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1  Introduction 
  

This task analyzes the candidate hydrogen-fueled vehicles for near-term use in the 
Southeastern U.S. The purpose of this work is to assess their potential in terms of 
efficiency and performance.  This report compares conventional, hybrid electric vehicles 
(HEV) with gasoline and hydrogen-fueled internal combustion engines (ICEs) as well as 
fuel cell and fuel cell hybrids from a technology as well as fuel economy point of view. All 
the vehicles have been simulated using the Powertrain System Analysis Toolkit (PSAT). 
 
First, some background information is provided on recent American automotive market 
trends and consequences. Moreover, available options are presented for introducing cleaner 
and more economical vehicles in the market in the future. In this study, analysis of various 
candidate hydrogen-fueled vehicles is performed using PSAT and, thus, a brief description 
of PSAT features and capabilities are provided. Detailed information on the simulation 
analysis performed is also offered, including methodology assumptions, fuel economic 
results, and conclusions from the findings.  
 

1.1 The Automobile Market 
 
The automobile American market is very different from the European or the Asian 
markets. Sport utility vehicles (SUV), pick-up trucks and mini-vans are the preferred cars 
of Americans. These vehicles are bigger than the biggest cars overseas and consume a lot 
more fuel, and have gained popularity in the American market. As shown in Figure 1, in 
2001, light trucks represent a total of fifty percent of the sales in the U.S., and the number 
is still increasing. 

 

  
Figure 1: SUVs and Pick-up trucks increase in the US market [1]. 

 
One of the reasons for this trend is the fact that the price of the fuel in the US is still low 
compared to foreign countries, about 0.3 euro per liter. In addition, the emission 
regulations for SUVs and pick-up trucks are less restrictive than for lighter cars. Indeed, 
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they can have 30% more CO2 and 75% more nitrogen oxides. Moreover, the federal law 
allows them to consume 30% more fuel than regular cars. Examples of favorite SUV and 
pick-up truck models are shown in Figure 2. 
 
 

 

  
Best SUV sale: Ford Explorer 

 
Best « Pick-up» sale: Ford F-150 

Figure 2: SUVs and Pick-up trucks [2]. 

 
1.2 Consequences 
 
1.2.1 Climate changes 
 
Almost all environmental scientists agree that human-caused emissions are changing the 
earth’s climate, leading to grave potential consequences: more severe weather, 
desertification, and inundation of coastal area. The U.S. accounts for 25% of global carbon 
emissions, the largest greenhouse gas and most important cause of climate change. Of that 
25%, about one third is caused by the transportation sector. Cars and light trucks make up 
62% of transportation related emissions. Therefore, cars and light trucks make up about 
20% of all U.S. carbon emissions, or about 5% of the world's total. 
 

In other words, global warming cannot be slowed or prevented without a significant 
reduction in vehicle emissions. 

 

1.2.2 Economical point of view 
 
Hydrocarbon reserves are decreasing whereas the world consumption is constantly 
increasing. The US Office of Transportation Technology Analytic Team foresees that half 
of the oil reserves will be gone in 2020 if the oil consumption remains constant, as shown 
in Figure 3 [3]. 
 
In the U.S., cars and light trucks use 37% of the nation’s oil, 43% of which is imported. 
Increasing today’s passenger car average efficiency by roughly 25% would eliminate the 
need to import oil from the Persian Gulf. The U.S. spends $200,000 on foreign oil every 
minute. 
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Figure 3: Foreign oil dependency [3]. 

 
Figure 4 illustrates the expanding gap between projected domestic oil production and 
projected U.S. transportation oil demand while the price of U.S. gasoline remains low by 
world standards. The future oil gap is based on the Energy Information Administration’s 
current projections of oil prices, vehicle miles driven, and the U.S. fleet vehicle fuel 
economy [4]. Significant changes in these factors would have corresponding influences on 
the size of the gap, greater or smaller. For example, a large increase in the price of oil 
could be expected to reduce the gap because it would likely spur reactions such as reduced 
driving and greater domestic production from marginal wells. 
 
 

 
Figure 4: Projected transportation oil use [5]. 
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1.3 Solutions 
 
It should be noted that Americans are not insensitive to environmental aspects. Indeed, for 
more than 20 years, the U.S. government has used regulations to oblige car companies to 
make their models more efficient. However, with the increase of car functionalities and the 
rise of sport utility vehicles and light trucks, the overall US fleet efficiency is falling (from 
an average of 26mpg 17 years ago, to 24mpg today). 

 

1.3.1 Emission regulation 
 
Some regulations have been set to reduce emissions. All vehicles built before 2004 have to 
respect the norm Tier 1. From this date, Tier 2 will replace this norm. All cars have to 
perform emission tests regularly during their life [6].  
 
The Tier 2 standard brings significant emission reductions relative to the Tier 1 regulation. 
In addition to more stringent numerical emission limits, the regulation introduces a number 
of important changes that make the standard more stringent for larger vehicles. Under the 
Tier 2 standard, the same emission standards apply to all vehicle weight categories, i.e., 
cars, minivans, light duty trucks, and SUVs have the same emission limit. Since light-duty 
emission standards are expressed in grams of pollutants per mile, large engines (such as 
those used in light trucks or SUVs) will have to utilize more advanced emission control 
technologies than smaller engines in order to meet the standard. 
 
The Tier 2 regulation brings new requirements for fuel quality. Cleaner fuels will be 
required by advanced emission after treatment devices (e.g. catalysts) that are needed to 
meet the regulations.  

 

1.3.2 Fuel economy regulation 
 
Increasing the fuel efficiency of automobiles is another option that the United States can 
consider to reduce consumption of fossil fuels and the threat of global warming.  

 

Corporate Average Fuel Economy (CAFE) is the sales weighted average fuel economy, 
expressed in miles per gallon (mpg), of a manufacturer’s fleet of passenger cars or light 
trucks, manufactured for sale in the United States, for any given model year. 

 

The “Energy Policy Conservation Act,” enacted into law by Congress in 1975, added Title 
V, “Improving Automotive Efficiency,” to the Motor Vehicle Information and Cost 
Savings Act and established CAFE standards for passenger cars and light trucks. The Act 
was passed in response to the 1973-74 Arab oil embargoes. The near-term goal was to 
double new car fuel economy by model year 1985. 
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The average vehicle fuel economy is currently set at 27.5 mpg for cars and 20.7 mpg for 
light trucks (the standards have been stagnant for almost a decade). In any given model 
year, it requires that the average for an automaker's entire fleet meet its goals. 
Manufacturers can still make vehicles that get less than the standards, as long as they 
balance them with more efficient vehicles. Indeed, manufacturers earn "credits" for 
exceeding CAFE standards, and these credits can be used to offset fuel economy shortfalls. 

 

If a manufacturer does not meet the standard, the manufacturer is liable for a civil penalty 
of $5.00 for each 0.1 mpg its fleet falls below the standard, multiplied by the number of 
vehicles it produces. For example, if a manufacturer produces 2 million cars in a particular 
model year, and its CAFE falls 0.5 mpg below the standard, it would be liable for a civil 
penalty of $50 million. 

 

To reduce emissions and increase automobile fuel economy, research can be done to 
improve actual components. Indeed, the lighter the car will be, the best the fuel economy 
will be. Nowadays, plastic and aluminum replace steel everywhere in the car. Moreover, 
improvements can still be done on car aerodynamics as well as on the catalyst. Another 
solution for improved performance is developing new technologies. 

 

1.3.3 Hybrid vehicles 
 
There are currently many different hybrid-electric vehicles utilizing either an engine that 
burns gasoline, diesel fuel, or alternative fuels such as methanol, ethanol or compressed 
natural gas, or a fuel cell in conjunction with batteries. Use of two different energy sources 
defines a hybrid. 
 
More efficient vehicles can make a big difference to society in terms of environmental 
benefits, and the serious deterioration of urban air has motivated regulators to require 
cleaner cars. Use of production HEVs is expected to reduce smog-forming pollutants over 
the current national average. The first hybrids on the market will cut emissions of global-
warming pollutants by a third to a half, and later models may cut emissions by even more.  
 
 1.3.3.1 HEV advantages 
 
Conventional internal combustion engines (ICE) convert the liquid fuel energy into shaft 
energy. All energy from the combustion process centers around the crankshaft with the 
exception of that lost in the form of heat. A typical ICE vehicle only uses approximately 
16% of the liquid fuel energy to move the vehicle. The heat (from the thermodynamic 
cycle of the engine) emitted in the combustion process wastes the majority of the energy 
while frictional losses from the hundreds of moving parts in the engine, transmission and 
the mechanical connection to the drive wheels consume the rest. On the contrary, a battery 
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contains no moving parts. The only energy wasted is a very small amount of heat during 
the course of a discharge cycle. 
 
