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EXECUTIVE SUMMARY 
 
Under the Kyoto Protocol, Canada committed to reduce greenhouse gas emissions by 6% 
from 1990 levels by the period 2008 to 2012. Transportation represents the single largest 
source of Canada’s GHG emissions, accounting for 27 per cent of the total. Transportation 
emissions arise from all sectors of the commercial economy and are inherent to the 
movement of people and goods for social and recreational activities. Hence, measures to 
reduce emissions from the transportation sector must be considered very carefully and 
respect the ramifications of such measures on the economy and peoples’ day-to-day 
activities. Emissions from transportation are growing faster than the average for all emissions 
and are forecast to exceed 1990 levels by 27 per cent in 2010 and 42 per cent by 2020.  

The objectives of this work are to document the benefits of the use of natural gas as a 
vehicle fuel in three classes of vehicles. The vehicles classes that are of interest are: 

• Light duty vehicles using compressed natural gas, with a focus on full size passenger 
cars and vans. 

• Medium duty vehicles that could be fuelled with either compressed or liquefied 
natural gas. These might be refuse haulers or urban buses. 

• Heavy-duty trucks that use liquefied natural gas and the Westport Cycle engines.  

For each of these classes of vehicles the impact that the fuel and engine has on greenhouse 
gas emissions, on the cost effectiveness of the greenhouse gas emission reduction and on 
criteria air contaminants are calculated and reported.  

Natural gas can be used as a vehicle fuel in light duty vehicles and in various medium and 
heavy-duty vehicle applications. The use of natural gas in current vehicles results in reduced 
greenhouse gas emissions for most but not all scenarios. The GHG reductions are greatest 
for light duty vehicles where the natural gas replaces gasoline and in heavy-duty vehicles 
that use the new Westport Cycle. The use of natural gas in spark ignited converted diesel 
engines produces the smallest reduction in GHG emissions. If these medium duty 
applications use LNG as the fuel, there could be small increases in GHG emissions 
depending on how the LNG is produced. 

The greenhouse gas emission reductions for light duty natural gas vehicles in Canada for the 
year 2002 average 21.0% compared to gasoline powered vehicles. Depending on the 
province, the full cycle GHG reduction varies from 16.3 to 21.7%. There is the potential to 
build more efficient natural gas engines that take full advantage of natural gas’s high-octane 
value. It is assumed that some progress in this area will be continue to be made and that by 
2010 the GHG reduction offered by natural gas vehicles will increase to 25.9% across 
Canada, with a provincial range of 21.9 to 26.6%. These results are summarized in the 
following table. 

Table ES-1 Summary of GHG Results – Light Duty Vehicles 

 % GHG Change 2002 % GHG Change 2010 
Canada -21.0 -25.9 
British Columbia -21.6 -26.6 
Alberta -16.3 -21.9 
Saskatchewan -17.3 -22.7 
Ontario -21.7 -26.1 
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The natural gas engines used in medium duty trucks and buses are generally modified diesel 
engines. The modifications include a lower compression ratio and the addition of a spark 
ignition system to start the combustion. The efficiency of these engines is lower than the 
equivalent diesel engine. The greenhouse gas emissions associated with the production of 
diesel fuel are generally lower than those associated with gasoline since there is less energy 
used in the refinery for diesel production that there is for gasoline production. These two 
factors contribute to a lower percentage reduction in greenhouse gas emissions for the 
medium duty natural gas engines compared to the reduction for light duty vehicles and 
engines. 

These medium duty vehicles can be fuelled by compressed or liquefied natural gas. The 
choice of fuel depends in part on the desired range of the vehicle. The liquefied natural gas 
can be produced by a variety of processes, all of which have different greenhouse gas 
emissions. The results of the GHG modelling are shown in the following table. 

Table ES-2 Summary of GHG Results – Medium Duty Vehicles 

 2002 2010 
 % GHG Change % GHG Change 
Compressed Natural Gas -2.6 -13.2 
Liquefied Natural Gas   
Efficient Large Scale Plants 9.1 -2.9 
Small Scale Plants 1.3 -10.7 
 

The engines used in heavy-duty vehicles are the new Westport Cycle engines. They use a 
combination of high-pressure natural gas injection and a diesel fuel pilot to achieve almost 
the same relative efficiency of a diesel engine. The result is a much larger reduction in GHG 
emissions than the spark ignited engines used in the medium duty vehicles. 

Table ES-3 Summary of GHG Results – Heavy Duty Vehicles 

 2002 2010 
 % GHG Change % GHG Change 
Liquefied Natural Gas   
Efficient Large Scale Plants -10.5 -21.6 
Small Scale Plants -16.8 -27.7 
 

Policy makers are interested in the relative costs of the various options available to reduce 
greenhouse gas emissions from the transportation sector. The cost effectiveness of the 
various options considered here has been calculated based on the methodology developed 
by Natural Resources Canada. The results for the different vehicle options are summarized 
in the following tables. 

Table ES-4 Cost Effectiveness LDV, Crown Victoria Taxi 

 Taxes Excluded Taxes Included 
 Government Perspective Consumer Perspective 
 $/tonne GHG reduced $/tonne GHG reduced 
2002 88.04 45.55 
2010, discounted to 2002 7.19 -9.68 
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Table ES-5 Cost Effectiveness Summary, Transit Buses 

 Taxes Excluded Taxes Included 
 Government Perspective Consumer Perspective 
 $/tonne GHG reduced $/tonne GHG reduced 
Compressed Natural Gas   
2002 984.64 59.54 
2010, discounted to 2002 7.90 -79.60 
Liquefied Natural Gas   
Efficient Large Scale Plants   
2002 GHG’s increase GHG’s increase 
2010, discounted to 2002 176.60 -221.40 
Small Scale Plants   
2002  GHG’s increase GHG’s increase 
2010, discounted to 2002 48.21 -60.44 

 

Table ES-6 Cost Effectiveness Summary, Class 8 Trucks 

 Taxes Excluded Taxes Included 
 Government Perspective Consumer Perspective 
 $/tonne GHG reduced $/tonne GHG reduced 
Efficient Large Scale Plants   
2002 200.68 -22.77 
2010, discounted to 2002 17.49 -38.59 
Small Scale Plants   
2002 141.43 -16.05 
2010, discounted to 2002 13.68 -30.20 
 

The natural gas vehicles also offer reductions in most of the criteria air contaminants. For 
each of the vehicle and fuelling pathways considered the life cycle criteria air contaminants 
are calculated and presented. 
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1. INTRODUCTION 
Under the Kyoto Protocol, Canada committed to reduce greenhouse gas emissions by 6% 
from 1990 levels by the period 2008 to 2012. Transportation represents the single largest 
source of Canada’s GHG emissions, accounting for 27 per cent of the total. Transportation 
emissions arise from all sectors of the commercial economy and are inherent to the 
movement of people and goods for social and recreational activities. Hence, measures to 
reduce emissions from the transportation sector must be considered very carefully and 
respect the ramifications of such measures on the economy and peoples day-to-day 
activities. Emissions from transportation are growing faster than the average for all emissions 
and are forecast to exceed 1990 levels by 27 per cent in 2010 and 42 per cent by 2020. The 
GHG emissions from transportation are shown in the following table (Environment Canada, 
1997, 1999, 2001). 

Table 1-1 GHG Emissions from Transportation 

 1990 1999 2010 
 K tonnes % of Total K tonnes % of Total K tonnes % of Total
Carbon Dioxide 140,000 30.2 179,000 32.8 189,000 31.8 
Methane 23 0.7 35 0.8 21 0.5 
Nitrous Oxides 29 32.6 29 17.0 25 12.5 
CO2 Equivalents 149,000 25.2 189,000 27.0 197,000 25.8 
 

There are a number of the ways of reducing emissions such as reducing energy use or 
intensity, switching to biofuels, or switching to fuels with lower carbon content. The use of 
natural gas as a vehicle fuel is an example of switching to a fuel with lower carbon content. 
This report analyzes the greenhouse gas emission reduction potential of using natural gas as 
a vehicle fuel. 

1.1 METHODS OF ANALYZING EMISSIONS 

The full cycle concept of analysis considers all inputs into the production and use of a fuel. It 
combines the fuel production, vehicle manufacture and fuel use in a single analysis (see 
Figure 1-1.) It is also referred to as the fuel cycle by some authors. The ultimate result is a 
value that can be used for comparison of different commodities on the same basis, such as 
per unit of fuel energy or per kilometre driven. Greenhouse gas emissions over the full cycle 
include all significant sources of these emissions from production of the energy source (i.e. 
crude oil, biomass, natural gas, etc.), through fuel processing, distribution, and onward to 
combustion in a motor vehicle for motive power. A life cycle analysis should also include 
greenhouse gas emissions from vehicle material and assembly as these emissions are 
affected by the choice of alternative fuel/vehicle technology. Wide ranges of emission 
sources are involved in the production and distribution of fuels, and these vary depending on 
the type of fuel. 
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Figure 1-1 Full Cycle including Fuel and Vehicle Cycles 

 
 

1.2 GHGENIUS MODEL 

The GHGenius greenhouse gas model is based on a model originally developed by Dr. Mark 
Delucchi in the late 1980’s. That original model was partially Canadianzed by Delucchi in 
1998. In 1999, Levelton (1999) further developed the model for Canada for the 
Transportation Table of the National Climate Change Process. Subsequent to that work, 
Levelton and (S&T)2 used the model for evaluation of ethanol produced from corn (Levelton, 
1999b) and ethanol produced from lignocellulosics (Levelton, 1999c) for projects for 
Agriculture and Agri-Foods Canada. (S&T)2  used the model for an evaluation of ethanol 
production using wheat in Alberta (Cheminfo) and for evaluating various fuel cell cycles for 
Methanex Corporation ((S&T)2, 2000). In 2001 the data from most of these projects was 
incorporated into a model update, some changes to the structure of the model were made to 
make it more user friendly and it was renamed GHGenius. 

In 2001 Levelton, (S&T)2, and Delucchi undertook a major upgrade of the model for Natural 
Resources Canada. This involved adding more detail to some of the model calculations, 
adding data for Mexico, expanding the forecast period to 2050 and providing the ability to 
regionalize the output on a North American basis.  

This report has utilized version 2.1F of the model, which incorporates the latest fuel cycles 
and more comprehensive output data than earlier versions. The natural gas vehicle energy 
and emissions data in the model has been reviewed as part of this work. Where appropriate 
some changes to the model input data have been made where more up to date information 
was available. These changes to the model have been identified in this report. 

The GHGenius model is capable of estimating full fuel cycle emissions of the primary 
greenhouse gases, carbon dioxide, methane, nitrous oxide, and the criteria pollutants, 
nitrogen oxides, carbon monoxide, sulphur oxides, non-methane organic compounds (also 
known as VOC’s) and total particulate matter from combustion sources.  

The greenhouse gases included in the calculations for this report are carbon dioxide (CO2), 
methane (CH4) and nitrous oxide (N2O). The emissions have been weighted according to 
IPCC guidelines where CO2 has a weighting factor of 1.0, CH4 is assigned a value of 21.0 
and N2O has a weighting factor of 310. These are the 100-year global warming potential 
(GWP) multipliers recommended by the IPCC. Throughout the report, we will report primarily 
CO2 equivalent values. This will be the weighted sum of the three greenhouse gases. In 
some areas, this will be further broken down to provide detail on the separate gases. 
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Other gases and contaminants associated with the production and use of fossil and 
renewable fuels, such as carbon monoxide, non-methane organic gases, oxides of nitrogen 
and particulates, also have the potential to influence climate change, either directly or 
indirectly. The global warming potential of these other gases has not been considered in this 
study, to be consistent with the approach being used by the National Climate Change 
Secretariat. 

The full cycle model predicts emissions for past, present and future years using historical 
data or correlations for changes in energy and process parameters with time that are stored 
in the model. The model is thus capable of analyzing what is likely to happen in future years 
as technologies develop. The model allows for segmentation of the predicted emissions into 
characteristic steps in the production, refining, distribution and use of fuels and the 
production of motor vehicles. The fuel cycle segments considered in the model are as 
follows: 

• Vehicle Operation 

Emissions associated with the use of the fuel in the vehicle. Includes all three 
greenhouse gases. 

• Fuel Dispensing at the Retail Level 

Emissions associated with the transfer of the fuel at a service station from storage 
into the vehicles. Includes electricity for pumping, fugitive emissions and spills. 

• Fuel Storage and Distribution at all Stages 

Emissions associated with storage and handling of fuel products at terminals, bulk 
plants and service stations. Includes storage emissions, electricity for pumping, 
space heating and lighting. 

• Fuel Production (as in production from raw materials) 

Direct and indirect emissions associated with conversion of the feedstock into a 
saleable fuel product. Includes process emissions, combustion emissions for process 
heat/steam, electricity generation, fugitive emissions and emissions from the life 
cycle of chemicals used for ethanol fuel cycles. 

