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DEVELOPMENT OF BIOGAS TECHNOLOGY SYSTEMS
FOR TRANSPORT

Ari Lampinen

Biogas was first adopted as fuel for transport use in Germany in the 1930s. These days it is widely used
as a sustainable alternative to fossil fuels. This article examines the historic background and the moti-
ves for the use of traffic biogas. The emphasis is on sustainability issues, but other renewable methane
fuels, such as synthetic biogas, wind methane, and fossil methane fuels such as natural gas and synt-
hetic natural gas, are also included. The history of pressurised town gas, which played an important
part in the adoption of methane for traffic use, is also examined. Three key waves of development in
the use of traffic biogas are identified: the Second World War, the 1970s oil crises, and the present day
quest for sustainability. The article looks at the use of traffic biogas in a global perspective, although
most of the examples are from Europe, as the majority of the technological and political advances have

been European.

1. INTRODUCTION

For environmental and energy security
reasons there is currently a lot of political
interest globally in transforming transport
energy systems from crude oil based fuels
to crude oil independent sustainable energy
systems based on renewable energy sources.
Liquid biofuels are almost always used as
blends with crude oil based fuels. This ena-
bles reduction of crude oil use, but retains
dependency on crude oil and dependence
on vehicles designed for crude oil based
fuels. There are a rather limited amount of
technological alternatives that offer com-
plete crude oil independence. Of these,
electric cars have received most media at-
tention and in many countries most po-
litical attention as well. However, they can
only substitute crude oil based vehicles in

a very small share of total transport needs
due to limitations in electricity storage and
charging. Hydrogen economy has been dis-
cussed for a very long time. Energy needs
in all types of transport can be fulfilled with
hydrogen, but there are a lot of practical,
technological and economic obstacles in all
parts of the fuel chain. Thus, the use of hy-
drogen in transport is so far very rare.

The third alternative, which enables
complete crude oil independence in all
types of transport needs (Table 2), is meth-
ane. Although it receives much less media
attention than hydrogen and electric cars, it
is the only alternative fuel, which has already
proved that crude oil dependency can be
broken: in Pakistan over 80 per cent of road
transport has been transferred to methane
(Table 5). Use of methane in transport is
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Figure 1. Types of renewable and fossil methane.
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a mature technology in all parts of the fuel
chain and there are almost 20 million meth-
ane vehicles in use today globally.! Waste
based biogas is already available in almost
1000 filling stations in BEurope enabling
European-wide transport by sustainable re-
newable energy (Fig. 9).

Methane (CH,) can be produced from
all types of renewable energy sources as
well as many fossil energy sources (Fig. 1).
The available resources are much larger
than the global total energy consumption
and can easily fulfil all transport energy
needs.” The ability to use the largest and
the most sustainable energy resources, so-
lar and wind energy, is a common feature
of methane, hydrogen and electric vehicles.
In January 2013 the European Commis-
sion published a proposal for a Directive
(COM(2013)17), which requires a certain
minimum filling station and charging net-
work for these three, potentially the most
sustainable technologies, to be established
in all member countries.

A methane transport system is the easi-
est of these three technologies to imple-
ment in practice for covering all types of
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transport. Sustainability issues place limita-
tions on the use of fossil methane sources,
especially unconventional fossil methane
and synthetic natural gas (SNG), which may
yield much larger lifecycle greenhouse gas
emissions than crude oil based fuels.” Sus-
tainability issues also limit the use of energy
crops for the production of bio-methane.*
Until the 1990s, all biogas used for trans-
port was produced from biowaste, mostly
municipal sewage. Since then some energy
crops have also been used, but almost all
traffic biogas is still produced from waste
materials globally. Biogas and other renew-
able forms of methane are important from
a climate policy perspective; they offer es-
pecially large lifecycle greenhouse gas re-
ductions compared to crude oil based fuels.
Waste based biogas may even reduce lifecy-
cle greenhouse gas emissions by more than
100 per cent.’

This article gives a review of the histo-
rical development of methane based trans-
port systems, the governance of such
systems and the motives behind building
such systems. The emphasis is on renew-
able methane for sustainability reasons. The
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early days of methane use in transport are
poorly known due to the lack of modern
literature on the topic and almost complete
disappearance of early hardware, museums
included. Biogas and other renewable meth-
ane fuels are now gaining popularity. They
have great technical and practical benefits
compared to manufactured gas and hydro-
gen vehicles and even more when compar-
ing to battery-powered electric vehicles.®

A review is also given of the use of
manufactured gas in transport, because
it paved the way for methane fuels. The
transport use of manufactured gas has
been almost forgotten, with the excep-
tion of producer gas vehicles. The use of
manufactured gas in gas bag vehicles and
in compressed town gas vehicles ended in
the 1940s and those vehicles are very rare in
museums today. Modern literature on these
technologies does not exist. Manufactured
gas is no longer used in transport except
for a small amount of producer gas vehi-
cles built by wood gas enthusiasts. There
are clear technical and practical reasons for
ending the use of these technologies, but

they have historical importance and they
contributed to the development of me-
thane vehicle technology.

Part 2 of this article contains a descrip-
tion of global technological development
of gaseous fuels used in motorised trans-
port since the first demonstration in 1808
until present time. This review focuses on
methane fuels and manufactured gases, but
hydrogen, LPG and DME also receive some
attention. The technological development
of biogas systems for transport reached
a commercially mature state in the 1940s
and many technological choices made then
later became standards that are still valid
today. The 1940s is an interesting time also
because of the especially high diversity of
gaseous fuel use. For these reasons more
space in this article is devoted to the 1940s
than to other time periods. Part 2 also presents
a brief history of other, recently adopted,
types of renewable methane fuels, and fossil
methane fuels, which today are more com-
mon than renewable methane fuels.

Part 3 contains an analysis of the gov-
ernance and motivations behind setting up

Figure 2. Technological pathways leading to the introduction of methane as transport fuel in Ger-
many and governance of City of Helsinki in the introduction of biogas as transport fuel.
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waste based biogas systems for transport.
Three distinct waves of development are
identified: the Second World War in the
1940s, the oil crises in the 1970s and the
present sustainable development policy era
since the Rio summit in 1992. Most of the
examples are from European countries,
since most of the development took place
in Burope. However, the perspective is glo-
bal and several examples and statistics from
other continents are also presented.

2. TECHNOLOGICAL PATHWAYS TO-
WARDS TRANSPORT USE OF METHANE

Gaseous fuels have a longer history than
liquid fuels as power sources for engines
for mechanical transport. Hydrogen (H,)
was used in the first ever demonstration
of an internal combustion engine powered
car in 1808 in Switzerland by Francois Isaac
de Rivaz’. Hydrogen did not achieve com-
mercial success as an automotive fuel, but
manufactured gas did, and the technologi-
cal development of the transport use of
manufactured gas was crucial for the later
introduction of methane in transport ap-
plications. Figure 2 depicts technological
pathways leading to the use of methane in
transport. Both biogas and natural gas have
been used for millennia, but their transport
applications only emerged a few decades
ago.

Table 1 shows the energy contents
of several gaseous fuels that were used in
transport in the 1940s. The high energy

content of methane is attractive for vehi-
cle applications, where on-board energy
storage is a critical factor.

2.1. Manufactured gas

Manufactured gas, most often historically
used in the form of town gas, means a het-
erogeneous mixture of gases, where the
main energy gas components are carbon
monoxide (CO), hydrogen (H,) and me-
thane (CH,). In addition, it contains small
amounts of other energy gases. Methane
content can be significant (up to 40 per
cent), but it may also be present in only
trace quantities. The inert gases nitrogen
(N,) and carbon dioxide (CO,) form a sig-
nificant part of the gas mixture, sometimes
(especially in producer gas) over 50 per
cent of the volume. These gas mixtures are
manufactured by many types of thermo-
chemical processes from various bioenergy
and fossil energy sources. The most com-
mon primary resources have been coal and
wood. In these cases the gas is often called
coal gas or wood gas. Since lighting was the
original and main application of town gas
in many cities, the gas is frequently called
lluminating gas. It also has many other
names derived from types of manufactur-
ing processes.

The first transport use of manufactured
gas was not as a fuel, but as a lifting gas, first
in gas balloons and later also in airships. It
was used because its availability was good,
although hydrogen and helium (discovered
in natural gas in 1870) are lighter and thus
have better lifting properties.

Energy gas

LHV [keal/Nm’] Table 1. Lower heating

Upgraded natural gas / methane

8000—-9000 values (LHV) of selected

Upgraded biogas (Stockholm) / methane

2000—9000 energy gases in the

Purified but not upgraded biogas (Helsinki) / methane

7000 1940s. Adapted from Tal-

Town gas (Helsinki) / carbon monoxide+hydrogen+methane

2000—4500 vitie (1944, 140 and 176).

Carbon monoxide

3020

Hydrogen

2570

Producer gas / carbon monoxide+hydrogen+methane

1200-1300
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Figure 3. The three types of manufactured gas vehicles: a) on-board producer gas system, b)
atmospheric storage (gas bag) with centralized production and refilling, and c) compressed storage
(CTG) with centralized production and refilling [this photo of a compressed town gas operated
Citroén Traction 11 Légeére gas d'éclairage from 1940s in France is taken from De Decker’s (2011)
article; the origin of the photo is unknown].

Transport fuel use began in the 1860s.
Manufactured gas was demonstrated in the
Hippomobile car of Jean Joseph Etienne
Lenoir of Luxembourg in 1862°. Manu-
factured gas was also the original fuel of
Nicolaus Otto’s engine in 1876 in Germany.
Otto’s engine became the most common-
ly used engine in transport applications, a
status it still holds today. The first car op-
erated by the Otto engine was made by
Carl Benz in 1885: manufactured gas was
the fuel specified in the name of its pat-
ent “Fahrzeug mit Gasmotorenbetrieb” in
1886 (in addition, ligroin was mentioned in
the patent as a possible fuel).

Manufactured gas has been used in
road vehicles, off-road mobile machinery,
locomotives, boats, ships, airships and air-
planes. Technically there are three distinct
ways of using it in vehicles (Fig. 3). The
essential differences are in the fuel storage
and the site of gas manufacture. From an
engine point of view, these do not differ. In
principle, liquefied manufactured gas would
be a fourth way, but in practice liquefaction
of manufactured gas is used for production

of liquefied hydrogen and liquefied meth-
ane, both of which have superior character-
istics over manufactured gas.

