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Preface
This Roadmap was produced on behalf of the Southern California Gas Company, the nation’s
largest natural gas utility company and a leader in the development of new, advanced
technologies which maximize the cleaner-burning characteristics of natural gas in residential,
commercial, industrial and transportation applications. The Southern California Gas Company
supports public interest energy research and development that will help improve the quality of
life in California by bringing environmentally safe, affordable, and reliable energy services and
products to the marketplace.
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Abstract
The California Hybrid, Efficient and Advanced Truck Research Center (CalHEAT) was established
by the California Energy Commission in 2010. It is operated by CALSTART to perform research
into planning, commercializing, and demonstrating truck technologies for more fuel-efficient
medium- and heavy-duty vehicles and to reduce emissions. The role of the research center is to
facilitate and understand key commercialization pathways in order to help the state of
California meet it environmental goals as they relate to medium and heavy duty trucks. The
focus of this Roadmap was to identify key technologies, policy drivers and infrastructure to
support pending anticipated growth in the use of natural gas as a fuel in the Class 8 Truck and
bus market.
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Executive Summary
The California Hybrid, Efficient and Advanced Truck Research Center (CalHEAT) was established
by the California Energy Commission in 2010. It is operated by CALSTART to perform research
into planning, commercializing, and demonstrating truck technologies for more fuel-efficient
medium- and heavy-duty vehicles and to reduce emissions. The role of the research center is to
facilitate and understand key commercialization pathways in order to help the state of
California meet it environmental goals as they relate to medium and heavy duty trucks.
This Roadmap was produced on behalf of the Southern California Gas Company. The focus of
this Roadmap was to identify key technologies, policy drivers and infrastructure to support
pending anticipated growth in the use of natural gas as a fuel in the Class 8 truck and bus
market with a focus on Refuse Collection, Transit Bus, Drayage Trucks, Regional /Beverage
Delivery Trucks and Line Haul (often referred to as Over the Road) Trucks.
The recent increase in supply of natural gas in the United States along with a highly attractive
price point , nearly half that of diesel fuel, have created the an opportunity for a significant
market growth of Class 8 trucks to occur. In addition, policy drivers in California pressing for
near zero and zero emissions combined with the need for significant reductions in greenhouse
gases (GHGs) have created a compelling scenario for market growth should Class 8 Truck
manufactures offer drivetrain solutions with the performance , efficiencies, and reliability and
cost of ownership to meet the needs of the Class 8 truck and bus fleets.
The purpose of this Technology Roadmap is to identify the various pathways that will impact
the penetration and deployment of Heavy Duty Natural Gas Vehicles to reduce greenhouse gas
emissions and achieve near zero emissions (NZE) of criteria pollutants and improve engine fuel
efficiency. The target for NZE for criteria pollutant is defined as <0.02 g/bh-hr for NOx, <0.06
g/bh-hr for Non-Methane Hydrocarbons (NMHC), <10 g/bh-hr for CO, and < 0.002 g/bh-hr for
PM by 2023 and beyond. For natural gas vehicles to remain viable in the time period of 2014 to
2032, they must be technologically able to address the next generation of criteria and
greenhouse gas emission standards. Natural gas vehicles are already inherently cleaner than
those running on petroleum fuels, but that advantage may be diminished in the 2020’s as
newer technologies and fuels emerge driven by pending voluntary lower NOx emission
standards. By identifying the future technology barriers and gaps now, regulators and other
technology stakeholders will be able to ensure that natural gas will continue to grow as a
petroleum reduction strategy along with a tool for addressing NOx and greenhouse gases.
In order to identify and document the technology pathways that will facilitate the development
of heavy-duty natural gas vehicles that are cleaner and more efficient, CALSTART and the
CalHEAT Truck Research Center developed steps and pathways that can guide new investments
and policies by Southern California Gas Company and regional/state regulators. This Roadmap
concentrates on the following areas:
1

 Vehicle technologies – including emission reductions ,combustion efficiencies, external
natural gas-hybrid advancements, advanced combustion and power plants
 Gas storage – including lower compression pressures and lighter weight and lower
cylinder costs
 Fuel - including cost, availability, new sources, and issues related to gas quality, and the
greater potential of renewable natural gas
 Infrastructure – including station size options for CNG and LNG and modular stations
In each of these areas, the authors took an approach that first identifies the following:
 Current state of the technology
 Its potential contribution to lower NOx emissions and greater overall energy efficiency
 Gaps and barriers that will need to be lowered for new technologies to be successfully
implemented
 Strategies and technologies that will be required to be implemented in that area
 Other non-technology barriers that need to be addressed
 Timeframes for feasible and successful adoption of new technologies
 The end-value/benefit of each of the strategies and technologies identified
The results of the initial investigation were then integrated into application-based pathways.
The applications include drayage, long haul, local and regional delivery, refuse and transit.
Based on our investigations and analysis, the following key findings were made:
 The market for heavy-duty natural gas trucks in the Southern California Gas Company
service territory may grow four-fold by 2020 and ten-fold by 2030, reaching 73,000
trucks by 2030 – the recent release of the 11.9-liter natural gas engine is identified as a
key enabler
 Regional/local delivery and line haul applications are forecasted to be the key growth
markets
 Natural gas will have or maintain majority market share in transit and refuse
applications by 2030
 New federal fuel economy and greenhouse gas regulations for trucks will be enacted for
2019 and beyond that will drive technology development of advanced drivetrains – this
is seen as a positive impact for NG
The following priority technology recommendations were developed:
 Southern California Gas Company should work with the Los Angeles Metropolitan
Transit Agency and others to become early adopters of low-NOx natural gas engines
2

currently in development in order to secure early beachhead markets for low NOx
engine makers (see Engines section)
 Deploy 65-100 new stations strategically in the service territory to support long-haul
markets – this enables the greater use of CNG in this application (see Infrastructure
section)
 Demonstrate and validate the performance of “NG in a box” modular stations to allow
greater usage of localized natural gas for LNG & CNG (see infrastructure section)
 Help to secure the best possible outcome for natural gas range extenders in drayage
applications to meet the needs of Zero Emissions Corridor and Zones to be implemented
around 2020 (I-710 and POLB/POLA) (see Port Drayage section)


Participate in the California Energy Commission’s Medium- and Heavy
Duty technology demonstration activity as it relates to natural gas range
extenders