• Feedstock Transport 

Direct and indirect emissions from transport of feedstock, including pumping, 
compression, leaks, fugitive emissions, and transportation from point of origin to the 
fuel refining plant. Import/export, transport distances and the modes of transport are 
considered. 

• Feedstock Production and Recovery 

Direct and indirect emissions from recovery and processing of the raw feedstock, 
including fugitive emissions from storage, handling, upstream processing prior to 
transmission, and mining. 

• Fertilizer Manufacture 

Direct and indirect life cycle emissions from fertilizers, and pesticides used for 
biomass feedstock production, including raw material recovery, transport and 
manufacturing of chemicals. 

• Land use changes and cultivation associated with biomass derived fuels 
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Emissions associated with the change in the land use in cultivation of crops, 
including N2O from application of fertilizer, changes in soil carbon and biomass, 
methane emissions from soil and energy used for land cultivation. 

• Carbon in Fuel from Air 

Carbon dioxide emissions credit arising from use of a renewable carbon source 
(Biomass) that obtains carbon from the air. 

• Leaks and flaring of greenhouse gases associated with production of oil and gas 

Fugitive hydrocarbon emissions and flaring emissions associated with oil and gas 
production. 

• Emissions displaced by co-products of alternative fuels 

Emissions displaced by DDGS, a co-product of ethanol production, equal to 
emissions from corn feed and soybean meal displaced net of emissions from 
transport of the product to the end-users. 

• Vehicle assembly and transport 

Emissions associated with the manufacture and transport of the vehicle to the point 
of sale, amortized over the life of the vehicle. 

• Materials used in the vehicles 

Emissions from the manufacture of the materials used to manufacture the vehicle, 
amortized over the life of the vehicle. 

 
The model inputs are all in US units. Most of the full cycle energy and greenhouse analyses 
found in the literature use US units. We have generally presented emission results in 
grams/mile units and the cost effectiveness results in Canadian $/tonne. 

1.3 OBJECTIVES 

The objectives of this work are to document the benefits of the use of natural gas as a 
vehicle fuel in three classes of vehicles. The vehicles classes that are of interest are: 

• Light duty vehicles using compressed natural gas, with a focus on full size vehicles 
and vans. 

• Medium duty vehicles that could be fuelled with either compressed or liquefied 
natural gas. These might be refuse haulers or urban buses. 

• Heavy-duty trucks that use liquefied natural gas and the Westport Cycle engines.  

For each of these classes of vehicles the impact that the fuel and engine has on greenhouse 
gas emissions, on the cost effectiveness of the greenhouse gas emission reduction and on 
criteria air contaminants will be calculated and reported. The report also discusses how the 
results may differ in British Columbia, Alberta, Saskatchewan and Ontario and how they will 
change between 2002 and 2010. 

The GHGenius model has good data for the upstream emissions from the production and 
distribution of natural gas. The data for the emissions of criteria air contaminants from light 
duty vehicles is based on the US EPA emissions model Mobile6. The fuel economy data will 
be adjusted to reflect that of the target vehicles and the actual 2002 performance of the 
vehicles.  



 

  

(S&T)2 
 

Greenhouse Gas Emissions from Natural Gas Vehicles  
5

 

The best data to use for the medium and heavy-duty vehicles, for both the natural gas 
engines and the diesel engines that they are compared with, has been assembled and used 
in the model. The entire vehicle related parameters used in the model have thoroughly 
reviewed as part of this work. 

The production of liquefied natural gas can be accomplished by a variety of means and there 
have been some significant changes in technology and energy efficiency in the recent past. 
The more promising of these technologies will be reviewed and their impact on emissions will 
be identified. 

The goal of the work is to prepare a technical report on the impacts of using natural gas as a 
vehicle fuel. The report has been written in clear language so that it can be understood by a 
wide audience.  
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2. NATURAL GAS AS A VEHICLE FUEL 
Natural gas has been commercially used as a vehicle fuel in Canada since the early 1980’s. 
Almost all of this fuel has been compressed natural gas. There are now 129 public 
compressed natural gas refuelling stations in Canada (Canadian Natural Gas Vehicle 
Alliance). There is growing interest in liquefied natural gas as a fuel for medium and heavy-
duty vehicles. The advantage of liquefied natural gas is that the energy density is higher and 
thus the vehicles can obtain more range, a critical feature for acceptance by the commercial 
fleet operators. 

2.1 UPSTREAM NATURAL GAS SYSTEM 

The GHGenius model has Canada specific information included for the upstream (to the 
burner tip or inlet to conversion system) emissions for natural gas production. The data that 
was used for the inputs was taken from the Canadian Gas Association publication “Air 
Emissions from Natural Gas”. This Canada specific data for energy used to produce natural 
gas and for methane losses is summarized in the following table. The base year for the data 
is 1996 and it is assumed that there is a 1% improvement in losses in energy recovery and 
distribution per year and a 0.5% improvement in processing, transportation and storage. 

Table 2-1 Inputs for Natural Gas Upstream Emissions 

 GHGenius 
Recovery Energy 556,481 BTU/Ton NG 
Pipeline Energy 0.031 BTU/BTU 
Gas Lost in Recovery 0.61% of gas recovered 
Gas Lost in Processing 0.11% of gas processed 
Gas Lost in Transportation and Storage 0.28% of gas transported 
Gas Lost in Distribution 0.17% of gas distributed 
 
The model does not allocate the methane losses from the transmission and storage segment 
by distance directly. In practice these emissions are probably lower in Alberta, BC and 
Saskatchewan where the gas does not travel as far and higher in Ontario and Quebec. The 
other emissions are independent of distance. The greenhouse gas emissions associated 
with the production and distribution of natural gas up to a compressor at a station are shown 
in the following table. All emissions in the report are presented as grams of CO2 equivalent 
using the 100 year IPCC global warming potential factors. 

Table 2-2 Upstream Natural Gas Emissions 

Natural Gas to NGV Stations 2002 2010 
 Grams CO2/million BTU Grams CO2/million BTU 
Fuel Distribution and Storage 2,327 2,307 
Fuel Production 3,039 3,047 
Feedstock Recovery 899 899 
Gas Leaks 3,945 3,683 
CO2 Removed 676 676 
Total 10,886 10,612 
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These emissions are significantly less than the emissions associated with crude oil 
production and refining in Canada. This accounts for part of the reduced greenhouse gas 
emissions associated with natural gas for vehicles. The average emissions associated with 
gasoline for the two years of interest are shown in the following table. The driving force 
behind the increased emissions is the changing crude oil slate. The model has equations for 
both energy efficiency improvements in oil sands and heavy oil production and for the 
changing mixture of crude oil types expected over time. The net effect is that more heavy oil 
and tar sand production offsets the improved energy efficiency of those operations. The 
model also projects efficiency gains at the oil refineries partially offset by changing gasoline 
standards. 

Table 2-3 Gasoline Emissions 

Gasoline Delivered to Station 2002 2010 
 Grams CO2/million BTU Grams CO2/million BTU 
Fuel Distribution and Storage 1,311 1,249 
Fuel Production 10,832 10,736 
Feedstock Recovery 9,229 10,394 
Gas Leaks 2,740 3,683 
CO2 Removed 0 0 
Total 24,112 26,062 
 

The emissions associated with diesel fuel are shown in the following table. The diesel fuel 
specification is changed after 2006 to require less than 15 ppm sulphur. This will require 
some extra energy use in the refinery, which has been accounted for in the model. 

Table 2-4 Diesel Emissions 

Diesel Delivered to Station 2002 2010 
 Grams CO2/million BTU Grams CO2/million BTU 
Fuel Distribution and Storage 1,186 1,176 
Fuel Production 7,200 7,898 
Feedstock Recovery 9,488 10,697 
Gas Leaks 3,091 2,932 
CO2 Removed 0 0 
Total 20,965 22,703 
 

The composition of the natural gas has been set to equal that reported by Radian.  

Table 2-5 Gas Compositions 

 % Vol. 
Methane 94.4 
Ethane  2.7 
Propane 0.4 
Butane 0.1 
Pentane plus 0.0 
Carbon Dioxide 0.5 
Nitrogen 0.0 
Total 0.999 
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2.2 COMPRESSED NATURAL GAS 

Compressed natural gas refuelling stations take natural gas from the distribution grid and 
compress the gas to approximately 3600 psi, at which pressure it is stored onsite in tanks. 
The distribution grid pressure can vary from less than 30 psi to as high as 600 psi depending 
on the location of the station. An average of 65 psi has been used for modelling. The gas is 
dispensed from the storage tanks to the vehicle by the pressure differential between the 
storage tanks and the vehicle. 

The compressor is usually driven by an electric motor, although natural gas engines have 
been used for some systems around the world. The energy consumed during the 
compression stage is a function of the compressor inlet pressure and the compressor outlet 
pressure. Since the emissions associated with electricity production vary from one province 
to the next depending on the mix of generating systems, there can be some differences in 
emissions for compressed natural gas between provinces. Alberta and Saskatchewan with 
their high proportion of coal fired electric generators have the highest emissions for 
compression. 

The emissions associated with the compression and dispensing of the fuel is shown in the 
following table for the four provinces and two years of interest. The differences between 
2002 and 2010 are driven by the changing mix of electrical generating equipment in the 
provinces. 

Table 2-6 Emissions Associated with Compression and Dispensing 

 2002 2010 
 Grams CO2/million BTU Grams CO2/million BTU 
Canada 395 486 
British Columbia 151 160 
Alberta 2,184 2,114 
Saskatchewan 1,803 1,790 
Ontario 129 389 
 
The emissions of greenhouse gases associated with compressed natural gas for Canada for 
the year 2002 are compared to the emissions for gasoline in the following table. 

Table 2-7 Comparison of CNG and Gasoline GHG Emissions- Canada 2002 

 Gasoline CNG 
 Grams CO2/million BTU Grams CO2/million BTU 
Fuel Dispensing 95 395 
Fuel Distribution and Storage 1,311 2,327 
Fuel Production 10,832 3,039 
Feedstock Recovery 9,229 898 
Gas Leaks 2,740 3,945 
CO2 Removed 0 676 
Total 24,207 11,280 
 
The GHGenius model is also capable of modeling the emissions in the United States. There 
are significant differences in the natural gas industry, the oil refineries and the electric power 
generators in the US compared to Canada. The following table shows the same comparison 
between gasoline and CNG for the United States in the year 2002. 
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Table 2-8 Comparison of CNG and Gasoline GHG Emissions- US 2002 

 Gasoline CNG 
 Grams CO2/million BTU Grams CO2/million BTU 
Fuel Dispensing 376 1,571 
Fuel Distribution and Storage 893 2,509 
Fuel Production 15,070 1,500 
Feedstock Recovery 1,279 0 
Gas Leaks 6,701 1,676 
CO2 Removed 3,522 8,865 
Total 27,841 16,121 
 

2.3 LIQUEFIED NATURAL GAS 

Natural gas can be liquefied and stored as a liquid if the temperature is reduced to –161C. 
The fuel must be stored under moderate pressures of 50 to 150 psi in an insulated container 
to reduce the heat transfer and the re-gasification of the liquefied natural gas. The primary 
advantage of LNG is its storage density. The density is 600 times greater than at 
atmospheric conditions. The storage density of CNG by comparison is approximately 200 
times that at atmospheric conditions. 

There are a number of refrigeration processes that are used to cool and liquefy the natural 
gas. Greenhouse gas emissions arise from the substantial amount of energy required to 
drive motors and compressors in the refrigeration process; as well there can be some carbon 
dioxide in the natural gas that must be removed prior to liquefaction and there can be 
methane leaks from the process.  

The energy required for the liquefaction of the natural gas can vary from 6% to 30% of the 
energy in the LNG. Delucchi (1998) has assumed that large plants require 18% fuel gas to 
drive the process, Wang (1999) has assumed that new plants will require 9% of the energy in 
the LNG and that it is supplied 98% from natural gas and 2% by electricity. The Australia 
Greenhouse Gas Office has reported on the total plant emissions for a proposed project in 
Australia and compared the emissions to a plant that was based on 1995 technology. For the 
1995 technology, they reported emissions of 24,400 g CO2 eq/million BTU and for the new 
plant designed to minimize the GHG emissions the total emission rate was reduced to 
16,200 g CO2 eq/million BTU.  

