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Why This Book?

Automotive transportation is vital to our way of life. It has evolved through multiple
technologies and energy sources. The story probably begins in the Golden Age of
Electric Vehicles between 1890 and 1910, when horse power still ruled, and there
were more electric vehicles operating on US and European roads than combustion
engine vehicles of any type—internal combustion engines (ICEs) or steam engines
(continuous combustion engines or CCEs). Deployed almost entirely in urban areas
including New York, Baltimore, Paris, Stuttgart, and London, battery-electric vehi-
cles were the fascination of affluent owners and taxi operators: quiet, less odiferous,
and easy to operate requiring no hand crank starting. Electric power was sourced
almost exclusively from coal-burning power plants, some dedicated solely for
charging electric vehicles. Energy storage was almost exclusively via lead-acid bat-
teries (with the exception of Edison nickel-iron cells), as they would continue to be
for the next 110 years.

Competing vehicle technologies used many different liquid hydrocarbon fuels,
usually purchased at local drug or general stores. These included minimally refined
petroleum derivatives, vegetable oils, whale oil, benzine (as gasoline is still called
in much of Europe), toluene, acetone, methanol (wood alcohol), and ethanol (grain
alcohol). Standardized gasoline, as we know it, would not become common for
another 20 years. But with the incredibly high energy density and low cost of petro-
leum fuels, introduction of the low-cost Ford Model T in 1908 [1], and subsequent
technical innovations such as the Kettering ignition and electric starter, ICE vehicles
eclipsed battery-electric vehicles almost completely by 1920. Short-lived electric
car manufacturers were replaced by start-up ICE vehicle manufacturers. Paved
roads replaced dirt streets and paths, and transcontinental highways and autobahns
were built, all to enable the unprecedented privilege of high-speed personal trans-
portation using gasoline or diesel fuel. Electric cars were relegated to special appli-
cations, such as indoor-operated or underground mining vehicles, although electric
rail continued to grow in popularity, as it remains today since it does not require
energy storage onboard the vehicle.

Regarding pollution ... All horseless vehicular innovations, electric or ICE, were
touted as major improvements over the emissions of horses that were responsible
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for serious urban sanitation problems. Coal was king, burned by locomotives and
ships and for domestic heating, electricity generation, and town gas production for
lighting and cooking. The connection between air pollution and health was soon
recognized but was accepted as a cost of progress. This was the signature of the
industrial revolution in England and Western Europe and later in the USA.

Over the next 100 years, periods of interest in alternatives to gasoline and diesel
fuel were frequent, usually followed by public epiphanies about automotive air pol-
lution or “gas shortages” due to the global politics of oil. Until the 1970s, world oil
reserves were assumed to be limitless, an assumption that was challenged in 1956
following the publication of Standard Oil Co. engineer Edwin Hubbert’s “Hubbert
Curve” for peak oil, which predicted that a geopolitical crisis would occur not when
reserves were depleted, but when oil extraction could not keep pace with demand.
Shortages of World Wars I and II, the Suez Canal conflict of 1956, and the Israel-
Egypt Six-Day War in 1967 brought home the importance of free-flowing oil to
Western Europe, but had little effect on North America due to its large indigenous
oil reserves. Following the oil shortages of 1973 and 1979, attitudes in the USA
changed dramatically due to growing dependence on inexpensive oil imported from
the Persian Gulf controlled by the Organization of the Petroleum Exporting
Countries (OPEC) cartel. The myth that every local gas station would always have
(inexpensive) fuel for your car was shattered for these brief periods, although, by
the 1980s, quickly forgotten.

Starting in the mid-1970s worldwide, e.g., exemplified by the 1972 publication
of “Limits of Growth” [2], the addiction to earth-sourced petroleum was recognized
as a primary driver of not only world economics and politics, but also increasingly
dire climate changes. By 2010, over one billion [3] petroleum-powered vehicles
were operating daily worldwide. Petroleum and its energy and environmental sus-
tainability impacts were now the topic of daily media headlines. An explosion of
(mis)information with various degrees of credibility began in the 1990s via the
ubiquitous Internet, a medium that gives voice to anyone, lacking the vetting pro-
cess of formal publication that had previously assured some degree of credibility
since the time of Gutenberg.

At the time of writing (2024), we have more motive energy options available
than ever before in history. In addition to electric propulsion, a wide range of alter-
native combustion fuels, most notably alcohols, vegetable oils, and gaseous fuels,
have been considered and supported at times by government and private funding.
Unfortunately, also appearing were “amazing” engine accessories whose claims
often violate the laws of thermodynamics. Greenwashing remains a powerful mar-
keting tool with a gullible public and politicians. Within this noise were a few praci-
cal “transition fuels” and related technologies that could potentially bridge the
existing fuel distribution infrastructure with a tolerable degree of modification.

A renaissance of electric propulsion began in the late 1990s with popular major-
manufacturer vehicles such as the GM EV-1 introduced in 1996 (lead-acid and
nickel metal hydride or NiMh batteries), the Honda Insight Hybrid (NiCad and
NiMh batteries) in 1998, and the Toyota Prius Hybrid in 2001 (NiMh batteries). But
the technical development that enabled this revolution was lithium-based batteries



Preface vii

having energy storage densities 3—5 times greater than previous lead-acid, NiCad,
or NiMh batteries. After decades of battery research, this was the turning point. The
EV revolution then gained momentum from attractive high-power electric vehicles:
the AC Propulsion T-Zero circa 1999, the 2008 Tesla Roadster, and, most signifi-
cantly, the 2012 Nissan Leaf. As of 2023, over a 100 EV and plug-hybrid models
have been subsequently introduced by major and start-up manufacturers worldwide,
and the number is growing.

The apparent consensus of car manufacturers and government entities worldwide
is that the future is electric vehicles with energy stored in lithium batteries or hydro-
gen for fuel cells. Almost all major world manufacturers had pledged to sunset all
ICE automobile production in favor of battery-electrics, mostly by 2030. To support
these vehicles, large investments are done in subsidized public and captive (e.g.,
Tesla-only) charging infrastructure. Despite their significantly higher purchase
costs and lingering concerns about range and charging time, the advantages of elec-
tric cars and trucks were well established, appealing to a public that wants to help
alleviate climate change or improve energy independence, as long as it is not too
inconvenient. The rush to electric automobiles has largely ignored the impacts of
this transition on electric power generation, distribution, and storage. The immedi-
ate retort to such concerns is “solar and wind energy,” despite the well-known mis-
alignment between time of production and time of demand. Proposed energy storage
solutions have been plagued by a lack of practical data and sheer magnitude of the
problem—the huge amount of energy that must be stored and released daily either
locally or in the grid to accommodate intermittent solar and wind generators. With
the lowest number of operating nuclear power plants in the USA since the 1960s,
and 10+ year approval/design/build time for new nuclear facilities, even that unpop-
ular but carbon-free generation option is off the table until well after the transition
to electric transportation energy has played out.

Meanwhile, the broad hopes assigned to vehicle electrification have almost com-
pletely narrowed commercial and government interest to battery-electric or fuel-cell
electric vehicles, displacing renewable fuel alternatives, some that have compara-
tively lower overall carbon footprints than EVs charged from the current US and
world mix of energy sources for grid electricity. Objective direct comparisons of the
full range of motive energy options have been rare in both scientific literature and
popular media.

It is my objective here to examine in one place a full range of options for ground
transportation, and present the technologies, advantages, and limitations of each.
These include battery and fuel-cell electric vehicles, alternative combustion fuels,
and the status quo—gasoline and diesel fuels.

Energy and environmental issues have become one of the largest areas of public
debate, driven by desperation to address environmental and energy sustainability
challenges in an information ecology ranging from voluminous academic and gov-
ernment research papers to rants on public Internet forums. This is a sociotechnical
area with countless experts and public voices, often reaching different conclusions.
Technical and policy changes occur almost daily. It is not as simple as science vs.
opinion. Differing answers to the same technical questions rely heavily on the
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assumptions and data sources. In the material herein, I will do my best to state my
assumptions and sources so that my results can be checked by others.

I will attempt to identify greenwashing' regardless of the source or objective,
since this phenomenon has become so widespread as to sabotage solutions that are
actually scientifically sound, practical, and not encumbered by profit motives or
career/political ambitions.

This is not a report commissioned by any entity, but it relies heavily on data and
methods published by many others. Among the many insightful contributors to
knowledge in this area, I wish to give particular recognition to Dr. David MacKay,
author of “Sustainability Without the Hot Air” [4], a courageous and inspirational
work by a pragmatic environmentalist, released to the public domain upon his pass-
ing in 2008. His work preceded the recent electric vehicle renaissance. This book
extends his critical approach to an era in which petroleum is no longer synonymous
with cars, but focuses on technologies that could provide the most effective alterna-
tives. My treatment will follow Dr. MacKay’s lead with a first-person perspective
involving simplifications as appropriate for ease of understanding by readers knowl-
edgeable in their own fields but not wellversed about automobiles or their energy
sources.

San Luis Obispo, CA, USA Carl Arthur MacCarley
2024
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Objective and Audience

The purpose of this book is to pull together in one place information about alterna-
tives to the continued use of petroleum to fuel automobiles and, to a lesser degree,
rail, air, and marine transportation. Much of the content in this book can be found
dispersed across a large number of other sources that I have cited as references
herein, and most are accessible online. My objectives are to discuss all practical
automotive fuel/energy options in the same conversation and context, using com-
mon units and evaluation criteria, spanning the technical, environmental, economic,
and social topics of common relevance to all. To compare and contrast dissimilar
alternatives to gasoline and diesel fuel for vehicle propulsion. To introduce at a suf-
ficient but not overwhelming level the most important engineering, environmental,
and economic analysis tools and resources needed to see beyond the media hype,
and misleading popular solutions that actually benefit only specific entities or politi-
cal objectives rather than the greater good of humanity. To fill in the history of non-
petroleum energy options to enable learning from the mistakes and successes of the
past rather than repeatedly rediscovering “innovations” that could easily be found
with an adequate literature search. To identify opportunities and areas of need for
scientific and sociotechnical advancement in support of energy, environmental, eco-
nomic, and political sustainability. And, when appropriate, to highlight the human
drama, colorful personalities, and backstories behind major developments (Fig. 1.1).

The intended audience is college-level (or experience-equivalent) readers from
all fields of study who are interested in alternative fuels and energy sources for
automobiles but may have a limited prior background in automotive technology or
the engineering of sustainable systems. The only necessary preparation is a basic
high school or college chemistry course that includes chemical reactions and the
properties of common elements. A basic understanding of energy concepts and ter-
minology is also assumed, for example, the difference between power (e.g., kilo-
watts) and energy (kilowatt-hours). Everything else needed is covered or reviewed
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2 1 Introduction

Fig. 1.1 Hypothetical
image of a “green” car
generated by 123rf.com in
response to the author’s
prompt

herein. Detailed calculations are relegated to the appendices to allow verification
but avoid diluting the main storyline with detailed math.

The scope of this book is very broad, and there are inevitably some topics not
included. I have attempted to cover what I believe to be the most important and
often most contentious issues, with facts both in support of and against each
technical or policy argument. For the most controversial topics such as hydrogen,
ethanol, methanol, biodiesel, e-fuels, carbon credits, EV marketing, and the
changing world economic order, I venture an optional Commentary section at the
end of the chapter in which I present my conclusions rather than leaving the
reader to make sense of the mass of material in an overall context. I emphasize
that the Commentary contains my opinions rather than the referenced facts that
make up the chapter.

The Transportation Energy Quagmire

For over 120 years, petroleum has been an incredible gift from the earth to human-
kind that has radically advanced standards of living, but at the cost of irreversible
damage to our humble planet. We have extracted and burned it at an unprecedented
rate. Within a century (an infinitesimally short period in geological time), we have
managed to extract over half! of the earth’s accessible hydrocarbon resources, which
were formed over a period of 300 million years by the decomposition of organic
materials under pressure and temperature in the earth’s crust. This gift is an
energy-dense liquid fuel or gas for combustion that has had no serious rivals due to

'Based upon known or projected extractable hydrocarbon resources, from multiple references such
as Hannah Ritchie and Pablo Rosado [1].
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its very low cost, ease of extraction, minimal processing requirements, and conve-
nient distribution. With the exception of nuclear fuel, gasoline and diesel fuel repre-
sent the most compact portable energy forms commonly available, allowing the
storage of huge quantities of energy in small spaces and the transport of this energy
rapidly and reasonably safely. It is hard to compete with these attributes. The auto-
mobiles and other transportation vehicles that utilize this resource have played a
major role in defining the technical progress, cultures, economies, and conflicts of
the world over the past century. This is especially true in newer countries such as the
USA, with cities whose growth occurred largely during the Age of Oil. Petroleum
has enabled countless products that we now take for granted, including plastics,
agricultural chemicals, pharmaceuticals, construction materials, fabrics, advanced
electronics, tools, and toys, and helped to set the standards of sustenance and status
that now define our wants and needs. Petroleum could legitimately be called the
lifeblood of the twentieth and early twenty-first centuries. Yet we continue to burn it
as fuel because it is so easily extracted from the earth’s crust and is such a compact
and convenient form of portable energy.

We are now aware of the finiteness of this resource, as well as the environmental
consequences of its use. While ideal combustion in air can theoretically generate
only water vapor and carbon dioxide, actual combustion produces unintended tox-
ins and carcinogens which remain a health concern. But for the entirety of the twen-
tieth century, little if any attention was given to the climate-related impacts of the
non-toxic exhaust products, water and carbon dioxide. It turns out that these non-
toxic emissions may have a greater long-term effect on life on earth. These are
Greenhouse Gases* which change the atmospheric chemistry of the planet, driving
an irreversible trend toward increased average air temperatures and more frequent
extreme weather events.

The damaging effects of greenhouse gases have driven climate change at a rate
that is astounding considering the geological timescale required for the formation of
petroleum.

Climate change is already well addressed in every form of media or publication.
The scope of this book is limited to technical alternatives to petroleum for its domi-
nant and most problematic application: internal combustion engines in road vehi-
cles. The large majority are powered by gasoline or diesel fuel, both blends of
various hydrocarbon liquids refined from crude oil. The automobile has played a
major role in defining our current civilization, despite growing concern about both
its limited supply and the climatic consequences of its continued use. Today (2023),
with an estimated 3 billion petroleum-fueled automobiles operating on the planet
and global infrastructure in place to support its continued use, we have become
addicted to this short-lived gift/curse (Fig. 1.2).

2Greenhouse gases are any gases that in the atmosphere limit the reflection of infrared energy from
the surface of the earth to black space, resulting in increased surface heat retention leading to
global warming.
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Fig. 1.2 Commuter traffic
near San Francisco,
California, USA, 2017.
Photo from https://www.
thedetroitbureau.com/
wp-content/
uploads/2017/08/
Traffic-snarl.jpg. Public
domain

Greenhouse Gases (GHGs) and Their Global Warming
Potential (GWP)

The combustion, respiration, decay, or various other reactions involving combining
hydrocarbons with atmospheric oxygen all produce carbon dioxide, the primary
GHG of concern. Since transportation, especially automobiles, burns huge amounts
of hydrocarbon fuel, it is a major contributor to the climate change dilemma.

But CO, is not the only GHG, or even the worst. Water vapor is a natural GHG,
especially in the form of clouds in the troposphere. But it is a finite resource on the
surface of the earth, and it enters and leaves the atmosphere continually in the form
of precipitation or evaporation. The GHGs of concern related to climate change are
anthropogenic, that is, the result of human activities, often involving the extraction
and use of fossil fuels from the crust of the earth. Hydrocarbons extracted from the
earth are not intrinsically harmful; it is their dominant position as combustion fuels
that have made them so. But they are also the most important substances related to
almost all of the major advances of civilization.

The anthropogenic GHGs that are the drivers of climate change are each assigned
an empirical factor, the Global Warming Potential (GWP). GWP is a metric of the
effectiveness of each at retaining solar heat in the troposphere that otherwise would
be radiated into black space to maintain the thermal balance of the planet. GWP is
normalized to the effect of carbon dioxide, which is given GWP = 1. Numbers
greater than one produce warming effects greater than carbon dioxide by that mul-
tiplicative factor. Table 1.1 lists the six anthropogenic GHGs of greatest concern,
two of which are strongly related to automobiles.

GHG Emissions Other than Carbon Dioxide [3]

* Methane (CH,) is estimated to have a GWP of 28 over 100 years (EPA), but as
much as GWP = 85 for a shorter horizon (period of effect assessment). CH, emit-
ted today lasts in the atmosphere about a decade. But CH, also absorbs much
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Table 1.1 Anthropogenic greenhouse gases and their global warming potentials (GWP)

From
Greenhouse gas GWP cars? Notes
Carbon dioxide (CO,) 1 Yes The reference for GWP
Methane (CH,) 25-72 Yes Depends on analysis period,

10010 years

Nitrous oxide (N,O) 298 No Almost entirely from agriculture
Synthetic refrigerants 1430 for No Some xFCs have GWPs >10,000
(xFCs) R134
Hydrogen 12-49 Not yet Depends on lifetime, 100-10 years
Sulfur hexafluoride (SF6) | 24,000 No Grid power switching arc suppression

Data from US EPA [2]

more solar energy than CO,. The net effect of the shorter lifetime and higher
energy absorption is reflected in its GWP. CH, GWP also accounts for some
indirect effects, such as the fact that CH, is a precursor to ozone, and ozone is
itself a GHG.

* Oxides of nitrogen (NO and NO,) from automobiles have the properties of
greenhouse gases, but are not considered as such because of their high reactiv-
ity and short lifetime in the atmosphere. It is nitrous oxide N,0O, an otherwise
non-reactive gas, that is a powerful GHG with a GWP 265-298 times that of
CO, for a 100-year timescale. It originates almost entirely from monocrop
agriculture.

¢ Chlorofluorocarbons (CFCs), hydrofluorocarbons (HFCs), hydrochlorofluoro-
carbons (HCFCs), perfluorocarbons (PFCs), and other synthetic refrigerants and
fire-suppression agents are high-GWP gases because for a given amount of mass,
they trap substantially more heat compared with CO,. The GWPs for these gases
are in the thousands or tens of thousands. Fortunately, their anthropogenic emis-
sions are small if the systems in which they are contained do not leak.

* Sulfur Hexafluoride (SFy) is a synthetic gas invented by Brown Bovari ABB in
the mid-1970s. It is the worst of all known greenhouse gases, with a GWP of
24,000. Fortunately, its only significant use is in small quantities for arc suppres-
sion in high-voltage electric power switching equipment. SF4 was revolutionary
for this application, allowing safer high-voltage DC transmission. If the switch-
ing equipment does not leak, SF is not released into the atmosphere and is there-
fore not a global warming problem.

e Hydrogen occurs naturally in the atmosphere but only in ppm quantities.
Because of this, it was only recently recognized as an indirect greenhouse gas. Its
impact on global warming could increase dramatically if the widespread use of
hydrogen for energy reaches full deployment. Its GWP differs greatly over dif-
ferent periods of observation. It has a much higher GWP during its first several
weeks/months in the atmosphere, but over the most common 100 year GWP
evaluation period, it disappears almost entirely due to its reactivity. (More about
this in the Chap. 9.)
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Notes

¢ N,O (nitrous oxide) is a GHG, whereas NO and NO, (NO,) are not (at least not
directly). N,O is not produced in significant quantities in HC combustion. It is
non-toxic, whereas NO and NO, are potentially lethal regulated exhaust
emissions.

e CH,, NO,, and HFCs are more potent GHGs than CO,, but there is less of them
being released into the atmosphere compared with CO,, at least at this time. CH,
emissions have been increasing at a greater pace than CO,, for reasons to be
discussed in the Chaps. 8, 9, and 10.

* HFC/CFCs are synthetic refrigeration fluids, not combustion emissions. They
are relatively inert, but if released into the atmosphere, they are powerful con-
tributors to global warming due to their extremely high GWPs.

¢ EB5 (ethanol) and CNG (compressed natural gas) vehicles tested by the EPA for
MY 2009 were both found to have greater NO, and methane (respectively) emis-
sions per mile than gasoline or diesel vehicles. For ethanol, this is related to the
fuel combustion properties, while for CNG this is mostly due to inconsistent fuel
delivery using gaseous fuel carburetors. These emissions are largely eliminated
by modern catalytic converters as long as they are not excessive.

¢ Although the combustion of any hydrocarbon fuel except pure carbon (coal) pro-
duces water vapor, its role as an anthropogenic greenhouse gas is usually consid-
ered inconsequential. As a major component of the atmosphere, water vapor has
by far the largest total global warming impact, because there is so much of it. But
water is part of the natural water cycle with an approximately constant average
atmospheric concentration when observed over multi-year time periods. It is
actually critical to the natural greenhouse-related thermal stability of the planet.
Anthropogenic water emissions are only a problem if emitted directly into the
upper troposphere (say, as aircraft contrails), where they have a much more pro-
found global warming effect.

