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Abstract.
The 21st century showed big changes of economic growth in developed and developing countries,
especially in China and India, substantial population increases and rapid urbanization worldwide.
Inevitably all these changes contributed to a dramatic increase in global energy consumption for
transportation (trains, light-duty vehicles, trucks, buses, aviation, marine vessels). The worldwide
energy consumption by every form of transport is projected to increase. It is estimated to reach 151
quadrillion British thermal units (Btu) in 2040 from 107 Btu in 2015. Petroleum-based liquid fuels
(gasoline and diesel) currently account for more than 85% of global transportation energy
consumption and will continue to do so through 2040. The same demand but on a smaller scale is
for electricity to be used as a transportation fuel for cars and trains. 20 years ago it was the intention
to change from gasoline to diesel fuel for cars, but this shift to diesel cars have been overestimated.
Moreover, toxic NO x emissions of diesel cars have been underestimated up to 20 to 30-fold in
officially announced data. Electric vehicles are expected in many countries to reduce the air pollution
levels in big cities. In the last decade high levels of air pollution appeared in big cities in India and China. In
2014 the global car fleet was estimated at 1.25 billion vehicles. The popularity of diesel engines was
to a large part due to their higher durability and higher fuel efficiency compared to gasoline cars.
Also, cars diesel-engines are 20 to 40% more efficient, and they're cleaner than ever. D iesels are
wildly popular in Europe, accounting for roughly 50% percent of the car market. Volkswagen
(VW) in 2016 was the world's largest automaker by sales . It has maintained the largest market share
in Europe for over two decades. The car manufacturer VW in the last years had a major advertising
push to sell diesel cars in the USA, backed by a huge marketing campaign trumpeting its cars' low
emissions. When the VW cars were tested under controlled laboratory conditions (putting them on a
stationary test rig) a “secret defeat” device appeared to have put the vehicle into a sort of safety
mode in which the engine ran below normal power and performance. But when the vehicles were
tested outside on the road, the engines switched out of this test mode. The result? The engines
emitted NOx up to 15 to 35 times above what is allowed in the USA. On 18 September 2015, the US
Environmental Protection Agency (EPA) announced that Volkswagen had installed a "defeat device"
software code in the diesel models sold in the US from 2009-15. The code was intended to detect
when an emissions test was being conducted, and altered emissions controls for better compliance.
Off the test stand, the controls were relaxed, and emissions jumped 35 times of regulatory levels
according to investigators at West Virginia University and the California Air Resources Board. The
scandal was very important for the future demise of diesel cars and forced many countries to
announce the support of electric cars in the next 20 years.
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Introduction: global energy consumption and the transportation sector

In the last decade the global economy is growing at an average rate of 3.4% per year,
while the population is expected to expand from 7.4 billion today (2017) to more than 9
billion in 2040. At the same time the rapid process of urbanisation was growing every year
with more and more people living in urban areas than in rural areas. In 1950 the urban
population was 30%, but in 2014 it reached 54% of the total world’s population and by
2050, is expected to increase to 66% of the total world’s population.
Inevitably the big changes of economic growth, population and urbanization
contributed to a dramatic increase in global energy consumption. While the developed
countries (in particular the OECD countries) managed through technological and structural
changes to reduce or stop increasing their energy demand, developing countries, especially
China, India, Brazil, Indonesia, South Korea, etc, increased substantially their energy
consumption in all sectors. The global consumption by sectors was in 2012:

Figure 1. The world energy consumption by economic sectors in 2012. The industrial sector
comes first (factories, workshops, etc) was over 50%. Global transportation sector comes
second with 26% (light duty vehicles, trucks, buses, aviation, trains, marine vessels, etc).
International Energy Agency [http://www.iea.org/statistics/statisticssearch/ ].
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The global transportation of people and products is an important factor in
determining the potential economic growth and in international energy demand. The global
transportation sector, light-duty vehicles, buses, trucks, trains, aviation, maritime vessels,
etc have been increasing substantially in all countries in the last decades. Statistical
evidence showed that energy consumption by the transportation sector is evolving. Over
the next 25 years, the U.S. Energy Information Administration’s (EIA) International Energy
Outlook (IEO) 2016 Reference case projects that Organization for Economic Cooperation and
Development (OECD) countries’ transportation energy consumption will remain relatively
flat. In contrast, non-OECD countries (China, India, etc) will grow to levels higher than in
OECD countries by the early 2020s. This rapid non-OECD growth results in continued
transportation energy consumption growth through at least 2040. Non-OECD demand for
transportation fuels continues to outpace OECD demand, and in 2040 the non-OECD regions
are expected to account for 61% of global transportation energy consumption. 1,2
Worldwide transportation energy consumption is projected to reach 151 quadrillion
British thermal units (Btu) in 2040, an increase of 44 quadrillion Btu from 2015. Although
OECD countries are projected to consume more energy for transportation than non-OECD
countries their energy consumption remains relatively flat (in the previous 15 years, 20002015) and will remain flat for the projection period (until 2040). This is the result of fuel
efficiency improvements in all means of transport and the result was to keep pace with
increases in energy demand. However, transportation energy consumption in non-OECD
countries increased in the past 25 years and is expected to increase again throughout the
entire projection period (2015-2040). This growth occurs because demand for
transportation services in non-OECD countries, due to population and Gross Domestic
Product (GDP) growth, outpaces fuel efficiency improvements.1
Petroleum-based liquid fuels (gasoline and diesel) currently account for most of
global transportation energy consumption and will continue to do so through 2040.
However, demand for natural gas (CH4) as a transportation fuel grows more than any other
transportation fuel, and will increase from 1.6 quadrillion Btu in 2015 to 12.7 quadrillion Btu
in 2040. As with overall transportation energy consumption growth, most of this growth in
natural gas use occurs in non-OECD countries because countries in several regions have
policies in place to support the growth of natural gas in vehicles, including the Middle East
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and Other non-OECD Asia. The top countries in 2012 annual global transportation energy
consumption were: USA 25%, OECD Europe 18%, China 12%, Japan 4% and India 3%. 1,2
The global transportation energy consumption has been estimated 2300 Mtoe,
Million of tone (106) of oil equivalent. The unit represents the amount of energy released by
burning one tone of crude oil]. The energy consumption by type of means of transport is