Work with the California Energy Commission’s PIER Program

 Build partnerships and encourage the development of natural gas-turbine range
extender electrified drivelines to provide natural gas options for the California Zero
Emission Bus regulations (see Transit section)
The following policy recommendations were developed:
 Support the use of California cap-and-trade funds for natural gas Class 8 vehicle
purchases and infrastructure development (see Policy section)
 Work to encourage the California Energy Commission to make natural gas truck
incentives more transparent by adopting voucher structures similar to the California
HVIP program (see Policy section)
 Weigh in with the National Highway Traffic Safety Administration and the Environmental
Protection Agency on Phase 2 fuel economy standards to insure fair recognition of
natural gas (see Engines section)
 Track and weigh in on state and federal low-carbon fuel standards and renewable fuel
standards proceedings in encourage the greater use of renewable feedstocks (see Fuels
section)
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Chapter 1: Background
The CalHEAT Truck Research Center published its Research and Market Transformation
Roadmap for Medium and Heavy Duty Trucks in 2013. The Roadmap provides pathways and
stepping stones through the year 2020 that will be required to develop and deploy zeroand near-zero emission medium and heavy duty truck drivetrain technologies and facilitate
California in meeting its environmental goals. This original research published on April 4,
2013 included natural gas as a key in the area of alternatively fueled hybrids, advanced
powerplants, combustion cycles, and optimized alternatively fueled engines.
This report is a deeper and more focused review of heavy-duty natural gas vehicles and
their drivetrain and infrastructure options, resulting in a Roadmap or series of pathways
towards commercial product offerings in the year 2023 and beyond, specifically for regions
served by the Southern California Gas Company. In particular, it investigates the pathways
that heavy-duty natural gas vehicles should follow in order to play a significant role in the
overall strategy to provide near-zero emission transportation options to meet state and
regional regulations. Natural gas is already a strong component of the clean transportation
strategies of Southern California regions, and is a significant driver for California and the
SoCal Gas region to enable a reduction in the use of petroleum as well as criteria emissions
in heavy duty vehicles; yet, little has been done to forecast or provide pathways of the
future technology needs for natural gas vehicles, especially in the heavy-duty classes (7 to
8). The significant price advantage and abundant supplies of natural gas reinforce the
notion that it will remain and grow as a major part of the clean transportation portfolio for
at least the next fifteen to twenty-five years.

1.1.

Purpose

The specific purpose of this Technology Roadmap is to develop a series of stepping stones
towards commercial product offerings in the year 2023 for regions serviced by SoCal Gas. To
that end, the Roadmap identifies the various pathways that impact the penetration and
deployment of heavy duty natural gas vehicles (Class 7/8) to reduce greenhouse gas (GHG)
emissions by 20%, achieve near zero emissions (*NZE) of criteria pollutants, and improve
engine fuel efficiency to 50% in the SoCal Gas territory. New National Ambient Air Quality
Standards (NAAQS), 24-hour fine particulates (PM2.5), and 8-hour surface level ozone
standards are more stringent than previous standards. The 2012 South Coast Air Quality
Management District (SCAQMD) Air Quality Management Plan (AQMP) attempts to achieve
attainment of the federal 24-hour PM2.5 of 35 ug/m3 by 2014 and attempts to show major
progress toward achieving the 8-hour ozone standard of 80 ppb by 2023 and 75 ppb by 2032.
To achieve these standards, the SCAQMD needs to accelerate retrofits or replacement of
existing vehicles or equipment, acceleration of vehicle turnover through voluntary vehicle
retirement programs, and greater use of cleaner fuels in the near-term. In the longer-term, in
4

order to attain the federal ozone ambient air quality standard, there is a need to increase the
penetration and deployment of near-zero and zero-emission vehicles using new lower NOx
natural gas engines, greater electrification of the driveline and cleaner nonvehicle power plants
such as NG based turbines and fuel cell. For natural gas vehicles to remain viable in this time
period, they must be technologically able to address the next generation of criteria and
greenhouse gas emissions standards. Natural gas vehicles are already inherently cleaner than
those running on petroleum fuels, but that advantage may be less so in the 2020’s as newer
technologies and fuels emerge driven by pending voluntary lower NOx emission standards. By
identifying the future technology barriers and gaps now, regulators and other technology
stakeholders will be able to ensure that natural gas will continue to grow as a petroleum
reduction strategy along with a tool for addressing NOx and greenhouse gases.

1.2.

Key Findings

This Roadmap evaluates several strategies to further support the successful deployment of NG
technologies. To that end, the CalHEAT team analyzed the necessary market and technological
gaps that should be addressed to speed the implementation of needed changes. The key
findings listed below identify a series of achievable actions to develop and adopt successive
next steps across multiple categories.
 Market for heavy-duty natural gas trucks in So Cal Gas territory expected to grow 4X by
2020 and 10X by 2030, reaching 73,000 trucks by 2030 – recent release of 11.9L NG engine
is a key enabler
 Regional/local delivery and line haul are forecasted to be the key growth markets
 Natural gas will have a majority market share in transit and refuse applications
 New federal fuel economy and greenhouse gas regulations for trucks will be enacted for
2019 and beyond that will drive technology development of advanced drivetrains – positive
impact for NG

1.3.

Priority Recommendations

A NGV research literature review, RDD&D gap analysis, and stakeholder interviews combine to
suggest that the following top-level recommendations would provide the greatest acceleration
of NGV market penetration toward their full market potential.
These priority recommendations are those identified by the CalHEAT team as the most feasible
ways to accelerate NG commercial product offerings in terms of Technology and Policy
strategies (described in more detail in Chapter 2, Sections 2.1 and 2.3, respectively). The
recommendations for the other strategies are also important and will contribute to further
deployment of NG vehicles, but are only identified and discussed in Chapter 2.
5

1.3.1. Technology Recommendations
 Work with LA Metro and other transit agencies to become early adopter of low-NOx NG
engines to secure early beachhead market for low NOx engine makers (see Engines
section)
 Deploy 65-100 new stations strategically in service area to support long-haul markets –
enables greater use of CNG in this application (see Infrastructure section)
 Demonstrate and validate the performance of “LNG in a box” modular stations to allow
greater usage of localized natural gas for LNG (see infrastructure section)
 Help to secure best possible outcome for NG range extenders in drayage applications to
meet needs of Zero Emissions Corridor and Zones to be implemented around 2020 (I710 and POLB/POLA) (see Port Drayage section)
 Participate in CEC M-HD demo activity as it relates to NG range extenders
demonstrations
 Work with the California Energy Commission-Public Interest Energy Research (CECPIER) Program to pursue funding
 Build partnerships and encourage development of NG-turbine range extender electrified
drivelines to provide NG option for California Zero Emission Bus regulations (see Transit
section)

1.3.2. Policy Recommendations
 Support use of CA cap-and-trade funds for vehicle purchases & infrastructure
development (see Policy section)
 Work to encourage CEC to make NG truck incentives more transparent by adopting
HVIP-like voucher structure (see Policy section)
 Weigh in with NHTSA/EPA on Phase 2 fuel economy standards to insure fair recognition
of natural gas (see Engines section)
 Track and weigh in on state & federal LCFS/RIN (RFS renewable identification number)
proceedings (see Fuels section)
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1.4.

