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Method and system for producing methane using methanogenic microorganisms and

applying specific nitrogen concentrations in the liquid phase

DESCRIPTION

In view of the decreasing reserves of fossil fuels and environmental awareness of
global warming and carbon dioxide release, renewable energy sources are moving to
the centre of attention. To date, renewable energy sources, i.c. energy from natural
resources such as sunlight, wind, rain, tides and geothermal heat, cover about 13% of
the global energy demand. Taking into consideration the criteria of sustainability
and for achieving the targets of the Kyoto Protocol, it is indispensible to further
expand the use of renewable energies. While most of the energy is consumed by a
minority of the world's population, the energy demand of developing and emerging
countries is increasing rapidly. At the same time, resources of fossil fuels are
decreasing. It has been estimated that — even if consumption remains the same — oil
reserves will be exhausted in 40-50 years, natural gas around 70 years and coal
around 200 years. This estimation already includes the exploitation of oil and gas
reserves which are currently not economical. Thus, energy prices will increase
significantly, likely along with social and political conflicts, destruction of the
environment and global warming. Beside the importance of fossil oil as energy
source, it is also an important and essential resource for other industries such as
chemistry and pharmaceutical industry (~10% of the fossil oil). In the future, a new

basis for most of the products is required.
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Currently only fossil and nuclear energy is available in storable form which allows
for transportation and always meets a temporarily fluctuating energy demand. In
contrast, most renewable energy sources are intermittent, not transportable and
principally dependent on the meteorological and geographical conditions. This is
especially important for places such as for example northern Europe and America
which have a high energy demand, but are — beside general daytime variations —
confined to a seasonally fluctuating supply of renewable energies, such as solar or
wind power. To fully replace fossil and nuclear power with energy from renewable
and environmentally friendly sources in the future, energy from these sources will

have to be converted into a storable and transportable form.

Most present approaches rely on renewable energy sources which very often suffer
from a low energy recovery rate, fluctuating availability and limited efficiency.
Another technical obstacle is a missing infrastructure: bioethanol for example is not
suitable for many standard vehicle engines. Further, although the majority of energy
consumers agree that fossil energy forms should be replaced by renewable energy
sources, discussions regularly arise when agricultural area is required for biofuel
production from biomass monoculture, such as for corn or sugarcane cultivation, or a
vast area is selected for wind farm construction or hydroelectric dam projects, not to
mention nuclear power plants which are sometimes also considered to be an

alternative to fossil-fuel power sources.

To date, various methods are available to convert energy from one energy form into
another, such as from chemical energy into mechanical energy. However, the
conversion rates are generally very low and for example in case of fossil fuel, only
around 33% of the energy released reaches the end-user, the remaining around 67%
of the energy is lost during conversion as heat or radiance, or in form of chemical
substances which are produced during the conversion steps and which remain unused

and are considered as waste.

One attempt in this direction is described in US 2010/0269498, wherein a system and
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method for the capture of the waste heat from generators is described. This “co-
generation” approach uses hydrogen as energy source. However, hydrogen has
characteristics which limit its broad applicability, such as its explosiveness and
tendency to leak from containers due to its small size. Moreover, hydrogen gas is
less energy dense by volume when compared to other combustible fuels unless
compressed or liquefied which further increases the risk of explosion and leakage
and again requires energy input. Also DE 10 2007 037 672 describes a method that
uses renewable energy for the production of hydrogen which may later be used for
the hydration of carbon dioxide by Fischer-Tropsch synthesis. And another obstacle
of using hydrogen as energy carrier is the missing infrastructure, transportation and

storage means.

Hence, another energy carrier is needed which may be produced in a cheap, reliable
and low-energy-consuming way and is transportable, storable, easy to handle and for

which already an infrastructure exists.

Methane (CH4) would have the characteristics of an ideal energy carrier: it is storable
and a well-developed infrastructure is already available. However, burning methane
from fossil-fuel sources increases the CO, release and will deplete in the foreseeable
future. Thus, it would be highly desirable to provide a closed CO; cycle by fixing
CO; in a bioprocess, i.¢. to use CO, from a renewable source, yielding a product
which can be readily used. Such a product is methane as the main constituent of
natural gas. Its content in natural gas varies between 70% and 99%. Methane can be
directly produced from carbon dioxide and hydrogen either chemically or biolo-
gically. The general reaction equation is CO,+4H,—CH4+2H,0. Methane burns
with oxygen and solely produces water and carbon dioxide (CO,). Natural gas thus
exhibits the cleanest burning properties when compared to other fossil fuels like oil

or coal and produces less CO; per energy unit released.

The chemical process is called Sabatier reaction or Sabatier process. This reaction

requires hydrogen and carbon dioxide, elevated temperatures and pressure, and a
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transition metal catalyst. More effectively, nickel or ruthenium on aluminum oxide
is used as catalyst. This process has a good turnover rate, although disadvantages
are, for example, a low selectivity, e.g. resulting in side reactions at lower
temperatures, the susceptibility of the catalyst to impurities and the high energy

demand for heat and pressure all of which reduce the overall process economy.

A much better alternative would be the biological conversion of CO, and H; into
methane by methanogenic microorganisms, such as for example methanogenic
archaca. The biological pathway is also known as methanogenesis. These cells are
capable of methanogenesis which is a form of anaerobic respiration. Using those
methanogenic microorganisms, the reaction CO,+4H,—CH4+2H,0 takes place at
relatively moderate temperatures, the reaction system is robust with a good impurity
tolerance and has a high selectivity even at normal pressure. To provide a method of
converting hydrogen and carbon dioxide into methane by methanogenic micro-
organisms in a reaction vessel, comprising contacting the methanogenic micro-
organisms with a gas feed comprising hydrogen and carbon dioxide, is an object of
the invention. Thereby, methane as an ideal energy carrier is provided. Another
objective of the invention is the fixation of carbon dioxide which is released through
industrial and agricultural processes, such as biogas, and from industrial plants, i.e.

waste carbon dioxide.

Usually, biogas has a methane content of between 50% and maximal 70%, the rest
consists mainly of carbon dioxide, water vapour and hydrogen sulphide. Biogas
already has an application in combined heat power plants which generate both heat
and electricity, although it may also be upgraded in a complex and expensive process
to be used as natural gas. Thus, hydrogen sulphide gas, water vapour and carbon
dioxide have to be separated from biogas to increase the methane content. It is
therefore desirable and an objective of the invention to provide a process which
directly produces methane in a concentration that is suitable for direct use as natural
gas, 1.c. suitable for the existing natural gas infrastructure and end-user applications.

Moreover, the method of the present invention is suitable for upgrading low-content
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methane from biogas processes as it is not inhibited by the methane which is mixed
with the educt gases hydrogen and carbon dioxide. It is a further objective of the
invention that the process is easy to handle, environmentally friendly, cost-effective

and robust.

One example of biological methane production is given in US 4,883,753, wherein a
method for methane production by Methanococcus thermolitotrophicus and
Methanobacterium thermoautotrophicus in a 1 L fermenter under continuous
conditions is described. WO 2008/094282 describes a method of converting CO, gas
from biomass fermentation by methanogenic archaea to methane to improve the

energy efficiency of ethanol fuel from corn starch in a 1.3 L fermenter.

However, there is a need for an economic method of producing methane which is
optimised with respect to the volume of produced methane per volume of culture per
time. A typical fermentation process starts with the set-up of the bioreactor in that
the reaction vessel is equipped with the medium and a starter culture of biomass
comprising the microorganisms which are used in the fermentation process. In the
next or initial phase, the focus is on biomass production in order to arrive at a
biomass concentration which is suitable for the main purpose of the fermentation
process. Said initial phase may be regarded as biomass production phase. In the
present invention, the main purpose of the fermentation process is the conversion of
hydrogen and carbon dioxide into methane, i.c. the methane production. After a
suitable biomass concentration has been reached, the fermentation parameters are
adapted so that the focus is on the main purpose and not on biomass production, i.e.
the carbon flux of COj is shifted from biomass towards the product methane. This
phase can be considered as a methane production phase. A person skilled in the art
knows however that — to a minor extent — methane is already produced in the
biomass production phase and biomass is produced due to cell division also in the
methane production phase. In this respect, the inventors have identified the
volumetric productivity, also denoted as methane evolution rate (MER), to be a key

parameter for an economically feasible methane production.
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The volumetric productivity is calculated from equation (1):

Volumetric productivity [mmol-L™"-h™]

(biomass concentration [g-L™]):(specific methane production rate [mmol-g™-h']) (1)

As can be learned from the equation developed by the inventor, the volumetric
productivity depends on the biomass concentration of the methanogenic micro-
organisms in the reaction vessel of the invention and on the specific methane
production rate (also denoted as methane evolution rate, MER). The “specific
methane production rate” [mmol-g™-h™'] denotes the amount of methane [mmol]
produced per gram of methanogenic microorganism (biomass) [g] per hour [h].
Thus, on the one hand, the cell concentration should be as high as possible in the
method and in the reaction vessel of the invention due to the fact that the cells, i.e.
the biomass of methanogenic microorganisms, principally function as a catalyst for
converting hydrogen and carbon dioxide into methane. On the other hand, the
specific methane production rate reflects the productivity per gram biomass of
methanogenic microorganism, i.¢. the catalytic productivity of the biomass inside the

reaction vessel.

The volumetric productivity considers the size of the reactor vessel and therefore
directly the investment and energy costs for a production plant. Hence, it is desired
to optimise the methane yield with respect of space and time used in the process in
order to keep investment costs low and optimally use energy and resource input. It
can be stated that in general the volumetric productivity should be as high as
possible. The desired methane concentration in the product gas is dependent on the
end-application of the produced methane. This may demand energy intensive
downstream clean-up operations for uses as vehicle fuel or in natural gas grid.
Depending on the kind of use and legal requirements, methane concentrations in the

product gas from 88% to 98% are required. Therefore high methane concentrations
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in the product gas are desired in order to minimise the costs for gas clean-up, or even

render clean-up procedures unnecessary at all.

In the methane production phase, the focus is on methane production and as already
stated above the methanogenic microorganisms, i.¢. the biomass, act as catalysts of
this process. Hence, throughout the methane production phase the biomass inside the
reaction vessel should be maintained at the level considered suitable for this purpose.
Additional and therefore unnecessary excess biomass production, however, means a
loss of raw material which might otherwise be used for producing methane. In
addition, the amount of disposable biomass is increased. As an example, carbon
dioxide is an educt for the conversion reaction to methane. On the other hand,
carbon dioxide is also required for the production of biomass. Hence, if biomass is
produced then part of the carbon dioxide which may be used for the production of
methane is instead used for biomass production. However, this means a loss of

methane raw material which lowers the overall efficiency of the bioprocess.

It is well known in the art that economic efficiency is one of the most important
factors in today’s energy sector. This implies that resources should not be wasted
and also not invested if not useful or without beneficial effect on the overall
productivity of the process. With respect to the methane production with methano-
genic microorganisms this means that no raw material or medium components should
be added to the process if there is no need for, if it does not lead to the desired proce-
dural result, such as a higher methane production rate which reflects the efficiency of
the methane production. For example, if in the methane production phase the
amount of biomass is suitable for the desired methane production rate, no resources,
i.e. raw material, should be wasted for biomass production. In other words, if there
is no need for a specific material addition or equipment investment in the methano-
genic process, material supply and/or investment should be avoided for a beneficial
overall process economy. In summary, there is a need in the art for an economical
method for producing methane. In particular, there is a need in the art for an econo-

mical method of producing methane, wherein, at high methane evolution rates,
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undesired biomass production is avoided, i.e. the biomass production rate is low.

The inventors of the present invention have found out that the amount of nitrogen
present in the liquid phase inside a reaction vessel, such as in a bioreactor for the
biological production of methane, can be used to control the biomass production rate
at high methane production rates. Hence, the present invention provides a process
based technical measure which enables a person skilled in the art to switch on or off
biomass production (rate) without loss in methane conversion/evolution rate. The
problem to be solved, i.e. the provision of a method for producing methane, whereas
at high methane production rates the biomass production rate is low, is solved by a
method of producing methane comprising contacting methanogenic microorganisms
in a reaction vessel with hydrogen and carbon dioxide, wherein the nitrogen concen-
tration in the liquid phase inside the reaction vessel is in the range of 0.0001 to

35 mmol/L or in the range of 55 to 1000 mmol/L.

This effect of the nitrogen concentration in the liquid phase inside the reaction vessel
on the biomass production while maintaining the methane production rate at a
suitable high level is presented in Figures 17 and 18 and was surprising and
unexpected. In Figure 17, Ycna) is presented over the nitrogen concentration in
mmol/L. In order to control an efficient bioprocess, the ratio of biomass production
rate to the methane evolution rate, which is reflected in the growth to product yield
(Ywcuay), represents a physiological and scalable entity and may be influenced by
varying processing parameters, such as the nitrogen concentration in the liquid phase
inside the reaction vessel. The yield parameter Y cna) reflects the ratio of the
biomass (x) production rate r(x) and the methane evolution rate (MER, synonymous
to methane production rate). Hence, if the biomass production rate is high, and MER
1s low, Y wcha) has high values. On the contrary, if the biomass production rate is
low and MER is high, Y cn4) has comparably low values. At equally high methane
production/evolution rates, Y cua4) reflects directly the changes in the biomass
production rate due to different nitrogen concentrations in the liquid phase inside the

reaction vessel. From Figure 17, it can be learned that in particular in the nitrogen
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concentration ranges of 0.0001 to 35 mmol/L and 55 to 1000 mmol/L the yield value
Y (wcna) 18 low and thus less biomass is produced per time in relation to MER. At
nitrogen concentrations in the range of 40 to 50 mmol/L more biomass is produced
per time in relation to MER and Y cn4) peaks. Hence, the nitrogen concentration in
the liquid phase inside the reaction vessel is a suitable measure and tool to shift the
raw material flux, such as the carbon dioxide flux, from biomass production to
methane production. Thereby, raw material, in particular carbon dioxide, is
efficiently used in the method and the whole method and system for producing

methane operates efficiently, economically and does not waste raw material.

In this context, it is well understood by a person skilled in the art that the above and
further below mentioned nitrogen concentrations which should be used in the present
invention do not inhibit cell division completely which is also not desired in a
fermentation process. The nitrogen concentrations as mentioned herein prevent
unnecessary and excess biomass production, however, standard cell division which
maintains the amount of biomass in the liquid phase within £1 g biomass/L is not

prevented but necessary for compensation of regular cell death.

Beside the fact that microorganisms naturally die after a certain period of time and
that this loss of active biomass, i.e. process catalyst, has to be compensated, there are
other situations that may occur during the methane production phase which may
require an additional biomass production, such as after system contamination,
subsequent loss in biomass or else. Also this problem is solved by the present
invention, which provides a method for producing methane, wherein the process
measures are selected such that a high biomass production is provided — in parallel to
a high methane production rate. In summary, the inventors have a identified process
measure which provides a high methane production rate and at the same time a high
biomass production rate, if desired, or a low biomass production rate, if desired. In
another aspect of the present invention, a method for producing methane is provided
wherein the nitrogen concentration in the liquid phase inside the reaction vessel is in

the range of 40 to 50 mmol/L.
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In addition, the methane production rate of the method may be increased when
hydrogen and carbon dioxide are introduced into the reaction vessel at a gas feed rate
of at least 0.5 vvm in total (total volume of hydrogen and carbon dioxide introduced
per volume reactor medium comprising the methanogenic microorganisms per
minute, i.e. per period of time). Surprisingly, in particular a total hydrogen and
carbon dioxide gas feed rate of at least 1 vvm, preferably higher than 1 vvm, signifi-
cantly improved the volumetric productivity. One mole of an ideal gas has a volume
of about 22.414 L at 0 °C (= 273,15 K) and 1013.25 hPa (normal atmospheric pres-
sure at sea level). Based on this, 1 L gas contains about 0.04461 mol (= 44.61 mmol)
gas molecules. Thus, if 1 L gas is introduced into a reaction vessel comprising 1 L of
reaction medium with methanogenic microorganisms per hour, this means that about
44.61 mmol gas comprising hydrogen and carbon dioxide is introduced regardless of
the exact composition of the respective gas source. Thereby, a person skilled in the
art may casily calculate the amount of gas molecules to be introduced at higher
temperatures, higher or lower pressure or higher or lower vvm, or higher or lower
volume of reaction medium. This is also of relevance if real gases are used which
contain, apart from main components carbon dioxide and hydrogen, byproducts such
as nitrogen, water vapour, carbon monoxide (e.g. in combustion gases) or are
methane enriched gases such as biogas (mixture of carbon dioxide and methane). A
description of real gases and means and methods for gas composition determination

are given below.

With respect to the total gas feed rate, the inventors hold the view that since the
conversion of hydrogen and carbon dioxide to methane by methanogenic micro-
organisms takes place in an aqueous medium phase in a continuously stirred tank
reactor (CSTR), air-lift bioreactor, bubble column, trickle-bed bioreactor, fixed-bed
bioreactor, or membrane bioreactor, and both substrates are gasses (i.e. hydrogen and
carbon dioxide), it may be assumed, that the gas/liquid mass transfer plays a major
role as the rate limiting step if the supply of liquid media components is sufficient.

The gas/liquid transfer rate (GTR) itself is dependent on the volumetric mass transfer
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coefficient (k;,) and the concentration gradient between gaseous and liquid phase
which acts as the driving force for diffusion. The kr, is dependent on the stirrer
speed and the gas feed rate, i.e. the gas feed rate of hydrogen and carbon dioxide in
total which is introduced into the reaction vessel, as well as the concentration
gradient of the partial pressure of a gas in the gas phase which can be varied either by
the varying the fraction or ratio of that gas, e.g. hydrogen to carbon dioxide
volumetric or partial pressure ratio, in the total gas feed or by the pressure inside the
reactor. The total gas feed rate of hydrogen and carbon dioxide influences factor for
increasing the volumetric productivity by improved educt gas supply to the methano-
genic microorganisms for biomass production and for the conversion of the educt
gases hydrogen and carbon dioxide to methane. In addition, an increased pressure
inside the reaction vessel, a specific partial pressure ratio of hydrogen gas to carbon
dioxide gas and other factors also influence the volumetric productivity and the
methane content in the off-gas. In principle, by applying a nitrogen concentration in
the liquid phase inside the reaction vessel is in the range of 0.0001 to 35 mmol/L or
in the range of 55 to 1000 mmol/L, an increasing of the total gas feed rate of hydro-
gen and carbon dioxide and increasing the absolute pressure inside the reaction
vessel to above normal atmospheric pressure increases the volumetric productivity
and the percentage amount of methane in the gas which is released from the reaction
vessel, i.¢. in the off-gas while the carbon flux derived from carbon dioxide is

directed towards the product methane rather than building unnecessary biomass.

Further, there is also still a high need for a system and method which provide energy
from a renewable or non-renewable energy source in a storable and transportable
form, such as methane, that is also inexpensive, has high energy conversion rates and
is environmentally friendly, i.e. at least neutral in carbon dioxide release and low in

the release of other environmentally harmful or polluting substances.

Despite the production of methane being a central aspect of the invention, the
invention also considers the supply of the methanogenesis educts hydrogen and

carbon dioxide and also the further processing of the produced off-gas down to end-



WO 2014/128300 PCT/EP2014/053545

10

15

20

25

30

12 -

user applications. Hence, it is also an object of the invention to provide a method
which produces methane using the energy from renewable energy sources, waste
products of other industries (e.g. carbon dioxide being released to the atmosphere
and thus adding to global warming) and effectively recycles by-products in the off-
gas, such as water vapour, N; and the two in-gases hydrogen and carbon dioxide.

Moreover, the present invention provides a system for efficient methane production.

The inventors recognized that inter alia an improved connection and exploitation of
educts, intermediates and products for economically using renewable energy sources
in order to replace fossil fuels and nuclear energy as main energy sources is needed.
Only this would guarantee an optimal use of natural resources and thus of energy. In
such a method none of the components would remain unused or be considered as
waste. Moreover, especially substances which are considered waste in other

industries should be used as valuable educt components in energy production.

Morecover, the method of the invention consumes carbon dioxide and thus reduces
the amount of greenhouse gases in the atmosphere. The method of the invention may
use carbon dioxide and hydrogen from any source and thus provides a method for
reducing the amount of carbon dioxide, which is suspected by many researches to
cause global warming, released to the atmosphere. Another aspect of the invention is
the conversion of carbon dioxide contained in waste gas from any industrial process,
such as coal gasification, biomass gasification, liquid fuel production by biomass
fermentation, ethanol production from biomass and others into methane. Thus, the
invention has a double positive effect on the environment as it uses renewable energy
in a preferred embodiment and also helps to reduce the amounts of waste and the

release of greenhouse gases or other substances in the atmosphere.

For this purpose, the energy from a renewable or non-renewable energy source is to
be converted in a sequence of conversion steps into methane as end-product as
methane is storable and easy to transport with a well-developed infrastructure being

already available. In an example, the method of the invention uses the energy of a
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renewable or non-renewable energy source, preferably of a renewable energy source
for all method applications where energy is needed. Thereby, the energy of a non-
renewable source may be converted into methane in periods of low energy
consumption or low net utilisation. The energy of the renewable or non-renewable
energy source may in particular be used for the electrolysis of water or brine to
produce hydrogen on the one hand and oxygen on the other hand. The hydrogen
obtained by the electrolysis may then used for a conversion together with carbon
dioxide into methane. Thus, the method and system presented herein would already
be applicable in common transportation and heating systems, whereas other
approaches aiming at solving the problem of energy supply in the future, require the
development of new engines, infrastructure or heating systems in the first place and

are therefore not applicable immediately.

The inventors have further surprisingly found out that despite the beneficial effect of
a nitrogen concentration in the liquid phase inside the reaction vessel being in the
range of 0.0001 to 35 mmol/L or in the range of 55 to 1000 mmol/L, the hydrogen
and carbon dioxide gas feed preferably is at least 0.5 vvm in total, optionally further
the pressure inside the reaction vessel should be above normal atmospheric pressure
to support the gas/liquid transfer of hydrogen and carbon dioxide to get in contact
with the methanogenic microorganisms inside the reaction medium, and optionally
also a specific ratio of the partial pressure of H; to the partial pressure of CO, is the
most appropriate way to control the actual fermentation conditions and gas ratio
inside the reaction vessel and thus also the provision of educts to the methanogenic
microorganisms to achieve a beneficial process economy. The “partial pressure” of
an ideal gas in a gas mixture is equal to the pressure it would exert if the same
volume is occupied alone at the same temperature. This is because ideal gas
molecules are so far apart that they do not interfere with each other. Real gases come
very close to this ideal and the gas phase above the liquid phase inside the reaction
vessel has to be regarded as real gas phase in a thermodynamic definition. In the
prior art, if any, simply the volumetric inflow ratio of both gases has been

considered, however, not the real gas supply situation inside the reaction vessel.
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Thus, no information on the actual gas ratio inside the reaction vessel is provided in
the literature. The actual gas ratio inside of the reaction vessel is more important
than the simple gas feed ratio since it reflects the real situation as to how the
methanogenic microorganism operates. The partial pressures are linked via Henry's
law to the solubility of the gaseous components in the liquid phase, giving the
dissolved gas concentrations the cell actually experiences during the biological
reaction. The partial pressure of a gas dissolved in a liquid is the partial pressure of
that gas which would be generated in a gas phase in equilibrium with the liquid at the
same temperature. Gases dissolve, diffuse, and react according to their partial
pressures, and not necessarily according to their concentrations in a gas mixture. By
controlling partial pressure ratio rather than volumetric amounts, the part of methane
production by conversion of hydrogen and carbon dioxide can significantly be

improved.

Hence, the method of the invention optionally uses at least partially or even
completely electric energy which is obtained from a renewable or non-renewable
energy source for the electrolysis of water or brine to obtain hydrogen in the first
place and optionally also oxygen. Optionally, the hydrogen being used for the
production of methane by methanogenic microorganism is at least partially or even
completely produced by the electrolysis of water and/or brine. Optionally, the
electrolysis of water and/or brine uses at least partially or completely electric energy
generated using a renewable and/or non-renewable energy source, preferably from a
renewable energy source. Optionally, the carbon dioxide used in the method of
producing methane is at least partially or completely provided by oxygen enriched
combustion or gasification using oxygen being at least partially or completely
provided by electrolysis of water and/or brine. Oxygen enriched combustion and
gasification will be explained in detail below. “Partially” in the sense of the
invention denotes that at least 1%, 2%, 3%, 4%, 5%, 7.5%, 10%, 20%, 30%, 40%,
50%, 60%, 70%, 75%, 80%, 85%, 90%, 95%, 96%, 97%, 98% or 99% are used of
the particular source. Examples of method components being partially or completely

(= 100%) used in the method are hydrogen and oxygen produced by the electrolysis
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of water and/or brine, electric energy generated from a renewable and/or non-
renewable energy source or carbon dioxide provided or produced by oxygen

enriched combustion or gasification using oxygen.

The carbon dioxide which is used for the methanogenesis may virtually be derived
from any source, for example from an industrial source or an industrial process
where carbon dioxide is — for example — considered as waste or by-product which is
released to the atmosphere, or the carbon dioxide may be produced in oxygen
enriched combustion, wherein at least the oxygen obtained by electrolysis of water is
used for producing carbon dioxide. Otherwise a release of carbon dioxide would
lead to a net increase of the amount of carbon dioxide and thus of greenhouse gases
in the atmosphere which probably contributes to global warming. This effect may at
least be partially prevented by applying the system and method of the invention

which re-uses such “waste” carbon dioxide.