An internal combustion engine is inefficient not only because of the amount of energy loss 
incurred in the transfer of energy from the liquid state to the drivetrain, but it also becomes 
more inefficient when the engine is idling. 
 
To solve emission and inefficiency problems, the electric vehicle was created. Indeed, no 
gases are emitted by electric vehicles and the peak motor efficiency is much higher than 
the engine one (90% instead of 35%). However, the electric vehicle presents some 
limitations due to its batteries. 

 

Hybrid power systems were conceived as a way to compensate for the shortfall in battery 
technology. Because batteries could supply only enough energy for short trips, an onboard 
generator, powered by an internal combustion engine, could be installed and used for 
longer trips. In the old days, it was thought that by biasing the system toward battery-
electric power and operating on wall-plug electricity as much as possible, efficiency and 
emissions would be about as optimal as possible until better batteries came along. The 
natural conclusion of this concept was that, with better batteries, the need hybrids will be 
diminished. But after 20 years of study, it seems that hybrids are taking center stage and 
electric vehicles are only being used in niche market applications where fewer miles are 
traveled.  
 
Essentially, a hybrid combines an energy storage system, a power unit, and a vehicle 
propulsion system. The primary options for energy storage include batteries, ultra-
capacitors, and flywheels. Although batteries are by far the most common energy storage 
choice, research is still being done in other energy storage areas. Depending on the 
hybridization degree, batteries can be either the main energy source or the auxiliary one. 
Hybrid power unit options are spark ignition engines, compression ignition direct injection 
engines, gas turbines, and fuel cells. 
 
The HEVs available for sale are cost competitive compared to similar conventional 
vehicles. Any cost premium that may be associated with HEVs of the future can be offset 
by overall fuel savings and federal/state incentives. Automobile manufacturers are making 
HEVs with comparable performance, safety, and cost because they know that these three 
elements are most important to consumers.  
 
Also by combining chemical power with electric power, it is important to note that hybrids 
will offer the same or greater range than traditional combustion engines have. HEVs are 
able to operate approximately two times more efficiently than conventional vehicles. For 
example, Honda's Insight is able to go 700 miles on a single tank of gas [7] and the Toyota 
Prius can cover about 600 miles [8]. For the driver, hybrids offer similar or better 
performance than conventional vehicles. More importantly, because such an option is 
available now, hybrids are a practical way for consumers to choose a cleaner transportation 
mode today.  
 



Technology Evaluation of Hydrogen Light-Duty Vehicles 
_______________________________________________________________________ 

7 

The main advantages of HEVs over conventional vehicles are as follows:  
 

• Regenerative braking capability helps minimize energy loss and recover the 
energy used to slow down or stop a vehicle.  

• Engines can be sized to accommodate average load, not peak load, which reduces 
the engine's weight.  

• Fuel efficiency is greatly increased (hybrids consume significantly less fuel than 
vehicles powered by gasoline alone).  

• Emissions are greatly decreased, and  
• HEVs can reduce dependency on fossil fuels when running on alternative fuels.  

 
 1.3.3.2 Hybrid vehicles families 
 
There are many HEV configurations and design options available. These can be grouped 
in three categories: series (range-extending HEVs), parallel (power assist HEVs), and 
dual-mode HEVs. The main characteristics of each category are presented next. 
 
Series hybrid 
 
In a series HEV, an electric generator, coupled with an engine, supplies electricity to the 
motor to propel the car and to the batteries when they need to be recharged. Generally, 
the engine/generator set keeps the battery charged between 60-80%. When the battery 
reaches its lower limit, the power unit starts. Similarly, when the battery reaches its upper 
limit, the engine shuts off. Figure 5 provides an example of a series engine hybrid electric 
vehicle. 
 
The main interest of this configuration is that engine and vehicle speeds are decoupled 
and only the electric motor is connected to the wheels. The engine does not need to speed 
up or slow down as the load varies. As a consequence, the engine can run at optimum 

Figure 5: Series engine hybrid electric vehicle [9]. 

 
performance (best engine efficiency area) greatly improving the fuel economy. Moreover, 
the engine never idles, thus reduces the overall emissions. However, because the motor is 
the only one connected to the wheels and the engine/generator set is sized for sustained 
grade ability, this configuration requires large batteries, motor and engine. The 
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engine/generator set can be replaced by a fuel cell, in which case the configuration is 
called hybrid fuel cell vehicle. 
 
Due to the component size, a series hybrid vehicle is heavy and thus this configuration is 
used for trucks or buses rather than for cars, as the mass penalty is less important for 
large vehicles than for smaller ones. 
 
Parallel hybrid 
 
Parallel hybrids have mechanical connections to the wheels from both the electric motor 
and the engine. The motor can be located anywhere between the output engine shaft and 
the wheels. These vehicles do not need a dedicated generator as the electric motor can be 
used as a generator to recharge the batteries. In a parallel HEV, the electric motor can 
assist the engine during start-up and acceleration. Figure 6 shows an example of a parallel 
hybrid electric vehicle. 
 
 

Figure 6: Parallel hybrid electric vehicle [9]. 

 
Because the electric motor and the engine are both coupled directly to the wheels, they 
can share the power during accelerations. Therefore, it is possible to downsize both the 
engine and the motor compared to series hybrids (the vehicle mass is then decreased). It 
is also possible to increase the hybridization degree by downsizing the engine and 
upsizing the motor. For some configurations, the engine can operate close to its best 
efficiency curve while, the motor assists it or recharges the battery. 
 
Dual-Mode Hybrid 
 
Dual mode hybrids combine the best aspects of both series and parallel hybrids to create 
an extremely efficient system. 
 
As shown in Figure 7, this system divides the engine power along two paths: one goes to 
the generator to produce electricity and the other goes through a mechanical gear system 
to drive the wheels. In addition to this, a regenerative system uses the kinetic energy of 
deceleration and braking to produce electricity, which is stored in the battery. 
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The main components of this configuration are: a power split device (transmission), an 
electric motor, a generator and an engine. According to the situation, all these elements 
 

 

Figure 7: Dual mode hybrid electric vehicle [9]. 

 
operate differently. Indeed, the engine is not always ON and the electricity from the 
generator may go directly to the wheel to help propelling the car, or go through an 
inverter to be stored in the battery. The different possibilities are the following: 

 
• When starting out, moving slowly or when the state of charge of the 

battery is high enough, the engine is not efficient, so it is turned OFF and 
the motor alone propels the car. 

• During normal operation, the engine power is split, with part going to 
drive the vehicle and part being used to generate electricity. The electricity 
goes to the motor, which assists in propelling the car. The generator acts 
as a starter to activate the engine. 

• During full throttle acceleration, the battery provides extra energy. 
• During deceleration or braking, the motor acts as a generator, transforming 

the kinetic energy of the wheels into electricity. 
 
The most known example of this configuration is the Toyota Prius.  
 
 1.3.3.3 Fuel cell vehicles 
 
Fuel cell technology 
 
Developed in the 1960’s for the space program, fuel cells generate electricity directly by 
chemically combining stored hydrogen with oxygen, producing hot water as a by-
product. The process is essentially the reverse of electrolysis, where electricity is used to 
split water into hydrogen and oxygen. 
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A fuel cell consists of two electrodes sandwiched around an electrolyte (Figure 8). 
Oxygen passes over one electrode and hydrogen over the other, generating electricity, 
water and heat. Hydrogen is fed into the anode (negative pole where fuel is oxidized) of 
the fuel cell. Oxygen (or air) enters the fuel cell through the cathode (positive pole 
needed for reduction process of air or oxygen). A catalyst at the anode (usually based 
upon platinum-family elements) causes hydrogen atoms to give up their negatively 
charged electrons, leaving positively charged protons. 

 

 

  
Figure 8: Fuel cell principle [10]. 

 
Negatively charge oxygen ions (from ionized oxygen gas) at the cathode side attract the 
hydrogen protons. As the protons pass selectively through a semi-permeable solid 
electrolyte membrane (in the most common fuel cell type), the remaining electrons are 
redirected to the cathode by way of an external circuit, thus producing current that power 
an electric motor or charges a battery. The electrons combine with the hydrogen protons 
and oxygen ions at the cathode forming the fuel cell’s major byproduct, water. The other 
principal end product is heat, which can be captured and reused, or released. 

