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Objectives: By completing this module the student will be able to: 

1. Understand legislative context for vehicle emission standards and corporate average fuel 
economy (CAFE) standards. 

2. Explain how hybrid-electric vehicles work and how hybrid-electric technology affects tailpipe 
emissions;  

3. Compare vehicle technologies in terms of tailpipe emissions and fuel economy;  
4. Access resources to conduct well-to-wheels life cycle assessments between alternative 

transportation options. 
 
Topics: Transportation & Air Quality; Emissions from alternative fuels and alternative vehicles; 
Measuring Fuel Economy; Climate Change and Greenhouse Gas (GHG) Emissions from the 
transportation sector. 
 
Level: Junior/Senior engineering elective and interdisciplinary (non-engineering) graduate students; pre-
requisite course on air pollution would be helpful. 
 
Length: One week, including reading, class discussion and homework assignment. 
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Sustainability in Transportation and Alternative Vehicle 
Technology  
 “Sustainable Transportation” means new ways of thinking about and moving both people and products 
from point A to point B because, as we have come to recognize over the past few decades, the current 
system of individual vehicles powered chiefly by non-renewable petroleum products is not in any way in 
resonance with the concept of “sustainability”.  Sustainability in transportation means many things to 
different people.  Think about how you define “sustainable transportation” and list the factors that affect 
how you travel in your own community, in your state and beyond.  Do you have multiple transportation 
options?  Are they all equivalent in terms of factors that determine the sustainability of a system? 
 
READING STUDY QUESTION 1:  List how the three “E”s of sustainability (Environment, Economy 
and Equity) are and are not encompassed by our current transportation system.  Remember to include 
all types of transportation – rail, ship, air, bus, truck, car, bicycle, walking. Develop a matrix with your 
list for discussion in class. Comment on some of the factors that affect how you evaluate the different 
transportation modes. 
 
Alternative Vehicles. In the 1990s, Congress recognized that highway vehicles were still a significant 
problem despite two decades of Clean Air Act (CAA) legislation.  The 1990 CAA Amendments included 
specific new measures for transportation (“mobile”) sources of criteria pollutants in an effort to push 
vehicle manufacturers faster and farther than ever before.  More stringent vehicle emissions limitations 
would mean changes in vehicle technology.  There were government programs, such as the Partnership 
for a New Generation of Vehicles started in 1993 by the U.S. Department of Energy (DOE) under the 
Clinton administration, intended to increase the competitiveness of the Big Three U.S. automobile 
manufacturers (Chrysler, Ford and General Motors) in the face of global competition (from Honda and 
Toyota, among others).  To reduce petroleum consumption for energy security, air quality and 
climate/greenhouse gas purposes, the specific mandate was to: 
 
“Build a car with up to 80 miles per gallon at the level of performance, utility and cost of ownership that 
today's consumers demand." (http://www.fueleconomy.gov/feg/pngv.shtml).   
 
To achieve this goal, the manufacturers pursued fuel cell technology and gasoline electric-hybrid 
technology. Each of the Big Three did succeed in designing and building a vehicle that met the fuel 
economy target.  However, none of the prototype vehicles immediately went to the broader consumer 
market.  Subsequently, under the new Bush Administration, efforts were refocused on fuel cell vehicles 
under the FreedomCAR program.  Today, there are still no commercially available fuel cell vehicles, just 
prototypes, chiefly in California, where the hydrogen refueling infrastructure commitment was made by 
Governor Arnold Schwarzenegger.  
  
The DOE defines “alternative fuels and (advanced) vehicles” basically as motor vehicles operating on all 
fuels or energy sources other than gasoline and diesel fuel (i.e., other than the conventional propulsion 
sources that dominate the highway vehicle fleet currently).  Thus, any fuel other than conventional 
gasoline and diesel are “alternative fuels” and the vehicles using them are “alternative” or “advanced” 
vehicles. These include compressed natural gas (CNG), liquefied petroleum gas (LPG), liquefied natural 
gas (LNG), ethanol (E85 and E95), methanol (M85 and M100) and biodiesel.  Under this definition, fuel 
additives (such as ethanol and previously, MTBE) added to gasoline at low volume percentage to reduce 
VOC and CO emissions, are not included.  The EPA includes “electric vehicles” in its “alternative fuels” 
category, because electric power plant fuels (coal, nuclear or natural gas) are distinct from gasoline and 
diesel. These fuels and vehicle types are summarized in Table 1.   
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Table 1.    U.S. Department of Energy Alternative Vehicles and Fuels

Conventional Vehicles Conventional Fuels
• Spark-ignition (SI) and compression-ignition (CI) • Gasoline and Diesel (including RFG, ULSD)