To overcome the above mentioned drawbacks the present invention provides a
method for producing methane comprising contacting methanogenic microorganisms
in a reaction vessel with hydrogen and carbon dioxide, wherein the nitrogen
concentration in the liquid phase inside the reaction vessel is in the range of 0.0001
to 35 mmol/L or in the range of 55 to 1000 mmol/L. Preferably, the nitrogen
concentration in the method is in the liquid phase inside the reaction vessel is in the
range of 0.0001 to 30 mmol/L or in the range of 60 to 500 mmol/L.. More preferably,
in the method of the invention the nitrogen concentration in the liquid phase inside

the reaction vessel is in the range of 0.0001 to 20 mmol/L.

Preferably, the nitrogen is selected from the group consisting of ammonia (NH3),
amino acids, aqueous solution of ammonia, molecular nitrogen (N;), ammonium
compounds, inorganic or organic nitrogen compounds and mixtures thereof.
Optionally, the nitrogen is ammonia (NH3), an aqueous solution of ammonia or an
ammonium compound selected from the group consisting of ammonium chloride

(NH4Cl), ammonium carbonate (NH4),CO3, ammonium sulfide (NH4)2S),
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ammonium hydrogen sulphide (NH4HS), ammonium phosphate ((NH,),POj,),
ammonium hydrogen phosphate (NHsHPO,), ammonium sulphate ((NH4)2SO3),
ammonium (NH3), ammonium hydrogen carbonate (NH4)HCO3, ammonium
carbamate (NH4CO,NH;), ammonium nitrate (NH4NO3), ammonium nitrite
(NH4NO;), ammonium hydroxide (NH4OH) and mixtures thereof. More preferably,
the nitrogen is an ammonium compound selected from the group consisting of
ammonium chloride (NH4Cl), ammonium carbonate (NH4),CO3, ammonium sulfide
((NH4),2S), ammonium hydrogen sulphide (NH4HS), ammonium phosphate
((NH4),PO,), ammonium hydrogen phosphate (NH4sHPO,), ammonium sulphate
((NH4)2S04), ammonium (NHz), ammonium hydrogen carbonate (NH4)HCO3,
ammonium carbamate (NH4CO,;NH;), ammonium nitrate (NH4sNO3), ammonium

nitrite (NH4NO;), ammonium hydroxide (NH4OH) and mixtures thereof

Optionally, the gas feed rate of hydrogen and carbon dioxide into the reaction vessel
in the method is at least 0.5 vvm in total, at least 1.0 vvm in total, 1.2 vvm in total, or
is in the range of 1.2 vvm to 25 vvm in total, preferably at least 1, 1.5 or 2 vvm in

total.

Optionally, the hydrogen used in the method is at least partially provided by
electrolysis of water and/or brine. Optionally, the electrolysis of water and/or brine
uses at least partially electric energy generated using a renewable and/or non-
renewable energy source, wherein preferably the electric energy is generated using a

renewable energy source.

Preferably, the renewable energy source comprises solar energy, wind power, wave
power, tidal power, water or hydro power, geothermal energy, biomass and biofuel

combustion, or combinations thereof.

In another optional embodiment, the carbon dioxide used in the method is at least
partially provided by oxygen enriched combustion or gasification using oxygen

being at least partially provided by electrolysis of water and/or brine.
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In another optional embodiment, the methanogenic microorganisms are
methanogenic archaea, optionally the methanogenic archaea is selected from the
group consisting of Methanosarcinia barkeri, Methanobacterium thermo-
autotrophicus, Methanothermobacter thermoautotrophicus, Methanococcus
maripaludis, Methanothermobacter marburgensis, Methanocaldococcus jannaschii,
and mixtures thereof, preferably, the methanogenic archaea is Methanothermobacter
marburgensis, more preferably, the methanogenic archaea is Methanothermobacter

marburgensis strain DSM 2133,

Further, inside the reaction vessel an absolute pressure above normal atmospheric
pressure may optionally be applied. Optionally, inside the reaction vessel an
absolute pressure of at least 1.2 bar or 1.5 bar is applied or an absolute pressure in the

range of 1.5 bar to 1000.0 bar is applied.

In one optional embodiment of the invention, the gas feed rate of hydrogen and
carbon dioxide into the reaction vessel is at least 0.5 vvm in total, 1.0 vvm in total,
1.2 vvm in total, optionally is in the range of 1.2 vvm to 3.0 vvm in total, and inside
the reaction vessel an absolute pressure of at least 1.2 bar, 1.5 bar, optionally an

absolute pressure in the range of 1.5 bar to 3 bar, is applied.

In a preferred embodiment of the method, the nitrogen concentration in the liquid
phase inside the reaction vessel is in the range of 0.0001 to 35 mmol/L or in the
range of 55 to 1000 mmol/L, and the gas feed rate of hydrogen and carbon dioxide
into the reaction vessel is at least 1.0 vvm in total, and optionally further inside the
reaction vessel an absolute pressure of at least 1.5 bar is applied. Preferably, the
nitrogen concentration in the liquid phase inside the reaction vessel is in the range of
0.0001 to 20 mmol/L or in the range of 70 to 500 mmol/L, and the gas feed rate of
hydrogen and carbon dioxide into the reaction vessel is at least 1.5 vvm in total, and
optionally further inside the reaction vessel an absolute pressure of at least 1.75 bar is

applied.
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Optionally, the method further comprises at least one methane production phase,
wherein in the at least one methane production phase the ratio of the partial pressure
of hydrogen to the partial pressure of carbon dioxide inside the reaction vessel is
maintained at 5:1 or higher (parts hydrogen : parts carbon dioxide). Optionally, the
method further comprises at least one cell growth phase, wherein in the at least one
cell growth phase the ratio of the partial pressure of hydrogen to the partial pressure
of carbon dioxide inside the reaction vessel is maintained at a ratio different from the

ratio in the at least one methane production phase.

In an optional embodiment, the volumetric ratio of hydrogen to carbon dioxide in the
feed gas which is introduced into the reaction vessel is in the range of 3:1 to 4.5:1,

preferably 3.5:1 to 4.3:1, and more preferably at 4:1.

In an optional embodiment, the method of the invention comprises one or more of
the following steps:

a) generating electric energy using a renewable and/or non-renewable energy
source, preferably generating electric energy using a renewable energy source; and/or
b) using partially or completely said electric energy for the electrolysis of water
and/or brine, thereby producing hydrogen and/or oxygen; and/or

c) using partially or completely said hydrogen and carbon dioxide, and
optionally partially or completely said electric energy, for producing methane by
methanogenic microorganisms in a reaction vessel, comprising contacting the
methanogenic microorganisms partially or completely with said hydrogen and carbon

dioxide.

In a preferred embodiment, the method further comprises step d), wherein partially
or completely the above mentioned oxygen is used for producing partially or
completely the carbon dioxide usable in step ¢) by oxygen enriched combustion or
gasification. Thus, the carbon dioxide which is usable in step ¢) for producing

methane by methanogenic microorganisms in a reaction vessel is partially or
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completely obtained by oxygen enriched combustion or gasification.

Alternatively or in addition, the carbon dioxide used in the method is at least partially
from or partially derived from an industrial process, is off-gas of the invention, real
gas or a mixture thereof. Optionally, the industrial process comprises biogas or
biomass fermentation, anaerobic digestion, the electrolysis of water or brine,
methanogenesis by methanogenic archaea, oxygen enriched combustion gasification,
and/or combinations thereof. Optionally, the industrial process is selected from the
group consisting of biogas or biomass fermentation, anaerobic digestion, the
electrolysis of water or brine, methanogenesis by methanogenic microorganisms,
such as methanogenic archaea, oxygen enriched combustion, gasification, and/or
combinations thereof. Preferably, the used electric energy and/or the energy for the
industrial process is generated using a renewable energy source or renewable energy

device.

In any of the above embodiments of the method of the invention, the renewable
energy source may comprise solar energy, wind power, wave power, tidal power,
water or hydro power, geothermal energy, biomass and biofuel combustion, or

combinations thereof.

The hydrogen which is used for producing methane by methanogenic micro-
organisms may also at least be partially or completely from and/or is derived from an
industrial process, is off-gas, real gas or a mixture thereof. Optionally, the industrial
process comprises biogas or biomass fermentation, anaerobic digestion, the
electrolysis of water or brine, methanogenesis by methanogenic archaea, oxygen
enriched combustion or gasification, and/or combinations thercof. Optionally, the
industrial process is selected from the group consisting of biogas or biomass
fermentation, anacrobic digestion, the electrolysis of water or brine, methanogenesis
by methanogenic archaea, oxygen enriched combustion or gasification, and/or
combinations thereof. In another preferred embodiment of the method of the

invention, the energy for the industrial process or the electrolysis of water or brine to
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obtain hydrogen and/or oxygen is derived from a renewable energy source, such as
solar energy, wind power, wave power, tidal power, water or hydro power,

geothermal energy, biomass and biofuel combustion, or combinations thereof.

In one alternative embodiment of the invention, the method further comprises at least
one methane production phase, wherein the nitrogen concentration in the liquid
phase inside the reaction vessel is in the range of 0.0001 to 35 mmol/L or in the

range of 55 to 1000 mmol/L.

Optionally, in the at least one methane production phase the ratio of the partial
pressure of hydrogen to the partial pressure of carbon dioxide inside the reaction
vessel is maintained at 5:1 or higher (parts hydrogen : parts carbon dioxide),
preferably the ratio of the partial pressure of hydrogen to the partial pressure of
carbon dioxide is maintained in the range from 7:1 to 30:1 (parts hydrogen : parts
carbon dioxide), more preferably in the range from 9:1 to 25:1 (parts hydrogen : parts
carbon dioxide), even more preferably in the range from 10:1 to 18:1 (parts

hydrogen : parts carbon dioxide), most preferably, the ratio of the partial pressure of
hydrogen to the partial pressure of carbon dioxide inside the reaction vessel in the at
least one methane production phase is maintained in the range from 12:1 to 17:1 or

adjusted to 15%1:1 or 18%1:1 (parts hydrogen : parts carbon dioxide).

Optionally, in the at least one methane production phase, the oxidation reduction
potential inside the reaction vessel is maintained below -350 mV, preferably the
oxidation reduction potential is maintained in the range from -400 mV to -700 mV,
more preferably, the oxidation reduction potential inside the reaction vessel is
maintained in the range from -500 mV to -700 mV, most preferably, maintained at a

value of -550+50 mV or in the range of -600 mV to -640 mV.

In an optional embodiment of the method of the invention, the method further
comprises at least one cell growth phase, wherein the nitrogen concentration in the

liquid phase inside the reaction vessel is in the range of 40 mmol/L to 50 mmol/L.
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Optionally, in the at least one cell growth phase the ratio of the partial pressure of
hydrogen to the partial pressure of carbon dioxide inside the reaction vessel is
maintained at a ratio different from the ratio in the at least one methane production
phase, preferably, the ratio of the partial pressure of hydrogen to the partial pressure
of carbon dioxide is lower than in the at least one methane production phase, more
preferably, the ratio of the partial pressure of hydrogen to the partial pressure of
carbon dioxide is maintained at 4:1 or lower (parts hydrogen : parts carbon dioxide),
even more preferably, in the at least one cell growth phase the ratio of the partial
pressure of hydrogen to the partial pressure of carbon dioxide is maintained in the
range from 0.5:1 to 4:1 or from 0.75:1 to 3.5:1 (parts hydrogen : parts carbon
dioxide), also even more preferably, maintained in the range from 1:1 to 2.5:1 (parts
hydrogen : parts carbon dioxide), most preferably, the ratio of the partial pressure of
hydrogen to the partial pressure of carbon dioxide inside the reaction vessel in the at
least one cell growth phase is maintained at 1.5+£0.5:1 or 2£1:1 (parts hydrogen :
parts carbon dioxide). Further ratios for hydrogen and carbon dioxide for both

phases, the methane production phase and the cell growth phase, are given below.

In any of the above mentioned embodiments of the method of the invention, the
method further comprises at least one cell growth phase, optionally, the oxidation
reduction potential in the at least one cell growth phase is maintained below

-300 mV, preferably, the oxidation reduction potential in the at least one cell growth
phase is maintained below -350 mV or in the range from -300 mV to -500 mV, even
more preferably, the oxidation reduction potential inside the reaction vessel is
maintained in the range from -300 mV to -400 mV, most preferably, the oxidation
reduction potential in the at least one cell growth phase inside the reaction vessel is

maintained at a value of -350+£25 mV.

In any above mentioned embodiment, the oxidation reduction potential may be
adjusted using a reducing agent, such as sodium sulphide or hydrogen sulphide, or by

adjusting the total hydrogen or oxygen gas feed into the reaction vessel.
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In one exemplary embodiment, the method of the invention comprises at least one
cell growth phase and at least one methane production phase, preferably, the method
comprises at least one cell growth phase, wherein the nitrogen concentration in the
liquid phase inside the reaction vessel is in the range of 40 mmol/L to 50 mmol/L,
optionally wherein further the ratio of the partial pressure of hydrogen to the partial
pressure of carbon dioxide is maintained at 4:1 or lower (parts hydrogen : parts
carbon dioxide), and at least one methane production phase, wherein the nitrogen
concentration in the liquid phase inside the reaction vessel is in the range of 0.0001
to 35 mmol/L or in the range of 55 to 1000 mmol/L, optionally wherein further the
ratio of the partial pressure of hydrogen to the partial pressure of carbon dioxide is

maintained at 5:1 or higher (parts hydrogen : parts carbon dioxide).

In another optional embodiment, the method of the invention comprises or consists
of the following steps in the order given
a) atleast one cell growth phase, wherein the nitrogen concentration in the
liquid phase inside the reaction vessel is in the range of 40 mmol/L to
50 mmol/L, and optionally wherein the ratio of the partial pressure of
hydrogen to the partial pressure of carbon dioxide is maintained at a ratio of
4:1 or lower (parts hydrogen : parts carbon dioxide), and
b)  at least one methane production phase, wherein the nitrogen concentration
in the liquid phase inside the reaction vessel is in the range of 0.0001 to
35 mmol/L or in the range of 55 to 1000 mmol/L, and optionally wherein
the ratio of the partial pressure of hydrogen to the partial pressure of carbon
dioxide is maintained at 5:1 or higher (parts hydrogen : parts carbon

dioxide).

In any of the above mentioned embodiments of the method of the invention, the pH
value inside the reaction vessel in the method is maintained in the range from 4.0 to
9.0, 5.0 to 8.0, preferably in the range from 5.5 to 7.8, more preferably in the range

from 6.4 to 7.6, even more preferably in the range from 6.7 to 7.2, and most
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preferably the pH inside the reaction vessel is maintained at 7.0 £ 0.5. In another

embodiment, the preferred pH inside the reaction vessel in maintained at 6.5 £0.5.

In any embodiment of the method of the invention, wherein at least one cell growth
phase is comprised in the method, the methanogenic microorganisms are maintained
in the at least one cell growth phase until the cell growth of the methanogenic micro-
organisms in the reaction vessel stagnates or reaches at least a concentration of 3 g
biomass per litre, of at least 5 g biomass per litre, of at least 6 g biomass per litre, of
at least 7 g biomass per litre, of at least 9 g biomass per litre, of at least 10 g biomass
per litre, of at least 12 g, or 15 g or 17 g biomass per litre, or of at least 20 or 25 g

biomass per litre (determined as dry weight).

Further, the invention also provides a culture of methanogenic microorganisms
having a biomass concentration of 3 g biomass per litre, of at least 5 g biomass per
litre, of at least 6 g biomass per litre, of at least 7 g biomass per litre, of at least 9 g
biomass per litre, of at least 10 g biomass per litre, of at least 12 g biomass per litre,
or of at least 15 g biomass per litre. Aforementioned biomass concentrations are
particularly useful in the reaction medium inside the reaction vessel for the method
of producing methane according to the invention. Optionally, cell retention may be

applied in order to further increase the biomass in the reaction medium.

In another preferred embodiment of the method of the invention, the methanogenic
microorganisms are switched from at least one cell growth phase to at least one
methane production phase by adjusting to or maintaining at the nitrogen
concentration in the liquid phase inside the reaction vessel in the range of 0.0001 to
35 mmol/L or in the range of 55 to 1000 mmol/L, and optionally the ratio of the
partial pressure of hydrogen to the partial pressure of carbon dioxide inside the
reaction vessel to or at 5:1 or higher (parts hydrogen : parts carbon dioxide) or from
at least one methane production phase to at least one cell growth phase by adjusting
to or maintaining at the nitrogen concentration in the liquid phase inside the reaction

vessel is in the range of 40 mmol/L to 50 mmol/L, and optionally the ratio of the
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partial pressure of hydrogen to the partial pressure of carbon dioxide inside the
reaction vessel to or at a ratio different from the ratio in the at least one methane
production phase, optionally, for switching the methanogenic microorganisms from
at least one cell growth phase to at least one methane production phase the oxidation
reduction potential is adjusted to or maintained at a value below -350 mV and/or for
switching the methanogenic microorganisms from at least one methane production
phase to at least one cell growth phase the oxidation reduction potential is adjusted to
or maintained at a value below -300 mV, optionally, using a reducing agent, such as
sodium sulphide or hydrogen sulphide, by adjusting the oxygen gas feed into the
reaction vessel, the hydrogen gas feed into the reaction vessel and/or pH value as will

be explained in detail below.

The present invention also provides a system for producing methane at least one
bioreactor comprising a reaction vessel suitable for growing, fermenting and/or
culturing methanogenic microorganisms, at least one device for providing a gas feed
of hydrogen and carbon dioxide into the reaction vessel, and at least one device for
measuring, adapting and controlling the nitrogen concentration in the liquid phase
inside the reaction vessel, optionally the system comprises at least one device for
generating electric energy from a renewable and/or non-renewable energy source,
and optionally at least one device for producing hydrogen and/or oxygen by the

electrolysis of water and/or brine.

In the system, the bioreactor may further comprise at least one device for measuring
the head pressure and the off-gas concentration, and at least one device for adjusting
or maintaining the partial pressure ratio of hydrogen to carbon dioxide inside the

reaction vessel.

The system optionally further comprises at least one device for oxygen enriched
combustion or gasification for producing carbon dioxide, preferably the device for
oxygen enriched combustion or gasification uses the oxygen produced by the

electrolysis of water, said carbon dioxide being transferred to the bioreactor.
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Optionally, the system further comprises at least one device for delivery, recovery,
purification, enriching, storing, recycling and/or further processing of a member
selected from the group consisting of off-gas, hydrogen, water, nitrogen, oxygen,
chlorine, carbon dioxide, H,S, sodium sulphide, methanogenic microorganisms, used
medium, medium and medium components, methane and other substances of the

process from the reaction vessel and bioreactor.

In an optional embodiment, the renewable energy source comprises solar energy,
wind power, wave power, tidal power, water/hydro power, geothermal energy,

biomass and/or biofuel combustion.

Optionally, the reaction vessel of the system is suitable for growing, fermenting
and/or culturing of methanogenic archaea, optionally of methanogenic archaeca
selected from the group consisting of Methanosarcinia barkeri, Methanobacterium
thermoautotrophicus, Methanothermobacter thermoautotrophicus, Methanococcus
maripaludis, Methanothermobacter marburgensis, Methanocaldococcus jannaschii,
and mixtures thereof, preferably, the methanogenic archaea is Methanothermobacter
marburgensis, more preferably, the methanogenic archaea is Methanothermobacter

marburgensis strain DSM 2133,

Optionally, the at least one bioreactor of the system further comprises a device for
providing, controlling and/or measuring an absolute pressure inside the reaction
vessel above normal atmospheric pressure, of at least 1 bar, at least 1.2 bar, at least
1.5 bar, at least 2.0 bar, at lecast 2.25 bar, at least 2.5 bar, at lcast 3.0 bar, and at least
3.5 bar, or in the range of 1.5 bar to 1000.0 bar.

The system of the invention is thus also suitable for storing energy in the form of

methane and allows for performing and/or conducting the method of the invention.
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The invention further provides the use of a cell culture comprising methanogenic
microorganisms and having a nitrogen concentration in the liquid phase of the cell
culture in the range of 0.0001 to 35 mmol/L or in the range of 55 to 1000 mmol/L for

producing methane.

A general set-up of the system of the invention is illustrated in Figure 1 and
comprises at least one device for generating electric energy from a renewable and/or
non-renewable energy source (1), at least one device for producing hydrogen and/or
oxygen by the electrolysis of water and/or brine (2), preferably said device for
producing hydrogen and/or oxygen by the electrolysis of water and/or brine is an
electrolyser, and at least one bioreactor (3) comprising a reaction vessel suitable for
growing, fermenting and/or culturing methanogenic microorganisms for converting
hydrogen and carbon dioxide into methane and at least one device for providing a
gas feed of hydrogen and carbon dioxide into the reaction vessel and at least one
device for measuring the nitrogen concentration in the liquid phase inside the
reaction vessel (Figure 1, further comprising optional component (4) which will be
explained below). In Figure 1, hydrogen is provided by the electrolysis of water
and/or brine and carbon dioxide is provided from a variable external source. The
drawing depicted in Figure 1 shows two separate feed tubes of hydrogen and carbon
dioxide, however, in an alternative embodiment, the two gases may also be mixed
prior to feed into the reaction vessel comprised in the bioreactor. Preferably, any
bioreactor further comprises at least one device for measuring the head pressure and
the off-gas concentration and at least one device for adjusting or maintaining the
partial pressure ratio of hydrogen to carbon dioxide inside the reaction vessel and/or
a device for providing, controlling and/or measuring an absolute pressure inside the

reaction vessel of at least 1.2 and at least 1.5 bar.

In any embodiment of the system of the invention it should be noted that more than
one device for generating electric energy from a renewable and/or non-renewable
energy source (1), more than one device for producing hydrogen and/or oxygen by

the electrolysis of water and/or brine (2), preferably electrolyser, and/or more than
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one bioreactor (3), comprising one or more reaction vessel suitable for growing,
fermenting and/or culturing methanogenic microorganisms for converting hydrogen
and carbon dioxide into methane and optionally comprising more than one device for
providing a gas feed of hydrogen and carbon dioxide into the reaction vessel or
device for measuring the nitrogen concentration in the liquid phase inside the
reaction vessel, may be present in the system. ‘“More than one” denotes two, three,
four, five, and so on. Of course, the particular number of the devices for a certain
purpose, i.e. for generating electric energy, for producing hydrogen and/or oxygen or
the bioreactor may be selected individually. Further, in case that more than one
device for generating electric energy from a renewable and/or non-renewable energy
source is used in the system of the invention, of course, devices for generating
electric energy from different renewable and/or non-renewable energy sources may
be used. In case that more than one bioreactor is present in the system of the
invention, it is also applicable that, if one or more bioreactors are used, different
nitrogen concentrations, total gas feeds, absolute pressures or other combinations of
process features, parameters or measures are used in the different bioreactors or
reactions vessels. Hence, one or more bioreactors can be used for biomass
production and one or more bioreactors can be used for methane production. The
skilled person will also appreciate that different combinations of fermentation
parameters or methanogenic microorganisms can be used in the bioreactors and
reaction vessels at the same time or sequentially. Even different ratios of the partial
pressure of hydrogen to carbon dioxide may be applied in the reaction vessels of
bioreactors, which are used for the same phase of the invention, or a different

pressure inside the reaction vessels may be applied.

In case of the electrolysis of water, wherein oxygen and hydrogen are produced, both
hydrogen and oxygen are separated by means known to a person skilled in the art and
discussed in detail below as only the hydrogen should be introduced into the
bioreactor, whereas the oxygen is optionally used in gasification or oxygen enriched
combustion processed as also discussed in detail below. Optionally the renewable

energy source comprises solar energy, wind power, wave power, tidal power,
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water/hydro power, geothermal energy, biomass and biofuel combustion. Arrows
indicate the transfer of one or more compounds (e.g. electric energy, liquid, gaseous
and/or solid compounds) between the devices/bioreactor(s) or else of the system.
The electric energy from a renewable and/or non-renewable energy source, may be
transferred via general power supply lines or cables or else to the at least one device
for producing hydrogen and/or oxygen by the electrolysis of water and/or brine (2),
preferably said device for producing hydrogen and/or oxygen by the electrolysis of
water and/or brine is an electrolyser, and/or to the at least one bioreactor (3) or be
stored in an electric energy storage device (4), such as a battery or accumulator or
else. In general and applicable to all embodiments of the invention, the electric
energy storage device (4), such as a battery or accumulator or else may be any
common device suitable for storing electric energy, such as a common battery or
common accumulator to be used according to the manufacturer’s instructions. From
the electric energy storage device (4) the electric energy may be transferred via
general power supply lines or cables or else to the at least one device for producing
hydrogen and/or oxygen by the electrolysis of water and/or brine (2), preferably said
device for producing hydrogen and/or oxygen by the electrolysis of water and/or
brine being an electrolyser, and/or to the at least one bioreactor (3). Water and/or
brine are provided via general transportation or tubes, pipes or else but also via water
tanks transported by transportation systems such as trains, cars, trucks or else. Water
in general, and in particular water from rain or water which was purified in order to
be suitable for the use in electrolysis may be stored in water tanks, cisterns, artificial

lakes, reservoirs or else.

