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ABSTRACT

Transportation today is almost exclusively powered by the internal combustion engine (ICE). Although engines have become significantly cleaner and more efficient
over the last few decades, human health and environmental concerns have led several governments around the world to propose bans on diesel and gasoline cars. The
electrification of transportation, while often touted as the only way to mitigate vehicle emissions, comes with its own set of concerns and challenges that must be
considered when developing future transportation technologies. Furthermore, there is still significant untapped potential in both ICE concepts and the fuels they use.

This paper argues that hybrid systems are the fastest way to reduce CO5 emissions from vehicles and that, when judged on a life-cycle basis, the vehicle technology
with the least environmental and health impact is highly region dependent. Therefore, a mixture of transportation technologies is necessary in the future fleet. It is
hoped that the recommendations provided in this paper will prompt policymakers to set targets for emission reduction instead of implementing bans on specific

technologies, so industry can focus on developing the best solutions for each situation.

Introduction

The internal combustion engine (ICE) is often recognized as one of the
greatest inventions of all time. Since the first gasoline-powered vehicle
was developed by Karl Benz in 1885, the ICE automobile has changed the
world, providing unprecedented levels of freedom and access. However,
the combustion engine was not the only transportation technology that
sought to replace the horse and cart. In the late 1800s, the combustion
engine competed with the electric motor and the steam engine for
dominance in the transportation industry. The ICE succeeded for many of
the same reasons it remains popular now: its high power density, long
range, low cost, and convenience.

Today there are more than one billion cars on the road, and over 99%
of them are powered by an ICE [1]. The world has benefited significantly
from this machine. Having a car increases one's economic oppor-
tunities—King et al. show that US households without cars are about
twice as likely to be poor as households with cars [2]. Access to auto-
mobiles has been, and continues to be, a means to lift people out of
poverty.

But there is a downside to having so many cars on the road. Globally,
10-15% of greenhouse gas (GHG) emissions come from transportation,
including land, air, and marine transport (see, e.g. Ref. [3]). In addition,
emissions such as particulate matter (PM) and oxides of nitrogen (NOy)
can be detrimental to human health. As a result, government mandates
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on fuel economy and emissions levels have been implemented around the
globe. A review of the current regulations related to tailpipe emissions
and COy/fuel economy can be found in Ref. [4]. For light duty vehicles, it
is expected that automakers will need to annually improve fuel economy
by 3-6% in major markets [4].

The automotive industry has continually innovated to meet govern-
ment regulations over the last several decades. Cars are significantly
cleaner and more efficient today than they were in 1975. Unfortunately,
these achievements have been partly overshadowed by scandal in recent
years. In 2015, the United States Environmental Protection Agency found
that Volkswagen intentionally programmed some diesel engines to acti-
vate emissions controls only during lab testing and not during real-world
driving—outside of the lab, the engines emitted NOx up to 40 times the
limit in the US [5]. This scandal, dubbed “dieselgate”, led to fines, jail
time, and a large stain on the ICE.

Prior to dieselgate, the electrification of transport started making a
comeback in 1997 with the introduction of the Toyota Prius. The Prius
was the first mass-produced full hybrid vehicle, using both a battery and
an ICE. As of January 2017, global sales of the Prius family had surpassed
six million units [6], and it is considered the most successful hybrid of all
time.

A fully electric vehicle also entered the market in the mid to late
1990s. The EV1 from General Motors was the first “mass produced”
battery electric vehicle of the modern era by a major auto manufacturer,
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with around 1,100 cars produced between 1996 and 1999. However, GM
determined the EV1 was not commercially viable and stopped the pro-
gram after investing more than one billion dollars in production, infra-
structure, and marketing. The cars were destroyed, but some of the
technology lives on in GM's hybrid and fuel cell vehicles [7].

The destruction of the EV1 fleet motivated the founding of a new
company, Tesla Motors (now Tesla, Inc.), in 2003 [8]. Tesla released its
first fully electric vehicle, the Roadster, in 2008 and went on to release the
Model S, the Model X, and the Model 3. In 2018, after ten years in the
market, Tesla became the best selling electric vehicle (battery electric
vehicle and plug-in hybrid electric vehicle) car maker in the world, with
over 245,000 units sold worldwide [9]. To put this number into context,
around 80 million total cars were sold in 2018, and 0.3% of those were
Tesla vehicles. In addition, Tesla has posted a negative net income for eight
of the last ten quarters [10]. But despite its low volume sales and lack of
profits, Tesla has transformed the automotive industry by demonstrating
that a car can be both electric and exciting at the same time.

Government bans

The promise of electric vehicles and the political pressure of reducing
our fossil fuel use has led governments to start announcing bans on ICE
vehicles. To give an idea of how widespread the ban statements have
become, we have attempted to summarize our current understanding in
Table 1. It is important to note that Table 1 represents a snapshot in time,
as government statements can frequently change.

In reviewing Table 1, a few questions arise: (1) what exactly do these
bans mean? (2) will the bans actually happen? and (3) do the bans make
sense? We first attempt to address question (1) in the last column in the
table and with additional discussion here.

As shown in the table, China has announced that they will phase out
the manufacturing and sale of fossil fuel cars; however, no timeframe has
been given [11]. Additionally, according to an analysis by the Center on
Global Energy Policy, switching to electric vehicles will have little impact
on CO, emissions in the short term, since coal is the dominant method for
producing electricity in China. In fact, some studies have shown that
CO2 emissions in China are currently greater for electric vehicles than
conventional vehicles on a life-cycle basis [12]. This is in large part due to
the significant CO2 generated from the production phase of battery
electric vehicles [13].

Costa Rica made headlines in 2018 after President Carlos Alvarado
said during a speech that by 2021, the country will have removed gas-
oline and diesel from transportation [14]. Many news outlets interpreted
these remarks to mean that Costa Rica would ban fossil fuel-driven
transportation; however, Costa Rica is not planning to officially imple-
ment a ban. Instead, their intent is to phase out diesel and gasoline from
transportation through policies and incentives aimed to render fossil
fuels obsolete [15].