 

Individual fuel cells produce approximately 0.6 volt and are combined in stacks to 
provide the right amount of electrical power. The major fuel cell configurations are 
identified by the type of electrolyte used in each, which in turn determines the mobile ion 
species responsible for the cell reaction mechanism. 

 
Table 1 presents different kinds of fuel cells and their applications. 
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Hydrogen as a fuel 
 
Hydrogen gas is very diffuse, requiring more volume than gasoline or natural gas to store 
a given quantity of energy. Indeed, hydrogen density is very low (18 kg/m3 instead of 749 
kg/m3 for gasoline or 835 kg/m3 for diesel).  
 
 
 
 

Fuel cell type Mobile 
Ion 

Temperature Applications 

Alkaline OH- 50-200 °C Space (300W to 5kW). 
 

Proton Exchange 
Membrane 
(PEFC) 

H+ 50-100 °C Automotive (because of its quick 
startup). Range from 1 to 250kW. 
 

Phosphoric Acid 
(PAFC) 

H+ ~ 220 °C Large vehicles (buses, Loco) or 
small stationary power generation. 
Output up to 200Kw. 
 

Molten carbonate CO3
2- ~ 650 °C Large stationary application (from 

10kW to 2MW). 
 

Solid Oxide 
(SOFC) 

O2- 500-1000 °C Big, high power applications (central 
electricity generating stations). 
 

 

Table 1: Fuel Cell Types. 

 
The best option today is to compress hydrogen to at least 5,000 psi (340 atmospheres or 
34.5 MPa) and store the hydrogen in carbon fiber-wrapped composite tanks. The carbon 
fiber provides extraordinary strength. Even with compression to 5,000 psi, a compressed 
hydrogen tank would require approximately 9.6 times as much volume as a gasoline tank 
for the same quantity of energy. Fortunately, the fuel cell does not need as much energy 
as a gasoline ICE. Indeed, hydrogen Lower Heating Value (LHV) is of the order of 120 
MJ/kg compared to 43 MJ/kg for gasoline and 42.5 MJ/kg for diesel. 
 
It should be noted that just comparing fuel storage volumes does not provide the full 
picture. A Fuel Cell Vehicle (FCV) would replace the internal combustion engine, 
catalytic converter system, transmission, fuel tank and related components of a 
conventional car with electric motors, the fuel cell stack, hydrogen tanks, inverter and 
power control electronics and related components for humidification and air 
pressurization. The appropriate question is whether all of these FCV components can be 
placed in a motor vehicle without encroaching into the passenger or trunk space. 
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Direct hydrogen fuel cell vehicles are true ZEVs, producing no local emissions, but the 
total well-to-wheels greenhouse gas (GHG) emissions depend on the source of the 
hydrogen. Indeed, hydrogen is rarely at its natural state, and thus it has to be produced 
from another energy source. Several sources can generate hydrogen, namely: 
 

• Renewable sources such as wind, sun, biomass or hydroelectricity 
• Natural gas, and 
• Electric power stations (nuclear, coil, oil…). 

 
Greenhouse gases can be virtually eliminated if the hydrogen were generated by 
renewable sources. This is the ultimate goal of the hydrogen economy. 
 
Fuel cell vehicles 
 
Only two families of fuel cell vehicles exist: vehicles propelled by the fuel cell only, and 
hybrid fuel cell vehicles (fuel cell and energy storage). A fuel cell only vehicle is in fact 
an electric vehicle where the energy storage is replaced by a fuel cell.  
 
In hybrid fuel cell vehicles (Figure 9), fuel cell and batteries are connected in parallel to 
provide electricity to the motor. The advantage of this solution, in comparison to the fuel 
cell only vehicle, is the ability to recuperate braking kinetic energy. During deceleration, 
the energy storage is recharged and as a consequence, it can provide power when the fuel 
cell is warming up or when it is not able to give the desired power (high transients). 

 

 
Figure 9: Hybrid fuel cell vehicle [11]. 

 

1.4 Study Objectives 
 
The main objective of this study was to evaluate the impact of advanced technologies on 
the fuel economy under various driving cycles. Such technologies include conventional 
vehicle configurations with hydrogen ICE; power split with Otto and Atkinson cycles; 
fuel cell only, and fuel cell hybrid configurations. Driving cycles considered include 
US06, FHDS, FUDS, and combined cycles. The purpose of the analysis is to compare the 



Technology Evaluation of Hydrogen Light-Duty Vehicles 
_______________________________________________________________________ 

13 

various options and identify those that demonstrate the best potential for future 
implementation. 
 
Moreover, a parametric analysis is performed to evaluate the impact of vehicle 
characteristics on the performance of a hydrogen-fueled internal combustion engine 
(ICE) vehicle in terms of fuel efficiency and engine efficiency for various driving cycles. 
The results of the analysis are used to determine the parameter values that yield the best 
results.  
 
Simulation modeling is used in order to perform the analysis.  A review of available 
vehicle simulation software packages was performed to determine appropriate tools for 
addressing the research objectives and summarized next. 
 

1.5 Review of Available Vehicle Simulation Software 
 
1.5.1 Advanced Vehicle Simulator (ADVISOR) 
 
The Advanced Vehicle Simulator (ADVISOR) developed by AVL is a hybrid electric 
vehicle (HEV) simulation model written in a widely used software environment called 
Matlab/Simulink. This tool tests the impact of changes in vehicle components, such as 
climate control systems, alternative fuels, or other modifications, that might impact fuel 
economy. The user can alter simulation results by selecting vehicle component types, 
sizes, and parameters. 
 
Currently, ADVISOR is being used successfully by many organizations, is continuously 
fed up-to-date component test data through users and university validation efforts, and 
has the flexibility to model specific components and vehicle configurations. The 
simulation tool can be used for conventional, advanced, light, and heavy vehicles. The 
capability to quickly perform parametric and sensitivity studies for specific vehicles is an 
important feature of ADVISOR [12].  
 

1.5.2 Texas A&M University, V-Elph 2.01 
 
This simulation and modeling package developed at Texas A&M University facilitates 
in-depth studies of electric vehicle and hybrid electric vehicle configurations or energy 
management strategies through visual programming by creating components as 
hierarchical subsystems that can be used interchangeably as embedded systems. V-Elph 
is composed of detailed models of three major types of components: electric motors, 
internal combustion engines, and batteries. Moreover, it models support components that 
can be integrated to model and simulate drive rains having all electric, series hybrid, and 
parallel hybrid configurations. V-Elph was written in the Matlab/Simulink language [13].  
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1.5.3 Lawrence Livermore National Laboratory (LLNL) 
 
LLNL used its experience in computer code development, cost/benefit and decision 
analysis, and testing to develop a hybrid vehicle evaluation code. The model can be used 
to simulate a variety of vehicle types and components. The code can predict fuel 
economy and emissions for the Environmental Protection Agency (EPA) Urban and 
Highway driving schedules, as well as hill climbing ability and acceleration times.  
 
The model can simulate pure electric or series hybrid vehicles. In a series hybrid vehicle, 
the chemical energy of the fuel is first converted to electrical energy. The electrical 
energy is then either stored or transferred as needed to the electric drive motor. Different 
engine-generator units or fuel cells can be specified for generating electricity from 
various fuels. Batteries, flywheels, or ultra capacitors can be specified to store the 
electrical energy. An electric propulsion motor can be selected from the different types 
available. Experimental components can also be incorporated to the code if an 
engineering model is supplied.  
 
The code estimates weight and volume for power train components, mileage on the EPA 
Federal Urban and Highway Driving Cycles, acceleration and hill climbing performance, 
and emissions. The model includes regenerative braking and is useful for sensitivity 
analysis on components performance. The code has been applied to many vehicles, 
including electric vehicle prototypes, a hydrogen concept car, electric buses, hybrid 
trains, and a natural gas vehicle. The code has also been used to optimize vehicles for 
high fuel economy and low emissions.  
 
Applications of the LLNL code include battery electric vehicles, flywheel vehicles, 
battery-Flywheel hybrid vehicles, Engine-Generator-Flywheel vehicles, Engine-
Generator-Battery hybrid vehicles, Fuel Cell-Flywheel hybrid vehicles, Fuel Cell-Battery 
hybrid vehicles, and Fuel Cell vehicles [14]. 
 

1.5.4 AirCRED 
 
AirCRED was developed by Argonne National Laboratory (ANL) and is a graphical user 
interface-based calculation model. It is designed to provide an easy, straightforward way 
to sum the values of ozone precursor emission reduction credits with Voluntary Mobile 
Source Emission Reduction Program (VMEP) credits. The latter are given for other local 
voluntary strategies and programs earned pursuant to the U.S. Environmental Protection 
Agency's (EPA's) October 1997 guidance about VMEP initiatives. AirCred is based on 
EPA's MOBILE5b model, in combination with emission test certification data for new 
vehicles and their gasoline- or diesel-fueled counterparts. 
 