The hydrogen obtained by electrolysis is partially or completely transferred to the
bioreactor (3), where it is converted together with carbon dioxide into methane by
methanogenic microorganisms. Hydrogen, carbon dioxide and also other gaseous
substances, such as oxygen, may in general be transferred via standard gas transport
means, such as tubes, pipes or else. They may also be delivered, for example, in gas
cylinders or bottles which allow for storage of carbon dioxide and/or hydrogen

before introduction into the bioreactor. Gas cylinders and/or bottles allow not also
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for storage of carbon dioxide prior to introduction into the bioreactor, such as for
example of hydrogen after electrolysis in case of excess production or else, but also
for individual transportation of carbon dioxide and/or hydrogen to bioreactors (3)
which are — for example — not connected to any gas transport means, such as tubes,
pipes or else. The carbon dioxide may be of any source as will be further discussed
in detail below, optionally the carbon dioxide used herein is air or carbon dioxide
waste gas from an industrial process. The off-gas is removed from the bioreactor (3)
via the standard means of the bioreactor (3), such as tubes, pipes or else. These
standard means are familiar to a person skilled in biotechnology and can also be
taken from the bioreactor manufacturer’s instructions. The off-gas comprises
methane, water vapour, hydrogen and carbon dioxide but also other gases which are
present inside the reaction vessel as described below. The off-gas may be further
purified or enriched (by at least partially removing components except methane) for
increasing the methane content by methods well known to a person skilled in the art
and further discussed in detail below. The off-gas or the methane-enriched off-gas
may also be stored in gas cylinders, bottles or else or it may be recycling and/or
further processed in order to also use gaseous components other than methane, such
as carbon dioxide and/or hydrogen which have not been converted into methane by
the methanogenic microorganisms. The hydrogen and/or carbon dioxide comprising
off-gas may also be fed back into the bioreactor by standard means and devices or it
is transferred into another bioreactor. Or the off-gas, methane or methane-enriched
off-gas may be used directly and/or after transportation in gas cylinders, bottles or
else or by standard gas transport means, such as tubes, pipes or else, as fuel or energy
carrier in end-user applications, for heating devices, vehicles, or be converted into
other forms of energy, such as thermal, mechanical, electric energy or else. Methane
burns with oxygen, such as comprised in air or produced by electrolysis of water, to
carbon dioxide, which may be re-used for methane production in the bioreactor by
the methanogenic microorganisms, and water, which may be re-used for electrolysis
for hydrogen and oxygen production. The overall process and an exemplary set-up
of the optional system of the invention are illustrated in Figure 2. Thereby, none of

the substances or components remains unused. Another end-user application of



WO 2014/128300 PCT/EP2014/053545

10

15

20

25

30

-30 -

methane is the conversion into methanol via a three step reaction as follows:

(1) Steam reforming: CH4 + H,O < CO + 3H; (requires Ni catalyst and 800 °C),

(1) water shift reaction: CO + H,O < CO, + H; (requires Ni catalyst and 800 °C)
and (ii1) synthesis: 2H; + CO <> CH30OH. The methanol may further be converted to
gasoline by the Mobil process. Methanol may also be used as educt for the
production of base chemicals (e.g. olefin via “methanol to olefin process” and access
to solid polymers like polypropylene). All these methods are known to a person
skilled in the art. Information on the so-called “methanol to olefin process” may for
example be obtained from UOP Corporate Offices, Des Plaines, IL, USA) or from
Norsk Hydro ASA, Oslo, Norway.

In a preferred embodiment of the invention, the system comprises at least one device
for generating electric energy from a renewable energy source, optionally the
renewable energy source comprises solar energy, wind power, wave power, tidal
power, water/hydro power, geothermal energy, biomass and biofuel combustion, at
least one device for producing hydrogen and/or oxygen by the electrolysis of water
and/or brine, and at least one bioreactor . The general set-up of this preferred
embodiment of the system of the invention is illustrated in Figure 3. All
explanations regarding the general set-up of the system of the invention as in

Figure 1 also apply with respect to the exemplary embodiment of the system as in

Figures 2, 3 and 4.

In any embodiment of the invention, the system may further comprise at least one
device for oxygen enriched combustion or gasification (5) for producing carbon
dioxide, preferably, the device for oxygen enriched combustion or gasification (5)
uses partially or completely the oxygen produced by the electrolysis of water in
device (2) for producing carbon dioxide, said carbon dioxide being transferred to the
bioreactor (3) via a device for providing, measuring and/or controlling a gas feed of
hydrogen and carbon dioxide into the reaction vessel, thereby being transferred to the
methanogenic microorganisms inside the reaction vessel comprised in the bioreactor

(3). An exemplary scheme of such an embodiment comprising at least one device for
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oxygen enriched combustion (5) or gasification (5) for producing carbon dioxide is
illustrated in Figure 4. All explanations regarding the general set-up of the system of
the invention as in Figure 1, 2 or 3 also apply with respect to the exemplary
embodiment of the system as in Figure 4. As already described above, hydrogen,
carbon dioxide and also other gascous substances, such as oxygen, may in general be
transferred via standard gas transport means, such as tubes, pipes or else, such as the
at least one device for providing, measuring and/or controlling a gas feed of
hydrogen and carbon dioxide into the reaction vessel. They may also be delivered,
for example, in gas cylinders or bottles which allow for storage of the substance
before introduction into the bioreactor in case of hydrogen and carbon dioxide or
delivered to combustion or gasification in case of the oxygen derived from the
electrolysis of water. Gas cylinders and/or bottles not only allow for the storage of
carbon dioxide prior to introduction into the bioreactor (3), such as for example of
hydrogen after electrolysis in case of excess production or else, but also for the
individual transportation of carbon dioxide and/or hydrogen to bioreactors (3) which
are — for example — not connected to any gas transport means, such as tubes, pipes or
else. Optionally, additional carbon dioxide from any other carbon dioxide source
mentioned herein may be introduced into the bioreactor (3) and thereby to the
methanogenic microorganisms comprised in the reaction vessel comprised in the
bioreactor. This may be applicable in case of low carbon dioxide production by the
combustion or gasification device (5). For combustion/oxygen enriched combustion
or gasification, carbonaceous material, e.g. petroleum, wood, coal, living and/or dead
biomass, is required and may be delivered via standard transportation as known to a

person skilled in the art.

The system of the invention may further comprise one or more devices for purifying
carbon dioxide of any source and also mixtures thereof from contaminants prior to its
feed into the reaction vessel of the bioreactor of the invention. For example, such a
carbon dioxide purifying device may be present between the device for oxygen
enriched combustion or gasification and the bioreactor. Such devices and methods

are known to a person skilled in the art, such as a carbon dioxide scrubber, contacting
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the gas with an absorbing medium which selectively absorbs carbon dioxide, such as
amine, monoethanolamine solutions or quicklime absorption, or which selectively
absorbs gases other than carbon dioxide from the real gas, activated charcoal or
activated coal, by the regenerative carbon dioxide removal system, polymer

membrane gas separators, molecular sieves, others and combinations thereof.

In addition, the system may further comprise at least one device for recovery,
purification, enriching, storing, recycling and/or further processing of off-gas,
hydrogen, water, oxygen, chlorine, electric energy, carbon dioxide, H,S, sodium
sulphite, methanogenic microorganisms, used medium and medium components,
methane and other substances of the process. These devices for recovery, purifi-
cation, enriching, storing, recycling and/or further processing are connected to the
respective device or to the bioreactor where the above listed substance occurs or can
casily obtained. They may be removed from the system of the invention using
devices and/or means which are suitable for this purpose depending on the nature of
the particular substance, such as cables or lines for electric energy or pipes, tubes and
else for liquid and/or gaseous substances. “Substances of the process” or “com-
pounds of the process” denote all liquid, gaseous and/or solid substances and also
solutions, cells, medium, medium components and suspensions comprising methano-
genic microorganisms of the present invention which are introduced into the system
and/or produced by the methanogenic microorganisms of the invention or by any
other chemical or biological reaction which may occur inside the system of the
invention, in particular inside the reaction vessel and/or the device for electrolysis of
water or brine. Substances of the process are also substances which occur only as
intermediates of the method. Hydrogen, water, oxygen, chlorine, carbon dioxide,
H,S, off-gas, sodium sulphite, methanogenic microorganisms, used medium and
medium components, methane, electric energy and others are exemplary substances
of the process. It is of particular importance in the method and also the system of the
invention that all educts, products and intermediates are optimally used. Therefore,

especially the off-gas is further processed, methane purified and other components
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recycled. How especially carbon dioxide, oxygen and hydrogen are recovered from

the off-gas and re-used in the method of the invention is described in detail below.

The bioreactor preferably comprises

a)  atleast one reaction vessel for fermenting, growing and/or culturing
methanogenic microorganisms,

b)  atleast one device for introducing and removing gaseous substances into the at
least one reaction vessel, ¢.g. at least one device for providing, measuring
and/or controlling a gas feed of hydrogen and carbon dioxide into the reaction
vessel

c) atleast one device for introducing or removing a liquid substance or a cell
suspension into or from the bioreactor or reaction vessel,

d)  devices for measuring and/or adjusting at least the oxidation reduction
potential, temperature, pressure, head pressure, nitrogen and off-gas
concentration and content, the partial pressure ratio of hydrogen and carbon
dioxide and/or pH value,

¢) atleast one device for removing off-gas from the at least one reaction vessel,

f)  atleast one stirring device inside the at least one reaction vessel, and/or

g)  atleast one device for gas liquid mass transfer, such as an agitator.

The nitrogen concentration in the liquid phase inside the reaction vessel can be
adjusted and maintained in the desired concentration ranges or at the desired
concentrations described herein by the addition of nitrogen and in particular of
nitrogen containing chemical substances to the reaction vessel. After the addition of
the nitrogen and nitrogen containing substance to the reaction vessel or the
introduction into the reaction vessel, the nitrogen or nitrogen compound dissolves in
the liquid phase inside the reaction vessel due to physical law and processes which
are well known to a person skilled in the art and are thus general physical
knowledge. Stirring of the liquid phase, which is also described herein below,
supports quick dissolution of the nitrogen or nitrogen compound into the liquid

phase. The term “liquid phase” according to the invention denotes the phase which
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is neither solid, nor gaseous inside the reaction vessel and is well understood by a
person skilled in the art of biotechnological fermentation. The liquid or aqueous
phase contains the biomass, i.e. the methanogenic microorganism, which do not
belong to the liquid phase but rather to the solid phase. In general terms, the liquid
phase comprises water and all substances dissolved therein, such as all medium

components, dissolved gases, nitrogen, salts, vitamins, trace elements and others.

The nitrogen concentration can be measured inside the liquid phase using devices
and techniques generally known to a person skilled in the art, such as by using the
RANDOX NHjs kit (RANDOX Laboratories Limited, Crumlin, United Kingdom) or
the Enzytec™™ NH; kit (Thermo Scientific, Vantaa, Finland). Both enzymatic kits
may be applied by using the CuBiAn® XC enzymatic robot (OPTOCELL Techno-
logy, Biclefeld, Germany). Further, the nitrogen source and the inflow can be
gravimetrically (Sartorius, Gottingen, Germany) controlled at designated pump set-
points (Preciflow, Lambda Laboratory Instruments, Switzerland). Also this
technique is well known to a person skilled in the art. The feed of the nitrogen or the
nitrogen compound into the reaction vessel and thereby also into the liquid phase is
performed by general technical means for the delivery of liquid or gaseous
substances into the reaction vessel, such as by tubes, pumps etc. which are very well
known by a skilled person. Alternatively, the nitrogen concentration in the liquid
phase in the reaction vessel may also controlled, adjusted and maintained by
calculation of the nitrogen concentration of the liquid, gaseous and solid compounds
which are introduced into the reaction vessel. The control of this mass transfer can

be performed gravimetrically as also described herein.

As “nitrogen”, any nitrogen containing chemical substance, i.¢. nitrogen compound,
including molecular nitrogen (N), can be used. The term “nitrogen compound” in
the sense of the invention thus denotes any nitrogen containing chemical substance
independent from the number of nitrogen atoms within the chemical structure, such
as molecular nitrogen (N), ammonia (NH3), amino acids, aqueous solution of

ammonia, nitrogen containing vitamins, ammonium compounds, including
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quaternary ammonium compounds and ammonium and nitrogen containing salts,
amine containing compounds, inorganic or organic nitrogen compounds and others.
If the nitrogen compound contains more than one nitrogen atom in its chemical
structure, the nitrogen concentration in mmol/L is adapted accordingly. As an
example, if 20 mmol/L nitrogen is to be used in a method described herein and as
nitrogen a nitrogen compound having two nitrogen atoms in its chemical structure is
used, then the concentration of nitrogen to be used is divided by the number of the
nitrogen atoms in the structure to result at the respective nitrogen compound
concentration. Of course also mixtures of different nitrogen containing substances
can be used in any ratio, such as 1:1, 1:1.5, 1:2, 1:3, 1:4, 1:5 or else. Further nitrogen
containing compounds are easily identifiable by a person skilled in the art.
Preferably, the nitrogen is selected from the group consisting of ammonia (NH3),
aqueous solution of ammonia, molecular nitrogen (N,) and ammonium compounds.
Molecular nitrogen is particularly preferred since it is a component of the atmosphere

and thus a cheap and easily available nitrogen source.

“Ammonium compounds” in the sense of the present invention are compounds which
dissolve in aqueous solutions, such as water based solution, under the formation of
ammonium ions (NH;"), such as ammonium salts. Preferably, the nitrogen of the
method of the invention is an ammonium compound or a mixture of ammonium
compounds. Even more preferred the nitrogen is an ammonium compound being
selected from the group consisting of ammonium chloride (NH4Cl), ammonium
carbonate (NH4)2,CO3, ammonium hydrogen carbonate (NH4)HCO3, ammonium
carbamate (NH4CO,;NH;), ammonium sulfide ((NH4),S), ammonium hydrogen
sulphide (NH4HS), ammonium phosphate ((NH4),PO,), ammonium hydrogen
phosphate (NH4HPO,), ammonium sulphate ((NH4)2SO4), ammonium (NH3),
ammonium nitrate (NH4NO3), ammonium nitrite (NH4sNO;), ammonium hydroxide
(NH4OH) and mixtures thereof. More preferably, molecular nitrogen, ammonium
chloride (NH4Cl), ammonium carbonate (NH,4),COs, or mixtures thercof are used as

nitrogen in the method of the invention.
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For the method of the invention, i.e. for producing methane comprising contacting
methanogenic microorganisms in a reaction vessel with hydrogen and carbon
dioxide, wherein a high methane evolution rate or volumetric productivity should be
achieved without unnecessary biomass production, the nitrogen concentration in the
liquid phase inside the reaction vessel should be in the range of 0.0001 to 35 mmol/L
or in the range of 55 to 1000 mmol/L, preferably, the nitrogen concentration in the
liquid phase inside the reaction vessel is in the range of 0.0001 to 30 mmol/L or in
the range of 60 to 500 mmol/L, more preferably, the nitrogen concentration is in the
range of 0.0001 to 28 mmol/L or in the range of 65 to 500 mmol/L, or the nitrogen
concentration is in the range of 0.0001 to 25 mmol/L or in the range of 70 to

400 mmol/L, or the nitrogen concentration is in the range of 0.001 to 23 mmol/L or
in the range of 75 to 300 mmol/L, or the nitrogen concentration is in the range of
0.05 to 20 mmol/L or in the range of 75 to 200 mmol/L. In another embodiment of
the invention, the nitrogen concentration in the liquid phase inside the reaction vessel
should be in the range of 0.01 to 35 mmol/L, preferably, the nitrogen concentration
in the liquid phase inside the reaction vessel is in the range of 0.1 to 30 mmol/L,
more preferably, the nitrogen concentration is in the range of 0.5 to 28 mmol/L, or
the nitrogen concentration is in the range of 1 to 25 mmol/L, or the nitrogen
concentration is in the range of 5 to 23 mmol/L or in the range of 7 to 20 mmol/L, or
the nitrogen concentration is in the range of 10 to 15 mmol/L or in the range of 11 to

15 mmol/L.

Even more preferred is a nitrogen concentration in the liquid phase inside the
reaction vessel which is in the lower concentration range, i.e. below 35 mmol/L since
in this range MER values are even higher, and following the aim of designing a
highly economical methane producing fermentation process, less educt and raw

material investment is preferred.

The methane evolution rate in relation to the biomass production rate is even
increased at a nitrogen concentration of less than 35 mmol/L as it is demonstrated by

the experimental data in Figure 18. In Figure 18 (A), Y cna) over nitrogen
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concentration in the range of 0.0001 to 20 mmol/L. This Figure demonstrates that in
the lower nitrogen concentration ranges less biomass is produced in relation to
methane. In other words, the biomass production rate is smaller in relation to the
methane production rate, i.e. more carbon dioxide is used by the methanogenic

microorganisms for the production of methane than for biomass production.

In Figure 18 (B), Y (cnax) is presented over the nitrogen concentration in mmol/L. In
particular, Figure 18 (B) focuses on the yield of MER in relation to the biomass
production rate over the lower nitrogen concentration in the range of 0.0001 to

30 mmol/L. From this inverse representation (Y crasx) instead of Y wcnay) it becomes
clear that in particular in the lower nitrogen concentration ranges, i.e. from 0.0001 to
35 mmol/L, 0.0001 to 30 mmol/L, 0.0001 to 25 mmol/L, 0.0001 to 20 mmol/L, or
0.0001 to 15 mmol/L, even more specifically in the range of 0.0001 to 10 mmol/L
and most particularly in the nitrogen concentration range of 0.0001 to 5 mmol/L in
the liquid phase, the MER is surprisingly high in relation to the biomass production.
Hence nitrogen concentrations of less than 35 mmol/L are even more suitable for an
economic and high-yield methane production process which does not waste raw
materials like carbon dioxide. A better relation of MER to biomass production rate
which means that more carbon dioxide is used for methane production also implies
that a higher amount of hydrogen is converted to methane and thus also less hydro-
gen as raw material of methane remains unused. Further, the nitrogen investment in
the method is also minimal. The advantage of using nitrogen concentration of less
than 35 mmol/L is that carbon dioxide, hydrogen and nitrogen as raw materials in the
method of producing methane are efficiently used in the method. For this reason,
more preferably, the nitrogen concentration in the liquid phase inside the reaction
vessel is as stated above or in the range of 0.0001 to 25 mmol/L, 0.0001 to

23 mmol/L, 0.0005 to 20 mmol/L, 0.001 to 18 mmol/L, 0.001 to 17 mmol/L, 0.001 to
15 mmol/L, 0.001 to 12 mmol/L, 0.001 to 10 mmol/L. Most preferred is a nitrogen
concentration in the liquid phase inside the reaction vessel in the range of 0.0001 to

7 mmol/L or 0.001 to 5 mmol/L. These nitrogen concentrations also provide for
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optimal raw material flux, such as the carbon dioxide flux, to methane production

instead to biomass production.

In an exemplary embodiment of the present invention, nitrogen is an ammonium
compound. In this case, in the method of the invention, i.e. for producing methane
comprising contacting methanogenic microorganisms in a reaction vessel with
hydrogen and carbon dioxide, the ammonium compound concentration, preferably
selected from the group consisting of ammonium chloride (NH4Cl), ammonium
carbonate (NH4),CO3, ammonium sulfide ((NH4),S), ammonium carbamate
(NH4CO;NH3;), ammonium hydrogen sulphide (NH4HS), ammonium phosphate
((NH4)2P0O4), ammonium hydrogen phosphate (NH4sHPO4), ammonium sulphate
((NH4)2S04), ammonium (NH3), ammonium nitrate (NH4NO3), ammonium nitrite
(NH4NO;), ammonium hydroxide (NH,OH) and mixtures thereof, in the liquid phase
inside the reaction vessel should be in the range of 0.0001 to 35 mmol/L or in the
range of 55 to 1000 mmol/L, preferably, the ammonium compound concentration in
the liquid phase inside the reaction vessel is in the range of 0.0001 to 30 mmol/L or
in the range of 60 to 500 mmol/L, more preferably, the ammonium compound
concentration is in the range of 0.0001 to 28 mmol/L or in the range of 65 to

500 mmol/L, or the ammonium compound concentration is in the range of 0.0001 to
25 mmol/L or in the range of 70 to 400 mmol/L, or the ammonium compound
concentration is in the range of 0.001 to 23 mmol/L or in the range of 75 to

300 mmol/L, or the ammonium compound concentration is in the range of 0.05 to

20 mmol/L or in the range of 75 to 200 mmol/L.

Even more preferred is an ammonium compound concentration in the liquid phase
inside the reaction vessel which is in the lower concentration range, i.e. below

35 mmol/L since in this range MER values are even higher, and following the aim of
designing a highly economical methane producing fermentation process, less educt
and raw material investment is preferred. The higher methane evolution rate at a
nitrogen/ammonium compound concentration being less than 35 mmol/L, is also

impressively demonstrated by the experimental data presented in Figure 18. Hence,
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more preferably, the ammonium compound concentration in the liquid phase inside
the reaction vessel is in the range of 0.0001 to 25 mmol/L, 0.0001 to 23 mmol/L,
0.0005 to 20 mmol/L, 0.001 to 18 mmol/L, 0.001 to 17 mmol/L, 0.001 to 15 mmol/L,
0.001 to 12 mmol/L, 0.001 to 10 mmol/L. Most preferred is an ammonium
compound concentration in the liquid phase inside the reaction vessel in the range of

0.001 to 7 mmol/L or 0.001 to 5 mmol/L.

In one embodiment of the present invention, the nitrogen concentration in the liquid
phase inside the reaction vessel is in the range of 0.0001 to 35 mmol/L, 0.0001 to

30 mmol/L, 0.0001 to 28 mmol/L, 0.0001 to 25 mmol/L, 0.001 to 23 mmol/L, 0.05 to
20 mmol/L,0.0001 to 25 mmol/L, 0.0001 to 23 mmol/L, 0.0005 to 20 mmol/L, 0.001
to 18 mmol/L, 0.001 to 17 mmol/L, 0.001 to 15 mmol/L, 0.001 to 12 mmol/L, 0.001
to 10 mmol/L, 0.001 to 7 mmol/L or 0.001 to 5 mmol/L, wherein the nitrogen is
selected from the group consisting of ammonia (NH3), amino acids, molecular
nitrogen (N,), ammonium compounds, optionally being selected from the group
consisting of ammonium chloride (NH4Cl), ammonium carbonate (NH4),COs,
ammonium sulfide ((NH4),S), ammonium carbamate (NH,CO,NH;), ammonium
hydrogen sulphide (NH4HS), ammonium phosphate ((NH4),PO4), ammonium
hydrogen phosphate (NH4sHPO,4), ammonium sulphate ((NH4),SO4), ammonium
(NH3), ammonium nitrate (NH4NO3), ammonium nitrite (NH4sNO;), ammonium
hydroxide (NH4OH) and mixtures thereof, inorganic or organic nitrogen compounds
and mixtures thereof, or the nitrogen concentration in the liquid phase inside the
reaction vessel is in the range of 55 to 1000 mmol/L, 60 to 500 mmol/L, 65 to

500 mmol/L, 70 to 400 mmol/L, 75 to 300 mmol/L, or 75 to 200 mmol/L, wherein
the nitrogen is selected from the group consisting of ammonia (NH3), amino acids,
molecular nitrogen (N;), ammonium compounds, optionally being selected from the
group consisting of ammonium chloride (NH4Cl), ammonium carbonate (NH4),CO3,
ammonium sulfide ((NH4),S), ammonium hydrogen sulphide (NH4HS), ammonium
phosphate (NH4),PO,), ammonium hydrogen phosphate (NHsHPO,), ammonium
sulphate ((NH4),S0O4), ammonium (NHz), ammonium carbamate (NH4CO,NH>),
nitrate (NH4NO3), ammonium nitrite (NH4sNO;), ammonium hydroxide (NH;OH)
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and mixtures thereof, inorganic or organic nitrogen compounds and mixtures thereof.
Preferably, in aforementioned embodiment, the nitrogen containing compound, i.e.
ammonia (NH3), amino acids, molecular nitrogen (N;), ammonium compounds,
optionally being selected from the group consisting of ammonium chloride (NH4Cl),
ammonium carbonate (NH4),COj3;, ammonium sulfide (NH4),S), ammonium
carbamate (NH4CO,;NH3), ammonium hydrogen sulphide (NH4HS), ammonium
phosphate (NH4),PO,), ammonium hydrogen phosphate (NH;HPO,), ammonium
sulphate ((NH4),SO4), ammonium (NHj3), ammonium nitrate (NH4NO3), ammonium
nitrite (NH4NO,), ammonium hydroxide (NH4OH) and mixtures thereof, inorganic or
organic nitrogen compounds and mixtures thereof, is independently selected for the
nitrogen concentration range below 35 mmol/L, i.e. wherein the nitrogen
concentration in the liquid phase inside the reaction vessel is in the range of 0.0001

to 35 mmol/L, 0.0001 to 30 mmol/L, 0.0001 to 28 mmol/L, 0.0001 to 25 mmol/L,
0.001 to 23 mmol/L, 0.05 to 20 mmol/L, 0.0001 to 25 mmol/L, 0.0001 to 23 mmol/L,
0.0005 to 20 mmol/L, 0.001 to 18 mmol/L, 0.001 to 17 mmol/L, 0.001 to 15 mmol/L,
0.001 to 12 mmol/L, 0.001 to 10 mmol/L, 0.001 to 7 mmol/L or 0.001 to 5 mmol/L,
and for the nitrogen concentration range above 55 mmol/L, i.e. in the range from 55
to 1000 mmol/L, 60 to 500 mmol/L, 65 to 500 mmol/L, 70 to 400 mmol/L, 75 to

300 mmol/L, or 75 to 200 mmol/L.