2.1.1. Producer gas vehicles
Manufactured gas has low volumetric en-
ergy density (Table 1). One way of solving
this problem is to include a gasifier in the
vehicle and store fuel in a solid form. Wood,
charcoal, coal, coke and peat have been the
most common choices, but any solid bio-
mass and any solid fossil fuels are possible.
In this application the synthesised gas is
called producer gas. Producer gas vehicles
have been the most common way of using
manufactured gas in transport. Producer
gas was most popular in road vehicles. But
it was also used in tractors and other mobile
machinery, tanks and other war machines,
ships, locomotives and it was even demon-
strated in an airplane, where the weight of
the gasifier is an especially prohibitive prop-
erty.

The first use of producer gas in trans-
port was by the English inventor J.W.
Parker, fuelling 2.5 and 25 horsepower cars



in 1901-1903." Producer gas vehicle use
peaked during the Second World War when
it was one of the main alternative fuel ve-
hicle technologies in many countries on all
continents.!" As more than a million were
built, they are still found in many automo-
tive museums and a lot of literature is avail-
able. It is the only manufactured gas vehicle
technology still in use today, by wood gas
hobbyists worldwide. In addition, Sweden,
the United States, and some other govern-
ments have included preservation of pro-
ducer gas vehicle technology knowhow in
their national crisis preparation policies
(more often called defence policies), be-
cause of the excellent availability of local
fuel for them even in crisis situations, when
trade is interrupted.

Figure 3a is from the Finnish railway
museum in Hyvinkdid showing a Finnish
railway company owned Ford AA truck
model 1929 fitted with a producer gas sys-
tem for charcoal use. This truck was used
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to transport logs for wood-operated steam
locomotives until 1947. Mounting a pro-
ducer gas generator on the vehicle, like in
this example, was the most common prac-
tice, but trailer based systems were also ap-
plied. Figure 4 shows two types of trailer
mounted producer gas generators, powered
by charcoal and wood. They were used in
Stockholm city buses and are now exhibited
at Stockholm Sparvigsmuseet. They were
interchangeable between buses and could
also be exchanged for biogas trailers, which
contained compressed biogas. The biogas
originated from a municipal sewage treat-
ment plant.

2.1.2. Gas bag vebicles

Atmospheric gas storage with centralised
production and refuelling was the original
way of using manufactured gas. It was most
frequently used during the First World War,
but also during the Second World War in
Europe. Gas was stored in flexible bags

Figure 4. Three types of energy gas trailers used in city buses in Stockholm in the 1940s. From left
to right: charcoal producer gas generator, wood producer gas generator and compressed biogas

stored in 150 bar cylinders. Photo: Ari Lampinen.
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either on the roof of the vehicle or on a
trailer'?. Sometimes a rigid wooden storage
cover was constructed. An example of this
is a town gas operated Paris city bus Renault
TNA4F at Musée des Transports Urbains in
Paris shown in Figure 3b. During the Sec-
ond World War 500 such buses were oper-
ated in Paris, with a range of 25 km. The
use of gas bag vehicles peaked during the
First World War, when about 5000 were in
use in Great Britain alone."® But there were
still 80 filling stations in London in 1940.'
The gas bag technology had improved to
use up to 10 bar low pressure gas.'> How-
ever, the use of manufactured gas in gas
bag vehicles ended in the 1940s.

2.1.3. Compressed town gas (CTG) vebicles
Compression is another way of solving
the problem of the low energy density of
manufactured gas. Compressed manufac-
tured gas was used in road vehicles, heavy
mobile machinery, trams and locomotives.
These vehicles are called CTG (compressed
town gas) vehicles, because town gas was
the most common fuel choice — however,
other types of manufactured gases were
also used. A CTG vehicle example is shown
in Figure 3c. This Citroén car has three 200
bar storage cylinders, each 50 litres in vol-
ume, enabling storing 30 cubic metres of
town gas for a range of 150 km.

The first CTG vehicles were trams. Gas
trams were introduced in the 1880s in the
United States and Australia.'® For example,
in San Francisco a gas tram was demon-
strated in 1886. It was a hybrid tram includ-
ing electric motors for assisting in starts and
steep grades. Electricity, generated on board
by a gas engine, was also used for lighting.
Consumption of gas was 1000 cubic feet
per day and it was sufficient to fill the tanks
once a day.'” In Australia, one gas tram was
operated in Melbourne in 1886—1888."%

In BEurope compressed manufactured
gas was used in trams from 1893 until 1920.

n

CTG trams were introduced in 1893 with
technology provided by the German com-
pany Lihrig using 8—10 bar storage pres-
sure and Otto engine.”” CTG trams were
used in Germany, Great Britain and Swit-
zetrland. One eatly CTG tram, in use from
1899, has survived and is exhibited at Cefn
Coed Colliery Museum in Wales. This tech-
nology was used in Neath in Wales between
1896 and 1920.

In the 1910s storage pressures of only
a few bars were still used due to techno-
logical, especially metallurgical, limitations.
During the First World War in Great Brit-
ain gas bag cars had a range of 12-20 miles
and CTG cars 50 miles.”” The development
of compressor and gas cylinder technol-
ogy allowed for increasing storage pressure
to over 300 bars by the early 1930s and up
to 400 bars in early 1940s.%! Vehicle use of
manufactured gas was a major driver for the
storage cylinder development.

Figure 5 shows a mobile gas compres-
sion unit capable of compressing up to
350 bars. This was the maximum pressure
used in the storage cylinders at filling sta-
tions in the 1930s, whereas in vehicles the
maximum pressure varied between 150 and
275 bars. The first 350 bar CTG station in
Great Britain was opened in Chesterfield in
1933 by the Chesterfield Tube Company,
a manufacturer of high pressure storage
cylinders.”? The filling time for CTG vehi-
cles in such stations was 3 minutes, which
corresponds to the filling time of methane
(CMG) vehicles today.?® In Germany there
were 41 CTG filling stations and 1000 vehi-
cles using them in 1937.2* France also intro-
duced CTG road vehicles early, in the 1920s
(Fig. 3¢).%

CTG vehicles were not factory made,
but converted from gasoline vehicles (Fig.
6). Because gasoline vehicles have Otto
engines, which are gas engines, additional
technology is needed for using them with
liquid fuels. Therefore, modifying from



Figure 5. German mobile gas compression unit by Messr. Rheinmetall-Borsig exhibited at Leipzig
fair in 1936. It can compress manufactured gas and methane up to 350 bars. This photo was pub-
lished in Engineering magazine, April 10, 1936, in connection with a report on machinery exhibits at
the Leipzig fair. The compressor is driven by a gas engine.

Figure 6. Advertisement of CTG components
for vehicle conversion on page 9 of Technica
journal, published in Lyon, November 1943
issue.
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liquid to gas use is actually a reverse-conver-
sion. The changes needed were adding gas
storage cylinders with the necessary piping,
reducing the valve and air-gas mixer, and
adjustment of ignition timing — increase
of compression ratio by replacing cylinder
heads was an optional change.?

Both monofuel and bifuel CTG vehi-
cles were in use. In monofuel vehicles only
CTG could be used, but bifuel CTG vehi-
cles also could run on gasoline. In some
of the bifuel vehicles CTG and gasoline
could be used either separately or together
(this practice has sometimes also been ap-
plied in producer gas bifuel vehicles). The
reason for this is the higher energy content
of gasoline, making it possible to increase
power when necessary, especially in steep
uphill climbing, by mixing gasoline with
gas. In current bifuel methane vehicles
the situation is different. In these vehicles,
whether factory made or converted, meth-
ane and gasoline can only be used separate-
ly, because gasoline does not offer higher
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power potential than methane. Actually the
reverse is true, because the octane number
of methane is 130, i.e. substantially higher
than gasoline can achieve.”’

CTG vehicles wusually experienced
about 15 per cent power loss (in producer
gas vehicles it was about 50 per cent) com-
pared to gasoline in the normal Otto en-
gines with compression ratio of 6:1. How-
ever, CTG could be used in dual fuel Diesel
engines with a compression ratio of 16:1,
giving slightly higher power compared with
diesel oil used in monofuel Diesel engines.”®

2.2. Propane and butane (LPG)
Propane (C,H,) and butane (C,H, ) are gas-
eous components of crude oil. They were
first liquefied in 1910 and became known as
liquefied petroleum gas (LPG). This name
has prevailed although LPG has also been
produced by separation from raw natural
gas and by thermochemical synthesis from
coal. LPG was the first liquefied gas used
in transport. The first demonstration of an
LPG car took place in 1912 in the United
States, but it took until the 1940s when it
became popular there, mostly as a tractor
fuel.?’ In Europe LPG was first manufac-
tured synthetically from coal in Germany,
as a side product in liquid fuel manufactur-
ing (Bergius synthesis and Fischer-Tropsch
synthesis plants) and as a side product of
synthetic methane manufacturing, The lat-
ter product, originated from manufactured
gas, was called “Ruhrgasol”. In Berlin LPG
was used in 320 buses in 1940.%

From an engine point of view the use
of LPG is similar to the use of manufac-
tured gas and methane, although ignition
timing and air requirements differ slightly
between these fuels. The main difference
is the liquefied storage system (it is always
stored in liquid form). Currently LPG is
a significant alternative transport fuel: it
is used in over 17 million vehicles global-
ly. The vast majority of these are cars. In
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Figure 9a an LPG filling unit (“Autogas”)
is shown on the right. LPG has also been
synthesised from biomass, but renewable
LPG has not yet been produced for trans-
port. Therefore, LPG in transport applica-
tions during all of its history has been fossil
energy based.

2.3. Methane

The use of methane (CH)) in transport
started with the use of manufactured gas,
of which methane makes a minor part.
However, in this part we will deal with the
so-called methane fuels. They are mixtures
of gases, where most of the energy is in
the form of methane, but not necessarily
all of it. Some methane fuels contain a sig-
nificant share of ethane (C,H ). Ethane is
an important energy gas especially within
natural gas in the United States, but in Rus-
sian natural gas ethane content is low. Some
methane fuels also contain small quantities
of other energy gases, such as propane and
hydrogen. Pure methane is never used as a
fuel, because it is not necessary to separate
methane from other gases present in meth-
ane fuels for any engine types.’! Therefore,
whenever methane is mentioned in this ar-
ticle, it stands for methane fuel, not pure
methane.