What Is Meant by Sustainability?

In the common vernacular, “sustainability” has evolved to usually mean the con-
tinuation of human, animal, and plant life and the comfortable natural ecosystem of
the planet for an indefinite period in the future while maintaining standards of liv-
ing, cultures, and the natural environments that we have become accustomed to. The
American English online reference Dictionary.com defines sustainable as “pertain-
ing to a system that maintains its own viability by using techniques that allow for
continual reuse.” Prior to the 1990s, the terms sustainable and sustainability [4]
referred exclusively to the ability to keep something going indefinitely, e.g., a sus-
tainable chemical reaction or a sustainable business model. Since then, its usage is
often tied to nebulous environmental and/or energy goals, with different meanings
to different people. This is not just a problem of linguistics. What we choose to sus-
tain guides our objectives and actions. To resolve the ambiguity, in this book I will
qualify every mention of sustainability more specifically as:
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* Energy Sustainability: Long-term viability of an energy source or solution. Can
we rely on it indefinitely to meet our needs, especially in view of ever-
increasing demand?

* Environmental Sustainability: Assuring future survivability and quality of life
on earth. Will our current trajectory lead to the continued livability of the planet,
or will we have to accept environmental consequences that threaten life as we
know it on Earth?

* Economic Sustainability: Financial viability compared with other alternatives.
Is this the best way to spend limited funds?

* Political Sustainability: The durability of a solution in the presence of changes
in politics and power structures at all levels, local to geopolitical.

It is certainly possible to continue to subdivide these categories further. For
example, energy sustainability could be separated into multiple-use sectors such as
residential vs industrial vs transportation. But these four categories encapsulate the
major competing factors that must be considered when finding truly “sustainable”
solutions.

These four sustainability objectives are almost always in conflict. Energy sus-
tainability almost always comes with environmental impacts that affect environ-
mental sustainability. And ultimately, decisions to take action are controlled by
economic and political sustainability considerations. For example, petroleum is cer-
tainly a sustainable energy and economic solution (at least for a few more decades)
due to low cost and well-established production industries, but its extraction and use
are in direct conflict with environmental sustainability objectives. Oil may support
economic sustainability for countries rich with these resources, but it is rarely politi-
cally sustainable, as it has been at the root of many of the armed conflicts of the past
century.

Renewable Energy

The adjective “renewable” has evolved in recent years to describe almost any energy
option other than coal, oil or natural gas. But its formal definition is much more nar-
row. The original distinction was that the energy source had a regenerative or closed
carbon cycle, with the natural environment returning all or most carbon dioxide that
we add to the atmosphere from combustion back into fuel or an immediate precur-
sor, resulting in a net-zero carbon balance. For example, if all the CO, released into
the atmosphere by combustion, cultivation, and processing of a plant-based fuel is
absorbed by photosynthesis within a few growing seasons, the fuel qualifies as
renewable (Fig. 1.3).

But what if only some of the carbon is actually recycled in this way? Or what if
the net carbon cycle is positive, but the net energy balance is negative, i.e., more
energy is required to make the fuel/energy than its usable energy value? And what
if we are talking about wind and solar energy, in which no carbon is generated so no
carbon recycling is needed? A slightly more lenient definition has evolved,
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Root Respiration

‘Dead Organisms and
Waste Products

Fossils and Fossil Fuel

Fig. 1.3 Depiction of a closed carbon cycle in which anthropogenic CO, emissions are balanced
by organic CO, uptake. Graphic from Andrea Bierema Systems Thinking and the Carbon Cycle,
openbooks.lib.msu.edu. Unrestricted use

apparently allowing any type of energy that does not involve generation of CO,
(e.g., solar, wind) or fuels derived from plants, vegetation, biomass, peat, or even
municipal refuse incineration to be referred to as renewable energy, regardless of
the carbon balance or energy utilization efficiency. For example, ethanol produced
by fermentation of corn is burned in car engines releasing CO, into the atmosphere.
If within a few crop cycles, carbon dioxide equal to the amount released from the
combustion is assimilated by photosynthesis in the leaves of a future corn plant, it
should logically qualify as a renewable fuel. But significant additional energy in the
form of fossil fuels and electricity is required to convert the corn into ethanol (e.g.,
drying, fermentation, distillation), and the CO, contributions of these energy sources
should be included. While a closed carbon cycle may still apply to just the plant/fuel
relationship, the net carbon emissions are then much larger.

Another implied attribute of renewable fuels or energy is the time constant of the
carbon cycle. Technically, all fossil fuels fall within the definition of a renewable
fuel—they began as plant life that absorbed CO, from the atmosphere or water,
decayed, were buried by geologic changes, and later were unearthed in solid, liquid,
or gaseous form to be burned for energy, returning the carbon to the atmosphere.
What’s wrong with this definition? The amount of time required for the closed car-
bon cycle, or its time constant. In the case of fossil fuels, it’s typically 100-300 mil-
lion years. The modern terms renewable fuels or renewable energy carry with them
the implication of a carbon cycle usually no longer than about ten years, or no car-
bon cycle at all.
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As mentioned, completely carbon-free energy sources such as solar, wind, geo-
thermal, tidal, or small-scale hydroelectric are also referred to as renewable, because
the outcome is the same: zero net carbon or carbon neutral, even if nothing is being
renewed. But other zero-carbon sources, such as nuclear and large-scale hydro-
power, are excluded from the renewable class because of the considerations unre-
lated to their net carbon emissions.

At this time, the following energy sources are generally referred to as renewable
and have qualified for various forms of government assistance in the USA
and the EU:

e Solar (PV or thermal).

* Wind.

¢ Geothermal.

* Small-scale local hydropower.

e Ethanol.

* Biodiesel.

* Bio-derived aviation fuels.

* Biomethane.

* Hydrogen made by a “green” or, arguably, a “blue” process.
¢ Municipal refuse incineration that generates electricity.

* Synfuels made from natural carbon reacted with “green” hydrogen.

While the following energy sources are referred to as non-renewable:

* Gasoline.

* Diesel fuel.

e Coal.

¢ Natural gas (methane from drilled wells).

* Nuclear energy.

* Combustion of some forms of biomass without natural origins, e.g., cultivated
crop waste.

¢ Methanol made from natural gas or coal.

e Any synfuels that are derived from fossil fuels.

In the interest of maintaining consistency with its current meaning, I will use the
term “‘renewable” to refer to energy sources that have been given this designation in
popular media, even if they do not involve the carbon cycle or anything actually
being renewed.

Alternative Fuels and Energy

Since the 1960s, the term “alternative fuels” or “alternative energy” has evolved,
generally meaning any form of fuel other than gasoline or diesel, or any source of
energy other than those that have been traditionally used to power vehicles,
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stationary engines, domestic or commercial heating or electric power demand,
mechanized production, etc. This definition would include natural gas as a vehicle
fuel, but not as a fuel for electric power generation, domestic heating, or production
of other fuels or products such as plastics. LPG (propane and butane) would also be
considered “alternative” if used as a vehicle fuel, but not as a fuel for home heating
and cooking or other traditional uses. Solar, wind, geothermal, or any non-traditional
forms of usable energy would also be considered “alternative”. In sum, the “alterna-
tive” definition just distinguishes previously unused (or rarely used) fuels and
energy sources from traditional ones. Note that there is no implication that an alter-
native fuel or energy source is environmentally sustainable, renewable, or even ben-
eficial. In fact, the alternative vehicle fuels most popular in the 1970s and 1980s
were distinctly not zero or even low carbon, and only some could be considered
renewable within the modern definition.

In this text, I will use the term “alternative” only to identify fuels or energy
sources that have been seriously considered as replacements for traditional fuels or
energy sources in their most common applications.

Green Energy and Green Technology

“Green” is possibly the most abused descriptor in the field of alternative energy.
Due to its ambiguity and the creativity of marketers, it has been attached to almost
everything. “Green” energy is often used synonymously with renewable energy,
although these are separate distinctions (Fig. 1.4).

“Green” has often become a red flag, misleading the public as to the environmen-
tal sustainability of a product, proposal, or plan. It pervades media articles, press
conferences, government funding opportunities, and political agendas. It is the ori-
gin of the word “greenwashing” and often directly implies it.

Fig. 1.4 Green agriculture
meme. From https://www.
publicdomainpictures.net/
pictures/300000/velka/
erneuerbare-energie.jpg.
Public domain
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Sustainable Automotive Transportation

The field of energy technologies and their environmental impacts is extremely
broad. Automotive (rubber-tired, on and off-road) transportation plays a dominant
role in world energy use and accounts for the largest single contributor of anthropo-
genic greenhouse gas emissions. For 100 years, gasoline and diesel fuel have been
impossible to compete with. However, the energy landscape for automobiles is
changing faster than ever before in automotive history. Petroleum is not the only
motive power option, either directly or indirectly. Only about 25 gaseous, liquid,
and solid alternative fuels and their attendant technologies have demonstrated the
potential to replace and often improve upon the energy, environmental, and financial
sustainability of gasoline and diesel fuel for internal combustion engines. These
include renewable fuels and portable fuels or energy carriers that can be derived
from zero or low-carbon sources such as solar, wind, geothermal, or nuclear. In only
two of these cases, solar PV and wind, are the initial energy from electricity.
Generation of electricity most often involves the combustion of natural gas or coal,
nuclear fission, or geothermal heat. Since electric vehicles are almost universally
charged using utility grid energy, they are not innocent of the consequences of the
combustion of fossil fuels.

It is a harsh reality that all practical forms of energy incur some environmental
harm. This includes electric and hydrogen fuel cell electric vehicles despite their
classification as “zero-emission vehicles” (ZEVs). An optimal solution for one
transportation application may not be optimum for another. As reported in
Bloomberg, in an August 2023 interview with BMW CEO Oliver Zipse, he took
issue with the current European Union’s industrial policy focused exclusively on
battery electric or hydrogen fuel cell electric vehicles, railing against the trend “to
rely on a single drive technology, rather than a breadth of options.” [5] This is a
popular opinion, but we ignore it at our collective peril.

By far the most popular alternatives at this time are vehicles powered by electric-
ity stored in batteries or generated onboard by hydrogen fuel cells. After over a
century of R&D, developments in electrochemistry have only, in the past two
decades, resulted in practical batteries capable of storing a sufficient amount of
electrical energy to compete with the hundreds of miles of range provided by even
a small volume of gasoline or diesel fuel. Hydrogen, itself an excellent combustion
fuel, is currently the only practical energy source for the electrochemical fuel cells
of fuel cell electric vehicles (FCVs). Like battery electric vehicles, the emission-
free conversion of hydrogen and air into electricity and water by the fuel cell quali-
fies them as zero-emission vehicles (ZEVs),? as long as the emissions of the energy
sources required to generate hydrogen are not considered.

Not since the Golden Age of Electric Vehicles, circa 1890-1920, have battery
electric vehicles been considered mainstream. And with the new norm comes new

3“Zero-Emissions” actually only refers to specific regulated hazardous gases from vehicle exhaust.
This designation is currently restricted to electric and hydrogen vehicles, which is dubious since it
does not consider the emissions related to the production of the fuel or the electricity source.
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challenges: electric generation, distribution, and vehicle recharging infrastructure
just as a start.

It is no surprise that energy and environmental issues have always been conten-
tious areas of public debate, driven by desperation to concurrently address environ-
mental and energy sustainability challenges balanced by economic sustainability
issues such as jobs and taxpayer costs. Complicating the debate is that most solu-
tions may take a generation or more to prove successful (or not). Alternative auto-
motive energy sources, renewable or otherwise, have been the subject of research,
demonstration, adulation, condemnation, hype, and sometimes outright fraud for
the entirety of the twentieth and the twenty-first century years that followed.
Information is ubiquitous, but knowledge is rare. Thousands, possibly millions of
both credible and questionable reports, opinions, and speculations related to future
combustion fuels and electric vehicles are spread over a vast number of media
forums. In May 2023, a Google® search on keywords “renewable energy” yielded
435 million hits, “alternative fuels” yielded 152 million hits, and “electric vehicles”
yielded 593 million hits. Like so many other techno-political topics, the challenge
now for people seeking to become better informed is not a lack of information; it is
sorting knowledge from noise.

Complicating these challenges further is an information ecology that ranges
from jargon-heavy academic research papers to uninformed rants on public forums.
It is not as simple as science vs pseudoscience when it is hard to tell them apart.
Differing answers to the same technical questions depend on the assumptions and
experimental conditions, often unstated, that underlie the analysis. Comparisons of
options are between apples and oranges. This book is an attempt to assist the reader
in sorting the fruit.

About Greenwashing

Greenwashing” is a colloquial term referring to the misleading use of “green” argu-
ments to support the sale of a product or the adoption of a policy. In the USA, the
nineteenth-century term for this type of pseudo-science deception was “snake oil”
referring to worthless tonics and elixirs sold by slick traveling salesmen. Now the
entire Internet is a traveling medicine show. Financial gain or career ambitions very
often influence public opinion leading to counterproductive government policies
and expenditures of taxpayer funds. Even legitimate “green marketing” and “green
causes” frequently devolve into little more than greenwashing that polarizes rational
public discussion and obscures better solutions.

*Merriam Webster dictionary of American English. Greenwashing: “The act or practice of making
a product, policy, activity, etc. appear to be more environmentally friendly or less environmentally
damaging than it really is.” Accessed 30 August 2023.
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The Best We Can Do

The world is late in realizing the extent of the thermal problem created by anthropo-
genic greenhouse gas emissions. And worldwide, political and financial forces con-
tinue to diminish or deny this situation, despite radical climate change well
underway.

There are no Holy Grail solutions.” When considering environmental and energy
technology options and policies, there are always tradeoffs; all solutions have some
weaknesses and limitations, and the complexity makes these difficult to resolve,
especially in this era of “alternative facts.”® It takes work, objectivity, and logical
skepticism. The situation has now become urgent. We no longer have time or
resources to waste on mistakes.

Disclaimer and Acknowledgments

This is not a report commissioned by any institution or sponsor. It relies on the pub-
lished reports of many others and is at risk of error if either the information sources
or my use or transcription of them is in error. I am ultimately responsible for all
content, which may or may not reflect the positions of the universities I am affiliated
with, the California Polytechnic State University, San Luis Obispo, California, and
the Munich University of Applied Science in Munich, Germany.

The inspiration for this book is the late Sir Dr. David MacKay, author of
“Sustainability Without the Hot Air” [6] in 2008. Dr. McKay was a passionate envi-
ronmental physicist who had the courage to call out the serious lack of rigor and
herd mentality of popular energy and environmental assumptions and policies. His
work in 2008 preceded the electric vehicle renaissance, so a secondary objective of
this book is to extend his analytical but readable approach into an era in which
petroleum is no longer the only or best option for transportation.

There are many people and institutions to thank for their support and contributed
knowledge. Among these are William Van Vorst (UCLA, deceased), Paul Greiling
(emeritus, UCLA), Colin Ferguson (Professor, Purdue Univ.), Nicholis Zart (auto-
motive journalist), Greg Dolan, CEO, Methanol Institute (methanol and DME fuel
support for 25+ years), Peter Livingston (Professor, Cal Poly BRAE Dept), Joseph
Finegold (UCLA Hydrogen Car project, 1972-1978), Leroy Lacey (Methanol
Racing teammate, 1981) and many former students in the USA and Germany that
are now employed in automotive industry, energy and environmental research, or at
government and non-profit agencies in positions that can make a difference.

3“Holy Grail” is a Christian reference to an ultimate quest or perfect solution. Derived from
Arthurian legend, first appearing in written form in the twelfth century by French poet Chretien de
Troyes in “Perceval, the Story of the Grail.”

%“Alternative facts” is a term created and made popular by Kelly Anne Conway, Counselor to
President Donald Trump, defending his false assertion about record-setting attendance at his inau-
guration in 2017.
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This chapter summarizes the environmental impacts associated with transportation,
especially automobiles and trucks. There are many excellent resources cited as ref-
erences to provide additional detail on any specific subtopic. To start, we look at the
tradeoffs associated with the development and use of any form of energy, then nar-
row the discussion to the underlying thermodynamic principles, energy quality,
energy carriers vs. sources, mobile source emissions, and attempts at regulatory
solutions in the USA (Fig. 2.1).

All Energy Sources Have Costs, But Some More than Others

Since the discovery of fire, human civilization has relied on external sources
of energy, with demand increasing exponentially since the first industrial revolution
in England, 1760-1840.

All sources of energy have costs and consequences, although some more than
others. The relative costs and consequences of each are perennial topics of intense
debate. At one extreme might be coal, with the lowest cost but the worst direct envi-
ronmental impacts in production and use. At the other extreme might be solar pho-
tovoltaic energy, which has comparatively tiny impacts attributed to the production
of solar panels and its land use issues. Petroleum lies somewhere between these
extremes but is responsible for the most significant total impact simply because of
the sheer volume of its use as a transportation fuel.

Anthropogenic Environmental Impacts

» Toxic air pollutants: HC (hydrocarbons), CO (carbon monoxide), NO, (nitrogen
oxide and dioxide), SO, (sulfur dioxide), O; (ozone), aldehydes such as formalde-
hyde, lead, particulates, over 100 identified carcinogens, and radiological materials.

© The Author(s), under exclusive license to Springer Nature 15
Switzerland AG 2025
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Fig. 2.1 High-voltage transmission tower. https://www.publicdomainpictures.net/en/view-image.
php?image=314422&picture=electricity-energy-co2-sunset. Public domain

* Greenhouse gases: CO, (carbon dioxide), CH, (methane), N,O (nitrous oxide),
CFCs (chlorofluorocarbons), SF¢ (sulfur hexafluoride), and indirectly H,
(hydrogen).

e Water pollution: Direct toxins such as lead, dioxins, heavy metals, pesticides,
herbicides, biotoxins, loss of dissolved oxygen to algae blooms, biological waste,
and chemical process wastes.

 Indirect greenhouse promoters: Disruption of natural CO, absorbers, destruction
of trees by land clearing, and loss of non-cultivated plants and aquatic plants.

» Wildlife: Destruction of species due to loss of habitat or hunting, pesticides accu-
mulated in the food chain, and illegal capture or killing of endangered species.

e Human health: Direct chemical toxicity—airborne, waterborne, or contact.
Carcinogenic particulates leading to respiratory diseases or cancer.

Looking at world energy use from 1850 to 2000 in the United Nations data of
Fig. 2.2, there is no indication that this trend will change, barring some natural or
human-made cataclysmic event. Radical increases in energy have been associated
with industrial revolutions in the UK, Continental Europe, the USA, and most
recently in China and Southeast Asia. It is well-established that regardless of coun-
try, living standards (as measured by metrics of economic well-being) are closely
correlated with energy use.

Figure 2.3 reveals the correlation between individual prosperity measured as per
capita GDP and per capita energy consumption in all sectors.

As shown in the Sankey Diagram [1] of Fig. 2.4 from the US Energy Information
Agency (EIA) for the USA in 2021, 36% of the total energy used across all sectors
comes from petroleum. The largest consumer of oil (90%) is transportation, domi-
nated by automobiles and trucks.

Since the late 1800s, most of the usable energy sources for human progress have
involved the combustion of naturally occurring compounds of carbon and hydrogen.
Combustion of wood represented an evolutionary milestone by making hunted
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Rise In energy consumption since the first Industrlal revolution, 1850-2000
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Fig. 2.2 World energy consumption, 1850-2000, United Nations infographic. Public Domain

game edible and providing warmth and light. In the nineteenth century, whale oil
fueled lamps for illumination, horses and oxen were fueled by biomass, and coal has
fueled almost everything for over a millennia. Since the early twentieth century,
natural gas has fueled electric power generation, home heating, and cooking. Most
relevant to this discussion is petroleum from the earth, the source of portable energy
that made modern transportation possible, at least until now.

Non-combustion energy sources include solar photovoltaic and thermal collec-
tion, wind energy due to atmospheric pressure differences, hydropower provided by
the earth’s solar evaporation/condensation cycle, geothermal provided by the ther-
mal mass of the earth, tidal energy attributed to diurnal ocean levels and monthly
changes in the distance of the moon to the earth, and nuclear fission energy fueled
by isotopes of uranium or plutonium.

Regardless of the energy source, all involve environmental impacts, usually air or
water pollution, harm to natural habitat, or ultimate climate change. Some are worse
than others, and often in ways that are difficult to compare (e.g., measurable air pol-
lution from fossil fuels vs risk of accident consequences with nuclear). These are
not the only impacts. Economists remind us that large divisions of wealth and politi-
cal power derive from energy or the lack thereof. The national interests of world
superpowers always include and are often dominated by energy resources.
Geopolitical impacts have and will continue to lead to wars. The terms Environmental
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Agency) 2018. “Key World Energy Statistics.” Accessed June 2023. Public domain

Justice or Climate Justice have evolved to refer to the widely different levels of
harmful environmental effects on various groups of people or habitats, segregated
by economic class or political situation. Worldwide CO, emissions from the com-
bustion of fossil fuels continue to increase (Fig. 2.5).