For example, in the concentration ranges of 0.0001 to 35 mmol/L, 0.0001 to

30 mmol/L, 0.0001 to 28 mmol/L, 0.0001 to 25 mmol/L, 0.001 to 23 mmol/L, 0.05 to
20 mmol/L, 0.0001 to 25 mmol/L, 0.0001 to 23 mmol/L, 0.0005 to 20 mmol/L, 0.001
to 18 mmol/L, 0.001 to 17 mmol/L, 0.001 to 15 mmol/L, 0.001 to 12 mmol/L, 0.001
to 10 mmol/L, 0.001 to 7 mmol/L or 0.001 to 5 mmol/L the nitrogen is selected from
the group consisting of ammonia (NH3), amino acids, molecular nitrogen (N»),
ammonium compounds, inorganic or organic nitrogen compounds and mixtures
thereof and for the concentration ranges of 55 to 1000 mmol/L, 60 to 500 mmol/L,

65 to 500 mmol/L, 70 to 400 mmol/L, 75 to 300 mmol/L, or 75 to 200 mmol/L, the
nitrogen is an ammonium compound selected from the group consisting of

ammonium chloride (NH4Cl), ammonium carbamate (NH4CO,;NH;), ammonium
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carbonate (NH,4),CO;, ammonium sulfide ((NH,),S), ammonium hydrogen sulphide
(NH4HS), ammonium phosphate ((NH4),PO4), ammonium hydrogen phosphate
(NH4HPOQO,4), ammonium sulphate ((NH4),SO4), ammonium (NH3), ammonium
nitrate (NH4NO3), ammonium nitrite (NH4sNO;), ammonium hydroxide (NH;OH)

and mixtures thereof, or vice versa.

The bioreactor may further comprises at least one device for providing, controlling
and/or measuring an absolute pressure inside the reaction vessel of above normal
atmospheric pressure or of at least 1 bar, 1.2 bar, 1.4 bar, 1.5 bar, 1.6 bar, 1.7 bar,
1.8 bar, or at least 1.9 bar, preferably at least 2.0 bar, 2.1 bar, 2.2 bar, 2.25 bar,

2.3 bar, 2.4 bar, 2.5 bar, 2.6 bar, 2.7 bar, 2.8 bar, 2.9 bar, 3.0 bar, more preferably of
at least 3.2 bar, 3.4 bar, 3.6 bar, 3.8 bar, 4.0 bar, 4.25 bar, 4.5 bar, 4.75 bar, or 5 bar.
Said device for providing, controlling and/or measuring an absolute pressure inside
the reaction vessel is also suitable for providing and maintaining absolute pressures
in the range of 1.0 bar to 1200 bar, 1.2 bar to 1000 bar, 1.3 bar to 500 bar, preferably
in the range of 1.5 bar to 1000 bar. In particular, the range of 1.5 bar to 5 bar has
been calculated by the inventors to be optimal for the production of methane and
would be well tolerable by the methanogenic microorganisms of the present

invention.

In a preferred embodiment of the present invention, the nitrogen concentration is in
the range of 0.0001 to 35 mmol/L, 0.0001 to 30 mmol/L, 0.0001 to 28 mmol/L,
0.0001 to 25 mmol/L, 0.001 to 23 mmol/L, 0.05 to 20 mmol/L, 0.0001 to 25 mmol/L,
0.0001 to 23 mmol/L, 0.0005 to 20 mmol/L, 0.001 to 18 mmol/L, 0.001 to

17 mmol/L, 0.001 to 15 mmol/L, 0.001 to 12 mmol/L, 0.001 to 10 mmol/L, 0.001 to
7 mmol/L, 0.001 to 5 mmol/L, 55 to 1000 mmol/L, 60 to 500 mmol/L, 65 to

500 mmol/L, 70 to 400 mmol/L, 75 to 300 mmol/L, or 75 to 200 mmol/L, and the
absolute pressure inside the reaction vessel is at least 1 bar, 1.2 bar, 1.4 bar, 1.5 bar,
1.6 bar, 1.7 bar, 1.8 bar, or at least 1.9 bar, preferably at least 2.0 bar, 2.1 bar, 2.2 bar,
2.25 bar, 2.3 bar, 2.4 bar, 2.5 bar, 2.6 bar, 2.7 bar, 2.8 bar, 2.9 bar, 3.0 bar, more
preferably of at least 3.2 bar, 3.4 bar, 3.6 bar, 3.8 bar, 4.0 bar, 4.25 bar, 4.5 bar, 4.75
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bar, or 5 bar or is in the range of 1.0 bar to 1200 bar, 1.2 bar to 1000 bar, 1.3 bar to
500 bar, preferably in the range of 1.5 bar to 1000 bar.

Of course, this implies that the bioreactor and in particular the reaction vessel which
is used in the method in the invention and also in the system of the invention is
suitable for such high pressures. Examples of suitable reaction vessels, bioreactors
and pressure resistant materials are well known to a person skilled in the art and can
for Example be obtained from Sartorius (Géttingen, Germany), such as Biostat®™

Cplus, Biichi (Essen, Germany) or other suppliers of bioreactors.

The method of the invention may optionally comprise at least one methane
production phase, wherein the nitrogen concentration in the liquid phase inside the
reaction vessel is in the range of 0.0001 to 35 mmol/L or in the range of 55 to

1000 mmol/L, and further optionally at least one cell growth phase, wherein the
nitrogen concentration in the liquid phase inside the reaction vessel is in the range of
40 to 50 mmol/L. In the at least one methane production phase of the invention,
optionally the partial pressure ratio of hydrogen to carbon dioxide (H,/CO; ratio) in
the reaction vessel is maintained at 5:1 or higher (parts hydrogen : parts carbon
dioxide), preferably, maintained in the range from 7:1 to 30:1 (parts hydrogen : parts
carbon dioxide), more preferably in the range from 9:1 to 25:1 (parts hydrogen : parts
carbon dioxide), even more preferably in the range from 10:1 to 18:1 (parts hydrogen
: parts carbon dioxide), most preferably, the ratio of the partial pressure of hydrogen
to the partial pressure of carbon dioxide inside the reaction vessel is maintained in
the range from 12:1 to 17:1 or adjusted to about 15£1:1 or 18£1:1 (parts hydrogen :
parts carbon dioxide) in the at least one methane production phase, whereas in the
optional at least one cell growth phase, optionally the partial pressure ratio of
hydrogen to carbon dioxide is different from the ratio in the at least one methane
production phase, preferably, the partial pressure ratio of hydrogen to carbon dioxide
18 maintained at or adjusted to a ratio lower than in the ratio in the at least one
methane production phase, particularly preferably, the partial pressure ratio is

maintained at or adjusted to 4:1 or lower (parts hydrogen : parts carbon dioxide),
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more preferably, the partial pressure ratio is maintained at or adjusted to a ratio in the
range from 0.5:1 to 4:1 or from 0.75:1 to 3.5:1 (parts hydrogen : parts carbon
dioxide), even more preferably, the partial pressure ratio is maintained at or adjusted
to a ratio in the range from 1:1 to 2.5:1 (parts hydrogen : parts carbon dioxide), most
preferably, the partial pressure ratio is maintained at or adjusted to a ratio of
1.5+0.5:1 or 2+£1:1 (parts hydrogen : parts carbon dioxide) in the at least one cell
growth phase.

The partial pressure of a gas reflects the specific, i.e. partial, pressure of said gas in a
gas mixture, here in the gas phase inside the reaction vessel. In the reaction vessel,
essentially a liquid phase and a gaseous phase are present. The gaseous phase
comprises the gases which are fed into the reactor or are produced by the methano-
genic microorganisms. The liquid phase inside the reaction vessel comprises the
methanogenic microorganisms of the invention which are typically suspended in a
standard medium. “Head pressure” denotes the total pressure inside the reaction
vessel. The measurement and adjusting or maintaining of the ratio of the partial
pressures of at least carbon dioxide and hydrogen allows for a specific transport of
the gases to the methanogenic microorganisms inside the reaction vessel. Different
sources of carbon dioxide and hydrogen with different content of said gases may be
used, mixed and exchanged according to the online measurement. Thereby, it is not
even necessary to determine the exact composition of the gas source which is used,
¢.g. in case of biogas. The pressure ratio of both gases inside the reaction vessel may
be adjusted to or maintained at a specific value or in a range according to the desired
carbon flux, i.c. towards cell growth in the cell growth phase or towards methane

production in the methane production phase.

The partial pressures of both gases, hydrogen and carbon dioxide, which are the
methanogenesis educts for the conversion to methane by the methanogenic micro-
organisms of the method of the invention, provide a reliable information on how
much of the two educt substances is actually provided to the cells. At a known

temperature, the partial pressures of the gases also allow the calculation of the
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dissolved gas concentrations which are actually available to the cells since partial
pressures are linked via Henry’s law to the solubility of the gaseous components in
the liquid phase. The partial pressures of the gases are determined by a combination
of sensors which measure the head pressure and the off-gas concentration, and thus
may be adjusted or maintained in real time to a specific ratio or in a specific ratio
range. For the measurement of the off-gas concentrations standard gas analyzer
systems (such as provided by BlueSens gas sensor GmbH, Herten, Germany) can be
used. For measurement of the head pressure standard pressure sensors such as
provided by Keller (Winterthur, Switzerland) are used either directly inside the
reaction vessel or for off-gas measurement inside the device for removing the off-gas
from the reaction vessel. The partial pressures are derived in real time in a process
management system (Lucullus; Biospectra AG, Schlieren, Switzerland) according to
the equation p; = ¢i/pita/ 100, wherein 1 specifies the respective component, ¢; is the
gas concentration of component i in volume % and piotal 1S the total head pressure in

bar absolute.

Surprisingly, the inventors found out that the methanogenic microorganisms seem to
prefer a different nitrogen concentration range and a different partial pressure of
carbon dioxide and hydrogen for optimal cell growth, i.c. biomass concentration
increase, than for optimal methane production. The effect of both process
parameters is considered to be synergistic. A determined ratio of the partial pressure
of hydrogen to the partial pressure of carbon dioxide is beneficial for the ability of
the biomass i.¢. of the methanogenic microorganisms to produce methane. On the
contrary, the methanogenic microorganisms prefer a different ratio of the partial
pressure of hydrogen to the partial pressure of carbon dioxide than for methane
production for cell growth, i.e. for biomass concentration increase. Thus, it was
surprisingly found out by the inventor that the partial pressure ratio of hydrogen to
carbon dioxide in the reaction vessel has a high impact on the performance of the

cells, i.e. either mainly cell growth is promoted or mainly methane is produced.
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Principally, the at least one methane production phase and optionally at least one cell
growth phase are characterized by a different nitrogen concentration and optionally
by a different ratio of the partial pressure of hydrogen to the partial pressure of
carbon dioxide in both phases. It is even more surprising that a ratio of the partial
pressure of hydrogen to the partial pressure of carbon dioxide inside the reaction
vessel which is maintained at or adjusted to 5:1 or higher (parts hydrogen : parts
carbon dioxide) promotes methane production of the methanogenic microorganisms,
1.e. the carbon flux from carbon dioxide is directed to methane. Preferably, the ratio
of the partial pressure of hydrogen to the partial pressure of carbon dioxide in the
reaction vessel in the at least one methane production phase is maintained in the
range from 7:1 to 30:1 (parts hydrogen : parts carbon dioxide), more preferably, in
the range from 9:1 to 25:1 (parts hydrogen : parts carbon dioxide), even more
preferably, in the range from 10:1 to 18:1 (parts hydrogen : parts carbon dioxide),
most preferably, the ratio of the partial pressure of hydrogen to the partial pressure of
carbon dioxide inside the reaction vessel is maintained in the range from 12:1 to 17:1
or adjusted to 15+1:1 or 18+1:1 (parts hydrogen : parts carbon dioxide). “Or higher”
with respect to a partial pressure ratio denotes that the ratio is increasing so that more
parts hydrogen in comparison to parts carbon dioxide are present in the gas phase
inside the reaction vessel, in particular more than 5 parts hydrogen are facing 1 part
carbon dioxide. Examples of such “higher ratios” are also given above and

elsewhere in the description.

On the contrary, a different ratio of the partial pressure of hydrogen to the partial
pressure of carbon dioxide inside the reaction vessel has surprisingly been identified
as additionally promoting cell growth, i.e. biomass concentration increase, hence,
wherein the carbon flux from carbon dioxide is directed to biomass production, of
the methanogenic microorganisms, thus, in the optional at least one cell growth
phase, preferably the partial pressure ratio of hydrogen to carbon dioxide is
maintained at or adjusted to a ratio lower than the ratio in the at least one methane
production phase, particularly preferably, the partial pressure ratio is maintained at

4:1 or lower (parts hydrogen : parts carbon dioxide) in the at least one cell growth
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phase, more preferably, the partial pressure ratio is maintained in the range from
0.5:1 to 4:1 or from 0.75:1 to 3.5:1 (parts hydrogen : parts carbon dioxide), even
more preferably, the partial pressure ratio is maintained in the range from 1:1 to 2.5:1
(parts hydrogen : parts carbon dioxide), most preferably, the partial pressure ratio is
maintained at or adjusted to a ratio of 1.5+0.5:1 or 2+1:1 (parts hydrogen : parts
carbon dioxide) in the at least one cell growth phase. “Or lower” with respect to a
partial pressure ratio denotes that the ratio is decreasing so that less parts hydrogen in
comparison to parts carbon dioxide are present in the gas phase inside the reaction
vessel, in particular less than 4 parts hydrogen are facing 1 part carbon dioxide.
Examples of such “lower ratios” are given also given above and elsewhere in the

description.

In an optional embodiment of the method of the invention, the volumetric ratio of
hydrogen to carbon dioxide in the gas feed introduced into the reaction vessel is in
the range of 3:1 to 4.5:1, preferably 3.5:1 to 4.3:1, and more preferably at 4:1. In this
embodiment, no control of the partial pressure ratio of hydrogen to carbon dioxide is
performed and thus no specific adjustment is possible, however, if the gas feed rate is
applied as described above, and optionally also the pressure inside the reaction vessel
is increased above normal atmospheric pressure as also described above, the simple
volumetric ratio control is sufficient to obtain a good volumetric productivity and a
good percentage amount of methane in the off-gas. However, the control of the
partial pressure of hydrogen to methane is preferred. In case of a hydrogen and
carbon dioxide gas feed based on the volumetric ratio of both educt gases, it is
beneficial to determine the purity of the educt gases in order to have a volumetric

ratio of hydrogen to carbon dioxide which is not falsified by contaminant gases.

“Phase” or “fermentation phase” in the sense of the invention describes a situation,
1.e. a condition, state or fermentation condition of the methanogenic microorganisms
in the reaction vessel of the invention which is characterized by specific fermentation
conditions which are applied to the methanogenic microorganism, e.g. the ratio of the

partial pressures of hydrogen and carbon dioxide or the oxidation reduction potential
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is maintained at or in a range or adjusted to as mentioned above. Any “cell growth
phase” and in particular the optional “at least one cell growth phase” is a phase of the
invention, wherein the nitrogen concentration in the liquid phase inside the reaction
vessel is in the range of 40 to 50 mmol/L and optionally the ratio of the partial
pressure of hydrogen to the partial pressure of carbon dioxide inside the reaction
vessel is maintained at or adjusted to a ratio different to the ratio in a methane
production phase and thereby mainly characterized by an increase of the biomass
concentration by cell division of the methanogenic microorganisms of the invention,
1.e. by cell growth of the methanogenic microorganisms of the invention. Any
“methane production phase” and in particular the “at least one methane production
phase” is a phase of the invention, wherein the nitrogen concentration in the liquid
phase inside the reaction vessel is in the range of 0.0001 to 35 mmol/L or in the
range of 55 to 1000 mmol/L and optionally the ratio of the partial pressure of
hydrogen to the partial pressure of carbon dioxide inside the reaction vessel is
maintained at or adjusted to 5:1 or higher (parts hydrogen : parts carbon dioxide) and
thereby mainly characterized by methane production. However, during any cell
growth phase, the cells may also or may not produce methane and during any
methane production phase, the biomass concentration may increase, remain the same
or decline, preferably, the biomass concentration increases in the methane production
phase and in particular in the at least one methane production phase. In a preferred
embodiment, however, the biomass stays the same in the methane production phase
since then all raw material, such as carbon dioxide, which is introduced in the
reaction vessel is converted to methane and not used for excess and unnecessary

biomass production.

The method of the invention may further optionally comprise an intermediate phase,
wherein the methanogenic microorganisms in the reaction vessel are switched from a
methane production phase, in particular from the at least one methane production
phase, to a cell growth phase, in particular to the at least one cell growth phase, or
from a cell growth phase, in particular from the at least one cell growth phase, to a

methane production phase, in particular to the at least one methane production phase.
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While the methanogenic microorganisms are in an intermediate phase, they may

produce methane or not or the cells may divide, grow or not.

The methanogenic microorganisms of the invention may be switched from one phase
to another phase, ¢.g. from a methane production phase, in particular from the at least
one methane production phase, to a cell growth phase, in particular to the at least one
cell growth phase, or from a cell growth phase, in particular from the at least one cell
growth phase, to a methane production phase, in particular to the at least one
methane production phase, by maintaining or adjusting the nitrogen concentration
and optionally the ratio of the partial pressure of hydrogen to the partial pressure of
carbon dioxide at or to values as disclosed above. Optionally, also the oxidation
reduction potential is maintained or adjusted using a reducing agent. Any substance
which reduces the oxidation reduction potential inside the reaction vessel without
being harmful to the cells or having an inhibitory effect on cell growth or methane
production may be used as reducing agent. Examples for such reducing agents are
sodium sulphide or hydrogen sulphide. Alternatively, the oxidation reduction
potential may be maintained or adjusted by the oxygen gas inflow, hydrogen inflow
and/or pH shift. The oxidation reduction potential is measured in real time, for
example by a redox probe from Mettler-Toledo GmbH (Greifensee, Switzerland) or
any other suitable means, and therefore a specific adjustment or maintaining is
possible. The reducing agent may be pulsed into the reaction vessel or fed in a

continuous mode.

“Oxidation reduction potential (ORP)” or simply “reduction potential” is a measure
of the tendency of a chemical species to acquire electrons and thereby be reduced.
ORP is measured in volts (V), millivolts (mV), or Ej, (1 E, = 1 mV). Each species
has its own intrinsic oxidation reduction potential; the more positive the potential, the
greater the species' affinity for electrons and tendency to be reduced and vice versa.
An aqueous solution, such as the medium of the cell culture of the invention, with a
lower (more negative) oxidation reduction potential has for example a tendency to

donate electrons to a newly introduced species (i.c. to be oxidized by reducing a
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newly introduced species). Thus, the transfer of hydrogen ions between chemical
species determines the pH of an aqueous solution, the transfer of electrons between
chemical species determines the oxidation reduction potential of an aqueous solution,
here the oxidation reduction potential inside the reaction vessel. The oxidation
reduction potential inside the reaction vessel in the at least one methane production
phase may be maintained below -350 mV, preferably, in the range from -400 mV to
-700 mV, more preferably, the oxidation reduction potential inside the reaction
vessel is maintained in the range from -500 mV to -700 mV, most preferably,
maintained at or adjusted to a value of -550+£50 mV or in the range of -600 mV to
-640 mV. In the at least one cell growth phase, the oxidation reduction potential
inside the reaction vessel is maintained below -300 mV, preferably, in the range from
-300 mV to -500 mV, even more preferably, the oxidation reduction potential inside
the reaction vessel is maintained at or adjusted to a value of -350+25 mV. Thus, for
promoting the switching of the methanogenic microorganisms from the at least one
methane production phase to the at least one cell growth phase, the oxidation
reduction potential inside the reaction vessel should optionally be maintained below -
300 mV, preferably, in the range from -300 mV to -500 mV, even more preferably,
the oxidation reduction potential inside the reaction vessel is maintained at or
adjusted to a value of -350+£25 mV. For promoting the switching of the
methanogenic microorganisms from the at least one cell growth phase to the at least
one methane production phase, the oxidation reduction potential inside the reaction
vessel should optionally be maintained below -350 mV, preferably, in the range from
-400 mV to -700 mV, more preferably, the oxidation reduction potential inside the
reaction vessel is maintained in the range from -500 mV to -700 mV, most
preferably, maintained at or adjusted to a value of -550+50 mV or in the range of

-600 mV to -640 mV.

The phases of the methanogenic microorganisms, the growth phase, the intermediate
phase and the methane production phase may be separated i.e. do not have to follow
timely immediately after each other as the methanogenic microorganisms may be

stored at lower temperatures depending on the specific cell strain used. Also, the
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phases do not have to occur in the same reaction vessel but the cells may be grown in
one reaction vessel and be transferred to another reaction vessel for methane
production. For this purpose, either two or more bioreactors may be used or the
bioreactor may comprise at least two reaction vessels, at least one for cell growth and

at least one for methane production.

In a preferred set-up of the method of the invention, first, a suitable medium,

e.g. standard medium, is placed in the reaction vessel and is inoculated with a
suitable amount of the methanogenic microorganisms. In case the methanogenic
microorganism is a methanogenic archaea, the suitable amount of cells is provided in
a cell suspension which is anacrobically transferred to the reaction vessel. Anaerobic
procedures and techniques can be taken from the literature, such as Sowers,

Schreier et al., 1995. A suitable amount of the methanogenic microorganisms of the
invention is for example 0.5 to 10% of a living cell suspension of the methanogenic
microorganism respective to the target volume. However, in principle a single cell is
enough to inoculate the medium and thus, the amount may vary in a broad range.
The skilled person knows that microorganisms and also methanogenic micro-
organisms grow exponentially, thus, the more cells are used for inoculation, the
earlier the cells reach a certain biomass concentration. Further, inoculation
procedures are known to the skilled person and may be individually selected without
having a negative effect on the success of the invention (Schoenheit, Moll et al.,

1980).

Optionally, the at least one cell growth phase may follow. During the at least one
cell growth phase, the nitrogen concentration in the liquid phase inside the reaction
vessel is in the range of 0.0001 to 35 mmol/L or in the range of 55 to 1000 mmol/L,
and optionally the ratio of the partial pressures of hydrogen and carbon dioxide is
maintained at or adjusted to a ratio different compared to the ratio in the at least one
methane production phase, preferably, the ratio of the partial pressure of hydrogen to
the partial pressure of carbon dioxide in the at least one cell growth phase is main-

tained at or adjusted to a ratio of the partial pressure of hydrogen to the partial
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pressure of carbon dioxide which is lower than the ratio of the partial pressure of
hydrogen to the partial pressure of carbon dioxide in the at least one methane
production phase, particularly preferably, the partial pressure ratio in the at least one
cell growth phase is maintained at or adjusted to 4:1 or lower (parts hydrogen : parts
carbon dioxide), more preferably, the partial pressure ratio is maintained in the range
from 0.5:1 to 4:1 or from 0.75:1 to 3.5:1 (parts hydrogen : parts carbon dioxide),
even more preferably, in the range from 1:1 to 2.5:1 (parts hydrogen : parts carbon
dioxide), most preferably, the partial pressure ratio is maintained at or adjusted to a
ratio of 1.5+0.5:1 or 2+1:1 (parts hydrogen : parts carbon dioxide) in the at least one
cell growth phase.

In general, the length of the optional at least one cell growth phase depends on the
cell growth rate of the methanogenic microorganisms in the cell culture; however,
the time period of any cell growth phase and in particular of the at least one cell
growth phase may be chosen by the experimenter performing the method of the
invention. In principle, the least one cell growth phase is not necessary for the
success of methane production of the method of the invention as the cells may also
grow and divide under the fermentation conditions of the at least one methane
production phase, in particular characterized by a specific nitrogen concentration or
optionally a specific H,/CO; partial pressure ratio. After inoculation, cells generally
grow until a catalytically acceptable biomass concentration of 3 g/L is reached after a
comparably short period of fermentation time, preferably the biomass concentration
for methane production is at least 5 g/L, or at least 8 g/L, more preferably at least

10 g/L, even more preferably at least 12 g/L and most preferably at least 15 g/L.
Hence, the carbon flux may be directed according to the needs of the experimenter
and according to the procedural requirements. After inoculation, biomass production
is desired so that a nitrogen concentration in the liquid phase inside the reaction
vessel is in the range of 40 to 50 mmol/L is beneficial until aforementioned

biomasses are achieved.
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Surprisingly, it has further been found out that it is additionally beneficial for the
volumetric productivity of the overall methane production of the method of the
invention to maintain a nitrogen concentration in the liquid phase inside the reaction
vessel in the range of 40 to 50 mmol/L and/or to maintain the methanogenic
microorganisms in the at least one cell growth phase until the cell growth of the
methanogenic microorganisms in the reaction vessel stagnates (optionally, at around
3 g/L or higher as described above), i.e. the biomass concentration does not increase
any further, or the biomass concentration reaches a value of at least 3 g biomass per
litre or higher. The biomass concentration may be determined as described
elsewhere, for example gravimetrically (Schill, van Gulik er al., 1996). A person
skilled in the art, of course, knows other methods to determine the biomass

concentration which might be used as well for this purpose.

In principle, at any time during fermentation, the methanogenic microorganisms may
be switched from a cell growth phase to a methane production phase or an
intermediate phase or from a methane production phase to a cell growth phase or an
intermediate phase by adjusting the fermentation conditions, such as the nitrogen
concentration, if regarded beneficial by the experimenter for example to even more
increase the biomass concentration. Exceptionally, also during stable methane
production it may be desirable to temporarily switch the methanogenic micro-
organisms to cell growth phase, for example for cell growth after medium exchange

or oxygen contamination.

After an optional cell growth phase, the fermentation conditions of the methane
production phase are applied, in particular the nitrogen concentration in the liquid
phase inside the reaction vessel is applied to be in the range of 0.0001 to 35 mmol/L
or in the range of 55 to 1000 mmol/L, and optionally the ratio of the partial pressures
of hydrogen to carbon dioxide inside the reaction vessel is maintained at or adjusted
to the ratio or in the range of the methane production phase. Thereby, the methano-
genic microorganisms are switched to the methane production phase, optionally the

methanogenic microorganisms pass an intermediate phase. The microorganisms of
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the invention are maintained in this phase over a period of time which can range
from hours to weeks to months and years depending on fresh medium supply, the cell
species and the specific needs of the experimenter. The biomass concentration in the
at least one methane production phase may increase to a value of at least 6 g biomass
per litre, preferably at least 7 g biomass per litre, more preferably at least 8 g biomass
per litre, even more preferably at least 9 g biomass per litre and most preferably of at
least 10 g, 12 g or 15 g biomass per litre. However, after a biomass concentration
suitable for methane production has been reached, no further raw material investment

into biomass is necessary and should thus be avoided.