Vehicles manufactured for methane fu-
els (MGVs) can also use hydrogen, ethane
and LPG (propane and butane) in vehicle-
dependent percentage of total volume of
fuel. For hydrogen this may be up to 20 per
cent, which means that the large current
global fleet of almost 20 million MGVs is
ready to use a significant amount of hydro-
gen, without the need to manufacture spe-
cific vehicles for it and without the need for
the very high purity hydrogen that fuel cell
vehicles demand.

Methane cannot be made in on-board
systems like manufactured gas in producer
gas vehicles. It must be produced in cen-
tralised facilities and filled into on-board
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Table 2. Suitability of methane in different transport modes.

Road/passengers Road/freight Off-road Rail Water Air Space
S| 2R |3|&|a SEERE
3 3 @ ° %
CMG X X X X X X X X X
LMG X X X X X X X X X X X X

storage in centralised filling stations. At-
mospheric storage (gas bags) is possible,
but very rare due to low energy density: it
was adopted in the 1940s but has virtually
disappeared. Methane is usually stored in
compressed gaseous form (CMG) or lique-
tied form (LMG), both of which were first
demonstrated in the 1920s. Solid storage
via adsorption (AMG) is a new alternative,
which is coming into the market. These of-
fer 100-700 times higher energy density
than atmospheric storage, and ranges that
are near to those reached by gasoline and
diesel vehicles. Methane can be stored in
a much more energy dense form than hy-
drogen and electricity. Therefore, ranges
of MGVs may be substantially more than
hydrogen and battery electric vehicles can
achieve.

Methane is a suitable fuel for all trans-
port applications (Table 2) and it is the only
fuel that can be used in all transport engine
types, i.e. Otto, Diesel, 2-stroke, Wankel,
steam, jet and rocket engines, gas and steam
turbines and fuel cells, and in hybrid vehi-
cles it can provide power for electric mo-
tors. CMG and LMG vehicles are factory
made by hundreds of manufacturers, but
they are also produced by converting gaso-
line, diesel and LLPG vehicles.

Methane is the third most important
transport fuel globally after gasoline and
diesel oil and its share is expected to grow
rapidly. The International Energy Agency
of the OECD has estimated in one of their
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scenarios the number of MGVs to grow
to 186 million by 2035.>* The shares of re-
newable versus fossil methane sources will
depend mostly on environmental policies.
The resource base for both is significant.

2.3.1. Synthetic natural gas (SNG)

The first methane fuel adopted for trans-
port use was coal based synthetic natural
gas (SNG). SNG is a fossil methane fuel
manufactured by thermochemical methods
from coal, peat, crude oil or other fossil fu-
els. The most common method currently is
methane synthesis, where manufactured gas
is purified to syngas (CO + H,)) and meth-
ane is synthesised by catalytic reaction of
CO and H, in high temperature and pres-
sure. This method, also called methanation,
was first proven in 1902.** The method can
also be applied to wood or other biomass,
in which case the product is synthetic bio-
gas (SBG).

However, a different method was used
when SNG was first adopted for trans-
port use in Germany in the early 1920s.
Methane was separated from coal gas by a
cryogenic process called Bronn-Concordia-
Linde process.’* The temperature of coal
gas was lowered down to -190 °C to lig-
uefy the methane and leave the hydrogen,
carbon monoxide and nitrogen in gas state
(hydrogen was needed in the Bergius syn-
thesis plants for production of synthetic
liquid fuels, and in Haber-Bosch synthesis
plants for manufacturing ammonia). SNG



can also be made using other thermochemi-
cal methods including coke hydrogenation,
which was available in the 1930s.** Similarly,
SBG could be made of charcoal.

Liquefied methane (LMG, or in this
case LSNG) was regasified and pressurised
for transport use in compressed methane
gas (CMG) vehicles. In the Ruhr region
alone, 3 billion cubic meters of methane
could have been produced annually this way
from coal gas.*® It corresponds to 3 TWh
of energy, enough for about 300,000 mod-
ern cars, which is three times the amount
of CMG vehicles currently in use in Ger-
many. This technology was launched for
public commercial use in 1932 after over
10 years of experiments and demonstra-
tions by Concordia mining company in
Oberhausen, Germany. Demonstrations in-
cluded using SNG compressed to 150 bars
in Liberty and Biissing CMG trucks owned
by the Concordia Company as well as a bus
and a street sweeper owned by Oberhausen
municipal agencies.

The first transport use of LMG was
also based on SNG. Several mining compa-
nies demonstrated its use in road vehicles
since 1927%7. LMG was also used together
with liquid oxygen by Johannes Winkler in
1931 in the first gaseous fuel rocket launch
in the world. Later liquefied gas fuelled (hy-
drogen) rockets have been applied to some
of the most important space vehicles in the
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history of space travel: the NASA Saturn V
Moon rockets and the NASA Space Shut-
tles.

2.3.2. Natural gas (NG)

Natural gas is a heterogeneous mixture of
fossil gases, of which methane usually has
the largest share. The methane content var-
ies from 44 per cent (Forties field in the
North Sea) to 98 per cent (Urengoi field
in Russia). In addition, natural gas contains
many other energy gases, like ethane, and
inert gases, like carbon dioxide and nitro-
gen. Natural gas has been used for 3000
years, but it started to grow towards a glo-
bally significant industrial energy source,
a role it has today, only 130 years ago. In
1883 Pittsburgh became the first city where
natural gas was used to substitute manu-
factured gas in the town gas network. Its
name originates from this substitution: un-
like manufactured gas, which is man-made,
natural gas is available (almost) ready for
use directly from nature.

In principle, LPG separated from raw
natural gas could also be called natural, but
all other energy gases (including manu-
factured gas, biogas, synthetic biogas and
hydrogen) are synthetic, man-made, and
cannot be called natural gases. Although
natural gas is readily available from nature
and could be used in its raw form in cri-
sis situations, substantial purification, up-

Figure 7. Karste natural gas processing plant north of Stavanger, Norway. Photo: Ari Lampinen.
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grading, separation and other processing is
needed before it is fed into pipelines for de-
livery to consumers. These plants are about
the same scale as crude oil refining plants
(Fig. 7).

Compressed natural gas (CNG) was
first used in vehicles in 1934 in Italy and
in the 1930s also in Australia, Japan, So-
viet Union and the United States. In Italy
CNG buses had 250 bar storage pressure
for a range of 200—400 km and 300 bar
storage pressure was used in locomotives.*®
Most of CNG vehicles today are road vehi-
cles, but CNG is commercially used also in
mobile machinery, locomotives, boats and
ships. And it has been demonstrated in light
airplanes.

Liquefaction of methane was first dem-
onstrated by Michael Faraday in the mid-
nineteenth century. The first commercial
liquefied natural gas (LNG) production
plant was opened in 1941 in Cleveland. In
transport applications LNG has been used
since 1964: the first use was in the British
steam turbine ship Methane Princess, which
was the first purpose-built vessel for ocean
shipments of LNG. Currently LNG is used
in almost 500 ships, of which most are
LNG carriers. Many other types of ships
have recently been launched as a result of
United Nations (IMO) level air pollution
control requirements. LNG is also used
in heavy road vehicles and locomotives. It
has been demonstrated in jet airplanes and
planned for in future space flights.

2.3.3. Unconventional fossil methane

Shale gas was the first unconventional fossil
methane type (Fig. 1b) adopted for trans-
portuse in the United States a few years ago.
Unconventional fossil methane resources
are substantially larger than the resources
of natural gas, but they also pose far greater
environmental risks.”” These resources are
available in more countries than any other
fossil fuels and it is possible to transport
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these fuels in liquefied form globally. Cur-
rently LNG terminals are being planned
and constructed in many countries. These
may be used to import not only natural gas
but also unconventional fossil methane
and SNG. In addition to direct environ-
mental hazards, the use of these resources
may impede implementation of renewable
energy policies, as has been warned for ex-
ample by the OECD International Energy
Agency.

2.3.4. Biogas (BG)
Biogas is a renewable methane fuel pro-
duced microbiologically from biomass, usu-
ally biowaste, using microbial metabolism.*!
Traditions of biogas utilisation go back
thousands of years. The eatliest references
are from Sumeria 3000 BCE.* China is cur-
rently the leading country with over 40 mil-
lion biogas reactors. There the earliest ref-
erences are from 1500 BCE.* Biogas was
first used for city lighting in Exeter, Eng-
land in 1895 and for electricity production
in Matunga, India in 19024

The Otto engine made the use of bio-
gas possible first in power production and
later in transport applications. There are
uncertainties as to when the transport use
of biogas began and where. Germany was
technologically ready for it in the 1930s,
but the exact date is unknown.* In 1945
the situation was, according to Karl Imhoff,
that: “In most of the large sewage treatment plants
of Germany, the digester gas is collected and com-
pressed into steel cylinders for use as fuel in munici-
pally operated antomobiles.”*°

He names Munich, Essen, Stuttgart,
Halle and Berlin as locations for such plants.
There are several examples in the literature,
where it is mentioned that this technology
would have been used in the early 1940s in
several countries. One example is the fol-
lowing text: “Probably the most outstanding de-
velopment of a fuel gas source has been the utiliza-
tion of methane derived from fermentation of city



sewage. In Sweden, as well as in other countries,

there has been develgpment in this line” "

The author has found data on traffic
biogas use in the 1940s in only three Euro-
pean cities outside Germany: Boris (from
1941) and Stockholm (from 1942) in Swe-
den and Helsinki (from 1941) in Finland.
Outside Europe, biogas was used in trans-
port in Johannesburg (from 1940) in South
Africa.®® All of these cities used biogas in
compressed form (CBG) based on com-
pression and vehicle technologies devel-
oped originally for manufactured gas and
SNG. In all these cities biogas originated
from municipal sewage treatment plants.

Of these cities only Stockholm has pre-
served hardware used at the time and exhib-
its them at a municipal transport museum.
Figure 4 shows a city bus trailer containing
150 bar CBG bottles. The use of upgraded
biogas began in 1942 with 23 buses and 17
service vehicles.* This business ended in
Stockholm in late 1940s, but began again
in 1996 at Bromma sewage treatment plant
and came back to the Henriksdal plant in
2004. In the 1940s biogas was used mostly
in trailers towed by city buses, but also in
various municipal vehicles with on-board
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Figure 8. Ford truck
filling biogas at a CBG
filling station at Raja-
saari Sewage treat-
ment plant in Helsinki
in 1943. Photo: Foto
Roos/Photo archive of
Helsinki City museum.

storage cylinders. Currently trailers are no
longer used.

