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Abstract

The year 2017 was 150 years after the birth of Kristian Birkeland and 100 years after his death.
Birkeland, together with Eyde, were the founders of the industrialisation of nitrogen fixation by
an electric arc. Norsk Hydro (the former owner of Yara) was founded on December 2, 1905
by Sam Eyde, exploiting the novel technology for producing artificial fertilizers by
fixing nitrogen from air. The so called Birkeland-Eyde process was relatively inefficient in terms
of energy consumption. Therefore, in the 1910s and 1920s, it was gradually replaced in Norway
by a combination of the Haber process and the Ostwald process.

But is that still true ? The costs of power become less and less nowadays. Rune Ingels, a former
Yara employee, strongly believes times have changed and started up his company Applied N2.
Continuing on the basis of Birkeland and Eyde, Rune explores and develops very interesting new
and innovative business opportunities in the fertilizer industry.

Kristian Birkeland

Kristian Olaf Bernhard Birkeland (13 December 1867 - 15 June
1917) was a Norwegian scientist. He is best remembered for his
theories of atmospheric electric currents that elucidated the
nature of the aurora borealis. In order to fund his research on
the aurorae, he invented the electromagnetic cannon and
the Birkeland-Eyde process of fixing nitrogen from the air.
Birkeland was nominated for the Nobel Prize seven times.

Birkeland was born in Christiania (Oslo today) to Reinart
Birkeland and Ingeborg (née Ege) and wrote his first scientific
paper at the age of 18. Birkeland married Ida Charlotte Hammer
in May 1905. They had no children and, due to Birkeland's
preoccupation with his work, they divorced in 1911.

Suffering from severe paranoia due to his use of Veronal as a
sleeping aid, he died under mysterious circumstances in his room
in the Hotel Seiyoken in Tokyo while visiting colleagues at
the University of Tokyo. A post-mortem revealed that Birkeland
had taken 10 g of veronal the night he died, instead of the 0.5 g
recommended. The time of death was estimated at 7am on 15
June 1917. Some authors have claimed that he committed
suicide. "On the nightstand lay a revolver".

Birkeland organized several expeditions to Norway's high-latitude regions where he established a
network of observatories under the auroral regions to collect magnetic field data. The results of
the Norwegian Polar Expedition conducted from 1899 to 1900 contained the first determination of
the global pattern of electric currents in the polar region from ground magnetic field
measurements. The discovery of X-rays inspired Birkeland to develop vacuum chambers to study
the influence of magnets on cathode rays. Birkeland noticed that an electron beam directed
toward a magnetised terrella was guided toward the magnetic poles and produced rings of light
around the poles and concluded that the aurora could be produced in a similar way. He developed
a theory in which energetic electrons were ejected from sunspots on the solar surface, directed to
the Earth, and guided to the Earth's polar regions by the geomagnetic field where they produced
the visible aurora. This is essentially the theory of the aurora today.
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Birkeland's vision of what are now known as Birkeland currents became the source of a
controversy that continued for over half a century, because their existence could not be
confirmed from ground-based measurements alone. His theory was disputed and ridiculed at the
time as afringe theory by mainstream scientists, most notoriously by the eminent
British geophysicist and mathematician Sydney Chapman who argued the mainstream view that
currents could not cross the vacuum of space and therefore the currents had to be generated by
the Earth. Birkeland's theory of the aurora continued to be dismissed by mainstream
astrophysicists after his death in 1917. It was notably championed by the Swedish plasma
scientist Hannes Alfvén, but Alfvén's work in turn was also disputed by Chapman.

Proof of Birkeland's theory of the aurora only came in 1967 after a probe was sent into space.
The crucial results were obtained from U.S. Navy satellite 1963-38C, launched in 1963 and
carrying a magnetometer above the ionosphere. Magnetic disturbances were observed on nearly
every pass over the high-latitude regions of the Earth. These were originally interpreted as
hydromagnetic waves, but on later analysis it was realized that they were due to field-aligned or
Birkeland currents.

The scale of Birkeland's research enterprises was such that funding became an overwhelming
obstacle. Recognizing that technological invention could bring wealth, he developed
an electromagnetic cannon and, with some investors, formed a firearms company. The coil-gun
worked, except the high muzzle velocities he predicted (600 m/s) were not produced. The most
he could get from his largest machine was 100 m/s, corresponding to a disappointing projectile
range of only 1 km. So he renamed the device an aerial torpedo and arranged a demonstration
with the express aim of selling the company. At the demonstration, one of the coils shorted and
produced a sensational inductive arc complete with noise, flame, and smoke. This was the first
failure of any of the launchers that Birkeland had built. It could easily have been repaired and
another demonstration organized.