LNG is used primarily as means of moving remote gas to markets and for peak shaving 
applications where gas is liquefied and stored in periods of low demand and then gasified 
and consumed at high demand periods. These types of LNG plants are large and are not 
necessarily located in locations that are convenient for transportation applications. One of 
the interesting technologies that is being developed for small-scale liquefaction systems is 
the turboexpander technology developed by Idaho National Engineering and Environment 
Laboratory (INEEL). The concept is to use a turboexpander to drop the pressure of a high-
pressure gas pipeline down to the local distribution pressure and to cool a portion of the gas 
as it expands through the expansion device. There is very little outside energy that must be 
applied to this system it is assumed that only 2% of the energy produced is used in the 
system. INEEL is developing systems that would produce 5,000 to 10,000 US Gallons per 
day of LNG. The system is designed to produce low cost LNG but a side benefit is that the 
greenhouse gases produced by the liquefaction process are also reduced. 
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There are also GHG emissions after the LNG is produced. The base assumptions in the 
model are that there are three product transfers of LNG and that the loss of LNG at each 
transfer was 2% by volume in 1995 and that 50% of the boil off is captured for reliquefaction 
or reuse. The rate of loss of boil off is assumed to drop at 5% per year after 1995. These 
assumptions can be modified. 

The greenhouse gas emissions for four scenarios are compared in the following table. Two 
of the scenarios involve large-scale liquefaction plants that may already exist and two involve 
the use of the energy efficient turboexpander systems. For each type of plant, two different 
product transfer and loss cases are shown. The amount of boil off captured and the annual 
improvements have not been changed from the base. There is a significant range in of 
greenhouse gas emissions possible depending on the scenario. 

Table 2-9 LNG Greenhouse Gas Emissions – Canada 2002 

 Large Scale Large Scale Small Scale Small Scale 
Energy used 18% 12% 2% 2% 
Energy type Natural Gas Natural Gas Electricity Electricity 
LNG losses/transfer 2% 0.5% 2% 0.5% 
No. transfers 3 3 1 1 
 Grams CO2/million BTU Grams CO2/million BTU 
Fuel Dispensing 12,066 7,795 1,089 1,077 
Fuel Distribution and 
Storage 

2,866 2,822 2,342 2,330 

Fuel Production 3,098 3,051 3,059 3,043 
Feedstock Recovery 916 902 905 900 
Gas Leaks 11,335 5,385 6,451 4,465 
CO2 Removed 689 679 681 677 
Total 30,971 20,634 14,526 12,493 
 
For comparison the GHG emissions for LNG in the United States are shown in the following 
table for the same conditions. 

Table 2-10 LNG Greenhouse Gas Emissions – United States 2002 

 Large Scale Large Scale Small Scale Small Scale 
Energy used 18% 12% 2% 2% 
Energy type Natural Gas Natural Gas Electricity Electricity 
LNG losses/transfer 2% 0.5% 2% 0.5% 
No. transfers 3 3 1 1 
 Grams CO2/million BTU Grams CO2/million BTU 
Fuel Dispensing 12,750 8,237 4,327 4,282 
Fuel Distribution and 
Storage 

3,080 3,032 2,526 2,513 

Fuel Production 1,526 1,503 1,510 1,502 
Feedstock Recovery 1,705 1,680 1,687 1,678 
Gas Leaks 14,851 8,847 10,714 8,707 
CO2 Removed 696 685 688 685 
Total 34,608 23,984 21,452 19,367 
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3. LIGHT DUTY VEHICLES 
Natural gas can be used in any size of vehicle. In North America, natural gas is available 
from the original equipment manufacturers in vehicles ranging from the Honda Civic to full 
size cars such as the Ford Crown Victoria and vans and pickup trucks. The full range of 
vehicles offered in North America is shown in the following table. 

Table 3-1 Natural Gas Vehicles 2003. 

Manufacturer Vehicle Engine Fuel 
Honda Civic GX 1.7L, 4 Cyl Dedicated CNG 
DaimlerChrysler Dodge Ram Van 5.2 L V8 Dedicated CNG 
Ford F 150 Pickup 5.4L V8 Bi-fuel CNG 
 F 150 Pickup 5.4L V8 Dedicated CNG 
 E Series Van, Wagon, Cutaway 5.4L V8 Dedicated CNG 
 Crown Victoria 5.4L V8 Dedicated CNG 
General Motors Silverado, Sierra 6.0L V8 Bi-fuel CNG 
 Express, Savana 6.0L V8 Bi-fuel CNG 
 Express, Savana 6.0L V8 Dedicated CNG 
 Cavalier 2.2L, 4 Cyl Bi-fuel CNG 
 

3.1 VEHICLE DESCRIPTIONS 

Most of the natural gas vehicles are large with relatively low fuel economy ratings. This is 
driven in part by the fact that natural gas is usually less expensive than gasoline but the 
vehicles are more expensive. The total cost of ownership is more attractive for vehicles that 
consume large amounts of fuel. While this does not effect the percentage reductions in 
greenhouse gas emissions available from natural gas vehicles, it does impact the cost 
effectiveness of emissions reductions by natural gas vehicles. It also means that relatively 
large total reductions in transportation emissions can be achieved by replacing a small 
number of vehicles. 

Two vehicles have been chosen for the modeling work: the Crown Victoria, a full size 
passenger car and the E350 Van, which is often used in courier type service. The details of 
these vehicles and their gasoline counterparts are summarized in the following table. All of 
the data is from the US EPA database. The emission data is from the manufacturers 
certification test. 

Table 3-2 LDV Vehicle Parameters 

 Crown Victoria 
Gasoline 

Crown Victoria 
CNG 

E350 Gasoline E350 CNG 

City Fuel Economy, 
mpg US 

17 15 13 12 

Highway Fuel 
Economy, mpg US 

25 22 17 14 

CO, G/mile 0.68 0.48 0.79 0.77 
Aldehydes, G/mile 0 0.0003 0.001 0.0008 
NMOG, G/mile 0.044 0.0019 0.088 0.009 
NOx, G/mile 0.09 0.01 0.14 0.11 
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One of the key parameters in the GHGenius is the relative engine efficiency ratio between a 
gasoline engine and the alternative fuel engine efficiency. The fuels can have different 
relative efficiencies for the city and highway portions of the driving. The model makes its own 
calculation of vehicle weight impacts resulting from the fuel tank differences between fuels. 
The relative efficiency for the fuels can also change over time depending on the fuel. In the 
case of natural gas, with the high octane rating, the natural gas engines are projected to 
become more efficient over time as manufacturers design their engines to take advantage of 
the fuel properties. The relative efficiencies of a number of vehicles based on their EPA test 
data are shown in the following table. A gasoline vehicle has by definition a relative efficiency 
of 1.0. 

Table 3-3 NGV Relative Vehicle Efficiencies 

Vehicle City Cycle Highway Cycle Combined (55/45) 
2002 Crown Victoria 0.83 0.92 0.87 
2001Ford E250 0.92 0.92 0.92 
2003 Dodge Ram 0.93 0.94 0.93 
2002 Honda Civic 0.97 0.89 0.93 
2001 Toyota Camry 0.96 0.94 0.95 
Average 0.92 0.92 0.92 
 
The Ford relative efficiencies are low compared to some of the other natural gas vehicles 
available. This value has a significant impact on the greenhouse gas reductions possible by 
using natural gas. 

With this data, the relative fuel economy information for light duty natural gas has been 
altered in the model to better reflect the current performance. The new efficiency results are 
shown in the following figure. The relative efficiency results for the year 2002 are 0.92 and 
for the year 2010, the projection is 0.96. 

Figure 3-1 Relative Efficiency Natural Gas LDV’s 
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Actual performance in the real world can be different than vehicles achieve under controlled 
test conditions. This can be a result of different road and load conditions, different driving 
styles and other factors. The National Renewable Energy Laboratory has published reports 
on two NG vehicle fleet trials: one involved Ford Victoria taxi cabs (NREL, 1999) and the 
other Ford E350 vans (NREL, 2000). The fuel economy results from these tests are shown 
and compared in the following table. The results are inconclusive with the Crown Victoria 
getting better fuel economy in the real world than on the dynamometer test but the E350 van 
showing the opposite trend. If the real world relative efficiency of CNG vehicles is better than 
shown in the dynamometer fuel economy tests then the projected greenhouse gas emission 
reductions will be conservative. 

Table 3-4 Fuel Economy Test Data 

 In Use Dynamometer Test 
 USMPG USMPG 
Crown Victoria   
CNG 17.30 15.9 
Gasoline 17.31 17.9 
CNG/Gasoline 1.0 0.89 
E350   
CNG 10.6 11.77 
Gasoline 11.7 12.18 
CNG/Gasoline 0.91 0.97 
 

3.2 GREENHOUSE GAS EMISSIONS 

The greenhouse gas emissions for a Ford Crown Victoria are shown in the following table for 
both the gasoline version and the natural gas version. The calculations are for the year 2002 
and the US EPA fuel economy ratings for the gasoline Crown Victoria of 17 mpg in the city 
and 25 mpg for the highway cycle are used as the model inputs. The vehicle manufacturing 
related emissions are higher for the NG vehicle because of the different type of fuel tank. 
While the emissions in g/mile are different for each of the natural gas vehicles because of the 
different fuel economies, the percent reductions will be the same for the vehicles as long as 
the relative efficiencies are the same. The results shown in the following table assume the 
average electricity mix in Canada. This table includes the emissions from the use of the 
natural gas in the vehicle whereas the tables in Section 2 of this report only dealt with the 
emissions up to the compressor in some cases and the nozzle in other cases. The units in 
Section 2 were grams of CO2 equivalent/million BTU delivered and in Section 3; the units are 
in grams of CO2 equivalent per mile driven. 
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Table 3-5 Greenhouse Gas Emissions Crown Victoria 2002 

 Gasoline Natural gas 
 G/mile G/mile 
Vehicle operation 425.4 373.7 
Fuel dispensing 0.6 2.7 
Fuel storage and distribution 8.1 16.0 
Fuel production 81.4 20.9 
Feedstock transport 1.2 0.0 
Feedstock and fertilizer production 56.9 6.2 
CH4 and CO2 leaks and flares 17.2 31.7 
Emissions displaced by co-products 0.0 0.0 
Sub total (fuel cycle) 590.8 451.1 
% Changes (fuel cycle)  -21.6 
Vehicle assembly and transport 10.5 11.0 
Materials in vehicles (incl. storage) and 
lube oil production/use 

46.7 49.7 

Grand total 648.0 511.9 
% Changes to gasoline  -21.0 
 

It was shown earlier that the source of electricity used for the natural gas compressor does 
have an impact on the greenhouse gas emissions. In the following table the percentage 
reduction in greenhouse gas emissions for a number of the provinces are shown. For this 
calculation, no attempt has been made to adjust the gasoline emissions to each province but 
there are some small differences that will impact the numbers. For example, the distance 
that crude oil or gasoline is pipeline and trucked will differ from province to province but that 
has not been accounted for. In all cases, there is a significant reduction in GHG emissions 
for the natural gas vehicles. 

Table 3-6 GHG Emission Reductions 2002 

 % GHG Change 
Canada -21.0 
British Columbia -21.6 
Alberta -16.3 
Saskatchewan -17.3 
Ontario -21.7 
 
By the year 2010, it is expected that there will be further efficiency gains with the natural gas 
engines with respect to the gasoline internal combustion engine. There are a number of 
other efficiency gains throughout the economy but these are partially offset by other changes 
expected such as electricity becoming more carbon intense in future years. The projected 
GHG emissions in 2010 are shown in the following table. The natural gas vehicles are 
exhibiting a larger percentage reduction in GHG than in 2002 mostly due to the expected 
engine improvements. 
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Table 3-7 Greenhouse Gas Emissions Crown Victoria 2010 

 Gasoline Natural gas 
 G/mile G/mile 
Vehicle operation 428.1 354.7 
Fuel dispensing 0.7 3.0 
Fuel storage and distribution 7.7 15.0 
Fuel production 80.3 19.8 
Feedstock transport 1.2 0.0 
Feedstock and fertilizer production 63.9 5.9 
CH4 and CO2 leaks and flares 16.3 28.4 
Emissions displaced by co-products 0.0 0.0 
Sub total (fuel cycle) 598.2 426.8 
% Changes (fuel cycle)  -26.8 
Vehicle assembly and transport 10.2 10.6 
Materials in vehicles (incl. storage) and 
lube oil production/use 

43.8 45.8 

Grand total 652.2 483.2 
% Changes to gasoline  -25.9 
 

Approximately 2.8% of the total GHG emissions in 2010 from the natural gas vehicle are due 
to the vehicle methane emissions. If these could be reduced by 95% (to a level comparable 
to the gasoline vehicle), by using a more methane selective catalyst then the reduction in 
GHG emissions from natural gas vehicles would increase to 27.9%. 

The differences in the emission reductions in each of the provinces of interest are shown in 
the following table. As is the case in 2002 there is a significant reduction in GHG emissions 
in all of the provinces. There are some small relative changes from the 2002 data as the 
model has projections of the electricity mix for each province for future years. The 
differences in the changing electricity mix account for the differences. 