Market Forecast

In preparing this Market Forecast, the CalHEAT team evaluated a wide range of trends and
issues that could have major implications for the U.S. natural gas market. Because of the
uncertainties inherent in any energy market projection, this projection should not be viewed in
isolation. Readers are encouraged to review alternative cases to gain perspective on how
variations in key assumptions can lead to different outlooks.
The table below1 was derived by breaking out the zip codes that align with the SoCal gas service
territory utilizing the CalHEAT Inventory analysis. It focuses on class 8 Trucks and buses which
include the following vocations: refuse collection, transit buses, drayage trucks, regionals
delivery trucks, and over the road coaches (often referred to as line haul). These trucks, while
representing only 20% of all medium and heavy duty trucks in the region, also represent more
than 60% of the NOx, greenhouse gases, and fuel use of all classes of medium and heavy duty
trucks.2 Thus they represent the best target for the introduction and growth of the use of
natural gas as an enabler to reduce NOX, GHG’s and the cost of fuel. HDV refuse trucks and
transit buses, with some drayage trucks and other goods movement vehicles, will continue to
be the dominant near-term classes for NGV applications. Line-haul trucks (typically the largest
and heaviest class of HDVs) are considered to be a longer-term NGV application, while returnto-base truck and bus operations are more practical near-term applications due to their use of
centralized refueling infrastructure. Compressed natural gas (CNG) technology is broadly
applicable to many urban-area heavy-duty and medium-duty uses, while liquefied natural gas
(LNG) is likely to be focused primarily on heavy-duty long-haul intercity trucks and others with
very high daily mileage due to fuel tank volume constraints.

1

Inventory data derived from CalHEAT report. Silver, Fred, and Brotherton, Tom. (CalHEAT). “Research and Market
Transformation Roadmap to 2020 for Medium- and Heavy-Duty Trucks.” California Energy Commission. Draft Rev
# 7 Dated 6-14-2013.
2 Id.
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Figure 1 : (Source: CalHEAT Research and Market Transformation Roadmap
to 2020 for Medium- and Heavy-Duty Trucks)

Specifically within the SoCal Gas territory, the dominant classes for NG truck and bus
applications also include refuse and transit, with 65% using CNG and 35% using LNG (see Figure
2 below)3. Overall, NG Heavy Duty vehicles make up 4% of the total 2013 addressable market in
the Southern California Gas operating region.

3

Inventory data derived from CalHEAT report. Silver, Fred, and Brotherton, Tom. (CalHEAT). “Research and Market
Transformation Roadmap to 2020 for Medium- and Heavy-Duty Trucks.” California Energy Commission. Draft Rev
# 7 Dated 6-14-2013.
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Figure 2: (Source: CalHEAT Research and Market Transformation Roadmap to
2020 for Medium- and Heavy-Duty Trucks)

In preparation of this market forecast for NG vehicles in California, the CalHEAT team
referenced the California Truck Inventory Study that was performed in the development of the
CalHEAT Roadmap. That study was developed to better understand the various types of trucks
used in California, their relative populations, and how they are used. The analysis included
nearly 1.5 million commercial medium- and heavy-duty trucks, grouped by weight and
application, to establish a baseline inventory and determine fuel use and potential for efficiency
and emissions improvements.
The table below illustrates a potential market growth scenario using the CalHEAT Truck
Inventory, and the ACT inventory.4 The data shows total truck population growth according to
State EMFAC projections used on the addressable market. ACT growth rates were used for
refuse trucks and the market share was maintained for transit buses. The ACT Average Growth
rate was used for TL-LTL-Expedited and owner operated on Port. The Drayage segment
maintained its present share for four years due to regulations forcing Large buy of 2007/2010
trucks. The ACT Average growth rate was used for regional beverage delivery and however it
4

America’s Commercial Transportation Research Co. (ACT). “Natural Gas Vehicle Penetration Forecasts and
Calculators.” August 2012.
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was cut in half for Line haul trucks given the need for even larger engines, 13 and 15 liters, the
obstacles associated with growing the refueling network on a national basis and the potential
risk adversity we project on fleets in terms of adopting new fuels and technologies.

Figure 3: (Source: CalHEAT Research and Market Transformation Roadmap to
2020 for Medium- and Heavy-Duty Trucks)

1.5.

Drivers of Change

The following section addresses the primary drivers of change from now through 2023. Natural
gas is a compelling long term fuel for vehicles for the following reasons: (1) new fracturing
technology allows economical access to natural gas; (2) current and future production is
projected to outstrip demand; (3) the U.S. has some of the largest NG reserves in the world; (4)
both Frost and Sullivan and ACT are projecting significant adoption in the heavy duty vehicle
market; and (5) fleets seek price certainty & stability.

10

1.5.1. Continuation of low natural gas prices
As the tables below indicate, the “pump price” of natural gas is less subject to changes in
market prices for energy. A doubling of the price of natural gas results in an increase of prices
at the pump only 50 cents per gasoline gallon equivalent (GGE). The key factor limiting the
potential increase in the natural gas price at the pump is that the NG commodity prices are only
a small fraction of the fuel cost at the pump

Figure 4: Kennon Guglielmo, Ph.D. President, EControls CTO, Enovation Controls. “Domestic
Heavy-Duty Mobile Natural Gas History, Technology, and Outlook.” Presented at NAFA
Institute & Exposition, Atlantic City. April 25, 2013.
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Figure 5: (Source: CalHEAT Research and Market Transformation Roadmap to
2020 for Medium- and Heavy-Duty Trucks)