In France, the proposal that would officially turn the climate plan laid
out in 2017 into law is currently being debated in parliament and, at the
time of writing, has not yet been approved [16]. Denmark proposed in
2018 to end the sale of petrol and diesel cars by 2030, but had to with-
draw their proposal as it would have violated EU rules [17].

India unveiled an ambitious plan to end the sale of petrol and diesel
cars by 2030. However, reality seems to have hit recently, as Prime
Minister Narendra Modi made a statement assuring that conventional
engine vehicles and EVs can co-exist in India [18]. The United Kingdom
has called for an end of conventional cars by 2040, but it is important to
note that even mild hybrids are not included in this ban as they are not
considered conventional cars. Indeed, the question of what exactly these
bans mean is a complicated one.

Question (2), “will the bans actually happen?”, is not something we
can answer in this work. However, given India's recent pullback, it seems
possible that other countries will follow suit.

Question (3), “do the bans make sense?”, is, of course, the focus of this
paper. How do we reconcile the bans with projections that the total
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number of cars will double by 2040? What will power all of those cars? Of
course, many believe that electric vehicles (and possibly fuel cell vehi-
cles) will swiftly take over the market. However, electric vehicles are not
without their share of problems, including major environmental and
health risks, as described later in this paper. By examining the pros and
cons of both combustion engines and electric vehicles, an argument is
made to support a portfolio of technologies, including ICE vehicles,
electric vehicles, and hybrids, in the future fleet. It is hoped that poli-
cymakers will consider these arguments before instituting bans in their
jurisdictions.

Electric vs electrified

Before discussing the advantages and disadvantages of various
transportation technologies, it is important to understand the terminol-
ogy. There has been a great deal of confusion both in the media and in
government announcements between electric vehicles and electrified ve-
hicles. An electric powertrain is commonly understood to mean only
battery electric vehicles (BEVs), which run solely on an electric motor. An
electrified powertrain encompasses mild hybrids (MHEVs), full hybrids
(FHEVs), and plug-in hybrids (PHEVs), all of which include an ICE.

The confusion between electric and electrified vehicles has manifested
itself both in announcements of government bans, as addressed in the
previous section, and in announcements from car manufacturers. For
example, in July 2017, Volvo announced that their cars would be all electric
starting in 2019 [31]. Many understood this to mean that Volvo would
make only BEVs from that point on, with the BBC reporting that Volvo was
“the first traditional carmaker to signal the end of the internal combustion
engine” [32]. However, the announcement from Volvo clarifies that from
2019, all of Volvo's vehicles will be fitted with an electric motor—which can
include PHEVs, FHEVs, and MHEVs in addition to BEVs. As of October
2019, conventional ICEVs are still available to purchase from Volvo.

Unintended consequences can arise from the confusion surrounding
electric and electrified vehicles. Electrified vehicles are clearly a part of
the future of transportation, but if policymakers are not aware of the role
the ICE plays in powering these vehicles, they may create legislation and
allocate funds for research and development in a way that excludes ICEs.
This could lead to missed opportunities for improving the ICE and, thus,
miss out on further reduction of vehicle emissions.

Current market and future projections

When comparing different transportation systems, it is helpful to
examine the current market. How many electric vehicles were sold in
2018? According to Ref. [33], 2.1 million plug-in vehicles were sold, up
64% from 2017. In total, this represents 2.2% of the total light duty
vehicle sales in 2018. 69% of the plug-in sales were fully electric (BEVs),
while the remaining 31% were PHEVs. Thus, about 1.5% of all new cars
sold in 2018 were battery electric. Of the 2.1 million plug-in sales in
2018, 56%, or about 1.2 million units, were sold in China [33]. This
highlights the significance of China in developing the EV sector.

It is clear from these numbers that ICEs are in the vast majority of
vehicles on the road today, including newly sold vehicles. But what is
projected? Most projections show that at least half of the cars on the road
in 2050 will still be powered by ICEs [34].

The EV30@30 Campaign was launched at the 8th Clean Energy
Ministerial in 2017 with the aspirational goal of 30% of new vehicle sales
in 2030 to be EVs (BEVs and PHEVs) within the member countries. Even
with this campaign to speed up the deployment of electric vehicles,
hitting this goal would still mean that 70% of new vehicles sold in 2030
would be conventional ICE and full or mild hybrid vehicles (and of course
the PHEVs will contain an ICE as well). Vehicle quality is going up, so cars
are generally lasting longer. The average age of a car on the road is about
12 years old [35]. Even under the EV30@30 scenario and looking out to
2040, most cars will have ICEs in them. As a result, continuing to improve
the ICE is essential.
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Table 1
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Proposed government bans on ICEs in transportation. The first column lists the countries that have announced or proposed bans on ICEs; the second column gives the
year in which the proposed ban would take effect; the third column details what the ban would encompass; and the last column addresses whether the proposed ban

would really mean the end of the ICE in transportation in that country.

Country Ban
Commences

Scope

Will ICEs actually be banned in transportation?

China TBA

Costa Rica 2021 Remove gasoline and diesel from transportation [14]

Denmark 2030

new plug-in hybrid cars in 2035 [20]

France 2040 End sales of vehicles that emit greenhouse gases [21]

India 2030 End sales of petrol and diesel cars [22]

Ireland 2030 Ban the sale of new fossil fuel cars [23]

Israel 2030 Ban the import of diesel and gasoline cars [24]

Netherlands 2030 All new cars should be zero-emissions vehicles [26]

Norway 2025 All new light vehicles, new city buses, and new light

commercial vans should be zero-emissions vehicles [27]

United
Kingdom

2040 End conventional car and van sales [28]

Sweden 2030 End sales of new petrol- and diesel-driven cars [30]

Phase out manufacturing and sale of fossil fuel cars [11]

Phase out sales of new petrol and diesel cars in 2030 and

No additional information available

The goal is to transform the light-duty vehicle fleet to be zero emissions, running on
renewable energy not derived from fossil fuels. For freight transportation, the goal is to
adopt modalities, technologies, and energy sources that emit zero or the lowest
possible emissions. ICEs will not be explicitly banned [19].

