on buses to and 
from school.  The study revealed that exposure of children to diesel exhaust while riding a school 
bus for 1-2 hours a day, 180 days per year for 10 years, might result in 23 to 46 additional 
cancer deaths per 1 million children. 

The induction of lung cancer by DE has been attributed to the effects of soot particles, particle 
associated organics such as PAHs, and gas-phase constituents such as olefins, benzene or 
aldehydes.  Accumulation of soot particles in the lungs may retard clearance, cause 
inflammation, increase cell proliferation and promote generation of reactive oxygen species. PAH 
derivatives and other constituents such as nitrogen dioxide and sulphur dioxide may also be 
involved in the carcinogenicity of DE. 

The particulate and organic components of DPM both involve the induction of cellular oxidative 
stress.  Together, these effects inhibit cell-mediated immunity toward infectious agents, 
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exacerbate respiratory allergy, cause DNA damage, and under long-term exposure, induce the 
development of lung tumours. 

8.2.3.2 Animal studies 

Seven studies in rats exposed to greater than 2 mg/m3 of DE for longer than 24 months reported 
statistically significant increases in lung tumours.  Exposure of 2 mg/m3 was found to 
compromise the clearance capacity of the rat lung.  Based on these data, a unit risk of 3.4 X 10-5 
per μg/m3 diesel exhaust particles was calculated. 

DE particles or organic extracts of particles were used to evaluate effects of concentrates of 
organic compounds associated with carbonaceous soot particles.  Extracts were applied to the 
skin or administered by intratracheal instillation or intrapulmonary implantation to mice, rats or 
Syrian hamsters.  An excess of skin tumours was observed in mice in a study using skin 
painting, and in a series of studies on tumour initiation using extracts of particles from several 
diesel engines.  An excess of lung tumours was observed in one study of rats following 
intrapulmonary implantation of beeswax pellets containing extracts of DE exhaust particles.  In 
one study, an excess of tumours at the injection site was observed following subcutaneous 
administration of DE exhaust particles to mice.  The presence of known carcinogens and 
mutagens adsorbed to diesel particles and the demonstrated tumorigenicity of particle extracts in 
several injection, instillation and skin-painting studies, indicates a carcinogenic potential for the 
organic fraction. 

Three studies in which rats and Syrian hamsters were exposed to filtered DE exhaust (gas-
phase DE exhaust, with soot particles removed) did not show induction of lung tumours. 
However, it has been reported that with prolonged exposure, inhalation of DE is capable of 
inducing lung cancer in rats.  Lung tumour responses correlate best with cumulative exposure, 
however increasing tumour incidence at exposures greater than 1X104 mg hr/m3, and with 
chronic exposure concentrations greater than 3500 μg/m3 has also been reported.  
Unfortunately, rat studies lack the statistical sensitivity to confirm the absence of response at 
lower doses. 

8.2.4 Regulatory Determinations 

US EPA has determined that DE is likely to be carcinogenic to humans by inhalation from 
environmental exposures.  This determination was based on a strong but less than sufficient 
evidence for a causal association between DE exposure and increased lung cancer risk among 
workers. Supporting data: mutagenic and/or chromosomal effects of DE and its organic 
constituents, and knowledge of mutagenic and/or carcinogenic activity of several of the organic 
compounds that adhere to the particles and are present in the DE gases; evidence of 
carcinogenicity of DPM and associated organic compounds in rats and mice by other routes of 
exposure; and suggestive evidence of bioavailability of DE organic compounds from DE in 
humans and animals. 

The WHO IARC (International Agency for Research on Cancer) concluded that there is sufficient 
evidence that whole DE probably causes cancer in humans and classified it as Group 2A: 
Probable Human Carcinogen.  This conclusion was based on sufficient evidence for 
carcinogenicity in experimental animals of whole DE exhaust, inadequate evidence for 
carcinogenicity in experimental animals of gas-phase DE exhaust, sufficient evidence for 
carcinogenicity in experimental animals of extracts of DE exhaust particles, and limited evidence 
for carcinogenicity in humans of DE exhaust. 
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The National Institute for Occupational Safety and Health (NIOSH) has recommended that DE 
be regarded as a potential occupational carcinogen. The Health Effects Institute (HEI) found that 
the epidemiological data are consistent in showing weak associations between exposure to DE 
and lung cancer. 

8.2.5 Comparative Exposure Limits 

Based on the focus of available studies on inhalation exposure, an oral Reference Dose (RfD) 
for diesel engine exhaust has not been provided by the EPA. The data is insufficient to derive an 
acute non-cancer health risk guidance value. 

The US EPA based its Reference Concentration (RfC) for DE on a study by Ishinishi et al. 
(1988), where Fisher rats were exposed for 16 hours/day, 6 days/week for 30 months to 0.11, 
0.41, 1.18, or 2.32 mg/m3 DPM from a light-duty (LD) engine, or 0.46, 0.96, 1.84, or 3.72 mg/m3 
DPM from a heavy-duty (HD) engine.  While no histopathological changes were observed in the 
lungs of rats exposed to 0.46 mg/m3 DPM or less, severe morphological changes, including 
shortened and absent cilia in the tracheal and bronchial epithelium, marked hyperplasia of the 
bronchial epithelium and swelling of the Type II cellular epithelium, were observed at higher 
concentrations.  The Human Equivalent Concentration (HEC) corresponding to the animal No 
Observed Adverse Effect Limit (NOAEL) was computed using a dosimetry model developed by 
Yu et al. (1991).  The NOAELHEC was determined to be 0.144mg DPM/m3.  To determine the 
RfC, the NOAELHEC was divided by an uncertainty factor of 3 (to recognize residual interspecies 
extrapolation uncertainties) and an uncertainty factor of 10 (to reflect interindividual variation in 
sensitivity).  The Inhalation Reference Concentration (RfC) for non-cancer effects of diesel 
exhaust was therefore determined to be 5 μg/m3.  Inhalation of this concentration or less over a 
lifetime would not likely result in occurrence of chronic non-cancer effects.  

In 1998, the ARB identified DE as a Toxic Air Contaminant (TAC), and OEHHA provided an 
inhalation non-cancer chronic REL of 5 μg/m3.  In a meta-analysis of several studies, the relative 
risks reported were related to estimates of the actual exposures to estimate potential cancer 
risks.  Due to uncertainties in the actual workplace exposures, OEHHA developed a variety of 
exposure scenarios to bracket the possible exposures of interest.  The lowest estimate of 
occupational exposure for any subgroup was determined to be 5 μg/m3 (for heavy equipment 
operators) and the highest estimate of any occupational subgroup was 500 μg/m3 (bus garage 
workers, railroad workers, mechanics).  Based on these concentrations, as well as the exposure 
factors, intermittency factors and duration of exposure/lifetime, a range of inhalation unit risk 
factors of 1.3 x 10-4 (μg/m3)-1 to 2.4 x 10-3 (μg/m3)-1 was determined.  The Scientific Review 
Panel on Toxic Air Contaminants recommended a reasonable estimate for the inhalation unit risk 
factor of 3.0 x 10-4 (μg/m3)-1.  From the unit risk factor, an inhalation cancer potency factor (slope 
factor) of 1.1 (mg/kg-day)-1 was established. 

WHO relied on studies by Ishinishi et al. (1986, 1988) to determine Guidance Values (GV) for 
DE.  In the studies, groups of male and female Fisher rats were exposed to light-duty diesel 
exhaust particulates at 0, 0.1, 0.4, 1.1 or 2.3 mg/m3 or heavy-duty diesel exhaust particulates at 
0, 0.5, 1.0, 1.8 or 3.7 mg/m3 for 16 hours per day, six days per week for up to 30 months.  The 
body weights of the female rats exposed to the highest dose were decreased throughout the 
study by 15-20% compared to controls.  Accumulation of particle-laden marcrophages was 
observed at levels greater than 0.4 mg/m3.  In areas of macrophage accumulation, bronchiolar 
epithelium replaced alveolar epithelium in the ducts.  Small fibrotic lesions, classified as 
hyperplastic, developed.  The LOAELs were determined to be 1.2 mg/m3 for light-duty and 1.0 
mg/m3 for heavy-duty exhaust, and the NOAELs were determined to be 0.41 and 0.5 mg/m3 
respectively.  In one approach, the NOAEL of 0.41 mg/m3 was converted to an equivalent 
continuous exposure of 0.139 mg/m3 for humans, using a dosimetric extrapolation model by Yu 



 

and Yoon (1990).  A total uncertainty factor of 25 was applied to establish the WHO guidance 
value for the general population (GV) of 5.6 μg/m3.  In a second approach, the NOAEL of 0.41 
mg/m3 was converted to an equivalent continuous exposure of 0.23 mg/m3 in rats.  A total 
uncertainty factor of 100 (interspecies uncertainty factor of 10 and intraspecies uncertainty factor 
of 10) was applied to determine the WHO guidance value of 2.3 μg/m3. 

8.3 HEALTH EFFECTS MODEL 

The health effects potentially avoided (i.e., the health benefits) by a reduction in exposure to a 
PM10 and PM2.5 were estimated using a damage function approach. This is the same approach 
as was used in the BC Clean Transportation Analysis Project (2000) for the analysis of the 
health benefits associated with more stringent Tier 2 standards for light duty vehicles and in the 
development of the Air Quality Valuation Model (version 3), as described by Environment 
Canada and Health Canada (1999). In this approach the changes in the PM10 and PM2.5 
concentration in the Lower Fraser Valley estimated from reducing HDDV fleet emissions were 
used in conjunction with concentration response factors (also called concentration response 
coefficients) to estimate the potential reductions in human health effects. The process for 
estimation of these effects is illustrated graphically below: 
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The exposure model developed for the Lower Fraser Valley in the Clean Transportation Analysis 
Project was recalibrated for this project using air quality data for the period up through 2001 and 
refined to estimate PM2.5 as well as PM10 and these pollutant concentrations in the GVRD and 
FVRD separately. With these improvements, the changes in emissions resulting from the HDDV 
emission reduction options were used in the model to estimate changes in PM10 and PM2.5 
exposure in the GVRD and the FVRD. 

The estimated change in the number of disease outcomes per year (ΔE) were estimated using 
the following linearized form of the health effects equation that assumes the concentration 
response factors are constant for small changes in pollutant concentration (BC Lung Assoc, 
2003):  

ΔE = CRF x ΔC x (BR/POP) x POP. 

where, 

ΔE = change in health outcomes per year (mortality or morbidity), 

ΔC = change in concentration, which may consider the existence of a threshold 
concentrations for effects to occur, 

BR/POP = base rate disease occurrence rate per person in the population,  

POP = exposed population. 

The parameters must all be expressed in compatible units and apply to the appropriate time 
period. The base rate disease occurrence rates per capita for diseases may apply to different 
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age subgroups in the population or may apply to the whole population, so care is needed to 
ensure that the appropriate population basis is used in the equation.  

The BC Lung Association study in 2003 discusses the databases of CRFs that have been 
developed and used in Canada and the US. For the assessment in this study, the CRFs for 
premature mortality are the values for chronic exposure recommended in the BC Lung 
Association study, The CRFs used for changes in morbidity effects from exposure to PM2.5 and 
PM10 are the values provided in Appendix 7 of the BCLA report, including the correction in the 
CRFs for PM2.5 compared to the values previously reported in the methods report for AQVM 3.0. 
These factors are consistent in form with the factors used for the initial development of the model 
for the Clean Transportation Analysis Project and include low, central and high estimates and 
probability weightings.  The BCLA health panel recommended considering the high and low 
CRF values if  sensitivity analysis was to be done to investigate the effects of uncertainty in the 
CRFs about the central estimate. 

Table 8-4 summarizes the CRFs used in this study. The CRFs for premature annual mortality are 
the BCLA (2003) recommendations for low, central and high relative risk from chronic exposure 
and the annual base mortality. The relative risk per 10 μg/m3 increase in PM2.5 or PM10 for ages 
of 30 years or higher are: 

 Low: 1%, 

 Central: 4% 

 High: 11%.  

The annual base mortality rate in the Lower Fraser Valley used with these relative risk factors is 
6.2 per thousand people. In the absence of weighting distributions for mortality from the BCLA 
health panel, the AQVM 3.0 weighting distributions have been used. 

The health effects model calculates net emergency room visits (ERV) and net days of acute 
respiratory symptoms (ARS) starting with estimates of total ERV and ARS using the CRFs given 
in Table 8-4, and then subtracting overlapping health effects. The relationships used are as 
given in AQVM 3.0: 

 Net ERV = Total ERV – (RHA + CHA); 

 Net ARS = Total ARS – RAD. 

The prevalence of asthma in the population was assumed to be 7%. The age distribution was 
based on typical distribution for the Lower Fraser Valley used in the CTAP (2000) study. 

The health effects model allows for a range of assumptions to be made regarding a hypothetical 
threshold in PM10 or PM2.5 concentration before effects occur. The assumed threshold can be set 
at zero to reflect current understanding that there is an association between PM10 and PM2.5 
concentrations and health effects down to about 2 μg/m3 (Schwartz et al., 2002), which is below 
natural background concentrations.  The effect on the health effects analysis can be investigated 
by assuming non-zero threshold values for either PM10 or PM2.5, or both. This is modelled by 
prorating the average number of days PM2.5 and PM10 concentrations have been measured 
above the chosen threshold concentrations at monitoring stations in the GVRD and FVRD 
according to the predicted change in PM2.5 or PM10 concentration estimated for the emission 
reduction measure. The analysis in this study has been based on zero threshold values for both 
PM2.5 and PM10. 
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Table 8-4 Concentration Response Factors for Predicting Health Effects from 
changes in PM2.5 and PM10 Concentration 

Health Event 
Category 

ΔPM & Population 
Basis Range 

PM10
Concentration 

Response 
Factors 

per 1 μg/m3  

Wt* 

PM2.5 
Concentration 

Response 
Factors 

per 1 μg/m3

Wt* 

Low 6.2E-06 22% 6.2E-06 22%
Central 24.8E-06 67% 24.8E-06 67%

Chronic total 
premature 
mortality1

Annual average PM. 
Total population 

High 68.2E-06 11% 68.2E-06 11%
Low 3.00E-05 25% 4.13E-05 25%
Central 6.10E-05 50% 8.27E-05 50%Chronic 

Bronchitis2 (CB) 
Annual average PM. 
Population ≥ 25 yrs High 9.30E-05 25% 12.4E-05 25%

Low 6.40E-09 33% 1.00E-08 25%
Central 7.80E-09 50% 1.21E-08 50%

Respiratory 
hospital 
admissions2 
(RHAs) 

Daily average PM. 
Total population. 

High 32.6E-09 17% 1.42E-08 25%

Low 5.00E-09 25% 7.90E-09 25%
Central 6.60E-09 50% 1.02E-08 50%

Cardiac hospital 
admissions2 
(CHAs) 

Daily average PM. 
Total population. 

High 8.20E-09 25% 1.26E-08 25%
Low 4.10E-08 25% 6.09E-08 25%
Central 5.10E-08 50% 7.45E-08 50%

Total Emergency 
Room Visits2 
(ERVs) 

Daily average PM. 
Total population. 

High 18.4E-08 25% 8.83E-08 25%
Low 1.62E-04 33% 1.62E-04 33%
Central 1.72E-04 34% 2.64E-04 34%Asthma symptom 

days2 (ASDs) 

Daily average PM. 
Population with 
asthma (7%). High 1.82E-04 33% 3.65E-04 33%

Low 0.80E-04 33% 1.31E-04 25%
Central 1.60E-04 33% 2.50E-04 50%Restricted activity 

days2 (RADs) 

Daily average PM. 
Population without 
asthma (93%) & ≥ 
20 yrs old. High 2.50E-04 33% 3.95E-04 25%

Low 2.20E-04 25% 2.20E-04 25%
Central 4.61E-04 50% 4.61E-04 50%

Total days with 
acute respiratory 
symptoms2 
(ARSs) 

Daily average PM. 
Population without 
asthma (93%). High 7.02E-04 25% 7.02E-04 25%

Low 0.57E-03 25% 0.62E-03 25%
Central 1.42E-03 50% 1.65E-03 50%Acute bronchitis 

in children2 (B) 

Annual average PM. 
Population 19 yrs & 
younger. High 2.27E-03 25% 2.69E-03 25%

* Probability weightings from AQVM3.0 
Source: (1) BC Lung Association, 2003; (2) Environment Canada and Health Canada Air Quality Valuation Model 
(AQVM3.0), 1999 with corrections provided in BC Lung Association, 2003. 
 

The health effects model also predicts the potential reduction in the number of cancer cases in 
the GVRD and the FVRD from decreased exposure to carcinogenic toxic compounds present in 
emissions from heavy duty diesel vehicles. The dominant exposure pathway is inhalation, and 
this was assumed for determining the cancer risk. The total population and the change in the 
regional average concentration were used to estimate the potential change in cancer cases. 

The change in the regional average concentration of carcinogenic compounds in HDDV exhaust 
was estimated using a dispersion factor estimated from the ratio of observed carbon monoxide 
concentrations in the GVRD and the total onroad vehicle emissions. The GVRD backcast and 
forecast of the 2000 emission inventory estimates that about 80% of the CO emissions in the 
GVRD are from onroad light duty and heavy duty motor vehicles. Consequently, there is a strong 
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association between the average annual CO concentrations measured at GVRD monitoring 
stations and annual CO emissions from vehicles.  A CO dispersion coefficient was calculated as 
the average over seven years (1995-2001) of the ambient CO concentration above a regional 
background level that is attributable to onroad vehicles divided by the annual CO emissions from 
onroad vehicles. The data used for this calculation and the resulting dispersion coefficient, KCO, 
are shown in Table 8-5. KCO was developed also in the study by Alchemy and Levelton 
Engineering (2000) using emission inventory data available at the time. The updated KCO is 
approximately 40% of the value estimated previously due to changes in the MOBILE model that 
show CO emissions from motor vehicles over this period were much larger than previously 
estimated. KCO is consistent over the seven year period, even with the large changes that have 
occurred in CO emissions from motor vehicles and the decline in the share of total emissions 
occurring from this source subsector. 

Table 8-5 Air Toxics Dispersion Coefficient Calculated from Carbon Monoxide Model 
for the GVRD 

Year 

Regional 
Background 
CO Conc. 

(µg/m3) 

On-road 
Vehicle CO 
Emissions 

(t/y)* 

Annual CO 
emissions  

(t/y) 

Avg. GVRD 
CO Conc. 
(µg/m3)** 

Avg. CO Conc.-
attributed to 

vehicles.  
(µg/m3) 

KCO (vehicles) 
(µg/m3 per t/y)

1995 160 331137 420346 753 467 1.411E-03 
1996 160 311492 401488 716 431 1.385E-03 
1997 160 291848 382630 678 395 1.354E-03 
1998 160 272203 363773 631 352 1.295E-03 
1999 160 252559 344915 588 313 1.241E-03 
2000 160 232914 326057 652 351 1.509E-03 
2001 160 223727 318478 575 292 1.303E-03 

Dispersion Coefficient for all toxics 1995-2001: Avg. KCO 1.36E-03 
      Std. Dev. 8.85E-05 
      Rel SD 6.53% 

* Emission data from 2003 GVRD Backcast and Forecast of the 2000 Emission Inventory (GVRD, 
2003a) 

** Average of annual average CO concentrations from air quality monitoring stations. 

The MOBILE6.2C model generates emission factors for acetaldehyde, acrolein, benzene, 1.3 
butadiene and formaldehyde, in addition to emission factors for particulate matter and other 
common contaminants. Databases maintained by the US EPA and the California Office of 
Environmental Health Hazard Assessment on cancer risk were reviewed to find inhalation unit 
risk factors for these pollutants and these were compared to the factors used in AQVM 3.0 
before selecting values appropriate for this study. The three-tier range in unit risk factors (i.e., 
low, central, high) used in AQVM 3.0 was kept, as it is consistent with the approach used for 
noncancer effects from particulate matter.  

Table 8-6 summarizes the unit risk factors selected from the data bases for air toxics and diesel 
particulate matter. The central values in AQVM version 3.0 for acetaldehyde, benzene and 
formaldehyde are the same as recommended by the US EPA and were used. For 1,3-butadiene 
the central value is from the updated value from the US EPA database, which supersedes the 
value in AQVM that is the same as recommended by the US EPA in 1994. The high unit risk 
value for diesel particulate matter (DPM), which is a surrogate for exposure to diesel exhaust, is 
from the California OEHHA evaluation of DPM as carcinogenic, while the central value is set at 
zero to reflect EPA’s assessment. 
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Table 8-6 Cancer Risk Factors Used in the Study 

Pollutant Range 
Annual Average Inhalation 
Unit Risk Factor per μg/m3

exposure** 
Wt* Reference Source

Low 1.57E-08 0% 50% Central 
Central 3.14E-08 50% EPA/AQVM 3.0 Acetaldehyde 

High 3.86E-08 50% CA OEHHA 
Low Not Available 0%  

Central Not Available 100%  Acrolein 
High Not Available 0%  
Low 3.14E-08 33% EPA 

Central 7.14E-08 34% AQVM 3.0 Benzene 
High 1.11E-07 33% EPA 
Low 2.14E-07 0% 50% Central 

Central 4.29E-07 50% EPA 1-3 Butadiene 
High 2.43E-06 50% CA OEHHA 
Low 8.57E-08 50% CA OEHHA 

Central 1.86E-07 50% EPA/AQVM 3.0 Formaldehyde 
High 3.71E-07 0% 2* Central 
Low  0%  

Central 0 50% EPA Diesel Particulate 
High 4.29E-06 50% CA OEHHA 

* Probability weightings from AQVM3.0. 
** Unit risk for 70 year (lifetime) continuous exposure/70. 
 
The change in the ambient concentration of the mixture of individual toxic pollutants emitted by 
heavy duty diesel vehicles was converted to an equivalent change in benzene concentration 
having the same cancer risk, then the individual values were summed and reported as benzene 
equivalent concentrations. The calculation of benzene equivalent concentration was done using 
the central risk factor for benzene shown in Table 8-6. 

8.4 ECONOMIC MODEL 

The cost-benefit analysis involves analysing the social benefits and costs from each of the 
emission reduction options. The formal analysis of benefit measures is limited to health effects, 
particularly from reduced levels of particulate matter and toxics. 

Social benefits of air quality improvements involve reductions in mortality and morbidity health 
effects. Valuation of such benefits involves estimating what society in general is willing to pay for 
such health improvements. Economic costs of emission reduction to society are private sector 
costs, net of taxes and subsidies, by consumers, businesses, and governments. For this study, 
the term “society” is deemed to be the people of Canada. 

The economic benefits from reduced mortality and morbidity were estimated using unit values 
drawn from the literature. The stream of annual benefits accrued from these avoided health 
outcomes were transformed into an equivalent present value lump sum using a “social” discount 
rate. A commercial discount rate was used to determine the present value of the annual stream 
of incremental annual cost savings or cost increases over the life of the control measure being 
assessed. 
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The social costs of vehicle fuel consumption, for example, would have federal and provincial 
sales taxes subtracted and subsidies, where they exist, added to the base consumer cost 
figures. 

8.4.1 Mortality and Morbidity Values 

The value that society in aggregate places on the decreased risk of deaths (mortality) is called 
the value of a statistical life or VSL. Morbidity refers to the loss of physical or mental well-being 
due to non-fatal illness, e.g., asthma attacks, restricted activity days, hospital admissions, etc. 
The value of the loss to society of such occurrences can include:  

• hospital, medical, and drug costs (both public and private sector); 
• lost wages or the value of time; and 
• loss of well-being from discomfort. 

A multitude of studies have estimated values for both mortality and morbidity outcomes, but most 
studies do not provide primary research and estimates. Instead, they quote or update estimates 
from previous studies. 

8.4.2 Mortality 

One recent Canadian study that did involve primary research on society’s valuation of 
decreasing the risk of death is the 2002 Alberini et al. study conducted by Resources for the 
Future. The study involved a face-to-face contingent valuation survey of 930 residents of 
Hamilton, Ontario over the age of 40 (48% male, average age of 54, average of 14 years 
schooling, average household income of $US 46,800). Survey results were: 

• a $US 3.7 million VSL derived from a 1 in 1,000 risk-of-death reduction over the next 10 
years (but only a $US 0.9 million VSL from a 5 in 1,000 risk-of-death reduction over the next 
10 years); 

• respondents over 70 years of age were willing to pay about one-third less than their younger 
counterparts to reduce the risk of dying over the next ten years. 

The lower VSL for the elderly is consistent with results of other studies, e.g., the UK Department 
of Health recommended a 30% reduction to GBP 1.4 million from a GBP 2 million baseline value 
for the population at large (1996 figures). 

For this study, we use the following VSL reference points: 

• $4.3 million ($CDN 2003) for the average VSL of a premature death; 

• $4.0 million ($CDN 2003) for the VSL of a premature death of an individual over 65 years of 
age; and 

• $5.5 million ($CDN 2003) for the VSL of a premature death of an individual under 65 years of 
age. 

 
The above assumes 80% of the air pollution-related deaths are individuals 65 years and older. 
For cancer related deaths, the average VSL of a premature death is $4.6 million as an estimated 
60% of such deaths accrue to individuals 65 years and older. 
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8.4.3 Morbidity 

There is even less primary research on valuing morbidity outcomes than there is on VSL. For 
this study, we propose values based on updating the Stratus Consulting Inc. analysis and values 
conducted for Health Canada (Stratus Consulting, 1999) – with 15% inflation between 1996 and 
2003 (Table 8-7). This is the approach used in the 2000 Alchemy and Levelton Engineering  
(2000) study for the GVRD. 

Table 8-7 Unit Values per Type of Morbidity  

Morbidity Stratus Consulting 
($CDN 1996) 

This Study 
($CDN 2003) 

Adult Chronic Bronchitis $ 266,000 $ 300,000 

Respiratory Hospital Admission 6,600 7,600 

Cardiac Hospital Admission 8,400 9,700 

Emergency Room Visit 570 660 

Child Bronchitis 310 360 

Restricted Activity Day 73 84 

Asthma Symptom Day 46 53 

Minor Restricted Activity Day 33 38 

Acute Respiratory Symptom Day 15 17 
 

8.4.4 Discount Rate 

In cost-benefit analysis, discounting is used to adjust costs and benefits occurring at different 
times to a common base. Discounting reflects the notion that people generally prefer benefits 
sooner than later. Improving vehicle emission standards yields a stream of health benefits for 
years in the future; the higher the discount rate, the lower the value attached to those benefits. 
Discount rates can reflect either social or private rates of time preference. 

The social rate of time preference reflects the rate at which society is willing to trade benefits and 
costs today for benefits and costs in the future. The private rate of time preference is reflected by 
the opportunity cost of capital, or the pre-tax return on capital investment. The social rate of time 
preference is lower than the private rate of time preference because overall risk and uncertainty 
are lower across society and because the interests of future generations are considered.  

Discount rates can be a very large influencing factor especially where benefits and costs accrue 
over the long term. The choice of discount rate can be contentious. Higher discount rates give 
greater weight to costs and benefits in the near term while lower discount rates give greater 
weight to costs and benefits in the future. Table 8-8 presents values used in similar studies.  

For this study, we used a real (inflation-adjusted) discount rate of 3% in the base case present 
value analysis for heath benefits. The 3% reflects the social rate of time preference. For 
sensitivity analysis, a real rate of 6%, which is closer to the opportunity cost of capital, could be 
used. The discount rate for the private cost of capital was assumed to be 5%. 



 

   

 

403-0630 Emission Reduction Options for Heavy Duty 
Diesel Fleet Vehicles in the Lower Fraser Valley 

203

 

Table 8-8 Examples of Discount Rates used in Similar Studies 

Study Real Discount Rate Range 
Canada Wide Standards Development Committee for 
PM and Ozone, Human Health and Environmental 
Benefits of Achieving Alternative Canada Wide 
Standards of Inhalable Particles (PM2.5, PM10) and 
Ground Level Ozone, Interim Draft (May 1999) 

5% 2.5% and 7.5% 

US EPA, Technical Addendum: Methodologies for the 
Benefit Analysis of the Clear Skies Act of 2003 
(September 2003) 

3% 7% 

ExternE Core Project, Extension of the Accounting 
Framework Final Report (December 1997) 3%  
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9. ANALYSIS OF HDDV FLEET EMISSION REDUCTION OPTIONS 

9.1 EMISSION REDUCTION OPTIONS AND HDDV FLEETS ANALYZED 

Emission reduction options analyzed in this study were selected considering the range of long-
listed options described in Chapter 4 and the information on the population of heavy duty diesel 
vehicles in the LFV described in Chapter 6. A short list of options was selected and assumed to 
be applied to certain types of fleets and/or specific classes of heavy duty diesel vehicles in these 
fleets, as this provides a good indication of the emission reductions that can be achieved and the 
costs that could be expected in such applications. Short-listed emission reduction options and 
the fleets to be considered in the study were reviewed and agreed to with the steering committee 
before proceeding with the emission reduction and cost analysis.  

The primary criteria used to select the short-listed emission reduction options were: 

• it should be in commercial or near-commercial use in other jurisdictions and suitable for 
implementation within 1-3 years; 

• it offers potential for significant reductions in emissions of air pollutants and/or greenhouse 
gases; and 

• it is potentially cost effective, based on trials or use in other jurisdictions and consideration of 
fuel costs and infrastructure in the local market. 

Table 9-1 indicates the long list of emission reduction options reviewed in the study and the ones 
from this list that were short-listed for analysis of emission reductions and costs.  Chapter 4 
reviews each of the long-listed options in some detail and provides data pertaining to status of 
the technology, emission reduction performance, effect on vehicle performance and operating 
and capital cost effects. These were used in the evaluation, together with professional 
judgement on the relative merits of the options to arrive at the short list considered in detail. The 
rationale indicated for selection of the short-listed options highlights some of the key 
considerations, but not all factors that were weighed in the decision. 

Table 9-1 Long List and Selected Short List of Emission Reduction Options for 
Analysis in the Study 

Options Long List Short List  Rationale for Short List 
Fuel Quality Options:    

CARB or similar diesel 
reformulation Yes Yes Proven effective in California with 

achieving emission reductions. 

Ultra low sulphur diesel Yes  No Assumed beyond 2006 to enable new 
standards, but not as separate option.  

Diesel fuel additives such 
as cetane improvers and 
detergent packages 

Yes Yes 
Detergents can reduce PM and improve 
fuel economy. Cetane improvers reduce 
NOx, HC, PM and air toxics at low cost. 

Fuel density Yes No High incremental fuel cost. 
Fuel aromatics Yes No High incremental fuel cost. 

Operational or Demand 
Management Improvements No No Outside study scope 

Fuel Blends:    

PuriNOx, a water diesel 
emulsion Yes No 

51-58% reduction in PM and significant 
reductions in NOx and CO. Anticipate E-
Diesel will be more cost effective. 
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Options Long List Short List  Rationale for Short List 

Ethanol-Diesel blends, such 
as O2Diesel and others. Yes Yes; 

7.7%ETOH 

25% reduction in PM, with 100-200% 
increase in HC. Promising for GHG 
reduction 

Biodiesel (10-20%) Yes Yes; B20 

B20 can yield reductions in PM (10%), 
SOx (20%), HC (20%), toxics (4%) and 
GHG (12–18%). High potential for GHG 
reduction. 