1.5.2. Increasing regulatory pressure on lowering NOx Emissions
While recent progress has been significant, diesel-fueled on-road HDVs remain the largest
sources of NOx in California’s key ozone non-attainment areas. Heavy-duty natural gas vehicles
may offer significantly lower NOx emissions than current diesel technology, and slight
improvements in GHG emissions. Increasing penetration of natural gas in the heavy- duty truck
sector could help to meet mid-term air quality targets both regionally and nationally.
The increasingly stringent pollution control requirements set by the U.S. Environmental
Protection Agency for heavy-duty fleets have meant that new diesel powered trucks must
be equipped with complex and costly pollution control systems not required for natural
gas trucks. This has narrowed the economic advantage diesel long had over natural gas.
Regionally, federal ozone regulations require South Coast and Central Valley Air Districts to
reduce NOx emissions accordingly:




South Coast Air Basin must reduce Nitrogen Oxides from 319 tons per day (t/d) to:
o 115 t/d by 2023 - a 64% reduction
o 80 t/d by 2033 - a 75% reduction
San Joaquin Valley APCD must reduce Nitrogen Oxides from 257 t/d to:
o 160 t/d by 2023 - a 38% reduction
Heavy duty diesel trucks are the number one target for both regions
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Increased market penetration of advanced NG technologies is an enabling factor in achieving
additional NOx emission reductions. Existing regulations are inadequate. Beyond traditional
focus on reducing per-vehicle emission levels, there is the possibility of significant reductions in
the South Coast Air Basin. This methodology is also applicable to other air basins (i.e., San
Joaquin).
In Figure 6 below, the colored bars on the left signify the projected 2023 SoCal inventory of the
top 15 NOx sources after all currently adopted emission control measures have been
implemented. These 15 largest sources of NOx make up 93 percent of the total projected
inventory of NOx in 2023. Based on the figures in the 2012 Air Quality Management Plan
(AQMP) for the South Coast Air Quality Management District (SCAQMD), the NOx inventory in
2023 will be 319 tons per day; this is 204 tons per day more than air quality planners believe is
necessary to meet the 1997 ozone NAAQS. The gold arrows on the right show the additional
NOx emission reductions that will be needed over the next 10 years to meet the standard. NOx
emissions in the SoCAL region must be reduced well beyond the levels that are expected
through all existing or currently defined control measures. In the San Joaquin Valley Air Basin,
the challenge for the San Joaquin Valley Air Pollution Control District (SJVAPCD) to meet the
ozone NAAQS is also quite daunting.5

Figure 6: Current AQMPs do not provide for sufficient NOx reductions to meet
NAAQS (Source: SCAQMD)

Gladstein, Neandross, and Associates. “Pathways to Near-Zero-Emission Natural Gas Heavy-Duty Vehicles.”
January 27, 2014
5
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Figure 7: Major NOx Emission Sources in San Joaquin Valley
(Source: SCAQMD)

Figure 8: The SoCal Gas territory covers all of SCAQMD and significant parts of
the SJVAPCD. (Sources: SoCal Gas and California Air Resources Board)
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Heavy duty trucks are the largest contributor to the NOx inventory in both the South Coast and
San Joaquin regions and a high potential target for emissions reductions from conversion to
natural gas.
Figure 9 below shows that most of NOx emission reductions beyond those already identified as
necessary to meet the 2023 and 2032 ozone NAAQS will need to come from heavy-duty
engines, the vast majority of which are fueled by diesel.

:

Figure 9: Diesel-fueled technologies are the largest source of NOx
(Source: So Cal Gas Co.)

1.5.3. Increasing regulatory pressure on greenhouse gases and truck efficiency
This subsection discusses the way in which carbon dioxide (a major contributor to greenhouse
gases) will be driven significantly downward by the following federal and state regulations:
 California’s AB 32 and Executive Orders #B-016-2012 & S-03-2005 require a 20%
reduction in greenhouse gases (GHG) by 2020 and 80% by 2050 in order to reach levels
that are 80% lower than 1990 – this is not mandated yet.
15

 EPA/NHTSA CAFÉ Regulations for Trucks Require C02 Reductions through Fuel Economy
Regulations.
o Phase 1 10-23% reduction required model year 2014-2018
o Phase 2 Under development and to be announced by 2015 expected to requires
more aggressive fuel economy
CalHEAT research has determined a pathway for meeting a 70% CO2 reduction within the
medium- and heavy-duty inventory of trucks in California.
 Class 8 over-the-road and regional tractors represent 56% of the CO2 in the truck
inventory
 NG trucks will have to become significantly more efficient
o Up to 65 % by 2023
o Renewable fuels derived from natural gas are an equal contributor in reducing
C02
AB 32 is also driving change in California. AB 32 requires California to lower greenhouse gas
emissions to 1990 levels by 2020, the equivalent of taking approximately 15 million cars off the
nation's roads. To meet reduction targets, the California Air Resources Board (CARB), the lead
agency responsible for implementing the act, is following a blueprint known as the AB 32
Climate Change Scoping Plan. The plan lays out the strategy and a comprehensive set of actions
including establishing targets for transportation-related greenhouse gas emissions for regions
throughout California, and pursuing policies and incentives to achieve those targets.

Note: the 2050 GHG target is still an Executive Order and is not yet law
Figure 10: (Source: CalHEAT Research and Market Transformation
Roadmap to 2020 for Medium- and Heavy-Duty Trucks)
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There is a growing gap between what is projected and what is needed. We have a short period
of time to move the Southern California heavy duty market. As the table below suggests, a
broader approach is needed to reach state and regional targets. Targets for NOx will not be
met in either the South Coast or San Joaquin APCDs

Figure 11: (Source: Sempra Utilities)

The CalHEAT Roadmap illustrates how the state can come very close to meeting its GHG targets
through significant funding from the AB 118 cap and trade budget. Thus, AB 118 is itself a driver
to further pursue GHG policy goals with respect to MD-HD trucks.
The CalHEAT Roadmap developed a model to project likely CO2 and NOx reductions for near
term generation and future long term generation of each truck category. The Roadmap
illustrates that reduction in emissions of all medium and heavy duty vehicles through advanced
truck technologies by 2050 of more than 40 MMTCO2e emissions compared to existing
technology, or “Business as Usual” (BAU) is feasible. These projected results are the expected
outcome of implementation of the 66 action items in the Roadmap.
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The Figure below shows the impact by CalHEAT vehicle category compared to BAU.6 The
Roadmap reductions are based on technology improvements to increase mileage or reduce fuel
consumption, including increased adoption of hybrids and E-Trucks. The model is based on a
25% adoption rate of biofuels by 2050. The descending line shows the targeted reduction called
for by AB 32 and EO B-16-2013. The gap between the projected reduction and the Roadmap
reductions could be met by a higher rate of adoption of biofuels. Increased use of biofuels and
decarbonization achieved by using renewable energy sources will contribute to the CO2
reductions projected by the CalHEAT Roadmap. Significant reductions can be achieved through
electricity decarbonization, by using clean or renewable energy sources for electric power, and
hydrogen decarbonization, a process that removes carbon while creating hydrogen for use in
fuel cells.