The skilled person is well aware of the fact that in any phase of the invention, the
fermentation conditions have to be adjusted to the specific needs of the employed
microorganism species or cell strain; however, the fermentation conditions as
described herein apply to all species and strains of the invention for cell growth and

methane production.

“Biomass” or “cell culture” or “cells” of the invention equally denote to the same
collective of methanogenic microorganisms of one or more species which is used in
the method of the invention for converting hydrogen and carbon dioxide into
methane. The methanogenic microorganisms, i.e. cells of the biomass or cell culture
in the reaction vessel of the invention, principally function as a catalyst for the
biological conversion of carbon dioxide and hydrogen into methane. They are placed
inside the reaction vessel of the invention by inoculation of the medium inside the
reaction vessel or by inoculation of the medium prior to the transfer of the medium
into the reaction vessel of the invention. Thus, during fermentation the term
“methanogenic microorganisms’ also denotes to methanogenic microorganisms in a
suspension with medium as inside a reaction vessel, the cell culture of methanogenic
microorganisms typically comprises medium. The methanogenic microorganisms
may be removed with or without medium from the reaction vessel either completely
or partially during fermentation and in any phase for various purposes, such as

exchange of cells or medium and/or for analytics, such as cell weight determination
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or cell vitality examination, or harvest for future inoculum. Methane is obtained

from the gas leaving the liquid phase, i.¢. the cell-medium suspension.

Biomass obtained from the reaction vessel may be used as source for the recovery of
metabolites and as basis for new culture medium. “Healthy biomass” denotes a good
vitality status of a living biomass, i.c. of the living methanogenic microorganisms. A
“microorganism” is an organism that is unicellular or lives in a colony of cellular
organisms. Microorganisms are very diverse; they include bacteria, fungi, archaea,
microscopic plants (such as green algae), and animals such as plankton and the
planarian. Some microbiologists also include viruses, but others consider these as
non-living. “Methanogenic” in the sense of the invention denotes the capability of
converting carbon dioxide and hydrogen into methane, i.¢. being able to perform the

reaction pathway of CO,+4H,—CH4+2H,0 which is called methanogenesis.

A “methanogenic microorganism’ is any microorganism which is capable of
producing methane from other substances, i.e. capable of methanogenesis, preferably
from carbon dioxide and hydrogen. Hence, the methanogenic microorganisms of the
invention are capable of producing methane from hydrogen and carbon dioxide. The
methanogenic microorganism of the invention may be grown in a reaction vessel,
which is for example comprised in a bioreactor, under controlled fermentation or cell
culture conditions in a controlled environment. In principle, any such methanogenic
microorganism can be used for the method of the invention. “Environment” or
“controlled environment” refers to the surrounding of the methanogenic micro-
organisms inside the fermenter or reaction vessel comprising both, the liquid,
characterized for example by the medium composition, feed and exchange rate, and
the gaseous phase, characterized for example by the gas feed and gas feed

composition, and the applied fermentation conditions.

The methanogenic microorganism in the cell culture of the invention is obtainable
from public collections of organisms, such as the American Type Culture Collection,

the Deutsche Stammsammlung fiir Mikroorganismen und Zellkulturen (DSMZ,
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Braunschweig, Germany), CBS (Utrecht, Netherlands) and the Oregon Collection of
Methanogens, or they can be isolated from a variety of environmental sources. Such
environmental sources include anacerobic soils and sands, bogs, swamps, marshes,
estuaries, dense algal mats, both terrestrial and marine mud and sediments, deep
ocean and deep well sites, sewage and organic waste sites and treatment facilities,
animal intestinal tracts, volcano areas and faeces. Suitable cell cultures may be pure
1.e. contain only cells of a single species, or may be mixed cultures i.e. contain cells
of more than one species. Preferably, a pure cell culture of methanogenic

microorganisms is used for the method of the invention.

A methanogenic microorganism by nature being capable of producing methane is
especially suitable for any embodiment of the method of the invention. Preferably,
the methanogenic microorganism of the invention is a methanogenic archaca,
comprising all methanogenic members of the Archaeal domain, such as for example
Methanobacterium alcaliphilum, Methanobacterium bryantii, Methanobacterium
congolense, Methanobacterium defluvii, Methanobacterium espanolae, Methano-
bacterium formicicum, Methanobacterium ivanovii, Methanobacterium palustre,
Methanobacterium thermaggregans, Methanobacterium uliginosum, Methano-
brevibacter acididurans, Methanobrevibacter arbor iphilicus, Methanobrevibacter
gottschalkii, Methanobrevibacter olleyae, Methanobrevibacter ruminantium,
Methanobrevibacter smithii, Methanobrevibacter woesei, Methanobrevibacter
wolinii, Methanothermobacter marburgensis, Methanothermobacter thermo-
autotrophicus, Methanobacterium thermoautotrophicus, Methanothermobacter
thermoflexus, Methanothermobacter thermophilics, Methanothermobacter wolfeii,
Methanothermus sociabilis, Methanocorpusculum bavaricum, Methanocorpusculum
parvum, Methanoculleus chikuoensis, Methanoculleus submarinus, Methanogenium
Jrigidum, Methanogenium liminatans, Methanogenium marinum, Methanosarcina
acetivorans, Methanosarcina barken, Methanosarcina mazei, Methanosarcina
thermophila, Methanomicrobium mobile, Methanocaldococcus jannaschii,
Methanococcus aeolicus, Methanococcus maripaludis, Methanococcus vannielii,

Methanococcus voltaei, Methanothermococcus thermolithotrophicus and
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Methanopyrus kandleri. Preferred are methanogenic archaca which belong to the
species Methanosarcinia barkeri, Methanothermobacter marburgensis, such as for
example DSM 2133 from Deutsche Stammsammlung fiir Mikroorganismen und
Zellkulturen (DSMZ, Braunschweig, Germany), Methanobacterium thermo-
autotrophicus, Methanocaldococcus jannaschii, Methanothermobacter thermo-
autotrophicus, Methanococcus maripaludis, or mixtures thereof, more preferably, the
methanogenic archaea and thus the preferred methanogenic microorganism is of the
species Methanothermobacter marburgensis, most preferably, the methanogenic
microorganism or methanogenic archaea is Methanothermobacter marburgensis
strain DSM 2133. “Archaca” are single-celled microorganisms. Archaea have no
cell nucleus or any other membrane-bound organelles within their cells. In the past
they were viewed as an unusual group of bacteria and named archacabacteria,
however, to date archaca are considered as having an independent evolutionary
history since they show many differences in their biochemistry in comparison to
other forms of life. Thus, they are now classified as a separate domain (Archaeal
domain) in the three-domain system. In this system the phylogenetically distinct

branches of evolutionary descent are the archaea, bacteria and eukarya.

In principle, the methanogenic microorganism of the invention, i.c. the biomass, is
used in cell culture, i.e. the methanogenic microorganism is used as suspension with
medium. The medium of the invention comprises at least a source of nitrogen,
assimilable salts, a buffering agent and trace elements. Sulphur is provided to the
cells by the reducing agent or may be provided extra, thus, the reducing agent and the
sulphur-providing substance may or may not be the same. Sulphur may be provided
to the cells by the provision of biogas. The medium is generally designed to keep the
cells vital, healthy and productive without being expensive and thus beneficial for the
entire process economy of the method of the invention. Prior to inoculation of the
medium with the methanogenic microorganism of the invention, the medium should
be degassed for being anaerobic as is required for optimal methane production by the
methanogenic microorganism which is used in the particular experiment, this applies

in particular if the methanogenic microorganism is a methanogenic archaca. The
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skilled person knows techniques to prepare an oxygen free medium, for example by
flushing the medium with a gas mixture of 80% hydrogen and 20% carbon dioxide
(v/v = volume per volume) or with nitrogen for 5 min per litre medium. Standard
medium compositions may be taken from the literature and be adapted (Schoenheit,
Moll et al., 1980; Schill, van Gulik ef al., 1996; Liu, Schill et al., 1999). An example
for an adapted standard medium has the following composition (L™): 2,1 g NH,CI,
6,8 g KH,POy; 3,4 g Na,COs; 0,09 g Titriplex I; 0,04 g MgClyx 6H,0; 0,01 g
FeCl,x4H,0; 0,2 mg CoClx6H,0; 1,2 mg NiCl,x6H,0; 0,2 mg NaMoQO4x2H;0, the
pH will be discussed below and can be adjusted by titrating 1 M (NH,4),CO3, NaOH
or NH4OH, NH3, any other ammonium compound mentioned herein, or mixtures
thereof. Said exemplary standard medium may be used for any embodiment of the
method of the invention. In some of the Experiments described in the Experimental
section below higher concentrated medium, in particular with respect to trace
clements has been used. This is a direct consequence of the higher biomass concen-
tration which may be achieved using the specific nitrogen concentration described
above and optionally the high total gas feed rates of hydrogen and carbon dioxide in
the present invention. It may be required that also the buffer components may be
higher concentrated, however, the skilled person knows very well which measures
are to be taken in order to keep the pH value in the desired range or at the desired

value.

The medium may be refreshed in a constant or step-wise mode during fermentation
under continuous conditions. The medium feed rate or medium in-feed rate of
medium or medium components is generally adjusted between 0.001 h™ and 0.1 h™.
The medium out-feed rate, i.c. the rate with which medium or a liquid leaves the
reaction vessel, generally corresponds to the in-feed rate plus water which is
produced by the methanogenic microorganisms during methanogenesis. Said water

can be re-used for various purposes, such as medium preparation or else.

The skilled person is aware that the medium has to be adjusted to the specific needs

of the microorganism species, i.¢. cell strain. In general, the fermentation conditions,
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1.e. medium composition, nitrogen concentration, and other parameters, such as
H,/CO; partial pressure ratio, pH, temperature, stirring speed, pressure, oxidation
reduction potential or medium or medium component (i.e. consumables) feed rate,
1.e. fresh medium supply rate, have to be adjusted according to the specific needs of
the microorganism strain selected and the procedural requirements depending for
example on the phase of the methanogenic microorganisms in the reaction vessel.
Herein, information is provided which particular fermentation condition is applicable
to all methanogenic microorganisms, such as the standard medium, stirring speed,
gas feed rate, oxidation reduction potential, pressure, or the partial pressure ratios of
hydrogen and carbon dioxide, and which should be adapted to the specific needs of a

cell species, such as the temperature and pH value.

“Consumable” comprises all substances, components and/or materials in any form,
1.e. solid, gaseous or liquid, which might be required by the methanogenic
microorganisms in the reaction vessel of the invention, such as for example nitrogen.
Also included are substances which are fed into the reactor to maintain a certain
fermentation condition, such as a certain medium composition, a specific oxidation
reduction potential or partial pressure ratio. The supply of consumables can be
adjusted by the experimenter throughout the method of the invention if deemed
appropriate by the experimenter. “Procedural requirements” comprise all situations
which may arise during the method of the invention, such as the requirement to
switch to another phase or in response to oxygen contamination, feeding real gas, or
else. The method of the invention is designed for the conversion of hydrogen and
carbon dioxide into methane by methanogenic microorganisms in a reaction vessel;
however, it might be necessary for a high volumetric productivity to switch from the
optional methane production phase to an intermediate or cell growth phase, wherein
excess liquid, parts of the gas phase or the biomass are partially or completely
exchanged. Such phases may be used for example to increase the cell density of the
cell culture inside the reactor or to introduce fresh medium or medium components.

At no time, the overall feasibility of the invention is impeded.
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“Off-gas”, “exhaust gas”, “outgas” or “output gas” denote the gaseous outcome of
the reaction vessel of the invention and thus of the method which is typically a gas
mixture leaving the reaction vessel. The qualitative and quantitative content of the
off-gas depends on various factors, such as the phase of the methanogenic micro-
organisms in the reaction vessel, the total gas feed rate into the reaction vessel, and
the composition of the gas feed into the reaction vessel. The off-gas may comprise
water vapour, the gases which are introduced into the reaction vessel, such as for
example hydrogen, nitrogen, carbon dioxide, hydrogen sulphide or else, and gases
which are produced by the methanogenic microorganisms such as methane. The off-
gas mixture may further contain contaminants which may be present in the gases
which are introduced into the reaction vessel or originate from the cell culture, for
example oxygen, compounds from biogas generation, nitrogen gas and others. For
Example, e.g. during a methane production phase, the off-gas mixture mainly
comprises methane, preferably the methane content is at least 40%, 45%, 50%, or
60%, more preferably the methane content is at least 70%, more preferably 80%,
84%, 86%, or 88%, even more preferably the methane content in the off-gas is at
least 90%, most preferably the methane content is at least 92%, 94%, 96%, 98% or
99% wherein the higher the content the more preferred. During cell growth phase,
the methane content in the off-gas is typically between 50% and 80% or 60% to 99%
or higher. A high methane content can for example be achieved by feedback control
devices. The methane from the off-gas may be separated by standard means, ¢.g. by
membranes such as obtainable from Du Pont (Wilmington, DE, USA) or Gore
(Newark, DE, USA). It may further be used in end-user applications as energy
carrier for energy applications to produce heat and/or electric energy or else or as

raw material in various chemical and biological conversions.

“In-gas” denotes the total gas or gas mixture which is fed into the reaction vessel and
thus provided to the methanogenic microorganism. The term is used to describe the
total gas introduced into the reaction vessel or bioreactor, however, that does in no
way mean that all potentially introduced gases are introduced in a mixture or single

gas flow. The gases which may be comprised in the in-gas may thus be introduced
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as a mixture, separately via different devices or tubes or timely one after another via
the same device r tube or via different devices or tubes. The in-gas or in-gas feed
may comprise the gases which are required for the production of methane, i.c.
hydrogen and carbon dioxide, and other gases which may be required for other
purposes such as for example to trigger methane production and biomass production,
such as nitrogen, or to adjust the oxidation reduction potential in the reaction vessel
by addition of hydrogen sulphide or are required for other biological processes of the
microorganisms or gases which are introduced as contaminants. This is especially
the case if real gases are used as gas sources for the method of the invention. “Feed”
in general means the introduction, flow or transfer of a gas, liquid, suspension or any
other substance into the reaction vessel or into the bioreactor of the invention and
also the removal or withdrawal of a gas, liquid, suspension or any other substance
from the reaction vessel or from the bioreactor to the outside. “In-gas feed” denotes
the feed or flow or introduction of the in-gas, such as hydrogen or carbon dioxide,
into the reaction vessel of the invention. “Hydrogen in-gas feed” or “hydrogen gas
feed” denotes the feed or flow of hydrogen comprising in-gas or of hydrogen gas into
the reaction vessel or bioreactor. “Carbon dioxide in-gas feed” or “carbon dioxide
gas feed” denotes the feed or flow of carbon dioxide comprising in-gas or carbon

dioxide gas into the reaction vessel or bioreactor.

“Feed rate” in general denotes the amount of a gas, liquid, suspension or any other
substance into the reaction vessel or into the bioreactor of the invention or the
removal or withdrawal of a gas, liquid, suspension or any other substance from the
reaction vessel or from the bioreactor to the outside within a certain period of time.
“In-gas feed rate” or “gas feed rate” denotes the volume of an in-gas or gas which is
introduced into the reaction vessel, ¢.g. hydrogen or carbon dioxide, per volume of
reaction medium within a certain period of time. Thus, the in-gas feed rate or gas
feed rate reflects the amount of gas provided to the methanogenic microorganisms
within a certain period of time. In the course of the method of the invention, the in-
gas feed rate or feed rate is given as volume gas per volume of reaction vessel

medium per time period (e.g. vvm, volume per volume per minute), i.e. per minute,
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hour or day, preferably per minute. The skilled person will appreciate that the
volume of gas introduced into the reaction vessel is given in relation to the volume of
reaction medium. The “reaction medium” or “reaction vessel medium” is the liquid
medium inside the reaction vessel of the bioreactor, i.e. the cell suspension, which
comprises the methanogenic microorganisms. This is particularly useful as the
amount of gas introduced into the reaction vessel is thus put in relation to the volume
of liquid plus cells wherein the two educt gases hydrogen and carbon dioxide must
dissolve in order to get in contact with the methanogenic microorganism. The
volume of the reaction medium is determined gravimetrically, by differential
pressure, radar or any other method known to the skilled person. Exemplary
suppliers are e.g. MettlerToledo (Greifensee/Switzerland) for balances and e.g. Lewa

(Leonberg, Germany) for pumps.

The gas feed rate of both gases is given in total, which denotes the sum gas feed rate
of both hydrogen and carbon dioxide together. However, depending on the
bioreactor, reaction vessel or system set-up it may be more suitable to give the gas
feed rates of both gases, i.e. of hydrogen and carbon dioxide, separately. Hence, in
any embodiment of the present invention, hydrogen and carbon dioxide may be fed
into the reaction vessel separately or as a mixture. In case of a separate feed into the
reaction vessel, nevertheless the total gas feed rates, i.e. the gas feed rate of hydrogen
plus the gas feed rate of carbon dioxide should be considered to determine the total

gas feed rate.

As an example, in case that in the method of the invention, the gas feed rate of
hydrogen and carbon dioxide into the reaction vessel is at least 1 vvm in total, this
means that the sum of the gas feed rate of hydrogen and of the gas feed rate of
carbon dioxide is 1 vvm. Since the volume of reaction medium and the period of
time remains the same, the volume of hydrogen gas and the volume of carbon
dioxide are to be summed up as total volume of gas (volume of hydrogen plus

volume of carbon dioxide) which is introduced into the reaction vessel per volume of
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reaction medium inside the reaction vessel and comprising the methanogenic

microorganisms per period of time, e.g. per minute.

The method for producing methane according to the present invention comprises
preferably contacting methanogenic microorganisms in a reaction vessel with
hydrogen and carbon dioxide, wherein the gas feed rate of hydrogen and carbon
dioxide, i.e. the sum gas feed rate of hydrogen and carbon dioxide, i.e. the gas feed
rate of hydrogen plus the gas feed rate of carbon dioxide, into the reaction vessel is at
least 1 vvm in total, is at least 1.1 vvm in total, preferably is at least 1.2 vvm in total,
1.3 vvm in total, 1.4 vvm in total, more preferably is at least 1.5 vvm in total,

1.6 vvm in total, 1.7 vvm in total, 1.8 vvm in total, 1.9 vvm in total, most preferably
is at least 2.0 vvm in total or 1s at least 2.1, 2.3, 2.5, 2.7, 2.8, 3.0, 3.5, 4.0, 4.5, 5.0,
55,6.0,7.0,7.5,8.0,9.0,10.0, 12.5, 15.0, 17.5, 20.0, 30.0, 40.0, 50.0, 75.0 or 100.0
vvm in total or higher, or the gas feed rate of hydrogen and carbon dioxide, i.e. the
sum gas feed rate of hydrogen and carbon dioxide, i.e. the gas feed rate of hydrogen
plus the gas feed rate of carbon dioxide, into the reaction vessel is in the range of
1.0 vvm to 25 vvm in total, preferably is in the range of 1.2 vvm to 100.0 vvm in
total 1.2 vvm to 25.0 vvm in total, more preferably is in the range of 1.5 vvm to

15.0 vvm in total, even more preferably is in the range of 1.7 vvm to 10.0 vvm in

total, most preferably is in the range of 2.0 vvm to 8.0 vvm in total.

In a preferred embodiment of the present invention, the nitrogen concentration is in
the range of 0.0001 to 35 mmol/L, 0.0001 to 30 mmol/L, 0.0001 to 28 mmol/L,
0.0001 to 25 mmol/L, 0.001 to 23 mmol/L, 0.05 to 20 mmol/L, 0.0001 to 25 mmol/L,
0.0001 to 23 mmol/L, 0.0005 to 20 mmol/L, 0.001 to 18 mmol/L, 0.001 to

17 mmol/L, 0.001 to 15 mmol/L, 0.001 to 12 mmol/L, 0.001 to 10 mmol/L, 0.001 to
7 mmol/L, 0.001 to 5 mmol/L, 55 to 1000 mmol/L, 60 to 500 mmol/L, 65 to

500 mmol/L, 70 to 400 mmol/L, 75 to 300 mmol/L, or 75 to 200 mmol/L, and the
gas feed rate of hydrogen and carbon dioxide into the reaction vessel is at least

0.5 vvm in total, is at least 0.8 vvm in total, is at least 1 vvm in total, is at lcast

1.1 vvm in total, preferably is at least 1.2 vvm in total, 1.3 vvm in total, 1.4 vvm in
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total, more preferably is at least 1.5 vvm in total, 1.6 vvm in total, 1.7 vvm in total,
1.8 vvm in total, 1.9 vvm in total, most preferably is at least 2.0 vvm in total or is at
least 2.1,2.3,2.5,2.7,2.8,3.0,3.5,4.0,4.5,5.0,5.5,6.0,7.0, 7.5, 8.0, 9.0, 10.0,
12.5,15.0, 17.5, 20.0, 30.0, 40.0, 50.0, 75.0 or 100.0 vvm in total or higher, or the
gas feed rate of hydrogen and carbon dioxide, i.e. the sum gas feed rate of hydrogen
and carbon dioxide, i.e. the gas feed rate of hydrogen plus the gas feed rate of carbon
dioxide, into the reaction vessel is in the range of 0.5 vvm to 25 vvm in total or 1.0
vvm to 25 vvm in total, preferably is in the range of 1.2 vvm to 100.0 vvm in total
1.2 vvm to 25.0 vvm in total, more preferably is in the range of 1.5 vvm to 15.0 vvm
in total, even more preferably is in the range of 1.7 vvm to 10.0 vvm in total, most
preferably is in the range of 2.0 vvm to 8.0 vvm in total, and optionally the absolute
pressure inside the reaction vessel is at least 1 bar, 1.2 bar, 1.4 bar, 1.5 bar, 1.6 bar,
1.7 bar, 1.8 bar, or at least 1.9 bar, preferably at least 2.0 bar, 2.1 bar, 2.2 bar, 2.25
bar, 2.3 bar, 2.4 bar, 2.5 bar, 2.6 bar, 2.7 bar, 2.8 bar, 2.9 bar, 3.0 bar, more
preferably of at least 3.2 bar, 3.4 bar, 3.6 bar, 3.8 bar, 4.0 bar, 4.25 bar, 4.5 bar, 4.75
bar, or 5 bar or is in the range of 1.0 bar to 1200 bar, 1.2 bar to 1000 bar, 1.3 bar to
500 bar, preferably in the range of 1.5 bar to 1000 bar, wherein optionally the
nitrogen is selected from the group consisting of ammonia (NH3), amino acids,
molecular nitrogen (N;), ammonium compounds, optionally being selected from the
group consisting of ammonium chloride (NH4Cl), ammonium carbonate (NH4),CO3,
ammonium sulfide ((NH,4),S), ammonium carbamate (NH4,CO,NH;), ammonium
hydrogen sulphide (NH4HS), ammonium phosphate ((NH4),PO4), ammonium
hydrogen phosphate (NH4sHPO,4), ammonium sulphate ((NH4),SO4), ammonium
(NH3), ammonium nitrate (NH4NO3), ammonium nitrite (NH4sNO;), ammonium
hydroxide (NH4OH) and mixtures thereof, inorganic or organic nitrogen compounds

and mixtures thereof.

As a general rule, the higher the gas feed rate of hydrogen and carbon dioxide in total
the higher is the volumetric productivity achieved in the method and the higher is the

percentage amount of methane in the off-gas and the higher the pressure inside the
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reaction vessel the higher is the volumetric productivity achieved in the method and

the higher is the percentage amount of methane in the off-gas.

During culturing of the methanogenic microorganisms, ¢.g. in an early growth phase
or due to unforesecable events, it may be necessary to reduce the gas feed rates of
hydrogen and carbon dioxide appropriately for a short period of time. Hence, in
certain situations the total gas feed may vary between 0.05 vvm and 200 vvm without

significantly influencing the outcome of the method in producing methane.

“Real gas” denotes that a gas is not absolutely pure, i.¢. is gas mixture. In case of
hydrogen, nitrogen and carbon dioxide, “real gas” denotes that beside carbon
dioxide, nitrogen or hydrogen also other gases are comprised which are denoted as
contaminants. On the contrary, an “ideal gas” is absolutely pure according to general
industrial standards. A typical example for a real gas is “biogas” or also the off-gas
of the method of the invention. “Biogas” typically refers to a gas produced by the
biological breakdown of organic matter, ¢.g. biomass, in the absence of oxygen, such
as for example biomass fermentation. Biogas originates from biogenic material and
is a type of biofuel like bioethanol. Biogas is produced by anaerobic digestion or
fermentation of biodegradable materials, i.e. of biomass, such as manure, sewage,
municipal waste, green waste, plant material and energy crops. Thus, “biomass
fermentation” denotes the anaerobic digestion or fermentation of biodegradable
materials, i.e. of biomass. This type of biogas comprises primarily methane and
carbon dioxide and is preferred as carbon dioxide real gas source of the invention.
Other gas species generated by use of biomass is wood gas, which is created by
gasification of wood or other biomass. This type of gas consists mainly of nitrogen,

hydrogen, and carbon monoxide, with trace amounts of methane.