Alternative Fuels: Yes   

Natural gas engines, both 
conventional and Westport 
HPDI engines 

Yes 
Yes; CNG 
for Bus & 
HPDI for 
Class 7/8  

Large reductions in pollutants and 
significant GHG reductions, particularly 
for certain vehicle applications. 

Hydrogen/natural gas 
blend. Yes No 

Emission reductions similar to natural 
gas, but cost high and new infrastructure 
required. 

Propane. Yes No Reductions in PM and SOx, but limited to 
smaller new HD vehicles.  

Different Propulsion 
Systems:    

Fuel cell systems Yes, with 
limitations No 

Too many unknowns regarding 
commercial availability in study time 
period. 

Hybrid combustion engines 
and electric drives. Yes Yes; bus Currently commercial and offers reduced 

emissions improved fuel economy. 
Modified Heavy-Duty 
Engines/Control Systems:    

Particulate Filter/trap or 
Oxidation Catalyst retrofits Yes Yes 

Oxidation catalyst and catalyzed filters 
commercially available for retrofit. Yields 
significant PM reductions at relatively low 
cost for high emitting vehicles. 

NOx adsorber retro-fits Yes No 
Not commercially available and require 
ULSD. This or similar NOx control will be 
included in future new vehicles. 

Engine or control system 
upgrade or replacement Yes Yes Commercial technology. Consider 

replacement of old engines 

Early introduction of 2007 
technology 

Depends on 
USLD 

availability.  
No ULSD would need to be available to 

enable meeting lower standards. 

Scrapping of old high 
emitting vehicles Yes No Same as early engine replacement. 

HDDV I/M Program (ACOR) No No Outside study scope 
 

In selecting the fleets for analysis in the study, priority was given to government operated or 
controlled fleets, which are the primary target of the study, such as municipal governments and 
the TransLink bus fleet. An important secondary priority was to analyze a range of fleet sizes 
from small to large so that many private and public fleet owners in the Lower Fraser Valley could 
use the results and that operators of the largest emitting fleets would be included. The impact of 
application of these emission reduction measures to all of the local government fleets was also 
assessed, as there could potentially be benefits to wider scale application of certain options 
because of cost or logistics, presuming such options could be implemented across the different 
fleets following similar schedules.  
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There was limited response to the survey from the private sector, constraining the number and 
type of fleets that could be investigated. Three private fleets were analyzed, drawing on 
information provided in the questionnaire survey completed as part of the work in this study. The 
names of these private fleets are not stated to protect their privacy. Table 9-2 summarizes the 
combinations of emission reduction options and fleets/vehicle classes that were agreed to be 
analyzed in detail for the study.  

There were 33 combinations of fleets and emission reduction measures analyzed. This includes 
8 emission reduction options, three government fleets, the TransLink bus fleet and three private 
fleets dominated by specific classes of heavy duty diesel vehicles. 

Information on the emission reduction efficiency, cost and applicability of each emission 
reduction was drawn from a review of published reports and are summarized in Chapters 4 and 
5 of this report. The specific assumptions used for these performance and cost criteria are 
presented in the following sections with the discussion of the analysis of each fleet/option 
combination.  

Table 9-2 Matrix of Fleets and Vehicle Types Analyzed 

Emission Reduction Measures 
Fleet/Vehicle 

Scenario CARB 
Diesel 

Diesel 
Additives 

7.7% 
ETOH 

20% 
Biodiesel CNG HPDI Hybrid 

Bus DOC Engine   
Upgrade  

No. 

Government 
Fleets:           

• City of 
Vancouver 

X X X X     X 5 

• Township of 
Langley 

X X X X      4 

• All municipal 
fleets 

X X X X     X 5 

Transit Buses X X X X X  X X  7 
Characteristic 
Types of vehicles:           

School buses  X X X    X  4 
Garbage or 
Recycling Trucks  X  X  X  X  4 

Class 7 vehicles  X X X    X  4 
Number of Cases 4 7 6 7 2  1 4 2 33 

 
Simplified implementation schedules were developed for each of the emission reduction options 
to provide a long-term basis for comparing the fleet emission reductions that could potentially be 
achieved and for predicting the effect of these emission reductions on air quality and health 
effects in the region. Similar annual technology penetration schedules were assumed for the fuel 
blend options so that the emission reductions and health benefits achieved by these options 
could be compared without distortion from changes in implementation timing. Generally, high 
penetration levels were assumed for fuel blends to provide upper estimates of the emission 
reductions that could be achieved. Penetration levels and implementation schedules assumed 
for the alternative fuels and vehicles allow time for procurement and dispersion of the technology 
in the fleets and moderate levels of vehicle replacement.  

When comparing the emission changes for the emission reduction options assessed for each 
fleet, it is important to realize that this result is dependent on the penetration level that was 
assumed for each option. A higher or lower penetration level in one or more years will result in a 
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proportional change in the predicted emissions in these years relative to other options and the 
baseline.  

Fuel prices were estimated for each of the fuels considered in the study and the basis for these 
prices are discussed in Chapter 4. Two approaches for setting the fuel prices used in the cost-
effectiveness calculation were requested by the steering committee. One approach uses pre-tax 
fuel prices and this basis is appropriate for calculating the cost effectiveness net of the savings 
from avoided health effects. The second approach includes federal and provincial fuel taxes in 
the cost of fuel for fleet vehicles and is appropriate when calculating cost effectiveness from a 
fleet operating cost perspective, excluding social health cost savings. The fuel costs for these 
two cases are summarized in Table 9-3. 

Table 9-3 Assumed Fuel Pricing for the Analysis of Options 

Fuel Price (¢/L) Fuel Blend or Alternative 
For Cost/Benefit Analysis With Taxes 

Diesel Fuel (reference pricing) 35 60 
Diesel fuel with detergent and 
cetane additive 35.5 60.5 

CARB Diesel Fuel 38.0 63 
E-Diesel 38.05 61.05 
B20 Biodiesel 43.2 63.2* 
CNG (for bus option) 37.8 37.8 
LNG (for HPDI option) 35.0 35.0 
Diesel Oxidation Catalyst 38.0 63.0 
* Assumes biodiesel qualifies as an alternative motor fuel in BC and is taxed at the reduced 

rate of 16.8 ¢/L. 

9.2 GOVERNMENT FLEET VEHICLES 

9.2.1 Assumptions for Emission Reduction Options 

The assessment of emission reduction options for government fleets was conducted individually 
for the City of Vancouver and Township of Langley and for the combined number and distribution 
of vehicles operated by all city and municipal governments in the LFV. This approach was 
chosen to illustrate the effects, costs and benefits of the emission reduction measures for large 
and small fleets if implemented individually or if implemented for the majority of government 
controlled vehicles operating in the study area.  

Table 9-4 lists the assumptions used to estimate emission reductions for the options applied to 
government fleet vehicles. To assess the benefits of the fuel blends, it was assumed that these 
options would be used in all size classes of fleet vehicles and would penetrate the fleet in stages 
rising from 50% in the first year to 100% in the second year. The engine replacement option was 
assumed be applied to pre-1992 model year vehicles, with the replacement level rising from 5% 
in the first year to 20% in the second year and staying at a constant number of vehicles 
thereafter.   

The emission reduction percentages for each fuel blend option and pollutant were estimated as 
presented in Section 4. The change in the full cycle greenhouse gas emission factor for each 
option was predicted using the GHGenius model based on the current fleet average fuel 
economy. Emission reduction percentages for the analysis of the engine replacement option 
were estimated to yield the correct reduction for the vehicle class when these factors are applied 
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to only a fraction of the vehicles in the vehicle class. This approach was needed to compensate 
for the much higher emission rates of these older engines compared to the fleet average. 
Emission factors for the engine replacement option assumed replacement of pre-1992 vehicle 
engines. Data for the City of Vancouver was used to determine the VkmT accumulation rate and 
fraction of pre-1992 HDDV8a vehicles that could then be used to determine the adjustment 
needed to the emission reduction percentages.  The emission reduction for pre-1992 vehicles 
when considered on their own would be approximately one-third of the “equivalent” percent 
reduction factors applied to the whole HDDV8a fleet.  For example, the NOx reduction from 
replacing an engine in an old vehicle was 64%. 

 Table 9-4 Key Assumptions for Analysis of Emissions from Government Fleets 

Emission Reduction (%)* Penetration  
yr1/yr2/yr3/yr4+ CO NOx VOC SOx PM10 PM2.5

Gas 
Toxics CO2**

FC 
GHG+Option 

Vehicles 
Classes 
Included 

(%) (%) (%) (%) (%) (%) (%) (%) (%) g/mi 
Detergent & 
Cetane All 50/100/100/100 5% 3% 15% 2% 7% 7% 15% 2% 51 

CARB All 50/100/100/100 0% 6% 19% 0% 9% 9% 10% 0% -20 
E-diesel All 10/25/50/100 18% 0% -150% 5% 25% 25% -10% 0% 72 
B20 Biodiesel All 10/25/50/100 11% -2% 20% 20% 10% 10% 4% 0% 465 
Engine 
Replacement# HDDV8a 5/10/20/20 0% 190% 170% 0% 270% 270% 0% 10% 300 

*  Numbers are positive for a reduction in emissions and negative for an increase in emissions. 
** Vehicle tailpipe emissions. 
+ Full cycle greenhouse gas emissions of CO2equivalent calculated using the GHGenius model. 
# Emission reductions increased to yield correct emission reductions when applied at the assumed 

penetration level for the fleet.  

The number of vehicles, size and fleet average fuel economy of each of the individual 
government fleets and pooled government fleets for the year 2004 of the period modelled are 
indicated in Table 9-5. These values vary to a minimal extent year to year depending on the 
forecast fleet composition. The number of vehicles in each municipal fleet was assumed to 
increase at the respective forecast rate of population growth used in the GVRD emission 
forecast. The total number of vehicles in the Vancouver, Township of Langley and combined 
municipal fleets are estimated to increase by 2025 to 347, 65 and 1716, respectively. Similarly, 
the number of HDDV8a vehicles for these fleets is forecast to increase by 2025 to 197, 50 and 
700, respectively. 

Table 9-5 Size, VkmT and Fuel Economy in 2004 for the Government Fleets Analyzed 

Estimated 
Annual VkmT Average Fuel Economy Fleet 

Estimated 
Number of 
Vehicles (km/yr) (km/L) (L/100 km) 

City of Vancouver 
 All vehicles 
 HDDV8a (only) 

 
302 
169 

 
10,115 
9,253 

 
2.25 
2.02 

 
44.4 
49.5 

Township of Langley 
All vehicles 
HDDV8a (only) 

 
35 
27 

 
10,209 
9,394 

 
2.01 
2.01 

 
49.8 
49.8 

All municipal fleets 
All vehicles 
HDDV8a (only) 

 
1,257 
516 

 
13,304 
9,327 

 
2.4 
2.4 

 
41.7 
41.7 
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9.2.2 Emission Impacts 

Baseline emissions from fleet vehicles will decline with vehicle turn-over as a result of the 
improved emission standard of future vehicles. This trend is illustrated in Figure 9-1 for PM2.5 
emissions from the Vancouver HDDV fleet, with emissions decreasing by 84% from 0.49 t/yr in 
2004 to 0.08 t/yr in 2025. PM2.5 emissions from the combined municipal HDDV fleet are forecast 
to decrease by 83% over this same period.  

The control options reduce PM2.5 emissions at the percentages indicated previously in Table 9-4 
in proportion to the assumed penetration of the option in each year. The absolute reduction in 
fleet emissions decreases each year because of the decline in the baseline emission rate, 
assuming the age distribution of the fleet remains constant. A slower fleet turn-over will result in 
a slower decline in the baseline emission rate. 

The largest reduction in fleet emissions would be achieved using the engine replacement option 
for HDDV8a vehicles in the Vancouver fleet, with the E-diesel option for all vehicles achieving 
the next largest reduction in PM2.5 emissions. Both of these options result in similar net PM2.5 
emissions when applied to the combined municipal fleet.  

 By 2018 baseline emissions of smog precursors from the Vancouver HDDV fleet are forecast to 
decline by 84% (Figure 9-2), similar to that found for PM2.5. A 79% reduction in smog precursor 
emissions is predicted to occur over this period for the combined municipal HDDV fleet.  

Annual smog precursor emissions increase for the E-diesel option, initially by 5%, then rising to 
20% towards the end of the period. B20 biodiesel will result in a slight (<1%) increase in annual 
smog precursor emissions. The largest reduction in smog precursor emissions is predicted to 
result by engine replacement (20-22%), followed next by use of CARB diesel fuel (6-7%) and 
detergent/cetane additives (3-4%).  Similar results are predicted to apply to the combined 
municipal fleet, except for the impact of engine replacements, which will yield only a 10-12% 
emission reduction, as a result of differences in the distribution of vehicle types and ages. 

Annual baseline full cycle greenhouse gas emissions from the Vancouver fleet are forecast to 
increase by 11% between 2004 and 2018 (Figure 9-3).  A 20% increase is forecast for the 
combined municipal HHDV fleet. 

Reductions in annual full cycle GHG emissions are predicted to be largest for B20 biodiesel at 
18% followed by 3% for E-Diesel, 2% for detergent/cetane additives and 0.5% for engine 
replacements for municipal fleets. Engine replacements would decrease GHG emissions by 
about 1% due to improvement in fuel efficiency. CARB diesel would increase GHG emissions by 
about 1%. The only option resulting in annual GHG emissions below the 2004 baseline for the 
Vancouver fleet is B20 biodiesel, which lowers emissions to 8% less than this reference point. 
GHG emissions in 2018 from the combined municipal fleet are approximately the same as in 
2004 due to forecast fleet growth. 
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The change in cumulative emissions achieved by each of the emission reduction options over 
the assumed 15-year economic lifetime are summarized in Table 9-6 relative to the baseline for 
each of the cases analyzed. These values reflect the combined impact of the option performance 
and the assumed penetration rate. The greatest emission reduction in PM2.5, smog precursor 
and GHG emissions are achieved by different options, namely: E-diesel for PM2.5, engine 
replacements for smog precursors and B20 biodiesel for GHG.  Small reductions in all of these 
emissions can be achieved by use of detergent/cetane additives or engine replacements. CARB 
diesel may result in a small increase in GHG emissions in the near term, but this difference will 
likely disappear after 2006 because all refiners will require more energy intensive refining to 
reduce the diesel fuel sulphur content to 15 ppm.  
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Table 9-6 Emission Changes for Government Fleets 

With Option Implemented 
Pollutant Baseline 

Emission Detergent & 
Cetane Package

CARB Diesel 
Fuel E-Diesel B20 Biodiesel 

Blend 
Engine 

Replacement 

City of Vancouver       
PM2.5       
 Lifetime total (t) 3.6 3.3 3.3 2.9 3.3 2.7 
 Lifetime Change   -6.5% -8.4% -18.3% -7.3% -25.2% 
Smog Precursors       
 Lifetime total (t) 193.2 186.5 181.1 205.0 193.7 157.2 
 Lifetime Change    -3.5% -6.3% 6.1% 0.3% -18.7% 
Impact Weighted       
 Lifetime total (t) 287.7 275.1 268.4 282.9 281.1 230.1 
 Lifetime Change    -4.4% -6.7% -1.7% -2.3% -20.0% 
FC GHG       
 Lifetime total (t) 75860 74385 76438 74005 63880 75031 
 Lifetime Change    -1.9% 0.8% -2.4% -15.8% -1.1% 
Township of 

Langley       
PM2.5       
 Lifetime total (t) 0.9 0.8 0.8 0.7 0.8 - 
 Lifetime Change    -6.5% -8.4% -18.4% -7.4% - 
Smog Precursors       
 Lifetime total (t) 48.6 47.0 45.6 50.9 48.9 - 
 Lifetime Change    -3.4% -6.2% 4.6% 0.6% - 
Impact Weighted       
 Lifetime total (t) 71.6 68.5 66.8 69.7 70.1  
 Lifetime Change    -4.3% -6.7% -2.6% -2.0%  
FC GHG       
 Lifetime total (t) 11709 11500 11784 11423 9846 - 
 Lifetime Change    -1.8% 0.6% -2.4% -15.9% - 
All Municipal Fleets       
PM2.5       
 Lifetime total (t) 23.6 22.1 21.6 19.4 21.9 19.9 
 Lifetime Change    -6.4% -8.3% -18.0% -7.2% -15.9% 
Smog Precursors       
 Lifetime total (t) 1462.1 1413.4 1372.1 1528.1 1470.8 1314.0 
 Lifetime Change    -3.3% -6.2% 4.5% 0.6% -10.1% 
Impact Weighted       
 Lifetime total (t) 2092 2005 1955 2050 2054 1854 
 Lifetime Change    -4.2% -6.5% -2.0% -1.8% -11.4% 
FC GHG       
 Lifetime total (t) 404,636 396,729 407,271 394,904 340,639 402,913 
 Lifetime Change    -2.0% 0.7% -2.4% -15.8% -0.4% 
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9.2.3 Effect on Regional PM2.5 Concentrations 

The impact of the emission reduction options on regional PM10 and PM2.5 concentrations was 
predicted for the 2004-2018 period for the Vancouver and Township of Langley fleets alone and 
the combined municipal fleet. The incremental reduction in regional emissions achievable when 
the emission reduction options are applied to these fleets is very small because of their 
comparatively small contribution to total emissions. The largest predicted impact on regional 
PM2.5 concentrations was predicted to occur with implementation of the engine replacement 
option in the combined municipal HDDV fleet of 516 HDDV8a vehicles (in 2004). Assuming this 
option is applied to replace up to 20% of the engines in this fleet, a small reduction in the 
regional average PM2.5 concentration in the GVRD and the FVRD would be achieved, as shown 
in Table 9-7. This reduction is predicted to occur during the 2005-2011 period and is equivalent 
to a 0.02% decrease from the LFV average. The other emission reduction options considered 
would have less impact. The effect of the emission reduction options on regional PM10 and PM2.5 
concentrations decreases with time because of the forecast decline in the baseline emissions 
from the fleets.   

Table 9-7 Predicted Baseline and Reduction in the Regional Annual Average PM2.5 
Concentration for the Engine Replacement Option: Combined Municipal 
Fleet 

 GVRD  FVRD LFV Average    
Year Before 

(μg/m3) 
Reduction 

(μg/m3) 
Before 
(μg/m3) 

Reduction 
(μg/m3) 

Before 
(μg/m3) 

Reduction 
(μg/m3) 

2004 5.4 0.000 4.6 0.000 5.0 0.000 
2005 5.4 0.001 4.6 0.000 5.0 0.000 
2006 5.4 0.001 4.6 0.001 5.0 0.001 
2007 5.4 0.001 4.6 0.001 5.0 0.001 
2008 5.5 0.001 4.6 0.001 5.0 0.001 
2009 5.5 0.001 4.6 0.000 5.0 0.001 
2010 5.5 0.001 4.6 0.000 5.0 0.000 
2011 5.5 0.001 4.6 0.000 5.1 0.000 
2012 5.5 0.000 4.6 0.000 5.1 0.000 
2013 5.5 0.000 4.6 0.000 5.1 0.000 
2014 5.5 0.000 4.6 0.000 5.1 0.000 
2015 5.5 0.000 4.6 0.000 5.1 0.000 
2016 5.6 0.000 4.7 0.000 5.1 0.000 
2017 5.6 0.000 4.7 0.000 5.1 0.000 
2018 5.6 0.000 4.7 0.000 5.2 0.000 

 

9.2.4 Costs, Benefits and Cost Effectiveness of Options 

Costs of the emission reduction were determined for two methods. One method included federal 
and provincial fuel taxes, but no benefits from reduction in health effects. The second method 
calculated the net cost, excluding fuel taxes and including the economic value of the avoided 
regional health effects predicted for the change in fleet emissions. The costs on these two bases 
are summarized in Table 9-8 for the combined municipal fleet, which is comprised of an average 
of 1386 vehicles for the 2004-2018 period used as the economic lifetime.  

When fuel taxes are included, detergent/cetane additives would yield an incremental saving in 
fleet cost relative to the baseline diesel fuel, with this having a present value of about -$530,000, 
or -$396/vehicle, on average. The remaining fuel options, except engine replacements, have 
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present value costs ranging from $1,511/vehicle for E-diesel to $1,967/vehicle for B20 biodiesel.  
The cost of engine replacements is estimated to have a present value of $1,986,063 over the 
2004-2018 period at a discount rate of 5%, which yields an average cost net of fuel savings of 
about $22,000 per controlled vehicle. This cost would increase if the assumed discount period 
was shorter than the 15 years used in the analysis. 

Both the detergent/cetane and engine replacement options are estimated to yield a net saving 
when health benefits are included (Table 9-8) and are -$855/vehicle and -$4,284/vehicle, 
respectively. The remaining options vary in net cost from $526/vehicle for E-diesel to 
$3,743/vehicle for biodiesel.  

Table 9-8 Cost of Emission Reduction Options for the Combined Municipal HDDV 
Fleet 

 
Detergent & 

Cetane 
CARB Diesel 

Fuel E-Diesel B20 Biodiesel  Engine 
Replacement 

Average Number of 
Controlled Vehicles 1338 1338 1198 1198 90 

Emission Reduction (15 yr 
lifetime tonne):      

PM2.5 1.5 2.0 4.2 1.7 3.7 
Smog Precursor 48.7 89.9 -66.0 -8.7 148.1 
Impact Weighted 87.6 136.9 42.2 38.1 238.0 
Toxics 1.1 0.7 -0.6 0.2 0.0 

Costs and Benefits (2003$)      
PV cost with fuel taxes & no 
health benefits -$529,901 $2,208,665 $1,810,310 $2,356,842 $1,986,063 

PV cost with no fuel taxes -$158,822 $2,208,665 $2,644,208 $5,415,800 $2,067,349 
PV health benefit (Savings 
negative) -$985,172 -$1,335,339 -$2,014,408 -$930,990 -$2,454,839 

PV net Cost (Cost+Health 
Benefit) -$1,143,994 $873,325 $629,800 $4,484,810 -$387,490 

PV net Cost/Average 
Controlled Vehicle -$855 $653 $526 $3,743 -$4,284 

 

The cost effectiveness of all the emission reduction options considered for government fleet 
vehicles was determined using the same approach indicated above. It is a measure of the total 
cost (or saving) for reduction of one tonne of pollutant or group of pollutants. Cost effectiveness 
values were determined for reduction in PM2.5 emissions, combined smog precursor emissions 
and full cycle greenhouse gas emissions. Cost effectiveness is negative when there is an 
incremental saving and positive when there is an incremental cost relative to the baseline case, 
and cannot be determined if emissions increase.   

Table 9-8 summarizes the cost effectiveness of the emission reduction options for the three 
fleets considered. When determined based on the full cost of fuel, the detergent/cetane option 
yields a cost saving per tonne of PM2.5, smog precursors and greenhouse gases. The other 
options result in an increased cost per tonne of emission reduction or, in the case of E-diesel 
and B20, an increase in emissions. The cost per tonne of GHG emissions is lowest for B20. 
Differences in the cost effectiveness between the different fleets on a tax-in basis arise 
principally because of differences in fleet age, fuel economy and distance travelled per year, 
which affect the annual baseline emissions and the emission reduction. Higher baseline fleet 
emissions allow for greater emission reductions and improved cost effectiveness.   
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When health benefits are included, the most cost effective option is detergent/cetane, which 
yields a saving per tonne of PM2.5, smog precursors and greenhouse gases for all fleets 
analyzed. Health benefits predicted for the engine replacement option yield an attractive cost 
saving per tonne on an impact weighted basis when applied to the combined municipal fleet, but 
the effects are variable depending on individual fleet characteristics, as illustrated by differences 
in the results for the individual fleets, such as for Vancouver. Emission increases for E-diesel and 
biodiesel preclude calculating the cost effectiveness of smog precursor emission reduction for 
these options. 

Table 9-9 Cost Effectiveness of Emission Reduction Options With and Without 
Including Health Benefits for Government Fleets 

Cost Effectiveness (2003$PV/lifetime tonne reduction) 
 Detergent & Cetane 

Package 
CARB Diesel 

Fuel E-Diesel B20 Biodiesel 
Blend 

Engine 
Replacement 

With no health benefits:      
PM2.5      
Vancouver -$494,021 $1,413,998 $554,552 $1,734,777 $776,361 
Township of Langley -$253,144 $860,690 $334,416 $1,092,200 - 
All municipal fleets -$348,115 $1,128,530 $426,732 $1,388,905 $530,774 

NOx+VOC+SOx+PM2.5      

Vancouver -$17,087 $34,790 Emissions 
Increase 

Emissions 
Increase $19,283 

Township of Langley -$8,835 $20,935 Emissions 
Increase 

Emissions 
Increase - 

All municipal fleets -$10,876 $24,556 Emissions 
Increase 

Emissions 
Increase $13,412 

Impact Weighted      
Vancouver -$9,092 $21,874 $75,599 $68,301 $12,081 
Township of Langley -$4,691 $13,219 $29,310 $49,796 - 
All municipal fleets -$6,047 $16,132 $42,860 $61,867 $8,346 

Full cycle greenhouse gases      

Vancouver -$78 Emissions 
Increase $195 $38 $839 

Township of Langley -$69 Emissions 
Increase $189 $38 - 

All municipal fleets -$67 Emissions 
Increase $186 $37 $1,153 

With health benefits:      
PM2.5      
Vancouver -$867,465 $679,360 $286,055 $3,341,301 $90,481 
Township of Langley -$152,085 $776,907 $420,442 $2,389,103 - 
All municipal fleets -$751,539 $446,231 $148,458 $2,642,934 -$103,556 

NOx+VOC+SOx+PM2.5      

Vancouver -$30,003 $16,715 Emissions 
Increase 

Emissions 
Increase $2,247 

Township of Langley -$5,308 $18,897 Emissions 
Increase 

Emissions 
Increase - 

All municipal fleets -$23,480 $9,710 Emissions 
Increase 

Emissions 
Increase -$2,617 

Impact Weighted      
Vancouver -$15,965 $10,509 $38,996 $131,553 $1,408 
Township of Langley -$2,818 $11,932 $36,850 $108,925 - 
All municipal fleets -$13,056 $6,379 $14,911 $117,726 -$1,628 
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9.3 TRANSLINK TRANSIT BUS FLEET 

9.3.1 Assumptions for Emission Reduction Options 

Table 9-10 lists the assumptions used to estimate emission reductions for the options applied to 
the TransLink bus fleet. The penetration of the fuel options was assumed to be the same as for 
the other fleets considered in the study.  For the natural gas and hybrid diesel electric options, 
156 of these buses were assumed to replace existing diesel buses in the fleet, phased-in over 
three years, starting in 2005.   

The emission reduction percentages for each fuel blend option and pollutant were estimated as 
presented in Section 4. The change in the full cycle greenhouse gas emission factor for each 
option was predicted using the GHGenius model based on the current fleet average fuel 
economy remaining constant over the forecast period, except for natural gas buses, which were 
assumed to achieve better fuel economy as the technology becomes more advanced. The 
forecast fuel economy improvement for natural gas buses built into GHGenius was used.   

Table 9-10 Key Assumptions for Analysis of Emissions from the TransLink Transit 
Bus Fleet 

Emission Reduction (%)* Penetration  
yr1/yr2/yr3/yr4+ CO NOx VOC SOx PM10 PM2.5

Gas 
Toxics CO2** FC GHG++Option 

Vehicles 
Classes 
Included 

(%) (%) (%) (%) (%) (%) (%) (%) (%) g/mi 
Detergent & 
Cetane HDDBT 50/100/100/100 5% 3% 15% 2% 7% 7% 15% 2% 84 

CARB HDDBT 50/100/100/100 0% 6% 19% 0% 9% 9% 10% 0% -23 
E-diesel HDDBT 10/25/50/100 18% 0% -150% 5% 25% 25% -10% 0% 100 
B20 Biodiesel HDDBT 10/25/50/100 11% -2% 20% 20% 10% 10% 4% 0% 628 

Natural Gas HDDBT 0/5/10/16# 0% 45% 75% 90% 95% 95% 0% 3% 
400 in 2004, 
rising to 685 

in 2010 
Diesel Electric 
Hybrid HDDBT 0/5/10/16# 95% 35% 45% 30% 90% 90% 45% 29% 940 

Oxidation 
Catalyst HDDBT 10/30/60/75# 40% 0% 50% 0% 30% 30% 0% -2% -70 

*  Numbers are positive for a reduction in emissions and negative for an increase in emissions. 
** Vehicle tailpipe emissions. 
++ Full cycle greenhouse gas emissions of CO2equivalent calculated using the GHGenius model.  
# Percentage calculated based on replacement of 156 existing diesel buses with CNG or hybrid buses and 

retrofitting of 774 buses with oxidation catalysts. 

The data used in the analysis of TransLink buses to define the current fleet size, fuel economy 
and distance travelled were provided by Coast Mountain Bus Company in response to the 
survey conducted for the study. The growth in the number of buses in the TransLink bus fleet 
between now and 2013 was developed from their published service plan and thereafter assumed 
to remain constant. The modelled characteristics of the bus fleet are summarized in Table 9-11. 
The existing 329 buses rebuilt to meet 1993 emission standards were assumed to remain in 
service through the end of 2005 and then to be replaced by new buses in 2006-2008. As 
emissions were modelled on five-year intervals starting in 2000, the reported emissions from the 
fleet in intermediate years were estimated by interpolation between results for these five-year 
intervals. 



 

Table 9-11 Estimated Size, VkmT and Fuel Economy for TransLink Bus Fleet 

Estimated 
Annual VkmT Average Fuel Economy Year 

Estimated 
Number of 
Vehicles (km/yr) (km/L) (L/100 km) 

2004 845 60411 1.65 60.6 
2005 845 60411 1.65 60.6 
2010 1118 60411 1.65 60.6 
2015 1235 60411 1.65 60.6 
2020 1235 60411 1.65 60.6 
2025 1235 60411 1.65 60.6 

     

9.3.2 Emission Impacts 

An 86% reduction in baseline PM2.5 emissions is forecast by 2018 (87% by 2025) as a result of 
fleet turn-over and the low emission levels that will be met by new buses. Most of this decrease 
in emissions will be achieved by 2010 (Figure 9-4). Consistent with the assumed PM2.5 reduction 
efficiency and percent penetration level, the emission reduction options achieve reductions in 
annual PM2.5 emissions in the following ranges: 

• Detergent/cetane 7% 
• CARB diesel,  9% 
• E-diesel,  25% 
• B20 biodiesel,  10% 
• CNG,   12-15% 
• Hybrid electric,  11-14% 
• Oxidation catalyst, 16-18% 
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Figure 9-4 Forecast Effect of Options on Annual PM2.5 Emissions: TransLink Bus Fleet 
 

   

 

403-0630 Emission Reduction Options for Heavy Duty 
Diesel Fleet Vehicles in the Lower Fraser Valley 

217

 



 

Emissions of smog precursors are forecast to decrease 80% by 2018 compared to the current 
level, as illustrated in Figure 9-5. The growth in the number of buses over the 2005-2013 period 
off-sets some of the reduction that would occur due to replacement of old buses with new buses. 
This leads to a relatively straight-line decrease in smog precursor emissions that continues to 
2018 then flattens out at 87% below 2004 annual emissions beyond 2020. Between 2004 and 
2018, annual emissions of smog precursors change from the baseline as follows: 

• Detergent/cetane -3% to -4% 
• CARB diesel,  -6% 
• E-diesel,  +4% to +14% 
• B20 biodiesel,  +1% 
• CNG,   -6% to -7% 
• Hybrid electric,  -5% to -6% 
• Oxidation catalyst, -1% to -2% 
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Figure 9-5 Forecast Effect of Options on Annual Smog Precursor Emissions: 
TransLink Bus Fleet 

 

Growth in the number of buses in the bus fleet will increase baseline full cycle greenhouse gas 
emissions 45% by 2015 then remain at this level if the number of buses remains constant 
thereafter. This assumes the fleet fuel economy remains approximately constant at its current 
level. It is expected that some improvement in fleet average fuel economy will occur as a natural 
consequence of fleet turn-over and the use of new buses that incorporate improved 
technologies. This gradual improvement in fuel economy was not included in the baseline 
forecast. 