In Boris transport use of upgraded
biogas originating from a sewage treatment
plant started already in 1941.°° Boras aban-
doned traffic biogas use in the late 1940s,
but started again in 2002. Now, in addition
to sewage sludge municipal solid waste is
also used and biogas is sold to the public in
three filling stations operated by municipal
energy and waste company Boras Energi
och Miljo.

In Helsinki CBG use began in 1941
with biogas from Kyldsaari sewage treat-
ment plant and in 1943 another production
site opened at Rajasaari sewage treatment
plant. The first filling station was designed
for 150 bar storage cylinders, whereas the
second station (Fig. 8) could fill up to 200
bars.’! Unlike Stockholm and Boras, Hel-
sinki has not yet restarted CBG production,
but in August 2013 there are three CBG fill-
ing stations in Helsinki (operated by state
company Gasum) for selling biogas pro-
duced at sewage treatment plants of Kou-
vola (since 2011) and Espoo (since 2012).

Upgrading of raw biogas by removing
most of the inert gas, carbon dioxide, by
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Figure 9. Modern 100 per cent biogas filling stations in 2013: CBG100 filling station (Mabagas) in
Fulda, Germany (a) and LBG100 filling station (Fordonsgas) in Gothenburg, Sweden (b). Biogas filling
is similar and takes similar time as gasoline and diesel oil filling. Photos: Ari Lampinen.

water scrubbing was developed in Germa-
ny around 1930.% In the beginning of the
1940s water scrubbers could increase the
methane content from the typical 60 per
cent in the raw gas to 95 per cent, which
is near the performance of modern water
scrubbers (Fig. 14b). Cryogenic upgrad-
ing, capable of also removing nitrogen (it is
found in large quantities in landfill gas and
some raw natural gas), was already available
in the 1920s, but it was used for SNG pro-
duction only. Later it became important in
natural gas upgrading and in the past few
years it has been used for biogas upgrad-
ing, too. Since raw biogas typically contains
about 40 per cent carbon dioxide, remov-
ing it increases the energy content of the
methane fuel substantially (Table 1). How-
ever, carbon dioxide is not a pollutant that
harms engine or fuel systems, and the same
applies to nitrogen. Therefore, vehicles can
be adjusted to operate on purified biogas,
where only sulphur compounds and water
have been removed, but without upgrad-
ing. It still has clearly higher energy con-
tent than town gas (Table 1). For example
in Essen, Stuttgart and Helsinki biogas was
not upgraded, and in Stockholm purified
biogas was used first and upgrading was
later added. In addition to Stockholm, up-
graded biogas was produced in the 1940s in
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Munich, Halle, Berlin, Boris and Johannes-
burg, in all these cities by water scrubbing,

It has often been claimed that biogas
requires upgrading to meet the quality of
natural gas. This is misleading. Both biogas
and natural gas require upgrading before
feeding them into gas pipelines or vehi-
cle filling stations. Natural gas upgrading
plants are massive installations as seen in
Figure 7, whereas biogas upgrading plants
are usually small-scale installations as seen
in Figure 14b. In principle, the same up-
grading technologies can be applied to
both raw gases.

Currently compressed biogas (CBG)
is available at hundreds of filling stations
in Burope either as 100 per cent biogas
(CBG100, see Fig. 9a) or blended with nat-
ural gas (e.g. CBG10 and CBG50). Most of
the filling stations are located in Germany
and Sweden, but availability is spreading in
many other countries, too. It is used mostly
in road vehicles.

The first commercial liquefied biogas
(LBG) filling station opened in 2005 in Los
Angeles using landfill gas from Puente Hills
landfill, serving mostly waste trucks. In
addition to the United States, LBG filling
stations (Fig. 9b) are in operation in a few
European countries, mostly for trucks but
also for buses.



Although the use of traffic biogas is
increasing rapidly in Europe, outside Eu-
rope its use is still rare. In Burope almost
all biogas in transport use is waste based,
resulting in very good environmental per-
formance.

Besides biogas, other types of renewa-
ble methane (Fig, 1a) are used for transport
purposes. Biomethane can also be manufac-
tured thermochemically: in this case we talk
about synthetic biogas (SBG) to distinguish
it from microbiologically produced biogas
(BG). All renewable energy sources besides
bioenergy, including solar and wind energy,
may also be used for methane production.
The scientific basis for the production of
all these types of renewable methane has
been known for over a century, but actual
production for transport applications only
started recently.
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2.3.5. Synthetic biogas (SBG)
Synthetic biogas (SBG) is a renewable meth-
ane fuel manufactured by thermochemical
methods from wood and other biomass.
The methods are the same as the ones
used for manufacturing synthetic natural
gas (SNG) from coal or other fossil fuels.
SBG and SNG are chemically similar, but
the former is a renewable fuel, whereas the
latter is a fossil fuel (Fig. 1). Just like in the
case of raw natural gas and raw biogas, up-
grading is necessary to be able to use SBG
and SNG in normal methane vehicles.**
SBG was applied to transport use in
2009, when the first compressed SBG
filling station in the world was opened in
Giissing, Austria utilising wood. It was built
by a consortium of private and municipal
companies and research institutions, of
which the Austrian company Repotec was

Figure 10. SBG production plant and filling station in Glssing, Austria. Photo: Ari Lampinen.

19




Figure 11. Wind
methane demonstra-
tion plant and filling
station in Bad Hersfeld,
Germany. Photo: Ari
Lampinen.

in charge of delivering the plant technol-
ogy. Figure 10 shows a thermal gasification
plant (left), an SBG synthesis (methanation)
plant in the middle (the white building in
the background) and a high pressure SBG
storage and filling station in the small white
building on the right.

The SBG synthesis plant in Giissing is a
1 MW demonstration plant. The first com-
mercial 20 MW plant begins production in
2013 in Sweden. The plant is constructed
by a municipal energy company, Goteborg
Energi, applying the same core technology
from Repotec as demonstrated in Giissing,
Later it will be expanded to a 100 MW ca-
pacity. All of the produced SBG is intended
for transport use. There are plans in Swe-
den to build another, a 200 MW plant in
Malmé, also for transport use.

2.3.6. Wind methane, solar methane and
other renewable methane types

Solar and wind methane (Fig. 1a) are pro-
duced by Sabatier reaction from carbon
dioxide and solar or wind hydrogen. This
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catalytic high temperature and moderate
pressure reaction was discovered by Paul
Sabatier in 1897.% Carbon dioxide may be
separated from the atmosphere, exhaust
gases of combustion plants or industrial
processes (such as biogas and ethanol pro-
duction). Hydrogen is produced by electrol-
ysis using solar or wind electricity (for this
reason these are sometimes called power-
to-gas technologies). Any other type of re-
newable electricity can be used as well.
Solar and wind methane production
and use were first demonstrated by Solar-
Fuel company in Stuttgart, Germany in
2009 in co-operation with Fraunhofer In-
stitute and ZSW Stuttgart. This container
based production unit is currently located
at the research centre of Fraunhofer Insti-
tute in Bad Hersfeld. Figure 11 shows wind
methane filling in operation there. The first
commercial wind methane plant by Audi
starts production in 2013 in Werlte, Germa-
ny in connection with a biogas plant owned
by EWE. This plant uses wind power from
offshore wind turbines and carbon dioxide
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from raw biogas. Carbon dioxide from raw
biogas can be used without separating it,
because methane does not interfere with
the Sabatier reaction. Therefore, it is 2 wind
methane and biomethane co-production fa-
cility. In this case the Sabatier reactor also
replaces the upgrading plant.

Since the resource base of all renewable
energy sources combined is far larger than
the resource base for biomethane, Sabatier
reactors may potentially increase the pro-
duction of renewable methane to cover not
only all transport needs, but also other en-
ergy needs. The reason for using Sabatier
reactors is the ability of methane to act as
a chemical storage for intermittent renew-
able energy sources. Therefore, the storage
problem of solar and wind energy can be
solved. For example, in Germany the gas
network has a storage capacity of over 200
TWh, whereas the storage capacity of the
German electricity network is only 0.04
TWh.

2.4. Review of transport use of com-
pressed gases in the 1940s in Europe
In 1937 there were 28,000 compressed
gas vehicles in use in Burope, whereas the

Country Number of vehicles | Types

Germany 75,000 Mostly CTG and CMG, also
LPG

Italy 20,000 CNG

Great 10,000 mostly CTG

Britain

Sweden 1,367 CBG

France 500 CTG

Denmark 358 CNG

Finland 53 CBG

Soviet ? CNG

Union

TOTAL >107,278
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amount of producer gas vehicles was only
9,000.% By 1941 the amount of compressed
gas vehicles had grown to over 107,000 (Ta-
ble 3) and the amount of producer gas ve-
hicles to over 443,000.>” Manufactured gas
bag vehicles were also used (Fig. 3b), but
much less than during the First World War.

The leading countries were Germany
and Italy, with a fleet of almost 100,000
vehicles. Their combined production of
compressed gases in 1941 was estimated
to be between 2 and 2.3 million barrels of
oil equivalent (12—14 PJ). There were more
than 50 filling stations in operation in 1941
in Germany.’® In Italy, the government pro-
hibited the use of natural gas for any other
purpose than transport.

The amount of CBG vehicles and their
use of biogas in Hurope in the 1940s are
not known. Complete statistics have been
compiled only for Finland (Fig. 13).” In
fact, there are no global, European or even
European Union statistics of biogas use in
transport for any other time period either,
including the current situation.®® Therefore,
there is a need for future research to be able
to compile global and continental statistics
on the development of traffic biogas use.”!

Table 3. Number of compressed gas vehicles
in Europe in 1941.