In general, an “industrial process” is any process which involves chemical or
mechanical steps to aid in the manufacture of an item or items, usually carried out on
a larger scale by man and not by nature. For the present invention, relevant industrial

processes produce carbon dioxide and/or hydrogen or other gases and substances
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which might be required for the method of the invention either as main product or as
side product. If said substances are a side product, they are sometimes referred to as
waste products (e.g. “industrial waste gas”). Industrial processes which produce or
release hydrogen or carbon dioxide are also denoted as “industrial sources” for both
gases. Depending on the purity of the released gas, the gas is referred to as being an
“ideal gas” having a very high or absolute purity/quality or being a “real gas” having
a lower or not absolute purity, meaning that one or more other gases may be present
in various amounts, however, the gas species not being harmful to the cells of the

invention or being present in the real gas in an amount not being harmful to the cells.

The carbon dioxide, which is used for the method of the invention and is converted
into methane by the methanogenic microorganism, may be pure or of high
quality/purity, i.e. “ideal gas”, or be a “real gas”, characterized in that it comprises
beside carbon dioxide also other gases which are denoted as contaminants. In
general, the carbon dioxide may be of any source. These carbon dioxide sources
include but are not limited to ideal gas sources delivering ideal gas or real gas
sources delivering real gas. Ideal gases may be obtained by various purchasers
which are known to the skilled person (e.g. Air Liquide, Paris, France). Sources of
real gas are natural sources, such as the atmosphere, fixed carbon dioxide in living or
dead biomass or industrial processes, also denoted as “industrial sources”,
comprising the combustion or oxygen combustion or oxygen enriched combustion of
carbonaceous material, such as biomass, waste, biofuel, fossil fuels, or else, the
burning of vegetable matter, biogas, bioethanol, biomass fermentation or anaerobic
digestion to produce liquid fuels and coal, biomass gasification processes, general
gasification, combustion from engines, such as cars, any other carbon dioxide
releasing process, carbon dioxide contained in the off-gas of the method of the
invention or combinations thereof. Preferably, carbon dioxide real gas is used for the
method of the invention, i.e. carbon dioxide from a real gas source, more preferably
the carbon dioxide real gas is from an industrial process, such as industrial waste gas,
biogas or biomass fermentation, off-gas of the method of the invention itself, from

other methanogenesis performed by methanogenic archaea, oxygen combustion or
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oxygen enriched combustion or mixtures thereof. In particular, using the off-gas of
the method itself and using carbon dioxide which was produced by oxygen enriched
combustion using the oxygen produced by the electrolysis of water improves educt
utilization, economy and cost-effectiveness of the overall method. Real gas of
carbon dioxide or hydrogen is often cheaper and also makes a contribution to
environmental protection due to optimal raw material usage. And carbon dioxide,
which would otherwise be released to the atmosphere as waste gases and potentially
would contribute to global warming, is recycled and used as new energy source raw
material. “Combustion”, ¢.g. “oxygen enriched combustion” or “oxygen
combustion”, is a process wherein carbonaceous material, e.g. petroleum, coal, living
and/or dead biomass reacts with an oxidizing element, such as oxygen, into carbon
dioxide or also carbon monoxide, by thermal conversion. The oxygen which is
required for combustion may be derived from the electrolysis of water (see below).
Devices for combustion, oxygen enriched combustion or oxygen combustion may be
obtained from Mitsubishi Heavy Industries, Tokyo, Japan. Biomass for combustion
and/or gasification may also be the methanogenic microorganisms of the invention
which are dried as it might be advisable to completely empty the bioreactor, remove
the methanogenic microorganisms from the reaction vessel and start methanogenesis

with a completely new batch of cells.

Carbon dioxide of any source and also mixtures thereof may be purified from
contaminants prior to its feed into the reaction vessel of the bioreactor of the
invention by various methods which are known to the person skilled in the art, such
as using a carbon dioxide scrubber, contacting the gas with an absorbing medium
which selectively absorbs carbon dioxide, such as amine, monoethanolamine
solutions or quicklime absorption, or which selectively absorbs gases other than
carbon dioxide from the real gas, activated charcoal or activated coal, by the
regenerative carbon dioxide removal system, polymer membrane gas separators,
molecular sieves, others and combinations thereof. All aforementioned methods are
also useful for recovery, purification, enriching, storing, recycling and/or further

processing of carbon dioxide which is contained in the off-gas, and thus was not
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converted into methane by the methanogenic microorganisms, of the method of the
invention. After carbon dioxide is separated from other components of the off-gas it
may be fed back by tubes or other devices and means which are known to the skilled
person into the reaction vessel as educt gas to be converted into methane, i.e. will be
introduced into the reaction vessel as part of the in-gas, and is thus recycled. In this

way, the use of carbon dioxide is optimized.

In general, carbon dioxide of any natural, industrial, technical or artificial process,
which releases carbon dioxide, may be used as well as carbon dioxide from
gasification. “Gasification” is a process which converts carbonaceous materials, e.g.
petroleum, coal, living and/or dead biomass, biofuel or else into carbon dioxide,
hydrogen and carbon monoxide, by thermal conversion and a controlled amount of
oxygen and/or steam into a resulting gas mixture called synthesis gas or syngas. In
equilibrium, the concentrations of carbon monoxide, water vapour, carbon dioxide
and hydrogen balance. In principle, a limited amount of oxygen or air is introduced
into the reactor (= device) to allow some of the organic material to be "burned" to
produce carbon monoxide and energy, which drives a second reaction that converts
further organic material to hydrogen and additional carbon dioxide. Further
reactions occur when the formed carbon monoxide and residual water from the
organic material react to form methane and excess carbon dioxide. Catalysts can be
used to improve the reaction rates. The oxygen which is required for gasification
may be derived from the electrolysis of water (see below). Preferably, the carbon
dioxide comprising real gas is purified according to any of the techniques mentioned
above or known in the art, to increase the carbon dioxide content to around 80%.
Gasification reactors or devices can be obtained from Condens Heat Recovery Oy
(Hédmeenlinna, Finland), Babcock & Wilcox Velund A/S (Esbjerg, Denmark) or
Siemens AG (Munich, Germany).

Carbon dioxide, i.e. carbon dioxide gas, of any source, ¢.g. ideal or real, may be used
in the method. In general, carbon dioxide of different ideal and real sources may be

mixed in any ratio and the mixture may be used. It is also appropriate to mix the gas
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sources or change the gas sources during fermentation or during performing the
method. This is in particular possible when the partial pressures of carbon dioxide
and hydrogen are determined in real time during fermentation and are adjusted or
maintained at a specific value or in a specific range according to the desired carbon
flux, i.e. towards cell growth in the cell growth phase or towards methane production
in the methane production phase. In any way, it is not even necessary to determine
the exact composition of the real gas or determine the exact hydrogen content in the
real gas which is another very important advantage of the method of the invention

over the methods known in the art.

The hydrogen, i.e. hydrogen gas, which is used for the method of the invention and
may be converted into methane by the methanogenic microorganisms, may be pure
or of high quality/purity, i.e. “ideal gas”, or “real gas” characterized in that it
comprises beside hydrogen also other gases which are denoted as contaminants. In
general, the hydrogen may be of any source. Ideal hydrogen gases may be obtained
by various purchasers which are known to the skilled person (e.g. Air Liquide, Paris,
France). Hydrogen sources include but are not limited to ideal gas sources delivering
ideal gas, or real gas sources delivering real gas, such as natural sources, industrial
processes (industrial “waste gas™) comprising the electrolysis of water and/or brine,
propane dehydrogenation, hydrogen from oil refining, such as from cracking process,
biomass fermentation, be made via methane steam reforming or hydrogen may be
off-gas released from the method or reaction vessel of the invention or from other
methanogenesis performed by methanogenic archaca. Hydrogen is recovered from
the off-gas of the method using a separation device such as a membrane which
allows the comparatively small hydrogen molecules to pass through the pores of the
membrane and allows the comparatively large molecules of the other gas
components to be rejected by the membrane. Such separation devices and
membranes may be obtained for example from Du Pont (Wilmington, DE, USA) or
Gore (Newark, DE, USA). The hydrogen recovered from the off-gas is then fed back
into the reaction vessel via tubes or means which are known to the skilled person to

be used as hydrogen source for the conversion into methane by the methanogenic
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microorganisms. The use of hydrogen of the off-gas of the invention improves educt
utilization and process economy of the overall method. In general, hydrogen of
different sources may be mixed in any ratio. As it also applies for carbon dioxide, it
is also appropriate to mix the hydrogen gas sources or change the hydrogen gas
sources during fermentation or during performing the method. Thus, the hydrogen
content in the gas sources may vary greatly without affecting the feasibility of the
invention, preferably, the hydrogen comprising real gas comprises at least 80% of
hydrogen, more preferably at least 85%, even more preferably at least 90%, most
preferably at least 95%. If it is necessary to purify the hydrogen comprising real gas
prior to use in the method, this may be done according to any of the techniques
mentioned above or known in the art. Also for hydrogen real gas, it is not necessary
to determine the exact composition of the real gas or determine the exact hydrogen
content in the real gas which is also a very important advantage of the method of the
invention over the methods known in the art if the partial pressure ratio is controlled.
“Electrolysis” in the sense of the invention means a method or process which uses an
electric current to induce an otherwise non-spontaneous chemical reaction. In the
process, an electric current passes through a substance, thereby causing a chemical
change of said substance, usually the gaining or losing of electrons. Electrolysis
requires an electrolytic cell, such as an electrolyser, e.g. Hofmann voltameter,
consisting of separated positive and negative electrodes (anode and cathode,
respectively) immersed in an electrolyte solution containing ions or in a molten ionic
compound. Reduction occurs at the cathode, where electrons are added that combine
with positively charged cations in the solution. Oxidation occurs at the anode, where
negatively charged anions give up electrons. Standard or high-pressure electrolyser
can be obtained from various manufacturers such as from Hydrogen Technologies
(Notodden/Porsgrunn, Norway), Proton Energy Systems (Wallingford, CT, USA),
Heliocentris Energy Solutions AG (Berlin, Germany), Claind (Lenno, Italy),
Hydrogenics GmbH (Gladbeck, Germany), Sylatech Analysentechnik GmbH
(Walzbachtal, Germany), h-tec Wasserstoff-Energie-Systeme GmbH (Luebeck,
Germany), zebotec GmbH (Konstanz, Germany), H, Logic (Herning, Denmark),
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QuinTech (Goeppingen, Germany), and electrolysis may be performed according to

the manufacturer’s instructions.

In the electrolysis of water, water is used as the substance through which the
electronic current passes. The electronic current leads to the decomposition of the
water into oxygen (O;) and hydrogen (H;). The overall reaction equation is:

2 H,O(liquid) — 2 Hy(gaseous) + Oy(gaseous). Hydrogen can also be produced by
the electrolysis of brine (i.c. a water sodium chloride mixture). This electrolysis is
commonly used for the production of chlorine, wherein hydrogen is produced as a
side product. Herein, the passed through current leads to the oxidation of chloride
ions to chlorine. The overall reaction equation is: 2 NaCl +2 H,O — Cl, + Hy +

2 NaOH. The water and/or brine for the electrolysis may be obtained by any source,
such as tap water, from rivers, lakes, sea water, rain or waste water from industrial
processes (here the explanations of industrial waste gas apply accordingly). In case
that the water and/or brine does not have the necessary purity for the electrolysis, the
water and/or brine may be purified by distillation, filtration and/or centrifugation and
other means which are well known to a person skilled in the art and can for example
be taken from “Water Treatment, Principles and Design”, 2. edition, 2005, John

Wiley & Sons.

The energy for any industrial process mentioned herein which provides hydrogen,
oxygen, carbon dioxide or any other precursor of the method, in particular for the
electrolysis of water or brine to provide hydrogen and/or oxygen which may then be
used for gasification or combustion processes to provide carbon dioxide, or for the
bioreactor which requires energy, e.g. for temperature and pressure control as well as
feed pumps, stirrer movement and other applications, not even mentioned the
remaining laboratory equipment, may principally be provided by any energy source,
such as renewable or non-renewable energy sources, such as electricity from
combustion of fossil fuels and related energy carriers or nuclear energy. Preferably,
the energy for the industrial processes is from a renewable energy source, in

particular the energy for the hydrogen-producing electrolysis, for gasification or
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combustion is from a renewable energy source. “Renewable energy” is energy
which comes from natural resources or sources and is renewable, i.e. naturally
replenished. Renewably energy comprises wind power, solar power, geothermal
power, water/hydro power, wave power, tidal power, biofuels, biomass and
combinations thereof. More preferably, the energy source is selected from the group
consisting of solar, wind, water and geothermal power. A “device for generating
electric energy from a renewable and/or non-renewable energy source” are the
reactors or devices, i.¢. respective power plants, which convert the energy of the
energy source, such as thermal, kinetic, chemical and/or mechanical energy into
electric energy. Said power plants may be large-scale power plants or household-

scale devices or else.

Solar powered electrical generation relies on concentrated solar heat (e.g. heat
engines) and solar power (e.g. photovoltaics in solar panels). A device for
generating electric energy from solar power may for example be selected from
photovoltaics, concentrated solar power system or else and may be obtained for
example from Bosch Solar Energy AG (Erfurt, Germany), sonnen_systeme
Projektgesellschaft mbH (Alheim-Heinebach; Germany), First Solar (Tempe, USA),
Suntech (Wuxi, China), Sharp (Tokyo, Japan), Q-Cells (Bitterfeld-Wolfen,
Germany) and Stirling Energy Systems, Inc. (Scottsdale, AZ, USA). Solar hot water
system solar heat engines may be used for heating the bioreactor of the system of the

invention.

Biomass is also regarded as renewable energy source and is biological material from
living or recently living organisms, such as wood, waste, (hydrogen) gas, and alcohol
fuels. Living or recently living organisms comprise plants and trees, such as
miscanthus, switchgrass, hemp, corn, poplar, willow, sorghum, sugarcane,
eucalyptus or palms, but also forest residues, e.g. dead trees, branches and tree
stumps, yard clippings, wood chips, garbage, plant or animal matter used for
production of fibres or chemicals, and biodegradable waste that can be burnt as fuel.

Excluded are such organic materials as fossil fuels which have been transformed by
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geological processes into substances such as coal or petroleum. Biofuels, e.g.
bioethanol, biobutanol (biogasoline), biogas, syngas, biocthers, biodiesel or solid
biofuels as wood pellets, cube or pucks, are a wide range of fuels which are in some
way derived from biomass. The energy for the production of biomass or biofuel is
thus derived from the sun and converted by photosynthesis into the biological
material. Devices for generating electric energy from biomass or biofuel comprise
biomass power plants, and can be obtained for example from SBBiogas GmbH
(Marktbreit, Germany), Evonik New Energies GmbH (Saarbruecken, Germany) or
Envi Con & Plant Engineering GmbH (Nuremberg, Germany).

A device for generating electric energy from wind power may for example be
selected from wind turbine, wind mill, wind pump or drainage. Suppliers of said
devices are for example for small applications: Superwind (Bruehl, Germany), Braun
Windturbinen (Nauroth, Germany), Urban Green Energy (New York, USA) and
Helix Wind (Poway, USA). Exemplary suppliers of wind turbines for larger
applications are Vestas (Randers, Denmark), GE Wind Energy (Fairfield, USA),
Sinovel (Beijing, China), Enercon (Aurich, Germany), Goldwind (Urumqui, China),

Gamesa (Zamudio, Spain) and Siemens Wind Power (Brande, Denmark).

Geothermal electricity is electricity generated from geothermal energy. A device for
generating electric energy from geothermal power may for example be selected from
dry steam power plant, flash steam power plant, hybrid plant and binary cycle power
plant and may be obtained for example from Ansaldo Energia (Genoa, Italy) or

ECONAR (Maple Grove, MN, USA).

In general, the production of hydro electricity uses the gravitational force of falling
or flowing water. Conventional hydroelectric power stations use the potential energy
of dammed water for driving a water turbine and generator. The energy amount
obtained in this way depends on the water volume and the difference in height
between the source and the water's outflow. Pumped-storage hydroelectric power

stations produce electric energy to supply high peak demands by moving water



WO 2014/128300 PCT/EP2014/053545

10

15

20

25

30

-73 -

between reservoirs of different levels. Here, water is released back into the lower
reservoir through a turbine which is connected to a generator or preferably may be
connected to the bioreactor or device for producing hydrogen and/or oxygen by the
electrolysis of water and/or brine. Also, run-of-the-river hydroelectric stations,
small, micro or pico hydro stations are available. A device for generating electric
energy from water/hydro power may for example be obtained from AC-Tec G.m.b.H

(Kaltern, Italy) or EnBW Energie Baden-Wiirttemberg AG (Karlsruhe, Germany).

Wave power denotes the energy of ocean surface waves. A device for generating
electric energy from wave power may for example be selected from point absorber or
buoy, surfacing following or attenuator oriented parallel to the direction of wave
propagation, terminator, submerged pressure differential, oriented perpendicular to
the direction of wave propagation, oscillating water column, or an overtopping
facility. The devices comprise a hydraulic ram, elastomeric hose pump, pump-to-
shore, hydroelectric turbine, air turbine or a linear electrical generator, optionally
also a parabolic for increasing the wave energy at the point of capture. Such devices
may be located close to shoreline, near shore or offshore. Suppliers are for example
Ocean Navitas Ltd. (Marton, UK), AWS Ocean Energy Ltd. (Inverness, UK),
BioPower Systems (Mascot, Australia), Columbia Power Technologies (Corvallis,
OR, USA), Ocean Power Technologies (Pennington, NJ, USA) or Pelamis Wave
Power (Edinburgh, UK).

A device for generating electric energy from tidal power which uses the daily rise
and fall of water due to tides may for example be selected from tidal power stations,
undershot waterwheels, dynamic tidal power plants, tidal barrage, tidal lagoons and
turbine technology, such as axial turbines or crossflow turbines. Suppliers are for
example BioPower Systems (Mascot, Australia), Neptune Renewable Energy Ltd.
(North Ferriby, UK) or Clean Current Power Systems Incorporated (Vancouver,
Canada).
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Carbon dioxide and hydrogen are both required for methane production. Both gases
are generally fed into the reaction vessel of the invention at a certain gas feed rate as
described above. Optionally, both gases may be introduced into the reaction vessel
according to the desired ratio of their partial pressures or according to a certain
volumetric ratio. They may be pure or contaminated with other gases tolerated by
the system, i.e. not irreversibly harmful to the methanogenic microorganisms. A
contamination with other gases may e.g. occur when industrial waste gases of carbon
dioxide from the atmosphere are used. Positively, this also reduces the release of
greenhouse gases or removes carbon dioxide from the atmosphere. Inside the
reaction vessel, the gases are partially dissolved in the medium or reaction medium
of the invention which comprises the methanogenic microorganisms. The dissolved
part of the gases is then taken up by the microorganisms of the invention and
converted into methane, subsequently. The gases may be fed separately into the
reaction vessel or be mixed outside the reaction vessel in a feed rate which is at least
1 vvm in total, optionally in a ratio which results in a certain partial pressure ratio or
certain volumetric ratio and then fed in a mixture. Hence, the in-gas or gas feed of
hydrogen and carbon dioxide always denotes the total amount of hydrogen and
carbon dioxide provided to the methanogenic microorganisms. For the purpose of
the invention it is suitable to either mix the two gases hydrogen and carbon dioxide
prior to the introduction into the reaction vessel or to introduce both gases separately
via two different gas feed lines to the reaction vessel or to introduce the two gases
timely one after another, as long as the gas feed rate is maintained, and optionally the
volumetric ratio of hydrogen to carbon dioxide or the ratio of the partial pressures of
hydrogen to carbon dioxide is maintained as described herein. The mix-ratio may be
adjusted in real time according to the determined partial pressure ratio or volumetric
ratio of hydrogen and carbon dioxide inside the reaction vessel as desired by the

skilled person and as described above.

Typical “contaminants” of the gases which are fed into the reaction vessel of the
invention are process dependent and may be oxygen, chlorine, carbon monoxide,

nitrogen and others. In response to oxygen contamination of the reaction vessel, the
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oxidation reduction potential has to be stabilized using sulphide or else, adjusting the
hydrogen gas feed into the reaction vessel and the pH value, wherein the concrete

action may be chosen by the person skilled in the art.

A “fermentation condition” or “phase condition” is a parameter of the method of the
condition which may be adjusted by the skilled person who performs the method of
the invention. In general, “fermentation conditions” in the sense of the invention are
all standard fermentation conditions which are known to a person skilled in the art of
microorganism fermentation (Bailey, Ollis (1986) Biochemical Engineering Funda-
mentals, McGraw-Hill Science, New York, USA). Examples of fermentation
conditions are the nitrogen concentration, partial pressures of hydrogen and carbon
dioxide and thus the ratio of the partial pressures of hydrogen and carbon dioxide, the
oxidation reduction potential, the pH value, biomass concentration, temperature,
pressure, stirring speed, medium composition, gas feed rates, medium exchange rates
and others. The skilled person knows that in a reaction vessel containing a
suspension of living organisms such as the methanogenic microorganisms of the
invention the fermentation conditions, which are required for optimal cell
performance regarding cell growth or methane production, may fluctuate and vary
and will have to be adjusted accordingly by the experimenter. Since all relevant
fermentation conditions may be measured or determined either in real time or by
simple means, the skilled person knows how to the fermentation conditions can be

adjusted to successfully perform the method of the invention.

The optional cell growth phase and the optional methane production phase are
characterized by different nitrogen concentrations and optionally also by different
ratios of the partial pressure of hydrogen to the partial pressure of carbon dioxide
inside the reaction vessel. Optionally, also the oxidation reduction potential is
different in both phases, values are given above. The H,/CO; partial pressure ratios
and the optional different oxidation reduction potential of both phases apply to all
methanogenic microorganisms of the invention, preferably to the methanogenic

archaeca, described herein. The optimal fermentation temperature and pH depend on
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the cell species and microorganism strain used and information thereon will be given
in detail below. Other fermentation conditions apply to both phases and to all
species of methanogenic microorganisms. The nitrogen concentrate, H,/CO; partial
pressure ratio and other parameters may be adjusted or maintained according to the

real time measurement of the reaction vessel.

It is possible to feed both gases hydrogen and carbon dioxide and nitrogen gas
separately in the amount which is required to adjust or maintain a specific nitrogen
concentration and optionally a specific ratio inside the reaction vessel or to mix the
gases prior to the feed into the reaction vessel in a ratio which results in the desired
ratio of the partial pressures or volumetric ratio of carbon dioxide and hydrogen and
also of the desired nitrogen concentration in the liquid phase inside the reaction
vessel. The ratio of the partial pressures of hydrogen to the partial pressure of carbon
dioxide may be determined in real time as described above and the volumetric ratio
may be determined via the mass flow. Also, the gas feed rate ([vvm]) is controlled
via typical mass flow controllers which are well known to a person skilled in the art.
Typical mass flow controllers are e.g. supplied by Bronkhorst (Kamen, Germany),

Wagner (Offenbach, Germany), Brooks Instruments (Dresden, Germany) or others.

“Tolerated” means that something, which is not directly having a beneficial and/or
positive effect on the process of electrolysis, generating electric energy or the
methanogenic microorganism, the reaction vessel, the experimental set-up of the
method of the invention as a whole, the composition of the gases fed into the reaction
vessel or off-gas and/or the methane production rate of the invention, nevertheless
does not lead to methane production inefficiency or overall process inefficiency of
the method of the invention or prevents the success of the method of the invention or

the use of the methanogenic microorganism.

The temperature inside the reaction vessel depends on the methanogenic micro-
organism which is used for the method of the invention. In general, for all methano-

genic archaea the temperature should be in the range from 40 °C to 100 °C.
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Preferably, for mesophilic microorganisms, such as Methanosarcinia barkeri or
Methanococcus maripaludis, the temperature of the biomass in the reaction vessel is
in the range of about 30 °C to about 40 °C, more preferably in the range of about

35 °C to about 37 °C. Preferably, for thermophiles such as Methanothermobacter
marburgensis, Methanobacterium thermoautotrophicus or Methanothermobacter
thermoautotrophicus the temperature inside the bioreactor was about 60 °C to 67 °C,
preferably about 65+1 °C, or about 85 °C to 90 °C for organisms such as Methano-
caldococcus jannaschii. Surprisingly, the inventors found out that Methano-
thermobacter marburgensis also grows and produces methane very well at lower
temperatures of about 45+1 °C to about 55+1 °C. Hence, the method of the
invention may also be performed at 45+1 °C, 47+1 °C, 49«1 °C, 50+1 °C, 52+1 °C,
54+1 °C, 55+1 °C, 57£1 °C, 59£1 °C, 60+1 °C, 62+1 °C, 64«1 °C, 67+1 °C, 69+1
°Cor 70£1 °C or at a temperature in the range of 45+1 °C to 67+1 °C, 50£1 °C to

65+1 °C inside the reaction vessel.

The stirring speed is adjusted to a value which is optimal for a high gas liquid mass
transfer in the volume of the respective reaction vessel, in a typical fermentation the
stirring speed is at least 20 rpm or 50 rpm, preferably, at least 500 rpm, more
preferably at least 1000 rpm, even more preferably at least 1500 rpm, most preferred,
the stirring speed is at least 1500 rpm or the maximum which can be applied by the
stirrer used in the reaction vessel of the bioreactor. Thus, the stirring speed in
particular of large-volume reaction vessels, such as 15,000 L, may be significantly
less than 1500 rpm, for example in the range between 20 rpm to 100 rpm, e.g.

65 rpm.