Table 3-8 GHG Emission Reductions 2010 

 % GHG Change 
Canada -25.9 
British Columbia -26.6 
Alberta -21.9 
Saskatchewan -22.7 
Ontario -26.1 
 

3.3 COST EFFECTIVENESS OF GREENHOUSE GAS EMISSION REDUCTIONS 

There are many options available for reducing greenhouse gas emissions but they all have 
different costs and effectiveness. It is important to compare the options on an equivalent 
basis. GHGenius does this for transportation fuels. It follows a methodology developed by 
Natural Resources Canada. The GHG emissions over the life of a vehicle are compared to 
the difference in vehicle initial cost, maintenance cost and fuel cost. The future costs are 
discounted over time to provide a common basis for comparison. The discount rate used is 
10%.  



 

  

(S&T)2 
 

Greenhouse Gas Emissions from Natural Gas Vehicles  
16

 

The cost effectiveness of an option can change over time as fuel prices or incremental 
vehicle costs change. Cost effectiveness can be different in different parts of the country due 
both to fuel prices and emission profiles and it be different from one vehicle to another 
depending on the miles travelled and the fuel used. It is also possible to develop cost 
effectiveness values for consumers that are different from governments because of the 
existence of tax incentives. There are therefore a wide variety of cost effectiveness values 
that can be calculated for natural gas vehicles. Analyses that provide only one value for an 
option risk losing many attractive solutions that are not covered by the option. This is 
particularly true for alternatives such as natural gas where are large portion of the cost 
effectiveness is driven by the incremental vehicle cost. 

In order to ensure that attractive solutions are not lost, a number of cost effectiveness 
calculations are performed for natural gas vehicles. For the light duty vehicles, two different 
vehicles used in different services are examined in different regions of the country and for 
different periods. 

The fuel assumptions used here are that crude oil costs $25 US/bbl. This equates to a pretax 
rack gasoline price in Canada of 31.3 cents per litre. The distribution and retail costs add 5.5 
cents per litre making the pretax retail cost 36.8 cents per litre. 

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. 

Figure 3-2 Energy Price Forecasts 
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There has been wide fluctuations 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. If crude oil is 
$25 US/bbl then using the 0.77 factor, the price of natural gas in Alberta is estimated to be 
$4.80/GJ when the crude oil price is $25/bbl US. The price of natural gas at a service station 
will be the composed of the price of gas, the location differential between Alberta and the 
province of interest, the local distribution charge and finally the compression charge. In the 
following table this data is presented for BC, Alberta, Saskatchewan and Ontario. 

Table 3-9 Natural Gas Pricing 

 BC Alberta Saskatchewan Ontario Canada 
 $/GJ $/GJ $/GJ $/GJ $/GJ 
Gas Cost 4.80 4.80 4.80 4.80 4.80 
Gas Cost Differential to 
Alberta 

0.20 0 0.15 Included 
below 

0.10 

Local Distribution Cost 2.30 1.05 1.50 2.90 1.90 
Compression Cost 3.00 3.00 3.00 3.00 3.00 
Total 10.30 8.85 9.45 10.70 9.80 
 
For the year 2010 it is assumed that there are more NG vehicles in use and that the 
compression costs have decline as a result of the higher utilization rates of the compressors, 
a value of $2.00/GJ will be used. 

Utility companies typically offer incentives to purchase the vehicles. This helps to lower the 
vehicle cost and make them more attractive to purchasers. These incentives are recovered 
by the companies through the gas costs or the compression charges. The value of these 
incentives has been factored into the local distribution costs in the table. 

The GHGenius model has been used to evaluate the cost effectiveness from a number of 
perspectives. Two light duty vehicles have been chosen. The specifics of the vehicles are 
summarized in the following table. The incremental vehicle cost for 2002 is the difference in 
the US Government GSA purchase price for vehicles converted to Canadian dollars (GSA). 
The 2010 difference is an estimate based on higher volume production of the vehicles. It has 
been assumed that the maintenance costs are the same for the gasoline and natural gas 
versions and the economic life of these high mileage vehicles is assumed to be 5 years for 
the taxi (500,000 miles) and eight years for the van (400,000 miles). 

Table 3-10 Vehicle Characteristics 

 Crown Victoria E350 Van 
Service Taxi Courier/Delivery 
Fuel economy, gasoline version 18.0 mpg 13.3 mpg 
Annual miles traveled, miles 100,000 50,000 
Incremental vehicle cost 2002 $6,000 $8,000 
Incremental vehicle cost 2010 $2,000 $2,000 
 
The cost effectiveness for these two vehicles in the years 2002 and 2010 are summarized in 
the following table. The average gas costs for Canada have been used in the calculations. 
The values for the year 2010 are very low compared to other transportation options. They 
reflect the sensitivity of natural gas vehicles to the incremental vehicle pricing. These 
calculations are done on a tax excluded basis as that is the way that the Federal 
Government has looked at the cost effectiveness of transportation options. 
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Table 3-11 GHG Cost Effectiveness without Tax Incentives 

 Crown Victoria E350 
 $/tonne $/tonne 
2002   
Cost effectiveness 88.04 80.52 
2010   
Cost effectiveness 15.42 6.07 
Cost effectiveness discounted to 2002 7.19 2.83 
 

The results for 2010 can be compared to those published in the report for the Transportation 
Table (Levelton, 1999). The cost effectiveness for CNG vehicles in that report for the year 
2010 was $65/tonne and when it was discounted to the year 2000, the value was $45/tonne. 
The same methodology has been applied in both that study and this one but the choice of 
vehicle is different. For the Transportation Table report, an average passenger car was 
modeled and the mileage accumulated by the vehicle was much less than has been used 
here. For this study, the vehicle achieves lower than average fuel economy and accumulates 
many more miles in a year and the vehicle lifetime. The result is that the incremental vehicle 
cost is amortized over more miles and the greenhouse gas reduction is larger in total tonnes 
because of the lower fuel economy. It is not a coincidence that the vehicles and applications 
being offered in the marketplace are those that provided a low cost effectiveness value.  

Given the significant changes in the cost effectiveness values when the incremental cost of 
the vehicle is lowered from $6,000 to $2,000 that are apparent from the previous table, the 
sensitivity of the cost effectiveness to incremental vehicle cost was determined for the Crown 
Victoria for the year 2010 (discounted to 2002). The results of that are shown in the following 
figure. 
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Figure 3-3 Sensitivity of Cost Effectiveness to Incremental Vehicle Cost 
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Natural gas enjoys exemptions from federal excise tax and most provincial fuel taxes. An 
argument can be made that the cost effectiveness should be calculated including taxes since 
these incentives already exist and do not reflect new policy options. This approach also looks 
at the issue from the perspective of the vehicle and fuel purchaser. To them the tax 
incentives are real. The cost effectiveness of the natural gas vehicles is shown in the 
following table based on the retail prices including taxes. It is assumed that the federal and 
provincial tax on gasoline is 25 cents per litre and it is zero on natural gas. 

Table 3-12 GHG Cost Effectiveness with Tax Incentives 

 Crown Victoria E350 
 $/tonne $/tonne 
2002   
Cost effectiveness 45.55 27.71 
2010   
Cost effectiveness -20.75 -39.74 
Cost effectiveness discounted to 2002 -9.68 -18.54 
 

When the cost effectiveness is calculated using the costs that the consumer sees, the cost 
effectiveness of natural gas as a greenhouse gas reduction measure is much lower. With the 
assumption that the incremental vehicle cost is $2000 more than the gasoline version in 
2010 then the cost effectiveness becomes negative. Where cost effectiveness is negative, 
there is both a greenhouse gas benefit and a cost savings for the consumer over the life of 
the vehicle. 
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The sensitivity of greenhouse gas cost effectiveness when the consumer taxes are included 
in the calculation is shown in the following figure. When the incremental cost is less than 
$3,700 the discounted life cycle cost for the consumer is negative and the cost effectiveness 
of GHG reductions also becomes negative. 

Figure 3-4 Sensitivity of Cost Effectiveness to Incremental Vehicle Cost, Including 
Taxes 
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It is apparent that the initial cost of the vehicle is a very important factor in the cost 
effectiveness of natural gas as a GHG emission reduction strategy. The number of vehicles 
that are sold is a very important factor in determining the cost increment for natural gas 
vehicles. The cost won’t come down unless more vehicles are sold and more vehicles won’t 
be sold unless the cost comes down. Dealing with this “Catch 22” is an important issue for 
the industry. 

The cost effectiveness is a function of location in Canada because of both the varying price 
of natural gas and the different greenhouse gas emissions. The results for the year 2010 
(discounted to the year 2002) for the Crown Victoria are shown in the following table for 
British Columbia, Alberta, Saskatchewan and Ontario.  

Table 3-13 2010 Cost Effectiveness Crown Victoria 

 Tax Excluded Tax Included 
 $/tonne $/tonne 
British Columbia 8.18 -8.22 
Alberta 6.30 -10.30 
Saskatchewan 7.92 -13.17 
Ontario 10.10 -8.04 
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3.4 COST EFFECTIVENESS SENSITIVITY ANALYSIS – GAS PRICES 

In the previous section the impact of incremental vehicle cost, two types of vehicles and the 
location was considered on the GHG cost effectiveness. In this section the impact of natural 
gas prices in relation to crude oil prices is examined. There are four price scenarios that are 
considered, a six year historical view, a three year historical perspective, a one year and a 
third year forward look. For the forward pricing, the estimates produced by Sproule (2003) 
are used. The summary of the pricing scenarios is shown in the following table. 

Table 3-14 Gas Pricing Scenarios 

 Six Year 
Historical 

Three Year 
Historical 

One Year 
Forward 

Third Year 
Forward 

Alberta Par Crude, $/M3 209 258 242 203 
Implied Gasoline Price, cpl 27.2 32.1 30.5 26.6 
Alberta Natural Gas, $/GJ 3.74 5.25 6.05 4.87 
Cost Ratio, NG/Oil 0.69 0.78 0.96 0.93 
 
The cost effectiveness of GHG emissions reductions for the Crown Victoria in 2002 on a tax 
included basis for the base case and each of the four alternative price scenarios is shown in 
the following table. 

Table 3-15 Cost Effectiveness – Alternative Pricing Scenarios 

 Cost Effectiveness, $/tonne 
Base Case 45.55 
Six Year Historical 45.67 
Three Year Historical 47.10 
One Year Forward 54.99 
Third Year Forward 53.99 
 
The forward pricing indicates that the market expects natural gas to become more expensive 
relative to gasoline and therefore the cost effectiveness of natural gas as a GHG emissions 
reduction strategy becomes less attractive.  

The cost of natural gas in Alberta makes up about one half of the cost of the fuel at the 
pump. The other half is composed of the local distribution costs and the compression costs. 
Both of these costs are usually developed on a cost recovery basis but both are mostly 
composed of a large fixed cost and a smaller variable cost. They are therefore highly 
dependent on station volume. Many natural gas stations operate at only 20-30% of their 
capacity and as station volumes increase there is the potential to decrease these costs 
substantially. There is also the potential to lower the local distribution charges since natural 
gas stations are attractive loads on the system. They operate at a relatively steady state on a 
year round basis and thus avoid the necessity of putting gas into storage during low demand 
and removing it in high demand periods. This should lower the costs of serving these 
customers. In the following table the sensitivity of the cost effectiveness to the other 
distribution and compression costs is examined. 
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Table 3-16 Cost Effectiveness – Distribution and Compression Sensitivity 

 Gas Cost, $/GJ Distribution and 
Compression, 

$/GJ 

Total Gas Cost Cost 
Effectiveness, 

$/tonne 
Base Case 4.80 5.00 9.80 45.55 
 4.80 4.50 9.30 42.32 
 4.80 4.00 8.80 39.09 
 4.80 3.50 8.30 35.86 
 4.80 3.00 7.80 32.63 
 

3.5 OTHER EMISSIONS 

Natural gas vehicles demonstrate very low exhaust emissions compared to gasoline 
vehicles. Exhaust emissions are a function of not only the fuel but also how the engine is 
adapted and optimized for the fuel. It is possible to find very different results for the same 
fuel in different engines depending on the control strategy adopted. In order to provide a 
complete picture the criteria exhaust emissions are considered from several perspectives, 
vehicle certification data, emission tests performed on in use vehicles, EPA Mobile6 
emission model and finally the results produced by the GHGenius model. 

The two Ford vehicles will again be considered. The Crown Victoria is a light duty passenger 
vehicle and must meet the standards for passenger vehicles. The E350 Van is heavy light-
duty truck and has a less restrictive standard to meet.  

3.5.1 Certification Data 

The emissions certification data for the 2002 Crown Victoria and the E350 van are 
summarized in the following table (EPA 2002). The Crown Victoria gasoline vehicle is 
certified as a Low Emission Vehicle and the natural gas version is certified as an Ultra Low 
Emission Vehicle. The E350 gasoline van is certified to the LEV standard whereas the NG 
version is certified to the ULEV standard. The results in the table are at the 50,000 mile 
point. 