Sources: Lampinen (2012a) for Finland, Egloff &
Arsdell (1942) for other countries. “Types” have
been added in this article. These compressed
vehicle statistics include LPG vehicles, because in
the 1940s they were also so called. This is no lon-
ger the case. They are one class of liquefied gas
vehicles. Other classes include liquefied methane,
liquefied hydrogen and liquefied dimethyl-ether
vehicles. According to Egloff & Arsdell (1942, 654),
in 1941 in Germany “Methane and city gas are more
widely available than propane and butane”. Accor-
ding to Krammer (1978, 414) in 1944 LPG was used
almost 10 times more than methane, which was
used 12,000-42,000 toe (0.5-1.8 PJ) in 1944. LPG
was a side product of coal based synthetic liquid
fuel production.
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In the 1940s compressed gases (CTG
and CMG) were stored in pressures rang-
ing from 150 to 275 bars in road vehicles
and mobile working engines, with 200
bars the most common choice. In loco-
motives the choice was 300 bars. In filling
stations 350 bars was the most common
storage pressure. Since the 1940s storage
cylinder technology has greatly improved
and much larger pressures could be used
for increased range and decreased weight.
This has not happened, because the 200
bar choice became standardised (however,
weights of the 200 bar cylinders have de-
creased). Therefore, almost all CMG ve-
hicles today use 200 bar storage, although
modern compressed hydrogen vehicles
have a 700 bar standardised storage system
and even in the 1940s much higher pres-
sures than 200 bars were used. In filling
stations 300 bars or even lower pressures
is common practice today, although higher

pressures were achieved in the 1940s. Lack
of progress since the 1940s can be attrib-
uted not only to the effect of standardisa-
tion but also to the minimisation of com-
pression and investment costs. Although
these may help the dissemination of CMG
vehicle technology, both of them also form
a barrier in the development of CMG ve-
hicles especially for road transport. For lo-
comotives, ships, airplanes and spacecraft
these restrictions do not apply, since they
do not have standards covering this issue,
they have independent refuelling systems,
and LMG is usually chosen for these appli-
cations instead of CMG.

2.5. Methane gas bag vehicles

The use of manufactured gas in gas bag ve-
hicles ended in the 1940s. This technology
has survived with methane, especially natu-
ral gas, but also biogas. It was introduced in
Germany in the 1940s.°* In China the use

Figure 12. Timelines of traffic biogas use with governance and motivation in Finland and globally.
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of natural gas in gas bag vehicles has con-
tinued until the present time.

It is quite often claimed that gas bag
vehicles were a step of development on
the way to compressed methane vehicles.
This is not the case. Methane was first used
in CMG vehicles and this technology still
dominates methane use today (although
LMG vehicles already have an important
role and AMG vehicles are entering the
market). Methane gas bag technology was
adopted after CMG technology as a low-
tech alternative, where compression was
not necessary. Therefore, it did not contrib-
ute to the development of modern meth-
ane use in transport.

3. GOVERNANCE OF TRAFFIC BIOGAS
TECHNOLOGY SYSTEMS

Figure 12 gives an overview of the time-
lines and governance of biogas systems
for transport in Finland and globally. Three
waves are identified in the use of traffic bi-
ogas: the Second World War, and the oil cri-
ses in the 1970s and the current one, which
is one result of the global sustainable devel-
opment policy process.

3.1. First wave: the Second World
War

Both compressed (CMG) and liquefied
methane (LMG) were first demonstrated
in transport use in Germany and CMG was
taken into commercial use there in 1932.
This all happened due to the efforts of pri-
vate companies and individuals as well as
the municipality of Oberhausen. However,
CMG became a significant fuel for trans-
port in the late 1930s and early 1940s be-
cause of government policy. Germany did
not have its own crude oil resources. There-
fore, governance of alternative fuels for
transport was essential in preparation for
war since 1933 and in war-time since 1939.
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In 1939 the German government es-
tablished the Central Bureau for Mineral
Oil (Zentralbiiro fir Mineralol GmbH).
Originally under the Economic Ministry, it
was later moved under the Ministry of Ar-
maments and War Production, to control
not only petroleum but also the alternative
fuel technologies and businesses. Its tasks
included controlling gaseous fuel produc-
tion and setting up filling stations, control-
ling manufacturing of storage cylinders and
other vehicle components, and controlling
conversions of vehicles for gas use. The
bureau set up 16 regional offices for super-
vising the work. Vehicles were ordered for
conversion by public announcement, start-
ing from the vehicles with the highest con-
sumption, as soon as production and filling
stations were set up.”’

Large amounts of many alternative fu-
els were used in Germany during the Sec-
ond World War. Of these, synthetic liquid
fuel use is much better known than gaseous
fuel use, with the exception of producer gas
vehicles. However, slightly more than 50 per
cent of fuels used in civilian vehicles dur-
ing the war in Germany were compressed
and liquefied gases, including methane.® In
addition, hydrogen was produced in large
quantities for manufacturing of liquid syn-
thetic fuels, especially synthetic gasoline, by
Bergius synthesis.

Biogas was one of many alternative
transport fuels taken into industrial pro-
duction in Germany by state governance.
In Sweden and Finland, production and
use of traffic biogas in the 1940s was not
governed by the state, but by municipalities.
The motivation was the same: war time en-
ergy security.

3.1.1. Case Finland

The 1940s biogas transport system in Hel-
sinki is one of the clearest examples of
municipally governed technology systems.
It was created and completely controlled
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Figure 13. The number of CBG vehicles and annual consumption of biogas in transport in Finland in
the 1940s. Data is from Lampinen (2012a). Corresponding statistics have not been compiled for any

other country.

by the Helsinki City Board (Fig. 2). Restric-
tions caused by the war were certainly one
powerful motivation for this action, but not
the only one. There were five other mu-
nicipalities that also had biogas production
during the war in Finland, but they did not
use it for transport. The success story in
Helsinki was the result of a long-term ca-
pacity building of municipal civil servants
and employees of municipal companies,
and four decades of progress in the use of
biogas technology in sewage treatment. In
the 1930s biogas was already being used in
power and heat production. Transport ap-
plications were a logical step forward. Al-
most 100 vehicles of various types were
converted by the City Construction Office
using kits bought from Germany. Except
for one vehicle owned by AGA, biogas use
was restricted to the captive fleets of the
City of Helsinki, its offices and companies.
The City Board gave permissions for each
vehicle conversion on application. The two
filling stations (Fig. 8) were operated by
Finska Aktiebolaget Gasaccumulator Oy,
which in 1944 was renamed AGA Oy Ab.
For the City of Helsinki the value of traf-
fic biogas was over seven times higher than
the value of biogas sold for power and heat
production. This was one reason why the
majority of biogas produced during the war
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was used in transport. After the war there
was a debate whether to continue and ex-
pand the use of traffic biogas. The decision
of the City board was to shut down the
traffic biogas system completely in 1946,
when crude oil imports resumed. Graphs
in Figure 13 show development of biogas
vehicles and use of biogas in those vehicles
in the 1940s in Helsinki.”®

During the war various alternative fu-
els had been used in many countries, but
almost all, including biogas, were given up
after the war in favour of crude oil based
fuels. In Finland some alternative fuels
were more persistent than others and they
were removed from the market by state
level actions, including a motive power tax
of 1964 for promoting gasoline and diesel
oil. This was done by setting an annual tax
of about 10,000 euros for owners of ve-
hicles, which were able to use renewable
energy, such as biogas, renewable electric-
ity, renewable hydrogen and lignocellulosic
ethanol %

Removal of the motive power tax in
2004 enabled the transport use of biogas in
Finland. The pioneer was the farmer Erkki
Kalmari with Metener Company, which he
co-founded. He started in 2002 with a dem-
onstration project for which the tax was
lifted (Fig. 14a). Most of the technology of



his farm scale traffic biogas production sys-
tem is self-made.’’

In 2011 the first municipality, the City
of Kouvola, joined using an upgrading
plant bought from New Zealand (Fig. 14b).
After that several other upgrading plants
have been brought online. The largest of
them is located at the City of Espoo sew-
age treatment plant. It is owned and op-
erated by the state gas company Gasum.
Gasum also operated, in August 2013, 16
public and one private (Helsinki bus depot)
CBG filling stations. In addition, there were
two public (Kalmari farm and Hamina mu-
nicipal energy company) and one private
(Haapajirvi agricultural school) CBG filling
stations and one public CNG filling station
operating in Finland in August 2013.

3.2. Second wave: the 1970s oil crises
Before the oil crises biogas use in transport
was almost, but not completely, forgotten.
The British farmer and inventor Harold
Bates began using biogas (as CBG) in his
car in the 1960s and continued it in early
1970s. His work was motivated by self-suf-
ficiency based on local resources and a do-
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it-yourself (DIY) mentality. He sold DIY
conversion kits especially in Great Britain,
but also in the United States, where a few
of them were used as one technical option
for reducing gasoline use during the first oil
crisis.®

During the oil crises in the 1970s many
alternative fuels entered the market, moti-
vated mostly by energy security, like during
the war. However, not much happened in
the field of traffic biogas. However, New
Zealand was a notable exception.

3.2.1. Case New Zealand

New Zealand created an excellent best
practice case of state governed policy, for
other countries to follow. During the first
oil crisis the New Zealand Ministry of Ag-
riculture set up a research group to inves-
tigate agriculture based energy sources, in-
cluding biogas. During the second oil crisis
the Ministry of Agriculture funded a biogas
demonstration reactor, an upgrading unit
and a filling station. The CBG filling sta-
tion opened in 1979 and served a fleet of
converted Ministry vehicles. The Ministry

Figure 14. a) Erkki Kalmari showing the first biogas car in Finland since the war to Members of Par-
liament in front of the Parliament House in 2002. b) Water scrubber at Kouvola Sewage treatment
plant in 201. Photos: Ari Lampinen.
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established a state company, Waste Solu-
tions, for carrying out project development
and commercialisation. After successful
commercialisation the New Zealand Gov-
ernment sold Waste Solutions to a private
company Suffill Watts.®

Simultaneously, natural gas was em-
ployed in transport using domestic natural
gas resource. Pleet conversions began in
the late 1970s. To promote adoption, the
New Zealand government provided finan-
cial incentives in the form of cash grants
and low-cost loans to both motorists and
distributors. Within six years, by December
1985, the number of CMG vehicles had
grown to represent about 11 per cent of
the total fleet and the annual CMG use in-
creased from zero to 5.9 PJ.”°

The City of Christchurch became the
first municipality in the world to use biogas
for transport purposes since the 1940s.
They opened an upgrading plant and a
CBG filling station at a municipal sewage
treatment plant in 1983.”" It was designed
to serve 70 municipal vehicles of differ-
ent kinds, including sewage trucks. Other
projects followed. By the end of the 1980s
New Zealand had become the leading coun-
try in the world in the number of methane
filling stations: 450 (CNG and CBG). It was
the second in the world after Italy in the
number of MGVs: 110,000, all of which
had been converted in New Zealand within
a decade.”