   

The only option that will yield a substantial reduction in full cycle greenhouse gas emissions is 
B20 biodiesel, and this amounts to a reduction of 18% annually when fully implemented in the 
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fleet (Figure 9-6). CNG and hybrid electric buses would achieve a 3-4% reduction in annual GHG 
emissions if 156 diesel buses are replaced. E-diesel would reduce annual GHG emissions by 
3%, while detergent/cetane additives would reduce annual GHG emissions by 2%. CARB diesel 
and retrofitting of oxidation catalysts to a majority of the diesel buses would increase annual 
GHG emissions by 1%.     
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Figure 9-6 Forecast Effect of Options on Annual Full Cycle Greenhouse Gas 
Emissions: TransLink Bus Fleet 

 

Cumulative reductions or increases in PM2.5, smog precursor emissions and full cycle 
greenhouse gas emissions are summarized in Table 9-12. No single option stands out as the 
means of simultaneously achieving large reductions in PM2.5, smog precursors and GHG 
emissions, so the choice will depend on priorities and costs.  However, the detergent/cetane, 
CNG and hybrid electric options reduce all of these emissions to some degree, while the others 
result in reductions in two parameters and typically a small increase in the third.      
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Table 9-12 Emission Changes for the TransLink Bus Fleet 

With Option Implemented 

Pollutant Baseline 
Emission Detergent & 

Cetane 
CARB 

Diesel Fuel E-Diesel B20 
Biodiesel CNG 

Diesel 
Electric 
Hybrid 

Oxidation 
Catalyst 

PM2.5         
 Lifetime total (t) 73.6 68.8 67.5 61.2 68.6 66.6 67.0 62.0 
 Lifetime Change    -6.4% -8.2% -16.9% -6.7% -9.4% -8.9% -15.8% 
Smog Precursors         
 Lifetime total (t) 5006.1 4842.7 4702.1 5204.3 5040.1 4744.3 4805.6 4944.4 
 Lifetime Change    -3.3% -6.1% 4.0% 0.7% -5.2% -4.0% -1.2% 
Impact Weighted         
 Lifetime total (t) 7012 6727 6562 6890 6904 6576 6636 6639 
 Lifetime Change    -4.1% -6.4% -1.7% -1.5% -6.2% -5.4% -5.3% 
FC GHG         
 Lifetime total (t) 2,111,766 2,061,433 2,125,548 2,057,188 1,769,017 2,065,855 2,041,149 2,138,332 
 Lifetime Change    -2.4% 0.7% -2.6% -16.2% -2.2% -3.3% 1.3% 

9.3.3 Effect on Regional PM2.5 Concentrations 

For all the emission reduction options, the change in annual emissions of PM and precursors of 
secondary particulate formation from the TransLink bus fleet are all predicted to yield slight 
reduction in the annual average PM2.5 concentration in the GVRD, as shown for the period to 
2018 in Table 9-13. The maximum decrease amounts to about 0.04% of the baseline PM2.5 
concentration. Because of dispersion of pollutants from the western part to the east part of the 
LFV, the predicted reduction in emissions from the TransLink fleet will also reduce average PM2.5 
concentrations in the eastern LFV by about 50% of the amount shown below for the GVRD. 

Table 9-13 Predicted Reduction in Annual Average PM2.5 Concentration in the GVRD 
for All Options for the TransLink Bus Fleet 

Before  Predicted Reduction in Annual Average PM2.5 Concentration (μg/m3)   
Year 

(μg/m3) Detergent & 
Cetane 

CARB 
Diesel Fuel E-Diesel B20 

Biodiesel 
Natural Gas 

(CNG) Hybrid Bus Oxidation 
Catalyst 

2004 5.4 0.001 0.001 0.001 0.000 0.000 0.000 0.001 
2005 5.4 0.002 0.002 0.001 0.001 0.001 0.001 0.002 
2006 5.4 0.001 0.002 0.002 0.001 0.002 0.002 0.003 
2007 5.4 0.001 0.002 0.003 0.002 0.003 0.002 0.003 
2008 5.5 0.001 0.001 0.003 0.001 0.002 0.002 0.003 
2009 5.5 0.001 0.001 0.002 0.001 0.002 0.001 0.002 
2010 5.5 0.001 0.001 0.001 0.001 0.001 0.001 0.001 
2011 5.5 0.001 0.001 0.001 0.001 0.001 0.001 0.001 
2012 5.5 0.000 0.001 0.001 0.001 0.001 0.001 0.001 
2013 5.5 0.000 0.001 0.001 0.001 0.001 0.001 0.001 
2014 5.5 0.000 0.001 0.001 0.000 0.001 0.001 0.001 
2015 5.5 0.000 0.001 0.001 0.000 0.001 0.001 0.001 
2016 5.6 0.000 0.000 0.001 0.000 0.001 0.001 0.001 
2017 5.6 0.000 0.000 0.001 0.000 0.001 0.001 0.001 
2018 5.6 0.000 0.000 0.001 0.000 0.001 0.000 0.001 
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9.3.4 Costs, Benefits and Cost Effectiveness of Options 

Use of detergent/cetane additives is predicted to yield an incremental saving in fleet cost, 
including fuel taxes, equal to a present value of about -$2,259,347 (15 yr discount period at 5%), 
or -$2,124/bus, on average. The remaining fuel options have present value costs ranging from a 
low of $4,045/bus for CNG to a high of $14,038/bus for biodiesel. 

The detergent/cetane option is estimated to yield a net saving when fuel taxes are excluded and 
health benefits are included (Table 9-14) that amounts to -$3,688/bus. The remaining options 
vary in net cost from $6,626/bus for CARB diesel to $166,406/bus for hybrid buses.  In order of 
decreasing net present value cost per average number of controlled buses over fifteen years, the 
ranking from lowest to highest cost is: detergent/cetane additives, CARB diesel, oxidation 
catalyst, E-diesel, biodiesel, CNG and hybrid electric. 

Table 9-14 Cost of Emission Reduction Options for the TransLink Bus Fleet 

 Detergent & 
Cetane 

CARB Diesel 
Fuel E-Diesel B20 Biodiesel Natural Gas 

(CNG) Hybrid Bus Oxidation 
Catalyst 

Average Number of 
Controlled Vehicles 1064 1064 969 969 133 133 674 

Emission Reduction  
(15 yr lifetime tonne):        

PM2.5 4.7 6.1 12.4 5.0 6.9 6.6 11.6 
Smog Precursor 163.3 304.0 -198.2 -34.0 261.7 200.5 59.8 
Toxics 3.2 2.1 -1.9 0.8 0.0 1.2 0.0 
Impact weighted 285.0 449.4 121.7 108.0 435.6 375.5 372.6 
Costs and Benefits 
(2003$)        

PV cost  with fuel taxes & 
no health benefits -$2,259,347 $11,679,086 $10,121,389 $13,603,695 $539,520 $23,225,764 $13,509,258 

PV cost with no fuel 
taxes -$521,388 $11,679,086 $14,505,720 $29,873,545 $12,618,870 $26,755,270 $12,381,192*

PV health benefit 
(Savings negative) -$3,402,535 -$4,629,398 -$6,482,445 -$3,018,541 -$5,026,261 -$4,558,034 -$7,202,503 

PV net cost (Cost no 
taxes +Health Benefit) -$3,923,923 $7,049,688 $8,023,275 $26,855,004 $7,592,609 $22,197,236 $5,178,689* 

PV net cost/average 
controlled bus -$3,688 $6,626 $8,279 $27,712 $56,919 $166,406 $7,685* 

* Includes 3 cpl incremental cost of ultra low sulphur diesel. 

The ranking of cost effectiveness depends on whether or not the analysis heath effects are 
considered. On an after-tax basis (health effects excluded), implementation of the 
detergent/cetane option is clearly the most attractive option because of the potential for 
economic savings (Table 9-15). In this case, the next highest ranked of the remaining options 
depends on priorities and size of reduction desired. Net of health benefits, the two most cost 
effective options are the detergent/cetane and oxidation catalyst. The higher cost case for 
oxidation catalyst includes the incremental cost of ultra low sulphur diesel. The case shown 
without this fuel cost would be applicable after 2006 when ULSD becomes the standard.   
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Table 9-15 Cost Effectiveness of Emission Reduction Options With and Without 
Including Health Benefits for the TransLink Bus Fleet 

Cost Effectiveness (2003 $PV/lifetime tonne reduction) 
 Detergent & 

Cetane 
CARB Diesel 

Fuel E-Diesel B20 Biodiesel Natural Gas 
(CNG) Hybrid Bus Oxidation 

Catalyst 
With no health benefits: 

PM2.5 -$479,450 $1,927,633 $815,765 $2,741,080 $77,828 $3,536,548 $1,165,600* 
$523,214** 

NOx+VOC+SOx+PM2.5 -$13,833 $38,419 Emissions 
Increase 

Emissions 
Increase $2,061 $115,856 $218,985* 

$98,298** 

Impact Weighted -$7,928 $25,988 $83,170 $126,000 $1,239 $61,856 $36,257* 
$16,275** 

Full cycle greenhouse 
gases -$45 Emissions 

Increase $185 $40 $12 $329 Emissions 
Increase 

With health benefits: 

PM2.5 -$832,685 $1,163,551 $646,661 $5,411,157 $1,095,266 $3,379,936 $446,826* 
-$195,561** 

NOx+VOC+SOx+PM2.5 -$24,024 $23,191 Emissions 
Increase 

Emissions 
Increase $29,008 $110,725 $83,947* 

-$36,741** 

Impact Weighted -$13,770 $15,687 $65,929 $248,735 $17,432 $59,117 $13,899* 
-$6,083** 

* Includes 3 cpl incremental cost of ultra low sulphur diesel. 
** Excludes 3 cpl incremental cost of ultra low sulphur diesel. 
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9.4 SCHOOL BUSES 

9.4.1 Assumptions for Emission Reduction Options 

The assumptions used to model the impacts of the emission reduction options identified for 
school buses are provided in Tables 9-16. Table 9-17 presents the data provided for the study 
by a private school bus operator and describes the fleet size and typical current fuel economy 
and annual kilometer accumulation rate information. The number of vehicles in the fleet was 
assumed to grow at the same rate as the population in the Lower Fraser Valley. Annual 
kilometer accumulation rate and fuel economy were assumed to remain constant over the 
forecast period. The age distribution of the school buses was also assumed to remain constant. 

Table 9-16 Key Assumptions for Analysis of Emissions from a School Bus Fleet 

Emission Reduction (%)* Penetration  
yr1/yr2/yr3/yr4+ CO NOx VOC SOx PM10 PM2.5

Gas 
Toxics CO2** FC GHG++Option 

Vehicles 
Classes 
Included 

(%) (%) (%) (%) (%) (%) (%) (%) (%) g/mi 
Detergent & 
Cetane HDDBS 50/100/100/100 5% 3% 15% 2% 7% 7% 15% 2% 40 

E-diesel HDDBS 10/25/50/100 18% 0% -150% 5% 25% 25% -10% 0% 60 
B20 Biodiesel HDDBS 10/25/50/100 11% -2% 20% 20% 10% 10% 4% 0% 393 
Oxidation 
Catalyst HDDBS 10/30/60/80# 40% 0% 50% 0% 30% 30% 0% -2% -42 

*  Numbers are positive for a reduction in emissions and negative for an increase in emissions. 
** Vehicle tailpipe emissions. 
++ Full cycle greenhouse gas emissions of CO2equivalent calculated using the GHGenius model.  
# Percentage calculated based on retrofitting of 37 buses. 

Table 9-17 Estimated Size, VkmT and Fuel Economy for a School Bus Fleet 

Estimated 
Annual VkmT Average Fuel Economy Year 

Estimated 
Number of 
Vehicles (km/yr) (km/L) (L/100 km) 

2004 45 32558 2.63 38 
2005 46 32558 2.63 38 
2010 49 32558 2.63 38 
2015 54 32558 2.63 38 
2020 56 32558 2.63 38 
2025 59 32558 2.63 38 

 

9.4.2 Emission Impacts 

Fleet turnover is and lower emission standards for new buses is forecast to yield an 90% 
reduction in baseline PM2.5 emissions and a 73% reduction in baseline smog precursor 
emissions by 2018 compared to levels in 2004. Emissions of these pollutants are forecast to 
decrease by over 90% by 2025. The downward trend in baseline emissions is illustrated in 
Figure 9-7 for PM2.5 and in Figure 9-8 for smog precursors. 

The reduction in annual PM2.5 and smog precursor emissions achieved for the selected emission 
reduction options are as follows: 



 

 PM2.5 Smog Precursors 
Detergent/cetane -7% -4% 
E-diesel -25% +3 to +16% 
B20 biodiesel -10% +0.4% to –0.4% 
Oxidation catalyst -17% to –20% -2% to –4% 
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Figure 9-7 Forecast Effect of Options on Annual PM2.5 Emissions: School Bus Fleet  
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As observed for other fleets, B20 biodiesel yields the largest reduction in annual full cycle 
greenhouse gas emissions at 18%. The other options result in the following changes in GHG 
emissions: detergent/cetane, -2%; E-diesel, -3%; and oxidation catalyst, +1%. The trend in GHG 
emissions is illustrated for all the selected options in Figure 9-9. 
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Figure 9-9 Forecast Effect of Options on Annual Full Cycle Greenhouse Gas 
Emissions: School Bus Fleet 

Cumulative changes in emissions over the assumed 15 year economic lifetime show are 
summarized in Table 9-18 and indicate the range of options considered would result in a 6-16% 
reduction in PM2.5 emissions and a 4% decrease to 7% increase in smog precursor emissions. 
Biodiesel yields the largest reduction in lifetime GHG emissions at 16%. The remaining options 
yield minor changes in GHG emissions varying from a 2% decrease to a 1% increase. 

Table 9-18 Emission Changes a School Bus Fleet 

With Option Implemented 
Pollutant Baseline 

Emission Detergent & 
Cetane  E-Diesel B20 Biodiesel  Oxidation 

Catalyst 
PM2.5      
 Lifetime total (t) 2.6 2.4 2.2 2.4 2.2 
 Lifetime Change   -6.3% -16.5% -6.6% -13.5% 
Smog Precursors      
 Lifetime total (t) 120.7 116.4 129.5 121.0 118.0 
 Lifetime Change   -3.6% 7.2% 0.2% -2.2% 
Impact Weighted      
 Lifetime total (t) 187.6 179.1 185.6 183.2 174.0 
 Lifetime Change    -4.5% -1.1% -2.3% -7.2% 
FC GHG      
 Lifetime total (t) 33036 32,446 32,242 27,833 33,452 
 Lifetime Change   -1.8% -2.4% -15.7% 1.3% 
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9.4.3 Effects on Regional PM2.5 Concentrations 

The application of emission reduction measures to this small school bus fleet will result in 
essentially no change in regional concentrations of PM2.5, but would have localized effects near 
or within the vehicle while the vehicle is in operation. As evident from the analysis of the 
TransLink bus fleet and the combined municipal fleet, emission reduction options need to be 
applied to fleets of 1000 large heavy duty diesel vehicles, or more, to begin to achieve small 
changes in the regional annual PM2.5 concentration (i.e., ~ 0.001 μg/m3) in the LFV. 

9.4.4 Costs, Benefits and Cost Effectiveness of Options 

The detergent and cetane option yields a reduction in cost for the fleet with and without 
consideration of health benefits. Retrofitting of oxidation catalyst to a majority of the vehicles in 
the fleet increases operating costs for the fleet, but this is largely offset by health benefits. The 
incremental net costs are -$2,549/bus for the detergent/cetane option and  $148/bus for the 
oxidation catalyst option, based on the predicted costs and health benefits presented for each 
option in Table 9-19.  Cost effectiveness of the options is summarized in Table 9-20, showing the 
top two options on an impact-weighted basis, including health benefits, are detergent/cetane and 
oxidation catalyst. The top two options in terms of cost effectiveness of GHG emission 
reductions are detergent/cetane and biodiesel.  

Table 9-19 Cost of Emission Reduction Options for a School Bus Fleet 

 Detergent & 
Cetane E-Diesel B20 Biodiesel Oxidation 

Catalyst 
Average Controlled Vehicles 49 44 44 33 
Emission Reduction (15 yr lifetime tonne):     
PM2.5 0.2 0.4 0.2 0.3 
Smog Precursor 4.4 -8.7 -0.2 2.7 
Impact Weighted 8.5 2.0 4.4 13.5 
Toxics 0.1 -0.1 0.0 0.0 

Costs and Benefits (2003$)     
PV cost with fuel taxes & no health 
benefits -$37,398 $153,433 $204,048 $286,109 

PV cost with no fuel taxes -$9,489 $220,209 $452,160 $266,986* 
PV health benefit (Savings negative) -$114,349 -$213,391 -$105,048 -$262,141 
PV net cost (Cost+Health Benefit) -$123,838 $6,818 $347,113 $4,844* 
PV net cost/average controlled vehicle -$2,549 $156 $7,959 $148* 
* Includes 3 cpl incremental cost of ultra low sulphur diesel. 
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Table 9-20 Cost Effectiveness of Emission Reduction Options With and Without 
Including Health Benefits for a School Bus Fleet 

Cost Effectiveness (2003$PV/lifetime tonne reduction) 
Detergent & 

Cetane E-Diesel B20 Biodiesel  Oxidation Catalyst

With no health benefits:     
PM2.5 -$229,029 $360,686 $1,199,174 $684,946* 

$393,780** 

NOx+VOC+SOx+PM2.5 -$8,557 Emissions Increase Emissions Increase $103,704* 
$59,620** 

Impact Weighted -$4,415 $77,630 $46,881 21,120* 
12,142** 

Full cycle greenhouse gases -$63 $193 $39 Emissions Increase

With health benefits:     
PM2.5 -$758,393 $16,028 $2,039,958 $11,598* 

-$279,568** 

NOx+VOC+SOx+PM2.5 -$28,336 Emissions Increase Emissions Increase $1,756* 
-$42,328** 

Impact Weighted -$14,621 $3,450 $79,751 $358* 
-$8,620** 

* Includes 3 cpl incremental cost of ultra low sulphur diesel. 
** Excludes 3 cpl incremental cost of ultra low sulphur diesel. 

9.5 GARBAGE/RECYCLING TRUCK FLEET 

9.5.1 Assumptions for Emission Reduction Options 

The assumptions used to model the emission reduction options for a fleet of garbage/recycling 
trucks are presented in Table 9-21. The emission reduction percentages were derived from data 
presented in Chapter 4 of this report. The annual penetration levels for detergent/cetane, B20 
biodiesel and retrofitting of oxidation catalysts options are the same as used for the analysis of 
other fleets. The penetration of Westport natural gas engines using high pressure direct injection 
technology were developed assuming 50 of these vehicles would replace existing diesel fuelled 
vehicles and that they would be put in service over a three year period starting in 2005. The 
gram/mile reduction in full cycle greenhouse gas emissions achieved with this technology 
compared to a conventional diesel fuelled vehicle were determined using the GHGenius model 
and a built-in forecast of the improvement in engine efficiency that is expected to occur with 
increased commercial use. 

The analysis was done for a private fleet of garbage/recycling trucks based on data provided for 
the study by the owner/operator. Data describing the number of vehicles in the fleet, the 
kilometers driven annually and the fuel efficiency are summarized for the fleet in Table 9-22, 
which were derived from the response to the survey conducted for this study.   
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Table 9-21 Key Assumptions for Analysis of Emissions from Garbage/Recycling 
Trucks  

Emission Reduction (%)* Penetration  
yr1/yr2/yr3/yr4+ CO NOx VOC SOx PM10 PM2.5

Gas 
Toxics CO2** FC GHG++Option 

Vehicles 
Classes 
Included 

(%) (%) (%) (%) (%) (%) (%) (%) (%) g/mi 
Detergent & 
Cetane All 50/100/100/100 5% 3% 15% 2% 7% 7% 15% 2% 94 

Natural Gas 
(HPDI) HDDV8a 0/10/20/29# -90% 45% -75% 90% 95% 95% 0% 15% 

652 in 2004 
1103 in 2007
1152 in 2010 

and after 
B20 
Biodiesel All 10/25/50/100 11% -2% 20% 20% 10% 10% 4% 0% 937 

Oxidation 
Catalyst HDDV8a 10/30/60/80# 40% 0% 50% 0% 30% 30% 0% -2% -95 

*  Numbers are positive for a reduction in emissions and negative for an increase in emissions. 
** Vehicle tailpipe emissions. 
++ Full cycle greenhouse gas emissions of CO2equivalent calculated using the GHGenius model.  
# Percentage calculated based on 50 natural gas vehicles and retrofitting of 140 vehicles with oxidation 

catalyst controls. 

Table 9-22 Estimated Size, VkmT and Fuel Economy for a Garbage/Recycling Truck 
Fleet 

Estimated 
Number of Vehicles 

Estimated 
Annual VkmT Average Fuel Economy Year 

All HDDV8a (km/yr) (km/L) (L/100 km) 
2004 171 165 42000 1.11 90.1 
2005 174 168 42000 1.11 90.1 
2010 188 182 42000 1.11 90.1 
2015 203 197 42000 1.11 90.1 
2020 215 207 42000 1.11 90.1 
2025 227 219 42000 1.11 90.1 

9.5.2 Emission Impacts 

As for the other fleets considered in this study, baseline emissions of PM2.5 and smog precursors 
are forecast to decrease substantially by 2018 and beyond. Figure 9-10 illustrates the forecast 
trend in baseline annual PM2.5 emissions, which decrease 84% by 2018 and 89% by 2025 
relative to emissions in 2004, assuming the fleet age distribution remains constant at that 
reported for 2003. The reduction in baseline emissions of smog precursors is shown in Figure 9-
11. These emissions will decline 85% by 2018, and by over 90% by 2025 because of the new 
2007 EPA vehicle emission standards.  

HPDI natural gas engines offer the greatest PM2.5 emission reduction of the options examined, 
lowering annual fleet emissions by 23-27% once all 50 vehicles are in service. Retrofitting of 
oxidation catalysts to approximately 80% of the fleet will reduce annual PM2.5 emissions by 17-
20% over the 15 year period analyzed. With 100% penetration, biodiesel will reduce PM2.5 
emission by 10% and detergent/cetane additives will reduce PM2.5 emissions by 7% annually. 

The options have small effects on smog precursor emissions, except for HPDI natural gas 
engines, which are forecast to reduce annual emissions by 12-14% over the study period. The 
changes in emissions resulting by application of the other options range from reductions of 4% 
for detergent/cetane or 2-4% for retrofitting of oxidation catalyst to a slight increase of 1% for 
B20 biodiesel.   
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Figure 9-10 Forecast Effect of Options on Annual PM2.5 Emissions: Garbage/Recycling 
Truck Fleet 

Implementation of the biodiesel option will reduce annual full cycle greenhouse gas emission by 
18%, while HPDI natural gas engines would reduce these emissions by 5-6%. Because of the 
slight decrease in fuel economy, retrofitting of oxidation catalyst will increase annual GHG 
emissions by 1%. The opposite effect occurs with the use of detergent/cetane additives, 
reducing annual GHG emissions by 1-2%. The net effect of these changes is illustrated in Figure 
9-12. Only biodiesel off-sets the projected increase in baseline emissions arising from the 
forecast growth in fleet size, reducing annual emissions from the fleet in 2018 to its level in 2004. 

Cumulative emission changes for the options over a 15 year economic life are summarized in 
Table 9-23. Reductions in cumulative emissions are lower than reductions in annual emission 
discussed above because there is less than 100% penetration of the options in all years over 
this period of time. 
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Figure 9-11 Forecast Effect of Options on Annual Smog Precursor Emissions: 
Garbage/Recycling Truck Fleet  
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   Figure 9-12 Forecast Effect of Options on Annual Full Cycle Greenhouse Gas 
Emissions: Garbage/Recycling Truck Fleet 
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Table 9-23 Emission Changes for a Garbage/Recycling Truck Fleet 

With Option Implemented 
Pollutant Baseline 

Emission Detergent & 
Cetane  

HPDI Natural 
Gas 

B20 Biodiesel 
Blend 

Oxidation 
Catalyst 

PM2.5      
 Lifetime total (t) 10.5 9.8 8.4 9.7 8.6 
 Lifetime Change    -6.5% -19.6% -7.4% -17.9% 
Smog Precursors      
 Lifetime total (t) 591.0 570.8 533.2 593.1 580.1 
 Lifetime Change    -3.4% -9.8% 0.3% -1.8% 
Impact Weighted      
 Lifetime total (t) 867.9 830.3 762.7 848.8 807.9 
 Lifetime Change    -4.3% -12.1% -2.2% -6.9% 
FC GHG      
 Lifetime total (t) 381,589 374,767 362,480 320,622 386,175 
 Lifetime Change    -1.8% -5.0% -16.0% 1.2% 

 

9.5.3 Effects on Regional PM2.5 Concentrations 

The application of emission reduction measures to this small fleet will result in essentially no 
change in regional concentrations of PM2.5, but would have localized effects near or within the 
vehicle while the vehicle is in operation. All predicted annual reductions in ambient annual PM2.5 
concentrations in the LFV are less than 0.001 μg/m3. 

9.5.4 Costs, Benefits and Cost Effectiveness of Options 

The HPDI option yields a large cost saving when calculated with fuel taxes included because the 
diesel fuel is taxed and the natural gas is not. This situation is reversed when the analysis is 
done on a social costing basis, as the untaxed price of these two fuels is the same, resulting in a 
net cost for this option of $1.16 million, or about $26,800/vehicle. The detergent/cetane and 
oxidation catalyst options result in net costs of -$3,092/vehicle (saving) and $7,895/vehicle, 
respectively. Biodiesel has the highest net cost, which is equivalent to $28,742/vehicle. 

The most cost effective option for reducing PM2.5, smog precursor and GHG emissions on a tax 
included basis is HPDI natural gas, followed next by detergent/cetane (Table 9-24). The situation 
changes when health benefits are included. In this case the options with the most attractive cost 
effectiveness are detergent/cetane and retrofitting of oxidation catalyst controls (Table 9-25). The 
top three ranked options based on impact weighted emissions, with health benefits included, are: 
detergent/centane, HPDI and oxidation catalyst. The results for the oxidation option are shown 
with and without the 3 cpl incremental cost of ultra low sulphur diesel required for effective 
operation of this control equipment. 
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Table 9-24 Cost of Emission Reduction Options for a Garbage/Recycling Truck Fleet 

 Detergent & 
Cetane 

HPDI Natural 
Gas 

B20 Biodiesel Oxidation 
Catalyst 

Average Controlled Vehicles 185 43 166 123 
Emission Reduction (15 yr lifetime tonne):     
PM2.5 0.7 2.0 0.8 1.6 
Smog Precursor 20.2 57.9 -2.0 10.6 
Impact Weighted 37.6 105.1 19.1 59.9 
Toxics 0.5 0.0 0.1 0.0 

Costs and Benefits (2003$)     
PV cost with fuel taxes & no health 
benefits -$404,932 -$1,464,457 $2,306,352 $2,348,284* 

PV cost with no fuel taxes -$91,031 $2,580,098 $5,250,394 $2,136,203* 
PV health benefit (Savings negative) -$482,068 -$1,415,493 -$474,105 -$1,162,730 
PV net cost (Cost+Health Benefit) -$573,099 $1,164,605 $4,776,288 $973,473* 
PV net cost/average number of controlled 
vehicles -$3,092 $26,836 $28,742 $7,895* 

* Includes 3 cpl incremental cost of ultra low sulphur diesel. 

Table 9-25 Cost Effectiveness of Emission Reduction Options With and Without 
Including Health Benefits for a Garbage/Recycling Truck Fleet 

Cost Effectiveness (2003$PV/lifetime tonne reduction) 
 Detergent & 

Cetane HPDI Natural Gas B20 Biodiesel Oxidation Catalyst

With no health benefits:     

PM2.5 -$592,046 -$715,153 $2,969,651 $1,254,942* 
$500,112** 

NOx+VOC+SOx+PM2.5 -$20,036 -$25,305 Emissions Increase $215,567* 
$85,907** 

Impact Weighted -$10,775 -$13,932 $120,998 $39,181* 
$15,614** 

Full cycle greenhouse 
gases -$59 -$77 $38 Emissions Increase

With health benefits:     

PM2.5 -$837,921 $568,723 $6,149,933 $520,232* 
-$234,598** 

NOx+VOC+SOx+PM2.5 -$28,357 $20,123 Emissions Increase $89,363* 
-$40,298** 

Impact Weighted -$15,250 $11,079 $250,579 $16,242* 
-$7,324** 

* Includes 3 cpl incremental cost of ultra low sulphur diesel. 
** Excludes 3 cpl incremental cost of ultra low sulphur diesel. 

9.6 MOVING TRUCK/VAN TRUCK FLEET 

9.6.1 Assumptions for Emission Reduction Options 

The same assumptions for the performance of the emission reduction options were used for 
analysis of a private moving truck fleet as were applied to the analysis of these options to other 
fleets considered in this study. The assumed penetration and emission reduction levels are 
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indicated in Table 9-26. The g/mi emission reduction in full cycle greenhouse gas emissions 
were determined using GHGenius and data on number of vehicles, kilometer accumulation rate 
and fuel economy extrapolated from values for 2003 provided by the fleet operator (Table 9-27). 
The size of the fleet as assumed to growth at the same rate as population growth in the LFV. 

This fleet consists of 22 vehicles, with the following distribution by EPA vehicle class: 

EPA Class Number of Vehicles Distribution 
Class 3 1 4.5% 
Class 5 2 9.1% 
Class 7 13 59.1% 
Class 8a 2 9.1% 
Class 8b 4 18.2% 
Total 22 100% 
 

Seventeen of the vehicles were included in the analysis of the effectiveness of retrofitting 
oxidation catalyst controls, while all vehicles were assumed to be controlled by the other 
emission reduction options selected for this fleet.    