The model starts with the MOBILE5b-computed emission factor (by vehicle type) 
appropriate to midsummer, ozone-season conditions in each major city (about 60 
different values are available). The "clean gap" between the certification test emissions 
by alternative fuel vehicles (AFVs) and their conventional counterparts of non-methane 
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hydrocarbon (NMHC), carbon monoxide (CO), and nitrogen oxides (NOx) determines the 
magnitude of the credit (in grams per mile [g/mi]) that can be taken for AFV driving in 
each city, relative to MOBILE5b's emission rates [15]. 
 

1.5.5 Greenhouse Gases, Regulated Emissions, and Energy Use in 
Transportation (GREET) 

 
The Greenhouse Gases, Regulated Emissions, and Energy use in Transportation model 
(GREET) is a fuel-cycle model that allows researchers to evaluate various engine and 
fuel combinations on a consistent fuel-cycle basis. To address technology improvements 
over time, GREET separates fuels and vehicle technologies into near- and long-term 
options. The latter are assumed to have improved energy and emission performance 
compared with the former. GREET was developed as a multidimensional spreadsheet 
model in Microsoft Excel by ANL. 
 
More than 100 organizations are using GREET, including government agencies, the auto 
industry, the energy industry, research institutes, universities, and public interest groups. 
GREET users reside in North America, Europe, and Asia [16].  
 

1.5.6 MARVEL 
 
MARVEL performs least-life-cycle-cost analyses of battery/heat engine/hybrid vehicle 
systems to determine the combination of battery and heat engine characteristics for 
different vehicle types and missions. Simplified models are used for the transmission, 
motor/generator, controller, and other vehicle components, while a rather comprehensive 
model is used for the battery. Battery relationships available include the Ragone curve, 
peak power versus specific energy and depth-of-discharge (DOD), cycle life versus 
DOD, effects of battery scale, and capacity recuperation due to intermittent driving 
patterns. Energy management in the operation of the vehicle is based on the specified 
mission requirements, type and size of the battery, allowable DOD, size of the heat 
engine, and the management strategy employed. Several optional management strategies 
are available in MARVEL.  
 
The program can be used to analyze a pure electric vehicle, a pure heat engine vehicle, or 
a hybrid vehicle that employs batteries as well as a heat engine. Cost comparisons for 
these vehicles can be made on the same basis. Input data for MARVEL are contained in 
three files generated by the user using three preprocessors which are included. MVDATA 
processes vehicle specification and mission requirements information, while MBDATA 
creates a file containing specific peak power as a function of specific energy and DOD, 
and MPDATA produces the file containing vehicle velocity specification data based on 
driving cycle information [17]. 
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1.5.7 Powertrain System Analysis Toolkit (PSAT)  
 
PSAT is a vehicle simulation model developed by Argonne National Laboratory (ANL) 
and written in Matlab/Simulink. The software allows the user to simulate a variety of 
vehicular models, including conventional vehicles, battery electric vehicles, fuel cell 
electric vehicles, parallel hybrid vehicles, series hybrid vehicles (engine and fuel cell), 
and power split vehicles. PSAT allows users to simulate an unrivaled number of 
predefined configurations. PSAT, is a forward-looking model, that can be used for 
several purposes including the calculation of fuel consumption and vehicle performance 
such as maximum acceleration, time to accelerate from 0-60 mph, 0-85 mph , 40-60 mph, 
maximum launch grade, and maximum grade sustainability at 55 mph. 
 
Moreover, PSAT offers the possibility to build the drive train models and choose each 
component model to be used. This allows the users to easily implement their own 
detailed component models to study more precisely the behavior of this component 
within the system.  The same logic can be followed concerning control strategies or 
shifting logic.  More specifically, PSAT allows users to: 
 

• Select the best drive train configuration for specific customers expectations;  
• Develop advanced control strategies that can later be implemented in a vehicle; 
• Optimize the system as far as component sizes and control;  
• Integrate advanced transient component models; and 
• Run parametric studies by changing component parameters or cycle choices. 

 
PSAT is flexible and reusable. The drive train configurations in PSAT are built leading to 
unrivaled number of predefined configurations. Each component model is composed of 3 
inputs and 3 outputs allowing users to choose different level of modeling depending upon 
the simulation to be realized. The power train controller is composed of 3 blocks. Users 
have the possibility to compare different control and shifting algorithms within the same 
model. Each simulation is saved and users have the possibility to rerun the exact 
simulation. Component parameters, models, and files are named following a defined 
nomenclature. PSAT also provides an easy to use Graphical User Interface [18]. 
 

1.6 Simulation Model Selection 

A fuel cell vehicle model has to be physically and mathematically sound. All relevant 
physical effects have to be considered and the model should stand on solid mathematical 
ground. Unless these two conditions are fulfilled one cannot rely on the results. In 
addition to soundness, the scope of the model should also be complete. Complete in this 
context means that it should enable the simulation of different types of vehicles (hybrids, 
non hybrids, and different forms of hybrids) and fuel cell systems for different fuels. The 
resolution of the modeling effort should also be high enough to capture all the effects of 
interest. Also a fuel cell vehicle model has to be flexible enough to incorporate new 
trends and technologies without the need to start from the beginning. From a practical 
point of view, the necessary input data have to be available, the validation of the model 
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should be possible, and the model should support its use as well as the issue of program 
maintenance.  

Close consideration of these requirements and available vehicle simulation software 
capabilities led to the selection of PSAT as the best candidate for the analysis to be 
performed in this study.  PSAT allows the users to modify the existing strategies or 
implement new ones, and develop and compare various control strategies.  Moreover, 
when considering the impact of control on HEV, this capability is vital and allowed by 
the forward-looking philosophy.  Forward modeling (driver-to-wheels) more realistically 
predicts system dynamics, transient component behavior, and vehicle response. 
 

Because PSAT allows realistic control strategy development, the controls can be later 
implemented in a microcontroller and used to control real components on a bench or in a 
vehicle.  Finally, PSAT also allows parametric study as users can change the value of any 
parameter or any cycle. 
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2 PSAT Description 
 
2.1 Forward-looking model software 
 
The Powertrain System Analysis Toolkit (PSAT) is an advanced vehicle powertrain 
simulation software. PSAT was initiated by the United States Council for Automotive 
Research (USCAR) in 1995. It was formed by three companies namely, DaimlerChrysler, 
Ford, and General Motors (GM). In 1999, it was redesigned by ANL to meet the needs of 
DOE’s integrated analysis, hardware-in-the-loop and validation activities. The software 
builds a complete vehicle model using generic component models including motor, 
engine, transmission or battery. 
 
The vehicle model architecture is “forward-looking”, meaning that component 
interactions are “real world”. The speed and torque calculations are done from the driver 
to the wheels. PSAT is called a command-based model. The user estimates the necessary 
torque to be at the desired speed by sending real commands to the components such as 
throttle for engine, displacement for clutch, gear number for transmission or mechanical 
braking to the wheel model. In a way, the user can model a driver who follows a pre-
defined speed cycle. Moreover, as components react as in reality to the commands, one 
can implement advanced component models, take into account transient effects or 
develop realistic control strategies.  
 
On the other hand, in a backward looking model, components cannot be controlled as in 
reality. The desired vehicle speed goes from the vehicle model to the other components to 
finally find out how each component should be used to follow the speed cycle. Because 
of this model organization, one can only use quasi-steady models (transient effects such 
as engine starting, clutch engagement/disengagement, or shifting can not be taken into 
account). No accurate control application is then possible with a backward looking 
model.  
 
To be able to study transient effects and interaction between components with accurate 
control commands, ANL has developed PSAT as a forward-looking model.  
 
2.2 Component models organization 
 
All the component models used by PSAT are stored in libraries. To easily exchange the 
models and implement new ones, a common format, based on Bond Graph, is used 
between the input/output of the power ports, as shown in Figure 10.  
 
The first ports are used for the information:  
 

• Input: components commands (on/off engine, gear number, etc.) 
• Output (sensors): simulated measures (torque, rotational speed, current, voltage, 

etc.) 
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Figure 10: Formalism of the models I/O using Bond Graph. 

 
The second ports carry the effort (i.e., voltage, torque) and the last ones, the flow (i.e., 
current, speed). 