Alternative Vehicles Alternative Fuels
• Direct-injection, spark-ignition engines • methanol, ethanol, and other alcohols
• Direct injection, compression-ignition engines • blends of 85% or more alcohol with gasoline (E85, M85)
• Grid-independent hybrid electric vehicles • natural gas (NG), and domestic liquid fuels from NG
• Grid-connected (or plug-in) hybrid electric vehicles • liquefied petroleum gas (propane)
• Battery-powered electric vehicles • coal-derived liquid fuels
• Fuel-cell vehicles • hydrogen and electricity

• biodiesel
• “P-series” fuels [EPAct of 1999= NG+EtOH+biomass cosolvent MeTHF (methyltetrahydrofuran)] 

 “Alternative” Fuels Use 
The U.S. Department of Energy's Transportation Energy Databook (2012 edition) shows the estimated 
number of alternative fuel on-road vehicles between 1995 and 2009 and the percent change in these 
vehicle types over that time period (Table 2).  For more information on these alternative fuel vehicle 
technologies, interested readers should visit the National Renewable Energy Laboratory (NREL) website 
(http://www.nrel.gov/vehiclesandfuels) and the Advanced Vehicle Testing Activity website of the U.S. 
Department of Energy's Energy Efficiency and Renewable Energy (EERE) branch 
(http://www1.eere.energy.gov/vehiclesandfuels/avta/).  It should be noted that different fuel types are 
associated with certain vehicle types.  For example, light-duty vehicles chiefly consume gasoline. It is 
also interesting to note that some fuels (M85, M100, E95) were phased out entirely by calendar year 2003 
for various reasons. 
 
To get a sense of the types of vehicles and transportation modes using conventional and alternative fuels, 
Figure 1 compares the calendar year 2009 relative fuel consumption by different highway and non-
highway transportation sources for each fuel type.  Highway vehicles are dominated by gasoline (95% of 
all gasoline usage to light-duty cars and trucks), diesel (81% medium and heavy trucks, 2.5% bus, 5% 
light-duty trucks, 0.7% light-duty cars) and compressed natural gas (CNG; 3.4% buses, remainder to non-
highway pipeline use), with less than 0.5% to electric vehicles.   Electricity was chiefly used by pipeline 
and rail transportation sources in 2009.  These data for alternative fuels are now changing rapidly in 
response to climate change legislation, new fuel economy standards and energy policy legislation. 
 

Biofuels and Life Cycle Analysis 
Biofuels have recently come to the attention of the transportation, energy and environmental sectors due 
to recent increases in petroleum fuel costs as well as national security concerns. Biofuels have been 
pursued as an opportunity for energy independence as well as sustainability, both in terms of agricultural 
production opportunities (i.e., jobs) as well as reduced environmental impacts.  The two biofuels of 
current widespread use in the U.S. are biodiesel and ethanol. Biodiesel and ethanol are both renewable 
fuels, currently chiefly produced from soybeans and corn, respectively. Significant research still needs to 
be done to advance understanding of the full ‘sustainability cycle’ (economic, social equity and 
environmental effects from feedstock production to end-use/recycling) associated with widespread use of 
biofuels in the U.S. economy.  In other words, planning and policy need to ensure that domestic biofuel 
feedstock production does not compromise national food/feed production needs.  In early 2008, the 2006-
2007 rush of the agricultural community to plant corn to meet the needs of increasing number of ethanol 
production plants in the Midwest U.S. received much attention because redirecting corn from the food 
supply to the fuel supply led to significant increases in the cost of the many foodstuffs based on corn (or 
corn derivatives, like corn syrup).  These issues were addressed in two February 2008 articles in Science 
(Searchinger et al., 2008 and Fargione et al., 2008). 
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Since that initial food vs. fuel debate, research has shifted to finding non-food feedstocks for biofuel 
production, including perennial grasses that grow on marginal lands and even algae. All of these options 
must undergo full life-cycle analysis to quantitatively compare their relative benefits. There are life cycle 
assessment modeling tools available to evaluate the relative net energy, economic and emissions costs 
associated with different fuel and vehicle technologies.  Two models are especially noteworthy.  The 
Green Design Institute at Carnegie Mellon University (CMU) has developed a nationwide sector-based 
model, Economic Input-Output Life Cycle Assessment (EIO-LCA), allows one to compute the materials 
and energy resources used by different economic sectors as well as associated emissions of criteria 
pollutants and greenhouse gases.  The excellent "Method" page found on the CMU website 
(www.eiolca.net/method/index.html) describes what's involved in life cycle assessments in great detail 
and a tutorial assists users in model implementation and interpretation of model output. 
 