In 2018, Denmark proposed to end the sale of ICEVs by 2030, but the plan has since
been withdrawn as it would have violated EU rules [17].

According to Transport Minister Elizabeth Borne, France aims to ban the sale of
vehicles that consume fossil fuels by 2040. France will help car makers “switch to
electricity, hydrogen and possibly biogas”, leaving open the possibility of ICEs that run
on alternative fuels [16].

Prime Minister Narendra Modi has recently announced that ICEVs and EVs can co-exist
in India in the future [18].

The ban is for new non-zero emissions small vehicles and does not include heavy
freight vehicles. As there is a lack of EV substitutes for the heavy freight sector, the
government will support the uptake of compressed natural gas vehicles, which contain
ICEs [23].

The goal is for all new cars to be electric, but for buses and trucks to run on either
electricity or compressed natural gas [25].

The Netherlands recognizes that for some methods of transportation, such as heavy
goods road traffic, inland shipping, maritime shipping, and aviation, there is currently
no suitable alternative to the ICE. For these modes of transit, the government is
investigating the use of advanced biofuels, renewable Power-to-X fuels, and synthetic
fuels [26].

The transition to zero-emissions heavy vehicles will take place over a longer period of
time, meaning the ICE is likely to remain for years beyond 2025 [27].

The ban includes only conventional gasoline and diesel cars and does not include
hybrid vehicles. For heavy goods vehicles, which are also not included in the ban, the
government is investing in the development of innovative fuel technology, such as
advanced low-carbon fuels derived from wastes and residues [29].

No additional information available

Internal combustion engine vehicles

ICEVs have been the dominant transportation technology for a cen-
tury, but it is worth acknowledging that, like all technologies, they are far
from perfect. ICEs, by burning fossil fuels, emit CO» and other pollutant
emissions (mainly NOy, particulate matter, hydrocarbons, and carbon
monoxide). These emissions have negative effects on human health and
the environment, and their elimination is a key focus for proponents of
electric vehicles. Since the widespread adoption of fuel efficiency stan-
dards, CO emissions from vehicles have fallen substantially. In Europe,
for example, emissions decreased by 31% between 2000 and 2016 [36].
Similarly, many vehicles now emit near-zero levels of pollutant emissions
(i.e., below the accuracy level of the instrumentation used to measure
them) in real driving scenarios, which will be discussed in the Real
Driving Emissions section below.

Apart from emissions, another downside of ICEs is that their energy
efficiency is low in absolute terms—typically up to 40-50% [37,38].
However, there are thermodynamic limits to efficiency, and efficiency
typically scales with size [39]. Leading Combined Cycle Gas Turbines
(CCGTs) today operate at 64% efficiency on a power station scale [40]; in
that context, ICE efficiencies are not so terrible—and indeed those CCGTs
will be generating much of the electricity required for an EV. Another
disadvantage of ICEVs is that energy is wasted through friction braking,
which converts fuel energy to (useless) heat. This issue has been miti-
gated in hybrid vehicles, which recover almost all of the braking energy

with very little wasted through the friction brakes. Engine efficiency is
discussed further in the Efficiency Potential section below.

ICEVs are relatively noisy, which is either an advantage or disad-
vantage depending on user perception. But as automakers have worked
to create quieter cars, a new problem has emerged—electric vehicles are
now too quiet. Pedestrians, especially those with visual impairments, rely
on vehicle noise to determine if a car is approaching. As a result, electric
cars are around 40% more likely to hit a pedestrian than conventional
ICEVs [41]. As of July 2019, the EU implemented a law requiring that all
new electric vehicle models must emit a noise when traveling at low
speeds, at which EVs are practically silent.

ICEVs require somewhat complicated transmission systems to allow
for the low-speed torque and high-speed power requirements from the
vehicle, while keeping the ICE in relatively efficient operating areas (as
well as avoiding low-speed stall). Additionally, ICEs and their associated
systems require regular maintenance. Engine oil changes are recom-
mended about every 10-15,000 miles, and urea solution (also known as
DEF or AdBlue), which is required in SCR aftertreatment systems, should
be topped off at 5-7000 mile intervals. Other regular maintenance items
include air filters and timing belts. Vehicles without ICEs obviously do
not have these maintenance requirements but may have others instead.

One reason for the ICE's success is the high energy density of the fuels
it uses. Gasoline and diesel are fantastically dense carriers of energy,
which gives today's ICEVs ranges limited primarily by the driver rather
than any technical limitation. A typical car might have a range of 500
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miles and a truck 1000 miles. This equates to 10 h of driving time for a
car and 20 h for a truck, assuming an average speed of 50 MPH.

The high energy density of liquid fuels not only enables long vehicle
range, but also fast energy transfer. In a gasoline refueling station (gas-
oline LHV = 32.3 MJ/L [42]), assuming a car is filled at 50 LPM, the
resulting power (energy transfer rate) is approximately 27 MW. In a
heavy-duty diesel refueling station (diesel LHV = 36.0 MJ/L [42]),
assuming a truck is filled at 150 LPM, the resulting power is approxi-
mately 90 MW. Tesla's Supercharger network, marketed as the world's
fastest electric vehicle charging network, offers a power of “up to” 150
kW [43]—at least two orders of magnitude slower than liquid fuels.

The ICE is supported by a comprehensive and extensive global
infrastructure network, from refueling stations to mechanics workshops.
In addition, today's ICE vehicles are very reliable. Manufacturer gua-
rantees now extend up to seven years or 100,000 miles—a significant
portion of a vehicle's expected lifetime [44].