 

When configuration models and initialization files are selected, the user first opens the 
model libraries, then imports the component and finally builds the complete powertrain 
by linking the components accordingly to user’s choice.  

 
As an example, it is interesting to look at a PSAT parallel configuration model to 
understand the interest of the use of a library and standard format (Figure 11). 

 
The driver sends an accelerator or brake pedal command to the vehicle powertrain 
controller, which is in fact the brain of the vehicle as it sends commands to the rest of the 
drivetrain and decides what is the best blending between the engine and the motor, when 
and how do we start the engine, etc. 
 
Indeed, the powertrain controller will ask for some torque to the electric motor, a throttle 
command to the engine, a displacement command to the clutch, a gear number to the 
transmission and a mechanical brake command to the wheels. 
 
Then, the mechanical power from the engine and the electrical power from the motor via 
the battery are summed. In fact, both of those powers, mechanical and electrical are used 
to propel the vehicle. 
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Figure 11: Starter-alternator parallel configuration in PSAT. 

 
 
2.3 Control strategy organization 
 
PSAT powertrain controllers, in charge of commanding the different components, have a 
generic structure common to all configurations, as shown in Figure 12 below: 
 

Information

Driver

Constraints Strategy Transients

Command

 
 

Figure 12: PSAT controller architecture. 
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• Constraints block: By using the accelerator pedal and the information (sensors) 
coming from the component models, the constraints of the system such as the 
maximum available torque of the engine can be evaluated. 

• Strategy block: Then those limits are used to define the optimized control 
strategy, which decides the best way to command the components of the 
powertrain to minimize fuel consumption and emissions. 

• Transient block: Finally, the transients are taken into account by defining the 
actions to do in order to satisfy the control strategy demands. For instance, if the 
control strategy decided to shift gear with a manual transmission, one would have 
to cut off the engine ignition, declutch, engage the neutral gear, engage the new 
gear, clutch and inject once again. These steps have to happen successively and 
lead to a modification of the command previously sent by the control strategy. 

 

The outputs of the transient block (powertrain controller outputs) go to a conditioning 
block (component control unit), which calculates the commands that will be sent to the 
components.  

 

2.4 Graphical User Interface (GUI) 
 

PSAT includes more than 300 predefined configurations, including conventional 
vehicles, parallel hybrids, series hybrids, fuel cell hybrids, power split hybrids and series-
parallel hybrids. The wide range of configurations proposed in PSAT allows users to 
choose the most appropriate configuration related to their requirements. 

 

In PSAT, different steps are necessary to perform a simulation. The steps are described 
next. 
 
• Define the powertrain 
 
This tab allows the user to build his vehicle. First, he/she chooses the configuration 
among conventional, parallel, series, fuel cell hybrids vehicles, then the components and 
their characteristics. For each component, there are: 

 

 Several versions, which correspond to different technologies such as automatic 
or manual gearbox for the transmission 

 Several types such as spark ignition and compressed ignition for the engine, and 
 Several initialization files 

 

For a particular version and type, many initialization files can be available to give a 
choice for the component size. Even if the size expected is not available in the list, one 
can scale the components. 
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Once the vehicle is defined, it is possible to modify some parameters, such as the vehicle 
mass, or the initial battery state of charge. 

 
• Select the type of simulation 
 
The interface also allows the user to select his control strategy and its parameters. He can 
choose between a performance test, a standard cycle, a combination of cycles or a 
parametric study. When the selection is done, the simulation can start. 

 

• Analyze the results 
 
This tab contains the results of the simulation. All the data calculated either in the models 
or in the strategy are accessible. They can be plotted, analyzed and compared. The fuel 
economy is also determined from the fuel rate, the initial and final states of charge are 
given as well as component efficiencies. It is even possible to replay the simulation in 
order to better understand one part of the cycle or to compare simulation with test data for 
example. 

 
A picture of the interface is provided in Figure 13 below. 
 
 

 
 

Figure 13: PSAT GUI - Component selection. 
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3  Simulation Analysis 

3.1  Description 
 
This study analyzed candidate hydrogen-fueled vehicles for near and long-term use in 
terms of their efficiency, performance, and emissions.  Various types of hydrogen-fueled 
vehicles were assessed, from currently available technology to technologically feasible 
future vehicle technologies.  These technologies include: hythane- and hydrogen-fueled 
internal combustion engines (ICEs); hydrogen-fueled hybrid electric propulsion, and 
direct hydrogen fuel cells.    
 
The hydrogen-fueled ICE, hybrid and fuel cell vehicles were modeled and simulated 
using Argonne’s vehicle simulation model PSAT.  Vehicle sizes and configurations 
consistent with the available component models/data were simulated to compare 
efficiency and emissions with baseline conventional vehicles. The simulations provided 
detailed results on the vehicle characteristics, performance, efficiency, and emissions 
profiles as functions of operating conditions on standard driving cycles.   

3.1.1  Hypothesis 
 
A compact vehicle platform was selected for the study. The reference vehicle 
characteristics are described in Table 2: 

 
Component Parameter Value 

Power (kW) 107 Gasoline Engine 
Peak efficiency (%) 0.34 

Automatic Transmission Ratios 2.8,1.5,1,0.7 
Tire Radius (m) 0.31 

Frontal Area (m2) 2.06 
Drag Coefficient 0.31 

Vehicle 

Test Mass (kg) 1371 
 

Table 2: Reference Vehicle Characteristics. 

 
Several additional powertrain configurations have been developed to study the impact of 
advanced technologies on the fuel economy, including 
 

- Conventional with hydrogen ICE 
- Power split with Otto and Atkinson cycles 
- Fuel cell only, and 
- Fuel cell hybrid 

 
Each configuration details are provided in Appendix 1. 
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3.2 Methodology Assumptions 
 
Several studies have emphasized the need for a defined set of rules that should be 
adopted to ensure a fair and consistent assessment. To fulfill the recommendations, the 
following hypotheses have been made: 
 

• The components of each configuration have been sized to achieve performance 
similar to that of the reference vehicle (0–60 mph in 10 s +/-0.2 s and maximum 
speed >100 mph). Other studies [19] took the approach of keeping a constant 
powertrain-specific power, but this does not adequately consider the different 
torque characteristics of each component technology. 

• The results for a powertrain configuration or technology are dependent on the 
driving schedule; each of the 6 options have been simulated on the Urban 
Dynamometer Driving Schedule (UDDS), the Highway Fuel Economy Driving 
Schedule (FHDS) and the US06. 

• Powertrain efficiencies have been provided to remove the influence of powertrain, 
vehicle weight, and body structures. 

• Several hybrid technologies have been taken into account to demonstrate the 
different benefits that can result from each technology. 

• No cold start has been taken into account, either for the configurations with an 
engine or fuel cell. 

• Each cycle is run with a State-Of-Charge (SOC) Correction algorithm for the 
hybridized vehicles to ensure a charge sustaining control. 

 

3.3 Parametric Analysis 

3.3.1 Methodology 
 
The purpose of this analysis is to determine the impact of vehicle design characteristics 
on the performance of a hydrogen fueled vehicle to evaluate the uncertainties related to 
future technologies.  The simulations were performed using a conventional vehicle.  A 
parametric study was performed on the following parameters: 
 

• Vehicle mass : 1800, 2000, 2200, 2400, 2500, 2600, 2800, and 3000 (kg)  
• Drag coefficient varied from  0.45 to 0.54 with 0.03 increments 
• Wheel radius varied from 0.36 m to 0.40 m with 0.01 increments 
• Final drive ratio varied between 3.5 and 4.1 with 0.1 increments. 

 
The simulations were performed on automotive industry standard drive cycles. They 
included the US06, FHDS, FUDS, and performance driving cycles. The US06 driving 
cycle represents an aggressive driving cycle with high speeds and quick acceleration. The 
FHDS driving cycle is used to simulate typical highway driving conditions, whereas the 
FUDS cycle represents driving conditions at an urban rate. In this research, the FTP75, 
which is based on a combination of FUDS and FHDS, is also considered. 
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The simulation is performed in 3 steps. First the reference vehicle characteristics are 
loaded, then the driving cycles are selected, and finally the parameters used for the 
parametric study are selected. The results from each simulation run were tabulated into a 
summary spreadsheet. PSAT allows users to automatically export the simulation results 
from Matlab to EXCEL. A total of 81 simulation runs were performed. Table 3 
summarizes the number of simulations for each parameter.  
 
PSAT offers the possibility to access the results graphically (GUI) and in text format with 
a Matlab command prompt. The simulation outputs are categorized by simulation type 
(e.g., fuel economy, performance…) and component (e.g., vehicle, engine, energy 
storage…). This study focused on the impact of hydrogen-fueled vehicle parameter 
values on fuel economy and engine efficiency. The next section summarizes the results 
from the parametric analysis. 
 