Whereas the EIO-LCA model has many economic sectors included (agriculture, automotive, etc.), the 
amount of detail within the automobile sector is limited.  Thus, for detailed comparison of alternative 
fuels and vehicle technologies, the Greenhouse Gases, Regulated Emissions, and Energy Use in 
Transportation (GREET) model developed by Argonne National Laboratory enables one to quantify 
"well-to-wheels" and "wheels-to-pump" energy and emissions from fuel-vehicle combinations.  GREET 
was recently updated and therefore has more recent data than EIO-LCA (2002 data is most recent). 
 GREET is a free, multidimensional Microsoft Excel spreadsheet tool (http://greet.es.anl.gov/) whereas 
EIO-LCA is a web-based model with the ability to export model output to Microsoft Excel. 

 
Table 2. Alternative Fuel Vehicle Inventories (Transportation Databook 2011) 

Year LPG CNG LNG M85 M100     E85b   E95 Electricityc Hydrogen Total
1995 172,806 50,218 603 18,319 386 1,527 136 2,860 0 246,855
1996 175,585 60,144 663 20,265 172 4,536 361 3,280 0 265,006
1997 175,679 68,571 813 21,040 172 9,130 347 4,453 0 280,205
1998 177,183 78,782 1,172 19,648 200 12,788 14 5,243 0 295,030
1999 178,610 91,267 1,681 18,964 198 24,604 14 6,964 0 322,302
2000 181,994 100,750 2,090 10,426 0 87,570 4 11,830 0 394,664
2001 185,053 111,851 2,576 7,827 0 100,303 0 17,847 0 425,457
2002 187,680 120,839 2,708 5,873 0 120,951 0 33,047 0 471,098
2003 190,369 114,406 2,640 0 0 179,090 0 47,485 9 533,999
2004 182,864 118,532 2,717 0 0 211,800 0 49,536 43 565,492
2005 173,795 117,699 2,748 0 0 246,363 0 51,398 119 592,122
2006 164,846 116,131 2,798 0 0 297,099 0 53,526 159 634,559
2007 158,254 114,391 2,781 0 0 364,384 0 55,730 223 695,763
2008 151,049 113,973 3,101 0 0 450,327 0 56,901 313 775,664
2009 147,030 114,270 3,176 0 0 504,297 0 57,185 357 826,315

1995-2009 -1.1% 6.0% 12.6% -100.0% -100.0% 51.3% -100.0% 23.9% 9.0%

Source:

Average annual percentage change

Estimates of Alternative Fuel Vehicles in Usea, 1995–2009

U. S. Department of Energy, Energy Information Administration, Alternatives to Traditional Transportation Fuels, 2009, Washington, DC, May 2011,
Table VI. 1995-2006, Annual Energy Review, Table 10.4. Estimated Number of Alternative-Fueled Vehicles in Use and Replacement Fuel Consumption.
(Additional resources: www.eia.doe.gov/emeu/aer/renew.html and www.eere.energy.gov/afdc/data/vehicles.html)
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Figure 1. Percent of total transportation fuel use as a function of vehicle type. The HIGHWAY and 
NONHIGHWAY categories are sums of their respective vehicle types.  Note that this data from FHWA 
does not include biodiesel or hydrogen for fuel-cell vehicles because these fuels were not a significant 
portion of transportation fuel usage in 2009. 

Biofuels Use and Emissions 
The relationships between a fuel’s composition and origin, and ultimately, its behavior in terms of 
emissions and vehicle performance, is vital to the common acceptance of any alternative fuel. Without 
question, these relationships are complex and not easily predicted. The petroleum industry’s success has 
been based on reliability of performance, based on decades of experience.  Despite the recent attention to 
biofuels, this emerging industry has not yet reached that level of reliability.  For example, the ASTM 
Standard (D6751) for biodiesel can be described as relatively “loose” – it does not address a number of 
issues (e.g., impurity levels, storage characteristics) – all of which are important to the reliability of these 
fuels and their subsequent widespread acceptance and use. There are examples in the U.S. where the rush 
into the use of biofuels was mandated, implemented and subsequently suspended as a consequence of 
unpredicted and unacceptable vehicle behavior. For biodiesel, this may partly be explained by poor fuel 
behavior under cold ambient temperatures. These obstacles can be overcome, as long as we recognize that 
the ability to easily “drop-in” an alternative fuel into an engine designed to operate solely on gasoline or 
diesel, can lead to some new engineering design challenges as we move forward with alternative fuels.  