Finally, as an established and well-developed technology, ICEs are
remarkably low cost—typically making up less than 10% of the total cost
to manufacture a vehicle [45]. All of these factors have led to the ICE
being the dominant propulsion technology today. At the moment, there is
little or no cost associated with discarding CO, and pollutant emissions
from ICEs. Until these costs are substantial, which could come at a high
political price, the ICE is likely to retain its dominant role in mobility.

Real Driving Emissions (RDE)

European legislation has mandated RDE testing for vehicles since
September 2017 with the introduction of the Euro 6d-Temp legislation.
This means that, for the first time in legislation, vehicle emissions are
tested on the road in real traffic conditions. The intention of this legis-
lation is to reduce “cycle beating” approaches and to close the gap be-
tween real emissions and emissions over the certification drive cycles.
Therefore, in the EU, modern ICEVs are being certified to very strict
standards for pollutant emissions both in the lab and on the road.

In addition, independent RDE tests reveal that many modern vehicles,
both gasoline and diesel, can emit near-zero levels of pollutant emissions.
Emissions Analytics, a consulting company, has a wide, publicly available
database of independent RDE tests [46]. They tested 840 gasoline and
diesel vehicles (at the time of writing) from model year 2009 and found that
46% emit less than 60 mg/km NOy—the Euro 6 gasoline limit implemented
six years later in 2015. ADAC, the German automobile association, con-
ducted a similar set of tests in 2019 (again testing both gasoline and diesel
vehicles) and found that all but two emitted less than 50 mg/km NOy, with
the Mercedes C220d emitting effectively 0 mg/km [47].

The low emissions from these vehicles are due to extremely effective
exhaust aftertreatment systems, which can have almost 100% efficacy at
removing pollutants. This data shows that in real driving conditions, it is
possible for ICE vehicles to emit zero (or below a measurable threshold)
pollutant emissions (i.e., everything but CO5 and water). This is not a
future promise; these are real vehicles, in independent tests, available to
buy today.

Advancements in internal combustion engines and their fuels

A common misconception is that ICEs have not changed in the last 100
years. On the contrary, combustion systems have significantly improved,
with an over 90% increase in average fuel economy between 1975 and
2015 [48]. Similarly, exhaust emissions (particulates, NOyx, CO, and un-
burned hydrocarbons) have undergone a 1000-fold reduction over the last
four decades [49]. These improvements have occurred alongside signifi-
cant enhancements in performance. Indeed, over the last 45 years, a
combination of government regulations and technology innovation has led
to significant progress in the development of cleaner and more efficient
engines. The progress has been remarkable, but with stringent future reg-
ulations in place, there is much more work to do. Fortunately, advanced
engine concepts and low-carbon fuels can help us meet these targets.
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Advanced engine concepts

There is significant untapped potential in advanced ICE concepts,
which have been recently reviewed in Refs. [4,50]. For example, con-
cepts such as gasoline compression ignition (GCI) and reactivity
controlled compression ignition (RCCI) have been shown to achieve
diesel-like efficiencies with very low soot and NOyx emissions.

Table 2, with data from Ref. [4], shows a number of advanced engine
technologies and compares their CO5 reduction potential to a baseline
turbocharged gasoline direct injection (GDI) engine design. Concepts
such as lean-burn GDI, dedicated EGR, GCI, RCCI, and two-stroke
opposed piston can offer a significant reduction in CO, emissions
compared to the baseline. This does not come without challenges, how-
ever, which are also addressed in Ref. [4].

Low-carbon fuels

Although the majority of today's engines are fueled from fossil-
derived sources, this need not necessarily be the case. The source of
the required blend of hydrocarbons is immaterial to the engine, and there
are ways of synthesizing the hydrocarbons while avoiding fossil sources.
These paths enable the production of fuels that are carbon free or lower
carbon than fossil-derived fuels. There are two common categories of
low-carbon fuels: biofuels and e-fuels.

One advantage of low-carbon fuels is that they can be used with the
existing fleet. The average age of vehicles on the road in the US is 12
years old [51]; in Europe, 11 years old [52]; and the average age of an
imported (i.e., new to the customer) vehicle in Uganda is 16 years old
[53]. Unless fleet renewal is globally subsidized at high levels (through
scrappage schemes, for example) many of today's new vehicles are likely
to be on the road until the 2040s. The only way to decarbonize this
transportation is through low-carbon fuels that are compatible with the
existing fleet. This also has the advantage of avoiding embedded carbon
associated with manufacturing new vehicles.

A recent analysis from Ricardo [54] explored three scenarios to meet
an EU target of 85% CO5 reduction by 2050. This analysis concluded that
for the fastest and most cost-effective CO5 reduction, low-carbon fuels,
alongside a mixed electrified fleet (including BEVs, MHEV, FHEV, and
PHEVs) were essential. Pure BEV scenarios suffered from availability of
scarce resources as well as higher cost and slower adoption. An alter-
native analysis by FEV showed similar results [55].

Biofuels. Biofuels hold great potential for decarbonizing future mobility.
This type of fuel is produced from biomaterial (e.g., from a plant) that has
formed its carbonaceous structure from atmospheric CO,. Ethanol, made
typically from wheat or sugar beet, is the most popular biofuel compo-
nent for gasoline. Fatty-acid-methyl-ester (FAME) components are the
most common biodiesels and are usually sourced from vegetable oils and
animal fat. In theory, a biofuel can be carbon-neutral provided that any
biomaterial harvested to create the fuel is replanted. In practice, there are

Table 2
Overview of advanced engine technologies and their CO, reduction potential.
Data from Joshi [4].