Table 3-17 2002 Vehicle Certification Data 

 Gasoline Certification  NG Certification 
Results 

Percent Change 

 LEV Std Results ULEV 
Std 

Results  

 G/mile G/mile G/mile G/mile  
Crown Victoria      
CO 3.4 0.68 1.7 0.48 -29.4 
NMOG 0.075 0.044 0.04 0.0019 -95.7 
NOx 0.2 0.09 0.2 0.008 -91.1 
E350      
CO 5.0 0.79 2.5 0.77 -2.5 
NMOG 0.195 0.088 0.117 0.009 -89.8 
NOx 1.1 0.14 0.6 0.11 -21.4 
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The natural gas vehicles have lower exhaust emissions than their gasoline counterparts. The 
gasoline vehicle emission results are based on low sulphur gasoline which is not yet 
available in all regions of Canada and thus the in use gasoline vehicle emissions are likely 
higher than shown here. This would result in an even greater percentage reduction for the 
natural gas vehicles in actual service in Canada. There are also differences between the 
passenger vehicle and the van in the percent reductions achieved for the various 
contaminants. This results from different loads that the vehicles are subjected to, perhaps 
different control strategies and different engine designs. 

3.5.2 In Use Emissions from Fleet Data 

The Crown Victoria fleet test was conducted with 10 1996 gasoline vehicles and 10 natural 
gas vehicles (NREL, 1999). The gasoline cars were certified to the Tier 1 standard and the 
natural gas vehicles to the ULEV standard. The Tier 1 standard has a NOx requirement of 
0.4 g/mile vs. the 0.2 for the LEV requirement and a total hydrocarbon requirement of 0.41 
g/mile with no NMOG level. The test results measured at 60,000 miles are shown in the 
following table. 

Table 3-18 1996 Crown Victoria Fleet Data 

 Gasoline  Natural Gas Percent Change 
Crown Victoria Tier 1 

Std 
Results ULEV 

Std 
Results  

 G/mile G/mile G/mile G/mile  
CO 3.4 2.764 1.7 0.928 -66.4 
NMHC 0.25 0.125 0.04 0.049 -66.1 
NOx 0.4 0.263 0.2 0.243 -7.5 
 

The natural gas emission reductions are somewhat different from the certification results for 
later vehicles. In all cases, the emissions were lower than the gasoline vehicle but the NOx 
emissions were only marginally lower. 

The E350 fleet was performed with 1999 vehicles, and there were five CNG vehicles certified 
as ULEV vehicles and three gasoline vehicles certified as Tier 1 heavy duty vehicles in the 
test fleet. These vehicles are certified on an engine dynamometer and the results presented 
in grams/horsepower hour. They are directly comparable to the other certification results. 
The fleet vehicles were all tested on a chassis dynamometer so they can be compared. The 
emission test data is shown in the following table. The test results were measured at the 
60,000 mile vehicle life. 

Table 3-19 1999 E350 Fleet Data 

 Gasoline  Natural Gas Percent Change 
Crown Victoria Tier 1 

Std 
Results ULEV 

Std 
Results  

 G/mile G/mile G/mile G/mile  
CO na 9.067 2.5 0.500 -94.5 
NMHC/NMOG na 0.390 0.195 0.017 -95.6 
NOx na 2.763 0.6 0.490 -82.3 
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In this case, the natural gas vehicles had emissions significantly lower than the gasoline 
vehicle for all three contaminants.  

3.5.3 EPA Mobile6 

MOBILE6 is a software application program developed by the US Environmental Protection 
Agency that provides estimates of current and future emissions from highway motor vehicles. 
It is the latest in a series of MOBILE models dating back to 1978; MOBILE6 calculates 
average in-use fleet emission factors for: 

• Three criteria pollutants: hydrocarbons (HC); carbon monoxide (CO); and oxides of 
nitrogen (NOx). 

• Gas, diesel, and natural-gas-fueled cars, trucks, buses, and motorcycles. 

• Calendar years between 1952 and 2050. 

MOBILE6 was designed to address a wide variety of air pollution modeling needs. The 
model calculates emission rates under various conditions affecting in-use emission levels 
(e.g., ambient temperatures, average traffic speeds) as specified by the modeler. MOBILE 
models have been used by EPA to evaluate highway mobile source control strategies; by 
states and local and regional planning agencies to develop emission inventories and control 
strategies for State Implementation Plans under the Clean Air Act; by metropolitan planning 
organizations and state transportation departments for transportation planning and 
conformity analysis; by academic and industry investigators conducting research; and in 
developing environmental impact statements. 

Each new version of MOBILE reflects the collection and analysis of new test data. It also 
incorporates changes in vehicle, engine, and emission control system technologies; changes 
in applicable regulations, emission standards, and test procedures; and improved 
understanding of in-use emission levels and the factors that influence them.  

The Mobile models provide an estimate of the average emissions for all of the vehicles on 
the road in any given year not just the emissions from a single vehicle year. The emissions 
projected by the model are significantly larger than the results of certification tests on new 
vehicles. 

The Mobile6 model includes emission factors for natural gas vehicles (EPA 2001). In 
general, the natural gas vehicles are modeled as if they were ULEV gasoline vehicles. The 
only exception to this is for high emitters that have lower emission rates than gasoline 
powered high emitters. The basic emission rates for normal emitters at zero and 50,000 
miles are shown in the following table. 

Table 3-20 Mobile6 Emission Factors 

 Zero Miles 50,000 Miles 
 Grams/mile Grams/mile 
Carbon Monoxide 0.665 1.835 
NMHC 0.016 0.025 
NOx 0.133 0.165 
 
Comparing these values with some of the certification results shows that the Mobile6 values 
are higher than many of the vehicles on the road today. 

One of the problems with the natural gas vehicles data in Mobile6 is the lack of test data on 
which to build the model. The model makes extensive use of the large database of data that 



 

  

(S&T)2 
 

Greenhouse Gas Emissions from Natural Gas Vehicles  
25

 

has been gathered for gasoline vehicles. Far fewer tests have been performed on natural 
gas vehicles so more assumptions are made in the model. For gasoline vehicles, the model 
assumes that they will meet the new Tier 2 standards from 2004 on. For natural gas vehicles 
that assumption is not made and natural gas vehicles are assumed to have higher emissions 
than gasoline vehicles from 2004 onwards. That is not a realistic assumption and it is one 
that the natural gas industry needs to address with the US EPA. 

3.5.4 GHGenius Results 

The vehicle emission rates in GHGenius are modeled to approximate the Mobile6 emission 
rates. The one difference in approach is that the GHGenius rates represent the average 
emissions over the life of a vehicle rather than an average of all of the vehicles on the road in 
a specific year. The model will have the same problem of overestimating the results past the 
model year 2004 since Mobile6 did not assume that NG vehicles would have lower 
emissions once the Tier 2 standards became effective. 

The GHGenius vehicle emissions for gasoline (low sulphur) and natural gas vehicles for the 
years 2002 and 2010 are summarized in the following table. 

Table 3-21 GHGenius Exhaust Emission Results 

 2002 2010 
 Gasoline Natural Gas Gasoline Natural Gas 
 G/mile G/mile G/mile G/mile 
Carbon 
Monoxide 

17.002 5.504 13.972 4.928 

NMOG 0.531 0.059 0.302 0.058 
NOx 0.722 0.594 0.308 0.565 
Methane 0.048 0.665 0.030 0.652 
SOx 0.075 0.018 0.040 0.018 
 
There are several points apparent in this table. In the year 2002, natural gas vehicles are 
considerably cleaner than gasoline vehicles but because of the different approaches built 
into Mobile6 after 2004, the natural gas vehicles lose that advantage for some of the 
contaminants for the year 2010. The natural gas industry needs to work with the EPA to 
insure that the next version of Mobile has more realistic assumptions built into the model. 
This should be an immediate priority since if any regions are using Mobile6 to plan air quality 
strategies for future years the impact of natural gas vehicles is probably being 
underestimated in their modeling efforts. 

GHGenius can also provide the emissions of the criteria air contaminants on a full cycle 
basis. This provides the emissions not only from the vehicle exhaust but also from the fuel 
production and from the vehicle assembly stages. These results for 2002 are summarized in 
the following table. The vehicle material and assembly values are higher because of the 
different type of fuel tank required and it is heavier. In all cases, there are upstream fuel 
emission reductions as well as the vehicle exhaust emission reductions from the use of 
natural gas. 
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Table 3-22 Life Cycle Criteria Air Contaminants - 2002 

 Gasoline Natural Gas % Change 
 G/mile G/mile  
CO    
Vehicle Operation 17.002 5.504 -67.6 
Upstream 0.785 0.212 -73.0 
Vehicle Material & Assembly 0.144 0.148 2.8 
Total 17.931 5.865 -67.3 
NOx  
Vehicle Operation 0.722 0.594 -17.7 
Upstream 0.982 0.428 -56.4 
Vehicle Material & Assembly 0.175 0.186 6.3 
Total 1.879 1.208 -35.7 
NMOG – Ozone Weighted  
Vehicle Operation 0.531 0.059 -88.9 
Upstream 0.419 0.021 -95.0 
Vehicle Material & Assembly 0.042 0.044 4.8 
Total 0.991 0.123 -87.6 
SOx  
Vehicle Operation 0.075 0.018 -76.0 
Upstream 0.280 0.051 -81.8 
Vehicle Material & Assembly 0.217 0.231 6.5 
Total 0.573 0.300 -47.6 
PM  
Vehicle Operation 0.056 0.011 -80.4 
Upstream 0.052 0.014 -73.1 
Vehicle Material & Assembly 0.251 0.264 5.2 
Total 0.360 0.290 -19.4 
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4. MEDIUM DUTY VEHICLES 
Natural gas is also being used in larger engines that are used in vehicles such as refuse 
trucks and urban buses. The natural gas engines are modified diesel engines rather than 
converted spark ignition engines. The natural gas engines also replace diesel engines in 
most of the applications. Diesel engines are more efficient than spark ignition engines and 
thus the medium duty natural gas engines have a lower relative efficiency than was shown in 
the light duty vehicle section. 

4.1 VEHICLE DATA 

These engines are typically used in transit buses, school buses, medium duty delivery 
service and in refuse haulers. The fuel consumption, incremental costs and annual miles 
traveled for the transit bus and the refuse truck is summarized in the following table. The 
incremental costs for the natural gas engines is expected to decline as the number of 
engines built increases and as a result of higher costs for the diesel engines as they are 
required to meet more stringent emission standards over the next decade. 

Table 4-1 Medium Duty Vehicle Applications 

 Transit Bus Refuse Truck 
Fuel Economy for Diesel Equivalent, MPG 4.7 3.5 
Annual Mileage, Miles 37,500 25,000 
Life, years 16 Not used 
Incremental Cost, Can $   
2002 40,000 60,000 
2010 10,000 30,000 
 

4.2 ENGINE AND EMISSION DATA 

Emission standards for medium and heavy duty engines have been getting more strict over 
the past several decades and will become even tighter in the future. The diesel engine 
standards in the United States are summarized in the following table (EPA, 2002b, EPA 
2000b). Emission standards for medium and heavy duty vehicles are tested on engine 
dynamometers rather than on chassis dynamometers, as is the case of light duty vehicles. 
The results are expressed as grams of contaminant per brake horsepower hour (a unit of 
work done) of output, rather than grams per mile. 
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Table 4-2 Diesel Emission Standards 

Model Year US Federal Emission Standards, g/bhp-hr 
 HC CO NOx HC+NOx PM 
2007+ 0.14  0.2  0.01 
2002-2006 - 15.5 - 2.41 0.102 
1998-2001 1.3 15.5 4.0 - 0.102 
1994-1997 1.3 15.5 5.0 - 0.102 
1991-1993 1.3 15.5 5.0 - 0.252 
1990 1.3 15.5 6.0 - 0.60 
1988-1989 1.3 15.5 10.7 - 0.60 
1984-1987 1.3 15.5 10.7 - - 
1979-1983 1.5 25 - 10 - 
 
The body of test data available for alternative fueled diesel engines is not large and given the 
rapidly changing emission standards, it is important that comparisons are made between 
engines that have been designed and built to the same standards, otherwise fuel effects 
cannot be separated from engine effects. In the next section a selection of test data for 
natural gas engines is described that does allow for some comparison. 

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. 

One of the key parameters required for the GHGenius model is the relative efficiency of the 
alternative fuel compared to the diesel engine. There have been a few controlled trials where 
natural gas engines were tested against similar diesel engines either in fleet service or in 
dynamometer testing. The results from these tests can be used as the input data for 
GHGenius. 