shown below. The light duty vehicles are consuming 53% of global transport energy, trucks
17% and aviation 10%, marine vessels 10%, buses 4% and rail-trains 3%. Data from the
World Economic Forum 2011.3

Figure 2. Data from the World Economic Forum estimate that more than 50% of global
transportation energy is consumed by light-duty (personal and family vehicles) and trucks
17%, while aviation consumes 10% and marine vessels 10%. International Energy Agency.
World Energy Outlook 2011.

World Transportation Energy Consumption by Type of Fuel
The global transportation sector, particularly in developing countries, plays a critical
role in global energy consumption and greenhouse gas emissions. The global transportation
industry revenues reached $1.6 trillion in 2015. There was a substantial increase of
passenger and commercial vehicles in the last 10 years in developing countries. In 2006 the
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numbers were 247 million commercial vehicles (vehicles for transporting goods or paid
passengers, like buses, vans, coaches, trucks) and 679 million passenger cars. In 2015, there
were registered 947 million passenger cars and 335 million commercial vehicles in operation
worldwide. The annual production of cars and commercial vehicles for the 4 top countries in
2016 was : China 24.4 million (cars), 3.7 (commercial vehicles), total 28 million, USA 3.9
million cars, 8.2 million (c.v.), total 12 million, Japan 7.8 million cars, 1.3 million (c.v.), total
9.2 million, Germany 5.7 million cars, 0.3 (c.v.) , total 6 million. Data from International
Organization of Motor Vehicle Manufacturers, or OICA, Organisation Internationale des
Constructeurs d'Automobiles, Paris. [http://www.oica.net/category/production-statistics/
2016-statistics/ ].
Also, the aviation sector expanded substantially in the last decade. Commercial
airlines in the last years carried more than 3 billion passengers and generated global
revenue to the value of 501 billion U.S. dollars in 2016. There are 2,000 airlines worldwide
operating more than 23,000

aircrafts, providing

service

to over 3,700 airports. In

2015, nearly 3.6 billion passengers were carried to various destinations by the world's
airlines. [Air Transport Action Group, http://www.atag.org/facts-and-figures.html ].
The type of fuel used by most means of transport are petroleum products (gasoline
and diesel) and other liquid fuels (LPG, natural gas). All projections to the future
(International Energy Agency, International Energy Outlook 2016) indicate that petroleum
product share of global total transportation energy from 96% in 2012 will decrease to 88%
in 2040 because of the advent of electric cars and natural gas as a fuel (International Energy
Outlook 2016). Motor gasoline (including ethanol blends) remains the largest transportation
fuel (40% in 2012), the second-largest transportation fuel was diesel fuel (including
biodiesel) with 37%, third in global consumption share was the jet fuel for aviation with
12%. While the share of natural gas (CH4) as a transportation fuel was only 1-2% (2012).
Projections for the 2040 predict that gasoline’ s share with decrease to 33% and diesel’s
share will decline slightly to 33%, while jet fuel for aviation will increase to 14% and natural
gas as a clean fuel will increase substantially to 11% by 2040 from 2% in 2012 (IEA,
International Energy Outlook 2016).
According to BP Energy Outlook 2017 ( https://www.bp.com/content/dam/bp/pdf/
energy-economics/energy-outlook-2017/bp-energy-outlook-2017.pdf)
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the

number

of

electric cars will increase significantly, from 1.2 million in 2015 to around 100 million by
2035 (6% of the global fleet). From these electric vehicles, 25% will be Plug-In Hybrids
(PHEVs, mix of electric power and oil), and 75% will be pure Battery Electric Vehicles (BEVs).

Figure 3. The world transportation consumption by type of fuel (2012) indicates that motor
gasoline comes first providing 40% of energy in various means of transport, second is diesel
fuel with 37%, jet fuel 12% [jet fuel, aviation turbine fuel (ATF), or avtur, usually a highoctane gasoline]. Source:
U.S. Energy Information Administration, International
Transportation Energy Demand Determinants (ITEDD-2015) model estimates.
A strong increase is expected for natural gas share of total energy. Especially by large
trucks from 1% (2012) to 15% in 2040. In addition, 50% of bus energy consumption is
projected to be natural gas in 2040, as well as 17% of freight rail, 7% of light-duty vehicles,
and 6% of domestic marine vessels (EIA, International Energy Outlook, 2016).
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Electricity as a fuel for world’s transportation
Electricity remained for the last decade a minor fuel for the world’s transportation
energy use. Most of the electric cars are light-duty vehicles which at present it is estimated
at around 1% of the total (2012). Also, electric rail trains and trams have transformed the
world’s rail network. In 2006, 240,000 (25% by length) of the world rail network was
electrified and 50% of all rail transport was carried by electric traction. China comes first
with over 48,000 km electrified lines. Russia comes second with 43,300 km, third is India
with