The emissions advantages of biofuels, however, have not yet been adequately examined in an unbiased 
manner for today’s vehicle fleet. Biodiesel, for example, is touted as a “renewable, clean-burning diesel 
fuel replacement”.  It can be manufactured from waste grease, animal fat and vegetable oils.  However, 
the quality of the resulting biodiesel fuel depends on the type of feedstock and quality of processing / 
product refining methods. In fact, only recently have design standards for biodiesel fuel itself been 
published and accepted by regulatory agencies. Biodiesel that meets the ASTM standard, is the only 
domestic fuel that is commercially available meeting the EPA’s “advanced fuel” designation under the 
Renewable Fuel Standards Act, the majority of biodiesel advocates refer to one outdated 2002 EPA 
emissions report [EPA, 2002] that is based on data from pre-1997 model year vehicles without, for 
example, the Exhaust Gas Recirculation (EGR) technology that is commonly found in today’s heavy-duty 
engines.  Today’s on-road vehicles employ engine and aftertreatment modifications that were not widely 
available at that time; these modifications can greatly affect the type of emissions levels generated as a 
function of fuel composition.  Therefore, new measurements are needed to accurately quantify the 
emissions benefits (or costs) associated with widespread use of biofuels in the transportation sector.  This 
is an active area of research. 
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Fuel Economy and The Global Environment 
Carbon -- it's on everyone’s mind these days due to national and international recognition and acceptance 
of global climate change due to anthropogenic emissions of greenhouses gases such as carbon dioxide 
(CO2), nitrous oxide (N2O), methane (CH4) and hydrofluorocarbons (HFCs).  This section will take a look 
at vehicle emissions of these greenhouse gases (GHGs) and trends in on-road vehicle fuel economy, two 
metrics that are intricately related.  
 
Since 2005, the U.S. has had energy security regulations in place that mandate increases in the quantity of 
renewable fuels used for transportation. The first Renewable Fuel Standard (2005) mistakenly led to rapid 
ethanol production from corn despite the net energy disbenefit associated with ethanol’s life cycle. 
Subsequent legislation, the Energy Independence and Security Act of 2007 included renewable diesel fuel 
substitutes, including “biomass-based diesel” or biodiesel. This legislation was intended to reduce CO2 
emissions by 50% from the 2005 baseline and the EPA is required to revise the required biofuel use 
volume annually.  The production targets for 2009 to 2012 were 0.5, 0.65, 0.8 and 1.0 billion gallons, 
respectively (EPA, 2011) thus future biodiesel use is anticipated to grow (see Figure 2b below). 
 
The transportation sector is a significant contributor to the GHG output caused by human activities, 
comprising ~30% of all GHG emissions in the United States, due to the combustion of petroleum-based 
fuels (EPA, 2009).  As Figure 2a shows, domestic use of gasoline and diesel fuels has grown 
substantially since the 1973 Oil Embargo. Partly, this upward trend reflects the increasing number of 
vehicles on our roads as population and the U.S. economy has grown.  Figure 2b shows that sales of 
biodiesel fuel, the only domestically produced “Advanced Fuel” under the Renewable Fuels Standard 2 
(EISA, 2007) that meets the greenhouse gas life-cycle analysis requirements, rose again in calendar year 
2012 after a near-steady monthly supply in 2010.   That stagnant behavior in 2010 was tied to lapsing of 
the federal tax incentive for biodiesel fuel on December 31, 2009.  This tax incentive ($1 per gallon) helps 
biodiesel achieve price parity with conventional diesel fuel. After Congress retroactively reinstated the tax 
incentive for one year in December 2010, biodiesel production picked up throughout 2011 and was once 
again renewed for calendar year 2012.  These historical trends highlight the role of economic incentives 
to meet federally mandated standards for fuel use. 

 

Figure 2. Fuel use in Highway vehicles in the US. (a, left) Gasoline and Diesel Consumption 1973-2009, 
(b, right) biodiesel monthly usage 2010-2012. Sources: U.S. Department of Transportation, Federal 
Highway Administration, Highway Statistics 2009, Washington, DC, 2011, Table MF-21 and annual 
(www.fhwa.dot.gov); U.S. Energy Information Administration, Form EIA-22M "Monthly Biodiesel 
Production Survey", Table 2. 
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Historical Fuel Economy Trends in the U.S. 
Our net consumption of petroleum and alternative fuels is dependent on the aggregate fuel economy (FE)  
of all the in-use vehicles.  As FE (in miles per gallon, MPG) increases, fuel use declines as long as the 
size of the vehicle fleet does not grow appreciably. Further, FE is directly tied to GHG emissions from 
on-road motor vehicles because CO2 is a major product of combustion (thermochemical "oxidation") of 
carbon-based fuels.  Because there were no regulatory vehicle emissions limitations on GHGs like carbon 
dioxide, vehicle manufacturers have historically not paid much attention to improving fuel economy of 
individual vehicles.  Rather, manufacturers focused their attention on vehicle performance and meeting 
consumer demands (perceived or real), for faster, more comfortable and larger vehicles. This focus 
resulted in the U.S. not making any gains in vehicle fuel economy (miles per gallon) for over three 
decades (the peak prior to 2009 was 1987).  The rule that governs vehicle fuel economy is known as the 
Corporate Average Fuel Economy, or CAFE.  CAFE standards came about historically in response to the 
oil embargos experienced in the early 1970s (1973-1974). President Jimmy Carter and Congress passed 
the 1975 Energy Policy and Conservation Act to reduce dependence on imported oil.  The CAFE 
program, established for model year 1975 vehicles, required vehicle manufacturers to meet a sales-
weighted average fuel economy target. The CAFE standards rely on manufacturer FE tests performed on 
new vehicles of every weight class sold by the manufacturer -- both "city" and "highway" driving cycles 
are combined to compute the fuel economy for CAFE calculation purposes.  As Figure 3 indicates light-
duty vehicle fuel economy standards declined appreciably between the 1987 and 2004 model years.  Also, 
the CAFE standards for passenger cars were set higher (more miles per gallon) than those for light-duty 
trucks of a given model year (MY).  The switch in the 1990s, from driving predominately passenger cars 
to driving sports utility vehicles (SUVs) resulted in an overall net reduction in fleet fuel economy and 
now, twenty years later, we are only beginning to recover the ground lost by that change. 
 