Very innovative state level action fol-
lowed by municipal level action created a
private domestic industry covering all as-
pects of traffic biogas production and use.
However, biogas use in New Zealand end-
ed after the oil crises, as a result of state
policy.” The pioneering production plant
in Christchurch was shut down in 1994. By
December 2010 the amount of MGVs had
plummeted to 200 and only 14 filling sta-
tions remained for their service (traffic bi-
ogas use was restarted in 2010).
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Despite the collapse of the domestic
market the New Zealand companies ben-
efited from their pioneering position and
were instrumental in initiating traffic biogas
production in many other countries, like
Sweden and France in the 1990s. Some New
Zealand companies have maintained a very
strong global market presence, for example
the upgrading plant manufacturer Flotech
Greenlane (Fig. 13b shows a Greenlane
water scrubber in Kouvola) and the filling
station component manufacturer Compac.

3.3. Third wave: Sustainable devel-
opment since the Rio summit
Sustainable development rose into global,
national and local political agendas by the
early 1990s due to the efforts of the United
Nations, especially the Bruntland report in
1987 and the Rio summit in 1992. Many
environmental technologies benefited from
this new policy direction, traffic biogas
technology being one of them. Unlike in
the cases of the war (first wave) and the oil
crises (second wave), when traffic biogas
technology was temporarily employed for
energy security reasons, now (third wave)
traffic biogas became a permanent part of
the portfolio of technologies for reducing
environmental impacts.

Technical motivation, the superior
technical characteristics of methane as a
130 octane engine fuel, has supported en-
vironmental and energy security motiva-
tions. As the price of crude oil has risen, the
economic motivation has become continu-
ously stronger. Currently the tax-free price
of biogas is lower than the tax-free price
of gasoline and diesel oil, i.e. it is competi-
tive even without tax benefits, which most
countries grant. These four motivations
have recently been joined by a resource
motivation. It has been shown that the bio-
gas and synthetic biogas resources in the
European Union are larger than the EU
transport energy consumption.’® The to-
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Figure 15. CBG filling stations in Linkoéping in January 2003 before founding of Svensk Biogas:
a) public station, b) bus depot. Photos: Ari Lampinen.

tal renewable methane resource (Fig. 1a) is
much larger especially due to the solar and
wind energy potential. On the other hand,
methane may act as the storage of solar and
wind energy, enabling a very high share for
these intermittent energy sources in energy
consumption, including also electricity and
heat. For these and many other reasons a
renewable methane economy could serve as
the backbone in the sustainable societies of
the future.”

3.3.1. Case Sweden

Swedish municipalities were the initiators
and leaders in the third wave. It began in
the City of Linképing, which started exper-
imenting with raw purified biogas in 1989,
upgraded biogas in 1992 and finally brought
the technology into commercial use in
1990, first as a fuel for city buses. This de-
velopment was run by the Link6ping tech-
nical office, Tekniska Verken, which also
began vehicle conversion work in 1992.
The municipal company Linképing Biogas
AB was established in 1995 for the produc-
tion of biogas and upgraded biogas as well
as for running public filling stations and a
private filling station at the city bus depot
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(Fig. 15). In 2003 the municipal company
Svensk Biogas was established for expand-
ing sales of traffic biogas both in Link6ping
and elsewhere in Sweden.”® In 2006 biogas
use expanded to regional rail transport and
a private company, Swedish Biogas Inter-
national, was founded to export the exten-
sive process knowledge that has evolved in
Link6ping to a national and international
market.”’

The extremely innovative municipal
work in Linkoping, where almost all the
related business was vertically integrated
and controlled by Tekniska Verken, soon
gained followers. Demonstration use of
traffic biogas began in Gothenburgin 1992,
and commercial use in 1996 in Trollhittan,
Uppsala and Stockholm. Currently dozens
of municipalities have started the work and
many private companies have joined the
business, which has expanded to 50 upgrad-
ing plants and 200 filling stations. In several
municipalities public-private partnerships
have been actively created and maintained,
Stockholm being the ptime example.”® In
addition to CBG filling stations, LBG fill-
ing stations have been operated since 2010.

Provincial work is also significant for
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Figure 16. Development of MGV fleet (a) and use of biogas and natural gas in transport (b) in Swe-

den in 1995-2012. Data is from Energigas Sverige.

traffic biogas in Sweden. Regional biogas
centers (Biogas Ost, Biogas Syd, Biogas
Viist, Biogas Sydost, Biogas Mitt and Bio-
gas Norr) have been established by prov-
inces, municipalities and private companies
to coordinate work. Many provinces have
set their own ambitious targets for traffic
biogas production and use and implement-
ed them, for example in regional public
transport in the province of Skane.

The original source of biogas for trans-
port use was sewage treatment plants (like
in the first wave) and they still form the
main source of traffic biogas in Sweden to-
day. However, the role of municipal and in-
dustrial solid waste and agricultural waste is

increasing, In 2011 50 per cent of all biogas
produced in Sweden was used in transport.
This is expected to grow to 86 per cent by
2020 according to the Swedish national re-
newable energy action plan.

The Swedish government has support-
ed traffic biogas development by research
and investment grants, and also helped initi-
ate similar development in other countries.
For example, in Delhi biogas for transport
use was introduced in 2013 as a result of
Swedish official development assistance.

Public policy on municipal, provin-
cial and national level has helped create a
large Swedish private industry for produc-
tion and use of CBG and LBG resulting in

Table 4. Characteristics of traffic biogas systems in the third wave in selected countries. These are
the author’s assessments based on a large number of magazines, conferences and private commu-
nications of the trade as well as many studies, including those found in the bibliography.

Country and city Original Original Gc!vFrnance / Governance / Orig.inal.primarv
source form original other motivation
Sweden 1989 (Linkoping) Sewage CBG Municipal g:s}:::al' Environment
France 1992 (Lille) Solid waste CBG Municipal Private Environment
USA 1993 (Los Angeles) Landfill gas CBG Private Economics
Switzerland 1995 (Rimlang) Solid waste CBG Private Municipal Economics
Italy 1996 (Rome) Landfill gas CBG Municipal Environment
Iceland 1999 (Reykjavik) Landfill gas CBG Municipal Environment
Finland 2002 (Laukaa) Manure CBG Private Municipal, State | Energy security
Germany 2006 (Jameln) Manure CBG Private Economics
United Kingdom 2008 (Albury) | Landfill gas LBG Private Economics
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Table 5. Methane gas vehicle (MGV) statistics, vehicle market penetration, governance and motiva-

tion in the end of 2010 in selected countries.

Sources for statistics: Boisen (2011) for market penetration, GVR (201m) for other. Numbers are rounded.
Primary governance and motivation are the author’s assessments based on a large number of magazines,
conferences and private communications of the trade as well as many studies, including Yeh (2007), Col-
lantes & Melaina (2011) and IGU (2012). Most or all of the traffic methane in these countries is natural gas.
Biogas is used in Argentina, India, Italy and the United States, and shale gas is used in the United States.

World Country MGVs MGV share of Filling Primary Primary

position motorized road stations | governance Motivation
vehicles

1. Pakistan 2,850,000 | 82 % 3300 State Energy security

2. Iran 2,070,000 | 17 % 1600 State Energy security

3. Argentina 1,920,000 | 15 % 1900 Private Economics

4, Brazil 1,660,000 | 4.7 % 1800 Private Economics

5. India 1,100,000 | 7.5 % 600 Municipal Environmental

6. Italy 770,000 1.8% 830 Private Economics

11. Bangladesh | 200,000 61 % 500 State Energy security

13. Egypt 140,000 59% 130 State Energy security

16. USA 110,000 0.04 % 1100 Private Economics

17. Armenia 100,000 30 % 300 State Energy security

strong growth as shown in Figure 16. Bi-
ogas surpassed natural gas in 2006 and the
current share of biogas is about 60 per cent
of traffic methane used in Sweden.

3.3.2. Development in other countries

The City of Lille in France was the first mu-
nicipality outside Sweden to start using bio-
gas in transport during the third wave. The
first four biogas city buses started operation
in 1994 after two years of experimentation.

After Sweden and France, many coun-
tries have started using biogas in transport.
Germany, the original pioneer in the first
wave, was very slow to join the third wave:
the first upgrading plant was opened as late
as 2006 in Jameln. Rapid development has
followed, however: there are now over 100
upgrading plants and 300 CBG filling sta-
tions (and 600 CNG filling stations).

Table 4 shows a great diversity in the
characteristics of a few countries participat-
ing in the third wave. The development in
all countries has started either by municipal
or by private efforts. In addition, provincial
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governance is important in Sweden and
state governance in Finland (by state com-
pany Gasum). The original primary motiva-
tion is environmental or economic in most
countries. However, in Finland it was the
energy self-sufficiency of a farm. The origi-
nal source of biogas is sewage sludge, mu-
nicipal solid biowaste, manure, or landfill
gas. The traffic use of biogas almost always
starts with compressed biogas. However, in
the United Kingdom it started with lique-
tied biogas. Iceland is the only country in
the world where all methane fuel is renew-
able. In all the other countries natural gas
is also used, and in the United States also
shale gas.

There is also great diversity in the char-
acteristics of natural gas systems for trans-
port in various countries, as seen in Table
5. Most noteworthy are Pakistan and Bang-
ladesh, where the penetration of MGVs
is already over half of the total national
motorised road vehicle fleet. The role of
state governance is stronger than in the
case of biogas systems, because natural
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gas pipelines are state controlled. Private
and municipal governance are also impor-
tant. Although provincial governance does
not have a primary role in any country, it
is significant in the United States. Already
in 1969 the Governor of California Ron-
ald Reagan announced that his state’s fleet
of 28,500 vehicles would eventually be
moved to natural gas use.” In 2012 Gov-
ernors from 22 US states announced that a
coalition of 22 states would buy 10,000 new
CMG vehicles annually. This way demand
was created for the domestic manufacture
of CMG vehicles.

Although methane use in transport
started in Burope, and Europe was lead-
ing the global market until the late 1980s,
since then the growth has been larger in
other continents. In the 1980s the Ocean-
ian market was strong due to the efforts in
New Zealand. The South American market
dominated development between 1995 and
2007 driven by Argentina and Brazil. After
that the Asian market has been the largest,
especially due to the very large growth in
Pakistan, Iran, India and China.