30,012 km, Germany

21,000 km,

Japan

17,000 km

and

France

15,200 km

[https://en.wikipedia.org/wiki/Railway_electrification_system].The importance in passenger
rail transportation remains high, projections estimate that in 2040 electricity will account for
40% of total passenger rail energy consumption. 4
The future of commercial and passenger electric car has been improved substantially
with the announcement that certain countries will introduce regulations for only electric
cars in the big cities. Statistical data showed the worldwide the number of hybrid and
battery electric vehicles in 2016 were some 1.2 million and new registrations is expected to
increase very fast. In 2017 the provisional numbers of worldwide electric cars is over 2
million. Electric vehicles include battery-electric, plug-in hybrid electric, and fuel cell electric
passenger light-duty vehicles (PLDVs). They are commonly referred to as BEVs, PHEVs, and
FCEVs.5
Electric vehicles are expected to increase by 2050 to 100 million, but again there will
be a small percentage of 6% of the global light-duty vehicle fleet (BP Energy Outlook, 2017
edition). In the last decade a growing number of automakers are intending to increase
substantially their manufacture plans of electric vehicles. The world’s best-selling battery
electric and plug-in hybrid vehicles include Tesla's Model S, Nissan’s Leaf and Toyota’s Prius
Plug-in Hybrid. California-based Tesla Motors was among the first carmakers to assemble
electric vehicles exclusively. The growing demand for electric cars in markets such as China,
the United States and Norway is often triggered by government incentives including
subsidies, exemptions from tolls and parking fees. Despite the rapid growth, electric vehicles
still represent just 0.2 % of total light-duty vehicles. Volkswagen, the world’s largest
automaker, plans to roll out four affordable electric vehicles in the coming years as part of a
goal to sell more than 2 million battery-powered vehicles a year by 2025. Mercedes7

Benz accelerated the introduction of 10 new electric vehicles by three years to 2022 to take
on Tesla as the dominance of the combustion engine gradually fades.5
New registrations of electric cars hit a new record in 2016, with over 750,000 sales
worldwide. With a 29% market share, Norway has incontestably achieved the most
successful deployment of electric cars in terms of market share, globally. It is followed by
the Netherlands, with a 6.4% electric car market share, and Sweden with 3.4%. The People’s
Republic of China, France and the United Kingdom all have electric car market shares close
to 1.5%. In 2016, China was by far the largest electric car market, accounting for more than
40% of the electric cars sold in the world and more than double the amount sold in the
United States. 5

Renault Twizy 2017

Toyota Prius Prime

Figure 4. It is estimated that global electric cars in 2017 were over 2 million, but for the
moment are only 0,2% of the global light-duty vehicle fleet.
New registrations of electric cars hit a new record in 2016, with over 750,000 sales
worldwide. With a 29% market share, Norway has incontestably achieved the most
successful deployment of electric cars in terms of market share, globally. It is followed by
the Netherlands, with a 6.4% electric car market share, and Sweden with 3.4%. The People’s
Republic of China, France and the United Kingdom all have electric car market shares close
to 1.5%. In 2016, China was by far the largest electric car market, accounting for more than
40% of the electric cars sold in the world and more than double the amount sold in the
United States.5
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According to the recent McKinsey report [Hertzke P, Muller N, Schenk S. Dynamics in
the global electric vehicle-market. McKinsey, July 2017, https://www.mckinsey.com/
industries/automotive-and-assembly/our-insights/dynamics-in-the-global-electric-vehicle ].
China has increased its lead in electric-vehicle (EV) production, in 2016 produced 43% of the
873,000 EVs built worldwide which is the largest fleet of EVs on the road, overtaking the US
market for the first time. Overall, Germany and the United States also perform well in 2016 1ithy
the production of 23% and 17% of electric cars respectively. Many countries introduced financial
incentives for the purchase of electric cars (Germany offers buyers 4,000 euros, South Korea
1,600 euros). To support the electric vehicle (EV) dynamic, China expanded its EV-charging
infrastructure, reaching 107,000 public EV-charging outlets. Japan and the Netherlands are also
investing significantly to build additional charging stations, while progress remains comparatively
slow in France, Germany, the United Kingdom, and the USA.6

Figure 5. Scientists estimate that electric vehicles only release 50% of the emissions of
traditional vehicles, including manufacturing and disposal as well as the time actually spent
driving. Electric cars are promoted with financial incentives from the manufacturers.
Certain cities in many countries, like China, have made EVs exempt from license-plate lotteries
and significant reductions in registration fees. Also, electric cars in the future will be the only ones
allowed in the city centers. Other countries have been reducing or phasing out subsidies on EV
(Denmark, France, Portugal, and Norway).
Electric vehicles are expected in many countries to reduce the air pollution levels in big
cities. In the last decade high levels of air pollution appeared in big cities in India and China.
Gasoline vehicles don’t just harm the climate (CO2), they also wreak havoc on public health.
Burning gasoline and diesel produces harmful gases like carbon monoxide (CO), particulate
matter (PM10, PM2.5), and nitrogen oxides (NOx), which contribute to serious respiratory
9