Focusing on just the USA, the 2022 data of Fig. 2.6 from the US Environmental
Protection Agency (EPA) shows anthropogenic greenhouse gas emissions by energy
use sector [2]. At 28%, the largest emitting sector is transportation.

California, the “greenest” state in the USA, is even more profoundly impacted by
transportation, specifically by the automobile. The largest segments of GHG emis-
sions in the USA (28%) and California (39%) are from transportation, the majority
of which is from passenger automobiles. As energy sources for transportation shift
from fossil fuels to electric power, the fotal energy use may not change significantly.
However, the electrification of transportation will transfer the energy demand to the
electric power grid. USA-wide, transportation plus electric generation contribute
53% of total GHG emissions. In California, the total is 63%. As the transportation
slice shrinks due to reduced combustion fuels, the electricity use sectors will grow.
The takeaway is that for the actual CO,e emissions attributed to transportation to be
reduced, electric generation from other fuels or energy sources must produce much
lower GHG emissions over their entire production and use cycles compared with the
current fossil fuel situation. This requires a different way of thinking about the chal-
lenges than the previous monotonic focus on automotive tailpipe emissions. And the
emissions of most significant interest are no longer limited to local or regional
impacts—GHGs generated anywhere affect the entire planet.
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The Carbon Footprint

Environmental harm is subject to multiple interpretations and metrics that are
often ill-defined. However, this ambiguity should not deter efforts to assess and
quantify consequences for life on earth, especially in times of world economic
and political instability when these concerns are often ignored. The carbon foot-
print is a relatively new term used to quantify individual or institutional impacts
due to their GHG emissions. Approximately defined, an entity’s carbon footprint,
either personal or institutional, is an estimate of how much carbon, most in the
form of carbon dioxide or methane, the entity is directly or indirectly responsible
for releasing into the atmosphere by their activities.

Shown in Fig. 2.7 is a sample of an online calculator provided by the US EPA to
estimate the amount of carbon emitted by a typical household. The calculator takes
voluntary answers to energy-related questions and generates the graphic below of
your household CO, compared with the US average. Green represents home energy,
including air heating and cooling, water heating, cooking, lighting, and electric
appliances and tools.

‘What may be surprising about this bar graph is that on a per-household basis, the
most significant component of the US average household carbon footprint is from
transportation, which is predominantly automotive transportation, as shown in the
EIA 2021 bar graph of Fig. 2.8, which breaks down transportation into its specific
modes. From this data, energy use by light-duty vehicles, freight and commercial
light trucks, and buses accounted for 10.66 Mbbl/d! or 84% of the entire
transportation sector total (12.71 Mbbl/d). And since only a tiny percentage of cars

'Mbbl/d means the energy equivalent of a million barrels of oil per day.
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Fig. 2.7 US Environmental Protection Agency. Sample of annual energy use by a US household,
https://www3.epa.gov/carbon-footprint-calculator/. Public domain

Projected U.S. transportation sector energy use in 2020, by mode (in million barrels
per day oil equivalent)
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Fig.2.8 Breakdown of US transportation energy users by mode. Data from US Energy Information
Agency and US FHWA, 2021; graphic created by Statistica, university license

are currently electric, this energy is almost entirely in the form of gasoline or
diesel fuel.

I can only cover here some of the major milestones in international and US
efforts to remediate greenhouse gases related to the transportation use of petro-
leum fuels.


https://www3.epa.gov/carbon-footprint-calculator/
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In 1992, seven (initially) of the industrialized nation members of the United
Nations formed the United Nations Framework Convention on Climate Change
(UNFCCC). In 2015, 196 member nations signed the Paris Agreement, a treaty
between participating countries intended to limit global warming to 1.5 °C Celsius
above pre-industrial levels. Note that in late 2023, this limit had already been
exceeded. This agreement specified the goals and actions each country committed
to help achieve this goal, referred to as Nationally Determined Contributions
(NDCs). These are reviewed and updated every five years and are self-reported. As
of 2024, 198 countries have signed the accord, and 189 have at least declared them-
selves to be parties to the agreement. NDCs are voluntary, specific to each country,
and, in most cases, overly ambitious.

Figure 2.9 is a plot generated by Statistica [3] showing relative progress in 2024
(change from the time of signing accord in 2015) of G20 Forum countries toward
meeting their NDCs. Each country sets its own climate goals which vary from
1.5 °C in the UK, to >4.0 °C in Saudi Arabia, India, Indonesia, and Kenya [4]. The
exceptional progress shown by some countries in Fig. 2.9 is relative to their chosen
temperature goal, and the time of signing the accord (most in 2015) when they may
have had comparatively poor environmental records. Four categories of positive
action are considered in this data presentation: Per capita GHG emissions, renew-
able energy deployment, per capita energy use, and a mostly subjective assessment
of improvements in climate change policy. In the years leading up to the COP28
(Conference of the Parties) meeting in November/December 2023, there has been
much greater international concurrence about the dire state of climate change and
more aggressive actions [5]. Progress has been impeded by political turmoil, espe-
cially the Russian cutoff of natural gas to eastern Europe as part of the invasion of
Ukraine which forced an unexpected reversion to previously mothballed coal fired
power plants throughout Europe. According to the Guardian (UK) [6], none of the
G20 nations have fully met their intended progress toward their commitments. Most
are not even close. Outside of the media coverage of world meetings, few are con-
vinced that the revised 2.0% limit is achievable with the current policy trajectories,
despite their official recognition that 1.5% was the “point of no return.”

In the USA, the Energy Policy Act of 2005 created the Renewable Fuel Standard
(RFS) that amended the Clean Air Act revision of 1990. It included a schedule for
required biofuel adoption starting with 15.14 billion liters (fuel unspecified) in 2006
and rose to 28.39 billion liters by 2012. The Act was primarily concerned with
energy independence in the wake of the Sept 11, 2001 terrorist attacks in the
USA. But for a fuel to qualify as a renewable fuel under the RFS, the EPA must
determine that the fuel can achieve a reduction in greenhouse gas (GHG) emissions
as compared to a 2005 petroleum baseline. The Act emphasized “drop-in fuels?
that could directly replace gasoline or diesel fuel without blending. The term “Fuel
Pathways” was inaugurated, referring to the complete “well-to-wheels” process,
and the entire administrative journey from demonstration to legal requirement.

Four renewable fuel types were specified [7]:

2The term “Drop-in” implied that the fuel is nearly interchangeable with gasoline or diesel fuel,
and could be dispensed from an existing gas or diesel fuel pump.
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Climate change performance index of each of the members of the Group of 20
(G20) forum as of 2024, by category
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Fig. 2.9 Progress toward Climate Change Goals by G20 signers of the Paris Accord. Source New
Climate Institute; Graphic from Statistica “Climate change performance index of each of the mem-
bers of the Group of 20 (G20) forum as of 2024, by category.” https://www-statista-com.calpoly.
idm.oclc.org/statistics/1406610/climate-change-performance-index-g20-by-country/.
University License
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¢ Biomass-based diesel
¢ Cellulosic biofuel

¢ Advanced biofuel

¢ Total renewable fuel

Practically, these classes restricted “renewable fuels” to ethanol for spark igni-
tion engines or biodiesel for compression ignition engines.

The Energy Independence and Security Act of 2007 later replaced the RFS with
RFS2, a Revised Renewable Fuel Standard. The new Act and the RFS2 included a
requirement that the biofuel provides a minimum reduction in CO, emissions of
21%, including emissions from the production of the fuel, assuming that ethanol
and biodiesel were the only fuels that could meet this requirement. The RFS2
included an expansion of mandated biofuel adoption starting with 34.07 billion
liters in 2008, increasing to 136.26 billion liters by 2022 [8].

Energy Carriers vs. Energy Sources

We often refer to electricity as an energy source, e.g., “my car runs on electricity.”
With the possible exception of Ben Franklin’s 1752 alleged attempt to prove the
electrical nature of lightning by flying a kite in a storm, electricity is not itself an
energy source, merely an energy carrier. Other energy carriers include hydrogen,
synthetic fuels such as methanol, kinetic energy stored in flywheels, and chemical
reactants. Sources of energy include fossil fuels, nuclear fuel, solar, wind, geother-
mal and hydroelectric.

An energy carrier is a medium or mechanism by which energy generated using
some other source can be transferred or stored. It is created from other (original)
energy sources, be those fossil fuels, solar radiation, wind, tides, geothermal heat,
or nuclear fission. This distinction is critical when evaluating transportation energy
options, since it is the original source of the energy that must be used as the starting
point in any fair cycle efficiency or environmental impact analyses. This can some-
times be a gray area, so for our purposes the distinction can be stated as a question:
Did we collect the energy (e.g., solar irradiation or wind), or did we make it from
something that we collected, drilled, or mined?

When analyzing the efficiency of any energy-related process, it is important to
relate all comparisons back to some common energy form, and whenever possible,
start with the energy source, not the energy carrier which transports the source
energy. For example, an electric vehicle is a zero-emission vehicle only if the
entirety of the electricity used to charge its battery comes directly from a zero-
emitting source such as home solar PV or wind. But the overwhelming majority of
electric vehicles draw energy from the utility grid, which gets it energy from many
different sources, some renewable but most not. The majority are combustion pro-
cesses that produce CO,. Therefore, the actual carbon emissions of a vehicle pow-
ered by electricity, hydrogen, or e-fuels must be related back to the energy sources
that actually feed the grid, and their composite carbon dioxide emissions
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Fig.2.10 US EIA, https://www3.eia.gov/electricity/data/browser/. Public Domain

normalized to each unit of energy, kg CO,/kWh. What are the actual energy sources
used to generate electric power? The mix of sources varies by country and state,
with the annual historical distribution for the USA listed in data source [9]
(Fig. 2.10).

The majority (60+% in 2022) of US grid electricity still comes from natural gas
or coal. Overall, the mix of all of the actual energy sources including these fuels
along with solar, wind, nuclear, and hydroelectric produces approximately 400g
CO, per k€Wh in the USA (2022 EPRI data) and worse in most other countries. This
is the operating carbon footprint of electric vehicles. The arithmetic may actually be
worse than the operating energy use figures suggest, since they do not take into
account the inefficiencies associated with the generation, transmission, and distribu-
tion of electricity, and, more importantly, the carbon emissions from the extraction
of minerals, manufacturing, and disposal or recycling of the EV’s batteries. Similar
tradeoffs exist in some form or another for any motive energy source or carrier,
including all of the other viable candidates to be discussed in later chapters.

But it is a start, even if not a perfect solution. The EV transition anticipates the
day when electricity, both utility and distributed, is entirely or at least majority
renewable; when zero emissions actually means zero, or at least significantly lower
than the present EV carbon emissions from electric generation.

The Tyranny of Thermodynamics

Critical to understanding energy and environmental options are the first and second
laws of the four laws of thermodynamics. Rather than involving physical but obscure
measures such as entropy, here is the simplistic way that I first learned these con-
cepts. This helps to see why, for the numerous schemes proffered as energy or envi-
ronmentally sustainable, the more energy conversion steps required, the lower the
efficiency (Fig. 2.11).


https://www3.eia.gov/electricity/data/browser/
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Fig.2.11 Combustion:
the energy conversion
process behind most of
human progress. https://
pixabay.com/photos/
flames-fire-burn-hot-
shining-heat-2041271/
Free for use

First Law of Thermodynamics: No Free Lunch

You cannot make energy from nothing. There is no such thing as a perpetual motion
machine. You need energy to get stuff done. It must come from some source: chemi-
cal reactants, electric charge, thermal (heat), EM radiation including light energy,
kinetic (energy of motion), potential (including the earlier mentioned sources as
well as the energy required to elevate a mass in gravity), nuclear fission or fusion, etc.

Second Law of Thermodynamics: Can't Even Get What You Pay For

Every time the form of energy is changed via some process, the amount of energy
coming out of the process is always less than the amount of energy that went into
the process. You always lose. Where does the missing energy go? Usually to
unwanted heat, although mechanical, acoustic, radiation or liquid—gas phase
changes can also account for the energy loss. Maximum energy efficiency is achieved
by improving the efficiency of each energy conversion process and by minimizing
the number of energy conversion steps, a reality that is very often ignored in sim-
plistic analyses, commercial promotions, and even government agency reports that
advocate particular energy or environmental innovations.

This will be discussed in greater detail later, but here is a simple example to
illustrate the effect of multiple conversions on overall process efficiency: a simple
comparison of a battery electric vehicle with an ICE vehicle. The original energy
source for both is natural gas:

Burning natural gas in a utility power plant to generate electric energy has a ther-
mal efficiency (kWh of electricity output divided by kWh of fuel energy input) that
varies from 40% for a new conventional steam turbine to 60% for the best combined
cycle (gas turbine plus steam turbine) power plants. This means that 40-60% (50%
avg) of the fuel energy is lost before the electricity is delivered to the loads it is


https://pixabay.com/photos/flames-fire-burn-hot-shining-heat-2041271/
https://pixabay.com/photos/flames-fire-burn-hot-shining-heat-2041271/
https://pixabay.com/photos/flames-fire-burn-hot-shining-heat-2041271/
https://pixabay.com/photos/flames-fire-burn-hot-shining-heat-2041271/
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intended to power. There are also other energy losses: electricity transmission and
distribution (5.9% US avg), battery charging (15% for an average mix of public
Level 2 and Level 3 chargers), lithium battery round-trip efficiency losses (RTE,
15%), power electronics heat (5%), and the electric motor and drivetrain losses
(10%). Combined, the energy conversion efficiency due to these combined losses is

(1-0.50)(1-0.06)(1-0.15)(1-0.15)(1-0.05)(1-0.10) = 29%
efficiency or 71% energy lost

For comparison, if an otherwise-identical vehicle with a 30% efficient IC engine,
including 10% gas compression energy and similar 10% drivetrain losses, was pow-
ered directly by the same natural gas that fueled the power plant, it would be 24.7%
efficient:

(0.30)(1 - 0.10)(1 - 0.10) =24.3% efficiency or 75.7% energy loss

While the EV is more efficient, the direct combustion of the original fuel by the car

is not significantly worse. Natural gas was used here as the common energy source

because similar vehicles are available that are fueled by either electricity or com-
pressed natural gas. Here is a list of assumptions and notes for these calculations:

1. The comparison does not include any of the amortized energy investments in the
manufacturing of an ICV or EV, most notably the battery which is known to be
highly energy-intensive and environmentally consequential.

2. Very few ICVs are driving around on natural gas (the 1998-2015 Honda GX
[10] was one of the only mass-market natural gas automobiles). Gasoline would
have been a more realistic comparison fuel, and its ICE efficiency is slightly
lower than natural gas [11]. But the energy at the power plant is made from natu-
ral gas, not gasoline. It is also worth noting that a natural gas powered car is
more similar to an EV than to a gasoline car, considering the longer time required
for refueling, limited range, and inconvenience of owning a non-mainstream
vehicle.

3. Data are averages from multiple references or from personal experience work-
ing on these fuel technologies. There are higher and lower average efficiency
values published by a myriad of information sources, most on the Internet. If,
for example, the analysis assumed entirely fast charging of EVs, the EV
energy losses would be greater. If the natural gas engine efficiency was lower
than 30%, the ICV losses would increase. If a more accurate US average grid
energy efficiency (40% in 2023, see Chap. 14) was used instead of 50% for
the combined cycle natural gas plant, the EV efficiency would be proportion-
ately lower.

4. A more comprehensive analysis is presented in Chap. 14 Electric Vehicles,
which includes all factors and uses the lower grid efficiency.


https://doi.org/10.1007/978-3-031-85028-8_27
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Energy Quality

The notion of energy quality is important to a fair analysis of practical energy-
related processes. Its formal definition, based on entropy, is not very helpful in
practice. An easy way to think about energy quality: The more things you can do
with an energy form, the higher its quality.

Here is an example: Heat produced by incident sunlight is considered a low qual-
ity energy form, since it can only be used to increase the temperature of something,
e.g., heat water or air. The heating of a surface with solar radiation is a high-
efficiency process. On the other hand, electricity is generated by a solar photovol-
taic panel at a much lower efficiency, but it is a high-quality energy form. It can be
used to heat something, but it can also directly illuminate a light bulb or LED at
night, turn an electric motor via electromagnetism, create or amplify sound, make
possible telecommunications and computation, power an induction stove, or power
a heat pump that can more efficiently heat water or air. Creating a high-quality form
of energy from a lower quality form always incurs thermodynamic losses. This is
why it is misleading to compare a Joule or Watt-hour of electric energy with a Joule
or Watt-hour of a thermal source or combustion fuel that generates heat. The same
energy content in the form of electricity is much more useful and therefore higher
quality.

There is always an advantage to using the lowest quality form of energy that can
do a given job. For example, electric resistive heating is nearly 100% efficient for
converting electricity to heat, but when the efficiency of the electricity generation
and distribution is included, its overall fuel-to-heat efficiency and cost is inferior to
the direct combustion of the fuel to generate heat. This is an underappreciated flaw
of electric propulsion when the electric energy is generated from the utility grid.

Greenhouse Gases and the Thermal Balance of the Earth

While the scientific foundations of climate science were established by several
great thinkers of the eighteenth through the twentieth century, the Swedish physi-
cist Svante Arrhenius is credited with creating in 1896 the first model of climate
change [12], coupled to the effects of heat-trapping gases (later known as green-
house gases). While attempting to explain the effect of cloud cover on night tem-
peratures, he identified greenhouse gases in the atmosphere that are thermal
absorbers and insulators. They reflect or absorb some of the incident solar infrared
radiation. Relevant to global warming, they prevent re-radiation from the surface
of the earth. The retention of this additional heat near the surface is the green-
house effect. It is a natural process that is actually critical to life on this planet. We
rely on it to maintain an average surface temperature of about 14.6 °C (58.3 °F).

Oxygen and nitrogen, the primary components of the atmosphere, are transpar-
ent to infrared radiation and neither reflect nor block re-radiation. They are not
greenhouse gases.
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Water vapor and condensate in clouds are by far the largest contributors to the
overall greenhouse effect. Their global warming potency is weak, but there is a lot
of it. Water vapor in the atmosphere averages 2-3%. On a molar average basis,
water vapor is about half as effective as a GHG compared with carbon dioxide. The
effect varies highly with the form of the water vapor, e.g., humidity vs. clouds. It
occurs naturally and has been in balance in its vapor, liquid, and solid forms for mil-
lennia. Water vapor is recycled in the atmosphere by precipitation and evaporation.
But the total water on the planet in all forms is relatively invariant.

Carbon dioxide, methane, and ozone are much less prevalent in the atmosphere
than water vapor, but they are more potent GHGs compared with water vapor. CO,
is created by combustion, chemical reactions, organic decay, and animal respiration.
CO, is variable: it increases with the total carbon available for combustion, removed
by plant life. Methane is the natural result of anaerobic (without oxygen) decompo-
sition of organic matter. These occur naturally in parts per million (ppm) concentra-
tions in the atmosphere and remain relatively constant if not supplemented by
anthropogenic (man-made) activities.

Carbon from the earth’s primordial atmosphere is retained in the crust of the
earth from millions of years of organic decay. The result is what we now refer to as
fossil fuels: oil, gas, coal, tar, and peat. When released into the atmosphere by the
combustion of these substances, the greenhouse effect of the planet is altered. The
release of carbon stored underground from organic decomposition and geological
processes that took place over 300+ million years is then abruptly, in less than two
centuries, released into the atmosphere. The natural greenhouse effect that has sta-
bilized earth temperatures for millennia is irrevocably altered.

As discussed earlier, other anthropogenic GHGs include nitrous oxide, and syn-
thesized gases such as CFC and PFC refrigerant gases and sulfur hexafluoride (SF6)
used as a high-voltage insulating gas in electric power distribution. They have
extremely high infrared absorption and insulating properties and are therefore pow-
erful greenhouse gases.

The solar-thermal balance of the planet is delicate, and the equilibrium we have
enjoyed for millennia is easily upset. Even a small increase in the greenhouse effect
due to added GHGs causes more heat to be trapped, leading to a net increase in
atmospheric and surface temperature.

While there are some stabilizing mechanisms in the atmosphere, they have rela-
tively small effects that counteract the thermal instability due to the synergy between
CO, and H,O in the atmosphere: For example, if temperatures rise due to slightly
more CO,, more water is vaporized and enters the atmosphere. Since water is itself
a greenhouse gas, heat entrapment and temperature are further increased. This is a
positive feedback cycle that, when combined with weaker stabilizing mechanisms,
yields a metastable system, one that can only be pushed so far off its equilibrium
point before reaching the point of run-way climate change, sometimes referred to as
the “tipping point.”