Engine Technology CO, Reduction Potential

Baseline: GDI, turbo, stoichiometric 0
Atkinson cycle (+VVT) 3-5%
Advanced start-stop 2-5%
Dynamic cylinder deactivation 10-15%
+ Mild hybrid or Miller cycle
Lean-burn GDI 10-20%
Variable CR 10%
GCI 15-25%
Water Injection 5-10%
Homogeneous Lean 15-20%
Dedicated EGR 15-20%

RCCI 20-30%
Two-stroke opposed piston diesel 25-35%
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a number of confounding factors, including carbon emissions associated
with land-use change and concerns about ensuring food supply. In
addition, the CO, associated with the production and transportation of
the biofuels needs to be accounted for. Nevertheless, there is significant
potential for biofuels to reduce CO5 emissions from transportation in a
cost-effective manner [56,57].

Despite concerns about the true carbon intensity of first-generation
biofuels [58], the latest developments, particularly with ethanol, have
dramatically reduced their carbon intensity, as shown in Fig. 1. In
addition, biofuels produced from micro-algae have a low carbon intensity
as well as no impact on land use for food production [59].

There are synergistic benefits to the use of oxygenate components in
gasoline, notwithstanding the potential renewable nature of these com-
ponents [61,62]. For example, the “Co-Optima” initiative in the US [63]
has suggested that alcohol fuels such as ethanol or propanol can be used
to further increase ICE efficiency and reduce engine-out CO5 emissions
[64]. Notably, Sluder [64] found that engine efficiency (and fuel econ-
omy) increases of 2-10%, as well as similar reductions in tailpipe CO5
emissions, were possible with a variety of different oxygenate compo-
nents. This was achieved while retaining fuels that were within ASTM
distillation specifications for wintertime fuel blends (which are a limiting
factor for the current fleet due to some oxygenate components’ poorer
“cold start” performance).

There are other potential synergistic benefits to having fuels with bio-
content, for example, being able to reform the fuel onboard to enable
octane-on-demand for the highest efficiency [65]. Octane-on-demand is a
system where a high-octane and low-octane fuel can be alternated ac-
cording to need to obtain peak engine efficiency (i.e., use a high-octane
fuel only when knock-limited). However, such additional complexity,
particularly requiring a customer to fill up their vehicle with two fuels, is
not popular. Ethanol provides a way of offering octane-on-demand
without requiring two fuels through on-board reformation. In a study
that included passenger cars and a light goods vehicle, Kasseris et al.
noted fuel economy improvements of 20-30% with such a system, while
only needing to fill a single tank with standard E10 gasoline [65].
Combining biofuels with GCI is also being explored for synergisms [66].

The EU has been implementing biofuel policy since 2003 [67] with
the aim that the road transport fuel mix should be 6% less carbon
intensive than pure fossil in 2020. E5 (a blend of gasoline containing 5%
ethanol by volume) and B7 (a blend of diesel containing 7% FAME by
volume) have been widespread for over a decade. In the US, E10-E15 is
common for gasolines, as well as E85, which requires so-called flex-fuel
vehicles. In both markets there have been various incentives to promote
the uptake of biofuels.
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100
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o

o

o
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M Ethanol

80
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0

Results in Engineering 4 (2019) 100060

In the short term, increased ethanol content in both US and European
gasoline is likely. The US EPA recently announced that E15 fuels will be
permitted year round [68]. The EU is actively investigating E20 fuels
[69]. Due to its lower volumetric energy density compared to gasoline,
E5 increases fuel consumption by about 1.5% and higher blends in pro-
portion. Nevertheless, increases in ethanol concentration are a pathway
to increased efficiency and reduced CO,, which is proven to be
cost-effective and acceptable to consumers.

E-fuels. Another potential route towards decarbonizing transportation
includes fuels that can be made from COs, so-called “e-fuels” (sometimes
referred to as power-to-liquid (P2L)) [70]. In theory, by reforming CO2
over catalysts, liquid fuel can be made directly from CO5. The CO5 could
be sourced either from a CO,-rich exhaust (e.g., from a power plant) or
extracted directly from the atmosphere. If the energy-intensive
manufacturing process uses renewable energy, the fuel is CO5 neutral,
since any CO, emitted by combusting the fuel has been extracted from
the atmosphere in its manufacture [71].

Theoretically any hydrocarbon fuel could be manufactured this way.
Currently, components such as oxymethylene ether and octanol, both
diesel replacements, and methanol, a gasoline replacement, are a major
focus due to their relative economy in being produced. However, this is a
fast developing area and the focus may shift in the near future. Another
method, the Fischer-Tropsch process, can be used to obtain long-chain,
saturated hydrocarbons more similar to fossil fuels [72].

Methanol can be synthesized either as a biofuel or an e-fuel [73]. Its
use in ICEs has been widely evaluated in various blending levels [74].
Methanol has been used as a fuel in China for some time [75], where it
has typically been synthesized from coal, and its use, today in a renew-
able form, is being promoted [76].

While e-fuels offer an option for zero carbon mobility, it is not clear
that they will provide the most efficient solution either economically or
in terms of energy usage. They do not suffer from the “food or fuel”
concern that biofuels do; however, with an overall efficiency of 13%
(compared to 22% for a fuel cell and 73% for a BEV), their use might be
restricted to applications where the energy density of liquid hydrocar-
bons is essential, for example, long-distance road transportation or
aviation [77].

Efficiency potential

Today, peak gasoline engine efficiency is around 40% for light-duty
vehicles [37], and light-duty diesel vehicles have peak efficiencies

2010 2015
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Fig. 1. Relative CO, intensities of ethanol and gasoline 2005-15. Data from Ref. [60].
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around 43% [38]. Heavy-duty diesel engines have higher peak effi-
ciencies of around 47% due to their superior surface-area-to-volume ra-
tios [78]. Marine engines have still more favorable
surface-area-to-volume ratios and low engine speeds, so they operate
with even lower heat losses. As a result, marine engine efficiencies are
higher than road transport engines, with Wartsila releasing its W31 en-
gine with a >50% efficiency in 2016 [79]. The advances in marine en-
gine efficiency are shown in Fig. 2.

The US DoE SuperTruck II program aims to demonstrate a heavy-duty
55% engine brake thermal efficiency by 2022 [80]. Looking further
ahead, prototype split-cycle engines, showing 60% thermal efficiency,
are being built. These engines look feasible for stationary power gener-
ation applications in the short term and heavy-duty transport applica-
tions subsequently [81,82].