The pH of the cell culture inside the reaction vessel should be broadly in the neutral
range. Preferably, for all methanogenic microorganisms of the invention the pH
value of the invention is in the range of 4.0 to 9.0, more preferably, the pH value is in
the range of 5.0 to 8.0 or 5.5 to 7.8, even more preferably, the pH value is in the
range of 6.4 to 7.6, in particular preferably, the pH value is in the range of 6.7 to 7.2,
most preferably, the pH value is about 6.5+ 0.5,6.9+ 0.5 or 7.0 £ 0.5.
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In general, methanogenesis is an anaerobic process and inhibited by oxygen.
However, certain amounts of oxygen may be tolerated by the system. If the oxygen
content in a real gas is too high, for example a common oxygen scrubber may be
used to remove oxygen from the in-gases, i.e. from the hydrogen and carbon dioxide
feed. After an accidental inflow of high amounts of oxygen, it may also be possible
to remove the oxygen by fast feed or high gas feed rate of hydrogen and carbon
dioxide into the reaction vessel and oxygen clean-up of off-gas which is removed
from the reaction vessel at the same time. Also here, a common oxygen scrubber
may be used. Experiments, for example in WO 2008/094282, have shown that even
100% oxygen feed for more than 10 hours only stopped methane production for a
that time and that the system soon recovered and started to again produce methane.
In no way, the system will be permanently damaged. Thus, the system is very robust
to oxygen contamination and oxygen is tolerated to a certain extend. It is, however,
preferred to have a very low oxygen contamination inside reaction vessel, preferably

below 2%.

Inside the reaction vessel and during the method of the invention, the pressure may
be adjusted to a value of above normal atmospheric pressure, or to a value of at least
1 bar, 1.2 bar, 1.4 bar, 1.5 bar, 1.6 bar, 1.7 bar, 1.8 bar, or at least 1.9 bar, preferably
at least 2.0 bar, 2.1 bar, 2.2 bar, 2.25 bar, 2.3 bar, 2.4 bar, 2.5 bar, 2.6 bar, 2.7 bar,
2.8 bar, 2.9 bar, 3.0 bar, more preferably of at least 3.2 bar, 3.4 bar, 3.6 bar, 3.8 bar,
4.0 bar, 4.25 bar, 4.5 bar, 4.75 bar, or of 5 bar. The absolute pressure inside the
reaction vessel may also be in the range of 1.0 bar to 1200 bar, 1.2 bar to 1000 bar,
1.3 bar to 500 bar, preferably in the range of 1.5 bar to 1000 bar. In particular, the
range of 1.5 bar to 5 bar has been calculated by the inventors to be optimal for the
production of methane and would be well tolerable by the methanogenic micro-
organisms of the present invention. Since methanogenic microorganisms, such as
methanogenic archaea, are known which tolerate very well extremely high pressures
the pressure values mentioned before and in the following may be applied in the

method of the invention for producing methane. Methanogenic archaea which are
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extremely tolerable to high pressures are naturally derived from a high pressure

environment, such as from deep sea.

“Absolute pressure” in the sense of the invention denotes the total pressure which is
inside the reaction vessel including the normal atmospheric pressure and the
additional pressure applied by the method operator via a device such as the device
according to the invention for providing, controlling and/or measuring an absolute
pressure inside the reaction vessel of at least 1 bar or higher as described above. A
person skilled in the art knows very well that the normal atmospheric pressure may
vary with time and also depending on the location where a method is performed.
Atmospheric pressure is defined as the force per unit area exerted onto a surface by
the weight of air above that surface in the atmosphere. In most circumstances
atmospheric pressure is closely approximated by the hydrostatic pressure caused by
the mass of air above the measurement point. As elevation increases, there is less
overlying atmospheric mass, so that pressure decreases with increasing elevation.
The average sea-level pressure is 1.01325 bar (= 1013.25 hPa ) and the atmospheric
pressure may generally vary within + 50 mbar. Based on this, “normal atmospheric
pressure” in the sense of the invention is generally a pressure of 1+0.05 bar,
however, depending on the location of operation “an absolute pressure above normal
atmospheric pressure” denotes any additional increase of the pressure inside the
reaction vessel compared to the outside of the reaction vessel. A person skilled in
the art knows very well how to determine or find out the pressure which applies to
his location. The pressure inside the reaction vessel may also be given in the unit
“barg” which denotes the pressure inside the reaction vessel independent from the
atmospheric pressure. In this case, the local atmospheric pressure value has to be
added to the pressure given as “barg”. As a general rule, the absolute pressure may
be calculated by adding the pressure value given as “barg” to 1+£0.05 bar. Of course,
the absolute pressure may also be measured directly. Exemplary suppliers of
pressure controllers are e.g. LABOM Mess- und Regeltechnik GmbH (Hude,
Germany), KROHNE Messtechnik GmbH (Duisburg, Germany) or others.
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In an optional embodiment of the present invention, the gas feed rate of hydrogen
and carbon dioxide into the reaction vessel is at least 1.2 vvm in total and inside the
reaction vessel an absolute pressure of at least 1.5 bar is applied, or the gas feed rate
of hydrogen and carbon dioxide into the reaction vessel is at least 1.2 vvm in total
and inside the reaction vessel an absolute pressure of at least 2.0 bar (1.0 barg) or of
at least 2.25 bar (1.25 barg) is applied, preferably the gas feed rate of hydrogen and
carbon dioxide into the reaction vessel is at least 1.5 vvm in total and inside the
reaction vessel an absolute pressure of at least 2.0 bar (1.0 barg) or of at least

2.25 bar (1.25 barg) is applied, even more preferably the gas feed rate of hydrogen
and carbon dioxide into the reaction vessel is at least 1.7 vvm in total and inside the
reaction vessel an absolute pressure of at least 2.0 bar (1.0 barg) or of at least

2.25 bar (1.25 barg) is applied, most preferably the gas feed rate of hydrogen and
carbon dioxide into the reaction vessel is at least 2.0 vvm in total and inside the
reaction vessel an absolute pressure of at least 2.75 bar (1.75 barg), or the gas feed
rate of hydrogen and carbon dioxide into the reaction vessel is at least 2.0 vvm, at
least 2.5 vvm, at least 3.0 vvm, at least 4.0 vvm, at least 5.0 vvm, at least 7 vvm, at
least 10.0 vvm, or at least 20.0 vvm in total and inside the reaction vessel an absolute
pressure of at least 2.0 bar (1.0 barg), of at least 2.25 bar (1.25 barg), of at least

2.5 bar (1.5 barg), of at least 2.75 bar (1.75 barg), of at least 3.0 bar (2.0 barg), of at
least 3.25 bar (2.25 barg), of at least 3.5 bar (2.5 barg), of at least 4.0 bar (3.0 barg),
of at least 4.5 bar (3.5 barg), of 5.0 bar (4.0 barg)is applied.

In another optional embodiment of the present invention, the nitrogen concentration
in the liquid phase inside the reaction vessel is in the range of 0.0001 to 35 mmol/L,
0.0001 to 30 mmol/L, 0.0001 to 28 mmol/L, 0.0001 to 25 mmol/L, 0.001 to

23 mmol/L, 0.05 to 20 mmol/L, 0.0001 to 25 mmol/L, 0.0001 to 23 mmol/L, 0.0005
to 20 mmol/L, 0.001 to 18 mmol/L, 0.001 to 17 mmol/L, 0.001 to 15 mmol/L, 0.001
to 12 mmol/L, 0.001 to 10 mmol/L, 0.001 to 7 mmol/L or 0.001 to 5 mmol/L, and for
the nitrogen concentration range above 55 mmol/L, i.e. in the range from 55 to

1000 mmol/L, 60 to 500 mmol/L, 65 to 500 mmol/L, 70 to 400 mmol/L, 75 to

300 mmol/L, or 75 to 200 mmol/L, and the gas feed rate of hydrogen and carbon
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dioxide, i.e. the sum gas feed rate of hydrogen and carbon dioxide, i.e. the gas feed
rate of hydrogen plus the gas feed rate of carbon dioxide, into the reaction vessel is in
the range of 1.0 vvm to 25 vvm in total, preferably is in the range of 1.2 vvm to

100.0 vvm in total 1.2 vvm to 25.0 vvm in total, more preferably is in the range of
1.5 vvm to 15.0 vvm in total, even more preferably is in the range of 1.7 vvm to 10.0
vvm in total, most preferably is in the range of 2.0 vvm to 8.0 vvm in total, and the
pressure is adjusted to a value of above normal atmospheric pressure, or to a value of
at least 1 bar, 1.2 bar, 1.4 bar, 1.5 bar, 1.6 bar, 1.7 bar, 1.8 bar, or at lecast 1.9 bar,
preferably at least 2.0 bar, 2.1 bar, 2.2 bar, 2.25 bar, 2.3 bar, 2.4 bar, 2.5 bar, 2.6 bar,
2.7 bar, 2.8 bar, 2.9 bar, 3.0 bar, more preferably of at least 3.2 bar, 3.4 bar, 3.6 bar,
3.8 bar, 4.0 bar, 4.25 bar, 4.5 bar, 4.75 bar, or 5 bar, or is in the range of 1.0 bar to
1200 bar, 1.2 bar to 1000 bar, 1.3 bar to 500 bar, preferably in the range of 1.5 bar to
1000 bar or 1.5 bar to 5 bar.

During the whole method, it is appropriate to adapt the fermentation conditions, such
as the stirring speed, the temperature, the nitrogen concentration, the supply rate of
any liquid, gaseous or solid compound, the pressure and/or pH value in order to
change the fermentation conditions inside the bioreactor comprising the reaction
vessel for various purposes including but not limited to the increase of methane
production and/or of cell growth. Classically, two fermentation modes are applicable
in the methods described herein (in the literature also denoted as phases although
herein not to be mixed up with the “phases of the invention” characterized by a
specific Hy/CO; partial pressure ratio): the batch mode (= batch cultivation mode or
batch fermentation mode) and the continuous mode (=continuous cultivation mode or
continuous fermentation mode). In the batch mode, typically no mass (solid, liquid,
gaseous) transfer into the reaction vessel or into the bioreactor is allowed. Thus,
during batch mode the system comprising the bioreactor and the methanogenic cells
in the reaction vessel is closed. However, nitrogen, hydrogen and carbon dioxide
may still be fed into the reaction vessel and be provided to the methanogenic
microorganisms inside the reaction vessel or not. If this is the case, the fermentation

mode may also be regarded as semi-batch mode. On the contrary, the continuous
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cultivation mode is characterized by a continuous supply with fresh medium or
medium components, gases or other substances which are continuously required by
the cells in the reaction vessel, such as hydrogen, carbon dioxide or medium. In
general, the reaction volume, i.e. the culture volume, inside the reaction vessel is
kept constant, so that also gaseous and/or liquid substances have to be removed from
the reaction vessel depending on the total mass in-flow. Thus, during the continuous
mode, the system comprising the bioreactor and the methanogenic cells in the

reaction vessel can be regarded as being open and components are exchanged.

Hence, these two fermentation modes describe a setting of the bioreactor comprised
in the system of the invention. Batch mode conditions are very often applied during
the initial phase when cells are dividing and biomass is increasing exponentially,
whereas continuous cultivation conditions are often applied when cell growth
stagnates or is constant, such as in the methane production phase. In this mode, the
cells are usually kept over a longer period of time for producing the desired product,

here methane.

During the optional methane production phase or optional cell growth of the method
characterized by the partial pressure ratios of hydrogen and carbon dioxide as
described above, the fermentation mode may be batch mode or continuous mode. If
the cells are only kept in the methane production phase according to the partial
pressure ratio of hydrogen and carbon dioxide, batch and continuous conditions may
be applied as regarded beneficial by the experimenter, however, the inventor found
out that best results may be achieved when the mode is switched from batch to
continuous when cell growth stagnates. If at least one cell growth phase and at least
one methane production phase are applied, it was found out that it is especially
beneficial if the batch mode conditions are applied during cell growth phase and the
continuous cultivation mode is applied during methane production phase. The
switch between both phases and mode is then performed as described above when

cell growth stagnates or reaches at least a concentration of 3 g biomass per litre.
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The bioreactor (= fermenter or reactor) comprises all components and devices which
are necessary to perform the method of the invention, i.e. to produce methane of
hydrogen and carbon dioxide. For this purpose, the bioreactor comprises at least a
reaction vessel suitable for fermenting, growing and culturing the methanogenic
microorganisms of the invention, devices for the supply of liquid, solid and gaseous
substances and for analytics as already described above. “Suitable for fermenting,
growing and culturing the methanogenic microorganisms” in the sense of the
invention denotes that the reaction vessel allows to maintain a surrounding or
condition which promotes cell growth, fermentation and culturing of the cells. This
comprises, for example, maintaining the culture at a pre-determined temperature,
stirring the cells and providing substances which are essential for the metabolism of
the cells, such as gases, medium or medium components, such as nitrogen. In
principle, the reaction vessel may be any container wherein methanogenic micro-
organism may be cultured, grown and fermented. In general, the reaction vessel is
made of glass or steel depending on the pressure which is applied to the culture of
methanogenic microorganisms. The reaction vessel may be connected to all
necessary devices and measuring probes for adjusting the fermentation conditions of
the invention to grow the methanogenic microorganisms up to a desired biomass
concentration and/or to switch the phase of the methanogenic microorganisms or to
keep the cells in one of the phases over a period of time which may be selected from
the experimenter. The period of time may be understood as minutes or hours or days
or even longer. The method of the invention also allows keeping the methanogenic

microorganisms in a non-methane-producing state without further cell growth.

The bioreactor of the invention may be derived from a standard bioreactor suitable
for culturing, fermenting, growing and/or processing of a biomass comprising the
methanogenic microorganisms of the invention. Suppliers of standard bioreactors
are, for example, Applikon Biotechnology B.V. (Schiedam, The Netherlands), Infors
(Bottmingen, Switzerland), Bioengineering (Wald, Switzerland) and Sartorius

Stedim Biotech GmbH (Géttingen, Germany).
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The bioreactor, i.e. reactor comprises at least one vessel or container suitable for
culturing, fermenting and/or processing of the methanogenic microorganisms, i.c. the
reaction vessel of the invention. The bioreactor may also comprise two or more
reaction vessels, one or more for cell growth and also one or more for methane
production. Even different gas feed rates of hydrogen and carbon dioxide, different
pressures inside the reaction vessels, different methanogenic microorganisms and
different ratios of the partial pressure of hydrogen to carbon dioxide may be applied
in the reaction vessels which are used for the invention. These reaction vessels may
be linked, for example via tubes, pipes or else, to transport the cell culture
comprising the suspension of methanogenic microorganisms from one reaction
vessel to the other or back if needed. Said one or more reaction vessels may also not
be directly linked to each other, in this case, the methanogenic microorganism may
be transferred from one reaction vessel to the other via another container. The
bioreactor may be equipped with various means and devices for adjusting and
monitoring the fermentation conditions in the bioreactor and in the reaction vessel or
in the reaction vessels. With reference to the bioreactor of the invention, “suitable
for the method” denotes that the bioreactor comprises the components and devices
which are necessary to culture the microorganisms of the invention in a way that they
are able to grow and produce methane and what else is necessary to perform the

method of the invention.

Optionally, the bioreactor comprises a device for a feed of medium, e.g. a continuous

feed of medium, and/or reducing agent and/or sulphur source.

In one exemplary embodiment, an ideal stirred tank bioreactor is used for the method
of the invention. This bioreactor comprises a reaction vessel with head plate and
multiple inlet and outlet ports. The probes for temperature, nitrogen, pH and
oxidation reduction potential measurement are fitted to the ports. The bioreactor is
further equipped with an agitator with impeller blades (Rushton) on at least three
levels. Medium and liquid reducing agent is fed via a pump, controlled

gravimetrically or with a flow meter or is needed to control the oxidation reduction
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potential. Acid or base is added by titration to control pH as desired. “Gas liquid
mass transfer” denotes the transfer of mass in general, i.e. molecules and atoms,
between a liquid and a gaseous phase, wherein phase is to be understood in its
thermodynamic meaning and not to be mixed up with a fermentation “phase of the
invention”. Of particular importance for the method of the invention is the transfer
of hydrogen and carbon dioxide from the gaseous phase to the liquid phase which
comprises the biomass suspension and the methanogenic microorganism inside the
reaction vessel, and the transfer of methane from the liquid phase to the gaseous
phase inside the reaction vessel to leave the reaction vessel. The gas liquid mass
transfer indirectly influences the mass transfer from the liquid to the solid phase,

such as the biomass.

The bioreactor and also the reaction vessel comprised in the bioreactor may be
connected to various sources of hydrogen and carbon dioxide, nitrogen, real gases
and others through the at least one device for introducing of gaseous substances and
further to automated systems for feeding liquid, gaseous and solid substances and
materials into the bioreactor via peristaltic pumps and others. Also devices and
means may be attached to the bioreactor which measure the composition of the educt
gases for the method and which further improve the quality of the gas to be fed into
the reaction vessel, in case of a real gas application, or the off-gas. The bioreactor
also comprises a device for removing and measuring the off-gas from the reaction
vessel. The off-gas composition, in particular the amounts of hydrogen, carbon
dioxide and methane, may be measured for example by an individually applied gas
analyser system, such as supplied by BlueSens gas sensor GmbH (Herten, Germany).
The off-gas produced by the method of the invention may optionally be further
processed by standard means, such that hydrogen, nitrogen and carbon dioxide,
which were not converted into methane, are separated from methane and/or from
cach other. Hydrogen, nitrogen and carbon dioxide which are comprised in the off-
gas are preferably recycled in that they are fed back into the reaction vessel of the
invention. Hydrogen may be separated from the off-gas of the invention using a

separation device such as a membrane which allows the small hydrogen molecules to
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pass through the pores of the membrane and does not allow the passage of larger
molecules or by classical condensation using a cold finger or else. Aforementioned
methods are of course also applicable to increase the hydrogen content in the used
hydrogen educt gas or real gas. Carbon dioxide may be separated from the off-gas of
the invention for example with an absorbing medium which selectively absorbs
carbon dioxide or which selectively absorbs gases other than carbon dioxide from the
off-gas or by any method described above. Separating devices for nitrogen are also
known to a person skilled in the art. Both hydrogen and carbon dioxide which have
been recovered from the off-gas may be used as educts in the method of the
invention. After or before or while hydrogen, nitrogen and carbon dioxide are
removed from the off-gas also other gases such as water vapour and other gases may
be removed to increase the percentage of methane in the off-gas for methane or
natural gas based applications. The higher the percentage of methane, and thus the
purity, in the off-gas, the more preferred. Most preferred is a percentage of methane
in the off-gas which closely resembles natural gas, i.c. is between 40% and 90%,

preferably between 60% and at least 90%.

The bioreactor may further comprise devices which allow the sterile and anaerobic
entry and exit of substances required for the method of the invention. “Substances
required for the method of the invention” are for example the biomass comprising the
methanogenic microorganisms, the medium or medium components, water, gases,
such as hydrogen, carbon dioxide, methane, hydrogen sulphide, nitrogen or mixtures

thereof, and compositions which might contain a mixture of all these substances.

The bioreactor of the invention is further equipped with discharge lines, pumps and
compressors. The bioreactor at least comprises all devices which are necessary to
feed the gases which are required for the method of the invention, i.c. at least
hydrogen and carbon dioxide, nitrogen in gaseous, dissolved or solid form, liquid
substances, such as the cell culture suspension and fresh medium or medium

components, devices for removing the off-gas of the invention, excess liquid and
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gaseous parts from inside the bioreactor, and all other components which are

necessary to control the fermentation parameters of the invention.

In a preferred embodiment, the bioreactor and reaction vessel is suitable for
culturing, fermenting and/or processing of a biomass comprising microorganisms
under high pressure, e.g. a pressure higher than the normal atmospheric pressure.
For this purpose, the bioreactor comprises a reaction vessel or housing made of a
material which is suitable for high pressure and fulfils the requirements of
occupational safety and follows work safety rules. The material of the housing may
be selected from the group comprising steel, such as stainless steel according to

European standard EN 10088, for example 1.43XX, 1.44XX, 1.45XX, or else.

A reaction vessel of the bioreactor of the invention for culturing methanogenic
microorganisms may have different volumes, wherein larger volumes are preferred
for the industrial production of methane. The industrial production of methane also
comprises the methane production in decentralized household applications, wherein
the volume of the reaction vessel comprised in the bioreactor may be in the smaller
and middle range, and largely depends on the particular methane amount which is
needed and the available space. In any embodiment of the invention, the volume of
the reaction vessel is at least 1 L, preferably at least 5 L, 10 L, 25 L, more preferably
at least 50 L, 100 L, 500 L, 1000 L, even more preferably the volume of the reaction
vessel is at least 5000 L, 10,000 L, 20,000 L, 50,000 L, most preferably the volume
of the reaction vessel is at least 100,000 L. In another preferred embodiment, more
than one reaction vessel is comprised in the bioreactor of the invention or more than
one bioreactor comprising one or more reaction vessels are combined, for example
attached serially or in parallel. In a serial arrangement, the volume of the reaction
vessel is typically smaller, i.e. in the range of 0.5 L to 20 L, preferably in the range of
1 L to 15 L, more preferably in the range of 1 L to 10 L and most preferably in the
range of 1 L to 5 L, however, if regarded beneficial, the volume of the reaction vessel
may also be larger, as indicated above, for example at least 1 L, preferably at least

5L, 10L, 25 L, more preferably at least 50 L, 100 L, 500 L, 1000 L, even more
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preferably the volume of the reaction vessel is at least 5000 L, 10,000 L, 20,000 L,
50,000 L, or the volume of the reaction vessel is at least 100,000 L. A serial or
parallel arrangement allows using the hydrogen, nitrogen, methane and carbon
dioxide comprising off-gas as new educt gases or in-gas for the next following
reaction vessel and bioreactor. Optionally, the methane is removed from the off-gas
before it is re-used as in-gas. Thereby, the process economy is improved and
methanogenesis educts, i.e. hydrogen and carbon dioxide, which have not been
converted into methane in the preceding reaction vessel, may again be used. Of
course, in each reaction vessel, the fermentation conditions and in particular the
H,/CO; partial pressure ratio and thus the phase of the methanogenic microorganisms
may be applied individually. It is also possible to use different methanogenic species

and mixtures thereof in each of the reaction vessels.

In a preferred embodiment of the method of the invention, the bioreactor is designed
in a way that the carbon dioxide, nitrogen and the hydrogen released from the
reaction vessel in the off-gas of the invention is re-used in the method of the
invention. Thus, the hydrogen, nitrogen and carbon dioxide of the off-gas of the

invention are recycled.
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BRIEF DESCRIPTION OF THE DRAWINGS

General set-up of the system of the invention. The system comprises
at least one device for generating electric energy from a renewable
and/or non-renewable energy source (1), at least one device for
producing hydrogen and/or oxygen by the electrolysis of water and/or
brine (2), preferably an electrolyser, and at least one bioreactor (3)
comprising a reaction vessel suitable for growing, fermenting and/or
culturing methanogenic microorganisms for converting hydrogen and
carbon dioxide into methane and at least one device for providing a
gas feed of hydrogen and carbon dioxide into the reaction vessel, and
optionally at least one device for measuring the nitrogen concentration
in the liquid phase inside the reaction vessel. Optionally, the
renewable energy source comprises solar energy, wind power, wave
power, tidal power, water/hydro power, geothermal energy, biomass
and biofuel combustion. Especially for initiating the system, it might
also be necessary to introduce energy from outside, i.e. from a
generator or from the common public power supply system. Arrows
indicate the transfer of one or more compounds (e.g. electric energy,
liquid, gaseous and/or solid compounds) between the devices,
bioreactor(s) or else of the system. The electric energy from a
renewable and/or non-renewable energy source may be transferred via
general power supply lines or cables or else to the at least one device
for producing hydrogen and/or oxygen by the electrolysis of water
and/or brine (2), preferably to an electrolyser, and/or to the at least one
bioreactor (3) and/or optionally be at least partially stored in an
electric energy storage device (4), such as a battery or accumulator or
else. In general and applicable to all embodiments of the invention,
the electric energy storage device (4) may be any common device
suitable for storing electric energy, such as a common battery or

common accumulator to be used according to the manufacturer’s
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instructions. From the electric energy storage device (4) the electric
energy may be transferred via general power supply lines or cables or
else to the at least one device for producing hydrogen and/or oxygen
by the electrolysis of water and/or brine (2), preferably to an
electrolyser, and/or to the at least one bioreactor (3). Water and/or
brine are provided via general transportation or tubes, pipes or else but
also via water tanks transported by transportation systems such as
trains, cars, trucks or else. Water in general, and in particular water
from rain or water which was purified in order to be suitable for the
use in electrolysis may be stored in water tanks, cisterns, artificial
lakes, reservoirs or else. The hydrogen obtained by electrolysis is
transferred to the bioreactor (3), where it is converted together with
carbon dioxide into methane by methanogenic microorganisms.
Hydrogen and carbon dioxide may be transferred to the bioreactor via
standard gas transport means, such as tubes, pipes or else. Both may
also be delivered, for example, in gas cylinders or bottles which allow
for storage of carbon dioxide and/or hydrogen before introduction into
the bioreactor. Gas cylinders, storage cylinders, storage vessels and/or
bottles not only allow storage of carbon dioxide or of hydrogen after
electrolysis in case of excess production or else prior to introduction
into the bioreactor, but also allow individual transportation of carbon
dioxide and/or hydrogen to bioreactors which are — for example — not
connected to any gas transport means, such as tubes, pipes or else or
storage or transportation of the off-gas or methane prior to end-user
applications. The off-gas is removed from the bioreactor via the
standard means of the bioreactor, such as tubes, pipes or else and may
be transported directly to end-user applications via tubes, pipes or else
or in gas cylinders, storage cylinders, storage vessels and/or bottles or
be further processed as described elsewhere in the description. These
standard means are familiar to a person skilled in biotechnology and

can also be taken from the bioreactor manufacturer’s instructions. The
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off-gas comprises methane, water vapour, hydrogen and carbon
dioxide but also other gases which are present inside the reaction
vessel as described below. Preferably, said bioreactor further
comprises at least one device for measuring the head pressure and the
off-gas concentration, at least one device for adjusting or maintaining
the partial pressure ratio of hydrogen to carbon dioxide inside the
reaction vessel, and at least adevice for providing, controlling and/or
measuring an absolute pressure inside the reaction vessel of at least
1.5 bar. Please note that the size or thickness of any symbol, arrow,
font or else is not intended to express yields, importance or conversion
rates.