Parameter 
No. of 

Increments  
(a) 

No. of      
Driving 

Cycles  (c) 

Total No. of 
Simulations 
(a x b x c) 

Mass Of Vehicle 8 3 24 
Frontal Area 4 3 12 

Drag Coefficient 4 3 12 
Wheel Radius 5 3 15 

Final Drive 6 3 18 
  Total 81 

Table 3: Total Number of Simulations 

3.3.2 Results 
 

3.3.2.1 Impact on Fuel Economy 
 
The simulation results are presented in the following section.  The fuel economy is 
provided in miles per gallon gasoline equivalent (mpgge).  The impact of vehicle mass 
(increment of 200 kg) is presented in Table 4.  As expected, an increase in mass lead to a 
decrease in fuel economy, independently of the driving cycle.  It is interesting to notice 
an increase in average engine efficiency during the same time, which is not sufficient to 
overcome the increase in vehicle losses. 
 

      Mass  
Cycle 

1800 
 

2000 
 

2200 2400 2600 2800 3000 

FUDS 16.46 15.92 15.36 14.88 14.42 14.01 13.60 
FHDS 23.83 23.21 22.63 22.07 21.53 20.99 20.47 
Combined 19.13 18.55 17.96 17.44 16.94 16.48 16.03 
US06 19.00 18.32 17.69 17.131 16.55 16.10 15.65 

Table 4: Fuel Efficiency (miles/gal) vs. Mass of Vehicle (kg). 
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The results were plotted in Figure 14 and show that the fuel efficiency decreases linearly 
in all the cycles and there is uniform variation with almost equal slope. This is not 
surprising because lighter vehicle typically need less fuel to move around. For the same 
vehicle mass, the FHDS cycle gives the best fuel efficiency, whereas the FUDS 
demonstrates the poorest fuel efficiency compared to all other driving cycles tested. 
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Figure 14: Fuel Efficiency vs. Mass of Vehicle. 

Table 5 and Figure 15 summarize the relationship between vehicle wheel radius and fuel 
efficiency of a hydrogen fueled vehicles. When the vehicle wheel radius is varied 
between 0.36 and 0.41 in 0.01 increments, it was observed that the fuel efficiency 
increases. This was true for all the driving cycles tested in the simulation experiments.  
 

            Wheel Radius 
Cycle 

0.36 0.37 0.38 0.39 0.40 

FUDS 14.23 14.42 14.60 14.75 14.91 
FHDS 21.20 21.47 21.72 21.97 22.17 
Combined 16.70 16.92 17.13 17.31 17.50 
US06 16.45 16.65 16.83 16.93 17.08 

Table 5: Fuel Efficiency (miles/gal) vs. Mass of Vehicle (kg). 
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Figure 15 clearly shows that there is a uniform variation for all the driving cycles tested 
and the rate of increase (slope) is almost equal for all cycles. However, it should be noted  
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Figure 15: Fuel Efficiency vs. Wheel Radius. 

 
that there was an increase in fuel economy, although not a significant one, as was also the 
case of the vehicle mass above. 
 
Simulations were performed to analyze the impact of the drag coefficient on fuel 
efficiency for a hydrogen-fueled vehicle. The results are tabulated in Table 6 and are 
plotted in Figure 16.  
 

            Drag Co-eff. 
  Cycle 

0.45 0.48 0.51 0.54 

FUDS 14.63 14.55 14.48 14.41 
FHDS 21.66 21.26 20.88 20.51 
Combined 17.13 16.97 16.80 16.64 
US06 16.76 16.46 16.18 15.91 

Table 6: Fuel Efficiency (miles/gal) with Change in Drag Coefficient. 
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 Fuel Efficiency vs. Drag coefficient
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Figure 16: Fuel Efficiency vs. Drag Coefficient. 

 
When the drag coefficient is varied between 0.45 and 0.54 at 0.03 intervals, the fuel 
efficiency decreased. For the FUDS and Combined cycles the variation was small (less 
than one mile per gallon) and for FHDS and US06 cycles, the variation was slightly 
higher (over a mile per gallon).  

 
The results from simulation runs where final drive varied between 3.5 and 4.1 at an 
increment of 0.1 are summarized in Table 7 and Figure 17. It was found that the fuel 
efficiency decreased linearly. The behavior was consistent with all driving cycles tested 
and the decrease was considerable as compared to other parameter variation. 
 
 

          Final Drive   
Cycle 

3.5 3.6 3.7 3.8 3.9 4.1 

FUDS 15.05 14.83 14.63 14.42 14.20 13.97 
FHDS 22.34 22.06 21.77 21.47 21.16 20.84 
Combined 17.64 17.40 17.17 16.92 16.67 16.41 
US06 17.30 17.05 16.86 16.64 16.44 16.22 

Table 7: Fuel Efficiency (miles/gal) with Change in Final Drive 
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Fuel Efficiency vs. Final Drive
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Figure 17: Fuel Efficiency vs. Final Drive 

 
3.3.2.2 Impact on engine efficiency 

 
The effect of variation of the parameters was also tested on the engine efficiency. Engine 
efficiency is the amount of power developed as compared to the energy input which is 
measured by the heating value of the fuel consumed. Ever since the invention of the 
internal combustion engine, scientists and engineers have worked to increase its 
efficiency. As it stands now, the average internal combustion automobile engine only 
converts roughly 20% of its energy into useful motivational power. Most of the rest is 
expended through heat loss in various locations.  
 
The results from the simulation runs that show the correlation between hydrogen vehicle 
mass and engine efficiency are summarized in Table 8 and Figure 18.  It can be observed 
that when the mass of the vehicle is varied from 1800 to 3000 kg, the engine efficiency 
increased linearly. The behavior is the same in all the driving cycles tested. The US 06 
cycles gave the maximum efficiency of 31.89% for 3000 kg mass. 
 
Analysis of the impact of wheel radius on engine efficiency demonstrates that when 
wheel radius is varied between 0.36 and 0.40m, the engine efficiency increases linearly 
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           Mass      
 Cycle      1800 2000 2200 2400 2600 2800 3000 

FUDS 19.89 20.52 21.06 21.63 22.13 22.67 23.13 

FHDS 26.44 26.89 27.31 27.72 28.10 28.83 28.74 

Combined 23.17 23.71 24.19 24.68 25.12 25.75 25.94 

US06 30.56 30.91 31.20 31.47 31.55 31.77 31.89 

Table 8: Engine Efficiency (%) with Change in Mass of Vehicle (kg). 

 

Engine Efficiency vs. Mass of Vehicle
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Figure 18: Engine Efficiency vs. Mass of Vehicle. 

 
for all the driving cycles tested. As Table 9 and Figure 19 demonstrate, the US06 cycle 
gave a maximum efficiency of 31.77% for a 0.40 m wheel radius. 
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            Wheel Radius 
Cycle 0.36 0.37 0.38 0.39 0.40 

FUDS 21.29 21.66 21.82 22.04 22.28 

FHDS 27.18 27.51 27.83 28.12 28.39 

Combined 24.24 24.59 24.83 25.08 25.34 

US06 31.10 31.31 31.53 31.62 31.77 

Table 9: Engine Efficiency (%) with Change in Wheel Radius (m). 

 

Engine Efficiency vs. Wheel Radius
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Figure 19: Engine Efficiency vs. Wheel Radius. 

 
When the drag coefficient is varied between 0.45 and 0.54, the engine efficiency 
increased linearly for all the cycles, with the US 06 cycle giving a maximum efficiency of 
32.27% for a drag coefficient of 0.54. The results of the analysis are shown in Table 10 
and Figure 20, and confirm that the impact of drag coefficient on engine efficiency is 
small, compared to the impact of other parameters such as the vehicle mass. 
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                  Drag Co-eff.  
Cycle  0.45 0.48 0.51 0.54 

FUDS 21.93 22.04 22.15 22.25 

FHDS 28.02 28.33 28.62 28.91 

Combined 24.98 25.19 25.39 25.58 

US06 31.64 31.86 32.06 32.27 

Table 10: Engine Efficiency (%) with Change in Drag Coefficient. 

 

Engine Efficiency vs. Drag Coefficient
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Figure 20: Engine Efficiency vs. Drag Coefficient. 