Reading Study Question 2:  What types of vehicles do members of your family own?  What model year 
are these vehicles? Fuel type? Engine type? What is the fuel economy of each of these vehicles?  [see 
EPA and DOE websites to obtain quantitative information – Fueleconomy.gov]. By what factor does 
the fuel economy of your vehicle need to increase to be equivalent to the FE of the MY 2012 Toyota 
Prius? 
 
Dramatic increases in the price of petroleum fuels in 2007-2008 (see Figure 3) have resulted in domestic 
policy (e.g., Energy Security Act of 2005; EISA 2007, EISA 2010) and a consumer mindset that may 
ultimately result in achieving increased fuel efficiency standards for motor vehicles.  At the same time, 
manufacturers and environmentalists went to court in California and Vermont arguing over the ability of 
states to set vehicle tailipipe emissions standards for vehicles.  The basis of the argument was the link 
between tailpipe CO2 emissions and fuel economy.  Fuel economy standards are set at the federal, not 
state, level. The September 12, 2007 ruling in favor of the State of Vermont set the stage for subsequent 
legislation on GHG tailpipe emissions.   
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Figure 3. Light-duty vehicle fuel economy trends (left) and Conventional gasoline and diesel retail prices 
(right). Sources: U.S. EPA (2012) and EIA (2012). 
 

CAFE Standards and Fuel Economy Test Methods 
 
Corporate Average Fuel Economy (CAFE) standards are miles-per-gallon (MPG) limits that every vehicle 
manufacturer must meet in terms of an average MPG over the fleet of cars and trucks that are sold.  The 
EPA Office of Transportation and Air Quality oversees the testing program to estimate fuel economy on 
every new vehicle.  In a nutshell, the vehicles are driven on a chassis dynamometer under laboratory test 
conditions (constant temperatures) over specified drive cycles.  The fuel consumed during the drive cycle 
tests is computed and results in the MPG estimates for city and highway driving.  A “combined” fuel 
economy is a weighted average of the measured city and highway drive cycle test results. In 2006, EPA 
revised the government Fuel Economy test methods in an attempt to better reflect real-world driving.  
Thus, with model year 2008 vehicles, the window stickers of all new cars and light trucks sold in the U.S. 
changed to reflect the new test methods.   Readers interested in more in-depth evaluation of light-duty 
vehicle fuel economy are encouraged to read the EPA’s report, Light-Duty Automotive Technology, 
Carbon Dioxide Emissions, and Fuel Economy Trends which is updated annually and available at 
www.epa.gov/fueleconomy/fetrends/. 
 

Greenhouse Gases, Fuel Economy and Hybrid-Electric Vehicles 
Greenhouse gas emissions from transportation sources are about 28% of the total GHG emissions in the 
U.S. (2004 estimate) and cars, trucks and buses were responsible for 22.5% of this amount.  The only 
other source with higher GHG emissions is electricity generation, which in the U.S. is predominantly 
from coal-fired power plants. It is clear from Figure 4 that the type of vehicle you drive can greatly affect 
GHG emissions. The Toyota Prius hybrid-electric car has the lowest GHG emissions, chiefly because it 
has the highest fuel economy of all the vehicles listed. The Honda Civic comes in a close second, again 
due to the high fuel economy that results from its engine design. 
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Figure 4. Comparison of GHG Emission (tons/yr) for different vehicles sold widely in the U.S. (Source: 
New York Times, April 7, 2008). 
 