Figure 12: The combined impact of the 66 Actions included in the CalHEAT Roadmap as projected to
reduce CO2 equivalent emissions by 2050. Reduction is shown for each of the six CalHEAT truck
categories defined in the Roadmap by size and application. The ascending line for “Business as Usual”
shows projected emissions without the Roadmap Actions. The dashed line shows the reduction goals
set by AB 32 and EO B-16-2012.
(Source:
California
Hybrid,
andadministering
Advanced Truck
Research)standards for M-HD
As the table below
shows,
the EPA
and Efficient
NHTSA are
CAFE-like
Vehicles Phase 1 Driver for Increased Efficiency.

Silver, Fred, and Brotherton, Tom. (CalHEAT). “Research and Market Transformation Roadmap to 2020 for
Medium- and Heavy-Duty Trucks.” California Energy Commission. Draft Rev # 7 Dated 6-14-2013. p. 21.
6
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Figure 13: (Source: California Air Resources Board)

•

Phase 2 Standards Under Development
– Will be more aggressive than phase 1
– CalHEAT analysis indicates a need for new drivetrains solutions to be 65% more
fuel efficient by 2020
– Will be the basis of full-vehicle certification in Phase 2

•

The EPA goals will serve as drivers to technology innovation
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Chapter 2: Pathways
A variety of technological developments are rapidly progressing that show strong promise for
heavy-duty NGV engines to emit lower NOx and CO2 levels. Heavy-duty NG engines are on
their way to achieving a 90 percent NOx reduction from the existing heavy-duty engine
standard, while also becoming increasingly more efficient to reduce GHG emissions.
In order to facilitate the development of heavy-duty natural gas vehicles that are cleaner and
more efficient, and guide new investments and strategies by SoCal Gas and other stakeholders,
this Roadmap has identified the following four pathways:
1.
2.
3.
4.

Natural Gas Engine Technology
Fuels, Storage and Infrastructure
Policy
Range Extended Electric Vehicles and Hybrid Vehicles

All four pathways work together to reduce criteria and greenhouse gas emissions, and improve
fuel efficiency of heavy duty vehicles. Hybridization, and fuels and infrastructure all achieve
emission reductions. Advanced engines, hybridization, and fuels and infrastructure all achieve
improved efficiency, which also reduce mass emissions. Cleaner heavy duty trucks in each
sector or sub-sector will be developed by employing a combination of these strategies. An
overview of the four pathways is provided below.
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Figure 14: (Source: CalHEAT Research and Market Transformation Roadmap
to 2020 for Medium- and Heavy-Duty Trucks)

The following subsections provide brief overviews of each pathway with descriptions of how
each is being applied to heavy-duty NG engines in order to achieve NOx emissions, while
simultaneously providing low GHG emissions.
2.1 Natural Gas Engine Technology
2.1.2 Overview
A variety of advanced technology NG engines are being developed to provide enhanced
combustion and/or higher systems efficiency. The priority stages for development of natural
gas engine technology range from a limited engine size availability, to how natural gas engines
will satisfy future emission regulations and improve in performance and efficiency.
•

Stage 1/Current Status: Limited manufacturers & engine options but portfolio growing;
mostly diesel variants; still some reliability, durability & power concerns
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•

Stage 2: More stakeholders & choices; purposeful designs for NG engines; improved
ignition controls, thermal controls & air handling

•

Stage 3: Continued emissions, performance & efficiency gains; increasing use of NG
turbines

As the table below illustrates, in the current Stage 1 ( yrs 2013 to 2016), NOx emissions are
slightly better than 2010 standards, and engines are approaching 45% brake thermal efficiency.
In 2018, Stage 2 ( yrs 2017 to 2020)brings increased engine offerings, including purposefully
designed NG engine blocks, and engine brake thermal efficiency approaches 48% through
implementation of new Supertruck technologies. In 2023, Stage 3 2020 to 2023 sees continued
emission and break thermal efficiency gains. Improved emissions will require more time to
reach fruition than expanded engine offerings.

2.1.2 Recommendations for Engines
Our recommendations to maintain the viability of all NGVs in the marketplace include the
following:
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 Continue participation and tracking of low-NOx engine development programs by
SCAQMD and others
 Work to secure incentives for low-NOx deployments through CEC & air districts Tie
these incentives to the voluntary low NOx regulations anticipated from CARB
 Investigate and encourage the use of NG in new engine development activities such as
the Achates opposed piston engines and others
 Weigh in with NHTSA/EPA on Phase 2 CAFE standards to insure fair recognition of
natural gas
 Consider developing & demonstrating low-NOx DiMethyl Ether engines for regional
class 8 applications
 Provide deployment support activities include providing technical success information
to legislators and regulators such as the CEC, the air districts, and NHTSA/EPA in support
of NGV industry efforts, to aid the development of new legislation and regulatory
policies.
To date, natural gas engines achieve lower emissions primarily due to fundamental fuel
properties and in-cylinder combustion modifications. There is a new generation of postcombustion after-treatment technology that can be employed on natural gas engines to further
reduce emissions of NOx and CO2, including optimized catalysts and improved conversion
efficiencies. An analysis of various advanced technology advancements was performed as part
of this report and is included as Appendix. The technologies defined in this analysis have been
identified as those holding potential to reduce NOx and CO2 in either a stand-alone or
combined manner. These technologies deal with both engine and vehicle improvements and
have been identified in numerous studies among those that can reduce emissions regardless of
the fuel used. The following chart summarizes select system benefits for emissions & CO2
reductions over the periods to 2023 & 2023+. A detailed analysis by specific technology is
illustrated in the Appendix.