Also, increased differential heating of the earth’s surface and troposphere leads
to greater local atmospheric pressure and temperature differentials, which are driv-
ers of extreme weather events [13].
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This simplified explanation is confirmed by advanced climate simulation mod-
els, such as Argonne National Laboratory’s crowd-sourced GREET model in the
USA or the EU Euro-Cordex model [14].

Why Are Greenhouse Gases so Closely Tied to Our Energy Use?

The overwhelming scientific consensus is that carbon dioxide (CO,) and methane
(CHy) are the primary anthropogenic (human-made) drivers of global warming.
Note, however, that when we use the terms carbon emission, carbon credits, or car-
bon capture, we are incorrectly implying that carbon in various compounds is the
bad actor affecting climate change. But not all greenhouse gases contain carbon,
e.g., nitrous oxide (N,O) from agricultural operations, or sulfur hexafluoride (used
in high-voltage power distribution switches) are among the most extreme green-
house gases, far more potent than CO,, yet they contain no carbon. It is not the
carbon per se that is the problem—it is the infrared absorption and reflection proper-
ties of a gas that make them greenhouse gases and lead to atmospheric warming.

While the increase in the average atmospheric temperature is the most com-
monly cited metric, it has become increasingly obvious in recent years that a radical
increase in extreme weather events is a more immediate concern to civilization
today. Of course, if sea levels rise sufficiently with the melting of polar ice, the
ramifications will be very severe, but arguably, we have adequate warning of this
trend. At least enough time to relocate coastal real estate developments that could be
underwater in the next 50-100 years. The radical uptick in the number and severity
of extreme weather events worldwide (severe storms, droughts, floods) is of much
more immediate concern.

Related to petroleum combustion in automobiles, the greenhouse gas of primary
concern is carbon dioxide. Nitrous oxide is also a potent greenhouse gas, but it is
generated almost entirely by agriculture and industrial processes and is not directly
associated with automobiles or transportation, with the possible exception of ammo-
nia combustion [15].

Similarly, methane emissions are a serious contributor to climate change, having
a global warming potential (GWP) between 28 and 84 times that of carbon dioxide
(depending on the assumptions of the analysis). Methane, the primary component of
natural gas, is more associated with agriculture and biomass decomposition than
with automotive emissions. But that does not mean it is not a major product of the
oil extraction industry. In the USA, as a direct result of improved drilling tech-
niques, approximately 26% of all natural gas is extracted as an unintended by-
product of hydrofracturing for oil. Methane from extraction sites far from natural
gas pipelines or liquefaction facilities has no market value. It is flared or vented.
Despite state and federal reporting requirements, there is little reliable data on the
amount of natural gas flared or vented. For example, in Texas, with the largest num-
ber of oil and gas drilling operations, flared or vented gas is exempt from the state’s
7.5% natural gas tax, leaving no incentive to reduce this huge waste of energy. As
stated in a 2019 report by the US EIA [16] (Fig. 2.12),
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Fig.2.12 Natural gas
flares at undisclosed well
site. https://gml.noaa.gov/
ccgg/behind_the_scenes/
flaring.jpg. Public domain

The Environmental Defense Fund (EDF) performed a similar analysis of the NOAA data,
analyzing flaring rates and volumes in the Permian during 2017. The results indicated that
Permian operators alone burned 104 Bcf [billion cubic feet] of natural gas, which equated
to 4.4% of all gas produced in Texas in 2017. However, industry only reported 55 Bcf of gas
burned. NOAA satellite data shows operators burning almost 8% of produced gas.

A worse scenario is the leakage or intentional venting of natural gas into the
atmosphere rather than flaring, which avoids detection from satellite imagery.
Considering the high global warming potential of methane (the dominant compo-
nent of natural gas), the release of unburned gas is a much greater contributor to
climate change than if the gas was flared. Figure 2.13 is a photograph of the Eagle
Ford Shale Play in southern Texas taken from the International Space Station. Each
of the “thousand points of light” outside the two cities is a gas flare disposing of
natural gas at a hydrofracturing site.

The suspected underreporting of flaring and venting, in addition to countless
small leaks from gas compressors and pipelines, has in March 2024 motivated the
launch on a multi-satellite SpaceX rocket of a dedicated methane detection satellite,
MethaneSAT [17], privately funded by the non-profit International Environmental
Defense Fund. It was not the first satellite for this purpose, but it included a higher-
resolution infrared spectrometer that allowed better localization of the sources of
methane by coupling data with precise weather observations. Considering the sever-
ity of the problem, it is disappointing that this expensive undertaking had to be
underwritten by a private non-profit organization rather than a national space agency
such as NASA (USA) or CNSA (China) [18].

GHGs from Automobiles

The combustion of petroleum products in an Internal Combustion Vehicle (ICV)
generates several greenhouse gases of variable efficacy. These include carbon diox-
ide, water vapor, oxides of nitrogen, particulates and trace unburned gases having
global warming potential. These GHG emissions add to other natural and
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Fig. 2.13 NASA Landsat 5 image 16 February 2016 of the Eagle Ford Shale Play in southern
Texas, USA showing natural gas flares. Each flare could have provided enough natural gas to con-
tinuously power a fleet of service and delivery trucks. Image source: https://eoimages.gsfc.nasa.
gov/images/imagerecords/87000/87725/eagleford_vir_2016046_Irg.png. Public domain

anthropogenic sources of greenhouse gases unrelated to hydrocarbon combustion.
How do we assess the relative heat-trapping effects of each greenhouse gas?

Since CO, is the anthropogenic GHG of greatest concern for climate change, it
is common practice to report all GHGs in terms of their potency compared with
CO,. The metric CO,e is used for this purpose, equalizing the climate harm that is
done by each GHG with an equivalent mass of CO,. In comparing the relative cli-
mate change impact of different combustion fuels, I will follow established practice
and report all GHGs as CO,e.

To allow comparison of relative climate impacts, we apply a multiplier to a par-
ticular greenhouse gas to normalize its potency with that of carbon dioxide. This
factor is called the Global Warming Potential (GWP), and it differs radically
between various GHGs. The GWP factor multiplied times the mass of the given
GHG gives the metric CO,e, or carbon dioxide equivalent. We use this as a stan-
dardized metric for global warming impact by referring to all gases affecting global
warming in terms of the equivalent impact of CO,.

Table 2.1 repeats the list of greenhouse gases and their GWPs from Chap. 1,
Table 1.1, but identifies the total impact of each on global warming and the percent-
age of each that occurs naturally compared with the percentage that is generated by
human activities.
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Table 2.1 GHGs are segregated by natural vs. anthropogenic origins, and impacts on global
warming are reported as CO,e on a mass basis

Greenhouse gas Warming effect % natural % human GWP

Water vapor* 95.00% 94.999% 0.001% 0.001-0.0005
Carbon dioxide (CO,)* 3.62% 3.502% 0.117% 1

Methane (CH,)* 3.62% 3.502% 0.117% 25-75
Nitrous oxide (N,0O) 0.360% 0.294% 0.066% 293
Hydrogen (H,) Trivial 0.1% 99.9% 12-40
Synthetic refrigerants (xFC) |0.950% 0% 0.950% 1600-10,000
Electrical insulator (SFy) Undetectable 0% 100% 24,000

Total 100.00% 99.72 0.28%

Transportation-related GHGs are identified with asterisks. Data from http://www.geocraft.com/
WVFossils/greenhouse_data.html
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The automobile has played a major role in defining civilization as we know it today.
But in its roughly 130-year existence, automobiles have played a major role in alter-
ing the atmospheric composition, most notably due to the carbon dioxide (CO,) gen-
erated by hydrocarbon combustion. Consequently, transportation, including land,
sea, and air, has been a major contributor of CO, that is now known to be the primary
anthropogenic contributor to global warming. Within the entire field of transporta-
tion, passenger cars produce the largest share of CO, emissions [1] (Fig. 3.1).

It’s worthwhile, then, to briefly review how automobiles have helped to lead us
to the current threshold of climate decline in such a short time and examine ways by
which we might stabilize the damage already done.

Since the 1920s, after the brief golden years of electric vehicles, almost all auto-
mobiles and light trucks have burned fossil fuels to produce motive power, in par-
ticular, gasoline and diesel fuel, and early approximations of these. The energy
conversion devices that turn fuel energy into motive energy have almost entirely
been internal combustion engines (ICEs) as opposed to external combustion engines
such as steam engines. Interest in ICEs began with the quest for stationary and
mobile mechanical power sources that were lighter and required less attention than
the steam engines that had ruled since 1689. Many names appear on patents as early
as 1794, when English inventor Robert Street constructed a crude stationary ICE
fueled by petroleum.

In 1807, French engineers Nicéphore and Claude Niépce built an engine fueled
by coal dust, which they used to power a boat. The first four-wheeled vehicle pow-
ered by an ICE was probably the hydrogen-oxygen-powered wagon of Swiss engi-
neer Francois Isaac de Rivaz, who in 1813 demonstrated a travel distance of 100 m.
In 1823, Samuel Brown patented the first practical ICE in the USA, which was used
to power a boat and a carriage in 1827-1828. Several similar automobile inventions
in England, the USA, Italy, and Belgium were patented or published, but none were
commercially successful [2].
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Fig.3.1 Benz
Motorwagen, 1886,
Germany, which is
considered the first
successful automobile,
constructed by Rheinische
Gasmotorenfabrik Benz &
Cie. (Mercedes-Benz)
Image from Deutsches
Automotive Museum,
Munich DE. Public domain

In 1876, German engineers Nicolaus Otto, Gottlieb Daimler, and Wilhelm
Maybach patented the first compressed charge, four-stroke cycle engine, the con-
figuration used in almost all automobiles today. Their configuration was that of a
piston or reciprocating engine, in which a combustible mixture of air and fuel is
inducted into a closed cylinder, compressed by the motion of a piston, and then
ignited with an electric spark, causing a large increase in pressure that pushes the
piston in the other direction to rotate a crankshaft, doing external work, thus the
term “reciprocating” or back and forth.

The other fundamental configuration that survived the test of time was the com-
pression ignition (aka diesel) engine, patented in 1892 by German engineer Rudolf
Diesel, but not used in production automobiles until the 1930s by Citroen and
Peugeot of France, and Mercedes-Benz and Record, both of Germany. Many other
IC engine configurations have been conceived since then but failed to capture mar-
ket success. The one exception was the rotary (non-piston) engine developed in
1954 by German engineer Felix Wankel, which powered passenger cars manufac-
tured from the 1960s through the 1990s by NSU of Germany and Mazda of Japan.

Electric propulsion came on the personal transportation scene with the success-
ful demonstration of the English Ayrton-Perry Electric Tricycle in 1881, soon fol-
lowed by many battery electric cars that achieved at least some measure of
commercial success. By 1900, the automotive world was dominated by electric cars.
It is fair to say that the practical history of the automobile as a form of personal
transportation started with battery electric vehicles (BEVs). Between 1890 and
1910, more electric vehicles were operating on US and European roads than com-
bustion engine vehicles of any type—ICEs or external combustion steam engines.
Deployed almost entirely in urban areas including New York, Baltimore, Paris,
Stuttgart, and London, BEVs fascinated affluent owners and taxi operators in terms
of being quiet, less odiferous, easy to operate, and requiring no hand-crank starting
[3]. Electric power was sourced almost exclusively from coal-burning power plants,
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most almost solely used for charging electric vehicles. Energy storage was almost
exclusively via lead-acid batteries, as it would continue for 110 years.

However, ICE competitors to electric vehicles improved gradually, and even
though still smelly and dirty compared with clean electric vehicles, they gained
popularity because of their greater range and non-dependence upon charging
facilities, which were only available in affluent urban areas. Liquid fuels were
usually purchased at the local drug store (chemist) or general store. Fuels were
minimally refined petroleum derivatives, vegetable oils, whale oil, benzine (as
gasoline is still referred to in much of Europe), toluene, acetone, methanol (wood
alcohol), and ethanol (grain alcohol). Standardized gasoline as we know it would
not become common for another twenty years. But with the incredibly high
energy density and low cost of petroleum fuels, the introduction of the low-cost
Ford Model T in 1908 [4] (Fig. 3.2), and subsequent technical innovations such
as the Kettering inductive ignition and electric starter, ICE vehicles eclipsed
BEVs almost completely after 1920. Short-lived electric car manufacturers were
replaced by startup ICE vehicle manufacturers. Paved roads gradually replaced
dirt streets and wagon paths, and by the 1950s, limited-access highways and
autobahns were built, all to enable the unprecedented convenience of high-speed
personal transportation using gasoline or diesel fuel. Electric cars were relegated
to special applications, such as indoor or underground vehicles, although electric
rail continued to grow in popularity, as it remains today since it does not require
energy storage onboard the vehicle.

S T RN A L

Fig.3.2 1912 Ford Model T Roadster. The Model T was the first mass-produced car in the United
States (possibly the world) making it affordable for the general population. Photo by Randy von
Liski. Flicker. CCO license. https://www.flickr.com/photos/myoldpostcards/5012726699/
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Automobile Air Pollution: Early Perspective

In the context of automobiles, we usually think of pollution as the noxious compo-
nents of ICE automobile engine exhaust. But in the late nineteenth and early twen-
tieth centuries, electric and petroleum-powered automobiles were considered
significant improvements over the emissions of horses, responsible for serious
urban sanitation and air quality problems. Coal remained king for locomotives,
ships, domestic heating, electricity generation, and town gas production for lighting
and cooking, but it was an inconvenient fuel for personal transportation. The con-
nection between air pollution and health was eventually recognized, but there was
no choice but to accept it as a cost of progress. Autocars were just too desirable. The
opaque air that was the signature of the Industrial Revolution in England and
Western Europe was matched 100 years later by the automobile smog of major US
cities such as Los Angeles.

Over the next 100 years, periods of interest in alternatives to gasoline and diesel
fuel were frequent, all following unexpected “gas shortages” due to the global poli-
tics of oil or public epiphanies about the consequences of automotive air pollution.
Until the 1970s, world oil reserves were assumed by most people to be of no con-
cern to them, an assumption that was challenged in 1956 following the publication
of Standard Oil Co. engineer Edwin Hubbert’s predictive analysis of oil resources
in the USA. The “Hubbert Curve”, a logit [5] supply/demand model for petroleum,
observed that a geopolitical oil crisis would occur not when reserves were depleted
but when oil extraction could not keep pace with growing demand. Gasoline short-
ages during World Wars I and II, the Suez Canal blockade in 1956, and the Israel-
Egypt Six-Day War in 1967 brought home the importance of free-flowing oil to
Western Europe but had little effect on North America due to its large indigenous
reserves. Following the oil shortages of 1973 and 1979, attitudes in the USA
changed dramatically due to growing dependence on inexpensive oil imported from
the Persian Gulf, controlled by the newly formed Organization of the Petroleum
Exporting Countries (OPEC) cartel. The assumption that gas stations would always
have (inexpensive) fuel for your car was shattered during these periods, but it was
forgotten as soon as cheap gas became available again in the 1980s.

Starting in the early 1970s, exemplified by the 1972 publication of the book
“Limits to Growth,” our dependency on a finite resource of low-cost petroleum was
recognized as an impending conundrum: a primary driver of world prosperity and
politics but a serious health hazard and political flashpoint. Automotive emission
controls first deployed in 1968 were only marginally effective in reducing the toxic
exhaust emissions hydrocarbon (HC), carbon monoxide (CO), and NO,, referred to
as regulated emissions. It was not until 1977 that truly effective auto emission con-
trols were deployed, following the development of the 3-way catalytic converter and
oxygen-sensing feedback fuel injection, technologies that have been used on all
licensed vehicles in the USA since 1991. It took another decade for awareness to
grow about an even more insidious problem: the impact of GHGs, especially CO,,
on the climate. CO, had always been considered a benign trace gas in the
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atmosphere. It is nontoxic, the byproduct of natural and anthropogenic (human)
activities, industrial processes and automotive engines. A decade passed before
another epiphany: methane (CH,) released into the atmosphere from natural gas
extraction and agricultural operations was also a potent GHG. The new environ-
mental concern was GHGs that, even in minimal concentrations, increased the heat
retention of the atmosphere.

The engine control technologies that so effectively reduce regulated automotive
emissions do nothing to reduce CO, emissions. In fact, they slightly increase them
since all automotive emission controls seek to convert HC, CO, and NO, into CO,,
water vapor, and nitrogen. Unlike regulated emissions that are directly toxic and/or
carcinogenic, CO, is as fundamental to carbon-based life on earth as water. All
higher forms of life require or expire it. For gasoline- or diesel-fueled vehicles, CO,
emissions are exactly proportional to the mass of fuel burned. Another big differ-
ence is that the effects of CO, are global, unlike the local impacts of regulated emis-
sions. Where and how it enters the atmosphere does not matter. Whether the CO, is
released from a vehicle tailpipe, the stack of an electric power station or a home
furnace makes no difference to its climate change consequences. CO, emissions in
a city in Southeast Asia eventually have the same impact on a city in Europe as the
emissions originating in that city. This distinction is still not fully grasped by much
of the public, who are accustomed to being able to escape the pollution of the city
by a vacation in a forest. The global warming problem caused by anthropogenic
(human-made) CO, and CH, can only be addressed by a major reduction in pro-
cesses that generate CO, of which the combustion of fossil fuels is the leading
contributor.

By 2010, over 1 billion [6] petroleum-powered vehicles were operating daily
worldwide, and by 2023, that number had increased to 1.47 billion [7]. Petroleum
and its energy and environmental sustainability impacts were now the topic of daily
media headlines. However, society lacks the collective will to accept and address
the predicament, even as global temperatures continue to break records year after
year, and radical climate events have exploded in number and severity. The ubiqui-
tous Internet has played a major role in the propagation of misinformation, leading
to the paralysis of meaningful collective action and pseudosolutions motivated more
by financial or political gain than climate change remediation.

In 2021, in the USA, energy used by powered transportation accounted for 28%
of all forms of energy in all uses [8]. In California, considered the “greenest state,”
39% of all GHG emissions are attributed to transportation [9] (Fig. 3.3).

Since the dominance of the ICE starting in the early twentieth century, petroleum
has been the primary source of energy for transportation in the USA and most
Western countries. In 2021, petroleum products accounted for 90% of the total
energy use in the US transportation sector [10]. The breakdown by exact vehicle
types has not been as well documented as the distribution of the final forms of
refined petroleum, illustrated in the EIA pie chart [11] of Fig. 3.4 that shows that
gasoline and distillates (e.g., diesel fuel) account for 77% of all petroleum. Hence,
they are prime candidates for mitigating anthropogenic global warming.
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Automotive GHG Emissions
GHGs Generated by Combustion Engines

In the USA and much of the world, transportation accounts for the largest fraction
of anthropogenic GHGs [12].

GHGs reflect heat (long-wave infrared radiation) back to the earth, causing the
gradual atmospheric temperature rise known as global warming. Simplistically
stated, a gas molecule can be, but not necessarily is, a good infrared absorber if it is
heteronuclear (has two or more different atoms) with an uneven charge distribution
between the atoms. This allows the molecule to change its dipole moment, which
enables it to absorb and re-emit IR radiation. These types of molecular arrange-
ments are the most potent GHGs [13].

All fossil fuels (hydrocarbons) burn to produce GHGs, most significantly, CO,.
We have become accustomed to reporting “carbon intensity” as CO,e, which is the
global warming impact relative to CO, for any GHG.

The combustion of gasoline, gasoline blends, diesel, or biodiesel fuel also gener-
ates regulated pollutants which are directly toxic or carcinogenic:

* HC: HC, including non-methane organic gases (NMOGs), are carcinogenic.

e CO:Itisnotitself a GHG but reacts with oxygen in the atmosphere to become CO,.

e NO, (NO and nitrogen dioxide NO,) Highly toxic and precursors to ozone.

e HCHO (formaldehyde): It is highly toxic and emitted mostly by alcohol fueled
vehicles.

e CH,: Itis a potent GHG. As an automotive emission, it is primarily a concern for
natural gas vehicles, and for hydrogen production from natural gas.

 Particulates (carbon and hydrocarbon emissions in solid form): They are respon-
sible for respiratory diseases and much more of a problem in diesel engines.

Regarding NO,: Combustion of almost anything, regardless of carbon content,
produces some NO and NO,, collectively called NO,. Any time air is heated to a
high temperature, even for a few milliseconds, some of the nitrogen and oxygen
molecules react to form NO,. This is why even the combustion of hydrogen and
ammonia, both carbon-free fuels, produces NO, in quantities varying from near-
zero at the lean AFRs (low power, low temperature), to the same or higher than
gasoline at stoichiometric ratio (high power, high combustion temperature). NO,
gases are extremely toxic and photoreactive in the atmosphere, serving as precur-
sors to ozone. They are regulated automotive emissions subject to legal constraints
by the EPA (USA) and EEA (EU), and are of special concern for diesel engines
because they operate at higher combustion temperatures due to their higher com-
pression ratios. Although NO and NO, have the chemical properties to act as GHGs,
they are usually not of global warming concern because of their high reactivity,
which makes them short-lived in the atmosphere.