 
Further analysis was performed to study the impact of the final drive ratio on engine 
efficiency. The results are shown in Table 11 and Figure 21. When the final drive ratio 
was varied from 3.5 to 4.0 the efficiency of the engine decreased. This was consistent in 
all the driving cycles tested. The US 06 driving cycle still gave the highest efficiency of 
32.04% at a 3.5 final drive ratio. 
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              FD Ratio  
Cycle 

3.50 3.60 3.70 3.80 3.90 4.00 

FUDS 22.48 22.16 21.87 21.55 21.24 20.92 

FHDS 28.60 28.24 27.89 27.51 27.14 26.77 

Combined 25.54 25.20 24.88 24.53 24.19 23.85 

US06 32.04 31.78 31.56 31.29 31.03 30.72 

Table 11: Engine Efficiency with Change in Final Drive. 

 

Engine Efficiency vs. Final Drive Ratio
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Figure 21: Engine Efficiency vs. Final Drive Ratio. 

 
From this study it can be concluded that hydrogen vehicles are good alternative fuel 
engines and they perform very well. The performance of the hydrogen vehicles is better 
than the regular internal combustion engines based on the engine efficiency results. 
Standard internal combustion engines convert only 20% of their energy into useful 
power. In case of hydrogen vehicles, the engine efficiency is always greater than that 
mark, registering above 30% for the US06 driving cycle. The summary of the simulation 
results from the parametric analysis are shown in Tables 12 and 13.  
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Effected          
Investigation 

Driving   
Cycle 

Linear Trend Line Correlation 
Coefficient 

FUDS y =  16.856 - 0.4754X 0.9956 
FHDS y = 24.323  - 0.555X 0.9995 
Combined y = 19.57 - 0.5164X 0.9971 

Fuel Efficiency  
vs.                 
Mass of Vehicle 

US06 y = 19.45 - 0.56X   0.9943 
FUDS y = 14.075 + 0.169X  0.9977 
FHDS y =  20.974 + 0.2439X 0.9975 
Combined y = 16.515 + 0.199X  0.9983 

Fuel Efficiency  
vs.                 
Wheel Radius  

US06 y = 16.326 + 0.154X  0.9862 
FUDS y =  14.7 - 0.073X 0.9989 
FHDS y = 22.035 -0.383X  0.9997 
Combined y = 17.295 - 0.164X  0.9999 

Fuel Efficiency  
vs.                   
Drag Coefficient  

US06 y = 17.035 - 0.283X 0.9994 
FUDS y = 15.257 - 0.21X  0.9998 
FHDS y = 22.65 - 0.2971X  0.9997 
Combined y = 17.894 - 0.2454X  0.9996 

Fuel Efficiency  
vs.                   
Final Drive Ratio 

US06 y = 17.497 - 0.2129X 0.999 

Table 12: Summary of Simulation Results - Fuel Efficiency Analysis 

 
Effected          
Investigation 

Driving 
Cycle 

Linear Trend Line Correlation 
Coefficient 

FUDS y = 19.42 + 0.5389X 0.9984 
FHDS y = 26.066 + 0.4132X  0.9733 
Combined y = 22.743 + 0.4761X  0.9927 

Engine 
Efficiency    vs.  
Mass of Vehicle 

US06 y = 30.47 + 0.2164X  0.9636 
FUDS y = 21.11 + 0.236X  0.9832 
FHDS y = 26.897 + 0.303X  0.9982 
Combined y = 24.004 + 0.2695X  0.995 

Engine 
Efficiency    vs.  
Wheel Radius  

US06 y = 30.971 + 0.165X  0.9775 
FUDS y = 21.825 + 0.107X  0.9995 
FHDS y = 27.73 + 0.296X  0.9997 
Combined y =  24.778 + 0.2015X 0.9997 

Engine 
Efficiency    vs.  
Drag Coefficient  

US06 y = 31.435 + 0.209X  0.9997 
FUDS y = 22.791 - 0.3109X 0.9998 
FHDS y = 28.975 - 0.3666X 0.9999 
Combined y = 25.883 - 0.3387X 0.9999 

Engine 
Efficiency    vs.  
Final Drive Ratio 

US06 y = 32.315 - 0.2606X  0.9977 

Table 13: Summary of Simulation Results – Engine Efficiency Analysis. 
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Statistical analysis, using t-test was performed to evaluate if the driving cycle had an 
impact on the fuel economy and engine efficiency as the vehicle mass, wheel radius, drag 
coefficient, frontal area, and final drive ratio changed. The test was performed using two 
hypotheses. Hypotheses H0 states that the means from each pair of driving cycles is not 
equal which implies that the parametric variation has an influence on the fuel efficiency 
and engine efficiency. Alternate hypothesis H1 states that the means from each pair of 
driving cycles is equal, which implies that the parametric variation has no influence on 
the fuel and engine efficiency. 
 
The probability of the mean being constant for a pair of driving cycles was measured 
using α, where the α value determined if the means of the pair of driving cycles were the 
same or not. A t-value for 95% confidence level (α = .05) is compared with the calculated 
t-value. If the calculated t-value is greater than the 95% confidence level value (t-table), 
the hypothesis is accepted. The summary of the t-test results is shown in Tables 14 and 
15 for fuel efficiency and engine efficiency respectively. In most cases, H0 was accepted,  
 
 

Simulation Comparison x1 x2 
t 
(calculated)

t (table 
for α = 
.05) 

Accept / 
Reject 

FUDS vs. FHDS 14.95 22.10 11.90 1.94 Accept 
FUDS vs. Combined 14.95 17.50 4.40 1.94 Accept 
FUDS vs. US06 14.95 17.21 3.75 1.94 Accept 
FHDS vs. Combined 22.10 17.50 7.42 1.94 Accept 
FHDS vs. US06 22.10 17.21 7.59 1.94 Accept 

Fuel 
Efficiency 
vs. Mass 
of Vehicle 

US06 vs. Combined 17.21 17.50 7.23 1.94 Accept 
              

FUDS vs. FHDS 14.58 21.71 33.90 2.13 Accept 
FUDS vs. Combined 14.58 17.11 13.69 2.13 Accept 
FUDS vs. US06 14.58 16.78 13.59 2.13 Accept 
FHDS vs. Combined 21.71 17.11 24.04 2.13 Accept 
FHDS vs. US06 21.71 16.78 20.61 2.13 Accept 

Fuel 
Efficiency 
vs. Wheel 
Radius 

US06 vs. Combined 16.78 17.11 1.81 2.13 Reject 
              

FUDS vs. FHDS 14.51 21.07 26.06 2.13 Accept 
FUDS vs. Combined 14.51 16.88 20.42 2.13 Accept 
FUDS vs. US06 14.51 16.32 9.59 2.13 Accept 
FHDS vs. Combined 21.07 16.88 15.58 2.13 Accept 
FHDS vs. US06 21.07 16.32 15.44 2.13 Accept 

Fuel 
Efficiency 
vs. Drag 
Co-
Efficient 

US06 vs. Combined 16.32 16.88 2.60 2.13 Accept 
              

FUDS vs. FHDS 14.52 21.60 25.17 1.81 Accept 
FUDS vs. Combined 14.52 17.03 10.12 1.81 Accept 
FUDS vs. US06 14.52 16.75 9.68 1.81 Accept 
FHDS vs. Combined 21.60 17.03 15.44 1.81 Accept 
FHDS vs. US06 21.60 16.75 17.27 1.81 Accept 

Fuel 
Efficiency 
vs. Final 
Drive 

US06 vs. Combined 16.75 17.03 1.14 1.81 Reject 

Table 14: Summary of Simulation Results – Fuel Efficiency Statistical Analysis. 
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Simulation Comparison x1 x2 
t 
(calculated)

t (table 
for α = 
.05) 

Accept / 
Reject 

FUDS vs. FHDS 21.57 27.72 11.01 1.94 Accept 
FUDS vs. Combined 21.57 24.65 5.23 1.94 Accept 
FUDS vs. US06 21.57 31.33 20.50 1.94 Accept 
FHDS vs. Combined 27.72 24.65 5.92 1.94 Accept 
FHDS vs. US06 27.72 31.33 9.36 1.94 Accept 

Engine 
Efficiency 
vs. Mass 
of Vehicle 

US06 vs. Combined 31.33 24.65 2.02 1.94 Accept 
              

FUDS vs. FHDS 21.82 27.81 21.96 2.13 Accept 
FUDS vs. Combined 21.82 24.82 11.78 2.13 Accept 
FUDS vs. US06 21.82 31.46 4.69 2.13 Accept 
FHDS vs. Combined 27.81 24.82 10.42 2.13 Accept 
FHDS vs. US06 27.81 31.46 14.95 2.13 Accept 