23

Select NG Engine and Vehicle Technology Advancement Potentials
for Lower NOx & CO2 Emissions

Figure 15: Select NG Engine and Vehicle Technology Advancement
Potentials for Lower NOx & CO2 Emissions

2.2 Fuels, Storage & Infrastructure
2.2.1 Fuels Trend Overview
Currently, the stable supply of pipeline gas used for CNG & LNG, shale gas, and fracking should
ensure consistent supplies, and forecasts indicate that costs will remain low through continued,
abundant supplies. In 2018, the goal will be to maximize renewable content. Biogas is also
known as renewable natural gas (RNG), because it is generated by feed stocks that can be
continually sustained. Future questions may arise about utility acceptance of RNG injection and
the long-term security of NG supply through hydraulic fracturing. The EPA will also need to
bring certainty to system-wide methane leakage allowances, caused by fracking. Additionally,
pipeline injection within California (mixing the RNG into the natural gas system) should be
implemented enabling RNG to become more of a factor and support larger adoption of this fuel
providing large Greenhouse gas benefit. The California Air Resources Board quantified the CO2
benefits of RNG and found that depending on the feedstock, RNG has 86-88% lower carbon
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intensity than diesel. Another long term strategy includes increasing the hydrogen content of
the natural gas used to fuel vehicles.


Stage 1/Current status: Stable supply of pipeline gas used for CNG & LNG; shale gas &
fracking should ensure consistent supplies; cost is 50-60% less than diesel; forecasts are
for costs to remain low through continued abundant supplies

•

Stage 2: More renewable content to lower GHG impact; full implementation of RIN (RFS
renewable identification number) & LCFS schemes will affect renewables; increased H2
use including blends & possibly pipeline injection; DME may play significant role; EPA
brings certainty to system-wide methane leakage allowances

2.2.2 Recommendations for Fuels
Our recommendations to maintain the viability and price competitiveness of NG fuels include
the following:
 Track and weigh in on CPUC proceedings re: pipeline injection of RNG
25

 Track and weigh in on federal & state LCFS/RIN proceedings
 Collaborate with and invest in potential RNG producers to increase future supplies
with support of PIER and AB 118 funds
2.2.3 Onboard Gas Vehicle Storage Overview
To date, current placement configurations (horizontally mounted behind cab) allow for greater
on-board storage capacity of CNG, but LNG is still preferable for long-haul due to operational
issues and infrastructure, although LNG storage costs are higher. A premium remains for NG vs.
diesel storage. Stage 2 brings lower cost, greater capacity, lower weight, and better materials.
Stage 2 may also bring improved low-pressure gaseous fuel storage systems that use
lightweight composite storage containers filled with pellets of activated carbon.

Figure 16: CNG tanks mounted behind the cab – Source: Freightliner
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Figure 17: Typical LNG framerail tank placement – Source: Kenworth Trucks

•

Stage 1/Current status: New placement configurations allowing greater onboard
storage capacity of CNG; long-haul tractors can now carry up to 140 DGE; LNG is still
preferable for long-haul limited only by operational issues & infrastructure

•

Stage 2: Reduced weight penalties through lighter tanks & support materials; lower
storage pressures through use of gas adsorption or pellets; also potentially higher
storage pressures
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2.2.4. Recommendations for Gas Storage
Our recommendations to improve the capacity and lower the cost and price competitiveness of
gas storage include the following:
 Contribute to development of standards for gas storage support materials
 Contribute to industry efforts to develop innovative storage tanks that are integrated
into the rails or chassis
 Support demonstrations of new low-pressure and conformable storage technologies
2.2.5. Infrastructure Trend Overview
The reliability and durability of CNG and LNG infrastructure can be improved significantly by
providing more station availability and increased dispensing efficiencies. In Stage 2, there may
be more opportunities for “NG in a box” solutions that have a smaller footprint and lower cost.
The “NG in a box” system is a plug-and-play on-site fueling option that comes with everything
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retailers need to add NG to their operations quickly. It could enable easier adoption of NG
refueling options for both large and small-scale retailers
•

Stage 1/Current status: Growing state & nationwide network of public access stations

•

Stage 2: More standardized station designs; increased dispensing efficiencies; better
controls, including for time-fill; more opportunities for “NG in a box” solutions with
smaller footprint, lower cost

2.2.6 Recommendations for Infrastructure
Our recommendations to support the deployment of NG infrastructure include the following:
 The industry should support the continued and expanded use of CA cap-and-trade funds
for infrastructure development. The legislature has authorized the use of cap-and-trade
revenues for clean transportation projects starting in 2014 but an effort is required to
pinpoint specific infrastructure uses of those funds. Similar investments in subsequent
years are also needed.
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 Deploy 65-100 new stations strategically in service area to support long-haul markets –
this enables greater use of CNG in this application. Currently long-haul infrastructure
opportunities are centered on establishing LNG fueling corridors along interstate
highways. As CNG storage capabilities increase the use of CNG in long-haul will also
grow. To meet this growth similar CNG fueling corridors will be required.
 Support and invest in “NG in a box” systems to enable mores stations with smaller
footprints. These modular options will allow stations to be built in urban locations that
were previously seen as too small. This can be a low-cost, flexible solution to NG
infrastructure growth.
 Support and invest in “LNG in a box” systems which would allow for the use of localized
NG supplies. LNG is currently produced at remote locations and distributed by truck to
dispensing stations in high-use areas. The modular approach will allow localized
pipeline gas to be used to produce LNG directly at stations closer to their need.
 Support industry efforts to increase standardized station designs and modularity
2.2.7 Electrification & Hybridization Overview
Electrification of natural gas fueled drivelines provides an opportunity to both increase fuel
economy and at the same time reduce emissions and greenhouse gases. The next two sections
focus on two different strategies which both involve the electrification of the natural gas
driveline. In the first section we will focus on using NG engines or power plants (such as
turbines) as range extenders, which can provide some limited zero emission mile capabilities.
The second section we will look as prospects for conventional hybridization
2.2.7.1 Range Extension and Electrification
Currently, there are limited, pre-commercial demonstration options for range extenders for
trucks and transit buses. Demonstration projects help manufacturers determine whether new
products actually work in common duty cycles as designed, and enable fleets to determine
whether these vehicles can meet their performance needs. The current, primary applications
include transit bus applications and drayage demonstrations of fuel cell and stationary designed
turbines as generators for electric drivelines.
Stage 2 will see more mainstreaming of zero emission drayage trucks at Los Angeles area ports.
The Stage 2 economic goal is a 5-8 year simple payback period with incentives for drayage and
transit.
•

Stage 1/Current Status: Limited demos of fuel cell/range extenders for transit buses;
some turbine demos; costs still high but decreasing; limited durability