However, the third oxide of nitrogen, N,O aka “laughing gas,” is a very potent
and stable GHG, with a much higher global warming potential (GWP) than CO, or
even CH,. But it is not a significant automotive combustion product. It is produced
almost entirely by agriculture and the agricultural chemical industry [14].
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Of all the GHGs, the largest transportation-related contributor to global warming
is CO,, even though it has the lowest GWP, as illustrated in Fig. 3.5. There is a lot
of it in the atmosphere.

The EPA and EIA report exhaust GHGs as “CO,e” (CO, equivalent), by multi-
plying the mass of the GHG by its GWP, which adjusts the physical totals to reflect
the relative greenhouse potency equivalent to the mass of CO, that would have the
same effect [12].

For modern catalytic converter-equipped gasoline vehicles and exhaust-after-
treated diesel vehicles, almost the entirety of the GHG effect is attributed to the CO,
emissions alone. For example, the US EPA’s “GHG Score” and resultant “Smart
Car” ratings are based solely on CO, emissions or the CO equivalents of other auto-
motive emissions. Note that this assumption is not valid for older (pre-1990) non-
catalyst-equipped vehicles that have much greater regulated emissions.

For gasoline/diesel vehicles, the fuel consumption and official fuel economy rat-
ings, as established in multi-cycle dynamometer testing, are actually measured by
monitoring the mass of CO, emitted in the exhaust. During testing, a standardized
reference gasoline or diesel fuel with known carbon mass concentrations is used.
This relies on the fact that except for trace amounts of carbon tied up in the hydro-
carbon and carbon monoxide emissions, the CO, emissions are simply proportional
to the inverse of the vehicle fuel economy stated in miles/gallon (mpg), or, in

3.0%
HFCs, PFCs, SFe and NF3

Fig.3.5 2021 breakdown of global anthropogenic greenhouse gas emissions. EIA data and graph-
ics. Public domain
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countries other than the USA, directly proportional to the vehicle fuel economy
stated as liters/kilometer (L/km).
The US EPA reports [15] the following equivalences for gasoline and diesel fuel:

1US gallon of gasoline without ethanol = 8887gCO,.

1US gallon of diesel No.2 =10,180g CO,.

To be clear, this means that the consumption of each gallon of gasoline in a
vehicle contributes about 8.9 kg (19.6 Ibs) of CO,. For perspective, adult human
respiration generates 0.7-0.9 kg of CO, daily [16].

Different Fuels Produce Different CO, Emissions

While it is true that the CO, emissions of an automobile are proportional to its fuel
(energy) consumption rate, it is not true that all fuels produce the same amount of
CO, for the same energy content. The exhaust CO, can be very different since the
carbon mass fraction and the specific combustion energy of the fuel will be differ-
ent. When measured relative to distance traveled (MPGe, g CO,/mile), the energy
content of a fuel equilibrates to the distance traveled.

This is significant in our quest to reduce the carbon intensity of transportation,
since the use of a fuel that produces x% as much CO, as gasoline per unit of energy
will produce x% lower CO, per km or mile. This is in addition to the difference in
the carbon intensity of the production process of the given fuel compared with gaso-
line or diesel fuel.

Focusing only on tailpipe CO, emissions, we can easily calculate and compare
the relative CO, emissions in g/mi for any combustion fuel. What we will see is that
there are few alternative fuels, either liquids or gases, that produce CO, emissions
as high as gasoline or diesel fuel per unit of distance traveled.

Comparing Combustion Fuels in Terms of Their CO, g/mile

What mass of CO, gas is produced by the stoichiometric combustion of a fuel to
generate a given amount of fuel energy (equivalent to a given number of km or miles
traveled)?

As discussed in Chapter 4 Engines and Fuels, stoichiometric ratio means that the
engine is burning the exact mass ratio between the air and the fuel such that all
available fuel and all available oxygen are used in the combustion.

For the most common automotive fuels, gasoline and diesel fuel, multiple gov-
ernment and private agencies in the USA and worldwide (US EPA, EIA, ASTM,
SAE, CARB, and the IEA and EEA in the EU) test and publish official data annu-
ally on the combustion energy and carbon content for current regional gasoline
blends. Most alternative fuels are pure substances; that is, they are not blends of
hydrocarbons like gasoline or diesel. This makes it possible to determine CO, emis-
sions from their chemical formulas rather than experimental testing.
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CO, Generated Per Unit of Combustion Energy
For the combustion of any hydrocarbon fuel in an ICE, exhaust water leaves the
cylinder as vapor. No energy is extracted from the condensation of the vapor into
liquid water. Therefore, IC engine fuels always use the lower heating value (LHV)
or net heat content, not the HHV or gross heat content. Whenever referring to auto-
motive fuels, “Heat Content” or “Fuel Energy” or “Specific Calorific Value” refers
to the LHV.

Table 3.1 shows the results of a US DOE online fuel property comparison web-
site, including the LHV of each fuel [17].

Notes:

e BTU = British Thermal Unit, a legacy unit of energy still in use in the
USA. 1 BTU = 1.055 kJ = 103 MJ.

e The LHV for 2023 US gasoline varies from 112 to 116 BTU/gal. Its average is
114,102 BTU/gal, or 42.7 MJ/kg.

* EO refers to gasoline without ethanol, whereas what is usually sold as “gasoline”
or “petrol” at the pump in North America, Japan, and Western Europe is E10 with
10% ethanol.

Are Vehicular CO, Emissions Regulated by the US EPA?

Surprisingly, no. But they are incentivized via gasoline use per mile. Based on the
GWP weightings above, the EPA created a scoring system for ranking of vehicles
according to their GHG emissions, which are inversely proportional to fuel econ-
omy (mpg) [18] (Fig. 3.6).

Notes from this chart:

* 1In 2020, to achieve a GHG rating of 10, a vehicle must get 45 + mpg gasoline
(reduced from 2016 when this number was 46 + mpg). Current EPA projections
to achieve a GHG rating of 10 in the years 2027 through 2032 are 44.4-54.4 mpg,
respectively [19].

* Complete Bin/Tier regulated emissions standards can be found online [20].

¢ Individual vehicle data from EPA certification tests can be found online [21].

e The current list of SmartWay or SmartWay Elite requirements is online [22].

EPA GHG Classifications for Gasoline Vehicles

The complexity of automotive emission regulations has grown to breathtaking lev-
els. One indirect indicator is the current (2024) number of different vehicle emission
classifications:

Zero-emission vehicles (ZEV) are either BEVs or hydrogen fuel cell vehicles
(FCVs). Partial zero-emission vehicles (PZEV) are non-plug hybrids. Advanced
technology zero-emission vehicles (ATZEV) added plug hybrids under a separate
classification.

Among gasoline-powered vehicles, there are the California classifications: Low
Emission Vehicle (LEV Options I and II), Transitional Low Emission Vehicle



45

Automotive GHG Emissions

(panunuoo)

SYUMY €€€
qu/mg 68S°1S

DD | se A310u0 sures
ay) A[erewrxoxdde
SeY ‘H Jo 'sq1 7'C

OO 01 =31
2D S0 ="al |
Jojem

Jo s1sK[o109[e pue
‘Joueyiow ‘sesd [eInjeN

H ‘ses orwoyeI(g
ua3oIpAH

[e3/mg 0ST°LS

DD [ se

A319u2 24 JO 9%0S
SUIBIUOD [OURY)OW
Jo uoyesd |

gD 050 =1e3 [

ssewrorq Apoom 1o
‘Te09 ‘seg [eImeN

HOHD
[oyoore 1sordurtg

[OUBIOA

0014 10}

[63/mg 0€€°9L
45D

1 ur A319u2 Jo
%L9 seq 001d
qurjoses jo

[0oA Sures AS1oua
O JO %EB—%EL
SUreIuOd 68

DD
L90=1e8 |

(9so[nyao) d)sem
[eamnoride
10 ‘sureisd ‘uio)

HO°HD
[oyoore ordwrg

0o1d/1ouetpg

qI/mg 091°0C

g0D

1 se A310u0 swes
oy sy OND
Jo[ely LseTt
10 “q1 99°C

DD BI'0="9dl 1

se3o1q o[qemaual
PUE SOATISAI
punoi3iopun
sosed

J_uUI pue “OHD
(Kyuofewr) 'HD
(OND)

se3 Temjeu
passaidwio)

[e3/mg 00,921
0zq

e3/mg 0SS°611
0019

40d 1

ur A319U9 9y} JO %66
sey Ozd Jo uof[es |
40d 1

ur A310U9 9y} JO 9%¢6
Sey 001 g JO uo[es |
40d 66'0=1¢3 |
ocd

DA €60 =13 |
0014

poasader pue ‘syej
[ewue ‘10 Surjood
J)sem ‘SuBaqhos
woly S[I0 pue sjeq

sproe A1e} @) 03
217 JO 19189 [AISIA
[esaIpolg

[e3/mg 06091 I-+11°C11

DD T ur A313U9 oy

30 9%001-9%L6 Alreurwou
sey aurjoses jo uoyes |

(DA 88°0=HOD 1)
HOD 001 =1e3 |

110 3pn1)y

014 10§ [oueysd
%01 +"H"'D 01 'H"D
qurjosen

(AHD
JUNU0o A310UY

uostredwoo
A310ug

(3D 10 4DD)
juareArnba
uo[es [osoIp
10 QuIjOseD)

[ELIOYeW 90IN0S

2IN30NIIS
[eonuay)

sontodoid [ong sAneUIdE PRJOd[as Jo uostredwo) L€ ajqeL



3 Automobiles and the Environment

46

urewop o1qnd "AH TN HILI OND A SO=s[onJ;,sentadoid/sjonj/a03 A310ua opye//:sdyy 700y uostredwros Kyredoid jony gO SN 2Yl Aq pajerouas eiep 9[qel,

[eod
IO se3 [eInjeu woij
poonpoid st uaSoIpAy
jsowr Ing "AIOLOJ[
Sursn s1s£[0No9[2

Kq peonpoid

ST U9301pAY U2QID)

UOnBIYNIID
orporrad axmbar
syue) anssaid-ySryg

Do T85799¢

+0¢1
VIN

edIN 0L AT[eotd4
‘se3 passardwo)

ua3oIpAH

$90IN0S3I
J[qemoual
w0l 9pew 9q

ued Inq ‘ses [einjeu

woiy paonpoid
A[reonsewop

SI [OUBRYIIA
polsasur

JI OIXOJ, "Papasu
syred oiqnedwos
-[oUBYIRA

Do 187

Cll
VIN

pmbry
[ouBYIdA

o[qemoual
A[renuajod
‘K[reonsewiop
poonpoid

st joueyy

papasu
syred o[quedwod
-[oueyiy

Do €TV

Or1
760

pmbry
001 d/10ueyg

Surpup

woj A[oImua
jsoui[e paure}qo
SI se3 [ernjeN
UuoneIYNID
orporrad
armbaz syue)
amssaxd-y3rg

Do OFS

+0¢C1

VIN

edIN ST Aleotd&
‘se3 passardwo)
(DND)

se3 Temjeu
poessaidwio)

aanisod

ST 9oueeq A3IoU9

S Jey) JU2IX9 oY) 0}
o1qemauai s1 3] ‘sdoro
pooes woij paonpoid
A[[eonsawop

ST [osaIpolg

Kyougny mof sey [ong
[9S9Ip InJ[NS-mO]
VIN

VIN
oS+

pmbry
[esarporg

uondwnsuod wnajonad
JO 9% 0L ‘[T0 9pnId WOl

syuouodwod
19)y31] jo uorerodead o}

anp Apyomnb sopei3ap [ong

Do LST

€618
VIN

pmbry
qurjosen

syoedur
K1noas A3roug
SonssI
JourUIIUTEW
pue
[euoneradp
amjeradud)
uonugomy
Joquinu

(NOD duenQ
JoquInu Quejd))

q1e)s [eIISAyg

(ponunuod) L°g 3jqey


https://afdc.energy.gov/fuels/properties?fuels=GS,BD,CNG,ETH,ME,HY

47

Automotive GHG Emissions

Uurewop d1jqngd *S9dUAIJAI-PUB-SUOTIB[NI[EI-10Je[NO[ed-sAtoud[eAnba-3yS/AS10us/A03 vdo-mmm//:sdny wol ‘0[—[ Sulq ¢ 191, Vdd 9°€ ‘B4

G = Buipes Bows whwwsuny '} = Buies HHO Wt @ 196 jey) sapiyen 04 g.a:..wzi

P VaISn S

PR VAT ST

£ = Bunes Bows wnusuus ‘0| = Buges OHO wnwsuns e jab 1ey) sepian Jo4 _%E:.m,mw.f [
]5

09LAaT 09l wg g-gug I ¥L9z2 ¥l s I

= - = z £L9-0VS 9161 &

SZLA3IN 0Ll wg ‘Gzl uig yug £ 6ES-LSY 6l-L1 €

- - - ¥ 95H-96E zz02 ¥

0Lug m.hm 5 G

05 ug 9 0

L

a”

z

Az €9l
PIEOg S30INOSIY IV FIUIO}IED va3sn ONILVY SYO 3SNOHN3IND Sy
OHD vdd L
Spiepuels UOISSIWI
ONLLYY SOWS

0202 AN
~ sploysaIyL spIysA Aepewrs


https://www.epa.gov/energy/ghg-equivalencies-calculator-calculations-and-references

48 3 Automobiles and the Environment

Table 3.2 US EPA CO, and Rating MPG (gas) CO, (g/mile)

MPG bins, in Tier 2, 2021 10 >53 0—169
9 43—52 170—209
8 36—42 210—250
7 3135 251—291
6 27—30 292—335
5 23—26 336—395
4 20—22 396—456
3 17—19 457—539
2 15—16 540—613
1 <14 =614

(TLEV), Ultra-Low Emission Vehicle (ULEV I and II), Super Ultra-Low Emission
Vehicle (SULEV20, SULEV30, SULEV50, SULEV70, SULEV125, and SULEV 1
and II), and Inherently Low Emission Vehicles (ILEV). The ILEV designation
applies only to alternative fuel vehicles such as hydrogen or methanol which inher-
ently produce lower regulated emissions, evaporative emissions, and CO,. Not to be
left out of the acronym competition started by the California Air Resources Board,
in about 2003, the US EPA introduced Tiers and Bins. They also aggregated many
of the classes into a single classification, the National Low Emission Vehicle (NLEV).

This recitation does not even include the diesel-related emission classes. A com-
plete description of each emission classification can be found in ref. [23].

Regarding GHG emissions, Table 3.2 is a list of the EPA classifications for MY
2021 gasoline vehicles for rating “bins” within “Tier 2,” which contains most light-
duty gasoline vehicles. Since CO, is proportional to gasoline consumption, the table
is indexed by MPG, ranging from less than 14 mpg for Bin 1 to greater than 53 MPG
for Bin 10.

CO, Is Incentivized by Corporate Average Fuel Economy
(CAFE) Standards

Within a few years of the passage of the US Federal Clean Air Act in 1970, fuel
economy targets were established by the newly founded EPA for US auto manufac-
turers. These targets took the form of Federal CAFE standards, which provided an
incentive for US auto manufacturers to produce more fuel-efficient cars and trucks.
The concern at the time was energy security, motivated by the fuel shortages of
1973 and 1979 caused by fuel production restrictions implemented by OPEC to
increase the value of imported crude oil at a time when the USA had become depen-
dent upon imports from the Middle East. GHG emissions wouldn’t become a factor
until nearly 30 years later.

The periodically updated CAFE standards are developed by the US EPA and
enforced by the National Highway Transportation Safety Administration (NHTSA).
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The novel idea was based upon the observation that all of the major manufacturers
at the time produced a wide range of vehicles, from subcompact cars through heavy
trucks. Separate target fuel economy (mpg) values were established for four differ-
ent broad classes of vehicles. Within each class, the “fleet average” fuel economy
(mpg) was required to be better than the CAFE target as published in the US Federal
Register. This allowed some vehicles to fail to meet the standard by producing oth-
ers that exceeded the standard.

CAFE standards have mutated in various ways over the intervening 50 years, but
are still in force today, with variations in other major auto manufacturing countries,
in particular, Japan. CAFE standards continue to be perhaps the most important
regulatory tool to help reduce automotive CO, emissions (Fig. 3.7).
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Fig.3.7 2012-2025 CAFE standards (MPG) by year and vehicle footprint. From U.S. Department
of Energy—Fact #941: September 5, 2023. https://www.energy.gov/eere/vehicles/fact-941-
september-5-2016-mid-term-evaluation-corporate-average-fuel-economy-standards.
Public domain


https://www.energy.gov/eere/vehicles/fact-941-september-5-2016-mid-term-evaluation-corporate-average-fuel-economy-standards
https://www.energy.gov/eere/vehicles/fact-941-september-5-2016-mid-term-evaluation-corporate-average-fuel-economy-standards
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How to Calculate CO, Emissions for Fuels Other Than Gasoline
Find the carbon content of fuel in g carbon/g fuel.
Each carbon atom will become a CO, molecule in combustion.
12 g carbon — 44 g CO,
This gives the g of CO, per g of fuel
Determine the car’s energy requirement (MJ or kJ) to travel one mile
from its MPG rating, using the MPGe and energy content of the fuel.
Divide energy requirement per km or mile by the specific energy
(LHV in kJ/g) of the fuel to get g of fuel per km or mile.
Multiply g of fuel per km or mile by CO, per g of fuel to get CO,
per km or mile.

Appendix 2 demonstrates the calculation of CO, emissions for any liquid and
gaseous fuels. CO, emissions are also discussed in Chapter 4 Engines and Fuels.

Regulatory Missteps
Early Automotive Emission Controls

Positive intentions and actual results have often been misaligned in regulatory
efforts. For example, in the USA, the first EPA automotive emissions regulations
that took effect in 1968 were intended to reduce carbon monoxide (CO) and hydro-
carbon (HC) emissions, which they marginally did, but at the cost of increased NO,
emissions. This was followed in the early 1970s with crude exhaust gas recircula-
tion methods intended to reduce NO, emissions, but at the cost of HC, CO, reduced
power, and increased fuel consumption. Truly effective control of all regulated
emissions from gasoline engines didn’t become available until 1979 with the intro-
duction of oxygen-sensing feedback fuel injection control coupled with a new gen-
eration of catalytic converters that reduced CO, HC, and NO, concurrently [24].!

Emission Regulations Favor Larger, Less Efficient Vehicles

As of 2025, the average size, mass, and power output of passenger cars and light trucks
in the USA have never been larger, even compared with the 1950s and 1960s, years
known for chrome-laden land yachts. Auto manufacturers justify this as “what the con-
sumer demands,” downplaying the influence of their lifestyle-based advertising or the
successful lobbying efforts to manipulate regulations to create false perceptions of
environmental concern. IC engines have become remarkably more fuel-efficient due to
advanced engine design and control technology, but these advances cannot keep up
with the physics of ever-larger and heavier vehicles. As reported in citation [25], Dan
Becker, director of the Center for Biological Diversity’s Safe Climate Transport cam-
paign, referring to current EPA emission regulations, commented:

'The Bosch Lambda-Sound system was introduced first on 1979 Volvo cars using the B21 engine.
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The biggest pickup trucks are allowed very gentle treatment. If you create a loophole, that’s
what they will drive through. Vehicles are getting larger and larger because the larger the
vehicle, the weaker the standard.

Possibly the first US regulatory action that led to the continuous skew by US
manufacturers toward trucks and heavier vehicles was the little-remembered
“Chicken Tax” of 1964, which, via executive order, enacted a 25% protective tariff
on the import of pickup trucks to protect domestic production in this high-profit
segment of the US vehicle market. It was a meaningless gesture at the time, since
1964 was prior to the first imports of Japanese or German compact trucks. The jus-
tification (almost ridiculous) by the “Big Five” US automakers was the popularity
of an obscure variant of the popular Volkswagen Type 2 Transporter called the
Kombi, which was fitted with a truck bed replacing the rear half of the passenger
cabin. (It is now a rare collector car.) This tariff was the start of protectionist tariff
policies that have supported the growth of sales of US-manufactured trucks and
anything that could be even barely classified as a truck, including minivans and later
sport utility vehicles (SUVs). As documented in citation [26].

The Chicken tax is a 25 percent tariff on light trucks (and originally on potato starch, dex-
trin, and brandy) imposed in 1964 by the USA under President Lyndon B. Johnson in
response to tariffs placed by France and West Germany on importation of U.S. chicken.