diseases and can even cause premature death. Electric vehicles can reduce these harmful
emissions, and, more importantly, move them out of dense urban areas. As with carbon
emissions, an electric car’s criteria pollutant emissions depend on the electricity used to
power it. Health-threatening sulfur dioxide (SO2) and nitrogen oxide (NOx) pollution from
electricity generation. This trend will only continue as many countries (including China and
India) to retire coal power stations and replace them with renewable sources of energy
production. Electric vehicles and new fuel technologies is expected to provide on a global
scale affordable, low emission vehicles which can reduce substantially the transportationrelated air pollution and climate change emissions. These include fuel-efficient vehicles that
use less oil, cleaner fuels that produce fewer emissions; and electric cars and trucks that can
entirely remove tailpipe emissions.7-9

Figure 6. Air pollution in big cities of China and India increased substantially and has been
responsible for high number of lung diseases, respiratory distress and premature deaths for
long term exposure.
The Health Effects Institute (HEI), a Boston-based non-profit organization that
specializes in studying health effects as a result of pollution, recently published its “State of
Global Air, 2017: A Special Report on Global Exposure to Air Pollution and its Disease
Burden.” Based on extensive research conducted across 175 countries, HEI found that India
and China face the deadliest air pollution in the world.10
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Global transportation sector and air pollution in cities
Air pollution in urban areas from vehicles and other means of transport have
increased substantially in the last decades since their numbers of cars, trucks, coaches and
trains increased exponentially. Emissions from traffic have become an important factor of
increased morbidity from respiratory diseases and premature deaths in urban areas.
Transport became a significant source of air pollution and responsible for acid deposition,
stratospheric ozone depletion and climate change due to substantial contribution to
greenhouse gases. Stricter regulations and new technological improvements from the 1970s
and 1980s reduced substantially emissions from road traffic in developed countries. But
increased ownership of vehicles in developing countries kept transport a key factor in toxic
gas emissions and serious contributor to greenhouse gases in the 21 st century.11
Analysis of statistical data from air pollution monitoring (2002-2011), showed that
emissions of most air pollutants have decreased in European countries. Much progress has
been made in tackling air pollutants of sulphur dioxide (SO2), carbon monoxide (CO), lead
(Pb) and nitrogen oxides (NOx). European Union (27 countries) emissions of NOx fell by
27% in the period 2002–2011. In the same period SO2 emissions were reduced by 50%. Also,
emissions of toxic metals in the EU-27 were reduced as follows: Arsenic (As) was reduced by
3%; Cadmium (Cd) by 27%; Mercury (Hg) by 26%; Nickel (Ni) by 43%; and Lead (Pb) by 20%.
The observed EU-27 average reduction in CO for daily 8-hours maxima concentrations
(2002–2011) was 35%. Although air pollutant reductions were in the range 20%–44% in the
EU-27 urban areas, emissions of smoke, particulate matter (PM, PM10, PM2.5 and smaller)
increased. Despite the technological improvements in internal combustion engines, modern
exhaust converters and better quality of fuels, urban populations in many European cities
were exposed to concentrations of PM10 in excess of the EU air quality daily limit value
(50 μg/m3) in the period 2002–2011. Also, increases were measured in ground level ozone
(O3) concentrations, which is a secondary photochemical air pollutant produced by NOx and
volatile organic compounds (VOCs) of car exhausts. At present, PM and O3 are Europe's
most problematic emission pollutants and pose the most serious air pollution health risk in
the EU. These concentrations in urban areas and for long term exposure can lead to
premature mortality (especially respiratory diseases) and increased morbidity (hospital
11

admissions). The second most damaging to human health are high concentrations of ozone
(O3) at ground levels. 12-14

Global automobile market
In 2014 the global car fleet was estimated at 1.25 billion vehicles. By some estimates,
the total number of vehicles worldwide could double to 2.5 billion by 2050. The USA has 250
million vehicles, while China still has far fewer vehicles per person than Western countries
with 1.35 billion total population it has only 100 million vehicles. If ownership in China were
to equal the U.S. rate, the country would have 1 billion vehicles all by itself [Statista,
Number of passenger cars and commercial vehicles in use worldwide from 2006 to 2015 ,
https://www.statista.com/statistics/281134/number-of-vehicles-in-use-worldwide/].
The car fleet in European Union is estimated at 256 million light-duty vehicles + 38
million commercial vehicles, second is USA (250 million l-d.v.) and Japan (70 million) own
the world's biggest vehicle fleets. Within the EU, Germany with over 40 million vehicles
comes first, followed by Italy (36 million), France (31 million) and UK (31 million). A fleet of
altogether 530 million cars are to be found on the eight biggest car markets including as well
Russia, China, Brazil, South Korea and India (data as for 2008). Over the past ten years, China
witnessed the largest annual car fleet growth up to 23%, followed by India (13%). In 2011,
60 million new cars were manufactured worldwide, and annual vehicle production is
believed to grow by 3% per annum until 2030. Worldwide production of vehicles is expected
to be 93 million in 2020 and 114 million in 2030. All in all, the EU, USA and Japan dominate
car markets worldwide and own the largest car fleets, with China following suit (third
biggest market in 2011). In the last decade new developments in automobile technology
focused on fuel efficiency and emission standards in the big automobile producers of EU,
USA and Japan. Asian countries adopted the strict EU automobile emission standards with
considerable time lag.15
In the early 1990s, the ratio of diesel cars in both Europe and Japan did not differ
much and accounted to about 10% of the fleet. Research and development of many car
manufacturers was concentrated in the diesel engine’s efficiency and reduction of
emissions. From the 2006 engineers in Volkswagen research facility in Wolfsburg struggled
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to develop a diesel engine that could meet stricter U.S. emissions standards without
jeopardizing performance. The numbers of diesel vehicles increased. But while Japan
diverged from this goal and began to phase out diesel cars, at the same time EU diesel car
registrations began to take off and grew steadily. Only the influence of the economic crisis
in 2008/2009 disturbed this longstanding increase in Europe when gradually smaller and
significantly less diesel-driven cars were purchased (e.g. in Germany, a temporary scrappage
bonus strongly promoted small car sales). At that time, diesel car fleet ratios amounted to
1.4% in Japan compared to 35.3% in Europe (2010), respectively.16