•

Stage 2: More fuel cell range extender deployments especially at ports & transit; greater
use of NG-fueled turbines; battery-dominant fuel cells for transit; lower costs & higher
durability
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Stage 1: Current Status:(pre-commercial demonstrations ongoing)
APPLICATIONS - Transit bus applications and drayage demonstrators
of fuel cell and stationary designed turbines as generators for electric
drivelines.
Stage 1 technical characteristics may include:
•
Zero emissions (fuel cells) and near-zero emissions
(turbines)
•
Used in series hybrid-electric configurations
•
Fuel cell hybrids can double fuel economy
•
NG storage becomes less of an issue in range-extenders
due to lower fuel need
PERFORMANCE GOALS:
•
50% petroleum reduction
•
Expanded work site idle reduction
•
Noise reduction
•
Productivity gain from idle-free; allows expanded hours of
operation
POWERPLANTS
Fuel cells
•
Derived from H2 (reformed from NG) – 30, 50, 90, 100, 150
kW systems
•
Manufacturers: Hydrogenics, Ballard, US Hybrid, Nuvera,
•
Cost approaching $300/kW now , reliability approaching
20,000 hours of operation
•
Cummins-Westport 6.7L NG engine as range extender
Turbines
•
Large sizes now (350 kW now, moving toward 30 kW & 65
kW)
•
Off-the-shelf components for utility & stationary apps
•
Used in transit & drayage primarily range-extender
•
Early demos , uncertain as to final configuration – should
meet drayage & transit needs due to pending low-emission
regulations – zero-emission miles possible

Stage 2: (Los Angeles area ports mainstreaming of zero
emission miles capable drayage trucks and California zero
emission transit bus regulation enforced) – commercial
production
Stage 2 builds off Stage 1...
Technical characteristics may include:
•
Lower Costs
•
Improved range extenders where applicable
•
Cost effective electric accessories
•
Cost effective and larger motors
Performance goals may include:
•
Greater than 50% petroleum reduction
•
Zero-emission driving variant available – more ZE
miles
Stage 2 economic goal: 5-8 year simple payback (with incentives
for drayage & transit)
POWERPLANTS
Fuel cells:
•
Move to becoming more battery-dominant – sizes
the same
•
Start deployment in trucks & buses (mostly range
extenders)
•
Reliability – 30,000 hrs
•
Price reduced to $100/kW
•
Manufacturers: same as stage 1
Turbines
•
30 kW, 65 kW
•
Purposely-designed automotive –quality turbines
•
Used in transit & drayage primarily range-extender
•
Early demos , uncertain as to final configuration –
should meet drayage & transit needs due to pending
low-emission regulations – zero-emission miles
possible
•
Emissions 75% lower than 2010 cert level
•
~30% efficiency

•
Emissions 75% lower than 2010 cert level
•
<30% efficiency
•
Payback: 3-5 years
•
No after-treatment necessary
•
Manufacturers: Capstone, Brayton
Conventional Engine Gen Sets
US Hybrid/GTI CNG range extender – ISL-G + 100 kWh battery
for 30 mile all-electric operation - demo underway
DRIVELINES (PLUG-IN AND TRADITIONAL)
•
ZE driving capability demonstrated through plug-in
configuration
•
Dual-mode and range-extenders in drayage as
second applications
(supports pathway for ZE goods movement)
•
Limited export power
•
e accessories optimized and customized for this
application

•
•
•

Payback: ~3 years
No after-treatment necessary
Manufacturers: Capstone, Metis Design,
Ricardo, Hybine, Brayton
DRIVELINES
•
Improved integration and HEV-plug-in
optimization
•
Optimized and downsized engines
•
CA OBD compliant
CWI ISB 6.7G - 2016
•
Not applicable for conventional NG engine for
HD but as a range extender range extender for
class 7&8
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2.2.7.2 Recommendations for Range-Extended Electrics using Alternative Power Plants
Our recommendations for range-extended electrics using alternative power plants include the
following:
 Work with Capstone and other turbine manufacturers to foster transportation
applications
o Collect voice of customer data on more purposeful NG designs for trucks and
buses
 Understand and investigate other opportunities for NG power plants such as 6.7-liter
engine and other turbine providers
 Participate in Advisory Committee with FTA/CALSTART’s H2 Infrastructure Station
Publication to understand the best NG scenarios – an enabler for Port Drayage and
Transit
2.2.7.3 Natural Gas Hybrids
As hybrid vehicles increase their market penetration, integration of natural gas into advanced
hybrid products in specific NGV applications may occur. Hybridization of a variety of CNG/LNG
vehicles still requires a development, demonstration, and deployment program. Since
hydraulic systems are technically compatible with refuse haulers, there have been limited fleet
trials of NG-hydraulic hybrid refuse trucks, including the New York Sanitation NG hybrid refuse
truck demo. In Stage 2, we may see more commercial offerings and full deployment of NGhybrid hydraulic refuse trucks.


Stage 1/Current Status: Limited fleet trials with Autocar entering NG hydraulic-hybrid
refuse truck market; development & prototyping spurred by interest and PIER funding
of NG hybrid drivetrains for trucks; anticipated prototype NG-fueled topologies include
hybrid-electric drivetrains for refuse, milder hybridization of transit buses