Energy balance studies on ICEs show that the majority of energy
losses are due to heat losses and exhaust enthalpy, mostly the heat of the
engine exhaust [83,84]. As a result, efforts to minimize heat loss using
temperature swing coatings, which attempt to match wall and gas tem-
peratures, are a focus of research today, with some coatings already being
deployed [85]. Similarly, exhaust enthalpy recovery, using the Brayton
cycle, for example, is also being explored [86].

With many efforts focused on increasing engine efficiency, it is
pertinent to ask, “where is the limit?” Otto cycle efficiency is limited by
compression ratio (CR) and the ratio of specific heats. Therefore,
assuming a CR of 100 and a gamma of 1.3, 75% efficiency is possible.
More practical limitations indicate that a CR of 50 could result in a
gasoline engine efficiency in excess of 60% [87]. Mixed ICE/fuel cell
systems have been theoretically shown to have efficiencies up to 70%
[88]. Thus, there is substantial room for improvement in ICE efficiency.

Battery electric vehicles

Of course, BEVs also continue to advance. One advantage of BEVs is
that they have no tailpipe—there are no exhaust emissions nor GHGs
coming from the car itself. As a result, local air quality may be improved
through the use of fully electric vehicles. But truly determining the
environmental impact of any transportation system requires one to look
at the system as a whole throughout its lifetime.

Perhaps the most obvious source of GHGs from a BEV is the electricity
used to charge the battery. Where does this electricity come from? It
comes from a variety of sources, which is another benefit of BEVs—we
can make electricity in different ways, reducing our dependence on any
single source. However, in much of the world, a substantial portion of
electricity is generated from fossil fuels, namely coal and natural gas. As
of 2017, about 67% of the world's electricity comes from combustible
fuels [89]. Nevertheless, the hope is that as more electricity is produced
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from renewable sources, GHGs from vehicle charging will be significantly
reduced. Given the current numbers, however, we have a long way to go.

While BEVs have no exhaust particulate emissions, their non-exhaust PM
tends to be higher than conventional vehicles due to their increased weight.
Timmers and Achten have shown that a positive relationship exists between
vehicle weight and non-exhaust emissions—increased weight results in
increased PM from tires, brakes, and road surfaces. As a result, total PM
emissions from BEVs and ICEVs are comparable [90].

Another significant source of GHG emissions in BEVs comes from
battery production. Qiao et al. [13] compared the cradle-to-gate (not to
be confused with cradle-to-grave) GHG emissions of a standard mid-sized
passenger ICEV and a BEV in the context of China. All processes,
including material production, component production and assembly, and
energy transformation, were considered. GHG emissions were identified
as CO,, CH4 and N3O and converted to COqeq. It was found that the
COqeq values are about 50% higher for a BEV compared to an ICEV. This
is mainly due to battery production and the increased use of steel in BEVs.
The greater weight of a BEV in general results in larger GHG emissions
from several components compared to an ICEV [13]. Other studies have
shown similar results. For example, Hao et al. studied the three types of
most commonly used lithium-ion batteries (LFP, NMC, and LMO) and
found around a 30% increase in GHG emissions in China from electric
vehicle production compared with conventional vehicles [91].

Hawkins et al. showed that the global warming potential (GWP) from
EV production in Europe is roughly twice that associated with ICEV
production [92]. Vidhi and Shrivastava examined the policy and
behavioral changes that will be required if India is to adopt the goal of
selling 100% EVs by 2030. They found that emissions during battery
manufacturing would negate any savings achieved by EVs, unless India's
electricity generation source changes significantly [93].

Clearly, only considering tailpipe emissions misses a significant
portion of GHG production. When comparing different transportation
technologies, a total life-cycle analysis (LCA) should be considered.
Assuming a 150,000 km vehicle lifetime, Hawkins et al. determined that
BEVs powered by coal electricity would cause an increase in GWP of 17%
and 27% compared with gasoline and diesel ICEVs, respectively. Using
the actual European electricity mix results in only a 10-14% reduction in
LCA GWP for BEVs compared to diesel ICEVs and a 20-24% reduction
compared to gasoline ICEVs [92]. In a report by A.D. Little, it was
concluded that ICEVs have a lower GWP impact in the first 3-4 years of
operation compared to equivalent BEVs for new cars produced between
2015 and 2025 [94].

Kawamoto et al. [95] calculated the life-cycle CO emissions for BEVs
and ICEVs, taking into consideration the vehicle's lifetime driving distance
for five different regions: the EU, Japan, the US, China, and Australia. In each
region, they determined the “distance of intersection point” or DIP. This is
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Fig. 2. Wartsila engine efficiency from 1960 to 2016. Data from Ref. [79].
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the distance, in kilometers driven, when the life-cycle CO, emissions crosses
over between BEVs and either gasoline or diesel ICEVs. In all regions, the CO,
at 0 km (ie., the CO, from vehicle production) is significantly higher for a
BEV compared to gasoline or diesel engine vehicles. The DIP's are shown in
Table 3. The calculations assumed that the battery of a BEV would be
replaced once at 160,000 km. As can be seen in the table, ICEVs have lower
life-cycle CO, compared to BEVs in all regions for both fuels for driving
distances less than 60,779 km (the US gasoline-BEV DIP value). If we assume
an average driving distance of 20,000 km/year, this corresponds to more
than three years of driving. This number goes as high as 119,104 in China,
corresponding to almost six years of driving. In Australia, there is no inter-
section distance, meaning the CO, from a BEV is always higher than an ICEV.
Finally, in multiple regions, a second intersection point occurs at 160,000 km
(about 8 years of driving) when the BEV lifetime CO2 once again goes above
the ICEV CO,. Evenin the best case scenario (lowest value of DIP in [] withno
second intersection point) which occurs in the US, the end of life CO5 of the
BEV is 20% lower than the ICEV [95]. While this is a substantial savings, it is
a far cry from the “zero carbon” tag often placed on BEVs.