Table 9-26 Key Assumptions for Analysis of Emissions from a Moving Truck Fleet 

Emission Reduction (%)* Penetration  
yr1/yr2/yr3/yr4+ CO NOx VOC SOx PM10 PM2.5

Gas 
Toxics CO2** FC GHG++Option 

Vehicles 
Classes 
Included 

(%) (%) (%) (%) (%) (%) (%) (%) (%) g/mi 
Detergent & 
Cetane All 50/100/100/100 5% 3% 15% 2% 7% 7% 15% 2% 34 

E-Diesel All 10/25/50/100 18% 0% -150% 5% 25% 25% -10% 0% 48 
B20 Biodiesel All 10/25/50/100 11% -2% 20% 20% 10% 10% 4% 0% 314 
Oxidation 
Catalyst All 10/30/60/77# 40% 0% 50% 0% 30% 30% 0% -2% -35 

*  Numbers are positive for a reduction in emissions and negative for an increase in emissions. 
** Vehicle tailpipe emissions. 
++ Full cycle greenhouse gas emissions of CO2equivalent calculated using the GHGenius model.  
# Percentage calculated based on 17 vehicles retrofitted with oxidation catalyst controls. 

Table 9-27 Estimated Size, VkmT and Fuel Economy for a Moving Truck Fleet 

Estimated 
Number of Vehicles 

Estimated 
Annual VkmT Average Fuel Economy Year 

All HDDV8a (km/yr) (km/L) (L/100 km) 
2004 171 165 42000 1.11 90.1 
2005 174 168 42000 1.11 90.1 
2010 188 182 42000 1.11 90.1 
2015 203 197 42000 1.11 90.1 
2020 215 207 42000 1.11 90.1 
2025 227 219 42000 1.11 90.1 

 



 

9.6.2 Emission Impacts 

Baseline PM2.5 emissions from the fleet are forecast to decrease by 80% by 2018, and 85% by 
2025 compared to emissions in 2004 (Figure 9-13). The reduction in emissions results from 
replacement of ageing vehicles with new vehicles meeting the more stringent 2007 emission 
standards. This is based on the age distribution of the fleet remaining approximately constant of 
this time period. 

Annual PM2.5 emissions after application of the assumed emission reduction options are 
illustrated in Figure 9-13. Emission reductions are consistent with the assumed penetration and 
emission reduction percentages for the fleet given in Table 9-14: -7% for detergent/cetane; -25% 
for E-diesel; -10% for biodiesel; and -19% to -15% for oxidation catalyst. 

Baseline smog precursor emissions from the fleet are forecast to decline 83% by 2018 and 91% 
by 2025.  All of the options except E-diesel result in minor changes from the baseline annual 
emissions, as illustrated in Figure 9-14. E-diesel increases smog precursor emissions from 6-
18% over the period analyzed due to its effect on VOC emissions. Annual emission reductions 
for the remaining options vary from -4% for detergent/cetane, +/- 1% for biodiesel and -2% to -
3% for oxidation catalyst. 
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Figure 9-13 Forecast Effect of Options on Annual PM2.5 Emissions: Moving Truck Fleet  
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Figure 9-14 Forecast Effect of Options on Annual Smog Precursor Emissions: Moving 
Truck Fleet  

Full cycle greenhouse gas emissions are forecast to grow 25.5% by 2018 and 68.8% by 2025 if 
they track forecast regional population growth (Figure 9-15). Implementation of the biodiesel 
option in 100% of the fleet limits growth in full cycle greenhouse gas emissions to 4.9% relative 
to the 2004 base year. Other emission reduction options considered for the fleet have minor 
effects on full cycle GHG emissions from the fleet. 

0

100

200

300

400

500

600

700

800

900

20
04

20
06

20
08

20
10

20
12

20
14

20
16

20
18

FC
 G

HG
 E

m
is

si
on

s 
(t/

ye
ar

)

Baseline

Detergent &
Cetane Package
E-Diesel

B20 Biodiesel
Blend
Oxidation Catalyst

Figure 9-15 Forecast Effect of Options on Annual Full Cycle Greenhouse Gas 
Emissions: Moving Truck Fleet 
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Cumulative emission over the assumed 15-year economic life for the analysis are given in Table 
9-28. As for the other fleets considered in this study, few options simulataneously reduce PM2.5, 
smog precursor and GHG emissions. For the options selected for this fleet, small to moderate 
reductions of all three of these emissions are achieved with use of detergent/cetane additives. 
The top two options for reducing PM2.5 emissions are E-diesel and retrofitting of vehicles to use 
oxidation catalyst controls, however E-diesel also results in increased smog precursor 
emissions. The largest lifetime reduction in GHG emission is achieved with B20 biodiesel.  

Table 9-28 Emission Changes for a Moving Truck Fleet 

With Option Implemented 
Pollutant Baseline 

Emission Detergent & 
Cetane  E-Diesel B20 Biodiesel  Oxidation 

Catalyst 
PM2.5      
 Lifetime total (t) 0.7 0.6 0.5 0.6 0.6 
 Lifetime Change    -6.5% -18.0% -7.2% -16.8% 
Smog Precursors      
 Lifetime total (t) 44.5 43.0 47.2 44.7 43.7 
 Lifetime Change    -3.4% 6.1% 0.3% -1.8% 
Impact Weighted      
 Lifetime total (t) 62.3 59.7 62.0 61.1 58.6 
 Lifetime Change   -4.2% -0.6% -1.9% -6.0% 
FC GHG      
 Lifetime total (t) 10,610 10,411 10,358 8,962 10,740 
 Lifetime Change    -1.9% -2.4% -15.5% 1.2% 

 

9.6.3 Effect on Regional PM2.5 Concentrations 

The application of emission reduction measures to this small moving truck fleet will result in 
essentially no change in regional concentrations of PM2.5, but would have localized effects near 
or within the vehicle while the vehicle is in operation. 

9.6.4 Costs, Benefits and Cost Effectiveness of Options 

The present value the emission reduction options is similar on an after tax basis for the E-diesel, 
biodiesel and oxidation catalyst options (Table 9-29). Implementation of the detergent/cetane 
option is predicted to yield a cost saving. On a net social cost basis, including changes in 
impacts to human health, the detergent/cetane option and the oxidation catalyst option yield net 
cost savings. The highest cost option is biodiesel (Tale 9-29). 
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Table 9-29 Cost of Emission Reduction Options for a Moving Truck Fleet 

 Detergent & 
Cetane  E-Diesel B20 Biodiesel  Oxidation 

Catalyst 
Average Number of Controlled Vehicles 24 21 21 15 
Emission Reduction (15 yr lifetime tonne):     
PM2.5 0.04 0.12 0.05 0.09 
Smog Precursor 1.5 -2.7 -0.14 0.8 
Impact Weighted 2.6 0.4 1.2 3.8 
Toxics 0.0 0.0 0.01 0.0 

Costs and Benefits (2003$)     
PV cost with fuel taxes & no health 
benefits -$14,392 $48,513 $62,092 $96,380 

PV cost with no fuel taxes -$4,496 $69,607 $141,259 $89,911 
PV health benefit (Savings negative) -$31,344 -$58,828 -$29,512 -$70,489 
PV net cost (Cost+Health Benefit) -$35,840 $10,779 $111,747 $19,423 
PV net cost/average number of vehicles -$1,504 $504 $5,220 $1,289 

 

As shown below in Table 9-30, the detergent/cetane option results in a cost saving per tonne of 
reduction in pollutant and GHG emissions both with and without consideration of effects on 
health costs. The oxidation catalyst option has a relatively high cost when health effects are 
ignored, but results in a cost saving when health costs are considered. The cost effectiveness of 
the E-diesel and biodiesel options for PM2.5 is very poor with and without considering health 
effects. 

Table 9-30 Cost Effectiveness of Emission Reduction Options With and Without 
Including Health Benefits for a Moving Truck Fleet 

Cost Effectiveness (2003$PV/lifetime tonne reduction) 
 Detergent & 

Cetane E-Diesel B20 Biodiesel Oxidation Catalyst

With no health 
benefits:     

PM2.5 -$333,800 $405,240 $1,296,649 $860,048* 
$532,510** 

NOx+VOC+SOx+PM2.5 -$9,384 Emissions Increase Emissions Increase $120,075* 
$74,346** 

Impact Weighted -$5,464 $137,863 $52,367 $25,665* 
$15,891** 

Full cycle greenhouse 
gases -$72 $193 $38 Emissions Increase

With health benefits:     

PM2.5 -$831,239 $90,042 $2,333,606 $173,320* 
-$154,218** 

NOx+VOC+SOx+PM2.5 -$23,368 Emissions Increase Emissions Increase $24,198* 
-$21,531** 

Impact Weighted -$13,606 $30,632 $94,246 $5,172* 
-$4,602** 

* Includes 3 cpl incremental cost of ultra low sulphur diesel. 
** Excludes 3 cpl incremental cost of ultra low sulphur diesel. 
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9.7 EFFECTS OF A 10% REDUCTION IN EMISSIONS FROM ALL HDDV 

The results presented earlier in this Chapter focused on the reduction in emissions and the cost 
effectiveness of these reductions for individual fleets or groups of fleets. This can be done where 
there is enough information on the composition of a fleet and the options that could be applied to 
reduce emissions. Insufficient information is available to reliably analyze in the same level of 
detail the impacts of short listed emission reduction options when applied to all heavy duty diesel 
vehicles in the LDV. However, it is possible with the model developed in the study to evaluate 
the emission reductions and potential health benefits if certain emission reductions are achieved. 
This analysis was conducted starting with an emissions baseline forecast for all heavy duty 
diesel vehicles equal to the updated forecast prepared in this study, with the emission reductions 
from ACOR assumed to be negligible. The health benefits were determined for the case of a 
nominal 10% reduction in annual emissions of NOx, VOC and exhaust PM10 and PM2.5 for a 10 
year period beginning in 2005. This level of assumed emission reduction is aggressive for the 
whole fleet, but is a convenient numerical basis for assessing the overall health benefits because 
the results can easily be scaled to different percentage changes in total fleet emissions.  

The analysis does not consider the cost of implementing measures to achieve a 10% fleet-wide 
emission reduction, as costs could not be estimated for such a comprehensive program at this 
time. The health effects model was used to estimate the hypothetical changes in health 
outcomes and the economic value of these changes assuming the assumed emission reductions 
were achieved. Table 9-31 presents the emissions by year before and after the assumed 10% 
emission reduction. 

The reduction in ambient PM2.5 concentrations that would be achieved by the assumed 10% 
reduction in HDDV fleet emissions declines with time as a result of the reduction in the emission 
baseline (Table 9-32). The estimated reduction in PM2.5 is 0.05 μg/m3 in 2005 and decreases to 
0.02 μg/m3 at the end of the 10 year period considered for this analysis. 

Reducing particulate and smog precursor emissions from HDDVs by 10% over the next 10 years 
is estimated to provide an economic benefit in reduced health effects and costs to society in the 
order of $100 million (net present value), as summarized in Table 9-33. Economic benefits are 
dominated by the reduction in premature deaths, which amount to 80% of the total. Reductions 
in acute respirable symptom days and restricted activity days are the dominant improvement in 
adverse health outcomes that may result from exposure to air pollutants from HDDVs in the LFV. 
Minimal benefits are predicted to occur from reductions in cancer cases as compared to the 
reduction in exposure to particulate matter, based on the regional average exposure of the total 
LFV population. This analysis assumes the total population in the LFV is exposed to toxics or 
diesel particulate matter at the regional average concentration. A subgroup of the total 
population living or working near high traffic areas is exposed to higher concentrations of 
particulate matter, toxics and diesel particulate matter and would potentially be at higher risk 
than the general population, based on the predicted regional distribution of these pollutants.  
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Table 9-31 HDDV Fleet Emissions Before and After an Assumed 10% Reduction  

Exhaust PM2.5 (t/yr) Smog Precursors (t/yr) Impact Weighted 
(t/yr) Year 

Before After 
Reduction Before After 

Reduction Before After 
Reduction 

2004 287 287 13,336 13,336 21,009 21,009 
2005 250 225 12,708 11,453 19,403 17,547 
2006 226 204 11,844 10,673 17,884 16,169 
2007 202 182 10,981 9,893 16,365 14,791 
2008 178 161 10,118 9,113 14,846 13,413 
2009 155 139 9,255 8,334 13,327 12,034 
2010 131 118 8,392 7,554 11,808 10,656 
2011 118 106 7,583 6,826 10,674 9,634 
2012 105 95 6,775 6,099 9,540 8,611 
2013 93 84 5,967 5,372 8,406 7,588 
2014 80 72 5,159 4,644 7,273 6,565 

 

Table 9-32 Estimated Change in Annual Average PM2.5 Concentrations from a 10% 
Reduction in HDDV Fleet Emissions 

Annual Average PM2.5 Concentrations (μg/m3) 
GVRD FVRD LFV Year 

Before Reduction Before Reduction Before Reduction 
2004 5.4 0.000 4.6 0.000 5.0 0.000 
2005 5.4 0.048 4.6 0.036 5.0 0.042 
2006 5.4 0.044 4.6 0.033 5.0 0.038 
2007 5.4 0.040 4.6 0.029 5.0 0.035 
2008 5.5 0.035 4.6 0.026 5.0 0.031 
2009 5.5 0.031 4.6 0.023 5.0 0.027 
2010 5.5 0.027 4.6 0.020 5.0 0.023 
2011 5.5 0.024 4.6 0.018 5.1 0.021 
2012 5.5 0.022 4.6 0.016 5.1 0.019 
2013 5.5 0.019 4.6 0.014 5.1 0.017 
2014 5.5 0.017 4.6 0.012 5.1 0.014 
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Table 9-33 Estimated Health Benefits Resulting from a 10% Reduction in HDDV Fleet 
Emissions 

Number of Health Outcomes Averted  
Over 10 Years 

Estimated Economic Benefits 
Over 10 years 

Health Outcomes Average from 
Effects Based on 

PM10 & PM2.5

Toxics Diesel 
Particulate 

Net Present 
Value 

($2003) 

Annual Average 
NPV of Benefits

($2003) 
Bronchitis (children) 322 - - $98,466 $9,847 
Acute respiratory symptom days 92,506 - - $1,334,985 $133,499 
Restricted activity days 41,822 - - $2,982,186 $298,219 
Asthma symptom days 4,797 - - $215,831 $21,583 
Cardiac hospital admissions 3 - - $21,736 $2,174 
Respiratory hospital admissions 3 - - $20,168 $2,017 
Emergency room visits 14 - - $9,639 $964 
New chronic bronchitis cases 42 - - $10,789,501 $1,078,950 
Mortality (premature deaths) 22   $79,838,673 $7,983,867 
Cancer cases  0 2 $4,299,663 $429,966 
MORT threshold (μg/m3)= 0  Total $99,610,847 $9,961,085 
 

9.8 SUMMARY OF THE PREDICTED RESULTS FOR EMISSION REDUCTION OPTIONS 

PM2.5 and smog precursor emissions will decrease dramatically over the next 10 to 15 years with 
phase-in of the new emission standards for heavy duty diesel vehicles beginning in 2007. 
Generally, the forecasts of emissions for public and private fleets included in the analysis show 
that PM2.5 and smog precursor emissions will decrease 80-85% by 2018, and then continue to 
decrease at a more gradual rate to a maximum reduction from current levels of 90-95% by 2025. 
Most public fleets and many private fleets are anticipated to demonstrate these levels of 
emission reduction in the future as long as there continues to be regular updating of the fleets 
with new vehicles of similar size. 

Nine emission reduction options were identified as being potentially attractive means of reducing 
PM2.5, smog precursor and greenhouse gas emissions. These were matched to public and 
private fleets and analysis was conducted to investigate the reduction in emissions that could be 
achieved, the impact of these reductions on average annual PM10 and PM2.5 concentrations in 
the GVRD and FVRD, and the cost effectiveness of each option with and without allowing for the 
savings from avoided health effects. 

The incremental reduction in annual and cumulative lifetime emissions of PM2.5 and smog 
precursors achieved by any of the options are relatively small compared to the decrease forecast 
to be achieved by phase-in of the more stringent 2007 emissions standards for heavy duty diesel 
vehicles.  As the annual emissions from diesel truck fleets decline, the absolute reduction in 
emissions that can be achieved by implementing controls or alternative technology also declines, 
leading to significant increases in the cost for each tonne reduced.  The options found in this 
study to be the most cost effective either offered fuel efficiency improvement as well as emission 
reductions or could be deployed in the near term to reduce emissions from older vehicles having 
comparatively high emission characteristics.  

The emission reduction options have differing capabilities for reduction of PM2.5, smog 
precursors and greenhouse gas emissions. No single option is best for simultaneously reducing 
emission of pollutant and greenhouse gas emissions from heavy duty diesel vehicles. Some are 
best for PM2.5 or smog precursors, while different options tend to be best at reducing greenhouse 
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gas emissions. Some options, such as E-diesel and, to a much lesser extent, B20 biodiesel, 
increase pollutant emissions, while decreasing greenhouse gas emissions. The cost 
effectiveness of the options are sensitive to which pollutants are reduced and the effect this has 
on ambient PM concentrations and, in turn, the health effects thereby avoided. 

The impact weighted sum of emissions is a means of assessing the effectiveness of the 
emission reduction options for the Lower Fraser Valley as this mix of pollutants contribute to 
primary and secondary PM2.5 concentrations in the air shed, as well as to ground-level ozone 
formation during hot summer days under certain meteorological conditions. The impact weighted 
cost effectiveness determined for all the options evaluated for the public and private fleets are 
summarized in Table 9-34 and shown sorted from left to right by cost effectiveness (including 
savings from reduced health effects) with the most attractive option starting on the left.  

Two options are predicted to yield a net savings when including the health effects avoided by 
reducing ambient PM2.5 concentrations in the Lower Fraser Valley. The detergent/cetane option 
is predicted to provide a cost saving that arises partly from the estimated 2% improvement in fuel 
economy and partly from avoided health effects. This option yields a relatively small reduction in 
emissions, in the order of 3-4%. Replacement of high emitting old engines in Class 8 vehicles is 
the second highest ranked option and is also predicted to yield a net cost saving. The cost 
effectiveness of this options is quite dependent on the design and condition of the vehicle and 
vehicle-specific analysis is recommended. Application of this option was targeted in this analysis 
to replacement of pre-1992 engines powering vehicles in a large municipal fleet. The assumed 
penetration level would replace all of the old engines in this fleet. The reduction in fleet lifetime 
emissions is small, however, much larger reductions in PM2.5 can be achieved.  The third ranked 
option is retrofitting of a diesel oxidation catalyst coupled with use of ultra low sulphur diesel fuel.  

CARB diesel fuel is predicted to yield a 6% reduction in lifetime impact weighted emissions at a 
net cost of $6,400-15,700 per tonne reduced. This is based on the modelled impact of the CARB 
diesel formulation on diesel engine emissions. Higher emission reductions and an improved cost 
effectiveness could be achieved by reducing the aromatics content of the diesel fuel below that 
required by CARB. An example of this product is the Low Sulphur Low Aromatics diesel fuel 
produced in Edmonton for the California market. This product is shipped through Vancouver, but 
is not presently available to the local market. 

Analysis of the options for the TransLink bus fleet found that replacement of 16% of the diesel 
fuelled bus fleet with natural gas and hybrid electric bus technology would yield a 5-6% reduction 
in impact weighted emissions. A larger reduction in emissions could be achieved by replacing a 
higher percentage of the diesel buses. Natural gas buses were predicted to be substantially 
more cost effective than hybrid electric buses at reducing emissions due their much lower 
incremental capital cost relative to diesel buses. The cost is relatively high, ranging from 
$17,400/tonne reduced for natural gas buses to $59,100/tonne reduced for hybrid electric buses. 
Natural gas buses rank much more favourably compared to hybrid electric buses when cost 
effectiveness is determined with fuel taxes included, but health benefits excluded, because 
federal and provincial taxes are not presently charged to natural gas used for motor fuel. 

Use of detergent/cetane additives and HPDI natural gas technology are predicted to yield a 
saving per tonne of reduction in greenhouse gas emissions (fuel taxes included). The next most 
cost effective options for GHG emission reduction, with values less than $50/tonne are 
compressed natural gas buses and B20 biodiesel in truck or bus applications. The costs for the 
remaining options exceed $100/tonne GHG reduced.     
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Table 9-34  Summary of Impact Weighted and GHG Cost Effectiveness for the Fleets 

  Detergent & 
Cetane 

Engine 
Replacement

Oxidation 
Catalyst 

CARB Diesel 
Fuel 

HPDI Natural 
Gas 

Natural Gas 
(CNG) Hybrid Bus B20 Biodiesel E-Diesel 

Impact Weighted Reduction (%) -4 -11 to -20 -5 to -7 -6 to -7 -12 -6 -5 -2 -1 to -2 
FC GHG Reduction (%) -2 0 to -1 +1 +1 -5% -2 -3 -16 -2 to -3 
Assumed Penetration in 
individual fleets (%) 100 20 (HDDV8a) 75-80 100 29 16 16 100 100 

Cost Effectiveness (2003$PV/lifetime tonne   
Impact Weighted Emissions                   
Including Health Benefits                   

Combined municipal fleet -13,100 -1,600   6,400       118,000 14,900 

TransLink buses -13,800   13,900* 15,700   17,400 59,100 248,700 65,900 

Other fleets -15,300 to  
-13,600   400 to  

16,200*   11,000     79,800 to 
250,600 

3,500 to 
30,600 

All Fleets -15,300 to  
-13,100 -1,600 400 to 16,200* 6,400 to 

15,700 11,000 17,400 59,100 79,800 to 
250,600 

3,500 to 
65,900 

Excluding Health Benefits                   

Combined municipal fleet -6,000 8,300   16,100       61,900 42,900 

TransLink buses -7,900   36,300* 26,000   1,200 61,900 126,000 83,200 

Other fleets -10,800 to  
-4,400    21,100 to 

39,200*   -13,900     46,900 to 
121,000 

77,600 to 
137,900 

All Fleets -10,800 to  
-1,100 8,300 1,800 to 

39,200* 
16,100 to 

26,000 -13,900 1,200 61,900 22,700 to 
126,000 

42,900 to 
137,900 

* Includes 3 cpl incremental cost for ultra low sulphur diesel.          
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Table 9-34  Summary of Impact Weighted and GHG Cost Effectiveness for the Fleets (Continued) 

 Detergent & 
Cetane 

Engine 
Replacement

Oxidation 
Catalyst 

CARB Diesel 
Fuel 

HPDI Natural 
Gas 

Natural Gas 
(CNG) Hybrid Bus B20 Biodiesel E-Diesel 

Full Cycle GHG Emissions         

Combined municipal fleet -67 1153   Emissions 
increase       37 186 

TransLink buses -45   Emissions 
increase 

Emissions 
increase   12 329 40 185 

Other fleets -59 to -72   Emissions 
increase   -77     38 to 39 193 

185 to 193 All Fleets -45 to -72 1153 Emissions 
increase 

Emissions 
increase -77 12 329 37 to 40 

 

 

 



 

9.9 SENSITIVITY ANALYSIS 

The sensitivity of cost effectiveness to changes in pre-tax fuel prices was investigated for the 
emission reduction options considered for the TransLink bus fleet and for the combined 
municipal fleet. This analysis covers many of the options analyzed in this study and illustrates 
the general impact of changes in fuel prices. 

Wholesale and retail diesel fuel prices vary with changes in crude oil price. The relationship 
between before-tax diesel price in Vancouver at the wholesale and self-serve retail level and the 
price of Edmonton light crude over the period from January 2002 through November, 2004 is 
illustrated in Figure 9-16. The wholesale diesel fuel price was used in this study as the best 
indicator of diesel fuel cost for large vehicle fleets. The wholesale diesel fuel price varies 
approximately linearly with the Edmonton crude oil price, yielding the equation shown in Figure 
9-16 and an R2 coefficient of 0.87. 

y = 0.8502x + 5.3051
R2 = 0.7798

y = 0.9263x - 5.0599
R2 = 0.867
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Figure 9-16 Variation of Vancouver Diesel Fuel Price with Edmonton Crude Oil Price 
 

The pre-tax price of diesel fuel used in this study for the analysis of emissions reduction options 
is 35 cpl. This is approximately equal to the average wholesale diesel fuel price in Vancouver in 
2003 (Table 9-35). The average wholesale diesel fuel price increased to 44.7 cpl in 2004, which 
is associated with an average Edmonton light crude price of $53.0/BBL.  
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Table 9-35 Average Diesel Fuel and Crude Oil Prices 

Edmonton Light 
Crude Oil Price 

Pre-Tax Vancouver 
Wholesale Diesel 

Fuel Price Period 

$/BBL Cents/L 
Average Observed Prices*: 

2003 43.56 35.6 
2004 53.0 44.7 

2002-2004 45.44 37.0 
35.0 27.4 
43.3 35.0 Diesel Fuel Prices Calculated Using 

Correlation for Wholesale Price** 
54.0 45.0 

* Average Edmonton light crude oil price from monthly data on PetroCanada web page at 
www.petro-canada.ca/eng/investor/9274.htm. Average Vancouver wholesale diesel fuel prices 
determined from monthly data from M.J. Ervin web site at www.mjervin.com. 

** Correlation for pre-tax wholesale diesel price:  Diesel fuel price (cpl) = 0.9263 x (Crude Price, $/BBL) - 5.06 
 
Based on the observed crude oil and diesel fuel prices in 2002-2004 and an expectation that 
future prices in constant dollars may rise to similar highs in future years, the sensitivity analysis 
was conducted using a wholesale diesel fuel price of 45 cpl. This price is anticipated to 
correspond to a Edmonton crude oil price of $54.0/BBL based on the price correlation 
determined in this study for the 2002-2004 period. The price of fuel blends and alternative fuels 
for all the options considered in the study were re-estimated based on this higher diesel fuel 
price following the same approach and assumptions used for the base cases. Fuel prices used 
in the base case and the sensitivity case analyses are summarized in Table 9-36. The 
assumptions underlying the fuel prices for the sensitivity analysis are as follows: 

• Detergent/cetane additives – 0.5 cpl price increment, same as used for the base case. 
• CARB Diesel Fuel – 3 cpl price increment, same as used for the base case. 
• E-diesel – same ethanol price as used for the base case and the ethanol portion of the blend 

is exempt from federal and provincial tax. 
• B20 Biodiesel – same biodiesel price as used for the base case and the biodiesel portion of 

the blend is exempt from federal and provincial tax. 
• CNG & LNG – the price of natural gas in Alberta stays in the same proportion to the price of 

crude oil as assumed for the base case (see Section 4.4.1.5) and the gas cost differential to 
Alberta, the local distribution cost and CNG compression/LNG liquifaction cost remains the 
same as for the base case. 

• Diesel oxidation catalyst – considered both a 3 cpl increment for ultra low sulphur diesel fuel 
and no increment in fuel cost, same as used for the base case. 

• Engine Replacement – Same as assumed diesel fuel price.   
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Table 9-36 Fuel Prices for Sensitivity Analysis 

Fuel Price (¢/L) 
Base Case Sensitivity Case 

Fuel Blend or Alternative Excluding Tax  
(for Cost/Benefit 

analysis) 
Including Tax

Excluding Tax  
(for Cost/Benefit 

analysis) 
Including Tax

Diesel Fuel (reference pricing) 35 60 45 70 
Diesel fuel with detergent and 
cetane additive 35.5 60.5 45.5 70.5 

CARB Diesel Fuel 38 63 48 73 
E-Diesel* 38.05 61.05 47.25 70.25 
B20 Biodiesel* 43.2 63.2* 51.2 71.2 
CNG (for bus option)* 37.8 37.8 43 43 
LNG (for HPDI option)* 35 35 40 40 
Diesel Oxidation Catalyst 38 63 48 73 
Engine Replacement 35 60 45 70 

* Litres on a diesel fuel energy-equivalent basis. 

9.9.1 TransLink Bus Fleet 

The cost and cost effectiveness of the options identified for the TransLink bus fleet were re-
determined at the higher fuel prices chosen for the sensitivity analysis using the same model 
developed for the base case. The present value of the lifetime costs of the options were 
determined for the two analytical approaches chosen for the study: 1) with fuel taxes and 
excluding the economic value of health benefits; and 2) without fuel taxes and including the 
economic value of the health benefits. Table 9-37 summarizes the modeling results for all the 
TransLink options, including emission reductions and the present value of costs and benefits. 
Note that the present value of the net cost is the present value of lifetime costs, excluding taxes, 
net of the savings from the reduction in health impacts.  

Table 9-37 Cost of Emission Reduction Options for the TransLink Bus Fleet – Fuel 
Price Sensitivity Case 

 Detergent & 
Cetane 

CARB Diesel 
Fuel E-Diesel B20 Biodiesel Natural Gas 

(CNG) Hybrid Bus Oxidation 
Catalyst 

Average Number of 
Controlled Vehicles 1064 1064 969 969 133 133 674 

Emission Reduction  
(15 yr lifetime tonne):        

PM2.5 4.7 6.1 12.4 5.0 6.9 6.6 11.6 
Smog Precursor 163.3 304.0 -198.2 -34.0 261.7 200.5 59.8 
Toxics 3.2 2.1 -1.9 0.8 0.0 1.2 0.0 
Impact weighted 285.0 449.4 121.7 108.0 435.6 375.5 372.6 
Costs and Benefits (2003$)        
PV cost  with fuel taxes & no 
health benefits -$2,954,531 $11,679,086 $8,367,656 $7,095,754 -$1,395,569 $21,813,962 $13,960,485*

PV cost with no fuel taxes -$1,216,571 $11,679,086 $12,751,988 $23,365,605 $10,574,059 $25,343,468 $12,832,419*
PV health benefit (Savings 
negative) -$3,402,535 -$4,629,398 -$6,482,445 -$3,018,541 -$5,026,261 -$4,558,034 -$7,202,503 

PV net cost (Cost no taxes 
+Health Benefit) -$4,619,106 $7,049,688 $6,269,576 $20,347,064 $5,547,798 $20,785,434 $5,629,915* 

PV net cost/average 
controlled bus -$4,341 $6,626 $6,470 $20,996 $41,590 $155,822 $8,355* 

* Includes 3 cpl incremental cost of ultra low sulphur diesel. 
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The cost effectiveness of the TransLink fleet options for the sensitivity analysis is shown in Table 
9-38. The impact weighted cost effectiveness of each option for the sensitivity case is compared 
in Figure 9-17 to the predicted value for the base case. A higher diesel fuel price (45 cpl 
compared to 35 cpl) significantly improves the cost effectiveness of biodiesel and results in 
smaller improvements in the cost effectiveness of other fuel options due to the effects on fuel 
cost. The higher diesel fuel cost also results in small improvements in the cost effectiveness of 
the hybrid bus and detergent/cetane additive options due the reduction in fuel consumption for 
these options. There is no change in the cost effectiveness of CARB diesel because the same 
diesel fuel price increment is assumed for both cases. The cost effectiveness of the oxidation 
catalyst option worsens slightly due to the fuel consumption penalty associated with retro-fitting 
this equipment. 