Diesel engines and diesel exhaust emissions
Diesel engine exhaust emissions (commonly known as ‘diesel fumes’) are a mixture
of gases, vapours, liquid aerosols and substances made up of particles. They contain the
products of combustion including: carbon (soot) and particulate matter (PM, fine and
superfine particles); nitrogen (N2) ; water (H2O);
(RCHO); oxides of nitrogen (NOx);

carbon monoxide (CO); aldehydes

oxides of sulphur (SO2); polycyclic aromatic

hydrocarbons (PAH, e.g. benzo-a-pyrene, etc). The carbon particle or soot content varies
from 60% to 80% depending on the fuel used and the type of engine. Most of the
pollutants (heavy metals) are adsorbed onto the soot. Petrol (or gasoline) engines produce
more carbon monoxide (CO) but much less soot than diesel engines.
Diesel particulates are characterized by very fine and nanoparticles. The primary
(nuclei) carbon particles have a diameter of 0.01 – 0.08 micron (μm = 10-6 m), while the
agglomerated particles diameter is in the 0.08 to 1 micron range. As such, diesel
particulate matter is almost totally respirable and has a significant health impact on
humans. It has been classified by several government agencies as either “human
carcinogen” or “probable human carcinogen”. It is also known to increase the risk of heart
and respiratory diseases. Ambient particulate matter (PM) is divided into the following
categories based on their aerodynamic diameter: a. Coarse particles or PM10, with
particulates of an aerodynamic diameter ≤ 10 µm; b. Fine particles or PM2.5—particles with
a diameter ≤ 2.5 µm; c. Ultrafine particles of diameters below 0.1 µm or 100 nm;
Nanoparticles, characterized by diameters of less than 50 nm (1 nm=10-9m). Also, the
quantity and composition of diesel fumes may vary depending on the quality of diesel fuel
13

used the type of engine (standard, turbo or injector), the state of engine tuning, the fuel
pump setting,

the workload demand on the engine,

the engine temperature; and

whether the engine has been regularly maintained.17,18

Why diesel engines became more efficient and more popular?
The diesel engine was very popular after its invention in the late 1890s and rapidly
evolved into a prominent technology for heavy-duty applications in the stationary, marine,
railroad and military sectors. Only in the late 1980s, with the adaptation of turbochargers
and the development of common rail direct injection system, were diesel engines made
feasible for the light-duty vehicles. The popularity of diesel engines was to a large part due
to their higher durability and higher fuel efficiency compared to gasoline cars. Also, cars
diesel-engines are 20 to 40% more efficient, and they're cleaner than ever. Diesels are
wildly popular in Europe, accounting for roughly 50% percent of the car market. Also,
the popularity of diesel increased on the economic and ecological strategies pursued by
different governments. The European Union and India show high and rapidly growing shares
of diesel cars, whereas in the USA, China, Japan and Brazil, diesel light-duty vehicles was a
side issue.19

Figure 7. The TDI (Turbocharged direct injection) diesel engine was introduced in 1989 by
VW. The market penetration of diesel cars by VW in Europe increased to over 50% by 2000.
Also, Toyota D-4 CRDi (Common rail direct injection) introduced a new type of diesel
engines with CRDI technology that has significantly increased efficiency and boosted its
performance.
14