Wu et al. took a region-based LCA approach even further by
comparing technologies down to the US county level. They found that
regional differences in climate, electric grid, and driving habits result in
significant regional heterogeneity in emissions benefits of a particular
technology. Their results suggest that an aluminum lightweight ICEV has
similar emissions to FHEVs in about 25% of US counties. These same
ICEVs have lower emissions than BEVs in over 20% of US counties [96].

Hawkins et al. studied a wide range of impacts of BEVs and ICEVs in
addition to GWP. It was found that different BEV options have 180-290%
greater human toxicity potential (HTP) impacts compared to ICEVs, pri-
marily from the additional copper requirements of BEVs [92]. A.D. Little
had a similar finding, with a roughly 200% increase in HTP impacts in
BEVs over ICEVs in 2015, with this difference increasing by 50% through
2025 [94]. They concluded that “... BEVs and ICEVs both represent a
complex set of economic and environmental trade-offs, in which ad-
vancements in one area are unavoidably connected to impacts in another.
All of these trade-offs must be considered holistically ...” [94].

In an invited review paper for the British Medical Bulletin, Jones asked
the question “If electric cars are the answer, what was the question?”” [97].
Jones looked at everything from road traffic injuries to air pollution, and
concluded that “Overall, the negative health consequences of electric cars
seem likely to be at least those of internal combustion engine cars” [97].

Add to this range anxiety, charge time, infrastructure, battery decom-
missioning, and the need to mine rare materials, and it becomes apparent
that BEVs are far from the single solution to our transportation problem.

The case for hybrids

Hybridization offers a number of benefits. First, energy recovery
during vehicle braking is straightforward, so much of the fuel energy that
is wasted in brakes in an ICEV can be recovered and reused, leading to
greater energy efficiency and lower CO, emissions. Some hybrid con-
figurations allow for limited ICE operating points, such that the ICE will
run where it is most efficient, which, again, reduces CO, emissions. ICEs
can be switched off when not needed (e.g., for deceleration and idling/

Table 3

Distance of intersection point (DIP) values for gasoline-BEV and diesel-BEV
combinations in five different regions (data from Ref. [95]). Values in [] indi-
cate the distance where the lifetime CO,, of the ICEV surpasses the BEV. Values in
{} indicate where the CO, of the BEV again goes above the ICEV. Note that
Diesel-BEV DIP values were only calculated for the EU and Japan.

Region Gasoline-BEV DIP (km) Diesel-BEV DIP (km)
EU [76,545] [109,415], {160,000}
Japan [111,511], {160,000} [114,574], {160,000}
us [60,779] NA

China [119,104], {160,000} NA

Australia {No intersection} NA
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hoteling events). Many hybrid configurations allow for EV-only opera-
tion for a limited distance. So, for example, PHEVs could be “geofenced”
such that they operate in pure electric mode in low-emissions zones (such
as a polluted city center) and then use the ICE outside of these zones. This
could quickly improve urban air quality in a way that is feasible in the
near future.

Hybrids can come in a number of configurations. MHEVSs store energy
recovered during braking in a battery and use it for acceleration assis-
tance. FHEVs do the same and add the ability to charge the battery
through the ICE. PHEVs allow external electricity to be used to charge the
battery and typically have larger batteries as a result. Hybrid systems can
have serial, parallel, or power-split configurations. In serial configura-
tions, electric motors always drive the wheels, and the ICE produces
power either to charge the battery or directly to the electric motors
through a generator. In this configuration, the engine can run at a pre-
determined RPM where it is most efficient. On the other hand, in parallel
configurations, either the electric motors or the ICE can drive the wheels.
Typically, the ICE powers the wheels at higher speeds where it is the most
efficient. The power-split system, which is used in the Toyota Prius, for
example, combines the parallel and series configuration through a
planetary gearbox. By combining configurations, hybrid powertrains
allow for maximum efficiency, power, and driving comfort.

Hybrids are the fastest way to reduce CO2 emissions from vehicles

BEVs need large batteries. For example, a Nissan LEAF with 239 mile
range has a 62 kWh battery [98]. Batteries are a scarce resource; at the
start of 2019, global battery production capacity was 286 GWh per year
and is forecast to reach 1000 GWh per year by 2023 [99]. Nearly
quadrupling battery production infive years is aggressive, but assuming it
is met, it equates to annual production needs for 20 million BEVs with an
average battery size of 50 kWh. In 2018, over 70 million cars and 21
million light commercial vehicles were produced [100]. Therefore, even
aggressive projections show that in 2023, battery capacity will allow only
29% of new cars to be BEVs (and significantly fewer if the cars use larger,
longer range batteries), assuming no light commercial vehicles are BEVs.

In addition, CO, reduction benefits are non-linear. In other words,
moderate electrification (i.e., FHEV) has a significant benefit, but further
benefit reduces for full BEVs. Therefore, given the limited resources, it
would be expected that putting a small battery in every car would result
in a greater overall CO, reduction than putting large batteries in fewer
cars.

A recent study by Emissions Analytics [101] tested 95 hybrid vehi-
cles. On average these hybrids had a 1.2 kW battery and delivered a 30%
reduction in CO; emissions relative to current ICE vehicles. The EU has a
post-2021 CO, reduction target for passenger cars of 37.5% by 2030, so
current hybrids could achieve 75% of that without further development.
Of course, further development is happening. For example, the 2020 Ford
Escape hybrid (1.1 kWh battery and a 4 cyl 1.5 L Ecoboost engine) has
50% lower CO; emissions compared to the 2019 Ford Escape [102].