The relative ranking of the emission reduction options for the TransLink fleet is similar at the 
higher fuel prices used for the sensitivity analysis to that found for the base case. 

Table 9-38 Cost Effectiveness With and Without Including Health Benefits for the 
TransLink Bus Fleet – Fuel Price Sensitivity Case 

Cost Effectiveness (2003 $PV/lifetime tonne reduction) 
 Detergent & 

Cetane 
CARB Diesel 

Fuel E-Diesel B20 Biodiesel Natural Gas 
(CNG) Hybrid Bus Oxidation 

Catalyst 
With no health benefits: 

PM2.5 -$626,973 $1,927,633 $674,417 $1,429,761 -$201,317 $3,321,576 $1,204,533*
$562,146** 

NOx+VOC+SOx+PM2.5 -$18,089 $38,419 Emissions 
Increase 

Emissions 
Increase -$5,332 $108,813 $226,300* 

$105,612** 

Impact Weighted -$10,368 $25,988 $68,759 $65,722 -$3,204 $58,096 $37,468* 
$17,486** 

Full cycle greenhouse 
gases -$59 Emissions 

Increase $153 $21 -$30 $309 Emissions 
Increase 

With health benefits: 

PM2.5 -$980,207 $1,163,551 $505,316 $4,099,837 $800,293 $3,164,963 $485,758* 
-$156,629**

NOx+VOC+SOx+PM2.5 -$28,281 $23,191 Emissions 
Increase 

Emissions 
Increase $21,196 $103,683 $91,261* 

-$29,426** 

Impact Weighted -$16,209 $15,687 $51,519 $188,458 $12,737 $55,357 $15,110* 
-$4,872** 

*  Includes 3 cpl incremental cost of ultra low sulphur diesel. 
** Excludes 3 cpl incremental cost of ultra low sulphur diesel. 
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Figure 9-17 Sensitivity of Impact Weighted Cost Effectiveness to Diesel Fuel Price for 
the TransLink Bus Fleet - Includes Health Benefits and No Fuel Taxes 

 

9.9.2 Combined Municipal Fleet 

The present values of the costs and health benefits for options considered for the municipal fleet 
are summarized in Table 9-39 for the higher fuel prices used in the sensitivity analysis. The 
emission reductions that would be achieved by these options are unchanged from the base 
case. The cost effectiveness of each of these options for the sensitivity case are presented in 
Table 9-40 and can be compared to the values determined for the base case in Section 9.2.4. 

Figure 9-18 compares the cost effectiveness of the options for the sensitivity case to that 
determined for the base case. The higher diesel fuel price assumed for the sensitivity analysis 
improves the cost effectiveness of biodiesel fuel substantially, however, it still is high compared 
to the other options considered. There is also a significant improvement in the cost effectiveness 
of E-diesel. The change in fuel pricing has no effect on the cost effectiveness of the CARB diesel 
and engine replacement options and results in a small improvement for the detergent and cetane 
additive option. 

The relative ranking of the emission reduction options for the combined municipal fleet remains 
essentially the same at the higher fuel prices used for the sensitivity analysis to that found for the 
base case. 
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Table 9-39 Cost of Emission Reduction Options for the Combined Municipal HDDV 
Fleet – Fuel Price Sensitivity Case 

 
Detergent & 

Cetane 
CARB Diesel 

Fuel E-Diesel B20 Biodiesel  Engine 
Replacement 

Average Number of Controlled 
Vehicles 1338 1338 1198 1198 90 

Emission Reduction (15 yr lifetime 
tonne):      

PM2.5 1.5 2.0 4.2 1.7 3.7 
Smog Precursor 48.7 89.9 -66.0 -8.7 148.1 
Impact Weighted 87.6 136.9 42.2 38.1 238.0 
Toxics 1.1 0.7 -0.6 0.2 0.0 

Costs and Benefits (2003$)      
PV cost with fuel taxes & no 
health benefits -$678,333 $2,208,665 $1,476,750 $1,133,259 $1,953,549 

PV cost with no fuel taxes -$307,254 $2,208,665 $2,310,649 $4,192,216 $2,034,834 
PV health benefit (Savings 
negative) -$985,172 -$1,335,339 -$2,014,400 -$930,990 -$2,454,839 

PV net Cost (Cost+Health 
Benefit) -$1,292,426 $873,325 $296,249 $3,261,227 -$420,005 

PV net Cost/Average Controlled 
Vehicle -$966 $653 $247 $2,722 -$4,643 

 

Table 9-40 Cost Effectiveness for the Combined Government Fleet With and Without 
Including Health Benefits – Fuel Price Sensitivity Case 

Cost Effectiveness (2003$PV/lifetime tonne reduction) 
 Detergent & 

Cetane Package
CARB Diesel 

Fuel E-Diesel B20 Biodiesel 
Blend 

Engine 
Replacement 

With no health benefits:      
PM2.5 -$445,626 $1,128,530 $348,104 $667,838 $522,084 

NOx+VOC+SOx+PM2.5 -$13,922 $24,556 Emissions 
Increase 

Emissions 
Increase $13,192 

Impact Weighted -$7,741 $16,132 $34,963 $29,748 $8,209 

Full cycle greenhouse gases -$86 Emissions 
Increase $152 $18 $1,134 

With health benefits:      
PM2.5 -$849,050 $446,231 $69,833 $1,921,867 -$112,246 

NOx+VOC+SOx+PM2.5 -$26,526 $9,710 Emissions 
Increase 

Emissions 
Increase -$2,836 

Impact Weighted -$14,750 $6,379 $7,014 $85,607 -$1,765 
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Figure 9-18 Sensitivity of Impact Weighted Cost Effectiveness to Diesel Fuel Price for 
Combined Municipal Fleet - Includes Health Benefits and No Fuel Taxes 

 

9.10 UNCERTAINTY IN THE EMISSION AND COST EFFECTIVENESS RESULTS 

The calculation of cost effectiveness for this study involved a complex process with seven main 
steps, as outlined below: 

1. Calculate a baseline forecast of fleet emissions; 
2. Estimate the change in annual emissions of each pollutant in each year that would be 

achieved by implementing a control option and sum these changes over an assumed 
economic lifetime (typically 15 years); 

3. Estimate the regional change in ambient concentrations of PM10 and PM2.5, toxic 
pollutants and diesel particulate matter from changes in annual emissions using an 
algebraic model that predicts concentration changes using relationships between historic 
ambient air quality, emission and source apportionment data; 

4. Estimate the change in annual health outcomes based on the change in exposure 
calculated in Step 3 using correlations from epidemiological studies, and then estimate 
the present value of the change in annual health outcomes over an assumed economic 
lifetime; 

5. Calculate the present value of annual incremental costs associated with the control 
option, including fuel, maintenance, and capital cost. Fuel taxes are excluded if health 
benefits are included, and vice versa; 

6. Calculate the net present value of costs and health benefits by subtracting the present 
value of savings from avoided health outcomes determined in Step 4 from the present 
value of costs determined in Step 5. 
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7. For cost effectiveness net of health benefits in $/tonne reduced, divide the net cost 
determined in Step 6 by the lifetime reduction in emissions determined in Step 2. For 
cost effectiveness excluding health benefits, the post-tax cost in Step 5 is divided by the 
lifetime emission reduction. 

There are uncertainties in each of the first six calculation steps used to calculate cost 
effectiveness. The following discussion outlines the main sources of uncertainty in the analysis. 

Uncertainty in emissions estimated in Step 1 arises from uncertainties in emission factors, 
distances driven and the number of each class of vehicle used to estimate emissions. In this 
study, uncertainty in the emission estimates was reduced by using the latest version of the 
Mobile6.2C emission factor model applicable to Canadian vehicles and survey data from local 
fleet owner/operators that provided information on vehicle usage. The emission forecasts for 
individual fleets are considered to be a reliable basis for the analysis and incorporate a level of 
uncertainty typical of the state of the art of emission inventories for onroad motor vehicles.  

The estimation of emission reductions in Step 2 used performance data distilled from a large 
number of published fleet tests. A range of performance results often exists for the same control 
options, depending on the vehicles used, test conditions and variables investigated. Professional 
judgment was used to develop estimates of the emission reduction performance of control 
measures from the literature that could be achieved in practice in the LFV. These estimates are 
considered to be representative based on the range in the test results reviewed. The main 
sources of uncertainties affecting study results are: 

• Effect of improvements in future diesel engines with time on the performance of 
emission reduction options that were tested on engines using current technology. 

• The incremental capital and operating cost for alternative fuelled vehicles and hybrid 
vehicles relative to a diesel vehicles, which change as the technology develops and in 
response to market conditions. Examples are natural gas vehicles, diesel electric 
hybrid buses and retrofit control equipment.  

• Infrastructure costs associated with some of the control options, such as CNG buses 
and diesel electric hybrid buses. 

• Cost of diesel fuel and alternative fuels. 

• Changes in toxic emissions resulting from control options. 
 
There are uncertainties in the estimates of health outcomes and costs associated with changes 
in annual emissions and pollutant concentrations. These estimates rely on a simplified regional 
air quality model, an updated version of the Health Canada AQVM health effects relationships 
and estimates of the economic values of individual health effects. The PM10 model used in the 
study was tested using ambient air quality data and found to predict changes in regional average 
PM10 concentrations associated with changes in annual emissions that are consistent with 
observed data. The health effects model relies on current correlations in the scientific literature 
on the approximate effects of air quality on human health that have been derived by others from 
epidemiological studies conducted in Canadian and US cities. The application of the health 
effects relationships in this study are expected to provide order of magnitude estimates of health 
outcomes and benefits suitable for screening analysis of control options.  

The control options considered in this study were estimated to cause changes in annual PM2.5 
concentrations of the order of 0.001-0.002 μg/m3, which are smaller than the uncertainty in 
ambient concentration measurements and small compared to changes in concentrations 
normally considered in epidemiological studies. They represent an approximation of the 
incremental concentration change to which the whole LFV population would be exposed and, 
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hence, are much smaller than the exposure that can occur near roads. The estimated small 
changes in concentration result in predicted changes in health outcomes because of the 
assumption that health effects continue to occur as the PM2.5 concentration approaches zero. 

The present value of costs and benefits relies on use of an assumed economic life of the control 
option and discount rates for costs and savings. At the low inflation and discount rates that 
current apply, these assumptions introduce little uncertainty and this is similar across the range 
of options considered for each fleet.  

Cost effectiveness was calculated for individual pollutants, the sum of smog precursors and an 
impact weighted sum of pollutants. The calculation of cost effectiveness in terms of the reduction 
in impact-weighted emissions relies on a weighting scheme developed in a prior study in the LFV 
(Taylor, et. al., 2002). Although the weighting scheme has had limited application in the LFV or 
other jurisdictions, it attempts to fairly approximate the contribution of each pollutant to adverse 
health effects. This weighting system introduces uncertainty in that the economic effects of 
pollutants likely differ from those that have been assumed. The weighting system was 
consistently applied across all options and, thus, is unlikely to bias the cost effectiveness of one 
option compared to another sufficiently to affect the ranking of control options. 

One of the funding sponsors of this study, the Canadian Petroleum Products Institute (CPPI), 
has concerns about the validity of the health-based weighting factors that were applied to the air 
emissions and which impacted the cost effectiveness calculations. These weighting factors are 
expressed in the equation: Impact Weighted Emissions = 25*PM2.5 + NOx + VOC + CO/7 + 
3*SOx. The CPPI believes there is no comprehensive documentation of the basis of this 
methodology. 

The CPPI understands that the health impacts of all pollutants are not equal, but believes the 
current scientific data is inadequate to place a significant higher priority on one pollutant versus 
another. The CPPI contends that, If the wrong relationship is assumed, the prioritization of the air 
pollutant reduction measures could be impacted and the derived air quality improvement strategy 
could be misleading. The CPPI has summarized its concerns regarding the methodology of 
using health based weighting factors applied to air emissions and cost effectiveness 
methodology in Appendix E and makes reference to a related report by epidemiologist Dr. 
Suresh H. Moolgavkar, M.D., Ph.D to support this point of view. 
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10. REGIONAL ECONOMIC EFFECTS 

10.1 EMISSION REDUCTION OPTIONS 

The emission reduction options short-listed for HDDV fleets in the LFV include improved diesel 
fuel quality, fuel blends, alternative fuels, hybrid-electric drive and retro-fitting of improved 
emission controls or replacement engines to existing high-emitting vehicles. These options are 
listed below: 

Improved Diesel Fuel: 
o CARB Diesel Fuel (or other reformulations to reduce emissions) 
o Detergent and cetane additives 

 
Fuel Blends: 

o E-Diesel (7.7% Ethanol in diesel fuel) 
o 20% Biodiesel 

 
Alternative Fuels: 

o CNG 
o Natural Gas – High Pressure Direct Injection 

 
Hybrid Diesel-Electric Bus 
 
Retrofits: 

o Diesel Oxidation Catalyst or Diesel Particulate Filter 
o Engine Upgrade  

Most of these options can be provided to the local market through existing producers, distributors 
and retailers. This includes supplies of reformulated diesel fuel or additive packages to improve 
the emission performance of diesel fuel, natural gas supplies and vehicles, hybrid electric buses 
and retrofits of improved controls or new engines to existing vehicles. The economic value of 
these options to the region is estimated in Chapter 9 for each of the options and fleets 
considered in the analysis. These benefits would be multiplied if applied more extensively to 
more government fleets than considered in the study or to the private sector fleets. With more 
information on the specific program that may be implemented to reduce emissions from HDDVs 
and the involvement of public and private fleets, the overall effect on regional economic activity 
could be estimated from the cost/benefit data developed in this study. 

Two of the short listed fuels are not currently produced locally, but could be if there was a 
significant increase in demand for the fuels. The fuels are biodiesel and ethanol. In the following 
sections, the potential and resource requirements for these fuels are briefly discussed. The 
combined municipal fleet scenario is the starting point for the analyses. This provides a 
preliminary basis for assessing the regional economic ramifications of proceeding with the E-
diesel and biodiesel fuel blend options short-listed in this study.  

10.2 LOCAL FUEL PRODUCTION 

The combined municipal fleet contained about 1,268 vehicles in 2004 and each vehicle travels 
an average of 13,327 kilometers per year. The fuel consumption has been assumed to be 41.2 
litres/100 km for the fleet. 
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10.2.1 Biodiesel 

For the biodiesel scenario, it has been assumed that a B20 blend (20% biodiesel by volume) 
achieves 100% penetration of the fleet in 2007. The fleet has grown to 1306 vehicles in that year 
and the total requirement of biodiesel is expected to be approximately 1.4 million litres. This is a 
relatively small volume. In the United States the largest biodiesel producers have the capacity to 
produce 40 million litres per year and in Europe the largest plants in Germany can produce 135 
million litres per year. These large plants typically process vegetable oils to manufacture 
biodiesel.  

There are a number of smaller biodiesel plants in the United States that typically process animal 
fats and recycled cooking oils. Some of these plants and their production capacities are shown in 
Table 10-1. 

Table 10-1 Active Small US Biodiesel Plants 

Production 
Capacity Company State 

Million Litres/year 
Feedstock/Comments 

Griffin Industries Kentucky 5.7 Animal Fats 
Pacific Biodiesel Hawaii (Oahu) 2.0 Recycled cooking oils 
Pacific Biodiesel Hawaii (Maui) 0.5 Recycled cooking oils 
Soy Solutions Iowa 1.8 Soy Oil 
 

These small plants take advantage of low (or zero) cost feedstocks and use the savings in the 
cost of feedstock to offset the high production costs that typically accompany small-scale 
production. 

The capital costs for a biodiesel plant is relatively modest compared to an ethanol plant. The 
capital costs are influenced by the feedstock processed, as that will determine the need for any 
pre-treatment of the feedstock to reduce the free fatty acid content. There has been a number of 
plant cost estimates published in the past several years for different plant sizes (Shumaker, 
2003, Agri-Industry Modeling & Analysis Group, 2002). The results from one study (Shumaker) 
are shown in Table 10-2. This is for a plant that has pre-treatment capacity so it can process a 
range of feedstocks. The estimates were based on a greenfield site in the United States and 
were made to a +/- 25% accuracy. 

Table 10-2 Capital Cost Estimates for Biodiesel Plants 

Plant Size 
(million Litres/year) Capital Costs (Canadian $) 

1.9 $1.33 million 
11.3 $4.75 million 
56.7 $13.5 million 
113 $21 million 

 
Other cost estimates found in the literature are summarized in Table 10-3.  
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Table 10-3 Other Capital Cost Estimates for Biodiesel Production Plants 

Source Feedstock Size million 
litres Capital Cost (Canadian $) 

Agri-Industry Modeling 
Group Soy oil 50 26.3 million 

Lurgi Vegetable oil 60 19 million 
Lurgi Vegetable oil 120 28 million 
BIOX Animal Fat 60 15 million 
 
One of the larger plant sizes was further defined and the breakout of the costs for the different 
parts of the cost is shown in the following table. 

Table 10-4 Capital Cost Details – 56.7 Million Litre Plant 

Component Capital Costs (Canadian $) 
Equipment 5.04 
Buildings 1.68 
Utilities 1.01 
Civil/Mechanical/Electrical 3.83 
Land/Prep/Transportation Access 0.27 
Engineering/Permitting 0.27 
Contingency (10%) 1.34 
Total Installed Costs 13.44 
 
The physical plant would require approximately 3 to 4 hectares for the building, tank farm and 
transportation areas. A buffer zone may require more land depending upon the surrounding level 
of development. The building needed to house the plant would be approximately 500 square 
metres and about 25 metres in height. It would contain all the processing equipment plus a 
laboratory for quality control and offices. The processing area would use about 340 square 
metres. The tank farm may utilize about 2000 square metres and would contain tanks totalling 
2,450,000 litres capacity divided between both holding tanks for feedstock and finished product. 

This plant would operate continuously and stop production only for maintenance and repair. It 
would require an operating employment force of eight people plus six people in management, 
sales, accounting and clerical. 

The capital cost data presented in the tables above are plotted in Figure 10-1 with a trend line 
added to illustrate the modest economy of scale as the plant size increases. 
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Figure 10-1 Capital Costs of Existing Commercial Biodiesel Plants 
 
The capital costs for a small and medium sized plant, based on the relationship shown in the 
previous figure, are summarized in the following table. It is assumed that the total project costs 
will be 15% higher than the plant capital cost. This will allow for interest during construction, 
financing fees, working capital requirements etc. 

Table 10-5 Estimated Capital Costs of Biodiesel Plants 

Plant Size Capital Cost Project Cost 
10 million litres 5,000,000 5,750,000 
25 million litres 8,000,000 9,200,000 
   

10.2.1.1 Feedstock Costs 

Feedstock is the primary component of the cost of biodiesel. The conversion of feedstock 
triglycerides to methyl ester is one to one on a weight basis and a volume basis. The density of 
both the fats and the esters is 0.88 kg/litre. One kilogram of feedstock therefore makes 1.13 litres 
of biodiesel. 

Animal fats in Vancouver have ranged from 37 to 56 cents per kilogram over the past four years. 
The ten-year range has been 35 to 63 cents per kilogram. If it is possible to segregate yellow 
grease it may be possible to reduce the feedstock costs by about 5 cents per kilogram, but to be 
conservative it will be assumed that the feedstock cost for animal fats will be 50 cents per 
kilogram. This results in a feedstock cost per litre of 44 cents per litre. Current prices are slightly 
above this assumption at 52 cents/kilogram. 

   

Canola oil prices have ranged from 40 cents per kilogram to over $1.00 per kilogram over the 
past twenty years. Even in the last three years, the prices have been almost that volatile with a 
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low price of 40 cents per kilogram in early 2001 and a high of almost 100 cents per kilogram in 
November 2002. The long-term trend line is up with the trend line value currently at about 68 
cents per kilogram.  

10.2.1.2 Operating Costs 

The operating costs (excluding feedstock costs) consist primarily of labour costs, energy costs, 
methanol costs, catalyst, and other chemical costs. The assumptions made concerning these 
costs for the different sizes of plants are shown in the following table. The energy efficiency of 
each of the plants is assumed to be the same but the costs per unit of energy have been 
adjusted to reflect the fact that larger consumers generally pay lower rates. The difference in the 
chemical costs accounts for the different feedstocks and the extra processing that is required for 
animal feedstocks. It is also recognized that there will be some economies of scale when buying 
the chemicals. The energy and chemicals consumption are based on data in Agri-Industry 
Modeling Group study of biodiesel production in Tennessee. The energy consumption values are 
generally in agreement with the values used in the greenhouse gas modelling. 

The co-product credit for plants with primarily animal fats as feedstocks are assumed to 
command a price of only 75% of the price of glycerine from vegetable oil plants due to consumer 
preferences. 

Table 10-6 Production Assumptions 

Parameter 10 Million Litre 25 Million Litre 
Operating Labour 8 people 14 people 
Labour Costs $25,000 per person $25,000 per person 
Labour overhead 20% of direct labour cost 20% of direct labour cost 
Total project cost 115% of plant cost 115% of plant cost 
Debt 66.7% of capital cost, 7.5% 

interest 
66.7% of capital cost, 7.5% 

interest 
Methanol $0.30 per litre $0.30 per litre 
Natural Gas $7.00 per GJ $6.50 per GJ 
Natural Gas 0.0014 GJ/litre 0.0014 GJ/litre 
Electricity 5 cents/kWh 4.5 cents/kWh 
Electricity 0.025 kWh/litre 0.025 kWh/litre 
Chemicals 3 cents per litre 2.5 cents per litre 
Maintenance 2% of capital per year 2% of capital per year 
Overhead 30% of direct labour 30% of direct labour 
Insurance and taxes $9,300 per $ million of capital 

cost 
$9,300 per $ million of capital 

cost 
Plant life  20 years, straight depreciation 20 years, straight depreciation 
Co-product credit $0.90 per kg $0.90 per kg 
 

10.2.1.3 Biodiesel Production Costs 

The biodiesel production costs for the different production scenarios are shown in the following 
table. The biodiesel selling prices will have to be higher than shown here in order to generate an 
adequate return for the equity participants and to make the projects financeable.  
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Table 10-7 Biodiesel Production Costs 

Plant Size 10 Million Litres/year 25 Million Litres/year 
 $ $/ Litre $ $/Litre 

Expenses - Operating   
Feedstock    4,400,000 0.440 11,000,000  0.440 
Methanol       372,000 0.037       930,000  0.037 
Processing supplies       300,000 0.030      625,000  0.025 
Direct labour       416,000 0.042       728,000  0.029 
Direct labour - benefits         83,200 0.008       145,600  0.006 

Maintenance and operating supplies  
115,000 0.012          184,000  0.007 

Natural gas         98,000 0.010      227,500  0.009 
Electricity         12,500 0.001         28,125  0.001 
Sub Total   5,795,760 0.580    13,865,874  0.555 
Expenses - Overhead     
General sales and administrative 
costs        124,800 0.012       218,400  0.009 

Insurance and taxes   53,475 0.005         85,560  0.003 
Depreciation       287,500 0.029      460,000  0.018 
Interest on long-term debt             287,644 0.029          460,230  0.018 
Sub Total      753,419 0.075    1,224,190  0.049 
Revenues     
Glycerine   802,646 0.080  2,006,614  0.080 
Total Costs         5,746,533 0.575   13,083,450  0.523 
 

10.2.2 Ethanol 

For the ethanol diesel blend scenario, similar market penetration rates were assumed as used 
for biodiesel. In this case, the alternative fuel portion only represents 7% (vol) of the diesel fuel. 
The increased demand for the ethanol from the combined municipal fleets is only about 500,000 
litres per year. 

Ethanol plants are more capital intensive than biodiesel plants and the experience has been that 
they must be larger to be cost competitive. The average ethanol plant size in the United States is 
about 150 million litres per year of production capacity. Smaller plants of about 80 million litres 
per year have been proposed in some western Canadian provinces. A demand of 500,000 litres 
per year from the municipal fleets would not de sufficient to cause a plant to be built in BC. An 
ethanol plant in BC would also have to rely on feedstock imported from the Prairie Provinces. 
The local economic benefit would therefore be primarily a function of the increased local 
employment. 

The typical ethanol production costs for medium and large ethanol plants are shown in the 
following table ((S&T)2, 2002). It can be seen from the table that the local component of 
economic activity is quite small if the plant must rely on feedstock from outside of the province. 
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Table 10-8 Ethanol Production Cost Comparison 

Plant Size 80 Million Litres/Year 150 Million Litres/Year 
$ $/Litre $ $/Litre 

Revenues  
Distillers Grains       14,742,000 0.184 27,631,500 0.184 
Total Revenues       14,742,000 0.184 27,631,500 0.184 
    
Expenses-Operating    
Feedstocks       25,920,000 0.324        48,600,000  0.324 
Processing supplies         4,000,000 0.050          7,500,000  0.050 
Direct Labour         1,560,000 0.020          2,080,000  0.014 
Direct Labour-benefits            312,000 0.004             416,000  0.003 
Maintenance and operating 
supplies 

        1,090,000 0.014          1,602,000  0.011 

Natural gas         5,411,250 0.068        10,145,400  0.068 
Electricity            780,000 0.010          1,462,500  0.010 
Denaturant            400,000 0.005             750,000  0.005 
Sub Total       39,473,250 0.493        72,555,900  0.484 
    
Expenses-Overhead    
Insurance and Taxes            610,400 0.008             897,120  0.006 
Depreciation         2,725,000 0.034          4,005,000  0.027 
Interest         2,726,363 0.034          4,007,003  0.027 
General, sales and administration            468,000 0.006             624,000  0.004 
Sub Total         6,529,763 0.082          9,533,123  0.064 
    
Total Cost       46,003,013 0.575        82,089,023  0.547 
    
Total Net Cost 31,261,013 0.391 54,457,523 0.363 
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11. REVIEW OF PROGRAM DESIGNS AND FUNDING OF HDDV EMISSION 
REDUCTION MEASURES IN THE UNITED STATES 

Many emission control programs for HDDV fleets have been or are being implemented at the 
federal, state, and local levels in the U.S. for the past few years to reduce in-use emissions from 
HDDVs.  While some are regulatory or voluntary programs, most of the emission control 
programs are monetary incentive programs.  Also, most of the programs are applicable to both 
light-duty and heavy-duty vehicles, and for some programs, to off-road vehicles as well.  The 
major emission control programs that are applicable to HDDV fleets in the U.S. are as follows: 
 
• Federal Programs 

o U.S. Department of Transportation (U.S. DOT)’s Transportation Equity Act for the 21st 
Century (TEA-21) 
 Congestion Mitigation and Air Quality Improvement Program (CMAQ) 

o U.S. Department of Energy (U.S. DOE)’s Energy Policy Act of 1992 (EPAct) 
 State & Alternative Fuel Provider Program 
 Federal Fleet Program 
 Private & Local Government Fleet Program 
 Alternative Fuel Petition Program 
 Clean Cities Program 

o U.S. EPA’s Office of Air & Radiation Programs 
 Voluntary Diesel Retrofit Program 
 Clean School Bus USA 

• California Programs 
o California Air Resources Board 

 Diesel Risk Reduction Plan 
 Carl Moyer Program 

o California Department of Transportation (Caltrans)’s Greening the Fleet Program 
o South Coast Air Quality Management District (SCAQMD)’s MSRC Funding Program (AB 

2766) 
o Sacramento Emergency Clean Air & Transportation (SECAT) Program (AB 2511) 
o San Joaquin Valley Emergency Clean Air Attainment Program (AB 2511) 
o Gateway Cities Clean Air Program 
o Port of Los Angeles and Port of Oakland Clean Air Programs 
o Bay Area Air Quality Management District (BAAQMD)’s Transportation Fund for Clean 

Air (TFCA) Program 
• Programs in Other States 

o Texas Commission on Environmental Quality (TCEQ)’s Texas Emissions Reduction Plan 
or TERP (SB 5) 

o Houston-Galveston Area Council (H-GAC)’s Clean Cities/Clean Vehicles Program 
o New York State Department of Environment Conservation’s Clean Water/Clean Air Bond 

Act Program 
o Puget Sound Clean Air Agency’s Diesel Solutions Program 
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11.1 U.S. DEPARTMENT OF TRANSPORTATION “TRANSPORTATION EQUITY ACT” FOR THE 
21ST CENTURY (TEA-21) 

Recognizing that transportation activities and air quality are closely tied, the U.S. DOT has 
implemented many transportation related programs to reduce air pollution from motor vehicles.  
The major program that has direct impact on reducing the emissions from HDDV fleets is the 
Congestion Mitigation and Air Quality Improvement (CMAQ) under the Transportation Equity Act 
for the 21st Century or TEA-21.  One other grant program under the TEA-21 was the Clean Fuels 
Formula Grants4 that supports nonattainment and maintenance areas to acquire clean fuel 
vehicles, repower or retrofit engines for clean fuels operation, and construct or improve facilities 
to support these vehicles, for transit fleets. 

11.1.1 Congestion Mitigation and Air Quality Improvement (CMAQ) Program5 

Description – The CMAQ Program funds projects and programs in non-attainment and 
maintenance areas that reduce transportation-related emissions.  The CMAQ Program was 
originally authorized by the Intermodal Surface Transportation Efficiency Act (ISTEA) that was 
adopted by the U.S. Congress in 1991 to assist the U.S. effort in attaining the National Ambient 
Air Quality Standards (NAAQS) resulted from the 1990 U.S. Clean Air Act Amendment (1990 
CAA).  The ISTEA law provided the CMAQ Program $6.0 billion in funding for surface 
transportation and other related projects that contribute to air quality improvement and mitigate 
congestion.   

The CMAQ program, jointly administered by the FHWA and the Federal Transit Administration 
(FTA), was reauthorized in 1998 under the Transportation Equity Act for the 21st Century (TEA-
21).  The TEA-21 CMAQ program provides over $8.1 billion dollars in funds to State 
Departments of Transportation (DOTs), Metropolitan Planning Organizations (MPOs), and transit 
agencies to invest in projects that reduce criteria air pollutants regulated from transportation-
related sources over a period of six years (1998-2003).  The TEA-21 made additional activities 
eligible for CMAQ Program funding. 

While the CMAQ Program are mostly focusing on transportation control measures (TCMs), such 
as ride-sharing services, improved public transit, traffic flow improvements and high-occupancy 
vehicle lanes, bicycle/pedestrian facilities, and flexible work schedules, many DOTs, MPOs and 
transit agencies are using CMAQ funds to reduce emissions from HDDV fleets by introducing 
alternative fuel vehicle and/or diesel engine or aftertreatment retrofit programs.  The CalTran’s 
Greening the Fleet Program and the H-GAC’s Clean Cities/Clean Vehicles program are 
examples of programs that utilize funding from the CMAQ Program.  

Funding Sources – The CMAQ Program is funded by the U.S. Federal funds (Highway Trust 
Fund) for the TEA-21 program. 

Implemented Programs/Technologies for HDDV Fleets – Most of emission control programs for 
HDDV fleets that are funded by the CMAQ Program are programs related to converting diesel 
transit or school buses to alternative fuel buses, such as natural gas buses, to utilizing cleaner 
diesel and alternative fuels, and to retrofitting cleaner engine and/or aftertreatment devices. 