Recognizing the success of the Toyota Prius and anticipating more stringent regulations, U.S. 
manufacturers began building vehicles with higher fuel economy in 2000.  This resulted in a new peak in 
light-duty fuel economy in MY 2009.  The EPA reported a 3.3 MPG increase in light-duty fuel economy 
between MY 2004 and 2010; a 17% increase.  Similarly, CO2 emissions were reduced by 15%.  These 
trends are shown in Figure 5. Vehicle manufacturers introduced 24 gasoline hybrid-electric vehicle 
(HEV) models in the decade from 1999 to 2009 (DOE, 2010; see Figure 6). As the number of available 
models has increased, annual sales of HEVs increased by a factor of 40 over the same period (DOE, 
2010). 
 

 
Figure 5. CO2 Emissions and Fuel Economy for Model Year 1975 - 2010 Cars and Trucks. (EPA, 2012). 
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Figure 6. Number of light-duty hybrid-electric vehicles sold in the U.S. from 1999 to 2009. Color coding 
indicates specific vehicle make/model. The Toyota Prius (green bar) is by far the most popular HEV. 
 

Hybrid-Electric Technology 
Hybrid-electric vehicles (HEVs) have been under development for both light and heavy-duty vehicle 
applications for decades.   The first commercially available gasoline-electric hybrid car was the Honda 
Insight in 1999, followed by the Toyota Prius in 2000.  Hybrid-electric diesel transit bus technology made 
great strides in the 1990s as well (Chandler 2002; NREL ). Hybrid-electric vehicles have two power 
sources which provide power to the wheels and an energy storage system:  

(1) an internal combustion engine (ICE), using either gasoline or diesel fuel; 
(2) an electric motor.   

The electric motor, powered by an advanced energy storage device, lowers the demand placed on the 
combustion engine and thereby is anticipated to lower tailpipe emissions.  The majority of on-road hybrid 
vehicles today use a battery as the energy storage device and have the capability to recharge the battery by 
two means—regenerative braking and direct charging by running the electric motor in reverse as a 
generator.  The presence of the secondary propulsion source in an HEV means that the HEV can operate 
with a smaller ICE compared to the comparable (make/model) conventional vehicle.    

 
There are three in-use HEV configurations of the internal combustion engine and electric motor: series 
and parallel (Figure 7) and the combined series-parallel.  The series configuration ICE drives the electric 
motor as a generator (alternator) and the electricity generated drives the wheels via the transmission, with 
any excess generated electricity either stored in the battery pack or used to run the electric motor. The 
series configuration is common in transit buses which operate chiefly in urban areas with stop-and-go 
traffic. ).  In the series design, the ICE can be shutdown (“electric-only” or “engine-off” operating mode) 
during periods when the battery pack is full with sufficient charge to account for the vehicle’s power 
demand.  This condition usually occurs under low-speed, low-power operation of the vehicle and at stops 
(idle). In the parallel HEV configuration, both the ICE and the battery separately connect to the 
transmission and work in tandem to drive the wheels via the transmission.  Either power source can be 
used independently on the parallel configuration HEV (Sullivan, 1999). Series-parallel designs optimize 
the advantages of both: higher speed, highway conditions in parallel mode and stop-and-go, city driving 
conditions in series mode. As a result, the series-parallel design generally has an all-electric operation 
mode during city driving at low speeds where stop-and-go travel is frequent.  For flash animation of the 
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HEV designs see HowStuffWorks.com or http://fueleconomy.gov/feg/hybridtech.shtml. 
 
 

 
 

Figure 7.  Schematic of series and parallel hybrid-electric vehicle configurations. (Sullivan, 
1999).  In the series design, the engine and battery are in series, thereby allowing the ICE to 
shutdown under low power operation.   

 
Hybrid systems enable the internal combustion engine (ICE) to be used less than in a conventional design, 
allowing for reduced energy consumption.  The combustion engine can therefore be downsized compared 
to a conventional vehicle and still achieve the same vehicle performance, resulting in lower engine weight 
and higher overall vehicle efficiency.  In addition, regenerative braking allows for further reductions in 
energy loss and can recover the energy used to slow down or stop a vehicle (National Renewable Energy 
Laboratory, 2004).  The energy conserved through regenerative breaking can be stored in the battery and 
used later.  One main advantage for hybrid-electric vehicles is the potential to reduce vehicle emissions 
by using less fuel and operating the ICE at a narrow range of engine speeds and loads (Sullivan, 1999).   