Spurred by Volkswagen's introduction of the TDI (Turbocharged direct injection)
diesel engine in 1989, market penetration of diesel cars in Europe increased from 10% in
1990 to over 50% in 2000. Despite widespread imitation by its rivals, Volkswagen was able
to capture 32% of the potential innovation rents and diesels accounted for approximately
60% of the firm's profits. Moreover, diesels amounted to an important competitive
advantage for European auto makers over foreign imports.20
The TDI engine uses direct injection, where a fuel injector sprays atomised fuel
directly into the main combustion chamber of each cylinder, rather than the precombustion chamber prevalent in older diesels which used indirect injection. The engine
also uses forced induction by way of a turbocharger to increase the amount of air which is
able to enter the engine cylinders. These changes allow for greater engine efficiency, and
therefore greater power outputs (from a more complete combustion process compared to
indirect injection), while also decreasing emissions and providing more torque. 21,22
Direct injection turbodiesel (TDI) engines were frequent winners of various prizes in
the International Engine of the Year Awards. In 1999 in particular, six out of twelve
categories were won by direct injection engines: three were Volkswagen, two were BMW,
and one Audi. Notably that year, the Volkswagen Group 1.2 TDI 3 L beat the Toyota Prius to
win "Best Fuel Economy" in its class. The TDI engine has won "Green Car of the Year" award
in the years 2009 (Volkswagen Jetta 2.0-litre common-rail TDI clean diesel) and 2010 (Audi
A3 TDI clean diesel) beating other various electric cars. Light-duty vehicles with diesel
engines offer great advantages : cheaper fuel, engine efficiency, delivering 25-30% better
fuel economy, diesel converts heat into energy rather than sending the heat out the tailpipe
as gas-powered vehicles do, it doesn’t result in flashy high-speed performance. Also, diesel
cars have no spark plugs or distributors and they never need ignition tune-ups. Diesel
engines are built more ruggedly to withstand the rigors of higher compression.
Consequently, they usually go much longer than gas-powered vehicles before they require
major repairs. Mercedes-Benz holds the longevity record with several vehicles clocking more
than 900,000 miles on their original engines! Longevity and dependability like that help with
trade-in and resale values. In the last decade diesel vehicles are designed to run on a new,
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low-sulfur version of diesel fuel, sometimes called “clean diesel,” which produces less
pollution and cuts back on that sooty smell reminiscent of the older cars in the 1980s .23

Diesel vehicle exhaust particulates are toxic. PM size and composition
Diesel cars are more efficient but have some important disadvantages. Diesel cars
are the source of highly potent air pollutants in their emissions (especially fine PM and
nitrogen oxides) that affect the environment and public health on a large scale. Diesels
vehicles need regular maintenance to keep them running. Diesel vehicles need regular
change of the engine oil and the air, oil, and fuel filters. The great potency of diesel engine
emissions as environmental toxicants is not simply the result only of their chemical
composition, but also relies on the structure–function relationships of the human
respiratory tract and how the particulate fraction (PM) of diesel exhaust bypasses its
defense mechanisms. Inhalable diesel exhaust particles are not efficiently filtered from the
inhaled air, penetrate the respiratory tract deeply, deposit on or translocate across the lung
epithelium and can evade otherwise efficient clearance mechanisms. By carrying condensed
compounds of potentially high toxicity on their surfaces, these particles function like Trojan
horses, allowing semi-volatile and nonvolatile chemicals access to respiratory organs. The
active surfaces of the highly biopersistent solid particle cores are also able to exert adverse
effects on biofluids and cells for prolonged periods of time. The overall result is the
induction of oxidative stress, pulmonary, systemic inflammation and, partly as a
consequence the damage of genomic DNA and thereby the potential formation of
mutations and ultimately tumours.24-27
More than 90% of Diesel Particulate Matter (DPM) is less than 1 µm in diameter, and
the remaining 8% is PM2.5 less than (2.5 μm, microns in aerodynamic diameter) (PM2.5).
Most of PM2.5 is the size of ambient PM air pollution most associated with adverse health
effects of the air pollutants that have ambient air quality standards. DPM is typically
composed of carbon particles (“soot”, also called black carbon, or BC) and numerous organic
compounds, including over 40 known cancer-causing organic substances. Examples of these
chemicals include polycyclic aromatic hydrocarbons (PAHs), benzene, formaldehyde,
acetaldehyde, acrolein, and 1,3-butadiene. Diesel exhaust also contains gaseous pollutants,
including volatile organic compounds and oxides of nitrogen (NOx). NOx emissions from
16

diesel engines are important because they can undergo chemical reactions in the
atmosphere leading to formation of PM2.5 and ozone (O3).28,29

Figure 7. The Diesel particulate matter emitted from the diesel engines (and gasoline
engines) contains very fine particles (8% PM2.5 and 90% PM1). These fine particulates
aggregate to form carbonaceous solids with high absorbance surfaces. These PM are
particularly toxic to the respiratory system because of their size and composition.
In addition to its health effects, diesel exhaust significantly contributes to haze that
reduces visibility by obscuring outdoor views and decreasing the distance over which one
can distinguish features across the landscape. Researchers have reported that in the San
Joaquin Valley and in southern California, diesel engines contribute to a reduction in
visibility. This decrease in visibility is caused by scattering and absorption of sunlight by
particles and gases present in diesel emissions. DPM also plays an important role in climate
change. A large proportion of diesel particular matter is composed of black carbon
(BC). Recent studies cited in the Intergovernmental Panel on Climate Change (IPCC) report
estimate that emissions of BC are the second largest contributor to global warming, after
CO2 emissions. Warming of the air occurs when BC particles absorb sunlight, convert it into
infrared (heat) radiation, and emit that radiation to the surrounding air.30
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As with all petroleum combustion engines at high temperatures, diesel car exhaust
contains nitrogen oxides (NOx) as a result of the mixture of nitrogen (N2) and oxygen (O2) of
the air in the combustion engine under high pressure and temperatures. The NOx is
composed mainly of nitric oxide (NO), and a smaller percentage of more poisonous nitrogen
dioxide (NO2), a highly oxidizing gas. NOx has direct and indirect effects on human health.
NOx can cause breathing problems, headaches, chronically reduced lung function, eye
irritation, loss of appetite. Indirectly, NOx can affect humans by damaging the ecosystems
by harming animals and plants. The European Union (EU), USA and other developed
countries have NOx reduction targets in a bid to improve public health and reduce air
pollution in big cities.31
The automobile manufacturers put pressure on regulatory agencies to permit the
introduction of more diesel cars (especially in the centre of big cities) because they argued
that diesel fuel contain more energy per litre than petrol cars (gasoline). They argued that
diesel engines were more efficient to run and their emissions of the regulated pollutants
(CO, hydrocarbons and NOx) were lower. However, when compared to petrol cars with a
catalyst, diesel cars have higher emissions of NOx depending on the mode of driving. But the
most diesel cars have much higher emissions of smoke and fine particulate matter (PM).
Also, in the last 20 years emissions from petrol cars have been dramatically reduced by the
three-way catalytic converters, which oxidise pollutants like CO and hydrocarbons (HC) to
less harmful gases such as CO2 and reduce NOx into nitrogen and oxygen. Diesel cars on a
cold day a petrol car may take up to 10km to warm up and operate at maximum efficiency,
while a diesel car may only take 5km. Consequently, diesel cars produce less unburned fuel
during a cold start, which will result in lower emissions of carbon monoxide and
hydrocarbons. Diesel cars could make a significant impact on air quality in urban areas
where most cold starts occur.32