                                                  
4 Clean Fuels Grant Program Website: http://www.fta.dot.gov/library/policy/prgms/cffgp.html
5 CMAQ Website: http://www.fhwa.dot.gov/environment/cmaqpgs/index.htm

http://www.fta.dot.gov/library/policy/prgms/cffgp.html
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11.2 U.S. DOE’S ENERGY POLICY ACT OF 19926 

 Description - On October 1992, the U.S. Congress passed the Energy Policy Act of 1992 
(EPAct) with the goals of enhancing the U.S. nation’s energy security and improving 
environmental quality.  Provisions of EPAct require certain fleets to purchase alternative fuel 
vehicles.  The U.S. Department of Energy (U.S. DOE)’s Office of Transportation Technologies 
(OTT) manages the regulatory aspects of EPAct through its State & Fuel Provider Program, 
Federal Fleet Program, Private & Local Government Program, and Fuel Petition Program.  
EPAct also includes voluntary programs, such as Clean Cities Program, which assist in 
accelerating the use of alternative fuels in transportation. 

The EPAct regulatory programs, which require the federal and state government fleets, and 
alternative fuel provider fleets to purchase AFVs as a percentage of their annual vehicle 
acquisitions, have developed an annual demand for approximately 30,000 AFVs.  While most of 
the AFV acquisitions are for light-duty vehicles, the EPAct programs have generated tremendous 
growth in fuel availability and refuelling infrastructure for alternative fuels, particularly for ethanol, 
biodiesel and natural gas, in which facilitate the growth of the HD alternative fuel vehicle fleets.   

Some of the direct incentives or impacts from the EPAct programs for the HDDV fleets are the 
federal income tax deduction for the incremental cost to purchase or convert qualified clean fuel 
vehicles, and the effort from the Clean Cities Program7. 

Specifically, the EPAct provides a deduction for the purchase of a new qualified clean fuel 
vehicle or for the conversion of a vehicle to use clean-burning fuel.  The amount of the tax 
deduction is based on the gross vehicle weight.  For HD trucks and buses, the maximum 
allowable deduction is $50,000. 

While it does not provide monetary incentives to reduce motor vehicle emissions, the Clean 
Cities Program co-ordinates voluntary efforts between locally based government and industry to 
accelerate the use of alternative fuels and expand AFV refuelling infrastructure.  The Clean 
Cities Program has created 80 Clean Cities coalitions operating across the U.S.  It identifies 
funding sources, and provides technical and administrative assistance to stockholders and 
partners to tackle difficult technical and market challenges that might otherwise stall AFV 
implementation projects.  

Funding Sources – The EPAct Programs are funded by the U.S. DOE, and the incentives for 
purchasing AFVs are from federal income tax deduction. 

Implemented Programs/Technologies for HDDV Fleets – Most of emission control programs for 
HD vehicles are related to AFVs, mostly natural gas transit and school buses, and AFV refuelling 
infrastructure. 

11.3 U.S. EPA OFFICE OF AIR & RADIATION PROGRAMS 

There are a couple of emission control programs for HDDV fleets that have been established by 
the U.S. EPA.  These programs include the Voluntary Diesel Retrofit Program and the Clean 
School Bus USA Program. 

                                                  
6 EPAct website: http://www.ott.doe.gov/epact/
7 Clean Cities website: http://www.ccities.doe.gov
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11.3.1 Voluntary Diesel Retrofit Program8 

Description – The U.S. EPA’s Voluntary Diesel Retrofit Program is a program developed to 
reduce emissions from existing diesel vehicles and equipment by encouraging fleet operators to 
retrofit emission control devices on their vehicles or equipment and/or to use cleaner burning 
diesel fuels.  The program is designed to help fleet owners/operators, state/local government air 
quality planners, and retrofit manufacturers to create effective retrofit projects by verifying 
emission control technologies, providing information on verified emission control technologies, 
assisting air quality planners to determine State Implementation Plan (SIP) credits from their 
retrofit projects, as well as by identifying potential funding sources to implement retrofit projects.  
The verified technologies to date mostly are diesel oxidation catalysts, diesel particulate filters, 
an emulsified diesel fuel, and biodiesel.  In addition to these verified technologies, the program 
also provides technical information on potential retrofit technologies, including selective catalytic 
reduction (SCR) systems, cool EGR, lean NOx catalysts, and NOx absorbers.  The Voluntary 
Diesel Retrofit Program has resulted in a number of voluntary retrofit/rebuild programs on 
HDDVs in various regions of the U.S9. 

As part of the Voluntary Diesel Retrofit Program, the U.S. EPA is working with the trucking 
industry, manufacturers of idle control technologies, various states, and other partners to help 
save fuel and reduce air pollution from idling trucks10.  The U.S. EPA is conducting emissions 
testing on idling trucks under various conditions, surveying trucking fleets to learn more about 
idling times, implementing demonstration projects to test idle control technologies, and holding 
workshops to educate affected communities.  The potential idling emission reduction 
technologies identified by the U.S. EPA include the use of auxiliary power unit or truck stop 
electrification. 

Funding Sources – Most of the voluntary programs are funded by the U.S. EPA Air & Radiation 
grants, CMAQ funds, and special State funds. 

Implemented Programs/Technologies for HDDV Fleets – Technologies used in implemented 
programs are diesel oxidation catalysts, particulate filters, SCR systems, lean NOx catalysts, 
ultra low sulphur diesel, and emulsified diesel fuels. 

11.3.2 Clean School Bus USA11 

Description – The Clean School Bus USA Program is one of the many retrofit programs resulting 
from the U.S. EPA’s Voluntary Diesel Retrofit Program.  The goal of the Clean School Bus USA 
Program is to reduce emissions from diesel school buses and to reduce children’s exposure to 
diesel exhaust by: 

• Encouraging policies and practices to eliminate unnecessary public school bus idling; 
• Upgrading ("retrofitting") buses that will remain in the fleet with better emission control 

technologies and/or fuelling them with cleaner fuels; 
• Replacing the oldest buses in the fleet with new, less polluting buses. 

For the program, the U.S. Congress included $5 million in the U.S. EPA's budget this year for a 
cost-shared grant program designed to assist school districts in upgrading their bus fleets.  This 
grant competition closed on August 1, 2003, and the U.S. EPA received over 100 applications.  
The U.S. EPA plans to announce award winners in November 2003. 
                                                  
8 EPA Voluntary Retrofit Program Website: http://www.epa.gov/otaq/retrofit/overview.htm
9 EPA Example Retrofit Program Website: http://www.epa.gov/otaq/retrofit/retrofleetexamples.htm
10 EPA Idling Reduction Website: http://www.epa.gov/otaq/retrofit/idling.htm
11 EPA Clean School Bus USA Website: http://www.epa.gov/cleanschoolbus/
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Funding Sources – The U.S. EPA budget and state/local matching funds. 

Implemented Programs/Technologies for HDDV Fleets – The U.S. EPA is reviewing applications. 

11.4 CALIFORNIA’S DIESEL RISK REDUCTION PLAN12 

Description – On August 1998, CARB identified particulate emissions particulate emissions from 
diesel-fuelled engines as toxic air contaminants.  As a result of that toxic air contaminant 
identification, CARB established the California's Diesel Risk Reduction DRR) Program.  The 
Diesel Risk Reduction Program is a regulatory program that is established to reduce particulate 
emissions from existing on-road and off-road diesel engines and vehicles in California.  The 
program calls for CARB to develop state wide regulations designed to further reduce diesel 
particulate emissions from diesel fuelled engines and vehicles.  The goal of each regulation is to 
make diesel engines as clean as possible by establishing state-of-the-art technology 
requirements or emission standards to reduce diesel particulate emissions. 

To achieve its goals in the DRR plan, CARB is proposing adopting a series of rules and control 
measures to reduce public exposure to diesel PM, by implementing the use of diesel emission 
control devices or strategies. On May 16, 2002, CARB approved the Diesel Emission Control 
Strategy Verification Procedure, Warranty and In-Use Compliance Requirements for On-Road, 
Off-Road, and Stationary Diesel-Fuelled Vehicles and Equipment.  CARB began its rulemaking 
efforts with the adoption of the Public Transit Bus Fleet Rule and Emission Standards, which 
requires transit agencies to decrease emissions from urban transit buses.  Transit agencies can 
repower, retire, replace and retrofit (by adding diesel emission control strategies) to dirty older 
emitting buses to comply with NOx fleet average requirement and reduce PM.  This was followed 
by the proposed control measure for diesel PM from on-road HD diesel residential and 
commercial garbage trucks, and HD publicly owned and operated fleets, including non-urban 
transit buses.  

Funding Sources – Most of the DRRP measures are regulatory measures, but some are 
voluntary measures.  For those voluntary incentive based measures, the Carl Moyer fund is one 
of the funding sources. 

Implemented Programs/Technologies for HDDV Fleets – The technologies used in the DRR Plan 
are mostly particulate traps for PM reduction.  Other technologies include emulsified diesel and 
ULSD fuels. 

11.5 CALIFORNIA’S CARL MOYER PROGRAM13 

Description – The Carl Moyer Program provides funds on an incentive-basis for the incremental 
cost of cleaner HD vehicle and equipment, with emphasis of reducing NOx emissions.  The 
incentives are available for both on-road and off-road sources, including HD trucks, marine 
engines, locomotive engines, stationary agricultural pump engines, forklifts, airport ground 
support equipment, and auxiliary power units.  The Carl Moyer Program is administrated by 
CARB, and the grants are available through participating local air pollution control and air quality 
management districts.  Both private companies and public agencies operating HD engines in 
California are eligible to apply for the grants.  The Carl Moyer Program is considered one of the 
most cost-effective emission reduction programs in the U.S. with an average cost-effectiveness 
of $5,000 per ton of NOx emission reduction.   

                                                  
12 CARB’s DRR Plan – Mobile Source Website: http://www.arb.ca.gov/diesel/mobile.htm
13 CARB’s Carl Moyer Program Website: http://www.arb.ca.gov/msprog/moyer/moyer.htm
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Funding Sources – The Carl Moyer Program is funded by California’s fiscal budget, with 
matching funds from local air districts.  California’s Legislature has appropriated a total of $114 
million over the last four fiscal years (1998/1999, 1999/2000, 2000/2001, and 2001/2002) to fund 
the Carl Moyer program.  Local air districts have provided $41 million in matching funds, mostly 
collected through vehicle registration fee.  In the Spring of 2002, California Voters passed 
Proposition 40, the California Clean Water, Clean Air, Safe Neighbourhood Parks, and Coastal 
Protection Act, which allocated $50 million to CARB over two years for distribution to air districts 
for projects similar to those funded by the Carl Moyer Program.  

For the $25 million made available to CARB for 2002/2003 fiscal year, 5 million is to be allocated 
to acquiring low-emitting school buses under the Lower-Emission School Bus Program14. 

Implemented Programs/Technologies for HDDV Fleets – Most funded programs for on-road 
applications included purchase of new low emission vehicles (specifically dedicated and dual 
fuel natural gas AFVs), repowering older engines with new lower emissions engines, and the use 
of emulsified diesel fuels. 

11.6 CALTRANS’ GREENING THE FLEET PROGRAM15 

Description – Caltrans, through the Division of Equipment, adopted a program called “Greening 
the Fleet” to reduce its mobile equipment emissions.  As the largest and most diverse mobile 
fleet operator in state government, Caltrans wants to set the example for the use of emerging 
technologies that promote clean air.  Caltrans is using many ways to lower emissions from its 
fleet, for example, hybrid passenger vehicles, solar powered equipment, propane fuelled 
vehicles, low dust street sweepers, and retrofitting heavy-duty, diesel powered vehicles with 
emissions reducing devices.  In addition, Caltrans is delivering ultra low sulphur diesel to many 
of its refuelling stations.  Using ULSD fuel enable the use of sulphur sensitive aftertreatment 
devices on Caltrans’ vehicles. 

Funding Sources – The funding for the Green the Fleet Program is covered by Caltrans’ Internal 
Service Fund and State Highway Account.  Caltrans also plans to seek alternative fund sources 
such as Carl Moyer funds to assist in reducing impacts to the State Highway Account or the 
Equipment Service Fund budget. 

Implemented Programs/Technologies for HDDV Fleets – Technologies used in the Caltrans 
Greening the Fleet Program for HDDV fleets include the use of ULSD fuels, and NOx/PM 
aftertreatment devices. 

11.7 SCAQMD’S MSRC FUNDING PROGRAM (AB 2766)16 

Description – The California Assembly Bill 2766 (AB 2766) was signed into law in September 
1990 authorizing an additional motor vehicle registration of $2 beginning in 1991, and increasing 
to $4 in 1992 and thereafter to fund air pollution reduction programs for motor vehicles. To 
determine which projects should be funded by the Discretionary Fund, AB 2766 called for the 
creation of the Mobile Source Air Pollution Reduction Review Committee (MSRC), which would 
develop a Work Program for evaluating programs, would evaluate said programs, and would 
make a final recommendation to the SCAQMD Governing Board as to which programs and/or 
projects would be funded. 
                                                  
14 Lower-Emission School Bus Program Website: 
http://www.arb.ca.gov/msprog/schoolbus/schoolbus.htm
15 CalTrans’ Greening the Fleet Website: http://www.dot.ca.gov/hq/eqsc/CleanAir/greenfleet.htm
16 SCAQMD’s MSRC Funding Program Website: http://www.msrc-cleanair.org
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Funding Sources – The funding for the SCAQMD’s MSRC Funding Program is collected from 
motor vehicle registration surcharge fees.  The MSRC receives 30 percent of the surcharge - or 
between $12 and $14 million annually - to fund innovative projects that reduce air pollution from 
motor vehicles within the South Coast Basin.  Funding is awarded through an annual competitive 
solicitation process.  Since it was formed in 1990, the MSRC has allocated over $107 million 
toward motor vehicle emission reduction programs. 

Implemented Programs/Technologies for HDDV Fleets – Most of the MSRC projects are on 
alternative fuel conversions for heavy-duty vehicles, and public transit buses. 

11.8 SECAT PROGRAM (AB 2511)17 

Description – The Sacramento Emergency Clean Air and Transportation (SECAT) Program was 
created by California Assembly Bill 2511 to assist the Greater Sacramento Area to meet the 
2005 State Implementation Plan by reducing 3 tons per day of NOx from HD vehicles by 2005.  
Similar to the Carl Moyer Program, the SECAT Program is an incentive based voluntary 
program.  However, the SECAT Program is dedicated to reducing NOx emissions from on-road 
HD vehicles only.  The control measures for the SECAT program include: 

• New low emissions or zero emission vehicle purchases 
• Repowering of existing high-emitting diesel vehicles with newer, low-emitting diesel 

engines 
• Retrofitting of existing diesel engines with aftertreatment devices 
• Use of cleaner diesel fuel formulations 
• Other verified, cost-effective NOx reduction technologies 
• Fleet modernization 

 

The SECAT program is stalled at the moment due to the California budget crisis. 

Funding Sources – AB 2511 set aside $50 million of the California’s 2000/2001 budget for the 
SECAT Program.  In addition, local political leaders approved an additional $20 million from the 
CMAQ funds for the SECAT Program.  To date, the SECAT Program has funded $25 million on 
projects.  The $45 million budget left in the program remains un-funded by California due to the 
California budget crisis. 

Implemented Programs/Technologies for HDDV Fleets – The initial round of the SECAT funding 
was mainly for the purchases of new natural gas transit buses and garbage trucks.  The 
remaining projects included repowering, fleet modernization and the use of emulsified diesel 
fuel. 

11.9 SAN JOAQUIN VALLEY HEAVY-DUTY ENGINE INCENTIVE PROGRAM18 

Description – The San Joaquin Valley Heavy-Duty Engine Incentive Program provides monetary 
incentives toward the differential cost associated with the reduced emission technology as 
compared with the cost of conventional technology.  Eligible funding categories include heavy-
duty on-road vehicles, off-road vehicles, locomotives, marine vessels, electric forklifts, electric 
airport ground support equipment and stationary agricultural irrigation pump engines.  Except for 

                                                  
17 SECAT Website: http://www.4secat.com/index1.html
18 SJV HD Engine Incentive Program Website: 
http://www.valleyair.org/transportation/heavydutyidx.htm
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agricultural engines that pump irrigation water, only self-propelled vehicles are eligible for 
funding.  All other stationary and "mobile" engines/equipment are ineligible.  Eligible project 
types include: 

• Purchase of new low or zero emission vehicles; 
• Repowering with new, low-emitting engines; 
• Retrofit with aftertreatment systems to reduce NOx,  
• Alternative fuel infrastructure, and 
• Other verifiable, enforceable, and cost-effective technology for reducing NOx emissions. 

Funding Sources – The San Joaquin Valley Heavy-Duty Engine Incentive Program is funded by 
District motor vehicle registration fees (REMOVE program), state funds (San Joaquin Valley 
Emergency Clean Air Program), Carl Moyer Program, and in some counties CMAQ funds.   

Implemented Programs/Technologies for HDDV Fleets – Similar to SECAT program. 

11.10 GATEWAY CITIES CLEAN AIR PROGRAM19 

Description – The Gateway Cities Clean Air Program was created by a group of 27 cities in 
southern Los Angeles County and the Port of Long Beach to reduce diesel emissions by helping 
to take older diesel trucks off the road and replacing them with newer models with cleaner-
burning engines.  Eligible diesel truck owners can be partially reimbursed for the costs of 
purchasing 1994 or newer used trucks when they trade in 1983 or older models.  The program is 
managed by the Gateway Cities Council of Governments of Southeast Los Angeles County 
(GCCOG), in partnership with the Port of Long Beach, CARB, and the U.S.EPA.  

Funding Sources – The funding for the Gateway Cities Clean Air Program are totalled to $4 
million based on $1 million CARB’s Emission Mitigation grants, and matching funds from 
GCCOG, and Labor Beach Board of Harbor Commissioners.   

Implemented Programs/Technologies for HDDV Fleets – Mostly fleet modernization which 
replaces older model year (e.g. 1983) trucks with newer model year (1994 or later) trucks. 

11.11 PORT OF LOS ANGELES AND PORT OF OAKLAND20 CLEAN AIR PROGRAMS 

Description – Similar to the effort of the Port of Long Beach, the Board of Harbor Commissioners 
has approved and funded the Port of Los Angeles Clean Air Program (POLACAP) as part of 
POLA’s on going efforts to improve the air quality in the port of Los Angeles.  The POLCAP with 
$2.8 million in funding encompasses numerous emission reduction initiatives by the Port, 
including initiatives to reduce emissions from both on-road vehicles like tractor-trailer trucks and 
transit buses, and off-road equipment like vessels, ships and locomotives. 

The Port of Oakland Clean Air Program was part of the Air Quality Mitigation Program resulted 
from a lawsuit settlement on the Port’s Marine Terminals under the VISION 2000 program, which 
will increase the number of trucks, cargo handling equipment, and ships operating at the Port as 
well as the air emissions produced by these types of vehicles.  The primary goal of the program 
is to reduce the largest quantity of emissions possible with the $9 million in available funding by 
focusing on reduction of particulate matter from diesel engines.  Specifically for tractor trailer 
trucks and transit buses, the Port will fund replacement and retrofitting of diesel truck engines on 

                                                  
19 Gateway Cities Website: http://www.gatewaycog.org/cleanairprogram/overview.html
20 Port of Oakland Clean Air Program Website: http://www.portofoakland.com/environm/prog_04a.asp
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local trucks with low-emission engines, as well as demonstration on alternative diesel fuels and 
aftertreatment devices.  

Funding Sources – The funding sources for the POLACAP of $2.8 million are the Board of 
Harbor Commissioners and CARB’s $1 million Emission Mitigation grants, as well as matching 
funds.  As part of the lawsuit settlement on its VISION 2000 program, the Port of Oakland 
adopted a package of mitigation measures and pledged $9 million directly to air quality 
mitigation.  

Implemented Programs/Technologies for HDDV Fleets – Mostly repowering high-emitting 
vehicles with low-emitting engines, and some alternative diesel fuels, such as emulsified diesel 
and biodiesel fuels, and aftertreatment device retrofitting. 

11.12 BAAQMD’S TFCA PROGRAM21 

Description – The California Legislature passed Assembly Bill 434 in 1991 and AB 414 in 1995 
to authorizes the Bay Area Air Quality Management District (BAAQMD) to impose a $4 
surcharge on motor vehicle registration fees paid within its jurisdiction to fund the transportation 
control measures (TCMs) to reduce motor vehicle emissions.  Surcharge revenues, which total 
approximately $20 million annually, are channelled into the Transportation Fund for Clean Air 
(TFCA).  While most of the control measures implemented in the BAAQMD’s TFCA Program are 
TCMs, eligible project types also include measures to reduce HDDV emissions, such as clean 
fuel school and transit bus purchases, low emission vehicles program, and alternative fuel 
refuelling infrastructure.    

Funding Sources – The funding for the BAAQMD’s TFCA Program is collected from motor 
vehicle registration surcharge fees.  

Implemented Programs/Technologies for HDDV Fleets – Almost all of the TFCA projects 
applicable to HDDVs are purchases of natural gas vehicles, including transit buses, school 
buses, garbage trucks, and natural gas refuelling infrastructure. 

11.13 TCEQ’S TEXAS EMISSIONS REDUCTION PLAN OR TERP (SB 5)22 

Description – The Texas Emissions Reduction Plan (TERP) was established by the Texas 
Senate Bill 5 in 2001.  The TERP includes a number of voluntary monetary incentive programs, 
as well as other assistance programs to help improve the air quality in Texas.  Three of the 
programs within the TERP are applicable to reducing emissions from HDDV fleets.  These 
programs are the Emission Reduction Incentive Grants Program, Heavy-Duty Motor Vehicle 
Purchase or Lease Incentive Program, and New Technology Research and Development 
Program.  On August 2003, TCEQ announced that it is accepting grant applications for a $91 
million TERP funds for fiscal year 2004.  According to TCEQ, eligible types of projects may 
include: 

• Lease or purchase of non-road equipment (at least 50 hp)  
• Repower, retrofit, or add-on of devices to non-road diesel powered equipment (at least 

50 hp) or to on-road heavy-duty diesel-powered vehicles (10,000 lb or more Gross 
Vehicle Weight Rating)  

• Infrastructure projects, including:  
o on-site or mobile refuelling infrastructure  

                                                  
21 BAAQMD’s TFCA Program Website: http://www.baaqmd.gov/planning/plntrns/tfcapage.htm#TFCA
22 TCEQ’s TERP Website: http://www.tnrcc.state.tx.us/oprd/sips/overview.html
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o on-site infrastructure for dispensing electricity  
o on-vehicle infrastructure for dispensing/accepting electricity  

• Use of a qualifying fuel    

Funding Sources – The funding for the TCEQ’s TERP is provided by the Texas fiscal year state 
budget.  

Implemented Programs/Technologies for HDDV Fleets – TERP projects applicable to HDDVs 
are purchases of natural gas vehicles, use of alternative diesel fuels, aftertreatment device and 
EGR retrofits. 

11.14 H-GAC’S CLEAN CITIES/CLEAN VEHICLES PROGRAM 

Description – The H-GAC’s Clean Cities/Clean Vehicles Program provides funding to 
government and private entities to assist in their efforts to use low emission (clean) vehicles in 
their fleets.  Eligible project types include AFVs, alternative diesel fuels, and vehicle 
technologies, such as catalysts and other devices that effectively reduce vehicle nitrogen oxides 
(NOx) and volatile organic compound (VOC) emissions.  The program will pay up to 75 percent 
of the incremental cost of the acquisition of original equipment manufactured vehicles or for 
conversion of existing or new fleet vehicles. Local match of 25 percent is required from the 
applicant.  Local, state and federal government entities within the eight-county Houston-
Galveston severe ozone nonattainment area (Brazoria, Chambers, Fort Bend, Galveston, Harris, 
Liberty, Montgomery and Waller counties) are eligible, as are public-private partnerships 
proposing projects that are co-operatively implemented under agreements between the public 
and private sectors and/or non-profit entities.  

Funding Sources – the H-GAC Clean Cities/Vehicles Program has allocated $50 million CMAQ 
funds for implementing projects in the program.  

Implemented Programs/Technologies for HDDV Fleets – Projects funded by H-GAC Clean 
Cities/Vehicles Program included natural gas and propane AFVs, EGR retrofits, repowering with 
new engines and engine reflash, alternative diesel fuels, and a hybrid-electrical bus. 

11.15 NYSDEC’S CLEAN WATER/CLEAN AIR BOND ACT PROGRAM23 

Description – In 1996, the New York voters passed a Clean Water/Clean Air Bond Act to provide 
funding to enhance the environmental quality of New York State through the implementation of 
projects that improve water and air quality.  The Bond Act authorized, among other programs, 
$230 million for clean air projects.  The Bond Act authorizes the New York State Energy 
Research and Development Authority (NYSERDA) to make State-assistance payments for 
projects that provide air quality improvements to the New York State.  Under the Clean-Fuelled 
Bus Program, $25 million of the Bond Act’s Clean Air funds has been awarded for 538 buses, 
including CNG, battery electric, and diesel hybrid electric technology.  NYSERDA recently 
announced the New York Clean Air School Bus Program, in which $5 million of the Bond Act 
funds will be used to purchase clean school buses or to retrofit emission control technologies on 
high-emitting school buses.   

Funding Sources – The funding for the Bond Act is provided by the New York State fiscal year 
budget.  

                                                  
23 NYSDEC’s Clean Water/Clean Air Bond Act Website: 
http://www.dec.state.ny.us/website/bondact/apindex.html
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Implemented Programs/Technologies for HDDV Fleets – Bond Act projects applicable to HDDVs 
are mostly purchases of natural gas, electrical, and hybrid-electric transit and school buses, as 
well as aftertreatment device retrofits. 

11.16 PUGET SOUND CLEAN AIR AGENCY’S DIESEL SOLUTIONS PROGRAM24 

Description – The Puget Sound Clean Air Agency, along with a consortium of partners, has 
developed the Diesel Solutions program to help reducing emissions from HD diesel vehicles in 
the western Washington region. The Puget Sound Diesel Solutions Program is intended to 
leverage ULSD fuel into western Washington and enable a wide range of public and private 
fleets to join a consortium to retrofit diesel vehicles.  

King County and the City of Seattle in the Washington State, and Boeing have begun using 
ULSD fuel for their transit and diesel vehicle fleets and have begun installing retrofit devices in a 
multi-year commitment to reduce toxic and fine particle emissions by up to 90 percent.  

Funding Sources – The U.S. EPA has leveraged about $1 million in funding to support this 
program.  More grant funding is expected over the next several years. The U.S. EPA's Diesel 
Retrofit project is providing substantial grant funding and technical support to help implement the 
program.  Other funding partners include the Puget Sound Clean Air Agency, the Washington 
State Department of Ecology and Region 10 of the U.S. EPA.  

Implemented Programs/Technologies for HDDV Fleets – Puget Sound Diesel Solutions Program 
promotes the use of ULSD fuel and aftertreatment device retrofits. 

                                                  
24 Puget Sound Diesel Solutions Program Website: http://www.pscleanair.org/dieselsolutions/
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12. FINDINGS AND CONCLUSIONS 

12.1 EMISSIONS 

• The GVRD backcast and forecast of the 2000 emission inventory estimates that onroad 
heavy duty diesel vehicles (HDDV) were responsible for 4.1% of the PM2.5 emitted in the 
Canadian LFV in 2000 and that, because of lower emission standards for new engines in 
2007 and the reduction in the sulphur content of diesel fuel that will enable achieving these 
standards, the share of emissions will decline to about 2% by 2010 and 1% by 2025. The 
share of smog precursor emissions to the Canadian LFV from onroad HDDVs is forecast to 
decrease from 7.8% in 2000 to 4.1% in 2010 and 1 % in 2025, primarily as a result of more 
stringent NOx exhaust emission standards that will be phased in from 2007 to 2010. These 
trends are summarized below for all common contaminants: 

  2000 2010 2020 
  

Source 
t/yr % t/yr % t/yr % 

HDDV 2,556 0.7 1,354 0.4 418 0.1 
All Other Sources 364,723 99.3 353,270 99.6 342,671 99.9 CO 
Total  367,279   354,624   343,089   
HDDV 12,253 14.9 5,558 8.1 1,517 2.4 
All Other Sources 70,248 85.1 63,329 91.9 61,602 97.6 NOx 
Total  82,501   68,887   63,119   
HDDV 423 0.6 316 0.5 256 0.4 
All Other Sources 70,490 99.4 62,970 99.5 60,035 99.6 VOC 

  Total  70,913   63,286   60,291   
HDDV 259 3.0 12 0.1 14 0.1 
All Other Sources 8,447 97.0 9,218 99.9 10,887 99.9 SOx 

  Total  8,706   9,230   10,901   
HDDV 302 3.0 160 1.6 75 0.7 
All Other Sources 9,762 97.0 10,143 98.4 10,942 99.3 PM10

  Total  10,064   10,303   11,017   
HDDV 262 4.1 128 2.0 46 0.7 
All Other Sources 6,166 95.9 6,232 98.0 6,852 99.3 PM2.5

  Total  6,428   6,360   6,898   
HDDV 13,196 7.8 6,014 4.1 1,833 1.3 
All Other Sources 155,352 92.2 141,749 95.9 139,376 98.7 

Smog 
Forming* 

Total  168,548  147,763  141,209  
HDDV 20,368 5.2 9,303 2.5 3,025 0.8 
All Other Sources 372,332 94.8 360,220 97.5 374551 99.2 

Impact 
Weighted 

Total  392,700  369,523  377,576  
* NOx+SOx+VOC+PM2.5. 

• There are 32,521 onroad heavy duty diesel vehicles operating primarily in the Canadian 
Lower Fraser Valley, excluding 1982 diesel vehicles that are primarily for nonroad use. Of 
this total, 12,138 vehicles, or 37%, are specified in the ICBC registration statistics for 2003 to 
be part of a vehicle fleet. The three largest onroad HDDV categories are Class 8a+b  
(29.9%), Class 2b (22.7%) and Class 3 (19.6%), which together comprise 72.2% of the 
vehicles, as summarized below: 
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Onroad HDDV Vehicle Class Examples GVWR (kg) 

Number % 
HDDBT or HDDVBS  

(Transit/Urban or 
School Bus) 

  2,082 6.4 

HDDV2b Small cargo vans, large 
pickup trucks. 3,864 - 4,545 7,390 22.7 

HDDV3  4,545 - 6,363 6,360 19.6 
HDDV4 Cargo vans 6,363 - 7,272 945 2.9 
HDDV5 Cargo vans 7,273 - 8,863 1,447 4.4 

HDDV6 Beverage and single axle 
delivery trucks 8,864 - 11,818 1,300 4.0 

HDDV7 Recycler/garbage trucks, 
fuel trucks 11,818 - 15,000 3,263 10.0 

HDDV8a Dump trucks, cement trucks 15,000 - 27,272 3,608 11.1 
HDDV8b Large tandem tractors > 27,272 6,126 18.8 

Total   32,521 100 
 

• This study found that the number of HDDVs operating in ICBC Territories in the Lower 
Fraser Valley are 13% lower in number and have a different distribution by vehicle class than 
previously determined by the GVRD for the 2000 emission inventory. Although the number of 
vehicles was lower in this study, the total VkmT was 13% higher than estimated previously 
due to higher estimates of annual VkmT accumulation per vehicle. There were 30% more 
Class 2b-3 vehicles, 32% fewer Class 4-8b vehicles and 13% fewer vehicles overall.  The 
ICBC dataset used in this study focused on HDDVs that were indicated to operate primarily 
in the LFV and that were licensed and insured for use, and did not include vehicles operating 
out of province (ICBC Territory Z), such as long-distance transport trucks, delivery vans and 
buses. ICBC indicates it has no additional information on the VkmT or operating activities for 
Territory Z vehicles that would help determine their contribution to emissions from HDDVs in 
the LFV. Further analysis of Territory Z vehicles and a selective survey to determine the 
VkmT accumulated by these vehicles while operating in the LFV would improve future mobile 
source emission inventories. 