 
For heavy-duty hybrid applications, urban transit bus technologies have received the most attention and 
developmental work from manufacturers with initial success in the late 1990s to produce prototype and 
demonstration vehicles for various transit operators (Meyer & Rideout, 2002).  Experiences with the 
hybrid-powered buses has been largely positive, for example, with the buses owned by New York City 
Transit (NYCT).  The NYCT hybrid-electric diesel buses are equipped with the Allison Ep parallel hybrid 
drive system and diesel particulate filter (DPF) aftertreatment.  Hybrids with DPFs in the NYCT fleet 
have particulate matter emissions comparable to the NYCT natural gas buses.  Meyer and Rideout (2002) 
claimed 10-16 percent better fuel economy for the hybrid-electric buses compared to conventional diesels 
in the NYCT fleet.  There are two main reasons for using hybrid-electric buses: (1) potential emissions 
reduction and (2) potential fuel economy improvements.  
In 2007, the U.S. made a commitment to invest in research and development of plug-in hybrid-electric 
vehicles (PHEVs). Like HEVs, these vehicles are expected to become more widely available as fuel 
economy regulations force the development of technology.  This development has parallels to the early 
history of controlling vehicle emissions, but the focus here is complete redesign of the propulsion system, 
not add-on aftertreatment emissions control devices like the original catalytic converter.  PHEVs became 
commercially available in the U.S. in December 2010 with the Chevrolet Volt (MY 2011) and the Toyota 
Prius PHEV followed in February 2012.  At the same time Chevrolet unveiled the Volt, the first fully 
electric car (zero tailpipe emissions) in the U.S. market, the Nissan Leaf, made its appearance in 
California (http://www.plugincars.com/worlds-first-nissan-leaf-electric-car-delivered.html). 
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Emissions from Light-Duty HEVs 
Relatively few studies have quantified emissions from light-duty hybrid vehicles. Most HEV studies 
examined fuel consumption, criteria pollutant emission rates, and CO2 emissions during simulated driving 
cycles on a chassis dynamometer (Fontaras, 2008; Christenson, 2007). One dynamometer study of a 2000 
Toyota Prius used Tedlar bag sample collection for regulated and unregulated gas constituents (Graham, 
2005). Studies focused on extremely low-emitting vehicles have collected tailpipe emissions data on 
dynamometer, real-world and test track driving for 2003 Honda Civic hybrid-electric vehicles, but data 
reported were limited to averages of the criteria pollutants over all low-emitting vehicles in the study 
(Collins, 2007; Barth, 2006). The most comprehensive study on a hybrid-electric vehicle’s emissions 
involved dynamometer driving cycle tests conducted with a Toyota Prius and measurement of tailpipe 
gases, including greenhouse gases CO2, CH4, and N2O (Reyes, 2006).  
 
A few light-duty HEV emissions studies have identified occasional high gas and ultrafine particle 
emission events (Christenson et al., 2007; Robinson et al. 2010; Sentoff et al., 2010) that may be 
attributed to cooling of the catalytic converter during electric-only HEV operating modes.  According to 
Reyes (2006), steadily optimal catalysis temperature ranges may not be attainable for hybrid vehicles. 
Because the typical three-way catalyst aftertreatment systems were designed for the more stable operating 
conditions produced by conventional light-duty vehicles, turning the ICE on and off in the hybrid vehicle 
may cause catalyst inefficiencies, and result in intermittent relatively high emission events when the ICE 
“restarts”. Robinson and Holmén (2011) have documented this for particle number emissions in cold 
climate city driving.   
 

Factors Affecting HEV Emissions and Fuel Consumption 
Transient driving increased fuel consumption rates for the HEVs, with more significant decreases in MPG 
when aggressive driving cycles were tested (Christenson, 2007). The rate of instantaneous fuel 
consumption could reflect enriched air-to-fuel operating conditions induced by aggressive acceleration 
events and should result in increased tailpipe emissions. Quantifying these conditions and their effect on 
emissions and air quality requires time-resolved sampling methods during real-world vehicle operation. 
Only recently have these on-board sampling studies been conducted with light-duty HEVs and compared 
to a comparable conventional vehicle (Robinson and Holmén, 2011). Additional findings from HEV 
research have reported sensitivity of HEV operating behavior to ambient air temperature: at lower 
ambient temperatures, four models of HEVs had reduced time in engine-off mode over a congested urban 
driving cycle in dynamometer testing (Christenson, 2007). Colder temperatures were also correlated with 
increased fuel consumption rates for the four HEVs tested, with 46% to 152% increases over the same 
cycle at -18°C and 20°C. Similarly, the fuel consumption of a 2005 Toyota Prius monitored during real-
world operation showed a trend of seasonal temperature influence: average spring season temperatures 
(22.8°C) corresponded to the lowest fuel consumption with a relative 112% increase in fuel use during the 
winter season (11.4°C) (Fontaras, 2008). This temperature influence could be assumed to have an 
equivalent effect on CO2 emissions, but seasonal temperature effects have not been sufficiently 
investigated for these hybrid-electric vehicles, especially in real-world operation.  