A recent program (Kamel, et al) 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 4-3 Comparison Cummins Engines 

 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 the following table. Note that 

                                                  
1 NMHC 
2 Standard for Urban Buses is lower 
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the results are presented as grams/mile from a chassis dynamometer test and grams/bhp-hr 
on an engine dynamometer. The conversion between the two depends on the engine 
efficiency and fuel consumption. GHGenius makes the calculations based on the input 
parameters and an algorithm that estimates the engine efficiency for different classes of 
trucks and different years. The conversion factor is approximately 3.9 bhp-hr/mile for buses 
and 3.4 bhp-hr/mile for heavy-duty trucks. 

Table 4-4 Dynamometer Test Results 

 Diesel Engine Natural Gas Engine % Change 
Carbon monoxide G/mile G/mile  
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 
 
The on road fuel economy was monitored over a 12 month period for both the diesel and 
natural gas trucks. The natural gas trucks recorded 6.73 miles per gallon of diesel equivalent 
while the diesel trucks achieved 5.17 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). Fifteen 
NG vehicles with Cummins 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 NG 
vehicles were reported to use 27.5% more fuel on an energy equivalent basis. 

Cummins engines were used in Boulder Colorado buses that were tested on two different 
chassis dynamometers (Clark et al). The engines were 1997 Cummins CSB5.9 and the 
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). 
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There were small differences in test procedures between the two facilities. The results of a 
series of tests are summarized in the following table. 

Table 4-5 Dynamometer Test Results- 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 4-6 Emission Results Detroit Diesel Atlanta Buses 

 Diesel Bus Natural Gas Bus % Change 
 G/mile G/mile  
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). The engines were Detroit Diesel Series 50 engines. 
The natural gas engine did not have a catalyst so there is not a proper comparison to the 
diesel tests. 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.  
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All of this test data has been used to determine the appropriate inputs for the GHGenius 
model. The original GHGenius inputs were based on the original Delucchi data, some of 
which is now over ten years old. This new data allows the model to be updated with 
information that is more recent so that better projections can be made. The average change 
in fuel economy for these identified tests is 21%. This is larger than the original data in the 
model was projecting so the base and maximum relative efficiencies have been lowered. The 
changes by year are calculated from an algorithm, which utilizes the base year data the 
maximum efficiency data and an exponent to alter the rate of change.  

The exhaust emission factors in GHGenius have been lowered in some cases based on the 
most recent test data. The new inputs for the GHGenius model for heavy-duty natural gas 
engines are summarized and compared to the original values in the following table. 

Table 4-7 GHGenius Input Values 

 Original Value New Value 
Fuel Economy   
Base City relative efficiency 0.83 0.78 
Base Highway relative efficiency 0.87 0.78 
Maximum City relative efficiency 0.95 0.90 
Maximum Highway relative efficiency 0.99 0.90 
K exponent -0.019 -0.019 
Exhaust Emissions   
NMOG exhaust ratio NGV to Diesel Vehicle 3.00 0.80 
CH4 exhaust ratio NGV to Diesel Vehicle 30 100 if before 

2006, 15 if after 
CO exhaust ratio NGV to Diesel Vehicle 2.00 0.10 
N2O exhaust ratio NGV to Diesel Vehicle 1.00 1.0 
NOx as NO2 exhaust ratio NGV to Diesel Vehicle 0.50 0.30 
Particulate Matter from fuel ratio NGV to Diesel Vehicle 0.02 0.02 
 
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 obtain than the natural gas engine. The fuel economy of the bus that was tested 
with a CRT used 2.0 to 7.5% more fuel than the engine equipped with a catalyst depending 
on the driving cycle. Other technologies such as cooled EGR and SCR 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 LDV 
spark-ignited engines the MDV natural gas curve has lower values and a lower rate of 
increase. 
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Figure 4-1 Medium Duty Natural Gas Engine Relative Efficiency 

1995 2005 2015 2025 2035 2045
Year

0.77

0.78

0.79

0.8

0.81

0.82

0.83

0.84

0.85

0.86

0.87
R

el
at

iv
e 

Ef
fic

ie
nc

y

 
 
The emissions of the diesel engine and the natural gas engine that is modeled are shown in 
the following table. These emissions are over the life of the vehicle and include a 
deterioration factor. 

Table 4-8 Engine Emission Rates from GHGenius -2002 

 Diesel Natural Gas 
 g/bhp-hr g/bhp-hr 
NMOG exhaust  0.96 0.76 
CH4 exhaust 0.03 3.30 
CO exhaust 5.69 0.57 
N2O exhaust 0.02 0.02 
NOx as NO2 exhaust 7.93 2.4 
PM exhaust 0.27 calculated 
 

4.3 GREENHOUSE GAS EMISSIONS 

The natural gas for these medium duty engines can be stored on board the vehicle either as 
a compressed gas or as a liquid (LNG). The greenhouse gas emissions from these two 
natural gas pathways are quite different and are considered separately in the next two 
sections. 

4.3.1 Compressed Natural Gas Vehicles 

The greenhouse gas emissions for a transit bus operating on compressed natural gas are 
shown in the following table. The calculations are for the year 2002. 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. 
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Table 4-9 Greenhouse Gas Emissions Transit Bus 2002 

 Diesel Natural gas 
 G/mile G/mile 
Vehicle operation 2,136.4 2,243.9 
Fuel dispensing 2.9 14.8 
Fuel storage and distribution 35.0 87.4 
Fuel production 212.3 114.1 
Feedstock transport 5.9 0.0 
Feedstock and fertilizer production 273.8 33.7 
CH4 and CO2 leaks and flares 91.1 173.6 
Emissions displaced by co-products 0.0 0.0 
Sub total (fuel cycle) 2,757.4 2,667.6 
% Changes (fuel cycle)  -3.3 
Vehicle assembly and transport 15.3 19.3 
Materials in vehicles (incl. storage) and 
lube oil production/use 

59.1 71.2 

Grand total 2,831.7 2,758.1 
% Changes to Diesel  -2.6 
 

There are small differences in the GHG emissions reductions from province to province 
because of the different electricity mixes used for electricity generation. These are 
summarized in the following table for the buses for 2002. 

Table 4-10 GHG Emission Reductions 2002 

 % Emission Change 
Canada -2.6 
British Columbia -3.1 
Alberta 0.7 
Saskatchewan 0.0 
Ontario -3.1 
 

For the year 2010, there will 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 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 greenhouse gas emissions for 2010 
are shown in the following table. The improvement offered by the natural gas engines has 
increased to 13.2% on a full cycle basis. 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.  
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Table 4-11 Greenhouse Gas Emissions Transit Bus 2010 

 Diesel Natural gas 
 G/mile G/mile 
Vehicle operation 2,131.3 2,000.6 
Fuel dispensing 3.4 17.1 
Fuel storage and distribution 34.5 84.7 
Fuel production 231.9 111.9 
Feedstock transport 5.9 0.0 
Feedstock and fertilizer production 308.2 33.0 
CH4 and CO2 leaks and flares 86.1 160.0 
Emissions displaced by co-products 0.0 0.0 
Sub total (fuel cycle) 2,801.3 2,407.4 
% Changes (fuel cycle) - -14.1 
Vehicle assembly and transport 15.1 18.9 
Materials in vehicles (incl. storage) and 
lube oil production/use 

56.9 67.2 

Grand total 2,873.2 2,493.5 
% Changes to Diesel  -13.2 
 

4.3.2 Liquefied Natural Gas Vehicles 

There are bus fleets that store the natural gas as a liquid rather than as compressed gas. 
This has a different greenhouse gas emission profile as shown on Section 2 of this report. 
There are also a number of options for the production and dispensing of the LNG. In the 
following table, the greenhouse emissions are shown for the diesel bus, a LNG bus with 
assumptions based on the large scale efficient LNG production system and the small scale 
LNG system with the higher transfer losses. It can be seen from the table that the 
effectiveness of LNG in reducing GHG emissions is strongly dependent on the liquefaction 
process. Traditional large scale, efficient liquefaction systems combined with the use of 
natural gas in converted diesel engines may lead to an increase in GHG emissions. The 
small-scale liquefaction systems that require very little external energy to liquefy the gas may 
results GHG emissions about the same as a diesel engine. 
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Table 4-12 Greenhouse Gas Emissions LNG Transit Bus 2002 

 Diesel LNG LNG 
  Efficient 

Large Scale, 
Low Transfer 

Losses 

Small Scale, 
High Transfer 

Losses 

 G/mile G/mile G/mile 
Vehicle operation 2,136.4 2,231.8 2,231.8 
Fuel dispensing 2.9 291.0 48.7 
Fuel storage and distribution 35.0 105.3 87.4 
Fuel production 212.3 113.9 114.2 
Feedstock transport 5.9 0.0 0.0 
Feedstock and fertilizer production 273.8 33.7 33.8 
CH4 and CO2 leaks and flares 91.1 226.4 266.3 
Emissions displaced by co-products 0.0 0.0 0.0 
Sub total (fuel cycle) 2,757.4 3,002.1 2,782.2 
% Changes (fuel cycle)  8.9 0.9 
Vehicle assembly and transport 15.3 18.8 18.8 
Materials in vehicles (incl. storage) and 
lube oil production/use 

59.1 68.0 68.0 

Grand total 2,831.7 3,088.9 2,869.0 
% Changes to Diesel  9.1 1.3 
 

In the previous table, the energy used for the large-scale LNG systems is derived from 
natural gas so there will be very little difference from province to province. In the small-scale 
system, the small amount of external energy required is supplied by electricity. If that system 
were located in Alberta, the GHG emissions would change from a 1.3% increase to a 2.1% 
increase. 

In 2010, the GHG performance of the LNG option improves slightly with the changes in the 
engine performance, the higher refinery energy for the ultra low sulphur diesel fuel and 
assumed improvements in the liquefaction systems. The results are summarized in the 
following table. 
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Table 4-13 Greenhouse Gas Emissions LNG Transit Bus 2010 

 Diesel LNG LNG 
  Efficient 

Large Scale, 
Low Transfer 

Losses 

Small Scale, 
High Transfer 

Losses 

 G/mile G/mile G/mile 
Vehicle operation 2,131.3 1,989.1 1,989.1 
Fuel dispensing 3.4 282.3 46.7 
Fuel storage and distribution 34.5 101.8 84.5 
Fuel production 231.9 111.4 111.7 
Feedstock transport 5.9 0.0 0.0 
Feedstock and fertilizer production 308.2 32.9 33.0 
CH4 and CO2 leaks and flares 86.1 188.8 218.5 
Emissions displaced by co-products 0.0 0.0 0.0 
Sub total (fuel cycle) 2,801.3 2706.3 2483.5 
% Changes (fuel cycle) - -3.4 -11.3 
Vehicle assembly and transport 15.1 18.5 18.5 
Materials in vehicles (incl. storage) and 
lube oil production/use 

56.9 64.9 64.9 

Grand total 2,873.2 2789.7 2566.9 
% Changes to Diesel  -2.9 -10.7 

 

4.4 COST EFFECTIVENESS OF GREENHOUSE GAS EMISSION REDUCTIONS 

The cost effectiveness of natural gas in medium duty engines has been calculated in the 
same manner as for light duty engines. The pre-tax price of diesel fuel is assumed to be 31.3 
cents per litre and the price of CNG is based on an average price of $6.80/GJ (gas plus local 
distribution) plus $2.00/GJ per compression. The larger, better utilized compressors at a bus 
depot will have a lower per unit compression cost than those at public refuelling stations. In 
2010, this compression cost is expected to further decline to $1.65/GJ through experience 
building and operating these stations. 

The cost of LNG is more difficult to project since LNG for vehicle use is today a very small 
part of the LNG business but in many areas, it could become the sole reason for producing 
LNG. The cost of LNG must account for the cost of the gas, the operating costs for 
liquefaction, the capital cost of the equipment and any transportation costs to move the 
product to the market. Large-scale liquefaction plants could be expected to have a lower per 
unit capital cost than small systems but might have higher transportation costs and higher 
energy costs. It may be that both large and small-scale systems can be competitive in the 
marketplace. It will be assumed that the cost of LNG will be $3.25/GJ above the base 
delivered cost of the natural gas. This is approximately 60% higher than the cost of 
compressing natural gas. 

For the diesel cost in the year 2010, an additional 2 cents per litre has been added to the 
price to account for the cost of moving to the less than 15 ppm sulphur fuel. 
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4.4.1 Compressed Natural Gas Vehicles 

The incremental cost of a CNG transit bus is assumed to be $40,000 and the vehicle has an 
economic life of 600,000 miles. The costs are assumed to be only $10,000 more in 2010 due 
to increases in the cost of the diesel engines required to meet future standards and 
reductions in the cost of natural gas buses due to experience in building them. The cost of 
compression is also expected to be reduced by 2010 to $1.65/GJ through experience. The 
cost effectiveness of this transportation option with and without the tax incentives included is 
shown in the following table. 