Eventually, the tariffs on potato starch, dextrin, and brandy were lifted, but since 1964
this form of protectionism has remained in place to give US domestic automakers an advan-
tage over imported competitors. A 2003 Cato Institute study called the tariff ‘a policy in
search of a rationale’ [27].

The trend toward supersized* vehicles has been growing in the USA and to a
lesser extent worldwide, since 1980. Larger vehicles command higher profit mar-
gins. Until 2023, the Insurance Institute for Highway Safety (IIHS) considered
safety in terms of vehicle occupant protection, not with regard to the safety of the
vehicle’s targets. A look at the EPA mileage ratings of cars and trucks confirms the
obvious: oversized vehicles get undersized fuel economy [28]. While the average
weight of automobiles decreased from 1970 to 1980, the trend since 1980 has been
monotonically larger, heavier vehicles. The average mass of automobiles and light
trucks in the USA increased from about 1450 kg in 1980 to 2200 kg in 2022. For
petroleum-fueled vehicles, CO, emissions are proportional to fuel consumption:
low miles per gallon (mpg) = high CO,.

In 2012 in the USA, under pressure from major automakers, the US EPA modi-
fied regulations establishing less-restrictive emissions and fuel economy standards
for larger vehicles, a policy referred to as “attribute-based GHG standards for light-
duty vehicles” [29]. While EPA regulations had distinguished between “passenger”
and “non-passenger” vehicles since the introduction of CAFE standards in 1975, the

2Supersized (adjective) and supersize (verb) are words that were first used in 1987 by the
McDonalds fast food chain to describe the option for extra large orders of French fries or bever-
ages. It was eventually assimilated into American vernacular and is now applied to anything made
unnecessarily big (including cars).


https://en.wikipedia.org/wiki/Protectionism
https://en.wikipedia.org/wiki/Cato_Institute
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2012 modification established different fuel economy and emission standards based
upon the size of the vehicle, determined by the wheelbase multiplied by its track
length (width). Larger cars were allowed higher fuel use and higher regulated emis-
sions. Industry response (all manufacturers for the US market) was as expected:
more and ever-larger trucks and SUVs, which could be dubiously classified as non-
passenger vehicles as a result of the Energy Independence and Security of 2007 (see
Appendix 1). The US automotive vehicle mix changed, reversing the late-1970s
trend toward smaller and more efficient cars. The shift toward increasingly massive
light trucks and SUVs for passenger use has had a global impact. The SUV designa-
tion emerged in the 1990s, which were “supersized” station wagons that fortuitously
(for the manufacturer) were allowed to be classified as light trucks, evading the
stricter safety requirements of automobiles. Another fabricated class, the Crossover
SUV, had by 2023 replaced all compact and subcompact cars manufactured in the
USA. Although some were/are smaller than the station wagons that preceded them,
they were treated as a subclass of SUVs, and therefore allowed the light truck
classification.

Some of the increased mass can be attributed to increased emissions and safety
equipment requirements. But these factors could not explain such a large change.

As reported by Reuters [30],

An 8 square foot increase in the footprint of a vehicle can allow for 2% to 3% more carbon
dioxide emissions, according to industry experts.

SUVs were the second-largest contributor to the increase in global CO, emissions since
2010 after the power sector—the International Energy Agency warned in a report in
October.

We didn’t expect that SUVs would be so prevalent—said Margo Oge, former head of the
U.S. Environmental Protection Agency’s office of transportation air quality.

In 2024, marketing continues to appeal to everything from luxury image to patri-
otism to convince buyers that they need larger vehicles, e.g., with “Tough Truck”
imagery and the promise of greater luxury in SUVs nearly the size of studio apart-
ments. As explained in the Climate Edition of The New Republic [31] in 2023:

... between 2012 and 2021 the EPA found that the percentage of new vehicle sales classified
as passenger cars and those classified as light trucks has essentially flipped. In 2012, 64
percent of new vehicle sales were classified as passenger vehicles, while 34 percent were
classified as light trucks. By 2021, light trucks accounted for 63 percent of sales while pas-
senger vehicles accounted for 37 percent of sales. ‘Sedans have largely been replaced with
taller vehicles such as truck-like SUVs and crossover utility vehicles (CUVs),” the agency
writes. Pickup trucks’ share of new cars sales jumped from 10 to 16 percent over the same
period. During that time, the overall average footprint of new cars grew by more than 5
percent.

American autos aren’t bigger because consumers have suddenly embraced off-roading,
the construction trades, or home improvement projects. They’re bigger because automakers
want to escape regulations. Each manufacturer is required to comply with boutique green-
house gas emissions standards, which are calculated based on the size and capabilities of
the cars in their fleets. Smaller cars are held to different standards than larger cars. So are
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Price Inflation for New cars and trucks since 1997

Consumer Price Index, U.S. Bureau of Labor Statistics

Fig. 3.8 Percent change in US average cost of new cars, 1997-2022, adjusted for inflation.
Bureau of Labor Statistics, https://www.in2013dollars.com/New-cars-and-trucks/price-inflation.
Public domain

those with specialty features like all-wheel drive or large towing capacities. By changing
the makeup of their fleets, in other words, car companies can change the standards to which
they’re held.

The motivation for manufacturers to shift production to large trucks and SUVs
goes beyond regulatory compliance. Struggling to maintain profitability with small
cars and compact trucks, automakers were motivated to shift production to larger
more expensive trucks and SUVs that provided greater profit margins for them-
selves and for their franchised dealers. It is actually a double win for manufacturers.
Figure 3.8 shows year-to-year cost increases normalized to 2013-constant USD;3
the retail mean cost of cars across the model range has dramatically increased, espe-
cially in the years since, compared with the much lower rate of increase during the
prior 20 years [32].

The proliferation of electric vehicles since 2012 has only exacerbated this irony.
As discussed in detail in Chap. 14, larger electric SUVs and trucks disguise their
increased mass due to the batteries needed by electric vehicles to achieve the range
and performance that attract buyers. It is no surprise that the majority of new electric

3This is intended to differentiate the trend in the People’s Republic of China, in which vehicle
costs, especially for battery electric vehicles, have steadily declined over the past 5 years.


https://www.in2013dollars.com/New-cars-and-trucks/price-inflation
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vehicles offered for sale in the USA weigh over 2300 kg 5000 lbs. a weight class
that, in the (pre-climate awareness) 1980s, contained almost exclusively commer-
cial trucks and vans.* In 2023, new electric vehicles weighed an average of 30%
more than equivalent gasoline vehicles, with an incremental weight of 1000 Ibs. due
to the battery [33] and the mass of the car needed to safely carry it. The incremental
weight difference of electric trucks is as high as 2900 1bs. It is not surprising that
manufacturers now avoid listing vehicle curb weights among their technical speci-
fications on product web pages,’ especially for electric vehicles.

By restructuring model lines with larger more luxurious versions at minimal
incremental manufacturing cost, it is possible to extract higher profits from consum-
ers willing to pay higher Manufacturer’s Suggested Retail Price (MSRP). The big-
ger-is-better strategy also reinvigorates dealers who realize higher profits from
higher cost vehicles, and routinely engage in the practice of additional dealer mark-
ups to extract even more money from purchases of popular models [34].

In March 2024, MSN reported [35]:

80-percent Of New Vehicles Sold In 2022 Were SUVs And Trucks.

GM Authority reported [36]:

Thanks to strong demand and high profit margins, it’s really no secret that full-size trucks
and SUVs serve as cash cows for General Motors.

In June 2023, Reuters reported [37]:

Last year, GM’s average per-vehicle earnings before interest and taxes on all of its trucks
and SUVs was $10,678.

The underlying reason for this trend? As reported in the New York Times [38].

G.M.’s Profits From Trucks and S.U.V.s Fuel Its Electric Quest.

Lamenting the lack of a US-made truck that is not grossly oversized, Benjamin
Hunting of IH (InsideHook) commented [39],

The same well-oiled machine that keeps big-boned pickups flying off dealer lots has also
invested billions of dollars indoctrinating buyers in the belief that parking anything less
than the Titanic in the driveway is tantamount to treason.

The hidden ramifications of the increased weight of electric vehicles will be
discussed further in the Chap. 14.

4A 1988 Ford F350 XLT Dually truck had an unladen weight of 4725 1bs. (2143 kg). Less than a
2022 Tesla S P100D, 4890-5029 1bs (2218-2281 kg) (Ford and Tesla manufacturer data).

SFor example, Ford specifications for F-150 series trucks, https://media.ford.com/content/dam/
fordmedia/North%20America/US/product/2024/£150/2024%20Ford%20F-150%20Tech%20
Specs.pdf


https://media.ford.com/content/dam/fordmedia/North%20America/US/product/2024/f150/2024%20Ford%20F-150%20Tech%20Specs.pdf
https://media.ford.com/content/dam/fordmedia/North%20America/US/product/2024/f150/2024%20Ford%20F-150%20Tech%20Specs.pdf
https://media.ford.com/content/dam/fordmedia/North%20America/US/product/2024/f150/2024%20Ford%20F-150%20Tech%20Specs.pdf
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Alternative Fuel Options Have Always Been Available

Figure 3.9 is a group finish line photograph of the competitors in the 1970 Clean Air
Car Race, a national rally for alternative fuel vehicles from Caltech in Pasadena,
California to MIT in Cambridge, Massachusetts. Fuels included CNG, LPG, hydro-
gen, methanol, ethanol, vegetable oil, and wood gas [40]. Over 50 years later, the
world has more automotive energy options than ever before in history. In addition to
battery electric propulsion, a wide range of alternative combustion fuels have been
considered and sometimes supported by government and private funding. Early uni-
versity alternative fuel student projects have rarely received media attention, being
generally perceived by media and the public as “college students having fun.” But
these activities were the genesis of many of the ideas that have become options
today, and they helped to create public awareness of alternatives to petroleum for
transportation.

And just as environmentalists who tracked declining recoverable oil reserves
before the 1990s were counting on this scarcity to save the environment, hydraulic
fracturing technology changed everything, allowing previously depleted oil fields to
be productive again. This innovation is expected to extend the oil Hubbert Curve by
between 15 and 50 years.

The Renaissance of electric propulsion began in the late 1990s when a few major
manufacturers cautiously introduced BEVs such as the GM EV-1 in 1996, which
used in its last production year nickel-metal hydride (NiMh) batteries. However, the
development that enabled the EV revolution was lithium-based batteries, having

Fig.3.9 Competitors in 1970 Clean Air Car Race, a rally for alternative fuel vehicles from Caltech
to MIT. Fuel sources included battery electric, CNG, LPG, hydrogen, methanol, ethanol, and
wood. Photo from https://alum.mit.edu/sites/default/files/images/Slice_202009_Clean_Air_Car_
Race_court.jpg. Public domain


https://alum.mit.edu/sites/default/files/images/Slice_202009_Clean_Air_Car_Race_court.jpg
https://alum.mit.edu/sites/default/files/images/Slice_202009_Clean_Air_Car_Race_court.jpg
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energy storage densities 3—6 times greater than previous lead-acid, NiCad, or NiIMH
batteries. Government incentives for producing and purchasing electric vehicles
have been key to driving this transition. Indeed, it is unlikely that any of the newly
launched electric vehicle companies circa 2010 could have survived without some
of the most significant public investments in history, not only in the USA but even
more so in China and Europe. A new business model emerged based on govern-
ment-backed loans, grants, tax incentives, carbon offset, and regulatory credits,
often without adequate oversight. These will be explained in Chap. 17. No politician
would risk an accusation of not doing their part to support energy independence and
the emergent notion of sustainability. The traditional coupling between sales reve-
nue and costs became secondary. The current EV market leader, Tesla, only emerged
from negative margins in 2020, and by 2022 reported 26.7% operating margin, the
largest ever in the auto industry. But the majority came from the sale of $1.6 billion
USD in regulatory credits [41]. Most EV subsidy harvesters came and went in a few
months to years, typically after overly optimistic market predictions faded and
investor expectations were not met. Still, other firms such as hydrogen truck maker
Nikola, and EV hopefuls Faraday Future and Fisker remained in business for a
decade or longer, spending down investor funds and government loans without ever
returning a profit, eventually ending in bankruptcy.

The Importance of Finding the Best, Not Just
Expedient, Solutions

The current (2023) consensus of government entities and most car manufacturers
worldwide is that the future is electric vehicles with energy stored in lithium batter-
ies or delivered via hydrogen fuel cells. Almost all major world manufacturers have
pledged to sunset all ICE automobile production in favor of BEVs, some as early as
2030. To support these vehicles, large government investments have been made in
subsidized public and captive (e.g., Tesla) charging infrastructure, or in hydrogen
fueling stations (in California). Despite their significantly higher purchase costs and
lingering concerns about range and charging time, electric and hydrogen cars and
trucks appeal to an affluent segment of the public that wants to help alleviate climate
change or improve energy independence, as long as it is not too inconvenient. The
rush to electric automobiles has occurred so quickly that the impacts of this transi-
tion on electric power generation, distribution, and storage have suddenly become
urgent public policy issues.

The anticipated windfall of usable renewable electricity from solar and wind
may not play out as planned due to the time misalignment and unpredictability
between production and demand. In the USA, grid energy storage is a major target
of the massive 2022 Federal Inflation Reduction Act (IRA). But the sheer magni-
tude of the challenge eludes most discussions. In an all-electric future that relies
heavily on solar and wind intermittent energy resources (IERs), a nearly unfathom-
able amount of energy must be stored and released every day, either locally or in the
utility grid. Meanwhile, a huge increase in electricity demand is in progress due to
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the transition of automotive energy from petroleum to electric. This topic will be
discussed later in the Chap. 14.

At this time, grid power generation is not appreciably less carbon-intensive than
the direct combustion of some alternative fuels. But there are reasons to be hopeful
that electric power generation can decarbonize. Just recently, there have been public
announcements about the potential of deep geothermal energy, which is beyond the
capability of current drilling technology. And geologic hydrogen discoveries have
led to nearly religious levels of optimism. And there is the traditionally maligned
option of nuclear (fission) energy, a carbon-free but risk-laden option that has been
in decline in the USA, Europe, and other Western countries since the 1970s. With
the lowest number of operating nuclear power plants in the USA since the 1960s,
and 10 + years of approval/design/build time for new nuclear facilities, even if a
radical investment in nuclear energy is made right now, the energy contributions
will remain off the table until after the transition to EVs is targeted to be complete.

In planning our transportation future, all-electric or hydrogen transportation’s
merits and commercial advantages are well publicized and enticing. But realities are
deeper than the sound bites. BEVs and hydrogen FCVs are not always the optimum
solution. Worldwide, despite the meteoric market growth that peaked in late 2023 of
BEVs and FCVs, approximately 99% of all automobiles and trucks are still pow-
ered by ICEs [42].5 The year 2035 is the target date for nearly complete electrifica-
tion in the USA and Europe, but according to the New York Times,

Automakers are now shifting to electric vehicles, which could make up one-quarter of new
sales by 2035, analysts project. But at that point, only 13 percent of vehicles on the road
would be electric. Even in 2050, when electric vehicles are projected to make up 60 percent
of new sales, the majority of vehicles on the road would still run on gasoline [43].

Recently, enthusiasm for BEVs has become less sanguine now that the early
adopters and affluent fashion-forward markets are nearly saturated, leaving market
success in the hands and checkbooks of everyday automobile owners. As of late
2023, an abrupt shift in popularity from BEVs to plug hybrids is obvious from sales
data for each [44]. There is growing skepticism that perhaps BEVs were over-
promoted and over-incentivized. The realities of higher cost, shorter range, refuel-
ing inconvenience, and safety concerns matter. The shortcomings of the electric
power infrastructure can eventually be overcome, but at a huge cost in the USA
alone. As reported by the Wall Street Journal [45]:

EPRI projects utility companies overall will spend $1.5 trillion to $1.8 trillion on infrastruc-
ture and operations by 2030.

Another subtle point is missed when, in virtually all reports, electric vehicles are
compared only with the status quo: gasoline and diesel fuel. The eventual demise of
fossil fuels is a foregone conclusion. The decisions before us now are how to replace

¢ After a decade of rapid growth, in 2020 the global electric car stock hit the 10 million mark, a 43%
increase over 2019, representing a 1% increased share of the US vehicle market.
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them with the best of all available options for a given application. Comparisons
might be more relevant if they admitted all viable alternatives to petroleum, includ-
ing some of the options discussed in this book that have remarkably favorable
energy and environmental footprints, even compared with electric vehicles.
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An automobile’s engine or electric motor is an energy conversion device, trans-
forming stored fuel or electrochemical energy into mechanical work. For internal
combustion vehicles (ICVs), the energy conversion mechanism is the combus-
tion of fuel and air in a cylinder, which increases the pressure in a cylinder, forc-
ing a piston to move. The linear motion of the piston is translated into rotary
motion by a crankshaft, which transfers mechanical power through a transmis-
sion and drivetrain, ultimately causing the rotation of the drive wheels.

For battery electric vehicles (BEVs) or fuel cell vehicles (FCVs), the electric
motor converts electrical energy from a battery into rotary motion to drive the
wheels. For a hybrid car, both can provide the motive power, either in series or par-
allel. In this chapter, the focus is just on combustion fuels and internal combustion
engines (Figs 4.1 and 4.2).

Automotive internal combustion engines are usually classified by the type of
fuel and how the fuel is ignited. While small utility engines such as those in
chainsaws or leaf blowers operate on two strokes, intake/compression, and
power/exhaust, all automotive engines operate with the same four “strokes,” each
a half-turn of the crankshaft so that power is produced only once every two rota-
tions of the crankshaft. This is true for both gasoline and diesel engines, the dif-
ference being:

» Spark Ignition (SI) = Gasoline, alcohols, gaseous fuels: Fuel is ignited with a
spark plug.

» Compression Ignition (CI) = Diesel, biodiesel, DME: Fuel ignites as it is injected
into cylinder.
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Fig. 4.1 Fuel pump
dispensing two grades of
ES, as well as E10 and
diesel fuel at ARAL petrol
station in Munich,
Germany. (Photo: author)
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Fig.4.2 The energy conversion processes of an IC engine. (By author, using PD clip art)
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Attributes of a Good Motor Fuel

We are used to assuming that automobile engines can only run on gasoline (aka
petrol, benzin) or diesel fuel. But, in fact, any liquid or gas that combusts in air is a
potential IC engine fuel. But some are better than others (Fig. 4.3). What we want is:

* Maximum Efficiency: Greatest mechanical work per unit of fuel energy. Minimize
waste heat per unit of fuel energy. While the engine mechanics are primarily
responsible for thermal efficiency, the fuel properties can also affect this.

* Maximum Power: Highest rate of output energy generation. This means we max-
imize the rate of energy conversion.

e Minimum regulated pollutants from combustion: Assure that we minimize the
generation of output gases other than carbon dioxide and water vapor.

e Minimum greenhouse gas emissions (mostly carbon dioxide).

e It can be extracted inexpensively directly as a natural resource or can be pro-
duced from an inexpensive feedstock. Renewable natural resources preferred if
long-term costs and environmental consequences are considered.

* The fuel or energy production process is energy efficient and has minimal envi-
ronmental consequences.

e It can be distributed inexpensively and quickly with minimal infrastructure
requirements.

* It can be stored locally safely and with minimum energy loss.

e It can be dispensed into a vehicle safely, quickly, conveniently, and at accept-
able cost.

* It can be stored onboard the vehicle safely and at a high energy density (volume
and mass density). This determines the travel range of the vehicle.

* Power output of engine can be easily controllable.

*  Will not cause excessive wear or otherwise damage the engine.

e It is aligned with the financial and/or political objective of those involved in its
extraction, production, cultivation, transportation, promotion, and point of sale.

Fig. 4.3 Image depicting
a fictional “green” future

based on renewable fuels,
generated by Dall-e from

author’s prompt

RENEWABLE
FUELS
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As mentioned in the Introduction, any fuel other than gasoline or diesel fuel can
be referred to as an alternative fuel. Some are considered renewable fuels if their
complete production and use cycle does not produce positive amounts of carbon
dioxide, although this definition is often applied to any fuel or energy source that
starts with plants or biomass, even if not carbon-free.

How Combustion Fuels Produce Mechanical Power

Combustion is the reaction between fuel and oxygen initiated by a spark. It converts
the fuel and oxygen into (mostly) water vapor and carbon dioxide while releas-
ing heat:

Fuel + Oxygen — Carbon dioxide + Water + Heat

A large amount of combustion heat is released, and there is a slight increase in
the molar volume of the products (1:0 intake mole — 1.23 exhaust moles for gaso-
line). This increases the pressure in the cylinder, pushing on the piston, which turns
a crankshaft, converting the linear motion of the piston into rotational work—the
engine’s rotational power output.