The Global development in the number
of MGVs since the 1980s is shown in Fig-
ure 17. Germany was the top country from
1920s until 1940s, but has now fallen into
19th position with just under 100,000
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2010 2015

MGVs. After Germany, Italy kept the
number one position until the early 1990s
and is still number seven in the world with a
fleet of 750,000.

Argentina, currently in third position in
the wotld with 2.2 million MGVs, had the
largest market from the early 1990s until
2007 and was the first country to pass the
1 million MGV mark in 2003. In 2003 the
sales of methane for transport reached the
sales of gasoline. This was a result of a state
controlled development, which began after
discovery of natural gas field in Patagonia
in 1980. The main reason for the success
has been fuel price regulation.*

Pakistan passed Argentina in 2008 and
was also the first country to reach 2 million
MGYVs that same year. In Pakistan the de-
velopment began after the oil crises in the
mid-1980s, when the Hydrocarbon Devel-
opment Institute of Pakistan, a government
agency, opened filling stations in two of the
largest cities. Pakistan is currently number
two in the wotld with a fleet of 2.8 million
MGYVs.

Iran became the number one coun-
try in 2011 and reached 3 million MGVs
in 2012. In the latest statistics from April
2013 Iran was the world leader with 3.3 mil-
lion MGVs. The development in Iran has
almost completely taken place during the
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administration that was in power in 2005—
2013. It is a result of a very strong empha-
sis on energy security. The growth rate has
been phenomenal: at the end of 2004 there
were only 1000 MGVs in Iran.

4. CONCLUSIONS

Technology for using biogas in transport
applications evolved from transport use of
manufactured gas and synthetic natural gas
in the 1930s in Germany. By the 1940s tech-
nical maturity was reached, and only mar-
ginal development has been needed since
then. The main reason for the early techno-
logical success was Nicolaus Otto’s engine,
which became the most widely used engine
in transport applications. Otto’s engine is
a gas engine, making it easier to use gase-
ous fuels than liquid fuels. Technologies of
compression and compressed gas storage
reached maturity by the 1930s. Almost all
modern compressed methane vehicles have
200 bar storage cylinders because that pres-
sure was adopted in compressed town gas
vehicles in the 1930s.

Three distinct waves of traffic biogas
use have been identified in this article. The
first two waves, the Second World War in
the 1940s and the oil crises in the 1970s
were both motivated by energy security, and
the second wave also by economics, i.c. the
high price of crude oil. State governance
was crucial to initiate traffic biogas system
creation in both the first wave (Germany)
and the second wave (New Zealand), but
without municipal governance the diffusion
of technology would have been slow. In the
cases of Finland and Sweden traffic biogas
systems would not have been created dur-
ing the first wave without very strong mu-
nicipal governance.

A common feature of the first and
second waves is the abandonment of the
technology after the crises, when crude
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oil deliveries resumed and the price came
down. After the first wave not only was the
use abandoned, but all the technology dis-
appeared from the market, and had to be
rediscovered later. The second wave was
different in this respect: the technology de-
veloped in New Zealand survived, despite
the home market being shut down by state
policies, and had a crucial role to play in ini-
tiating the third wave. Energy security was
not a strong enough motive either for state
or municipalities for operating traffic bi-
ogas systems, when crude oil was available
at a low price. In the absence of a severe
crisis, practical policy making concerning
energy security is in many countries very
vulnerable to low prices of imported fossil
tuels, regardless of what the national strat-
egies are. This is sometimes called market
oriented policy or neoliberal policy. The
same approach is often applied at a munici-
pal level to avoid the efficient use of local
resources, such as municipal solid and lig-
uid wastes. However, in several counties,
for example in Pakistan, natural gas use in
transport has survived the crude oil price
fluctuations. With an over 80 per cent share
for natural gas in the road transport energy
consumption, Pakistan has showed that
crude oil dependency can be broken. In this
case energy security has had more political
weight than in other countries without the
presence of an acute crisis.

The third wave differs significantly
from the first two. The primary motivation
is sustainable development, with energy se-
curity, economics, technology and resourc-
es also as important motivations. Sweden
was the initiator of this wave, with munici-
pal governance varying diversely from verti-
cally integrated control to management of
public-private partnerships. Many countries
have followed, with different types of gov-
ernance, including private, municipal, pro-
vincial, state and their combinations. The
diversity of motivation and governance has
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guaranteed that the use of biogas — and
due to the emerging technological develop-
ments during the past few years also other
types of renewable methane — is constantly
increasing, It does not seem likely that the
technology would be abandoned this time.
On the contrary, renewable methane is one
of the most sustainable transport power
sources, together with renewable hydrogen
and direct and indirect renewable electric-
ity. These are expected to continue in long-
term use, when non-renewable and unsus-
tainable renewable energy forms have been
phased out. However, despite the strong
factual basis for rapid market diffusion of
these technologies, the lock-in to crude oil
based technology is very difficult to break.
History offers both good and bad exam-
ples for others to follow. Large diversity is
expected to continue on the ways multina-
tional, national, provincial and municipal
policies are able to deal with it.

The selection of sources of methane is
crucially important for environmental rea-
sons. Renewable methane (Fig. 1a) offers
large environmental benefits compared to
natural gas, whereas SNG and unconven-
tional fossil methane (Fig. 1b) offer large
environmental risks compared to natural
gas. Coal based SNG, the first methane
fuel used for transport, is no longer used in
this way. However, the first unconventional
fossil resource, shale gas, was adopted for
transport use in the United States a few
years ago. Unconventional fossil methane
has a significantly larger resource base than
natural gas, even much larger than all other
fossil fuels combined, but the use of these
resources also carries risks for significantly
more serious and diverse negative environ-
mental impacts than natural gas use has.
Since sustainable renewable methane re-
sources are also vast, it is up to the politi-
cal decision makers at all levels to control
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which sources are accepted and disseminat-
ed in the market.

Ari Lampinen is a researcher working on renew-
able energy use in transport applications, includ-
ing the history of such technologies. He is also the
chairman of the Finnish Biogas Association.
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valuable comments.

! Methane vehicle statistics are published monthly
in the magazine Gas Vehicle Report. In the August
2013 issue the total number of vehicles was 17.2 mil-
lion. This is not the situation in August 2013, but a
sum of national situations reported between March
2006 and April 2013 from 85 countries in all conti-
nents. Also, these statistics do not include all types
of methane vehicles, for example most methane
powered ships. Therefore, the total fleet in August
2013 was much more than 17.2 million. It is about
100 times more than the global fleets of electric
and hydrogen vehicles combined.

2 Biomethane resources in Western and Central Eu-
rope are estimated to be up to 6000 TWh annually
(FTF 20m, 73), which is more than the total trans-
port energy use in those countries. This includes
only terrestrial potential. Not included are algae,
which have very high potential (biogas technology
is the easiest way of using algae for fuel produc-
tion). Seaweed and other marine bioresources are
also not included. The total renewable methane
potential is defar larger, because all renewable
energy resources can bd used and bioenergy
constitutes only a marginal share of the totall The
global potential of all renewable energy forms is
found in the United Nations publication (UN 2000).
On the other hand, fossil methane resources are
much larger than the resources of all other fossil
energy sources combined (IPCC 2001, 315).

3 For example the European Commission news
service warned that shale gas use may have much
higher lifecycle greenhouse gas emissions than
crude oil and even coal based transport fuels

(EC 20m). In addition, shale gas production has
many other environmental hazards. For methane
clathrates, which are the largest fossil methane re-
source, the emissions are likely to be even higher.

4 There are examples globally of energy crop based
biofuel production chains, which lead to higher
lifecycle greenhouse gas emissions than crude oil
based production chains. In addition, ecological,
land use and indirect land use effects of energy
crop based fuel chains may be very negative. These
problems have so far been limited to bioethanol
and biodiesel production, but also biomethane can
be produced in this way. To limit energy crop use
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in traffic biofuel production and to demand the
use of best environmental practices, the European
Commission proposed in October 2012 a Directive
(COM(2012)595) that introduces a cap on the use

of energy crops in fulfilling the mandate for each
Member State on the share of renewable energy in
transport energy consumption. This creates a mar-
ket for waste based fuels, such as biowaste based
biogas and wood waste based synthetic biogas.

5 Biowaste based biogas is the only fuel that may
offer over 100 per cent reductions in greenhouse
gas emissions during the lifecycle of the fuel
compared to gasoline and diesel oil. This is pos-
sible, when methane emissions are avoided. See
for example the study published by the European
Commission Joint Research Centre together with
vehicle and fuel industry (JEC 2011) and the study
on Swedish traffic biofuels (Borjesson et al. 2010).

% For example the biogas van in Fig. 11 has a range
of 600 km on gas, which is much more than

other gas vehicles and electric vehicles achieve.
By increasing storage pressure or using lique-
fied instead of compressed methane, the range
could be extended to 2000 km without additional
storage space use. Such a van costs about the
same as a corresponding diesel van, but the fuel is
significantly cheaper as are vehicle taxes in most
countries. There are hundreds of manufacturers
of factory made methane vehicles (MGVs) and
almost 2000 models are available in the global
market. In addition, any other vehicle, whatever
the engine, original fuel and transport mode are,
can be converted to methane use. Globally about
22,000 filling stations are already operating and
the growth rate is high. For these and many other
reasons, which are beyond the scope of this article,
MGVs offer technical and sociological potential for
replacing gasoline and diesel vehicles. However,
today crude oil based fuels still dominate: globally
there are 153 vehicles per 1000 people and only 2
(1.3 per cent) are MGVs. Historical development of
the global MGV fleet since 1986 is shown in Fig. 17.

7 Echerman’s (2001, 18-19) book includes a drawing
of the four-wheeled de Rivaz car taken from his
patent in 1807.

8 Large amount of literature exist of the basics of
manufactured gas, see e.g. Higman & van der Burgt
(2003).

% This was witnessed by Jules Verne, who chose
manufactured gas powered Lenoir engine as the
power source of cars in his vision of Paris in the
1960s (Verne 1863).

10 Cash & Cash (1942).

' Already in 1942 more than 920,000 were used
in selected 17 countries in Europe (743,000), 3

countries in Asia (111,000), 2 countries in Oceania
(47,000), 2 countries in South America (23,000),
1 country in Africa (100) and 2 countries in North
America (7) (Egloff & Arsdell 1943). Such vehicles
were also used in many other countries than the
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selected 27, meaning that their total number ex-
ceeded a million.