Table 4-14 GHG Cost Effectiveness Urban Buses 

 Without Tax Incentives With Tax Incentives 
 $/tonne $/tonne 
2002   
Cost effectiveness 984.64 59.54 
2010   
Cost effectiveness 16.94 -170.63 
Cost effectiveness discounted to 2002 7.90 -79.60 
 

The natural gas transit buses become a much more attractive GHG emission reduction 
option when the new emission standards for diesel engines are introduced later this decade. 
This is a result of both the lower relative cost of the buses and of the better performance of 
the natural gas engines. 

4.4.2 Liquefied Natural Gas Vehicles 

The cost of LNG medium duty vehicles is assumed to be the same as the compressed 
natural gas vehicles. The costs of the LNG tanks are essentially the same as the CNG tanks. 
The cost effectiveness for the two LNG production options are shown in the following tables. 
The LNG options are generally not as attractive as the CNG option due to the higher fuel 
price and lower GHG reductions. 

Table 4-15 GHG Cost Effectiveness LNG Urban Buses Large Scale Liquefaction 

 Without Tax Incentives With Tax Incentives 
 $/tonne $/tonne 
2002   
Cost effectiveness GHG’s increase GHG’s increase 
2010   
Cost effectiveness 378.57 -474.59 
Cost effectiveness discounted to 2002 176.60 -221.40 
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Table 4-16 GHG Cost Effectiveness LNG Urban Buses Small Scale Liquefaction 

 Without Tax Incentives With Tax Incentives 
 $/tonne $/tonne 
2002   
Cost effectiveness GHG’s increase GHG’s increase 
2010   
Cost effectiveness 103.34 -129.55 
Cost effectiveness discounted to 2002 48.21 -60.44 
 

4.5 OTHER EMISSIONS 

GHGenius calculates the emissions for the criteria air contaminants over the full life cycle 
and the vehicle. In the following sections, both compressed natural gas and liquefied natural 
gas transit vehicles are considered. The results are presented only for the year 2002, as 
there is too much uncertainty at the present time about the emissions from diesel engines 
post 2007. 

4.5.1 Compressed Natural Gas Vehicles 

The lifecycle emissions of the criteria air contaminants as calculated by GHGenius are 
shown in the following table for the compressed natural gas transit bus in the year 2002. 
There are significant reductions in all of the air contaminants for both the vehicle operation 
stage and the fuel production stage. There are small increases in the vehicle manufacturing 
and assembly stages due to the extra weight of the fuel system for the compressed natural 
gas vehicles. 
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Table 4-17 Life Cycle Criteria Air Contaminants CNG Buses 2002 

 Diesel Natural Gas % Change 
 G/mile G/mile  
CO    
Vehicle Operation 22.027 2.203 -90.0 
Upstream 3.459 1.163 -66.4 
Vehicle Material & Assembly 0.080 0.102 27.5 
Total 25.566 3.468 -86.4 
NOx  
Vehicle Operation 30.695 9.208 -70.0 
Upstream 4.304 2.343 -45.6 
Vehicle Material & Assembly 0.233 0.297 27.5 
Total 35.232 11.848 -66.4 
NMOG – Ozone Weighted  
Vehicle Operation 2.071 1.284 -38.0 
Upstream 0.646 0.113 -82.5 
Vehicle Material & Assembly 0.057 0.072 26.3 
Total 2.773 1.469 -47.0 
SOx  
Vehicle Operation 0.354 0.086 -75.7 
Upstream 1.067 0.280 -73.8 
Vehicle Material & Assembly 0.286 0.363 26.9 
Total 1.707 0.729 -57.3 
PM  
Vehicle Operation 1.059 0.037 -96.5 
Upstream 0.202 0.079 -60.9 
Vehicle Material & Assembly 0.400 0.502 25.5 
Total 1.661 0.618 -62.8 
 

4.5.2 Liquefied Natural Gas Vehicles 

The lifecycle criteria emissions for the two LNG options are shown in the following table. 
There are some small differences between the upstream emissions from CNG and the two 
LNG options. 
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Table 4-18 Life Cycle Criteria Air Contaminants LNG Buses 2002 

 Diesel LNG Large 
Scale 

% Change LNG Small 
Scale 

% Change

 G/mile G/mile  G/mile  
CO      
Vehicle Operation 22.027 2.203 -90.0 2.203 -90.0 
Upstream 3.459 2.923 -15.5 1.172 -66.1 
Vehicle Material & Assembly 0.080 0.098 22.7 0.098 22.5 
Total 25.566 5.224 -79.6 3.473 -86.4 
NOx    
Vehicle Operation 30.695 9.208 -70.0 9.208 -70.0 
Upstream 4.304 3.339 -22.4 2.396 -44.3 
Vehicle Material & Assembly 0.233 0.288 23.5 0.288 23.6 
Total 35.232 12.835 -63.6 11.892 -66.2 
NMOG – Ozone Weighted    
Vehicle Operation 2.071 1.283 -38.0 1.283 -38.0 
Upstream 0.646 0.265 -58.9 0.155 -76.0 
Vehicle Material & Assembly 0.057 0.070 23.0 0.070 22.8 
Total 2.773 1.618 -41.6 1.508 -45.6 
SOx    
Vehicle Operation 0.354 0.086 -75.8 0.086 -75.7 
Upstream 1.067 0.265 -75.2 0.382 -64.2 
Vehicle Material & Assembly 0.286 0.354 23.8 0.354 23.8 
Total 1.707 0.704 -58.7 0.822 -51.8 
PM    
Vehicle Operation 1.059 0.037 -96.5 0.037 -96.5 
Upstream 0.202 0.180 -10.9 0.086 -57.4 
Vehicle Material & Assembly 0.400 0.494 23.5 0.494 23.5 
Total 1.661 0.711 -57.2 0.617 -62.9 
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5. HEAVY DUTY VEHICLES 
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). 

Table 5-1 Heavy-duty Engine Comparison 

 Diesel HPDI SING 
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 

 

5.1 VEHICLE DESCRIPTIONS 

The Westport Cycle engine is being targeted for Class 8 trucks. The engines typically 
produce 400 to 500HP and up to 1500 ft-lb of torque. One of these trucks will travel about 
120,000 miles per year and may have a useful life of about seven years or 840,000 miles. 
The fuel consumption of the truck depends on the load that it hauls; the default value in 
GHGenius for heavy-duty trucks is 5.9 mpg (US). The default value has been used for the 
modeling. 
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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 modeling 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 the model 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. 

5.2 GREENHOUSE GAS EMISSIONS 

The GHG emissions are modelled based on 100% natural gas use. In reality up to 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 2002 are shown in the 
following table. 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. 

Table 5-2 Greenhouse Gas Emissions LNG Westport Cycle Truck 2002 

 Diesel LNG LNG 
  Efficient 

Large Scale, 
Low Transfer 

Losses 

Small Scale, 
High Transfer 

Losses 

 G/mile G/mile G/mile 
Vehicle operation 1,701.9 1,460.0 1,460.0 
Fuel dispensing 2.3 182.7 25.5 
Fuel storage and distribution 27.9 66.1 54.9 
Fuel production 169.2 71.5 71.7 
Feedstock transport 4.7 0.0 0.0 
Feedstock and fertilizer production 218.3 21.1 21.2 
CH4 and CO2 leaks and flares 72.6 142.2 167.2 
Emissions displaced by co-products 0.0 0.0 0.0 
Sub total (fuel cycle) 2196.9 1943.7 1800.6 
% Changes (fuel cycle) -- -11.5 -18.0 
Vehicle assembly and transport 16.1 19.7 19.7 
Materials in vehicles (incl. storage) and 
lube oil production/use 

60.3 70.3 70.3 

Grand total 2273.3 2033.7 1890.6 
% Changes to Diesel  -10.5 -16.8 
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The GHG emission results for the year 2010 are shown in the following table. There is a 
further improvement from 2002 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. 

Table 5-3 Greenhouse Gas Emissions LNG Westport Cycle Truck 2010 

 Diesel LNG LNG 
  Efficient 

Large Scale, 
Low Transfer 

Losses 

Small Scale, 
High Transfer 

Losses 

 G/mile G/mile G/mile 
Vehicle operation 1,697.9 1,269.0 1,269.0 
Fuel dispensing 2.7 178.2 29.5 
Fuel storage and distribution 27.5 64.2 53.4 
Fuel production 184.9 70.3 70.5 
Feedstock transport 4.7 0.0 0.0 
Feedstock and fertilizer production 245.7 20.8 20.8 
CH4 and CO2 leaks and flares 68.6 119.1 137.9 
Emissions displaced by co-products 0.0 0.0 0.0 
Sub total (fuel cycle) 2232.0 1721.7 1581.1 
% Changes (fuel cycle) -- -22.9 -29.2 
Vehicle assembly and transport 15.8 19.4 19.4 
Materials in vehicles (incl. storage) and 
lube oil production/use 

57.8 67.0 67.0 

Grand total 2305.7 1808.1 1667.4 
% Changes to Diesel  -21.6 -27.7 
 

5.3 COST EFFECTIVENESS OF GREENHOUSE GAS EMISSION REDUCTIONS 

The incremental vehicle cost for the Westport Cycle LNG option is assumed to be $50,000 
currently and the cost is expected to decline to $30,000 more in 2010 due to experience with 
the new technology and increases in diesel engine costs due to more restrictive exhaust 
emissions. The cost of LNG is the same as was used in the previous section. The cost 
effectiveness of this pathway for greenhouse gas emission reduction is summarized in the 
following tables. 

Table 5-4 GHG Cost Effectiveness Westport Cycle - Large Scale Liquefaction 

 Without Tax Incentives With Tax Incentives 
 $/tonne $/tonne 
2002   
Cost effectiveness 200.68 -22.77 
2010   
Cost effectiveness 37.48 -82.73 
Cost effectiveness discounted to 2002 17.49 -38.59 
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Table 5-5 GHG Cost Effectiveness Westport Cycle - Small Scale Liquefaction 

 Without Tax Incentives With Tax Incentives 
 $/tonne $/tonne 
2002   
Cost effectiveness 141.43 -16.05 
2010   
Cost effectiveness 29.33 -64.73 
Cost effectiveness discounted to 2002 13.68 -30.20 
 

The cost effectiveness of both of these fuelling options is more attractive than the medium 
duty options considered in the previous section. This is due to the larger greenhouse gas 
reduction possible with the Westport Cycle. 

5.4 OTHER EMISSIONS 

The lifecycle emissions of the criteria contaminants for the Westport Cycle for 2002 are 
shown in the following table. The basic emission factors for the natural gas engine are the 
same as the medium duty engines. 
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Table 5-6 Life Cycle Criteria Air Contaminants LNG Westport Cycle 2002  

 Diesel LNG Large 
Scale 

% Change LNG Small 
Scale 

% Change

 G/mile G/mile  G/mile  
CO      
Vehicle Operation 18.871 1.887 -90.0 1.887 -90.0 
Upstream 2.757 1.791 -35.0 0.736 -73.3 
Vehicle Material & Assembly 0.084 0.103 22.6 0.103 22.6 
Total 21.713 3.781 -82.6 2.726 -87.4 
NOx      
Vehicle Operation 26.297 7.889 -70.0 7.889 -70.0 
Upstream 3.431 2.056 -40.1 1.504 -56.2 
Vehicle Material & Assembly 0.245 0.301 22.9 0.301 22.9 
Total 29.973 10.246 -65.8 9.695 -67.6 
NMOG – Ozone Weighted      
Vehicle Operation 1.774 1.076 -39.3 1.076 -39.3 
Upstream 0.515 0.104 -79.8 0.097 -81.2 
Vehicle Material & Assembly 0.060 0.073 21.7 0.073 21.7 
Total 2.349 1.254 -46.6 1.247 -46.9 
SOx      
Vehicle Operation 0.282 0.067 -76.2 0.067 -76.2 
Upstream 0.850 0.163 -83.2 0.240 -71.8 
Vehicle Material & Assembly 0.300 0.371 23.3 0.371 23.3 
Total 1.433 0.601 -58.1 0.677 -52.8 
PM      
Vehicle Operation 0.907 0.031 -96.6 0.031 -96.6 
Upstream 0.161 0.110 -31.7 0.054 -66.4 
Vehicle Material & Assembly 0.420 0.517 23.1 0.517 23.1 
Total 1.489 0.659 -55.7 0.603 -59.5 
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6. SUMMARY AND DISCUSSION 
Natural gas can be used as a vehicle fuel in light duty vehicles and in various medium and 
heavy-duty vehicle applications. The use of natural gas in current vehicles results in reduced 
greenhouse gas emissions for most but not all scenarios. The GHG reductions are greatest 
for light duty vehicles where the natural gas replaces gasoline and in heavy-duty vehicles 
that use the new Westport Cycle. The use of natural gas in spark ignited converted diesel 
engines produces the smallest reduction in GHG emissions. If these medium duty 
applications use LNG as the fuel, there could be small increases in GHG emissions 
depending on how the LNG is produced. 