•

Stage 2: Commercial offerings of hydraulic hybrid refuse trucks; mild hybridization using
NG deployed in regional delivery and transit buses; prototyping and fleet trials of NG
mild hybrid refuse trucks
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2.2.7.4 Recommendations for Natural Gas Hybrids (includes Hydraulic Hybrids)
Our recommendations for NG fuelled hybrids include the following.
 Weigh in on CNG engine onboard diagnostics (OBD) compliance Issues. CARB is in the
early stages of requiring certifications for integrated, whole-vehicle OBD systems
instead of separate certifications for the engine and drivetrain. This will require that the
vehicle manufacturer, engine supplier, and drivetrain supplier will need to coordinate
their efforts (meaning integrated diagnostics architecture) to allow for one certification
for the vehicle. This will impact hybrid and alternative fuel trucks the most.
 Consider funding demonstrations of hydraulic-hybrid technology in new applications
areas such as transit. Hydraulic hybrid technology has shown to be a good match for
urbanized refuse applications. Certain transit applications may also benefit from this
technology and should be demonstrated and verified.
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2.3 Policy
2.3.1 Overview
This section will review potential policy programs that can hasten the market penetration of
NGV’s. Overall, the federal government currently has 27 policies in place that promote natural
gas as a transportation fuel, covering a range of areas, including infrastructure development,
HOV lane use, aftermarket conversions, public transportation and technological development.
Also, all U.S. states currently have at least one policy in place to promote CNG and/or LNG. A
number of states are particularly strong natural gas supporters, including California (with 27
policies in place), Virginia (16) and Indiana (18). States that produce natural gas also tend to
promote its use: Texas (15), Oklahoma (14), Colorado (11) and Utah (10).
Two significant barriers are currently blocking the widespread deployment of NGV’s: the higher
up-front cost of NGVs and the lack of a comprehensive fueling infrastructure for either CNG or
LNG. Both the federal government and many state governments provide subsidies, tax
incentives and loan programs to address these barriers. These public policies promote the use
of NGVs (and other alternative fuel vehicles) by defraying their higher up-front costs and also
support build-out of more natural gas fueling stations. However, more can be done. For
example, in California, cap-and-trade funds could be used to support NG vehicle and
infrastructure development. Another recommendation is to create a natural gas version of the
California Hybrid and Zero-Emission Truck and Bus Voucher Incentive Project (HVIP) program.
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2.3.2 Recommendations for Policy
To accelerate the development of NGV’s HDVs, we recommend that the following federal and
state policies be instituted.
 Support use of CA cap-and-trade funds for NG vehicle & infrastructure development. As
mentioned in the infrastructure section, continued and targeted use of these funds to
include NGVs for Class 8 Tractors need to be endorsed.
 Insure that NHTSA/EPA Phase 2 fuel economy standards give fair recognition to natural
gas. As standards are developed for different vehicle types and applications, regulators
should be cognizant of the effects of NG on fuel economy.
 Track and weigh in on federal & state RIN/LCFS proceedings to promote greater use of
RNG and to mitigate risk for producers. The regulatory future of renewables is still
uncertain at both the state and federal levels and is subject to changing political
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circumstances. In order to optimize the renewable content of natural gas, the industry
needs to be a presence during the evolution of the proceedings.
 Track and weigh in on CPUC proceedings regarding pipeline injection of RNG.
Regulations allowing the pipeline injection of renewable natural gas are still evolving
and the industry must continue to participate in these proceedings in order to maintain
gas quality standards.
 Weigh in on system wide NG leakage studies. The Environmental defense Fund and
others are studying the overall amount of methane leakage that occurs in the entire NG
supply chain. This will have an effect on future climate change regulations.
 Monitor & contribute to issues affecting NG engine OBD compliance issues. See the
section on Hybrids.
 Work to encourage CEC to make NG truck incentives more transparent by adopting
HVIP-like voucher structure. Current incentives for NGVs are often difficult for fleet
purchasers to understand. Funds are allotted to vehicle manufacturers, converters and
dealers, often leaving the purchaser unaware of where to apply. A voucher structure
similar to CARB’s Hybrid Truck and Bus Voucher Incentive Program (HVIP) simplifies the
process for the user and does not use tax credits or grants.

2.4 Pathways by Vehicle Application
2.4.1 Overview
Below are summaries of pathways to reduce NOx and GHG emissions for specific heavy-duty
trucking applications:
 Transit: early adopter of NG; moving toward implementation of zero- and near zeroemission solutions such as NG range-extenders & mild-hybrids
 Refuse: another early adopter; best candidate application for RNG and hydraulichybrid/NG configurations
 Port drayage: POLB/POLA funded some early deployments of NG; zero-emission zones
will encourage NG range extenders
 Local/regional delivery: currently untapped market; good candidate for Natural Gas
fueled mild hybrids
 Over-the-Road: fast growing LNG market due to infrastructure but hampered by limited
engine options; new efficiencies possible with SuperTruck technologies and possibly
DME
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2.4.2 Recommendations by Application
2.4.2.1 Transit Buses
•

Build partnerships and encourage development of NG-turbine range extender
electrified drivelines to provide NG option for California Zero Emission Bus
regulations

•

Work with MTA and others to become early adopter of low-NOx NG engines to
secure early beachhead market for low NOx engine makers

•

Work with technology partners to develop ultra-mild hybrid/electrified accessory
NG driveline to drive down GHGs from conventional NG buses

37

2.4.2.2 Refuse Collection
•

Weigh in with CEC on PIER and AB-118 funding for NG-hybrid refuse trucks excellent early market. May be potential to add SCAQMD funding

•

Participate in M-HD CEC pre-commercial demonstration project with NG Hybrid
technology providers

•

Work with technical partners like Parker Hannifin and BAE to garner Cummins
support for providing appropriate engine to allow commercialization of NGhybrid trucks

•

Analyze best way to support and invest in growth of RNG as it relates to refuse
by cooperating with producers such as Waste Management

2.4.2.3 Port Drayage
•

Help to secure best possible outcome for NG range extenders in drayage
applications to meet needs of Zero Emissions Corridor and Zones to be
implemented around 2020 (I-710 and POLB/POLA)
•

Participate in CEC M-HD demo activity as it relates to NG range extenders
demonstrations

•

Work with CEC-PIER and AB-118 to determine funding interest
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2.4.2.4 Regional and Local Delivery Class 8 Trucks
•

Track and understand the adoption of the new 11.9 liter engines, a major
enabling pathway for greater use of NG in this class

•

Understand and investigate innovative shorter length truck configurations that
can enable the greater use of CNG

2.4.2.5 Over the Road Trucks
•

Encourage and sponsor NG Users Group in order to share early findings and
learnings

•

Work with major truck makers and major fleets to mitigate risk of adoption of
new larger NG engines as part of user group activities

•

Sponsor or encourage deployment of more new NG stations on major highways
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Appendix
The development of this Technology Roadmap included a detailed assessment of engine,
drivetrain, and vehicle technologies/measures that have been identified as showing high
potential for reducing NOx and CO2 emissions. The Technology Capability Assessment was
performed through a series of public domain literature reviews that were then used to draw
relevant inferences about NOx and CO2 reduction capabilities of each technology on a standalone basis. The assessment includes definitions of each technology/measure along with
estimations of emissions reductions in the timeframes covered by this report. Since the
Technology Assessment was done on a stand-alone basis, the overall NOx and CO2 reduction
capabilities of a combination of technologies are not additive.
The Technology Capability Assessment assumes natural gas as the primary fuel and assesses
NOx reductions versus the 2010 emissions certification level of 0.15 g/hp-hr.
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