Volkswagen is the world’s largest automaker
Volkswagen (VW) in 2016 was the world's largest automaker by sales,
overtaking Toyota (worldwide sales of 10.31 million vehicles compared to 10.18 million by
Toyota). It has maintained the largest market share in Europe for over two decades. VW
ranked 7th in the 2016 Fortune Global 500 list of the world's largest companies. Volkswagen
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Group (VW) sells passenger cars under the Audi, Bentley, Bugatti, Lamborghini, Porsche,
SEAT, Škoda and Volkswagen marques. Also, motorcycles under the Ducati brand and
commercial vehicles under the marques MAN, Scania, and Volkswagen Commercial
Vehicles. VW also has two major joint-ventures in China. VW has operations in
approximately 150 countries and operates 100 production facilities across 27 countries.
VW Group employ over 450,000 people. Also, VW spends incredibly large amounts of
money for research and development (R&D) and produces large numbers of patents every
year on vehicle technology and diesel engines.

No other company in the world invests

more in its research departments than Wolfsburg-based Volkswagen Group (with 10,000
researchers and technologists). VW spent $13.2 billion (12.2 billion euros) throughout the
year 2016. VW earns about $200 billion in revenues from car sales annually, meaning the
R&D spending-to-revenue ratio is 5.6%. [ Deutsche Welle, VW world's R&D champion, in
absolute

terms

[http://www.dw.com/en/vw-worlds-rd-champion-in-absolute-terms/a-

36145417]. In 2015 VW spent $15.3 billion on R&D {additional info: Automotive news
http://www.autonews.com/article/20160221/OEM06/302229977/vw-led-auto-r&dspending-in-15 ].

How the exhaust emission scandal of VW unfolded
There are many different test cycles issued by various national governmental
institutes and international working groups for measuring car exhaust emissions. The
various test cycles specify the specific conditions under which the engine or vehicle is
operated during the emission test. The tests are performed on a treadmill or a
dynamometer and the tests were designed to give optimal results. When these tests started
in 1970, they didn't have the technology to test emissions on the road, but in the last
decade there are smaller equipments that can fit in the back of the vehicle for real road
emission tests.
The car manufacturer VW in the last years had a major advertising push to sell diesel
cars in the USA, backed by a huge marketing campaign trumpeting its cars' low emissions.
When the VW cars were tested under controlled laboratory conditions (putting them on a
stationary test rig) a “secret defeat” device appeared to have put the vehicle into a sort of
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safety mode in which the engine ran below normal power and performance. But when the
vehicles were tested outside on the road, the engines switched out of this test mode. The
result? The engines emitted NOx up to 15 to 35 times above what is allowed in the USA.
On 18 September 2015, The US Environmental Protection Agency (EPA) announced
that Volkswagen had installed a "defeat device" software code in the diesel models sold in
the US from 2009-15. The code was intended to detect when an emissions test was being
conducted, and altered emissions controls for better compliance. Off the test stand, the
controls were relaxed, and emissions jumped 35 times of regulatory levels according to
investigators at West Virginia University and the California Air Resources Board. Finally, EPA
decided that 482,000 vehicles are under the recall order and a potential $18 billion ($37,500
per violation) in fines are pending. Also, according to the US legislation the case accounts for
a criminal indictment of VW for the deception.33

Figure 8. Most vehicular exhaust emission tests are performed on a stationary test rig in the
laboratory. In the last decade the road test has been available due to smaller instruments
which can fit in the back of the car. The results of West Virginia University forced VW to
recall 8.5 million cars in Europe, including 2.4 million in Germany and 1.2 million in the UK,
and 500,000 in the US as a result of the emission scandal.
From 2012 to West Virginia University’ Center for Alternative Fuels, Engines and
Emissions (CAFEE) were offered grants to study emissions of diesel cars. In 2014, the
International Council on Clean Transportation contracted West Virginia University (WVU) to
perform on-road emissions testing in order to study off-cycle emissions performance and
fuel economy from three diesel light-duty vehicles under typical driving conditions in the U.S
20

with portable measurement systems. Arvind Thiruvengadam, research assistant professor
of mechanical and aerospace engineering in the Statler College of Engineering and Mineral
Resources and colleagues, carried out the real-world emissions testing. In 2015 the EPA
announced the results of the study conducted by WVU’s CAFEE. The study found that
nitrogen oxide (NOx) emissions – one of the top six common air pollutants – from two
Volkswagen light-duty diesel engines exceeded the EPA’s Tier 2-Bin 5 standard. One vehicle
exceeded the standard by a factor of 15 to 35 and the other by a factor of 5 to 20. 34,35