The overall CO, reduction per unit battery size according to Emissions
Analytics is shown in Table 4. Each hybrid is compared with its nearest
equivalent ICE-only vehicle. The analysis is on a tailpipe basis (i.e., a BEV
emits 0 CO3) and ignores any CO, emissions associated with the battery,
electricity generation, and fuel production, which is likely to further
benefit the FHEV relative to the BEV. As shown, MHEVs and FHEVSs result
in significantly higher CO, reduction per unit battery size compared to
PHEVs and BEVs.

A similar study by Joshi [103] that takes into account some life-cycle
analysis, including the CO5 emissions associated with the battery, elec-
tricity generation, and fuel production, showed that an FHEV had an
approximately 20% reduction in CO2 emissions relative to an ICEV, with
a further 18% reduction (on average) possible with a BEV. However, the
lowest-emitting hybrids emit the same COy over their life (defined as
150,000 km/10 years) as the best BEVs.

Hybrids are the fastest way to decarbonization given the likely limited
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supply of batteries over the next decade, the rapid developments in
hybrid technology, and the ICE improvements that are already entering
production. In addition, Elgowainy et al. found that hybrids offer the
most appealing cost in terms of avoided carbon emissions [104]. In their
study, the expected future (2025-2030) cost and GHG emission of several
vehicle technologies, including ICEVs, FHEVs, PHEVs, and BEVS, were
analyzed and compared to a conventional gasoline engine vehicle. FHEVs
and PHEVs were found to result in the lowest cost per COzeq avoided,
further supporting the use of hybrids in the future fleet.

Challenges for hybridization

As vehicles become more hybridized, the combustion engine will
need to evolve. The engine will be part of a powertrain system that in-
cludes a significant level of electrical power. While engines have always
been a part of systems (e.g., the transmission), the demands on the ICE are
likely to change. For example, the ICE will not be switched on at all times,
it may not need to operate at such a wide range of loads and speeds, and
there will be electric motors to help with transients and possibly elec-
trical aftertreatment heating. Future combustion engines may thus be
smaller and cheaper. As an example, the BMW i3 PHEV has a 2-cylinder,
647 cc engine, whereas comparable “B segment” vehicles might have a
1.6 L 4-cylinder engine. In addition, the added complexity of having two
drivetrains is an engineering challenge that needs to be considered.

Consumer behavior must also be addressed as we develop future
mobility systems. A study by the Miles Consultancy found that many
drivers of PHEVs had never charged their vehicles with the plug [105].
To obtain the reduced CO5 emissions promised by PHEVs, they must be
used as plug-in vehicles. However, due to a lack of infrastructure or lack
of convenience, customers have not treated them as such. Using PHEVs in
this manner results in greater CO emissions compared to an FHEV or
MHEV alternative, since the PHEVs are carrying around redundant
batteries.

This problem may be partially mitigated as more infrastructure is
created for charging EVs. However, the problem is also a branding one.
Consumers assume that PHEVs are better for the environment than
FHEVs or MHEVs in all scenarios simply because they are more electri-
fied, which, as discussed above, is not necessarily the case. For certain
consumers, FHEVs and MHEVs will result in lower emissions, and they
should be made aware of this fact. However, consumers should also not
be misled by branding. For example, standard ICE-powered vehicles
equipped with stop-start are being marketed as “micro-hybrids” [106]
and FHEVs are being described as “self-charging electric vehicles” or
“self-charging hybrids” [107]. Such branding can overcome perception
problems, but it is important that consumers are not misled. Customers
must be informed and engaged, and solutions that consumers are willing
to adopt must be engineered and developed.

Recommendations and conclusions

In light of the data presented in this paper, we make the following
recommendations which we hope will be considered by policymakers
and auto manufacturers now and in the future:

Table 4
CO, emissions reduction comparison between hybrids and BEVs (data from
Ref. [101]).

CO,, reduction per unit
battery size (g/km/kWh)

Vehicle type Average CO,

reduction (g/km)

MHEV 25 73.9
FHEV 65 50.5
PHEV 126 12.0

BEV 210 3.5
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1. Take a balanced approach to transportation, recognizing that there is
no silver bullet solution.

2. Do not ban any particular technology. Set targets and let the best
technology win, understanding that the best technology will likely
vary depending on region.

3. Use LCA when comparing technologies. Including only the tailpiple
emissions, or even the “use phase” can significantly misrepresent a
technology's environmental impact.

4. Continue to invest in ICE technology for three reasons: a) there is
much untapped potential to still exploit; b) ICEs are going to be
present in electrified vehicles for years to come; and c) if we cease to
invest in ICEs, there is danger that we will lose the opportunity to
improve the technology, which would prove especially problematic if
electric cars do not meet expectations.

5. Devote significant resources to investigating carbon-neutral fuels.
Success in this area will not only allow us to lower emissions in the
current fleet, but it will also make use of much of the current
infrastructure.

6. Hybrids are the fastest way to reduce CO5 emissions from vehicles.
They should be treated as such.

7. Engineering—not politics—should drive future transportation policy.

Further developing the internal combustion engine, along with
various levels of electrified approaches, allows consumers to choose the
technology that best suits their needs. This balanced and diversified
approach is, in our opinion, the most pragmatic way to substantially
reduce the environmental impact of transportation.
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Nomenclature
BEV Battery electric vehicle
CCGT Combined cycle gas turbine

CO2eq  Carbon dioxide equivalent

CR Compression ratio

DIP Distance of intersection point
EGR Exhaust gas recirculation

EV Electric vehicle (BEVs and PHEVs)
FAME  Fatty-acid-methyl-ester

FHEV Full hybrid electric vehicle

GCI Gasoline compression ignition
GDI Gasoline direct injection

GHG Greenhouse gas
GWP Global warming potential

HTP Human toxicity potential

ICE Internal combustion engine

ICEV Internal combustion engine vehicle
LCA Life-cycle analysis

LHV Lower heating value

MHEV  Mild hybrid electric vehicle

OME Oxymethylene ether

PHEV Plug-in hybrid electric vehicle

PM Particulate matter

RCCI Reactivity controlled compression ignition
RDE Real driving emissions
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