However, fate intervened in the form of an engineer named Sam Eyde. At a dinner party only one
week later, Eyde told Birkeland that there was an industrial need for the biggest flash of lightning
that can be brought down to Earth in order to make artificial fertilizer. Birkeland's reply was, "I
have it!" There were no more attempts to sell the firearms company, and he worked with Eyde
only long enough to build a plasma arc device for the nitrogen fixation process. The pair worked
to develop the prototype furnace into a design that was economically viable for large-scale
manufacture.

Sam Eyde

Eyde was born at Arendal in Aust-Agder, Norway. He was a
son of ship-owner Samuel Eyde (1819-1902) and his wife
Elina Christine Amalie Stephansen (1829-1906). He was a first
cousin of Alf Scott-Hansen on the maternal side. Eyde studied
engineering in Berlin where he graduated in 1891. He started
his career in Hamburg, working with the railways where he
planned new lines, bridges and stations. In 1897 he started
the engineering firm Gleim & Eyde with his previous boss
from Hamburg. He soon established offices in Kristiania (now
Oslo) and Stockholm. By the turn of the century the firm was
one of the largest in Scandinavia, with some 30 engineers.

In 1903, Eyde met with Kristian Birkeland, who was a scientist,
inventor and professor of physics at the University of
Christiania. Birkeland was working on developing an electric
arc, while Eyde had recently bought the rights to several
waterfalls in Telemark. They agreed to cooperate to develop an
electric flame.

In 1905 Eyde founded Norsk Hydro-Elektrisk
Kveelstofaktieselskab (now Norsk Hydro) He was director-
general of Norsk Hydro until 1917. He was offered a position on the board, where he remained
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until 1925. He was a member of the Norwegian Parliament in the period 1918-1920. In 1920,
Eyde was appointed as Norwegian Minister to the United States.

Hydro's first factory based on electric arc-based technology was built at Notodden (opened in
1907) followed up with another at Rjukan, Tinn (opened in 1911). Then in 1912 production is
established at Glomfjord in Nordland. In 1930 Norsk Hydro opened a plant at Hergya outside
Porsgrunn. To begin with it was to function as a shipping port for the fertilizer as well as a point
to import limestone. From 1936 Hydro also started producing fertilizer at Hergya.

By the 1920s, Norsk Hydro's electric arc-based technology for manufacturing artificial fertilizer
was no longer able to compete with the newly developed Haber-Bosch process, and in 1927 the
company formed a partnership with the German company IG Farben in order to gain access to
this process. By 1945, IG Farben had become a majority shareholder in Norsk Hydro.

Currently Norsk Hydro ASA (often referred to as just Hydro) is
a Norwegian aluminium and renewable energy company, headquartered in Oslo. As of 2016,
Hydro is one of the largest aluminium companies worldwide. It has operations in some 50
countries around the world and is active on all continents.

Birkeland-Eyde process

The Birkeland-Eyde process was one
of the competing industrial processes
in the beginning of nitrogen based
fertilizer production. This process was
used to fix atmospheric nitrogen (N5)
into nitric acid (HNO3), one of several
chemical processes generally referred
to as nitrogen fixation. The resultant
nitric acid was then used as a source
of nitrate (NO3") in the reaction

HNO3 -> H* + NO3;™ which may take
place in the presence of water or
another proton acceptor.

A factory based on the process was
built in Rjukan and Notodden in
Norway, combined with the building
of large hydroelectric power facilities.

An electrical arc was formed between
two coaxial electrodes, and through the use of a strong magnetic field, was spread out into a thin
disc. The plasma temperature in the disc was in excess of 3000 °C. Air was blown through this
arc, causing some of the nitrogen to react with oxygen forming nitric oxide. By carefully
controlling the energy of the arc and the velocity of the air stream, yields of up to 4% nitric oxide
were obtained. The process is extremely energy intensive. Birkeland used a nearby hydroelectric
power station for the electricity as this process demanded about 15 MWh/Ton of nitric acid. The
same reaction is carried out by lightning, providing a natural source for converting atmospheric
nitrogen to soluble nitrates.

N, + O, -> 2 NO

The hot nitric oxide is cooled and combines with atmospheric oxygen to produce nitrogen dioxide.
2 NO + O, -> 2 NO;

This nitrogen dioxide is then dissolved in water to give rise to nitric acid, which is then purified
by fractional distillation.