Figure 9. This is the technical arrangement for the measurements of VW diesel emissions

The team of researchers at West Virginia University have been waiting more than a
year for their results to be announced officially and the revelations to go global. The
group prepared their report of their findings in spring 2014 detailing how Volkswagen
diesel-powered vehicles were emitting far higher emissions levels in standard driving
conditions than during testing cycles required and regulated by the Environmental
Protection Agency. The team only discovered this by creating a method for testing the
emissions levels of a car while it drove down the highway. The team drove two vehicles, a
VW Jetta and VW Passat, up and down the West Coast with huge rigs in the trunk
connecting to the exhaust system and found that each emitted more than 20 times the legal
limit of nitrogen oxides. Later VW admitted to using so-called "defeat devices," software
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algorithms that artificially lowered emissions output during testing, to bypass US
environmental regulations.
The full final report of CAFEE (Center for Alternative Fuels, Engines & Emissions) of
West Virginia University was: “In-Use Emissions Testing of Light-Duty Diesel Vehicles in the United
States” Prepared by: Principal Investigator Dr. Gregory J. Thompson (Principal Investigator), Email:
gregory.thompson@mail.wvu.edu, Co-Principal Investigators Daniel K. Carder, Marc C. Besch,
Arvind Thiruvengadam, Hemanth K. Kappanna Center for Alternative Fuels, Engines & Emissions
Dept. of Mechanical & Aerospace Engineering West Virginia University Morgantown WV 265066106. Prepared for: Francisco Posada, PhD Researcher - Passenger Vehicle Program International
Council on Clean Transportation (ICCT) 1225 Eye Street, NW, Suite 900 Washington, DC 20005,
Email:

francisco@theicct.org

May

15,

2014

[https://www.theicct.org/sites/default/files/

publications/WVU_LDDV_in-use_ICCT_Report_Final_ may2014.pdf].

More recently (July 2017), Mercedes Benz-parent company Daimler has recalled
some 3 million cars for a software update designed to reduce diesel emissions. The German
government ordered Daimler to appear before a commission after local media reported that
prosecutors were investigating possible emissions cheating by the auto giant. Meanwhile,
VW subsidiary Audi (July 2017) recalled up to 850,000 vehicles fitted with a similar software
update. The news of the recalls, and of the widening scope of the scandal, comes as many
global car companies have announced expanded plans for hybrid and electric vehicles.36
Initially the sales of VW cars and diesel vehicles in the USA declined dramatically but
in 2017 the sales of VW started rising again. Meanwhile, the Volkswagen company is still
working through the impact of the diesel scandal. It has agreed to pay $22 billion in
settlements and fines in connection with the matter, including $4.3 billion to settle a case
that was brought by the USA Justice Department. Also, VW agreed to compensate American
customers and buy back or fix the diesel models equipped with the illegal software.
Volkswagen used the illegal software in some 11 million cars worldwide. Affected models
included the diesel-powered versions of some of the VW brand’s most popular cars, such as
the Golf, Jetta, Beetle and Passat. Certain vehicles sold by Volkswagen’s Audi and Porsche
brands were also equipped with the illegal software. By August 2017, Volkswagen had
repurchased or modified more than 308,000 vehicles in the USA equipped with 2.0-liter
diesel engines, at a cost of $6.4 billion, according to an independent auditor monitoring the
process. Roughly 200,000 claims for buybacks remain to be processed. The company had
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also repurchased about 35,000 vehicles with 3.0-liter engines, out of a total of 53,000 claims
filed. 37

What future for diesel cars after the scandal erupted?
Europe from 2014 had put in place regulations and measures aimed at improving the
quality of diesel emissions tests. The problems with exhaust emissions of diesel cars were
well known. The European Commission plans to establish from 2017 a 'Real Driving
Emissions' procedure that mandates on-road emissions tests for all types of passenger
vehicles. To ensure that vehicles meet the NOx emission limits on the road — and not just
during laboratory conditions, which are open to manipulation — the procedure will make
use of similar portable emissions measurement systems to those used by the Joint Research
Centre (Ispra, Italy) researchers. In the wake of the scandal, the US EPA's announcement on
25 September (2015) addressed the need for updating emissions testing standards. The
agency said that all new diesel vehicles may now undergo tests "for the purposes of
investigating a potential defeat device. The agency refused to elaborate on how exactly they
plan to check for defeat devices. The EPA will use the same portable emissionsmeasurement systems that flagged the VW cheat to spot-check light-duty diesel vehicles
that are currently on the road.38
The big question now is what does the scandal mean for the future of diesel in cars?
Diesel vehicles tend to have a smaller carbon footprint than their petrol-powered
counterparts and have been touted as a strategy for mitigating global warming. And as the
BMW X5 demonstrates, diesel cars can genuinely keep emissions within existing limits. But
analysts say that Volkswagen's misbehaviour might result in higher pollution limits, which
would in turn up the research and investment costs for car makers. The scandal might also
make it difficult to credibly promote the idea that diesel is reconcilable with attempts to
reduce air pollution.38
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