 
Factors affecting GHG emissions in conventional vehicles are largely vehicle age, fuel consumption, air-
to-fuel (A/F) ratio, catalyst temperature, and ambient temperature. For new, low-emitting vehicles like 
HEVs, consideration all-electric propulsion and transitions from ICE-off to ICE-on, which induce catalyst 
temperature changes and enriched engine A/F conditions, have yet to be explored quantitatively to 
enumerate their significance in terms of emissions of criteria pollutant and greenhouse gas, particle and 
air toxic emissions. Research on HEV performance and emissions is necessary under a wide range of real-
world driving conditions where all environmental and operational factors that influence emission rates 
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and net fuel consumption can be measured for incorporation into mobile source emissions models such as 
EPA’s MOtor Vehicle Emission Simulator (MOVES).  

 

Final Remarks 
Greenhouse gas emissions are just one of the more recent aspects associated with re-examining 
transportation alternatives and the transportation-land use infrastructure in the United States.  It is 
becoming increasingly clear that the technologies and policies that worked during the past century are no 
longer meeting the needs of our expanding population.  Commuter travel times, or the number of hours 
that commuters spend in their vehicles per year, continue to peak as congested roads in major 
metropolitan areas fall short of the required demand at peak hours.  Maintenance costs of road and bridge 
infrastructure (designed and built in the 1950s and 1960s with 50-year lifespans) are sky-rocketing. The 
fact that federal transportation funding to states is determined based on a gasoline tax and therefore the 
total VMT in a state, favors large states with long commute distances.  This federal funding mechanism 
also has negative consequences for air quality because there is no incentive to improve vehicle fuel 
economy.  (If you do, then gasoline sales fall and so does the federal transportation budget allocation).  
Broader adoption of hybrid-electric light-duty vehicles (cars and light trucks) is just one small component 
in the larger quest for a sustainable transportation system.  As discussed briefly above, development of 
alternative low-carbon fuel sources with favorable net life cycle energy and emissions profiles is another 
critical component.  One key question is how to advance wider adoption of new fuels and vehicle 
technologies by manufacturers and consumers and how long will adoption take?  The State of California 
Low Carbon Fuel Standard (LCFS), established by Executive Order of Governor Arnold Schwarzenegger 
in early 2009, may provide a case study to answer these, and some of the many derivative, questions that 
arise when confronted with issues of sustainability.   
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Module Homework Assignment – Viewpoint Article. 
 
 
 

Climate Change and Vehicles: VIEWPOINT PAPER  
 
 
Background.  Over 99% of Americans drive spark-ignition gasoline-fueled automobiles, while many 
Europeans (up to 50 % in France) drive diesel-fueled cars.  One reason for this difference is the high price 
of fuel in Europe and the better fuel efficiency of diesel engines.  Other reasons include government 
incentives to reduce CO2 greenhouse gas emissions and reducing dependence on foreign oil.  Over the 
past decade, diesel automobiles have become less noisy and emit less soot, two features that should make 
them more palatable to U.S. drivers.  The trend since the late 1980s to less fuel-efficient pickup trucks, 
minivans and sports utility vehicles (SUVs) combined with the dramatic rise in the annual vehicle-miles-
travelled (VMT) by the typical U.S. driver has greatly increased U.S. dependence on imported oil, made 
mobile source emissions the key target for reductions in order to meet ambient air quality standards in 
many urban areas, and led to unprecedented legislation in California (2002’s California Vehicle Global 
Warming Law) that will limit emissions of gases that exacerbate global warming.  
 
The Union of Concerned Scientists estimates that 50% of California’s heat-trapping gas emissions are 
from mobile sources (approximately 100 tons per passenger vehicle) and reductions in CO2 emissions by 
20% are possible using currently available technologies and up to 40% with advanced vehicle 
technologies available in the next decade. 
 
Write a 1-2 page critical analysis of your position on the following statement:  

“The EPA should mandate Federal regulations similar to California’s Vehicle 
Global Warming Law in order to force U.S. vehicle manufacturers to implement 
currently available advanced emissions controls that will reduce greenhouse 
gas emissions, lower our dependence on imported oil and improve air quality.” 

 
Consider one or more of the following in your analysis: 

• Costs and benefits of “command and control” regulatory policy 
• Alternative vehicles (CNG, hybrids, fuel cells) 
• Diesel vs. gasoline engine emissions and fuel economy 
• Past vehicle emissions legislation and history of compliance 
• Tradeoffs & incentives between industries for targeted CO2 reductions (mobile vs. stationary) 
• Kyoto Protocol and U.S. reluctance to sign it 
• Recent press in Vermont related to adoption of the California standards 

 
 