3 NO, + H,0 -> 2 HNO3 + NO

But how are the economics today in a time where the price of power becomes less and less and
further optimisations are implemented in the electric arc plasma process ?
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Today the electrical energy consumption in the optimized version will be approximately 36 GJ/tN,
depending on degree of heat recovery. This will make the process competitive in all markets
where natural gas is not abundantly available and cheap.

The cost of a 50 kw unit for producing NO gas will be USD 70.000. In operation this will give
capital cost of 200 USD/tN.

The dominating competing technology is ammonia based on fossil fuels, where the best practice
energy consumption is 36 GJ/tN based on gas and 85 GJ/N based on coal. The capital cost for
these units, give an operational capital cost of more than 300 USD/tN at world scale capacity. In
addition to the capital cost from production, comes significant logistical cost.

This has been the basis for Rune Ingels to explore the current business opportunities of
Birkeland-Eyde process.

Rune Ingels

Rune is educated M.Sc. Chemical Engineer from University of
Trondheim, Norway, Institute of Technology (NTH) in 1981. He
joined Norsk Hydro in 1982 and covered positions within process
engineering, R&D and operational management in different
locations around the world from - Glomfjord in Norway, Shaanxi
in China, Mesaeed in Qatar and back to Porsgrunn Norway.

After the agri division of Norsk Hydro was spun off as Yara ASA
(2002) he headed Research and Technology Development in Yara
International out of Sluiskil in The Netherlands.

Rune resigned his position in Yara January 1st 2011 to realize his
own technology ideas and ambitions within green nitrogen
through N2 Applied AS.

Plasma reactor

The technology is an electric arc plasma process for making NO gas directly from air in a low
capital investment process. The process is IPR protected by a conceptual process patent
application and significantly improved from historical industrial scale.

The plasma reactor consists of electrodes arranged concentric with a perpendicular magnetic field
for controlling the movement of the electric arc through the air in the annular space between the
electrodes. As the arc is moving through the air it is creating a plasma phase of exited molecules
and atoms as well as ions. The exited plasma phase has equilibrium of NO vs. N2 and 02 which is
giving more NO than the thermodynamic equilibrium of the gas phase at the similar temperature.
The thermal or sensible plasma temperature is low, and the materials used to contain the plasma
and gas is normal high temperature steels. The technology is combining low pressure, which is
giving high intensity 130-150 Townsend at 2000 Kelvin in the arc, and excess air and water
quenching giving retention times down to 10 microseconds.

The primary product from an electric arc plasma reactor, NO gas, can go directly into the
processes of the fertilizer industry. NO is the basis for nitric acid and nitrates. The nitrates and
nitric acid has a high chemical and nutrient value in the industry compared to ammonia.

The technology can also be expanded to the secondary product nitric acid. The nitric acid can
form the basis for local applications. In these applications the dilute acid production will be
tailored and integrated with the receiving process.

Why N2 Applied is in Fusion farming ?

Increased focus on greenhouse gas emissions, environment and sustainable development will
likely result in emission caps and a price on emissions also from the agricultural sector. At the
same time, a growing worldwide population implies a growing demand for agricultural products.
These trends combined creates a new emerging market within the agricultural sector; «fusion
farming». Fusion farming is all about the Nitrogen cycle on the farm. It will eliminate the
liabilities and capitalize on the assets represented by nitrogen. The end user - the individual
farmer - is the client. 32% of global greenhouse gas emissions come from the agricultural sector.
N2 Applied develop a fusion farming technology that will enable the farmer to recycle and
produce his or her own nitrogen. The objective of the technology is to eliminate 75-95% of the
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NOx emissions from feedstock manure and at the same time make the farmer’s need to buy
mineral fertilizer redundant. The market for this technology will be industrial size farms primarily
within the EU and USA. I.e. a Danish farmer breeding 75.000 pigs annually is expected to
improve his bottom line by € 600.000 through the fusion farming technology. The technology is
able to fixate nitrogen directly from air. N2 Applied is using modern process technology on
professor Birkeland’s old electric arc principle. A plasma reactor test unit is built in cooperation
with SBI GmbH in Hollabrunn, Austria. Fusion farming combines resource management and
sustainability from organic agriculture with large crops from traditional farming.

Other applications for NO/NHO3 of interest to N2 Applied are
e Local fertilizer production, liquid and solid

e Sewage treatment

e Metal industry (Acid for pickling and dissolving)
e Chemical Industry (Replacing NO and HNOs3)

e Organic Farming (N-makeup)

e Industrial Fertilizer (Revamp, NH3-N upgrade)

More info at:
http://fusionfarming.com/
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