6.1 LIGHT DUTY VEHICLES 

The greenhouse gas emission reductions for natural gas vehicles in Canada for the year 
2002 average 21.1% compared to gasoline powered vehicles. Depending on the province, 
the full cycle GHG reduction varies from 16.8 to 21.7%. There is the potential to build more 
efficient natural gas engines that take full advantage of natural gas’s high octane value. It is 
assumed that some progress in this area will be continue to be made and that by 2010, the 
GHG reduction offered by natural gas vehicles will increase to 26.0% across Canada, with a 
provincial range of 22.4 to 26.7%. These results are summarized in the following table. 

Table 6-1 Summary of GHG Results – Light Duty Vehicles 

 % GHG Change 2002 % GHG Change 2010 
Canada -21.0 -25.9 
British Columbia -21.6 -26.6 
Alberta -16.3 -21.9 
Saskatchewan -17.3 -22.7 
Ontario -21.7 -26.1 
 
The cost effectiveness of natural gas as a GHG reduction strategy is a function of the 
incremental cost of the vehicles, the relative fuel cost, the fuel economy and the life of the 
vehicles. The absolute fuel cost can change with time but the relative fuel cost between 
gasoline and natural gas should be relatively stable over a vehicles life. 

The incremental cost of natural gas vehicles is a function of the number of vehicles being 
produced. With the low number of vehicles being produced today the cost is relatively high 
but if more vehicles could be sold the incremental cost should decline. It has been assumed 
that the incremental costs could be reduced to $2,000 per vehicle by 2010.  

Vehicles that use large amounts of fuel offer the most cost effective options for greenhouse 
gas reductions. The natural gas vehicles offered for sale in Canada are large passenger 
vehicles, pick up trucks and vans. These vehicles have relatively low fuel economy ratings, 
are often used in services such as taxi operations or courier deliveries, and offer relatively 
attractive cost effective GHG reduction options. 

The cost effectiveness of GHG emission reductions can be calculated from a governments 
perspective or from the perspective of the consumer. The government would not consider 
fuel taxes whereas the consumer would consider the taxes that are paid. Since there exist 
tax incentives for natural gas as a vehicle fuel, the cost effectiveness is quite different from 
the two perspectives. The cost effectiveness of a Crown Victoria taxi is summarized in the 
following table. 
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Table 6-2 Cost Effectiveness Summary, Crown Victoria Taxi 

 Taxes Excluded Taxes Included 
 Government Perspective Consumer Perspective 
 $/tonne GHG reduced $/tonne GHG reduced 
2002, discounted to 2000 88.04 45.55 
2010, discounted to 2000 7.19 -9.68 
 
Natural gas light duty vehicles have very low exhaust emissions. The vehicles being sold 
today are certified as ULEV’s. The gasoline vehicles will have to meet more stringent 
exhaust emission standards for 2004 but it is likely that natural gas vehicles will still be 
cleaner that gasoline vehicles. The full cycle emissions for criteria air contaminants for a 
Crown Victoria taxi is shown in the following table. 

Table 6-3 Life Cycle Criteria Air Contaminants  - LDV 2002 

 Gasoline Natural Gas % Change 
 G/mile G/mile  
CO    
Vehicle Operation 17.002 5.504 -67.6 
Upstream 0.785 0.212 -73.0 
Vehicle Material & Assembly 0.144 0.148 2.8 
Total 17.931 5.865 -67.3 
NOx  
Vehicle Operation 0.722 0.594 -17.7 
Upstream 0.982 0.428 -56.4 
Vehicle Material & Assembly 0.175 0.186 6.3 
Total 1.879 1.208 -35.7 
NMOG – Ozone Weighted  
Vehicle Operation 0.531 0.059 -88.9 
Upstream 0.419 0.021 -95.0 
Vehicle Material & Assembly 0.042 0.044 4.8 
Total 0.991 0.123 -87.6 
SOx  
Vehicle Operation 0.075 0.018 -76.0 
Upstream 0.280 0.051 -81.8 
Vehicle Material & Assembly 0.217 0.231 6.5 
Total 0.573 0.300 -47.6 
PM  
Vehicle Operation 0.056 0.011 -80.4 
Upstream 0.052 0.014 -73.1 
Vehicle Material & Assembly 0.251 0.264 5.2 
Total 0.360 0.290 -19.4 
 

6.2 MEDIUM DUTY VEHICLES 

The natural gas engines used in medium duty trucks and buses are generally modified diesel 
engines. The modifications include a lower compression ratio and the addition of a spark 
ignition system to start the combustion. The efficiency of these engines is lower than the 



 

  

(S&T)2 
 

Greenhouse Gas Emissions from Natural Gas Vehicles  
48

 

equivalent diesel engine. The greenhouse gas associated with the production of diesel fuel 
are generally lower than those associated with gasoline since there is less energy used in 
the refinery for diesel production that there is for gasoline production. These two factors 
contribute to a lower percentage reduction in greenhouse gas emissions for the medium duty 
natural gas engines compared to the reduction for light duty vehicles and engines. 

These medium duty vehicles can be fuelled by compressed or liquefied natural gas. The 
choice of fuel depends in part on the desired range of the vehicle. The liquefied natural gas 
can be produced by a variety of processes, all of which have different greenhouse gas 
emissions. The results of the GHG modelling are shown in the following table. 

Table 6-4 Summary of GHG Results – Medium Duty Vehicles 

 2002 2010 
 % GHG Change % GHG Change 
Compressed Natural Gas -2.6 -13.2 
Liquefied Natural Gas   
Efficient Large Scale Plants 9.1 -2.9 
Small Scale Plants 1.3 -10.7 
 

The cost effectiveness of a natural gas transit bus is shown in the following table for the 
various fuelling options. The cost effectiveness cannot be calculated for those options that 
result in an increase in GHG emissions. 

Table 6-5 Cost Effectiveness Summary, Medium Duty Vehicles 

 Taxes Excluded Taxes Included 
 Government Perspective Consumer Perspective 
 $/tonne GHG reduced $/tonne GHG reduced 
Compressed Natural Gas   
2002 984.64 59.54 
2010, discounted to 2002 7.90 -79.60 
Liquefied Natural Gas   
Efficient Large Scale Plants   
2002 GHG’s increase GHG’s increase 
2010, discounted to 2002 176.60 -221.40 
Small Scale Plants   
2002  GHG’s increase GHG’s increase 
2010, discounted to 2002 48.21 -60.44 
 
The natural gas medium duty engines do offer a number of advantages with respect to the 
emissions of criteria air contaminants. These emissions are summarized on a life cycle basis 
in the following tables for the various fuel options considered. 
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Table 6-6 Life Cycle Criteria Air Contaminants CNG Buses 2002 

 Diesel Natural Gas % Change 
 G/mile G/mile  
CO    
Vehicle Operation 22.027 2.203 -90.0 
Upstream 3.459 1.163 -66.4 
Vehicle Material & Assembly 0.080 0.102 27.5 
Total 25.566 3.468 -86.4 
NOx  
Vehicle Operation 30.695 9.208 -70.0 
Upstream 4.304 2.343 -45.6 
Vehicle Material & Assembly 0.233 0.297 27.5 
Total 35.232 11.848 -66.4 
NMOG – Ozone Weighted  
Vehicle Operation 2.071 1.284 -38.0 
Upstream 0.646 0.113 -82.5 
Vehicle Material & Assembly 0.057 0.072 26.3 
Total 2.773 1.469 -47.0 
SOx  
Vehicle Operation 0.354 0.086 -75.7 
Upstream 1.067 0.280 -73.8 
Vehicle Material & Assembly 0.286 0.363 26.9 
Total 1.707 0.729 -57.3 
PM  
Vehicle Operation 1.059 0.037 -96.5 
Upstream 0.202 0.079 -60.9 
Vehicle Material & Assembly 0.400 0.502 25.5 
Total 1.661 0.618 -62.8 
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Table 6-7 Life Cycle Criteria Air Contaminants LNG Buses 2002 

 Diesel LNG Large 
Scale 

% Change LNG Small 
Scale 

% Change

 G/mile G/mile  G/mile  
CO      
Vehicle Operation 22.027 2.203 -90.0 2.203 -90.0 
Upstream 3.459 2.923 -15.5 1.172 -66.1 
Vehicle Material & Assembly 0.080 0.098 22.7 0.098 22.5 
Total 25.566 5.224 -79.6 3.473 -86.4 
NOx    
Vehicle Operation 30.695 9.208 -70.0 9.208 -70.0 
Upstream 4.304 3.339 -22.4 2.396 -44.3 
Vehicle Material & Assembly 0.233 0.288 23.5 0.288 23.6 
Total 35.232 12.835 -63.6 11.892 -66.2 
NMOG – Ozone Weighted    
Vehicle Operation 2.071 1.283 -38.0 1.283 -38.0 
Upstream 0.646 0.265 -58.9 0.155 -76.0 
Vehicle Material & Assembly 0.057 0.070 23.0 0.070 22.8 
Total 2.773 1.618 -41.6 1.508 -45.6 
SOx    
Vehicle Operation 0.354 0.086 -75.8 0.086 -75.7 
Upstream 1.067 0.265 -75.2 0.382 -64.2 
Vehicle Material & Assembly 0.286 0.354 23.8 0.354 23.8 
Total 1.707 0.704 -58.7 0.822 -51.8 
PM    
Vehicle Operation 1.059 0.037 -96.5 0.037 -96.5 
Upstream 0.202 0.180 -10.9 0.086 -57.4 
Vehicle Material & Assembly 0.400 0.494 23.5 0.494 23.5 
Total 1.661 0.711 -57.2 0.617 -62.9 
 

6.3 HEAVY DUTY VEHICLES 

The engines used in heavy-duty vehicles are the new Westport Cycle engines. They use a 
combination of high pressure natural gas injection and a diesel fuel pilot to achieve almost 
the same relative efficiency of a diesel engine. The result is a much larger reduction in GHG 
emissions than the spark ignited engines used in the medium duty vehicles. 

Table 6-8 Summary of GHG Results – Heavy Duty Vehicles 

 2002 2010 
 % GHG Change % GHG Change 
Liquefied Natural Gas   
Efficient Large Scale Plants -10.5 -21.6 
Small Scale Plants -16.8 -27.7 
 

The cost effectiveness of the GHG emissions for the heavy-duty vehicle options are 
summarized in the following table. The values are quite attractive from the consumers 
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perspective, with all of the cases providing a lower cost of ownership (negative costs). From 
the government perspective there very few other options available for this sector of the 
transportation industry that provide as cost effective options. 

Table 6-9 Cost Effectiveness Summary, Heavy Duty Vehicles 

 Taxes Excluded Taxes Included 
 Government Perspective Consumer Perspective 
 $/tonne GHG reduced $/tonne GHG reduced 
Efficient Large Scale Plants   
2002 200.68 -22.77 
2010, discounted to 2002 17.49 -38.59 
Small Scale Plants   
2002 141.43 -16.05 
2010, discounted to 2002 13.68 -30.25 
 

The engines also offer reductions in the emissions of the criteria air contaminants. The life 
cycle emissions are summarized in the following table. 

Table 6-10 Life Cycle Criteria Air Contaminants LNG Westport Cycle 2002 

 Diesel LNG Large 
Scale 

% Change LNG Small 
Scale 

% Change

 G/mile G/mile  G/mile  
CO      
Vehicle Operation 18.871 1.887 -90.0 1.887 -90.0 
Upstream 2.757 1.791 -35.0 0.736 -73.3 
Vehicle Material & Assembly 0.084 0.103 22.6 0.103 22.6 
Total 21.713 3.781 -82.6 2.726 -87.4 
NOx      
Vehicle Operation 26.297 7.889 -70.0 7.889 -70.0 
Upstream 3.431 2.056 -40.1 1.504 -56.2 
Vehicle Material & Assembly 0.245 0.301 22.9 0.301 22.9 
Total 29.973 10.246 -65.8 9.695 -67.6 
NMOG – Ozone Weighted      
Vehicle Operation 1.774 1.076 -39.3 1.076 -39.3 
Upstream 0.515 0.104 -79.8 0.097 -81.2 
Vehicle Material & Assembly 0.060 0.073 21.7 0.073 21.7 
Total 2.349 1.254 -46.6 1.247 -46.9 
SOx      
Vehicle Operation 0.282 0.067 -76.2 0.067 -76.2 
Upstream 0.850 0.163 -83.2 0.240 -71.8 
Vehicle Material & Assembly 0.300 0.371 23.3 0.371 23.3 
Total 1.433 0.601 -58.1 0.677 -52.8 
PM      
Vehicle Operation 0.907 0.031 -96.6 0.031 -96.6 
Upstream 0.161 0.110 -31.7 0.054 -66.4 
Vehicle Material & Assembly 0.420 0.517 23.1 0.517 23.1 
Total 1.489 0.659 -55.7 0.603 -59.5 
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