The Four-Stroke Engine

The four-stroke reciprocating (piston) engine is found in almost every automobile,
truck, or motorcycle on the road today. It is not the only mechanical configuration—
the two-stroke and Wankel rotary engines are others. Still, it is the best configura-
tion to simultaneously meet the emissions, efficiency, reliability, and cost criteria of
modern automobiles.

Two complete rotations of the crankshaft are required for a complete engine
cycle. The two rotations are divided into four stokes, or specific mechanical pro-
cesses. During each stroke, the crankshaft rotates 180° (n radians), so a complete
cycle takes 720° of rotation (Fig. 4.4).

Fig. 4.4 Simplified
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Intake: Starting at the top of the cylinder, the piston descends with the intake valve
open. Air is drawn into the combustion chamber. Fuel is added to the air by a fuel
injector or carburetor.

Compression: The intake valve closes. The piston rises, compressing the air and
fuel mixture or charge.

Power: Shortly before the piston reaches the top of the cylinder, a spark plug ignites
the air and fuel. The mixture starts to burn rapidly increasing the pressure in the
cylinder. This pushes the piston down, creating a force on the crankshaft that
causes it to rotate, producing mechanical work. This is the only stroke that cre-
ates output power. The others are just for getting the fuel and air into the cylin-
der, compressing it, and letting the exhaust out.

Exhaust: When the piston reaches the bottom of its stroke, the valve opens, and the
pressurized exhaust leaves via the exhaust manifold and pipe. As the piston rises, the
remaining exhaust is cleared from the cylinder. The loud exhaust noise occurs at the
moment the exhaust valve opens, and the still-pressurized exhaust gases are released
from the cylinder.

Repeat: The cycle repeats, starting with the intake stroke.

The Status Quo: Gasoline

Gasoline (aka petrol, benzin, benzine, benzina, gasoline, gasorin, E0) is a mixture
of many hydrocarbons spanning carbon numbers from propane (C;Hs) to dodecane
(C,Hys). The composition is variable batch-to-batch and season-to-season, within
standards set by regulatory organizations in each country. All components (except
for trace sulfur compounds) are hydrocarbons, meaning their molecules contain
only hydrogen and carbon. For this book, there is no need to go into the chemistry
of the 100+ hydrocarbons that can be found in gasoline, but their types may be
referred to later. Below are sound-bite descriptions of the main components of gaso-
line (not including added ethanol in E10).

» Alkanes (paraffins): Straight-chain saturated hydrocarbons such as n-hexane or
n-octane: 15-40% (‘n’ is an optional designation meaning normal, containing
only single carbon bonds)

* Alkenes (olefins): Unsaturated hydrocarbons such as hexene: approximately
10% (Contain at least one carbon double bond that displaced some hydrogen)

¢ Iso-alkanes: “Branched” alkanes such as 2-2-4 isopentane, aka “iso-octane’:
25-40% (Alkanes with one or more hydrogen atoms replaced by CHj, called
methyl groups)

* Cycloalkanes (naphthenes): Saturated cyclic hydrocarbons such as cyclohexane:
10-20% (Alkanes that are arranged in a ring but contain only single bonds
between carbon atoms)

* Aromatics: Unsaturated cyclic hydrocarbons such as benzine or toluene: up to
25% (Unsaturated cyclic hydrocarbons have alternating single and double bonds)
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Crude oil undergoes extensive processing to isolate the various hydrocarbon
components (fractional distillation), catalytic cracking to break down larger com-
pounds into smaller compounds, usually branched alkanes, hydrocracking that adds
hydrogen to unsaturated hydrocarbons, reforming to synthesize other hydrocarbons,
and catalytic desulfurization and denitrogenation to remove sulfur and nitrogen
compounds [1].

The important attributes that matter to us in predicting the carbon dioxide emis-
sions of a fuel is the hydrogen and the carbon content, since when burned, the
hydrogen atoms form water vapor, and the carbon atoms form carbon dioxide.

Saturated means that the hydrocarbon contains the maximum number or hydrogen
atoms bonded to each carbon atom, e.g., hexane C¢H,,. Alkanes are saturated.
Unsaturated means that fewer than the maximum number of hydrogen atoms are
present, with carbon—carbon double or triple bond at their bond sites, e.g., hex-

ene C¢H,». Alkenes are unsaturated.

An intuitive metric for differentiating the global warming impacts of various
gasoline compositions as well as various alternative fuels is the hydrogen-to-
carbon ratio. Saturated hydrocarbons have higher H:C ratios than unsaturated
hydrocarbons, producing more water vapor and less CO, for a given amount of
fuel energy.

Since gasoline is a blend of many hydrocarbons, it cannot be represented by a
single hydrocarbon molecule in a stoichiometry equation. A surrogate pseudo-
molecule with approximately the same molecular composition and specific calo-
rific value (fuel energy) as the US 2018 average for gasoline is C;sH;s,.! A
simplified representation of the stoichiometric combustion reaction for gasoline
and oxygen can be written as

C,H,+11.30, - 7.5CO, +7.6H,0 + heat

Gasoline by itself is a poor SI fuel due to its propensity to auto-ignite at points
in the combustion chamber prior to the arrival of the flame front in the late com-
pression and early power stroke. This results in destructive engine knock (aka ping)
that can be clearly heard outside the engine. Elimination of knock requires the
addition of anti-knock additives such as TEL, MTBE, TAME, methanol, or since
2006, ethanol. All motor fuels contain some form of anti-knock additive. The phe-
nomena of knock and anti-knock additives will be discussed later.

!'For energy content and density purposes, I derived this surrogate hydrocarbon molecule to match
the density, hydrogen-carbon ratio and lower heating value of US gasoline as specified in the 2018
CFR. It is not a real substance. But it is usable as a single-molecule equivalent to actual gasoline
in all computations in this book.
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Gasoline Standards

The seasonal variability of gasoline composition makes it nearly impossible to cal-
culate the exact AFR, energy content, and carbon dioxide emissions per mass of
gasoline. These must be experimentally determined by government and profes-
sional society standard-setting organizations predominately those listed below. In
the USA, specifications for gasoline are enforced by the Environmental Protection
Agency (EPA) for all states except California and states that adopt California stan-
dards which have always been more rigorous than the federal “49 state” standards
[2]. In the EU, standards are enforced by the International Energy Agency (IEA) [3].

API = American Petroleum Institute: http://www.api.org/news-policy-and-issues/
news/2015/08/18/api-additional-oil-and-gas-regulations-u

AGI = American Gas Institute (for CNG, LNG, LPG): https://www.aga.org/

ASTM = American Society of Testing and Materials: http://www.astm.org/

CFR = Code of Federal Regulations: https://www.archives.gov/federal-register/
cfr/ or

ASME/CFR = Cooperative Fuel Research: https://www.asme.org/about-asme/who-
we-are/engineering-history/landmarks/50-cooperative-fuel-research-engine

SAE = Society of Automotive Engineers: https://www.sae.org/

EPA = US Environmental Protection Agency average online: https://www3.epa.gov/

The Importance of Precise Fuel Control

A spark ignition (gasoline) engine is controlled by throttling the intake airflow,
not by controlling the fuel flow. The air and fuel must almost always form a mix-
ture that is stoichiometric or ideal, i.e., an exact match between air and fuel so that
all of the air and all of the fuel are consumed in the combustion, leaving no left-
over air or fuel. This ensures complete combustion, which is critical to both the
engine’s efficiency and emissions. The stoichiometric mass ratio of air to fuel is
referred to as the ideal AFR, which is a fixed property for any fuel. Methods for
calculating the stoichiometric mass air/fuel ratio for any fuel are presented in
Appendix 3.

Table 4.1 lists the stoichiometric mass AFRs for various SI engine fuels. Gasoline
and diesel fuel ideal AFRs were obtained from the cited references. All others are
calculated in Appendix 3.

If the intake air/fuel mixture contains excessive fuel (a rich mixture), the
unburned fuel is wasted causing poor efficiency and it forms high HC and CO emis-
sions. If there is excessive air (a lean mixture), combustion quality degrades and
power output is reduced from optimal. A lean but combustible mixture of gasoline
and air can generate increased NO, emissions due to higher peak combustion tem-
peratures. If excessively lean, misfire (failure to ignite) can occur, allowing the
entire unburned fuel/air mixture to flow out in the exhaust, even more polluting than
a rich mixture.
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Table 4.1 Stoichiometric Stoichiometric
mass AFRs for selected Fuel mass AFR
liquid fuels Gasoline (2020 US, Regular, EO) 14.8

E10 (gasoline with 10% ethanol) 14.1

Diesel (D2) 14.5°

Ethanol (E100) 9.0

E85 (nominally 85% ethanol, 15% gasoline) 9.8

Methanol (M100) 6.4

* Mean value for EU gasoline from Robert Bosch GmbH,
Automotive Handbook, 10th ed. 2018. The slight increase in air
mass to fuel mass compared with the traditional 14.7 AFR indicates
a trend toward a slightly higher carbon-to-hydrogen ratio, possibly
due to lower-quality crude oil

b Reference [4]

There are exceptions to the stoichiometric fuel/air requirement depending on the
operational mode of the engine. The job of the electronic fuel control is to dispense
exactly the right amount of fuel relative to the intake air to meet the operational
needs of the engine under all conditions. At full throttle, slightly excess fuel (rich
mixture) assures the utilization of all air in the cylinder, even though the excess fuel
will be wasted and HC formation increased. During initial engine startup while
cold, the fuel is also enriched. During deceleration, fuel is usually shut off com-
pletely. A slightly lean mixture is preferred to maximize efficiency and minimize
HC and CO emissions during low power and mid-range cruise conditions. In none
of these conditions are the deviations from stoichiometric large. The slight excess
air assures that all fuel is consumed, which is preferable to a truly stoichiometric
mixture that may not be perfectly mixed, leaving some of the fuel unburned.

The Normalized Mass Air/Fuel Ratio (AFR)

The Greek letter lambda A is commonly used to express the air-to-fuel mass ratio
normalized to the stoichiometric AFR:

P AFR
Stoichiometric AFR

AFR is the ratio of the air mass to the fuel mass. A is the actual AFR divided by the
stoichiometric AFR [5].

Prior to about 1980, but now making a comeback in research literature, is the
normalized fuel-to-air equivalence ratio denoted by the Greek letter phi ¢ which is

the numeric inverse of lambda: ¢ = %

When the fuel and air relationship is stoichiometric or chemically correct,
¢ = A= 1. For arich mixture, ¢ > 1. For lean mixture, ¢ < 1.
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The job of approximately maintaining 4 = 1 over the entire range of engine oper-
ating and environmental conditions is performed by either a carburetor or fuel injec-
tion, discussed below.

Carburetors

For almost 100 years, liquid fuel was metered into the intake air stream by a purely
mechanical device called a carburetor, for example shown in Fig. 4.5.

Referring to Fig. 4.6, carburetors work on the Bernoulli Effect: Air passes
through a constricted section of the intake (aka venturi, throat, barrel, or choke),
which causes a small pressure drop. Located in this constriction is a small tube
called a jet from which liquid fuel is drawn by the slight vacuum at a rate that theo-
retically should be proportional to the air velocity. The ratio of fuel to air should,
ideally, create a mixture with a constant mass AFR at any airflow rate. A carburetor
can be calibrated to provide the exactly intended AFR, but only at one flow condi-
tion. And even for the calibrated flow rate, the relationship will vary with the ambi-
ent absolute air pressure, temperature, humidity, and even the orientation of the
carburetor. Not to mention variations in the fuel itself that may require changes in
the AFR to maintain a stoichiometric mixture. Over the entire range of engine
speeds and throttle positions, the air/fuel mixture will deviate significantly from
ideal, causing either excess fuel or air in the resulting mixture, which leads to
increased HC, CO, and NO, emissions.

Possibly the most significant improvement in carburetor design was the variable
venturi (aka constant velocity or constant depression) carburetor that adjusts the
throat area in response to the downstream vacuum. As the airflow increases, the
venturi diameter and the jet orifice diameter increase to maintain the ratio of fuel to

Fig. 4.5 Autolite 750
CFM 4-barrel carburetor
from 1971 Ford 5.7L V8
engine. (Photo: author)
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Fig. 4.6 Simplified diagram showing how a carburetor uses the Bernoulli Effect to draw liquid
fuel into the intake air stream. (Image by Rusty Petrovic. https://carburetor.ca/tech/articles/
CarbBasics/CarbBasics3.html. With permission)

air. The first patent for such a device was (probably) the SU carburetor invented by
Herbert Skinner in 1904, but not widely used on cars until the 1930s. The legendary
Weber Del Oro twin-choke carburetor invented in the 1920s also incorporated vari-
able venturis. Yet despite these improvements, a century of inventions and hundreds
of patents for carburetors that incorporated various fuel flow correction remedies,
carburetors cannot be made to produce a consistent AFR over the entire airflow
range, especially at partial throttle. By the 1950s, the design and setup of carbure-
tors had taken on an air of tribal knowledge and conspiracy theories. Tales of mys-
terious carburetors that were claimed to give any vehicle over 100 mpg continued
until the 1990s, and some still persist today.

By way of example, one of the more innovative (but grossly exaggerated) exam-
ples was an invention by Charles Pogue in the early 1930s of a carburetor that pre-
vaporized gasoline using exhaust heat—US Patent 1,750,354 (see Fig. 4.7). While
most automobiles enhanced fuel vaporization by providing intake manifold heating
via engine coolant or exhaust gas, the Pogue device attempted to fully vaporize all
fuel before induction into the cylinders. This could indeed improve the poor fuel
atomization and consistency produced by conventional carburetors of the time. It
therefore could increase fuel economy in poorly designed engines, but never to the
200 mpg claimed by the inventor and believed by the conspiracy-eager media. The
complex fuel-heating device was also a potential safety hazard since it entrained a
large volume of easily-ignited vaporized gasoline-air mixture. A scan of the Web
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Fig. 4.7 Charles Pogue, circa 1935. (Image public domain, as reproduced in Automotive
American, 5 June 2024. “Charles Nelson Pogue and the 200 mpg Winnipeg Carburetor” https://
automotiveamerican.com/2024/06/05/charles-nelson-pogue-and-the-200mpg-winnipeg-
carburetor/. Newspaper article and photo circa 1935, out of copyright)

reveals that some still believe that its disappearance was the result of auto industry,
oil industry, or government malfeasance [6].

Electronic Fuel Injection

Electronic fuel injection allowed more precise fuel control using sensors that moni-
tored the intake airflow, manifold absolute pressure, and/or throttle position to
determine the correct fuel quantity for a given condition. An electronically deter-
mined amount of fuel is sprayed under moderate pressure into each intake port or
into the intake manifold to create the desired AFR for any engine speed, load, tem-
perature, and ambient pressure. Mechanical fuel injection had been used for several
decades prior to the introduction of electronics, e.g., in high-performance racing
and aircraft engines. It provided some improvement in AFR control as well as cyl-
inder-to-cylinder mixture consistency. And for aircraft, it made possible the ability
to fly inverted (carbs of the time only worked well if right-side-up). But its ability to
maintain a desired AFR over the entire operational range of the engine was only
slightly better than the carburetors of the 1950s—1970s. Mechanical fuel injection
systems are still used today for methanol or ethanol fueled racing engines in drag
racing or tractor pull competitions, since alcohol fuels are much more tolerant of
poorly-regulated (rich) AFRs than gasoline.

Electronically controlled fuel injection made its debut in 1957 with the Bendix
ElectroJector system that was sold as an option on a limited number of Chrysler and
American Motors sedans 1957-1959. It was ahead of its time, and the electronic com-
ponents beyond the ability of mechanics to service it. In 1957, there were no dire
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emissions or fuel economy fears to justify a system that was much more expensive
than a carburetor. Gasoline typically cost $0.29 per gallon in the USA. Only one
example of an intact ElectroJector system exists today [7]. In the early 1960s, Bendix
sold the patents for electronic fuel injection to Robert Bosch GmbH that redesigned
and improved it, releasing the first commercially successful EFI system in 1967, the
Bosch D-Jetronic (D stood for Druck, the German word for pressure) system that was
available as an option on some Volkswagen and Volvo vehicles. By this time, growing
automobile air pollution in urban areas provided a strong consumer incentive. Less
successful EFI systems appeared from other manufacturers, ranging from the
AE-Brico system used on Aston Martin DB-series automobiles in the late 1960s, the
GM/Bendix EFI system first used on the 1979 Cadillac Seville, and the Nippon Denso
system first used on the 1971 Toyota Crown. The first EFI system on a production
motorcycle was engineered by Mitsubishi of Japan and used on the 1980 Kawasaki
Z1000-H1. All the early EFI variations except the AE-Brico and Mitsubishi systems
were based on the Bosch D-Jetronic system that measured manifold absolute air pres-
sure (i.e., air density) to determine the appropriate fuel quantity. The Bosch D-Jetronic
system was followed in the mid-1970s by the L-Jetronic (L stood for Luft, the German
word for air) system that relied on a manifold airflow sensor to provide the primary
information for fuel calculation. Aiming for the low-cost market, Bosch concurrently
produced the K-Jetronic or CIS (continuous injection system) system that was actu-
ally an airflow-controlled mechanical injection system, although it did employ elec-
tronic sensors for altitude and temperature fuel correction. (K stood for Kontinuierlich,
the German word for continuous.).

The original Bosch D, L, LE, K, and similar systems by other manufacturers
operated “open loop” without any form of AFR feedback. This limited their fuel
control accuracy to the initial calibration of the system based upon the test condi-
tions of the manufacturer or tuner. But even without this feature, the fuel economy
and emissions improvements were consistently superior to carburetors.

Timed electronic injection systems such as those mentioned above (except the
K-Jetronic) controlled fuel delivery by modulating the “open time” of the solenoid
valves referred to as injectors (Fig. 4.8), typically between 1.0 and 12.0 ms. The
amount of fuel delivered by a gasoline fuel injector is approximately proportional to
the amount of time the injector is open, called the injector pulse duration. Injectors
are designed for a specific mass flow rate at a given differential pressure, with 3 bar
(43.5 psi) considered the reference pressure for calibration purposes. The injected
fuel quantity is calculated electronically using multiple engine sensors: intake air-
flow, intake manifold absolute pressure, throttle position, engine coolant tempera-
ture, and atmospheric temperature.

Injection is synchronized with the engine or camshaft rotation such that one or
two (for the L-Jetronic) injections occurred for each intake stroke. In further devel-
opment, it was found that injection need not actually occur just before or during
each intake stroke, although most modern port injection systems do synchronize
injection with a specific rotational angle of the camshaft. The injectors of the
D-series Bosch-type systems injected once every intake stroke, synchronized in
pairs, using a rotational position sensor located in the ignition distributor. The
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Fig. 4.8 Bosch electrically actuated gasoline fuel injector, first generation, 1967-1995. (Image
from Wikipedia, GNU Free Documentation License. https://en.wikipedia.org/wiki/File:
Fuelinjector.png)

L-series systems injected all cylinders at the same time, once every crankshaft rota-
tion, regardless of where the injection occurred relative to the intake of each cylin-
der. This produced two injections for each intake stroke and allowed the use of a
crankshaft position sensor that was more immune to ignition system electrical noise.
The early Mitsubishi/Kawasaki system modified the L-Jetronic control method by
skipping every other crankshaft rotation, providing only a single injection for each
intake stroke, still with all cylinders injecting at the same time. For high-RPM
motorcycle engines, this reduced the problem of the maximum injection period
being too short for adequate fuel control.

Exhaust Oxygen Sensing Feedback Fuel Control

The world-changing improvement in automotive emission control occurred follow-
ing the development of a durable two-stage (aka three-way because it was effectve
with all three regulated pollutant gases) catalytic converter at Engelhard Corp. in the
USA [8], and a reliable exhaust oxygen sensor by Robert Bosch [9], both in 1975.
Bosch released the Lambda-Sond (A-sensing) EFI system in 1976 that was offered
on MY 1977 Volvo 240/260 sedans (Fig. 4.9).

Feedback fuel control was effective at keeping the AFR within the narrow window
in which the three-way catalyst could operate correctly. It adapted to varying fuel
composition and atmospheric conditions. The combined fuel control and catalyst
technologies resulted in a dramatic reduction in HC, CO, and NO,. Air pollution regu-
latory agencies in the USA, Europe, and Japan soon adopted more aggressive emis-
sion limits that were within the capability of the new technology but beyond the ability
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Fig. 4.9 1977 Volvo 240
with Bosch Lambda Sond
system. (Image from Volvo
media. With permission)
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Fig.4.10 Diagram showing the arrangement of the main components of an oxygen-sensing feed-
back fuel control and catalytic converter. (Image Copyright 2020 AA1Car.com and CarleySoftware.
com. Used with permission)

of carburetors or open-loop EFI systems. By the 2000s, regulated emissions had fallen
to levels over 100 times lower than a carbureted engine could achieve (Fig. 4.10).