12 5ee for example De Decker’s (20m) article: it
includes many historical photos of such vehicles.

13 Simola (1940).

14 Egloff & Arsdell (1942).

15 Walter (1940, 421).

16 Bourcier (1941, 165).

17 Arqus (1886, 5).

1% |saacs (2011).

1 Klapper (1961), Hermann (2013).

20 This applied specifically to cars and vans used by
medical doctors, as explained by Buist (1917).

21 Marsh (1932), Bourcier (1941, 173). If 400 bars had
been used in the cylinders of the car in Fig. 3c in-
stead of 200 bars, the range would have doubled to
300 km. Further doubling to 600 km was achievable
by filling in methane instead of town gas (Table 1).
22 Engineer (1933).

2 Engineering (1934).

24 Simola (1940).

23 Engineering (1932b), Bourcier (1941, 165).

26 Engineering (1932b).

27 Carbon dioxide in upgraded biogas increases the
octane number above 130, whereas ethane and pro-
pane in upgraded natural gas decreases the octane
number below 130. For gasoline the highest octane
number is 102. This is used in race vehicles only
due to its high cost compared to the gasoline types
sold for the general public, with octane numbers
between 95 and 99. The octane numbers here refer
to the so-called research octane number.

28 Walter (1940, 424).
2 Leffingfwell (1995).
30 simola (1940).

311t is enough to have 84 per cent methane (al-
though it also depends on what the other gases in
the mixture are). Usually in CBG methane content is
95-99 per cent. Situation is different for hydrogen,
since fuel cells require 99.9 - 99.9999 per cent
purity.

32 |EA (2011, 19).

33 sabatier & Senderens (1902). This was one contri-
bution towards the Nobel Prize in chemistry for
Sabatier in 1912.

34 Engineering (1932a).

35 See Engineering (1938) for British experiences.
Coke hydrogenation for methane production is a
version of coal hydrogenation. Coal hydrogenation
is used for synthesising liquid fuels. It is also called
Bergius synthesis, since Friedrich Bergius proved
the process in 1913 and received Nobel Prize in
chemistry for it in 1931. A few ntper cent (weight)
of methane is produced in coal hydrogenation as a
side product (Bergius 1932, 274).
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36 Roth (1932).

37 This is based on information given by Professor
Fritz Frank (Walter 1940, 443-444).

38 Buses: Sansone (1936) and Bourcier (1941, 201),
locomotives: Egloff & Arsdell (1942).

39 IPCC (2001, 315).
401EA (201, 9).

41 Biogas is produced in biogas reactors. It is also
produced in landfills in which case the gas is also
called landfill gas. Wood and other biomass with
high lignin content cannot directly be used for
biogas production. Their use requires preprocess-
ing, which is not commercial level technology even
today. However, paper can be used because lignin
has been removed in pulp production process.

42 Deublein & Steinhauser (2008, 27).

4 He (2010).

* Fuhrman (1940, 1096).

4 Deublein & Steinhauser (2008, 29) give 1930 as
the approximate year of first demonstration of
biogas use in automobiles. It means that biogas was
used in transport before natural gas. According to
Simola (1940, 73), sewage treatment based biogas
was used in internal combustion engines 180,000
m?®in 1935 and 1.25 million m?in 1937 in Germany.
However, it is not mentioned whether all or part of
this was in transport.

46 Imhoff (1946, 17).

47 Egloff and Arsdell (1942, 654).

48 Fuhrman (1940, 1088).

49 ASS (1943).

50 Fransson (2009).

31 Lampinen (2012a).

52 Deublein & Steinhauser (2008, 29). Currently
many other upgrading technologies are also used.
53 Walter (1940, 434).

34 ‘Normal’ here means modern factory made vehi-
cles or vehicles converted using standard conver-
sion kits. However, with additional modifications,

modern vehicles can be adjusted to raw biogas use.
It is a rare practice.

35 sabatier (1912). It was one contribution towards
the Nobel Prize in chemistry he received in 1912.
36 Egloff (1938).

7 Egloff & Arsdell (1942).

38 Egloff & Arsdell (1942).

3 Complete traffic biogas statistics in Finland in
the 1940s is available in the article of Lampinen
(2012a).

0 For European Union, compilation work is going
on. Currently traffic biogas statistics are included
in the annual national biogas statistics only in Swe-
den (available at www site of Energigas Sverige)

34

and in Finland (available at www site of Finnish
Biogas Association).

1 For methane such statistics exist, but renewable
and fossil methane are not separated. They can

be found at www sites of NGV Global and NGVA
Europe and the Gas Vehicle Report magazine.

2 Imhoff (1946).
%3 Simola (1940), Stokes (1985).
% Krammer (1978, 414).

9 The success story and downfall in Helsinki is
described in detail by Lampinen (2012a).

% More information on these issues, i.e. subsidis-
ing crude oil based fuels against renewable energy
sources in Finland can be found in the article by
Lampinen (2008). Also, wood waste based ethanol
offers an interesting example of state policy. In the
1940s it originated from 14 factories established at
sulphite pulp mills and still in 1957 it was distributed
in 400 filling stations as E20-E30 (25-30 per cent
vol. ethanol blended with gasoline). It was the high-
octane premium fuel available at that time, suitable
for all gasoline cars. However, in 1957 the first
Finnish crude oil refinery in Naantali, owned by

the state company Neste, opened for business. By
state-level decision ethanol as an octane enhancer
was given up and replaced by lead in 1957. Within

a year all E20-E30 filling stations were shut down,
the Finnish forest industry lost an important source
of income and a fuel currently strongly promoted
for environmental reasons, wood waste based
lignocellulosic ethanol, was lost in the market.
However, some alternative fuels still survived. To
protect the imported crude oil business of a state
company, which opened its second refinery in
Porvoo in 1965, against domestic fuels originating
from agriculture, forestry industries and munici-
pal waste, a law on annual motive power tax was
passed in 1964. This law, which came into effect in
1965, set a very large annual tax for owners of ve-
hicles capable of using renewable energy sources,
such as biogas, and alternative fossil fuels, such

as natural gas. Annual tax rate in 2003 was about
10,000 euros for cars. This tax was removed in
2004 due to demands of majority of Finnish Parlia-
ment members and the EU Commission. The tax
was in violation of the RES-T Directive (2003/30/
EC) for promotion of renewable transport fuels.
This tax was never applied to buses, meaning that
bus use of biogas could have started at any time. It
did not happen, but natural gas was used in buses
in Helsinki from 1996 by municipal decision. The de-
cision to use CNG in Helsinki in 1996 was challenged
in court by a diesel bus company, which lost the bid
organised by the City of Helsinki despite being the
lowest bid, due to higher emissions. The case went
all the way to the EC court (C-513/1999), which ruled
that the decision of the City of Helsinki were cor-
rect according to the EU law, i.e. emissions can be
taken into account in the bidding process. Later EU
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law has been improved in a way that taking emis-
sions into account is no longer only allowed, but is
mandatory (Directive 2009/33/EC).

7 Lampinen (2004).

%8 Grindrod (1971), MEN (1974).

% Waste Solutions (2011).

7" Lonergan & Cocklin (1990), Yeh (2007).

"I Bourke (2010).

72 Stephenson (1991).

3 All incentives were withdrawn from methane use
coincidentally with rapidly lowering price of crude
oil. This was a part of a wider failure in New Zea-
land to reduce crude oil dependency by adapting a
more “market oriented” approach, see Lonergan &
Cocklin (1990).

" FTF (20n).

75 In 2012, the Finnish Biogas Association published
a roadmap of renewable methane in all transport
modes until 2050, as part of a sustainable develop-
ment roadmap. The original 133-page publication is
in Finnish, but a 31-page extended summary is avail-
able in English (Lampinen 2012b).

76 Currently Svensk Biogas operates 12 filling sta-
tions, of which 5 in Linképing, and also transports
CBG by truck to other filling stations in several
cities, for example Stockholm.

"7 The success story in Linképing is described by
Linképings kommun (2008).

78 The success story in Stockholm is described e.g.
by Vernay et al. (2013).

7 Gross (1970).

80 The Argentinian success story is described by
Collantes & Melaina (201m).

GLOSSARY

AMG: Adsorbed Methane Gas; fossil or renewable
energy

BG: BioGas; bioenergy
Biomethane Bioenergy based methane fuel

CBG: Compressed BioGas (mostly methane); bioen-
ergy

CMG: Compressed Methane Gas; fossil or renew-
able energy

CNG : Compressed Natural Gas (mostly methane);
fossil energy

CTG: Compressed Town Gas (mostly hydrogen and
carbon monoxide); fossil or bioenergy

LBG: Liquefied BioGas (mostly methane); bioenergy

LMG: Liquefied Methane Gas; fossil or renewable
energy

LNG: Liquefied Natural Gas (mostly methane); fossil
energy
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LPG: Liquefied Petroleum Gas (mostly propane and
butane); fossil energy

LSNG: Liquefied Synthetic Natural Gas (mostly
methane); fossil energy

Methane fuel: Fuel, where most of the energy
content is in the form of methane (CH,), e.q. BG
and NG; methane fuels also contains other energy
gases and non-energy gases

MG: Methane Gas, i.e. any type of methane fuel;
renewable or fossil energy

MGV: Methane Gas Vehicle of any type, including
but not restricted to CMG and LMG vehicles

Natural gas: Methane fuel produced and stored by
nature; fossil energy

NG: Natural Gas; fossil energy

NGV: Natural Gas Vehicle: obsolete (but frequently
used) term, since such vehicle can utilize any type
of methane (see MGV)

SBG: Synthetic BioGas (mostly methane); bioenergy

SNG: Synthetic natural gas (mostly methane); fossil
energy

Solar methane: Solar energy based methane fuel

Synthetic gas: Man-made gas, produced using vari-
ous thermal, biological and chemical conversion
processes, e.g. manufactured gas, biogas, synthetic
biogas, synthetic natural gas and hydrogen

Traffic biogas: Biogas used in transport applica-
tions

Upgrading: Removing by various methods most of
inert gases (always CO, and sometimes also N,) in
methane fuels for increasing its energy density;
this is required for utilization of natural gas, bi-
ogas, synthetic biogas and other methane fuels in
modern factory made methane vehicles

Wind methane: Wind energy based methane fuel
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