• Updated emissions from onroad HDDVs operating in the LFV were determined for 2000-
2025 using the MOBILE6.2C model and data for the local area, when available. The annual 
VkmT driven by vehicles in municipal and transit bus fleets were from survey data, while 
MOBILE6.2C default values were used for other fleets. HDDV emissions are forecast to 
change as follows (see table below for added detail): 

o Common tailpipe pollutants: -40% to -95% by 2010 and -60% to -90% by 2020.  
o Toxic emissions: -43% by 2010 and -57% by 2020.  
o Ammonia emissions: +18% by 2010 and +34% and 2020. 
o Full cycle GHG emissions: +18% by 2010 and +35% by 2020. 

The reduction in emissions of common and toxic contaminants and increase in ammonia 
emission are due to introduction of new technologies and low sulphur diesel fuel specification to 
meet the 2007 HDDV emission standards. GHG emissions increase because of increases in the 
number of vehicles and the distances driven. This assumes constant fleet average fuel economy. 
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Pollutant 2000 
(t/yr) 

2010 
(t/yr) 

2020 
(t/yr) 

Change by 
2010 
(%) 

Change by
2020 
(%) 

CO  3,673 1,774 512 -52 -86 
NOx  14,489 7,887 1,688 -46 -88 
VOC  632 360 272 -43 -57 
SOx  291 14 15 -95 -95 

Total 503 177 83 -65 -83 
Exhaust 473 142 43 -70 -91 PM10

Non-exhaust 30 35 40 +17 +34 
Total 446 142 52 -68 -88 
Exhaust 437 131 39 -70 -91 PM2.5

Non-exhaust 9 11 13 +18 +34 
Acrolein  2 1 1 -43 -57 
Acetaldehyde  19 11 8 -43 -57 
Benzene  7 4 3 -43 -57 
1,3 Butadiene  4 2 2 -43 -57 
Formaldehyde  52 30 22 -43 -57 
Ammonia  23 27 30 +18 +34 
CO2 from vehicle    1,227,623   1,416,971   1,597,439 +15 +30 
Full Cycle GHG    1,464,103   1,721,786   1,969,401 +18 +35 

 

• The government fleets that provided access to their fleet information in the ICBC dataset 
include 22 municipal fleets (including GVRD and UBC), as well as Coast Mountain Bus 
Company and BC Transit. Municipal HDDVs will contribute in 2005 about 1% of exhaust 
PM2.5, 1% of smog precursor and 1% of toxic emissions in the updated HDDV emission 
inventory prepared in this study. In 2005, the TransLink bus fleet will contribute 4% of PM2.5, 
4% of smog precursors and 3% of air toxics. BCTransit operates a relatively small fleet that 
will contribute 0.1-0.2% of total emissions of these pollutants from the onroad HDDV fleet in 
the LFV. 

The number of individual fleets included in the detailed inventory of emissions could be 
expanded to include other government fleets and private fleets with access to the ICBC fleet 
codes from the fleet owners/managers. The emission inventory tool developed in the study 
facilitates using the ICBC data for analysis of individual fleets to forecast emissions of 
common and toxic pollutants for 2000-2025. 

12.2 EMISSION REDUCTION OPTIONS 

• Emissions from HDDVs can be reduced by changing the quality of diesel fuel, switching to a 
blend of fuels or an alternative fuel, switching to a different propulsion technology, retrofitting 
of improved engine or emission control technology or some combination of these measures. 
These measures have differing effects on emissions of pollutants and greenhouse gases and 
also have effects on vehicle performance and operating cost, all of which influence their 
suitability for vehicle and duty-cycle applications. The study identified a long list of potential 
options that could be considered for a fleet and a short list of options that are good 
candidates for the classes of vehicles in government fleets and many private fleets. The long 
list and short list of emission reduction options are: 
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Options Long List Short List  Rationale for Short List 
Fuel Quality Options:    

CARB or similar diesel 
reformulation Yes Yes Proven effective in California with achieving 

emission reductions. 

Ultra low sulphur diesel Yes  No Assumed beyond 2006 to enable new 
standards, but not as separate option.  

Diesel fuel additives such as cetane 
improvers and detergent packages Yes Yes 

Detergents can reduce PM and improve 
fuel economy. Cetane improvers reduce 
NOx, HC, PM and air toxics at low cost. 

Fuel density Yes No High incremental fuel cost. 
Fuel aromatics Yes No High incremental fuel cost. 

Operational or Demand 
Management Improvements: No No Outside study scope 

Fuel Blends:    

PuriNOx, a water diesel emulsion Yes No 
51-58% reduction in PM and significant 
reductions in NOx and CO. Anticipate E-
Diesel will be more cost effective. 

Ethanol-Diesel blends, such as 
O2Diesel and others. Yes Yes; 

7.7%ETOH 

25% reduction in PM, with 100-200% 
increase in HC. Promising for GHG 
reduction 

Biodiesel (10-20%) Yes Yes; B20 

B20 can yield reductions in PM (10%), SOx 
(20%), HC (20%), toxics (4%) and GHG 
(12–18%). High potential for GHG 
reduction. 

Alternative Fuels: Yes   

Natural gas engines, both 
conventional and Westport HPDI 
engines 

Yes 

Yes; CNG 
for Bus & 

Class 8 for 
HPDI 

Large reductions in pollutants and 
significant GHG reductions, particularly for 
certain vehicle applications. 

Hydrogen/natural gas blend. Yes No 
Emission reductions similar to natural gas, 
but cost high and new infrastructure 
required. 

Propane. Yes No Reductions in PM and SOx, but limited to 
smaller new HD vehicles.  

Different Propulsion Systems:    

Fuel cell systems Yes, with 
limitations No Too many unknowns regarding commercial 

availability in study time period. 
Hybrid combustion engines and 
electric drives. Yes Yes; bus Currently commercial and offers reduced 

emissions improved fuel economy. 
Modified Heavy-Duty 
Engines/Control Systems:    

Particulate Filter/trap or Oxidation 
Catalyst retrofits Yes Yes 

Oxidation catalyst and catalyzed filters 
commercially available for retrofit. Yield 
significant PM reductions at relatively low 
cost for high emitting vehicles. 

NOx adsorber retro-fits Yes No 
Not commercially available and require 
ULSD. This or similar NOx control will be 
included in future new vehicles. 

Engine or control system upgrade 
or replacement Yes Yes Commercial technology. Consider 

replacement of old engines 

Early introduction of 2007 
technology 

Depends 
on USLD 

availability. 
No ULSD and 2007 engine technology will not 

be commercially available until 2006. 

Scrapping of old high emitting 
vehicles Yes No Same as early engine replacement. 

HDDV I/M Program (ACOR) No No Outside study scope 
 

• Extensive information on emission reductions, performance effects and costs is available for 
the long list of emission reduction options and was compiled for the study. The technology 
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for diesel engines and most of the emission reduction options are changing rapidly to meet 
the 2007 emission standard and as a result of continuing market demands. The available 
data on the percent reduction in emissions has been estimated using test data that applies to 
diesel engines meeting relatively current emission standards. Advances that will be made in 
diesel engine and control technology through the 2007-2010 period to meet the 2007 
emission standards will change the reference point for assessing the reduction that can be 
achieved in any year by the identified options. The emission reduction estimates derived 
from current test results will become less applicable to future technologies with time and as a 
result of yet unknown advances that may occur and new information on deterioration rates of 
controls.  

• The emission reduction options reviewed in this study for HDDVs change emissions of 
particulate matter, NOx, VOC, toxic compounds and greenhouse gases and the operating 
cost for fuel to different extents and may also require capital investments for retrofitting 
control equipment or replacing the engine.  Table 12-1 summarizes the nominal effects of the 
long-listed emission reduction options considered in this study showing for a hypothetical 
individual vehicle the emission changes relative to a typical late 1990’s diesel engine, and 
the fuel cost changes referenced to a fuel consumption rate of 47 L/100 km. The reduction in 
emissions and the incremental fuel cost are sensitive to the vehicle engine technology and 
the operating conditions of the target vehicle, so the nominal effects shown in Table 12-1 
must be used with this in mind. This information allows relative comparisons of the options to 
be made and illustrates that no single emission reduction option is best for reducing 
emissions from HDDVs and that some address individual pollutants, while others affect 
emissions of multiple pollutants. Some options decrease target pollutants, while also causing 
some increases in others. 

The reduction in emissions achieved by applying a specific emission reduction option to a 
fleet composed of various ages and classes of HDDVs depends on the penetration of this 
technology in the fleet (i.e., the percentage of the total number of vehicles in the fleet to 
which the technology is applied) and the total emissions from the fleet over a chosen lifetime. 
The emissions that can be reduced from a vehicle or a continually modernized fleet will be 
much lower in the future than at present and this needs to be considered, as done in this 
study, when assessing the cost effectiveness and performance of candidate emission 
reduction options.   

12.3 EFFECTS OF HDDV EMISSIONS ON AIR QUALITY 

• Based on the GVRD “moderate” emission forecast, the annual average PM10 concentration 
in the Western LFV is expected to remain at about 12-13 μg/m3 to 2015, and then to 
gradually rise 1 μg/m3 by 2025 (see Figure 7-6). The annual average PM10 concentration in 
the Eastern LFV is forecast to parallel this trend, remaining at about 12 μg/m3 though 2015 
and rising 0.5 μg/m3 by 2025. Future PM2.5 concentrations are forecast to be slightly higher 
in the Western LFV than the Eastern LFV over this period and to stay fairly constant at 
current levels of 5-6 μg/m3 in the Western LFV and 4-5 μg/m3 in the Eastern LFV, with a 
rising trend beyond 2015. 

• The algebraic model developed in this study predicts that particulate and gaseous emissions 
from HDDVs in the LFV in 2004, as updated in this study, contribute 0.7 μg/m3 to the annual 
average PM10 concentration in the Western LFV, and 0.5 μg/m3 in the Eastern LFV.  These 
average about 5% of the regional average PM10 concentration in the LFV. The estimated 
contribution of PM2.5 from the HDDV fleet is about 0.5 μg/m3, or 10% of the average annual 
PM2.5 concentration in the LFV.  
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Table 12-1 Nominal Effects of Fuel and Vehicle Options on Emissions and Costs Relative to a Current Heavy Duty Diesel Vehicle 

Fuel Quality Fuel Blends Alternative Fuels Alternative 
Propulsion Retrofits 

Parameter 
LSLA** CARB 

Diesel 
Deter-
gents 

Cetane 
Additives 

20% 
Biodiesel 

7.7%  
E-Diesel 

Diesel-
Water 

Emulsion 

Natural 
Gas Propane 20%H2/NG Hybrid 

Electric DOC DPF 
PM 

Rebuild 
Kit 

Engine 
Replace

ment 

Fuel Cost 
(¢/km)* +2.3 +1.6 to 

+3.2 -0.5 +0.15 +1.8 to 
+4.2 

+1.4 to 
+2.3 

-2.8 to 
+8.9 - 6.0 -5.0 +3.6 -5 +0.32 +1.4 +0.6 to  

-0.8 -3.0 

Sulphur 
Emissions -88% No 

change 
No 

change No change -20% -4.8% No 
change -90% -80% -90% -30% 0 0 0 0% 

Particulate 
Emissions -17.8% -8.5% -5 to  

-10 %  -1.9 % -10% -25% -20 to -
50% -95% -50% -95% -50 to  

-60% 
-25 to 
-30% -60% -20 to  

-30% -80% 

NOx 
Emissions -10.7% -6.2% -10 to 

+6% -2.5% +2% No 
change 

-10 to -
20% 

-35 to  
-50% Same -75% -35% 0% 0% 0% -60% 

Hydrocarbons 
Emissions -1.1% -19.4% -7 to 

+6% -15.3% -20% 
+ 100% 

to 
+200% 

+30 to 
+100% 

Higher, 
but far 
below 

standard
s 

Same 

Higher, 
but far 
below 

standards 

-45% -50 -60 0% 0% 

Toxic 
Emissions 

Some 
lower 

Some 
lower No data Significant 

reductions -4% No data 
Some 

increase/ 
decrease 

Many 
lower No Data No Data -45% Lower Lower 0% 0% 

GHG 
Emissions +2% Higher -2% No change -12 to  

-18% -2.8% -1 to -2% 
CNG:  
-6%  

to -16%  
-3% +4% -30% +1 to 

+2% 
+2 to 
+4% 

0 to 
+2% -10% 

* Fuel cost changes are based on a vehicle with a fuel consumption of 47 L/100 km, or 6 mi/Imp gal. 
** LSLA – Low Sulphur Low Aromatics produce by a major Canadian petroleum company. 
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• Average monthly elemental carbon concentrations measured at five stations in the LFV vary 
from less than 0.5 μg/m3 to about 0.9 μg/m3 throughout the LFV (see Chapter 8, Table 8-2). 
Average elemental carbon concentrations in urban areas, such as at the Burnaby station, are 
higher than at stations located in rural areas, such as in Chilliwack and Abbotsford. 
Maximum 24-h averages range from 0.5 -1 μg/m3 in rural areas to 1-2 μg/m3 in urban areas 
in the LFV. Using the central estimate of the ratio of DPM to elemental carbon from the US 
EPA (2002), the average DPM concentration in the LFV is about 0.4 μg/m3 in rural areas and 
0.7 μg/m3 in urban areas. Upper estimates of the average DPM concentrations in rural and 
urban areas are 0.7 μg/m3 and 1.2 μg/m3, respectively. Maximum 24-h average DPM 
concentrations would be higher than average values by about a factor of two. 

• Emissions of PM10 diesel exhaust from HDDVs are estimated to result in an average diesel 
particulate matter concentration of 0.4 μg/m3 based on the dispersion factor for CO emission 
from onroad vehicles (see Section 8.3 for derivation of this dispersion factor). The model 
estimate is 60% of the central estimate and 30% of the upper estimate of average DPM 
concentration from measurements of elemental carbon at five stations in the LFV in 2002-
2003.  

• The measured and modelled estimates of DPM in Vancouver are at or below the low end of 
the range observed in US cities. 

• The modelling technique developed in this study is able to use TransLink’s EMME/2 
transportation model results for the region to predict annual average PM2.5 concentrations 
beside roads in the LFV. PM2.5 concentrations were predicted for four zones located at the 
following distances from the road: Zone 1, 0-20 m; Zone 2, 20-100 m; Zone 3, 100-500 m; 
and Zone 4, ≥ 500 m. The concentration of other pollutants could be estimated using the 
same technique. 

The highest Zone 1 PM2.5 concentrations from all HDDV traffic are predicted to occur near 
major highways and expressway in the LFV where combined bus and truck peak AM traffic 
volume is highest.  Some of the highest Zone 1 PM2.5 concentrations were predicted to occur 
beside Highway 1 between 176 Street and 200 Street and between 232 Street and Mount 
Lehman Road. Use of constant emission factors rather than ones that vary with vehicle 
speed causes predictions of high emissions and high PM2.5 concentrations near highways 
because of their higher traffic volume. 

Bus traffic is predicted to result in Zone 1 annual average PM2.5 concentrations in Vancouver 
in the range of 0.6 to 2 μg/m3 along most of the length of Granville Street south to Richmond 
and at UBC. Numerous roads have predicted Zone 1 annual average PM2.5 concentrations in 
the 0.4-0.59 μg/m3 range. 

PM2.5 concentrations above 1 μg/m3 from truck and bus traffic in Vancouver and Burnaby are 
limited in extent generally to within the 20 m corridor used for Zone 1 and occur along 
Granville Street, the Oak Street Bridge, the Iron Worker’s Memorial Bridge and sections of 
Highway 1. Wider corridors of 200 m width are predicted to have Zone 2 PM2.5 
concentrations above 0.4 μg/m3 along about 25 km of arterial roads, with the main areas 
being along Granville Street, Kingsway, Knight Street, Highway 1 and all of the major bridges 
connecting traffic flow to Richmond and the District of North Vancouver. Similar effects on air 
quality will occur in these municipalities close to the roads receiving traffic from the bridges. 

The annual average PM2.5 concentration in Zone 1 along Highway 1 is predicted to be above 
2 μg/m3 for some sections and above 8 μg/m3 in others. The annual average PM2.5 
concentrations are estimated to drop quickly in adjacent zones because of averaging with 
values in zones along roads having very low traffic volumes.  In reality, this averaging will 
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have little affect on the concentrations in Zone 2 adjacent to Highway 1 and PM2.5 
concentrations in these areas are probably higher than modelled. The predicted 2.5 
concentrations are high enough to warrant further investigation to determine actual PM2.5 
and DPM concentrations in the nearest residential areas along this section of Highway 1. 

• The maximums and 98th percentiles of the annual average PM2.5 concentrations are most 
influenced by truck traffic, with significant effects predicted for distances up to 100 m from 
the edge of a small fraction of the total number of road sections modelled in the LFV (Table 
12-2).  Annual average PM2.5 concentrations are predicted to be above 1 μg/m3 between 20 
m and 100 m from the road edge for 196 km of road in the LFV (Table 12-3).  Additional 
long-term monitoring data would be needed to assess if people are being exposed to the 
PM2.5 concentrations predicted in this study, as long-term PM2.5 or elemental/organic carbon 
monitoring data are not available where high PM2.5 levels are predicted to be occurring. 

Table 12-2 Maximum and 98Th Percentile Predicted PM2.5 Zone Concentrations for 
Road Links in the LFV 

Predicted Maximum and 98th Percentile Annual Average PM2.5 Concentrations (μg/m3) 
Zone 1 
(<20 m) 

Zone 2 
(20-100 m) 

Zone 3 
(100-500 m) 

Zone 4 
(>500 m)  

Maximum 98th 
Percentile Maximum 98th 

Percentile Maximum 98th 
Percentile Maximum 98th 

Percentile 
Transit 
Buses  1.7 0.4 1.1 0.3 0.4 0.1 0.2 <0.1 

Trucks 15.3 0.6 10.3 0.4 4.0 0.2 1.7 0.1 
All HDDV 15.3 0.8 10.3 0.5 4.0 0.2 1.7 0.1 

 

Table 12-3 Length of Road Links With Zone 1-4 Concentrations Above Various Levels 

Km of Road With Zone Concentration  
Above Indicated PM2.5 Concentration Annual PM2.5 

Concentration 
(μg/m3) Zone 1 

(0-20 m) 
Zone 2 

(20-100 m) 
Zone 3 

(100-500m) 
Zone 4 

(>500m) 
0.2 1021 741 294 182 
0.5 467 300 179 90 
1 237 196 111 29 
2 175 131 38 0 
4 111 55 0 0 

>6 55 29 0 0 
 

12.4 PERFORMANCE AND COST EFFECTIVENESS OF EMISSION REDUCTION OPTIONS 

• Nine options were short-listed as promising candidates for reducing emissions of pollutants 
and greenhouse gases from government and private fleets in the LFV (Table 12-4). These 
options use commercially available technology and offer the potential for reducing emissions 
of particulate matter and precursors of smog and secondary particulate matter formation. 
Many of these options apply to transit buses, while a more limited range are suited to other 
government and private fleets using other classes of HDDVs. These options are suited to the 
fleets assessed in this study and are likely to be more cost effective than other options, 
however, this should not preclude considering other options for fleets and specific vehicle 
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classes that are different than those analyzed in the study. The performance and cost of the 
emission reduction options are dependent on fleet-specific conditions, technology 
advancement, competitive market forces and other factors that should be considered in each 
application. Future developments could lead to improvements in the long listed and short 
listed emission reduction options that were not anticipated in this study, making it advisable 
to periodically revisit the analysis of emission reduction options for HDDVs. 

• Air pollutant emissions from most public fleets and many private fleets will decrease 
substantially by 2010-2015 due to replacement of aging vehicles with new ones meeting the 
much more stringent 2007 HDDV exhaust emission standards. Because future advanced 
diesel engines will be able to meet very low emission levels that are approaching those 
previously achieved only by cleaner burning fuels, fleet emission levels with and without 
emission reduction options will tend to converge to very low levels. Application of emission 
reduction options to a fleet can achieve a lower fleet emission rate sooner than would 
otherwise occur, but will have relatively small effects on annual emissions in the long-term, 
i.e., after 15-20 years.   

• The options have been evaluated in this study using two methods that were requested by the 
steering committee, one from a social point of view that includes health benefits and 
excludes fuel taxes, and the other from a fleet managers point of view that excludes health 
benefits and includes fuel taxes. The rankings of cost effectiveness for the emission 
reduction options differs when health benefits are included than when they are not included 
because of differences in federal and provincial taxation between fuels.  

Table 12-4 Matrix of Fleets and Vehicle Types Analyzed 

Emission Reduction Measures* 
Natural Gas Fleet/Vehicle 

Scenario CARB 
Diesel 

Diesel 
Additives 

E-diesel 
(7.7% 
ETOH) 

20% 
Biodiesel CNG HPDI 

Hybrid 
Bus DOC Engine   

Upgrade 

City of Vancouver X X X X     X 
Township of 
Langley X X X X      

All municipal fleets X X X X     X 
Transit Buses X X X X X  X X  
Characteristic 
Types of vehicles:          

School buses  X X X    X  
Garbage or 
Recycling Trucks  X  X  X  X  

Class 7 vehicles  X X X    X  
Number of Cases 4 7 6 7 1 1 1 4 2 
* CARB Diesel – California Air Resources Board diesel fuel specifications. 
 Diesel additives – Detergent and cetane improver additives in conventional diesel fuel. 
 E-diesel – Blend of 7.7% ethanol in diesel fuel. 
 20% Biodiesel – blend of 20% biodiesel in diesel fuel. 
 CNG – Compressed natural gas. 
 HPDI – Westport high-pressure direct injection technology. 
 Hybrid bus – Diesel electric hybrid drive. 
 DOC – Diesel oxidation catalyst. 
 
• The lifetime emission reductions and cost effectiveness rankings of each of the options and 

fleets are illustrated below in Table 12-5. Application of detergent and cetane additives in 
diesel fuel is consistently ranked first or second for all of the options. This is due to the 
expected small increase in fuel economy, which provides a cost saving, combined with a 
small reduction in emissions (4% reduction in lifetime impact weighted emissions). This 
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option can be applied to all fleet vehicles. Diesel oxidation catalyst retrofits are ranked 
second in impact weighted cost effectiveness for most of the fleets when health benefits are 
included. This emission reduction option was applied to high emitting vehicles and, hence, 
this improves the cost effectiveness. A negative feature of this option is the slight increase in 
fuel consumption, which increases greenhouse gas emissions. Reducing emissions from 
older high emitting vehicles in the HDDV fleet is a common element of many US HDDV 
programs. 

Natural gas with Westport high pressure direct injection technology is highly ranked for 
impact weighted cost effectiveness in solid waste truck applications. This engine technology 
offers near the efficiency of diesel fuel while reducing emissions, and thus comes out very 
favourably compared to other options. It is expected that the cost effectiveness ranking 
would be high for other similar large HDDVs. The cost effectiveness of HPDI is better when 
on a post-tax basis because natural gas is tax exempt. 

B20 biodiesel and E-diesel fair poorly when evaluated in terms of the cost effectiveness of 
reducing impact weighted emissions. This arises for B20 biodiesel because of slight increase 
in NOx emissions and, for E-diesel, because of the increase VOC emissions. Improvements 
in the technology or use of additives to avoid these emission impacts would make the fuels 
more cost effective. B20 biodiesel and E-diesel rank lower than the nonrenewable fuel and 
retrofit emission reduction options. 

The lifetime impact weighted emission reductions achievable with the assumed penetration 
levels and forecast baseline emissions range from -1% to -20% of fleet emissions. Higher 
percent reductions could be achieved for individual vehicles that are high emitters, or by 
applying the emission reductions to a higher percentage of the fleet than was assumed in the 
analysis.  

In the case of the TransLink bus fleet, higher percent emission reductions and cost 
effectiveness values than those indicated could be achieved if selected options were applied 
specifically to reduce emissions from the existing fleet of approximately 307 buses rebuilt to 
meet the 1993 emission standards.  

• Because of the comparatively small emission reduction that would be achieved from the 
fleets assessed in this study, the reduction in regional annual average PM10 or PM2.5 
concentrations is also small. For example, the largest reduction in PM2.5 concentrations 
achieved for any of the options was 0.001 μg/m3 for the combined fleet of all municipal fleet 
and 0.002 μg/m3 for the TransLink bus fleet, relative to a baseline of about 5.0 μg/m3.  
Localized benefits near roadways would be higher than this, as discussed earlier for the 
effects of HDDVs near roadways. 
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Table 12-5 Ranking of Cost Effectiveness for Options Applied to Each Fleet 
Natural Gas 

Fleet/Vehicle 
Scenario 

CARB 
Diesel 

Detergent  
& 

Cetane 
Additives 

E-diesel 
(7.7% ETOH) 

20% 
Biodiesel CNG HPDI 

Hybrid 
Bus DOC 

Engine   
Replace-

ment 

Lifetime impact 
weighted emission 
reduction (%): 

-6 to -7 -4 -1 to -2 -2 -6 -12 -5 -5 to -7 -11 to -20 

Lifetime GHG 
reduction (%): +0.7 -2 to -2.4 -2.4 to  

-2.6 -16 -2.2 -5 -3.3 +1.3 -0.4 

Assumed 
penetration in fleet 
(%) 

100 100 100 100 16 29 16 75-80 
20 

Class 8 
only 

Ranking of cost effectiveness for impact weighted emissions (pre-tax with health benefits/post tax without health benefits) 

All municipal fleets 3/3 1/1 4/4 5/5     2/2 

Transit Buses 3/3 1/1 6/6 7/7 4/2  5/5 2/4  

School buses  1/1 3/4 4/3    2/2  
Garbage or 
Recycling Trucks  1/2  4/4  2/1  3/3  

Class 7 vehicles  1/1 3/4 4/3    2/2  

Ranking of cost effectiveness for greenhouse gases 

All municipal fleets – 1 3 2     4 

Transit Buses – 1 4 3 2  5 –  

School buses – 1 3 2    –  
Garbage or 
Recycling Trucks – 2  3  1  –  

Class 7 vehicles – 1 3 2    –  

“ – “ Emission increase and cost effectiveness is indeterminate. 
Note: Impact weighted cost effectiveness = $ present value/lifetime tonnes of VOC+NOx+CO/7+3SOx+25PM2.5 
reduced. Cost effectiveness for greenhouse gases = $ present value/lifetime tonnes of full cycle greenhouse 
gases reduced. 

12.5 DESIGN AND FUNDING APPROACHES FOR HDDV EMISSION REDUCTION OPTIONS 

• Many emission control programs for HDDV fleets have been or are being implemented at the 
federal, state, and local levels in the United States to reduce emissions from HDDVs in 
private and public sector.  While some are regulatory or voluntary programs, most of the 
emission control programs are monetary incentive programs.  Also, most of the programs are 
applicable to both light-duty and heavy-duty vehicles, and for some programs, to off-road 
vehicles as well. 

• The federal government in the United States provides substantial funding for transportation 
improvements to States and priority regions, which can be applied to support HDDV 
emission reduction programs. This illustrates one funding partnership approach. Priority 
HDDV emission sources and reduction options are identified and coordinated at the regional 
level.    
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13. RECOMMENDATIONS 

13.1 OPTIONS FOR REDUCTION OF EMISSIONS FROM HDDVS 

Recommendations have been developed for government fleets, transit bus fleets and generic 
private fleets, such as those considered in this study, and for two time frames, a near to medium 
term program that extends to 2010 and a long term plan that considers the period after 2010. 
The recommendations are designed firstly to reduce emissions of particulate matter and smog 
precursors that have adverse impacts on human health and secondly to reduce full cycle 
emissions of greenhouse gases. The selection of options is guided by the emission reductions 
and cost effectiveness determined for the cases evaluated in this study. 

13.1.1 Near and Medium Term 

Government and a few private HDDV fleets were assessed in this study to determine the 
emission reductions that could be achieved and the cost effectiveness of these options. The 
results show that there are certain emission reduction options that can be applied widely to most, 
or all of the vehicles in many fleets and that there are other fleets with particular classes of 
vehicles or performance requirements for which fewer options are suitable. The fleets considered 
in the study are largely, but not solely government fleets, with a wide variety of vehicles designed 
to meet varied needs. Government vehicles typically accumulate a moderate number of 
kilometers per year. Most fleets contain 25-70 vehicles with on average 40% as Class 8a 
vehicles. Vehicles tend to be updated periodically to replace older vehicles with new, lower-
emitting vehicles. 

In the near to medium term, hybrid diesel electric drive and Westport HPDI technology are 
expected to make significant advances and be more widely applied in commercial vehicle 
applications. Assumptions made in this study on the performance and cost of these developing 
technologies are subject to more uncertainty than those for other options. Reduction in the cost 
of these technologies and increased commercial experience will lead to more opportunities than 
the two considered in this study. 

The near to medium term work should be focussed on applying and demonstrating the most 
promising short-listed options in the government fleets operating in the LFV. This will yield 
immediate reductions in emissions, build and share experience with different technologies in 
various applications, and address the higher emitting, older vehicles that are presently in the 
fleets. Valuable learning experience will be gained by testing a number of the better performing 
options under local conditions, providing a reliable basis for making decisions on the best 
alternatives in the medium and longer term and enabling this experience to be shared with 
partners in the public and private sectors. 

The results show that emissions of particulate matter and smog precursor emissions will 
decrease 80-90% by 2020. Implementation of short-listed options to reduce emissions from the 
existing fleet will achieve emission reductions sooner, but only have small effects on annual 
emissions in the long-term. Applications of emission reduction options should start with the 
government owned and controlled fleets to both achieve reductions and provide leadership to 
the private sector. The recommended strategy in the near to medium term therefore takes a 
three pronged approach: 

• improve the quality of diesel fuel used in heavy duty diesel vehicles to achieve emission 
reductions from fleets through small reductions in emissions from many vehicles. 
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• use equipment retrofits and alternative fuel and drive technologies to reduce emissions from 
certain classes and ages of vehicles where this is cost effective, provides substantial 
emission reductions and offers the performance required. Priority when identifying vehicles 
should be based on reducing human exposure. 