In the late 1970s and early 1980s, there were various stories about the reluctance of
the rest of the auto industry to adopt this innovation, which was more costly than tra-
ditional carburetors, and that established Bosch as the dominant world supplier of
engine control electronics and components. Objections ranged from increased cost to
the consumer, reliability of the electronic components and sensors, and the hazards of
increased fuel pressure in the event of a leak. Political compromises allowed a more
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gradual transition to the stricter emission standards. One of these transition technolo-
gies was a classic case of retrograde cost-saving engineering: the modification of a
carburetor to continuosly adjust the metering jet size in response to a signal from an
oxygen sensor. Between 1978 and the mid-1980, these feedback carburetors were
proffered as an acceptable alternative to oxygen-sensing EFI (they were not). They
had some ability to improve fuel control, but they retained all the inherent limitations
of carburetors. By the mid-1980, most manufacturers had relented, and oxygen feed-
back EFI systems with three-way catalytic converters had become the standard for
new cars and light trucks. In 1991 in the USA, new EPA emission regulations made it
effectively illegal to sell cars and light trucks that did not adopt electronic fuel injec-
tion with these advancements in emission control. One of the only exceptions allowed
was the 1991-1994 Subaru Justy, the smallest car sold in the USA at that time.

This new generation of fuel and emission control systems was based on the con-
fluence of four technologies from different engineering and science areas.

¢ Electronic fuel injection (port, throttle body, or direct cylinder): This facilitated
precise control of the fuel quantity delivered to each cylinder, an objective that is
unobtainable by carburetors.

* The high-temperature zirconium dioxide exhaust oxygen sensor [10], example
shown in Fig. 4.11. A solid-state electrochemical cell that, once it is up to exhaust
temperature, produces a voltage in the range of 0-0.7 V, indicative of the absence
or presence respectively of at least trace oxygen in the in the exhaust stream. The
presence of excess oxygen indicates a lean air/fuel mixture. The absence of any
oxygen indicates that the mixture has excess fuel. Early exhaust oxygen sensor
had response delays as long as 0.50 seconds (modern sensors about 0.10 s),
which motivated the need for the next innovation.

Fig. 4.11 First-generation
exhaust oxygen sensor.
(Photo from
journal4research.org.
Public domain)
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Adaptive control methods allowed the electronic fuel controller to compensate
for the finite response time of the oxygen sensor, correcting a computer fuel map
at the engine’s operating condition from a fraction of a second in the past, com-
pensating for the response delay of the oxygen sensor. When that condition is
visited again, the fuel quantity in the corresponding cell of the map has already
been corrected. This creates the ability of the controller to learn the engine char-
acteristics as the vehicle is driven, continuously updating the adaptive fuel map.
In early versions, the updated map memory would be lost if the vehicle’s 12 V
battery was disconnected, requiring that after reconnection, the vehicle had to be
driven long enough to visit enough operational conditions to reprogram the fuel
map. This limitation changed after the development of low-cost nonvolatile
solid-state computer memory in the 1990s. Figure 4.12 is an example of an adap-
tion map for the simplest control method: engine speed (N) and throttle position
(alpha) are the primary sensor inputs for measuring the intake airflow (thus the
designation as an alpha-N system). The oxygen sensing feature is critical in this
application to assure that the fuel map is updated not only for changes in intake
air flow but for variable fuel composition, as required by Flexible Fuel vehicles
that use variable blends of alcohol and gasoline.

Map 1 - Fuel - Cylinder 1.2.3.4 - Gear 1.23456

% Throttle

15 60
19 21 3 12 1m0
5 5 5 5 5 5
5 5 5 5 5 5
1 5 5 s 5 5 5
2 a 5 43 6 - 5
54 44 6 a8 6 5 3 5
78 64 57 5 10 7 5 5 5
&4 2% 55 ¥ 12 3 6 6 a8
T2 106 47 38 24 8 5 5 7
92 74 60 43 78 18 3 5 7
38 45 48 &6 & 6 5
104 56 46 3 47 70 S50 T 5
132 4 56 47 55 62 58 1 3
a8 80 64 56 54 50 72 27 10
156 114 80 50 60 58 37 43 17 10
136 86 4 46 43 &0 55 E=] 5 5
18 a0 64 51 62 62 56 24 5 5
122 50 88 39 68 62 57 17 5 5
92 a2 78 39 74 72 12 13 5 0
a8 43 60 40 39 66 14 5 o 1
ZJ' 41 20 28 17 36 12 0 o 1
12 33 26 12 48 15 8 (] 0 0
5 1 2 25 5 12 5 0 1 1
o 6 16 18 L3 17 o o o o

Fig. 4.12 Sample adaptive fuel control map for aftermarket DynoJet Power Commander® PC5
EFI controller. Each cell contains a number representative of the fuel correction generated by
exhaust oxygen feedback. (Software interface by Dynojet Research, https://www.dynojet.com/.
Map data and image by author)
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Fig. 4.13 Three-way catalytic converter, showing two catalytic matrices—NO, reduction
followed by HC and CO oxidation
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Fig. 4.14 Efficiency of a three-way catalytic converter for HC, CO and NO, as a function of
AFR. (Original graphic from AAlcar.com https://www.aalcar.com/library/converter.htm. With
permission)

* A triumph of materials engineering, the three-way catalytic converter shown in
Fig. 4.13 is capable of oxidizing HC and CO in the exhaust into carbon dioxide
and water, and also reducing NO, into elemental nitrogen and benign oxygen
compounds. It actually does this in two stages, but got its name “three-way” to
emphasize that it handled all three regulated emission classes. The catalytic con-
verter can only perform this amazing feat if the air/fuel ratio is just slightly lean
of stoichiometric. This precise AFR control is only possible because of the oxy-
gen-sensing feedback fuel control (above). Thus, the synergy between these four
technologies. The effectiveness of the three-way catalytic converter (TWC) for
reducing HC, CO, and NO; as a function of the AFR is shown in Fig. 4.14.
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Direct Cylinder Gasoline Injection (DCGI)

The maintenance of a stoichiometric AFR is important when the intake charge in the
cylinder must have a homogeneous composition, that is, the same AFR everywhere
in the cylinder at the time of ignition. There is no choice but to do this if the fuel is
inducted along with the air into the cylinder. But it is known that fuel efficiency at
partial loads can be improved by charge stratification in which a richer mixture is
concentrated around the spark plug, while the overall mixture is lean. This can be
accomplished if the fuel is injected directly into the cylinder near the spark plug,
some before the intake valve closes and some after it has closed. The potential effi-
ciency and emissions advantages of charge stratification have been known for
decades. The concept was originally tried in the Honda CVCC engines in the 1970s
and the Mitsubishi MCA-Jet engine circa 1980, which used a small additional
intake valve to admit a rich mixture near the spark plug while the overall mixture
was lean. But this approach lacked the ability to add fuel after the intake valve
closed at end of the intake stroke. Lacking the ability to inject fuel directly into the
cylinder, these engines were not as effective as had been hoped. But this became
possible with the development in the mid-2000s of high-pressure fuel injection
pumps for gasoline that could continuously pressurize a fuel rail to as high as
3000 psi (20 MPa) and electrically actuated fuel injectors that could open at very
high fuel pressures and withstand cylinder temperatures.

First introduced in 1954 on the Mercedes 300SL but not widely adopted until after
2000, gasoline direct-cylinder injection (aka GDCI, GDI, DCI, DISI, SIDI) injects fuel
at high pressure directly into the cylinder rather than into the intake air stream. Fuel can
be either injected while the intake valve is open to form a homogeneous charge, or into
a small area around the spark plug after the valve has closed to form a local fuel cloud
that is ignitable by the spark plug. The engine operates in dual modes—stratified
charge at part loads and idle, and homogeneous charge for full power.

Feedback AFR control is coordinated with the dual operating modes, with strati-
fied charge operation allowed to produce excess oxygen in the exhaust, but the usual
stoichiometric operation at high loads. Overall, GDCI achieves improved efficiency
and further reduction in emissions at light loads—a car’s operational condition most
of the time. As of 2024, most hybrids, performance and luxury cars used DCGI
systems (Fig. 4.15).

Effects of Advanced Automotive Emission Controls on Air Quality
in the USA

The health benefits of feedback fuel control and the three-way catalytic converter
cannot be understated. Figures 4.16 and 4.17 reveal that in the Los Angeles smog
basin between 1960 and 2010, while gasoline consumption nearly tripled, there was
a 50-fold decrease in atmospheric VOCs: a net reduction of 146:1. (VOCs = Volatile
Organic Compounds = carbon compounds in gaseous form at NTP, almost the same
as HC emissions for a gasoline engine.)
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Direct Injection Port Fuel Injector qut F.UEI
\ Injection
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Direct Cylinder Fuel
Injector

Fig.4.15 Diagram of cylinder with direct gasoline fuel injection (GDI) left, vs. port fuel injection
right. (Graphic by Olivia Hoffsis)

gasoline use in
Los Angeles ~364
~100 parts per million
billion (ppb) barrels
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VOC levels
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Fig. 4.16 VOC (HC) atmospheric concentrations in Los Angeles, 1960-2010. (From https://
www.epa.gov/transportation-air-pollution-and-climate-change/accomplishments-and-success-air-
pollution-transportation. Public domain)

Year: 1960

100 ppb/137 Mbbl/year = 0.730 ppb-year/Mbbl gasoline
Year: 2010

2 ppb/364 Mppb = 0.005 ppb-year/Mbbl

where:

ppb = parts per billion (mass fraction) in atmosphere
bbl = barrel of gasoline = 42 gallons

Mbbl = one million barrels


https://www.epa.gov/transportation-air-pollution-and-climate-change/accomplishments-and-success-air-pollution-transportation
https://www.epa.gov/transportation-air-pollution-and-climate-change/accomplishments-and-success-air-pollution-transportation
https://www.epa.gov/transportation-air-pollution-and-climate-change/accomplishments-and-success-air-pollution-transportation
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The Success of Smog Standards
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Fig. 4.17 US EPA graphic: Evolution of mandated fleet average standards for NO, emissions
in the USA, 1975-2025. (https://www.epa.gov/greenvehicles/smog-vehicle-emissions.
Public domain)

Can an Automobile Emission Control System Reduce CO,?

No. The CO, emissions are unique properties of the fuel, specifically the carbon
content. The only way to reduce CO, emissions for gasoline or diesel fueled vehi-
cles is to reduce the fuel consumption or use a different fuel with a higher H:C ratio.

Gaseous Fuels (Methane, Natural Gas, LPG, Hydrogen,
and Syngas)

Differences Between Gaseous and Liquid Fuels

* Gaseous fuels take up a significant volume of the gaseous intake charge, reduc-
ing the amount of air available for combustion. This effectively reduces the dis-
placement of the engine, reducing its power output.

¢ Liquid fuels, inducted while still in their liquid state, are assumed to take up so
little volume compared with the air that the entire intake volume is assumed
to be air.

» This does not affect the AFR, just the amount of air and fuel that can be inducted
into an engine of a given displacement.

* Gaseous fuels are already vaporized, so cold starting an engine is much easier.
And there is no need for fuel enrichment during the warm-up period, assuring
cleaner start-up emissions. This is also a great benefit in very cold climates in
which liquid fuels may be unable to vaporize to the point that they can be ignited.


https://www.epa.gov/greenvehicles/smog-vehicle-emissions
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* But the vaporization of a liquid fuel reduces the temperature of the air/fuel
charge, which increases its density. A denser intake charge increases the amount
of fuel and air in the cylinder, increasing the power output of the engine. Gaseous
fuels lack this vaporization cooling effect (unless they can be injected as a liquid,
which is possible for propane but not methane or hydrogen). The intake cooling
effect also reduces the sensitivity to intake backfiring. The lack of evaporative
cooling is one of the factors that make methane and hydrogen more sensitive to
this phenomena (in addition to their lower ignition energy).

* Gaseous fuels usually have high octane ratings but very low minimum ignition
energy requirements. These effects counteract each other to limit the maximum
power output of the engine.

* Gaseous fuels usually have higher H:C ratios than liquid fuels. This means lower
CO, emissions.

* Intake charge formation is more challenging than for liquid fuels. Gaseous fuel injec-
tion requires much larger injector flow rates, while traditional propane or natural gas
carburetors (gas mixers, as in Fig. 4.18) have difficulty maintaining a constant AFR for
all intake flow rates [11]. An electronic sequential gaseous fuel injection system was
used on the Honda GX NGYV, and components are available from Penske and Delphi
[12] (Fig. 4.19 shows the fuel injectors of the natural gas injected engine).

o If aspirated correctly (not over-fueled), all of the gaseous fuels discussed in this
book produce lower HC and CO emissions than gasoline, and zero particulates.
NO, is usually similar to gasoline since it is not a property of the fuel, but rather
the heating of the air.

Natural Gas and Biomethane Differ Significantly Depending
on Location

Natural gas varies widely in its composition between different wells and gas fields.
Methane is always the dominant fuel component, but the balance gases include both
inert (CO,, nitrogen, and hydrogen sulfide) and other fuel gases (ethane, carbon
monoxide, hydrogen) [13].

Natural gas H (Siberia) (mass %): 98% methane + 1% ethane +1% nitrogen.

Natural gas L (North Sea) (mass %) 83%: CHy + 4% C,Hs + 1% C;Hg + 2%
CO, + 10% N,.

Natural gas (US average 2019) = (volume %): 95% methane, 2.5% ethane, 1.6%
nitrogen, 0.7% carbon dioxide, 0.2% other non-combustible gases [14].

Producer gas (syngas, wood gas): 7-22% CO + 16-20% H, + 2.3% CH, + 10-15%
CO, + 50-55% N, [15].

Biomethane is a broad classification including any mixtures of methane and
other gases that are formed by biological processes, either naturally or synthetically.
Typical components of bio-natural gas (aka biomethane) from various sources are
shown in Table 4.2 as volume percentages.
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Fig.4.18 IMPCO gas
mixer for operation of
engine on propane (LPG).
The standard since the late
1960s, still in widespread
use in 2023. (Image from
IMPCO catalog. https://
store.nashfuel.com/
products/impco-Ipg-
propane-carburetor-mixer-
cal00-cal00-180. Used
with permission)

Fig. 4.19 Electrically
actuated natural gas fuel
injectors of the type used
by Honda on the
1998-2015 Honda Civic
GX NGV. Also used for
custom CNG and LPG
conversions. (Image: eBay.
Public domain)

Calculation of the Stoichiometric Mass AFR for Gaseous Fuels

Appendix 3 presents methods for calculation of the stoichiometric mass AFR for
any gaseous fuel or blend of fuels. Here are some mass AFR results calculated from
the compositions of the fuel and air:

Hydrogen: 34.1

Methane: 17.3

Ethane: 16.1

Propane: 15.6

Natural gas (Russia, H): 17.1
Natural gas (US avg, 2020): 16.3


https://store.nashfuel.com/products/impco-lpg-propane-carburetor-mixer-ca100-ca100-180
https://store.nashfuel.com/products/impco-lpg-propane-carburetor-mixer-ca100-ca100-180
https://store.nashfuel.com/products/impco-lpg-propane-carburetor-mixer-ca100-ca100-180
https://store.nashfuel.com/products/impco-lpg-propane-carburetor-mixer-ca100-ca100-180
https://store.nashfuel.com/products/impco-lpg-propane-carburetor-mixer-ca100-ca100-180
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Table 4.2 Composition of various biomethane gases, volume percentages

Digester gas Landfill gas Natural gas (Dutch, 2007)

Methane (vol %) 60-70 35-65 89

Other HC (vol %) 0 0 9.4

Hydrogen (vol %) 0 0-3 0

CO (vol %) 3040 15-50 0.67

N, (vol %) ~0.2 5-40 0.28

0O, (vol %) 0 0-5 0

H.S (vol ppm) 0-4000 0-100 29

Ammonia (vol ppm) ~100 ~5 0

LHV (KWh/m’y1p) 6.5 44 11.0

Data from Petersson and Wcllinger, 2009 as reported in Ana Martha Coutifio, Teresa Berdugo
Vilches. Barriers and solutions to the successful diffusion of dual-fuel trucks in Europe. An innova-
tion systems approach. Chalmers University of Technology, Sweden, January 2011

Unlike liquid fuels, the volume AFRs for gaseous fuels can be very different due
to the density of the gas at a given temperature and pressure compared with a lig-
uid fuel.

Gaseous Fuels Take Up Intake Volume, Reducing Power

Gaseous fuels take up significant volume in the intake air stream. This reduces the
amount of air available for combustion in the air/fuel mixture, reducing the power
output of the engine as if it had a smaller displacement.

How to find the volume percentage taken up by a fuel in a stoichiometric air/fuel
mixture? First have to determine the stoichiometric volume AFR (not the usual
mass AFR).

Example: Propane C;Hg

Propane is the main component of LPG (liquid petroleum gas)
Mass AFR = 15.6 (calculated)
Propane molar density = 44 g/mole
Air molar density = 29 g/mole

Molar( volume ) fuel density
Volume AFR = MassAFR x

Molar(volume) air density

_ 15.6 g air 44 g/molepropane 23.67 air vol
g propane 29 g/mole air "~ fuel vol

Fraction of intake fuel-air charge occupied by fuel

I mole propane — 0.0405 = 4.05%

23.67 moles air + 1 mole propane

This is effectively a 4.05% reduction in the engine displacement, resulting in a
4.05% reduction in power compared with the fuel being aspirated in a liquid form. If
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a gaseous fuel is injected directly into the cylinder after the intake valve has closed, it
does not displace any of the intake air. High-pressure gaseous direct cylinder injection
(GDCI) has been implemented experimentally? [16], but are technically challenging
and not justified for recovery of the displaced air volume, which is more easily com-
pensated by intake charge pressurization (super/turbo-charging).

How Does this Volume Compare with that of a Liquid Fuel, e.g.,
Gasoline?
1 mole air “ 1L air
14.7 g air 29 gair  0.0416 mole air
1 mL gasoline y IL
0.75¢g 1000 mL
= gasoline volume AFR

=9.14x10’ L air/L gasoline

1 g gasoline

density

where
latm)(1L
n= Ll = ( ? m)( ) =0.0416 moles air per Liter at NTP
RT atm L
0.08206 (293 K)
K mole

Fraction of intake charge volume occupied by liquid gasoline :

Fuel moles 1 L gasoline =1.09x10™* =0.0104%

- Air moles + Fuel moles - 9.14x10° L air +1 L gasoline

Although some gasoline vaporizes prior to induction, the majority enters the
cylinder as an atomized liquid, not as vapor. Since the liquid volume is so small
compared with the air volume, we usually ignore the volume occupied by any liquid
fuel when calculating engine power and CO, emissions.

Some Calculated Volume Fractions for Gaseous Fuels

In Table 4.3, the volume fraction occupied by fuel in the intake charge for natural
gas or hydrogen is seen to be quite large. The power output of an engine is reduced
proportionally with this reduction in intake air.

20ne of the several injection configurations tested was a direct cylinder hydrogen injection engine
that allowed stratified charge formation.
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Table 4.3 Mass AFR, volume AFR, and percent of intake volume taken up by fuel in a stoichio-
metric mixture. The large fraction for gaseous fuels is responsible for a significant power output
reduction at full throttle

Air/fuel mass Air/fuel vol Fuel fraction of intake
ratio ratio® volume®
Liquid fuel
Gasoline 14.7:1 9090:1 0.011% (trivial)
(unvaporized)
Ethanol 9:1 6666:1 0.015% (trivial)
(unvaporized)
Gaseous fuel
Natural gas (H) 17.1:1 6.21:1 9.43%
Propane 15.6:1 23.7:1 4.05%
Hydrogen 34:1 2.34:1 30.0%
*Vol AFR = Mass AFR x Molar(vol) fu‘el dens‘lty , Displacedair volume fraction = _
Molar(vol) air density 1+vol AFR

Calculating CO, Emissions of Fuels

The carbon in carbon dioxide comes from the carbon in the fuel. Each carbon atom
in the fuel becomes one carbon dioxide molecule in the exhaust.

CO, per Gallon or Liter

The CO, product resulting from the combustion of gasoline is usually reported as
the carbon mass (in grams) for a given mass or volume of fuel.

2022 EPA data for regular E10 gasoline: 2421 g carbon per gallon [17].

Since each carbon atom in the fuel creates one molecule of carbon dioxide when
burned, the CO, emissions from the combustion of one gallon of E10 gasoline can
be found simply by multiplying the carbon mass per gallon by the ratio of the car-
bon molar density over the carbon dioxide molar density.

44 CO
(2421 g carbon/ gal)L

=8877 g CO, per gallon
For US average diesel No. 2 (aka D2) with a carbon density of 2776 g carbon
per gallon