Engine 
Efficiency 
vs. Wheel 
Radius 

US06 vs. Combined 31.46 24.82 29.65 2.13 Accept 
              

FUDS vs. FHDS 22.09 28.47 31.38 2.13 Accept 
FUDS vs. Combined 22.09 25.28 21.79 2.13 Accept 
FUDS vs. US06 22.09 31.95 65.07 2.13 Accept 
FHDS vs. Combined 28.47 25.28 12.05 2.13 Accept 
FHDS vs. US06 28.47 31.95 14.34 2.13 Accept 

Engine 
Efficiency 
vs. Drag 
Coefficient 

US06 vs. Combined 31.95 25.28 32.58 2.13 Accept 
              

FUDS vs. FHDS 21.69 27.68 16.32 1.81 Accept 
FUDS vs. Combined 21.69 24.69 8.52 1.81 Accept 
FUDS vs. US06 21.69 31.40 31.15 1.81 Accept 
FHDS vs. Combined 27.68 24.69 7.86 1.81 Accept 
FHDS vs. US06 27.68 31.40 10.80 1.81 Accept 

Engine 
Efficiency 
vs. Final 
Drive 

US06 vs. Combined 31.40 24.69 20.56 1.81 Accept 

Table 15: Summary of Simulation Results – Engine Efficiency Statistical Analysis 

indicating that the driving cycle has an impact on fuel efficiency and engine efficiency. 
The tests where the alternative hypothesis is accepted are identified in bold italics.  From 
all parameters tested, vehicle mass appears to have the greater impact on fuel efficiency 
and engine efficiency.  
 
It should be noted that validation of the simulation model with field data was desirable 
but not feasible due to lack of field data availability. Still the findings of this study are of 
value as the PSAT model has been previously tested and validated successfully and is 
extensively used for simulation analyses by the automobile industry. Some examples of 
validation are [20]: 
 

• Ford Taurus 97 3.0L V6 has been validated within limits of test capabilities (1% 
fuel efficiency, 10% emissions). 
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•  Japan Prius and Honda Insight fuel economy and SOC validated within 5% for 
several driving cycles. 

• Ford P2000 validated within 5% for fuel economy and SOC.  
• Japan Prius, Honda Insight and Ford P2000 validations have been realized with 

the Advanced Powertrain Research Facility (APRF) Data. 
 
With these factors in view, the results obtained from this research can be trusted and may 
be used for future comparisons between the performance of hydrogen vehicles and other 
vehicles (conventional, fuel cell, hybrid etc.) based on simulation and field studies. 
 

3.4 Fuel Economy Results 
 

3.4.1 Powertrain Comparison 
 
Figure 22 details the fuel economies for the different configurations on the combined 
cycle (including UDDS and FHDS).  Note that substantial gains can be achieved through 
hybridization both for conventional and fuel cell vehicles. The hybrid fuel cell 
configuration combines high fuel-cell-system efficiency and regenerative braking to 
achieve the highest fuel economy (62.8 mpg). However, it is important to note that, based 
on current technologies, ICE HEVs achieve higher fuel economy than fuel cell 
configurations. Comparable results are obtained with fuel cell HEV. This is primarily due 
to the high power density of fuel cell systems. 
 
In addition, it can be seen that current hydrogen ICE technology would require 
hybridization to be competitive with gasoline ICE due to a lower power density. Indeed, 
for conventional vehicles, hydrogen ICEs achieve not only lower fuel economy, but also 
slower acceleration. When hybridized, hydrogen ICE configurations achieve comparable 
fuel economy than their gasoline counterparts.  Consequently, they can be considered as a 
bridge to achieve hydrogen economy. 
 
The detailed results are provided in Appendices 2 and 3. 
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Figure 22: Fuel Economy - Combined Cycle. 

 
Figure 23 illustrates the energy loss repartition per component for the FUDS cycle.  
Notably, for ICE configuration, the losses are mostly due to the engine (up to 78% for 
conventional configurations). Consequently, it is natural to see an increase in fuel 
economy when (a) the engine is less used as it is the case for HEVs or (b) it is replaced 
by a more efficient component such as fuel cells. 
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Figure 23: Energy Loss Repartition - FUDS Cycle. 

 

3.4.2 Drive Cycle Influence 
 
The results differ as a function of the driving schedule. Figure 24 compares the efficiency 
results of the power split Atkinson ICE hybrid and the reference vehicle for various 
cycles. The cycles with low power demand (low speed or steady-state operations) appear 
to be the best suited for hybrid operations. The US06 cycle, which is the most transient of 
the five, is consequently the least effective for HEV applications. 
 
These results are logical considering the sources of savings for hybrid vehicles: 
regenerative braking, no engine idling, and better powertrain efficiency at low power 
demands. Transient drive cycles with low average vehicle speed are best suited for hybrid 
vehicles. Therefore, the hybrid's fuel economy gains on the Highway or US06 cycle are 
less than for the Urban. 
 
Studies by Santini [21] pointed out that on a fixed time budget, vehicle miles traveled by 
vehicle vary inversely with the average driving speed. In other words, personal vehicles 
based in congested urban areas may accumulate fewer miles of driving per year than 
suburban-based vehicles. Thus, owners of hybrid vehicles living in congested areas may 
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drive less than hybrid owners living in suburban area, nullifying the large fuel economy 
advantage they hold over comparable conventional vehicles. 
 
Figure 25 shows the implications associated with the fuel used, assuming the vehicles are 
driven the same number of hours per day, by showing the ratio of gallons used per 10 
hours compared to the reference vehicle. The error bars are used to show the range for all 
the cycles considered (FUDS, FHDS, US06). The difference between drive cycles is not 
of great importance anymore. By analyzing the results of each cycle, one can see that 
some cycles, which had low improvements in fuel economy ratio compared to the 
reference (US06 as example), lead to significant savings in fuel. 

Figure 24: Fuel Economy Ratio - All Cycles. 
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Figure 25: Ratio of gallons of fuel used for 10 hours driving. 

 

3.5 Potential Technology Evolution 
 
On January 9, 2002, the Secretary of the U.S Department of Energy and senior executives 
of DaimlerChrysler, Ford, and General Motors announced the FreedomCAR Partnership. 
This plan replaces the PNGV partnership. The CAR in FreedomCAR stands for 
Cooperative Automotive Research, and the “Freedom” principle is framed by: 
 

• Freedom from petroleum dependence 
• Freedom from pollutant emissions 
• Freedom for Americans to choose the kind of vehicle they want to drive, and to 

drive where they want 
• Freedom to obtain fuel affordably and conveniently 

 
The vision of the FreedomCAR Partnership is the achievement of vehicles and fuels that 
lead to a clean and sustainable energy future. Fuel cell vehicles running on hydrogen 
made from clean, renewable sources of energy offer a promising pathway toward 
achieving this vision and could more than double the energy efficiency of today’s 
vehicles while emitting only water at the tailpipe. 
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A major thrust of the partnership is to develop and validate the technologies necessary to 
enable mass production of affordable hydrogen-fueled fuel cell vehicles. Additionally, 
FreedomCAR will address technology barriers that hinder the commercialization of 
hybrid electric vehicles, which also offer the potential to reduce significantly the nation’s 
dependence upon foreign oil. To achieve this goal, the FreedomCAR Partners have 
developed the following strategic approach: 
 

• Develop technologies to enable mass production of affordable hydrogen-powered 
fuel cell vehicles 

• Coordinate with public and private entities supporting technology development to 
enable the national infrastructure necessary for the viability of fuel cell vehicles 

• Support other technologies to significantly reduce oil consumption and 
environmental impacts in the nearer term  

• Develop component technologies applicable across a wide range of passenger 
vehicles 

 
Because of the FreedomCAR Partnership, fuel cell technology is expected to significantly 
improve in the next few years, especially from a power density point of view with a goal 
of 3.1 kg/kW. 
 
Based on the assumption that the goals will be reached, both fuel cell and HEV 
technologies improvement will lead to a faster introduction of advanced vehicles in the 
market.
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4  Conclusion 

 
Current technology capabilities have been compared and their potential from a fuel 
economy perspective has been evaluated by using the simulation model PSAT.  The 
parametric study allowed to evaluate the fuel economy uncertainties related to vehicle 
mass, wheel radius, final drive ratio, drag coefficient and rolling resistance.  Based on 
FreedomCAR activities, fuel cell hybrid vehicles are expected to provide even greater 
fuel economy reduction than their internal combustion engine counterparts.  However, 
because of lack of hydrogen infrastructure, hydrogen ICE should be considered as an 
intermediate step toward hydrogen economy. 
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