• apply renewable fuel blend options to reduce greenhouse gas emission and build market 
opportunities that will enable achieving future improvements in cost effectiveness. 

All public and private fleet vehicles could reduce particulate matter and impact weighted 
emissions by purchasing diesel fuel meeting specifications designed to achieve this goal. 
Changes in fuel quality were identified in this study that would reduce emissions from existing 
vehicles and improve fuel economy. Government fleets are large volume purchasers of diesel 
fuel and are in a position to leverage this buying power to achieve desired changes in the 
specifications of the diesel fuel they purchase. 

13.1.1.1 Government Owned or Controlled Fleets 

It is recommended that the following options be considered for government onroad and nonroad 
vehicles, with decreasing priority in the order listed: 

1. Improve Diesel Fuel Quality 

a) Switch to diesel fuel with specifications tailored to achieved reduced emissions of 
particulate matter and smog precursor gases based on available fuel emissions models 
(e.g., EPA), which could include: Low sulphur, low aromatics (LSLA) diesel fuel; CARB 
diesel fuel; or a custom specification from a supplier serving the local market.  

b) If the above option is not economically viable or the product is not available, use 
detergent and cetane additives in diesel meeting current specifications. 

 
Advantages: 

• Significant exhaust emission reductions immediately,  
• Improved fuel economy, and  
• The options are flexible and can be implemented to avoid or minimize cost impacts. 

 
Disadvantages: 

• Availability of diesel fuel having specifications tailored to reduce emissions will 
depend on finding a willing supplier and sufficient volumes being sold. 

• No improvement in greenhouse gas emissions. 

2. Replace old, high-emitting diesel engines (i.e., pre-1993) in high-use vehicles with new, more 
efficient and cleaner burning engines meeting the latest emission standards. Analysis should  
be done to evaluate which vehicles are best suited to engine replacements in each fleet. This 
emission reduction option should be considered for all government fleets in the LFV. 
 
Advantages 

• Significant exhaust emission reductions. 
• Reduction in fuel consumption and greenhouse gas emissions. 
• Tested and applied extensively in fleet applications. 
 

Disadvantages 
• High capital cost and, therefore must be assessed for individual vehicles. 
• Cost effectiveness of this option depends on vehicle engine model year, condition of 

vehicle and kilometers accumulated annually. 
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3. Retrofit diesel oxidation catalysts or diesel particulate filters on high emitting Class 7, Class 8 
or other suitable large vehicles (diesel fuel sulphur content must meet DOC or DPF 
requirements). Tests should be conducted to assess impacts on emissions, performance and 
capital and operating costs of the vehicles and evaluate the potential for wider application. If 
these tests are successful and cost effective, then this emission reduction option should be 
implemented for higher emitting large vehicles in government fleets in the LFV. 
 
Advantages 

• Significant exhaust emission reductions. 
• Tested and applied extensively in fleet applications. 
 

Disadvantages 
• Adversely affected by high sulphur content of fuel. 
• Increased capital and maintenance cost. 
• Application depends on vehicle engine model year (verified for 1991 and newer). 

4. Assess the results of the pilot testing program conducted with biodiesel in the LFV, 
investigate means of reducing biodiesel cost to make B20 biodiesel more cost effective and 
investigate options to reduce or prevent an increase in NOx emissions with use of B20.  
 
Advantages: 

• A large number of successful demonstrations have taken place in North America and 
Europe. 

• Significant particulate and hydrocarbon emission reductions. 
• Large reduction in full cycle greenhouse gas emissions.  

 
Disadvantages: 

• Higher cost than current fuel. 
• No Provincial fuel tax exemption in place yet (may be in place later in 2004). 
• No local supply. 
• Increase in NOx emissions. 
• Care will have to be taken to manage the cold weather properties of the blended fuel. 
 

13.1.1.2 Transit Bus Fleets 

The TransLink and BC Transit bus fleets are forecast to grow over the next 10-20 years in order 
to meet the demands of increasing ridership in the region.  

There are more fuel options available to bus fleets than to other fleets. An advantage of fuel 
options over engine options is that they can be applied to every vehicle in the fleet with little or 
no capital cost.  

The following options should be considered by TransLink and BC Transit. Testing could be done 
in Vancouver or perhaps in other transit properties. If these evaluations demonstrate an option is 
viable for the fleet then it should be applied in regular service in the LFV. 

1. Improve Diesel Fuel Quality 

a) Switch to diesel fuel with specifications tailored to achieved reduced emissions of 
particulate matter and smog precursor gases, which could include: Low sulphur, low 
aromatics (LSLA) diesel fuel; CARB diesel fuel; or a custom specification from a supplier 
serving the local market.   
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b) If the above option is not economically viable or the product is not available, use 
detergent and cetane additives in diesel meeting current specifications. 

 
Advantages: 

• Significant exhaust emission reductions immediately. 
• Improved fuel economy. 
• The options are flexible and can be implemented to avoid or minimize cost impacts. 

 
Disadvantages: 

• Availability of diesel fuel having specifications tailored to reduce emissions will 
depend on finding a willing supplier and sufficient volumes being sold. 

• No improvement in greenhouse gas emissions. 

2. Retrofit diesel oxidation catalysts or diesel particulate filters on high emitting older buses 
(diesel fuel sulphur content must meet DOC or DPF requirements). Tests should be 
conducted to assess impacts on emissions, performance and capital and operating costs. If 
these tests are successful and cost effective, then this emission reduction option should be 
implemented for the highest emitting buses. 
 
Advantages 

• Significant exhaust emission reductions. 
• Tested and applied extensively in fleet applications. 
 

Disadvantages 
• Adversely affected by high sulphur content of fuel. 
• Increased capital and maintenance cost. 
• Application depends on vehicle engine model year (verified for 1991 and newer). 

3. Test natural gas buses and evaluate impacts on bus performance, emissions and operating 
costs. and performance and cost was not up to expectations. Technology has improved 
considerably since natural gas buses were tested in Vancouver and application of this 
technology could be successful, as evidenced by its use in many other transit operations. 
Testing could be done in cooperation with BC Transit to reduce costs. If cost effective, 
consider replacing some of the fleet of pre-1993 vintage buses with this technology prior to 
2010. 

 
Advantages 

• Significant reductions in exhaust emissions. 
• Small decrease in GHG emissions, which is expected to improve over time as diesel 

engines lose some efficiency and natural gas engine technology improves.  
 
Disadvantages 

• Higher initial cost than diesel buses. 
• Requires a more elaborate refuelling system than diesel and potentially some 

changes to the maintenance facility. 

4. Test diesel electric hybrid drive buses and evaluate impacts on performance, emissions and 
operating costs. If effective, consider replacing some of the fleet of pre-1993 vintage buses 
with this technology prior to 2010. 
 
Advantages: 

• Significant exhaust emission reductions.  
• Reduced greenhouse gas emissions.  
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• Can be implemented along with the fuel options identified above to achieve higher 
emission reductions. 

 
Disadvantages: 

• Higher cost, 
• Dependent on fleet renewal or expansion for penetration, 
• Limited experiences with the systems, but several transit properties have made 

significant commitments to the technology. 

5. Test the use of biodiesel in a pilot program to confirm performance, emission and cost 
parameters, investigate means of reducing biodiesel cost to make B20 biodiesel more cost 
effective and investigate options to reduce or prevent an increase in NOx emissions with use 
of B20. Biodiesel could be applied in combination with some of the other options listed. 
 
Advantages: 

• A large number of successful demonstrations have taken place at transit properties 
in North America. 

• Significant particulate and hydrocarbon emission reductions. 
• Large reduction in full cycle greenhouse gas emissions.  

 
Disadvantages: 

• Higher cost than current fuel. 
• No Provincial fuel tax exemption in place yet (may be in place later in 2004). 
• No local supply. 
• Increase in NOx emissions. 
• Care will have to be taken to manage the cold weather properties of the blended fuel. 

 

13.1.1.3 Private Fleets 

In the near to medium term, voluntary initiatives to reduce emissions from private HDDV fleets 
should be encouraged. Information from assessments of options implemented or tested for 
government and transit bus fleets should be shared with private fleet operators. Incentives will 
probably be needed to achieve significant implementation of emission reduction measures in 
private fleets in the LFV, as has been offered in US jurisdictions. The government could consider 
phase-in of a program requiring that private companies meet certain emission reduction or 
performance goals before they can provide contract services to government agencies.  

It is recommended that the following options be encouraged for the private sector or considered 
for companies providing services to government agencies: 

1. Improve Diesel Fuel Quality 

a) Switch to diesel fuel with specifications tailored to achieved reduced emissions of 
particulate matter and smog precursor gases, which could include: Low sulphur, low 
aromatics (LSLA) diesel fuel; CARB diesel fuel; or a custom specification from a supplier 
serving the local market.   

b) If the above option is not economically viable or the product is not available, use 
detergent and cetane additives in diesel meeting current specifications. 

 
Advantages: 

• Significant exhaust emission reductions immediately. 
• Improved fuel economy. 
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• The options are flexible and can be implemented to avoid or minimize cost impacts. 
 
Disadvantages: 

• Availability of diesel fuel having specifications tailored to reduce emissions will 
depend on finding a willing supplier and sufficient volumes being sold. 

• No improvement in greenhouse gas emissions. 

2. Test retrofitting of diesel oxidation catalysts or diesel particulate filters on high emitting Class 
8 or other suitable large vehicles (diesel fuel sulphur content must meet DOC or DPF 
requirements). 
 
Advantages 

• Significant exhaust emission reductions. 
• Tested and applied extensively in fleet applications. 
 

Disadvantages 
• Adversely affected by high sulphur content of fuel. 
• Increased capital and maintenance cost. 
• Application depends on vehicle engine model year (verified for 1991 and newer). 

3. Test replacement of old, high-emitting diesel engines in high-use vehicles with new, more 
efficient and cleaner burning engines meeting the latest emission standards. The tests 
should assess impacts on emissions, vehicle performance and capital and operating costs of 
the vehicles and evaluate the vehicles best suited to engine replacements. 
 
Advantages 

• Significant exhaust emission reductions. 
• Reduction in fuel consumption and greenhouse gas emissions. 
• Tested and applied extensively in fleet applications. 
 

Disadvantages 
• High capital cost and, therefore must be assessed for individual vehicles. 
• Cost effectiveness of this option depends on vehicle engine model year, condition of 

vehicle and kilometers accumulated annually. 

4. Test natural gas engines and evaluate impacts on performance, emissions and operating 
costs.  Natural gas could be applied in solid waste trucks, school buses or other Class 7/8 
vehicles with high emission characteristics and where human exposure is a concern. 
Candidate technologies are compressed natural gas and Westport HPDI. 

 
Advantages 

• Significant reductions in exhaust emissions. 
• Small decrease in GHG emissions, which is expected to increase over time as diesel 

engines lose some efficiency and natural gas engine technology improves.  
 
Disadvantages 

• Higher initial cost than diesel vehicles. 
• Requires a more elaborate refuelling system than diesel and potentially some 

changes to the maintenance facility, so this will limit the fleet opportunities available. 
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13.1.2 Supporting Activities 

There will be advantages to co-ordinating testing and implementation of emission reductions for 
the government and transit fleets. This will ensure information from testing programs is shared 
among fleet managers and improve the design and planning of test programs. This approach will 
also allow the cost and resources required for the testing and evaluation of options to be 
distributed among the partners and reduce the costs to each participant. 

Each of the fleet owners/managers should develop emission and performance goals for their 
fleet for 2010. While this needs to be done individually there is some benefit from the fleets 
interacting during the development of these plans.  

The co-ordinated activities between the government and perhaps partnering transit and private 
fleets could form the basis of a larger HDDV emission reduction group and increase the 
penetration of the emission reduction options. This could be modelled along the lines of the US 
DOE Clean Cities Program, which has been very successful.  

The results from testing of emission reduction options should be compiled and made available to 
agencies and interested fleet managers. This data will be helpful to future studies of the impacts 
of control options on emissions, fuel economy and costs for heavy duty vehicles in the LFV and 
in other Canadian jurisdictions. The information should also be used to improve future regional 
emission inventories. 

13.1.3 Long-term 

The long-term time period considered is 2010 and later. It is difficult to predict the availability of 
advanced technology in this period because of the dramatic changes that will be occurring to 
diesel engine technology up to this time and the uncertainty in the progress that will be made in 
diesel-electric hybrid drives, natural gas engines and fuel cell vehicles. The impetus to improve 
or change transportation technology provided by air quality issues and requirements to reduce 
greenhouse gas emissions are also unknown. 

Improved fuel cell buses may be available by 2010 for testing and demonstration purposes and 
could be available for limited commercial use before 2020. Many fuel infrastructure and vehicle 
performance issues need to be resolved. Conventional diesel, hybrid electric diesel and natural 
gas vehicles will remain the dominant technologies over this time period.   

The changes expected for this period include even greater availability of hybrid vehicles and use 
of this technology with natural gas engines.  

Apart from the introduction of fuel cell technology, the focus for this phase of the program should 
be on expanding the penetration of the technologies found to be most successful over the near 
to medium term and renewing fleet emission and performance goals. 

13.1.3.1  Government and Government-Controlled Fleets 

No significant changes in the characteristics of the fleet are expected over time. New vehicles 
will be purchased as older vehicles reach the end of their useful life. Emissions will decrease 
dramatically from current levels. 

There are not expected to be any new options for the diesel fleet available in the long term than 
those identified in the long list of options in this study. The relative performance of the options 
considered will change because of technology advancement and changes in costs, so periodic 
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reanalysis of emissions reduction options should be conducted.  The experience gained in the 
short to medium term will provide direction for programs needed in the long term. 

13.1.3.2 Transit Bus Fleets 

As discussed above it is unlikely that significant numbers of fuel cell buses will be available by 
2010. Other technologies, such as conventional diesel, diesel electric hybrids and natural gas 
vehicles are the most promising technologies to minimize emissions from transit buses. Biodiesel 
blends could become attractive with reduced fuel cost. 

13.1.3.3 Private Fleets 

The emission reduction options identified for the short to medium term should be applied more 
extensively in the private sector, where not adequately addressed by emission reductions 
achieved through improved diesel engine technology. Highest priority should be given to 
implementing emission reduction measures that reduce human exposure to diesel particulate 
matter. 

13.2 AIR QUALITY MONITORING PROGRAM 

The air quality and health impacts of diesel particulate matter (DPM) emissions from heavy duty 
diesel vehicles are low and declining on a regional scale, but significant near busy roadways. 
Existing monitoring by the GVRD and Environment Canada provides good data for information 
on regional average DPM concentrations in the LFV. The concentrations of diesel particulate 
matter predicted in this study for residential areas near major roadways indicates that additional 
monitoring is needed to more reliably assess localized health risks and provide information for 
transportation and air quality planning.  

There is no means to directly measure diesel particulate matter (DPM) concentrations in ambient 
air. The currently accepted method for estimating DPM concentrations relies on source 
apportionment modelling to ascertain the contribution of emission sources to measured 
concentrations and measurements of elemental carbon concentrations, as a surrogate for DPM. 
This approach was applied in the Multiple Air Toxics Exposure Study (MATES-II) in the South 
Coast Air Quality Management District of California, which is the most comprehensive testing 
program undertaken to measure DPM and toxics in urban areas.  

It is recommended that the elemental carbon apportionment technique be used to improve 
information on DPM concentrations near major roads in the Lower Fraser Valley. The DPM 
concentration can be estimated as follows using the same method applied with preliminary data 
in this study: 

DPMAMB = ECAMB x (ECHDDV/ECall sources)/(EC/DPM)HDDV , 

where, 

DPMAMB  = estimated ambient concentration of diesel particulate matter. 

ECAMB = measured ambient concentration of elemental carbon. 

ECHDDV/ECall sources = ratio of elemental carbon emitted from diesel HDDVs to EC from 
all emission sources as determined by an emission inventory.  

(EC/DPM)HDDV = fraction of total diesel particulate emissions that is composed of 
elemental carbon for the target fleet of heavy duty diesel vehicles 
being considered. 
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A review of the literature should be competed to develop factors for the above equation 
appropriate to the LFV. Published studies indicate a range for DPM concentrations from 0.62 to 
1.31 times EC, with an average of 0.89 EC. 

Additional monitoring of elemental and organic carbon, PM2.5 and NOx concentrations is 
recommended to enable DPM concentrations to be estimated in residential areas near a road 
where traffic volumes and DPM emission rates are relatively high. It is recommended that 
monitoring be done using the same method or an equivalent method to that used at the EC 
monitoring stations in the LFV. Monitoring should be done for either a 3-month period in winter 
and summer or, preferably, a full one-year period, to obtain reliable data on the season variability 
and on the average EC and DPM concentrations.  

DPM concentrations from HDDV emissions were mapped in this study for part of the LFV, 
focusing on higher traffic areas in Vancouver/Burnaby and Surrey. Areas where preliminary 
predictions of annual DPM concentrations near residential areas are above 0.5 μg/m3 were 
considered as possible locations for ambient monitoring. The following three locations are 
predicted to meet this criteria and are recommended as candidate DPM monitoring sites: 

• Beside Granville St., near or between Broadway and 16th Ave. 
• In Marpole, beside Oak Street or 70th Ave. and near where these streets intersect. 
• In the nearest residential areas beside Highway 1 between 176th St. and 200th Street in 

Surrey.  

It is recommended that the mapping of PM2.5 concentrations near roadways initiated in this study 
be completed and then used to identify additional candidate monitoring sites to those listed 
above and to provide information needed in air quality and transportation planning studies. 

Before a decision is made on installing monitoring equipment at one or more DPM monitoring 
sites, the best candidate sites should be evaluated carefully based on site visits, a closer 
examination of site-specific HDDV traffic volumes and emissions, and protocols used by the 
GVRD for selecting monitoring sites. 

13.3 SUPPORTING WORK 

• The technique developed to directly apply the EMME/2 traffic predictions for calculation of 
spatially distributed emission inventory results should be considered for use during periodic 
updates of the LFV emission inventory. With further refinement, this approach will provide 
the GVRD with much better information on the spatial distribution of traffic emissions and the 
vehicle categories contributing to these impacts, with a direct connection to the predicted 
traffic on major roads.  The method interfaces effectively with geographic information system 
software, providing a number of benefits to the GVRD and other users of the emission 
inventory data for display and analysis of emission information. The emission analysis 
technique does not require changes to the normal output from EMME/2. 

• Further refinement of the algebraic PM10/PM2.5 concentration model is recommended to 
provide a flexible and robust tool for air quality and cost benefit analysis. Improvements 
could be made to this model by incorporating more recent scientific data on the fractional 
contributions of sources to ambient PM10 and PM2.5 concentrations. 

• Further analysis should be undertaken of the HDDVs included in ICBC Territory Z to more 
accurately determine the emissions that occur in the LFV from these vehicles. This work is 
needed to improve future emission inventories. A survey will probably need to be conducted 
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to gather information from some of the owners of vehicles included in ICBC Territory Z on the 
annual VkmT typically driven by their vehicles in the LFV. 

• Because of the sensitivity of emission inventory results to the age distribution of onroad 
vehicles, as observed in this study, and to the number of vehicles in each vehicle class, at 
least two and preferable quarterly ICBC datasets for different seasons of the year should be 
used as the basis for future inventories of emissions from motor vehicles. Survey data from 
this study should also be used. These efforts will improve the reliability of future regional 
emission inventories. 
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APPENDIX A FLEET QUESTIONNAIRE
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Data Survey Form for Characterization of Fleet Vehicles 
 
The following data form (Table A-1) was used to obtain data from government and private fleet 
owners that participated in the study. The completeness of data provided by those contacted in 
the study was variable and depended on the data available within their organizations. In some 
cases essentially all the requested data was provided, while, in others, only limited data could be 
provided. 

The data form also includes data requested from the Insurance Corporation of BC regarding the 
type, model year and other attributes of the vehicle. This was done to expedite collection of this 
data while arrangements were being made with ICBC to obtain an extract from the data base of 
registered vehicles.  

 Table A- 1 Data Request Form 
Data Requested from Fleet Operators in the Lower Fraser Valley. 27-Aug-03
(Please email the completed file to _________________________________ 

  
This data is needed for a government/industry study of emission reduction options for heavy duty 
diesel vehicles in the Lower Fraser Valley (LFV). The study is being conducted by Levelton 
Engineering Ltd. The lead agency for the study is the Greater Vancouver Regional District; contact 
Mr. Ali Ergudenler (604-436-6774). 
 
We kindly request your assistance to obtain data for your onroad heavy duty diesel vehicles 
(HDDV). The data applies to:  
     - vehicles with a gross vehicle weight rating of 3856 kg (8500 lb), or more. 
     - vehicles operating in the Greater Vancouver Regional District or the Fraser Valley Regional 

District within the Lower Fraser Valley east to Hope. 
     - vehicles operating in 2000 if available, otherwise in the most recent year (state year). 

 
If you have any questions or need clarification about this data request, please call:  
Levelton Engineering at 604-278-1411 
  
1. General contact information  
 Description Response 
Fleet owner Company, government agency, etc. 
ICBC parent fleet code for your 
vehicles: 

A parent and possibly one or more fleet 
codes have been assigned by ICBC to 
your fleet vehicles. This code will be used 
to identify your vehicles if ICBC does 
provide access to their data. 

 

Fleet Contact Person Name 
 Telephone 
 Email 
Total number of HDDVs in the fleet 
(3856 kilograms, or more). 
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2. Fleet data for individual 
vehicles. 

Either organize data in columns, one for each vehicle, or 
transpose fields to list in rows.  

Data Requested Description Response 
ICBC vehicle registration number As used by ICBC to identify vehicle for 

insurance. 
 

Owner's vehicle identification 
number 

Optional. 

ICBC fleet code for each vehicle If different codes apply to groups of 
vehicles 

 

Type or body style of vehicle Vehicle type, such as dump truck, cement 
truck, tandem tractor, delivery van, cargo 
van, bus, etc.  

 

Make Manufacturer 
Model Vehicle model 
Model Year Vehicle model year 
Gross Vehicle Weight Gross vehicle weight rating in kilograms. 
Engine size Horsepower 
Engine type  4 or 2 stroke engine 
Date of engine rebuild. Engine or control system upgrades only. 
Average vehicle operating speed 
(km/h) 

Measured or typical average in-use 
operating speed in km/h, if known. 

 

Kilometres traveled annually per 
vehicle. 

Measured or typical values, if known. 

Fuel used annually per vehicle 
(litres/year) 

Measured or typical values, if known. 

Vehicle operating duty Emissions are affected by the vehicle duty 
cycle, such as garbage trucks, postal 
vans,  etc. Indicate if normal city/highway 
driving, off-road driving, frequent starts, 
extended idling, or describe. 

 

  
3.Current and planned emission reduction measures. 

Data Requested Response 
Outline emission reduction measures already in 
place and/or planned. 

 

Who is contact for further information on emission 
reduction measures? 

 

Indicate operating area in the Lower Fraser Valley 
for your HDDV vehicle fleet. 

 

Provide any additional information relevant to 
vehicle emissions or emission reduction measures 
that have been considered. 
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APPENDIX B COMMENTS BY ENGINE MANUFACTURERS ON 
USE OF BIODIESEL IN THEIR ENGINES  
(under separate cover) 
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APPENDIX C MAPS OF PREDICTED ANNUAL AVERAGE PM2.5 
CONCENTRATIONS FROM HDDV EMISSIONS 
(under separate cover) 
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APPENDIX D RATIONALE FOR USING THE PROPOSED HEALTH 
IMPACT WEIGHTING SCHEME 
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Emission reduction measures for diesel engines reduce emissions of multiple pollutants 
simultaneously, but to varying degrees. In some cases, an emission reduction measure can 
cause an increase in emissions of one or more pollutants. This range of effects on individual 
pollutant emissions creates a dilemma when calculating cost effectiveness ($/tonne reduced), as 
the simple sum of all emission changes may not reflect the changes in estimated health impacts 
or air quality priorities ascribed to individual pollutants, and cost effectiveness can not be 
determined if there is an overall increase in emissions. Preferably, the changes in emissions of 
individual criteria pollutants achieved by implementing an emission reduction measure could be 
weighted to determine impact-weighted cost effectiveness. This approach enables the cost 
effectiveness calculation to reflect different priorities assigned to individual pollutants for each of 
the emission reductions measures for heavy duty vehicles. Comparisons could be made with 
emission reductions measures applied to other sources if the same cost effectiveness 
methodology was applied.  

In this study, the impact-weighted change in emissions was calculated for each emission 
reduction measure as the change in VOC+NOx+CO/7+3SOx+25PM2.5 emissions and then used 
to determine an impact-weighted cost effectiveness. This is an evolving area of policy 
development for determining and comparing the cost effectiveness of emission reduction 
measures that has had limited application in past air quality studies for the Lower Fraser Valley 
(Shaffer, 2001; Taylor, et.al., 2002).  This weighting system for emission changes gives the 
highest priority to reductions in particulate matter (PM2.5) emissions because of the large body of 
recent epidemiological data on the adverse health effects of PM2.5.  The weighting of NOx and 
VOC is 1/1, while the weighting of CO is 1/7 based on the nominal contribution of these 
precursor gases to ground-level ozone formation in smog-prone areas of California.   

Some believe that the current scientific evidence on the effects of combinations of pollutants is 
presently inadequate to support a certain weighting system for individual pollutants. The 
weighting system used in this study was chosen because of its development and use in previous 
similar studies in the LFV, and the ability of this approach to differentiate the effectiveness of 
emission reduction measures based on a prioritization of pollutant impacts. . In 2005, the 
California Air Resources Board adopted a weighting system for calculating the cost effectiveness 
of emission reduction measures. Its approach is conceptually similar to that used in this study 
with the highest priority given to changes in combustion PM10 emissions. This system calculates 
the change in emissions as NOx + 10(combustion PM10)+ noncombustion PM10 + Reactive 
organic gases. The use of this methodology is not widespread at this time and the weighting 
factors that are used differ. Additional study, on a standardized basis, of the relative health 
damage costs of individual air pollutants would be beneficial to develop a stronger scientific 
foundation for the impact weighting system most appropriate for the LFV.
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APPENDIX E CPPI POSITION ON THE APPLICATION OF HEALTH 
WEIGHTING FACTORS IN COST EFFECTIVENESS 
CALCULATIONS
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The Canadian Petroleum Products Institute (CPPI) is the funding partner of the BC Clean Air 
Research Fund and is a funding participant of this study “Emission Reduction Options for Heavy 
Duty Diesel Fleet Vehicles in the Lower Fraser Valley”. The study’s consultant was asked during 
the development of the report to change the methodology used to assess the cost effectiveness 
of the various HDDV emission reduction measures. The conventional approach of using a simple 
additive methodology to assess the cost effectiveness of the reduction measures for the different 
pollutants was replaced by a relatively new methodology that applies weighting factors for 
various pollutants based on the expected human health impacts of the individual pollutants. This 
methodology is embodied in the equation: Impact Weighted Emissions = 25*PM10 + NOx + VOC 
+ CO/7 + 3*SOx. The results for both methodologies are included in the report, but the 
assessment and recommendations of the report are based on the new methodology.  
 
While the majority of the study participants agreed to the change in study scope, the CPPI did 
not agree and does not support this change in methodology. Although the CPPI has concerns 
about the methodologies used, we wanted to maintain funding support of the study. 
 
CPPI has concerns about the methodology that applies health based emission weighting factors 
designed to place a higher priority on some pollutants versus others because we do not believe 
the methodology had been adequately documented nor is it adequately supported by the 
available science and epidemiological data. 
 
The CPPI disagreement with the application of health weighting factors in cost effectiveness 
calculations is based on our understanding and interpretation of the literature on air pollution and 
health effects.  We do not disagree with regulators seeking to further improve air quality in the 
region, and are willing to play our part in meeting the challenge; however, we are very concerned 
that the weighting scheme has no basis in fact and therefore is a poor and misleading input to 
discussions about preferred future policies.  
 
The CPPI contracted with an internationally recognized scientist, Dr. Suresh Moolgavkar, to 
review the proposed cost effectiveness calculation.  His report, Review of the Proposed 
Weighting Scheme for Air Pollutants in the Greater Vancouver Regional District, can be 
accessed on the CPPI website (www.cppi.ca under Documents), and a peer-reviewed paper by 
him on the same subject was recently published25.  The CPPI fully supports Moolgavkar’s 
conclusions; a summary of our position follows:   
 

1. Interpretation of the results of epidemiological studies is problematic due to the small 
risks associated with exposure to air pollution, and the large number of confounders that 
must be controlled.   
 

2. It is difficult, if not impossible, to single out any specific pollutant as being the principal 
bad actor. The investigator’s choice of model to use and how to control the confounders 
(e.g., fine particle vs. respirable particle vs. ozone vs. nitrogen oxides vs. carbon 
monoxide) largely determines which specific pollutant(s) becomes the focus of the 
investigation.  This in turn can create false expectations about which pollutant(s) need to 
be controlled.   
 

3. Unlike gaseous air pollutants, Particulate Matter (PM) is not a single substance.  Some 
PM is directly emitted from various sources (eg combustion processes), but its 
composition will vary widely according to the fuels used.  Most PM is “secondary” in 

                                                  
25 Moolgavkar, S. H.  A Review and Critique of the EPA’s Rationale for a Fine Particulate Standard. 
Reg. Tox. & Pharmacol., 42 (2005) 123-144

http://www.cppi.ca/
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origin and forms when various chemical reactions take place in the air between the major 
gaseous pollutants like nitrogen oxides, sulphur oxides and ammonia.  Given this 
variation, it is naïve and misleading to assume PM is a single and unchanging pollutant, 
when in reality it is a complex and changing chemical mixture.  
 

4. Concentration-response relationships cannot be reliably estimated. There are very large 
uncertainties associated with any attempt at estimating such relationships.  Thus, the 
current epidemiological literature cannot be used to support the proposed, or any, 
weighting scheme to estimate the benefits that might accrue from a reduction of air 
pollution levels.  
 

5. Taken together, the epidemiology studies indicate there are associations of air pollution 
with adverse effects on human health.  But detailed analyses, such as those carried out 
by Moolgavkar, confirm that our current methodology is unable to make meaningful 
statements regarding the individual components of the mix.    

 
It is CPPI’s position that individual pollutants are best regarded as indices of the pollution mix.  
Therefore actions to improve air quality should not be based on decisions using calculations of 
relative potency, but at a more holistic level, by looking broadly at the full suite of major gaseous 
and particulate contributors to air pollution.  For instance, because most fine particles are 
“secondary” in origin, reductions in the precursor gases may be superior to other reduction 
techniques.  We simply do not know the details to make more discriminating decisions, and 
therefore any reduction policy that is too focussed on a presumed “highest priority” pollutant runs 
the serious risk of being later shown to have been a poor and costly “solution”. 
 
Policy makers need to be provided information that encourages “no-regrets” solutions and tools.  
The CPPI believes that, given the current state of the available science, the application of health 
weighting factors to cost effectiveness calculations will not provide the basis for such policy.  The 
CPPI urges regulators to focus their efforts on identifying broad strategies that would deal 
simultaneously with both the gaseous and particulate air pollutants. 
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