Exemplary set-up of the system of the invention which illustrates
examples for the further use of the off-gas of the invention which is
released from the bioreactor/reaction vessel. By standard gas
transportation means as described herein (tubes, pipes, gas
cylinders/bottles or else) the off-gas in transferred to one or more
devices for recovery, purification, enriching, storing, recycling and/or
further processing of off-gas (6). These devices (6) may be combined
or used individually in any embodiment of the system of the invention
described herein and comprise for example devices for increasing the
content of methane in the off-gas by removing other substances
contained in the off-gas, such as for example hydrogen or carbon
dioxide, and/or remove methane from the off-gas. Thereby, methane
is purified and also enriched for various end-user applications (7),
wherein methane is used as energy carrier for thermal, mechanical,
electric energy or else and/or wherein methane is converted into
diverse base chemicals, such as methanol, olefin or gasoline.
Exemplary devices for all purposes are described in detail above and
in the description. Devices for storing off-gas, methane, carbon
dioxide or hydrogen may be gas tanks, cylinders, bottles or any other

suitable vessel or reservoir. The off-gas, hydrogen and/or carbon
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dioxide may be fed back into one or more bioreactors (3). In general,
methane optionally burns with oxygen, such as comprised in air, ideal
or real gas or produced by electrolysis of water, to carbon dioxide,
which may be re-used for methane production in the bioreactor by the
methanogenic microorganisms, and water, which may be re-used for
electrolysis for hydrogen and oxygen production. Optionally, also a
device for oxygen enriched combustion or gasification may be
present. For all other components or devices of the exemplary embo-
diment of the system of the invention depicted herein, for example (1),
(2), (3) or (5) please refer to the explanation of Figures 1, 3 or 4. Of
course, also here optionally an electric energy storage device (4), such
as a battery or accumulator or else, may be present. Further, all com-
ponents or intermediates may be stored in gas tanks, cylinders, bottles
or any other suitable vessel or reservoir until further use or for
transportation reasons. Please note that the size or thickness of any
symbol, arrow, font or else is not intended to express yields, impor-
tance or conversion rates. Of course, this exemplary embodiment may
comprise the features depicted in Figure 1 or 3 or any other embodi-
ment described herein and in the description. All components shown
in the Figure may be individually selected by the person skilled in the
art and combined or left away.

Exemplary set-up of the system of the invention comprising at least
one device for generating electric energy from a renewable energy
source (1), at least one device for producing hydrogen and/or oxygen
by the electrolysis of water and/or brine (2), preferably an electrolyser,
and at least one bioreactor (3) comprising a reaction vessel suitable for
growing, fermenting and/or culturing methanogenic microorganisms
for converting hydrogen and carbon dioxide into methane and at least
one device for providing a gas feed of hydrogen and carbon dioxide
into the reaction vessel, and optionally at least one device for

measuring the nitrogen concentration in the liquid phase inside the
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reaction vessel. Optionally, the renewable energy source comprises
solar energy, wind power, wave power, tidal power, water/hydro
power, geothermal energy, biomass and biofuel combustion.
Especially for initiating the system, it might also be necessary to
introduce energy from outside, i.e. from a generator or from the
common public power supply system. Arrows indicate the transfer of
one or more compounds (e.g. electric energy, liquid, gaseous and/or
solid compounds) between the devices or bioreactor(s) or else of the
system. The electric energy from the renewable energy source, may
be transferred via general power supply lines or cables or else to the at
least one device for producing hydrogen and/or oxygen by the
electrolysis of water and/or brine (2), preferably to an electrolyser,
and/or to the at least one bioreactor (3) and/or optionally be at least
partially stored in an electric energy storage device (4), such as a
battery or accumulator or else. In general and applicable to all
embodiments of the invention, the electric energy storage device (4),
such as a battery or accumulator or else may be any common device
suitable for storing electric energy, such as a common battery or
common accumulator to be used according to the manufacturer’s
instructions. From the electric energy storage device (4) the electric
energy may be transferred via general power supply lines or cables or
else to the at least one device for producing hydrogen and/or oxygen
by the electrolysis of water and/or brine (2), preferably to an
electrolyser, and/or to the at least one bioreactor (3). Water and/or
brine are provided via general transportation or tubes, pipes or else but
also via water tanks transported by transportation systems such as
trains, cars, trucks or else. Water in general, and in particular water
from rain or water which was purified in order to be suitable for the
use in electrolysis may be stored in water tanks, cisterns, artificial
lakes, reservoirs or else. The hydrogen obtained by electrolysis is

transferred to the bioreactor (3), where it is converted together with
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carbon dioxide into methane by methanogenic microorganisms.
Hydrogen, nitrogen component (if gaseous) and carbon dioxide may
be transferred to the bioreactor via standard gas transport means, such
as tubes, pipes or else. Both may also be delivered, for example, in
gas cylinders or bottles which allow for storage of carbon dioxide
and/or hydrogen before introduction into the bioreactor. Gas
cylinders, storage cylinders, storage vessels and/or bottles not only
allow storage of carbon dioxide or of hydrogen after electrolysis in
case of excess production or else prior to introduction into the
bioreactor, but also allow individual transportation of carbon dioxide,
nitrogen and/or hydrogen to bioreactors which are — for example — not
connected to any gas transport means, such as tubes, pipes or else or
storage or transportation of the off-gas or methane prior to end-user
applications. The off-gas is removed from the bioreactor via the
standard means of the bioreactor, such as tubes, pipes or else and may
be transported directly to end-user applications via tubes, pipes or else
or in gas cylinders, storage cylinders, storage vessels and/or bottles or
be further processed as described elsewhere in the description. These
standard means are familiar to a person skilled in biotechnology and
can also be taken from the bioreactor manufacturer’s instructions. The
off-gas may comprise methane, nitrogen, water vapour, hydrogen and
carbon dioxide but also other gases which are present inside the
reaction vessel as described elsewhere in the description. Preferably,
said bioreactor further comprises at least one device for measuring the
head pressure and the off-gas concentration, at least one device for
adjusting or maintaining the partial pressure ratio of hydrogen to
carbon dioxide inside the reaction vessel, and at least adevice for
providing, controlling and/or measuring an absolute pressure inside
the reaction vessel of at least 1.5 bar. Please note that the size or
thickness of any symbol, arrow, font or else is not intended to express

yields, importance or conversion rates.
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Exemplary set-up of the system of the invention further comprising at
least one device for oxygen enriched combustion or gasification (5)
for producing carbon dioxide. Preferably, the device for oxygen
enriched combustion (5) or gasification (5) uses the oxygen produced
by the electrolysis of water in device (2) for producing carbon dioxide,
said carbon dioxide being transferred to the bioreactor (3), thereby
being transferred to the methanogenic microorganisms inside the
reaction vessel comprised in the bioreactor. Optionally, additional
carbon dioxide from any other carbon dioxide source mentioned
herein may be introduced into the bioreactor (3). For combustion or
oxygen enriched combustion or gasification, any fuel and/or carbo-
naceous material, e.g. petroleum, wood, coal, living and/or dead
biomass, is required and may be delivered via standard transportation
as known to a person skilled in the art. For all other components of
the exemplary embodiment of the system of the invention depicted
herein please refer to the explanation of Figures 1 to 3. Of course,
also here optionally an electric energy storage device (4), such as a
battery or accumulator or else, may be present. Further, all compo-
nents or intermediates may be stored in gas tanks, cylinders, bottles or
any other suitable vessel or reservoir until further use or for transpor-
tation reasons. Please note that the size or thickness of any symbol,
arrow, font or else is not intended to express yields, importance or
conversion rates.

Volumetric productivity as a function of the partial pressure ratio of
hydrogen to carbon dioxide in batch cultivations of M. marburgensis.
Biomass yield per mol carbon dioxide as a function of the partial
pressure ratio of hydrogen to carbon dioxide in batch cultivations of
M. marburgensis.

Volumetric productivity as a function of time and switch of a

M. marburgensis culture from cell growth phase to methane

production phase.
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Biomass yield per mol carbon dioxide as a function of time and switch
of a M. marburgensis culture from cell growth phase to methane
production phase.

Volumetric productivity as a function of time during an equilibrium
state of M. marburgensis in methane production phase and in
continuous mode.

Exemplary set-up of the system of the invention which illustrates
examples for the further use of the off-gas of the invention which is
released from the bioreactor/reaction vessel. The system comprises at
least one device for generating electric energy from a renewable
energy source (1), at least one device for producing hydrogen and/or
oxygen by the electrolysis of water and/or brine (electrolyser, 2), and
at least one bioreactor (3) comprising a reaction vessel suitable for
growing, fermenting and/or culturing methanogenic microorganisms
for converting hydrogen and carbon dioxide into methane and at least
one device for providing a gas feed of hydrogen and carbon dioxide
into the reaction vessel. Optionally, the renewable energy source
comprises solar energy, wind power, wave power, tidal power,
water/hydro power, geothermal energy, biomass and biofuel combus-
tion. In this particular embodiment, industrial waste or H, from a
renewable source and stationary local combustion, biogas or waste
CO; are used as H; and CO; for running the methane production in the
bioreactor (3). Optionally, a gas storage device (8) is used between
the bioreactor (3) and the end user application (utility). Examples of
end-user applications may be thermal heater, mechanical transport
and/or heat + electricity combined heat power. Other aspects and
features are as described in Figures 1 to 4, adapted if necessary.
Exemplary set-up of the system of the invention which illustrates
examples for the further use of the off-gas of the invention which is
released from the bioreactor/reaction vessel. The system comprises at

least one device for generating electric energy from a renewable
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energy source (1), at least one device for producing hydrogen and/or
oxygen by the electrolysis of water and/or brine (electrolyser, 2), and
at least one bioreactor (3) comprising a reaction vessel suitable for
growing, fermenting and/or culturing methanogenic microorganisms
for converting hydrogen and carbon dioxide into methane and at least
one device for providing a gas feed of hydrogen and carbon dioxide
into the reaction vessel and optionally at least one device for
measuring the nitrogen concentration in the liquid phase inside the
reaction vessel. Optionally, the renewable energy source comprises
solar energy, wind power, wave power, tidal power, water/hydro
power, geothermal energy, biomass and biofuel combustion. In this
particular embodiment, industrial waste or H, from a renewable
source and stationary local combustion, biogas or waste CO, are used
as H; and CO,; for running the methane production in the bioreactor
(3). Optionally, a gas storage device (8) is used between the bio-
reactor (3) and the final utility such as thermal energy, mechanical
energy and/or heat + electricity combined heat power. Other aspects
and features are as described in Figures 1 to 4, adapted if necessary.
Bioreactor with supplied H, and CO; is shown and connection to
utility devices.

Volumetric productivity as a function of the hydrogen and carbon
dioxide gas feed rate in total ([vvm]) based on Experiment Nos. 24 —
39 at constant pressure inside the reaction vessel.

Volumetric productivity as a function of pressure inside the reaction
vessel ([barg]) based on Experiment Nos. 25, 26 and 37 at constant
hydrogen and carbon dioxide gas feed rate in total.

Volumetric productivity as a function of biomass concentration ([g/L])
determined by dry weight.

CH, off-gas concentration [%] as a function of pressure inside the
reaction vessel ([barg]) based on Experiment Nos. 25, 26 and 37 at

constant hydrogen and carbon dioxide gas feed rate in total.
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Y wcna) 1n relation to different nitrogen concentrations reflecting the
biomass production rate/MER ratio in response to different nitrogen
concentrations in the liquid phase. It can be seen that in particular in
the nitrogen concentration ranges of 0.0001 to 35 mmol/L and 55 to
1000 mmol/L less biomass is produced in relation to MER in
comparison to other nitrogen concentrations. On the contrary, at
nitrogen concentrations in the range of 40 to 50 mmol/L more biomass
is produced in relation to MER.

Figure 18 consists of Figures (A) and (B). (A) Y cua4) Over nitrogen
concentration in the range of 0.0001 to 20 mmol/L. This Figure
demonstrates that in the lower nitrogen concentration ranges less
biomass is produced in relation to methane. In other words, the
biomass production rate is smaller in relation to the methane
production rate, i.c. more carbon dioxide is used by the methanogenic
microorganisms for the production of methane than for biomass
production. (B) Y cnan) over different nitrogen concentrations
reflecting the MER/biomass production rate ratio in response to
different nitrogen concentrations in the liquid phase in the nitrogen
concentration range of 0.0001 to 30 mmol/L. From this inverse
representation (Y cua/x) instead of Y wcnay) it becomes clear that in
particular in the lower nitrogen concentration ranges, i.e. from 0.0001
to 30 mmol/L, even more in the range of 0.0001 to 10 mmol/L and
most particular in the nitrogen concentration range of 0.0001 to

5 mmol/L in the liquid phase, the MER is surprisingly high in relation
to the biomass production and thus optimal for an economic and high-
yield methane production process which does not waste raw materials
like carbon dioxide.

Results of M. marburgensis chemostat culture DoE screening.
Summary plots of the basic model statistics (1 = 100%, 0 = 0%) for
the results of the multivariate screening in chemostat culture. The

results of the MLR analyses for the biomass concentration (x),
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methane evolution rate (MER), specific methane evolution rate
(qCHa), content of CH4 in the offgas (CH,), yield of biomass
production rate to MER (Y (vcn4)) and biomass production rate (r(x))
are shown. The results of the MLR model always exceed threshold
limits.

Figure 21 consists of Figures (A) to (C): (A) Exemplarily, the
response of the biomass concentration (x) is presented. Three factors
were found to positively influence the biomass concentration (DS,
rpm, vvim) and two factors were shown to have a negative influence.
(B) The response of the volumetric biomass production rate r(x). DM,
DS, rpm, vvm increases biomass production rate, whereas DN
negatively affects 1(x). (C) The response of Y cnas) is shown to be
positively influenced by DM, but might have the agitation speed (rpm)
has a negative influence.

Figure 22 consists of Figures (A) and (B): (A) Y cna) was invariantly
investigated in chemostat culture over a broad pH range under two
different DM and two different H,/CO, gassing rates, as well as two
different TE concentrations in the basal medium. Y ycuas)1s varied by
increasing DM, but it is not changed by the TE concentration. (B) As
a result of the MLR the effect of DS on M. marburgensis was invari-
antly examined in chemostat culture. The biomass concentration and
the MER is reduced at DS > 0.1 L L™ d”!, whereas the qCH, and

Y wcna) 1s not affected. Y cna) 1s not changed by changes in DS.
Figure 23 consists of Figures (A) to (D): Overview of the dynamic
experiments for the elucidation of the effect of the nitrogen concen-
tration (c(NHz)) on Yucnay. (A) A semi-dynamic experiment by shifts
of pH with concomitant rise in cNH3 was done in order to get a first
indication how the biomass concentration, MER and Y (ycna4) are
affected with increasing ¢(NH3). (B) A pH-based (NH,4),CO; was
performed to obtain a high resolution of the ¢(NH3). (C) A pH-based

NaOH ramp for counter-directional behaviour of pH and cNH; was
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done in order to mimic limiting ¢(NH3) conditions. (D) A NH4Cl-
pulse was used to examine the effect of ¢(NH3) at neutral pH. No
positive or negative influence from “raw results” (x, MER) is easily
visible.

Figure 24 consists of Figures (A) and (B): Analysis of Y cua) as
function of the ¢(NH3) from the dynamic experiments. The whole
range of ¢(NHz) is presented in (A), whereas in (B) only the ¢(NH3)
up to 60 mmol L™ is shown. The results indicated that a window of
operation for a high Y cn4) can be achieved if the c(NH3) 1s set to
values between 15 to 200 mmol L™, whereof a value near to

30 mmol L' seems promising for the biomass production phase.
¢(NHs) values lower 35 mmol L™ and higher 60 mmol L™ reduced

Y (xicHa).

Comparison of MER as a function of Y xcn4) using dynamic
experiments and steady state experiments in the 2 L and the 10 L
bioreactors. The different MER values are due to different bioreactor
geometries and concomitant differences in the gas/liquid mass
transport coefficient. No effect of physiological differences of Y x/cua)

on MER 1is indicated.
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EXAMPLES

1. Nitrogen concentration fermentation experiments

1.1 Material and Methods

Strain
The strain Methanothermobacter marburgensis DSM 2133 was used for all

experiments (Schoenheit et al. 1979; Schoenheit et al. 1980).

Chemicals
The quality of reagents and gasses for cultivation and maintenance of M.

marburgensis was described elsewhere (Rittmann et al. 2012; Seifert et al. 2012).

Experimental

Experiments were performed in a 2 L table-top bioreactor (Applikon B.V., The
Netherlands) or in a 10 L Biostat C+ laboratory reactor (Sartorius Stedim Biotech
AG, Gottingen, Germany). Culture storage and cultivation conditions, analytics,
medium composition and peripheral analytical instruments, as well as monitoring
and control were described elsewhere (Rittmann et al. 2012). The peripheral
components set-up for the two bioreactors was identical, but the bioreactor volume of
the 2 L bioreactor was continuously withdrawn from the top of the bioreactor
suspension, whereas the bioreactor volume in the 10 L bioreactor was controlled
gravimetrically. During all fermentations isobaric conditions were used.

During the Design of Experiments (DoE) experiments the gassing rate was varied
between 0.16 to 0.5 vvm. 1.0 mol L™ NaOH and 0.5 mol L™ HCI were used for
titration of the basic and acidic steady state conditions, respectively. For all other
experiments 1.0 mol L™ (NH,4),CO; was used as base. For DoE experiments 1.0 mol
Lt (NH4),COs was utilized as the nitrogen source and the inflow was gravimetrically
(Sartorius, Gottingen, Germany) controlled at designated pump set-points (Preciflow,
Lambda Laboratory Instruments, Switzerland).

All experiments for the DoE screening chemostat culture examination were

performed in the 2 L bioreactor. For elucidation of the effect of the sulphide dilution
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rate (DS) univariate experiments were performed at a liquid inflow dilution rate
(DM) of 0.05 h™" and at two times higher trace clement (TE) concentration, than
initially described (Rittmann et al. 2012). Univariate pH experiments for
examination of the influence of pH and trace elements were also performed in the

2 L bioreactor at two times or four times TE concentration that is described
elsewhere (Rittmann et al. 2012). For the ammonium chloride (NH4CI) pulse
experiment, which was done in the 2 L bioreactor, the nitrogen source was omitted
from the basal medium, but supplied (Preciflow, Lambda Laboratory Instruments,
Switzerland) from a 1.0 mol L™ NH,Cl reservoir and its flow was recorded gravi-
metrically (Sartorius, Gottingen, Germany). The pulse was performed by using

1.0 mol L' NHLCL

The semi-dynamic experiment and the pH-ramp experiments were done in the 10 L
bioreactor. The semi-dynamic experiment and the (NH4),CO; ramp were performed
by using 1.0 mol L™ (NH,4),CO3, which was supplied from an external reservoir and
the flow rate was recorded gravimetrically (Sartorius, Goéttingen, Germany). The pH
set-points for these experiments were controlled by adjusting designated pH values
(for the ramp starting and end point pH value) and the ¢(NH3;) in the culture broth
was the result of titration. For the NaOH ramp the same procedure as for the
(NH,4),CO; ramp was used, but the base for titration was switched to 5.0 mol L™
NaOH. Hence, the available ammonium source originated solely from the basal
medium. The ammonium concentration (¢(NH;z) [mmol L] was either determined
by using the RANDOX NH; kit (RANDOX Laboratories Limited, Crumlin, United
Kingdom) or the Enzytec'™ NH; kit (Thermo Scientific, Vantaa, Finland). Both
enzymatic kits were applied by using the CuBiAn® XC enzymatic robot
(OPTOCELL Technology, Bielefeld, Germany).

All analyses were carried out in bioreactor conditions, which fulfilled internally
established steady states prerequisites, which were defined as follows: all culture
parameters and in- and offgas streams and concentrations had to be stable for a
minimum of two complete bioreactor volume exchanges. Dynamic experiments
(pulse, ramp, shifts) were introduced only when the M. marburgensis culture was

stably operating in chemostat culture mode.
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Elemental composition and ash content

The mean elementary composition of carbon, hydrogen, nitrogen, oxygen,
phosphorous and sulphur of M. marburgensis was determined (Mikroanalytisches
Laboratorium, University of Vienna, Vienna, Austria) by analysing thirteen
independent steady state conditions from different gassing ratios and rates, liquid
dilution rates, pH values, agitation speeds and sulphur dilution rates. The mean
elementary composition was used for the calculation of molar weight and the Degree
of Reduction (DoR) and was corrected from the initially assumed values (Rittmann
et al. 2012). The molecular weight of the biomass (normalized to one mole of
carbon) was 30.79 g C-mol™. The DoR was therefore calculated as 4.24 electrons per
mole of carbon. The ash content was examined in triplicates at 650 °C in a muffle
furnace (Gerhardt, Austria) and found to be 14.51+£0.44%. Mean elementary compo-
sition, as well as ash content were used for the calculation of the DoR-balance,

Carbon-balance (C-balance) and Nitrogen-balance (N-balance).

In silico analysis

Design of Experiments was used to carry out a multivariate parameter screening.

The software MODDE 9.0 (UMETRICS, Umea, Sweden) was utilized for generation
of the multi-parameter screening objective, subsequent data analysis and model
generation. A fractional factorial design was applied using the following controlled
eight parameters: liquid dilution rate (DM) [h'], pH, sodium sulphide dilution rate
(DS) [L L™ d'], temperature (T) [°C], agitation speed in revolutions per minute
(rpm), gassing rate (vvm) [L L™ min™'], gassing ratio (ratio Hy/CO,) and the nitrogen
dilution rate (DN) [L L™ d™'] (here: nitrogen = (NH4),CO:). The c¢(NH;) was
introduced as an uncontrolled factor. The following responses were chosen, because
they reflect the big picture of the culture performance and physiology: biomass
concentration (x) [g L], methane evolution rate (MER) [mmol L™ h™'], specific
methane evolution rate (qCH,) [mmol g™ h™'], content of methane in the offgas (CHj)
[%], the volumetric biomass production rate (r(x)) [C-mmol L™ h'] and the yield

Y (wcnay [C-mol rnol'l]. A multilinear regression model (MLR) was used for data
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fitting and the prerequisites could be fulfilled, since the condition number was

always lower than three.

1.2 Results

Multivariate analysis

In order to get a big picture of the performance and productivity of M. marburgensis
in chemostat culture in relation to different bioprocess parameters the effects of DM,
pH, DS, temperature, agitation speed, vvm, ratio H,/CO, and DN were investigated.
c(NHj3) was added as an uncontrolled factor. The effect of these factors on x, MER,
qCHa, CHa, Y x/ch4) and r(x) were examined. A summary of parameters and results
from MLR is shown in Figure 19. Test statistic results and model fitting was fully
reliable and exceeded threshold levels (Figure 20). The pH, T and the volumetric
ratio H,/CO, were not found to have any effect on M. marburgensis within the
investigated window of operation.

The results of the screening analysis for x, r(x) and Y wcn4) are shown in Figure 21.
Exemplarily, the result of MLR analysis is presented for the biomass concentration
(Figure 21 A), which was found to be influenced by factors such as DM, rpm and
vvm. However, the positive effect of DS with a mean increase of 0.059 g L™ and the
negative effect of DN with a mean decrease of 0.046 g L™ were not shown before.
The result for r(x) is presented in Figure 21 (B). DM positively influences r(x). The
analysis of this effect on r(x) is also detectable in the very important physiological
response of Y x/cn4), because MER was shown not to be influenced by DM and,
therefore, only r(x) can contribute to a variation of Y(x/CH4). The result of the MLR
analysis for Y cus) 1s shown in Figure 21 (C), which indicates that an increase in
r(x) is also due to a higher DM. Hence, r(x) is responsible for variations of Y wcri4,)
and not a lower MER contributes to the shift in Ycus), because the MER is
unaffected by DM. Y wcn4) 18 found to be negatively affected by the agitation speed.
One possible reason could be that the Y xcna) 18 shifted towards higher MER,
because the mass transport coefficient of hydrogen positively affects the methane
productivity. In summary, Ycua) is a suitable physiological measure, which allows

the comparison of different bioprocess parameters.
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Univariate analysis of liquid flow rate effects on Y ycrs

A more detailed investigation of liquid flow rates was necessary as DM and DS were
shown to positively influence the physiology of M. marburgensis in chemostat
culture. Multivariate examination revealed that r(x) and Y w4 is influenced by DM
towards higher biomass production rates. In order to illuminate whether the retention
time or the concentration of the trace elements (TE) is responsible for this effect
univariate chemostat culture steady state analyses at different pH values was
performed. This was necessary, as it was important to circumvent pH induced
artificial TE precipitation effects. Thus, two different TE concentrations and two
different DM were examined. The results of the analysis of Y wcua) are shown in
Figure 22 (A). From this analysis it becomes obvious, that not an increase of the TE
concentration itself, but the hydraulic retention time of the TE in general positively
influences Y cn4). Hence, the culture pH did not influence the physiology of

M. marburgensis in any way.

The second, univariate investigated factor was DS, which was identified during the
MLR analysis to positively influence the r(x) and MER. Consequently, DS was
investigated by using univariate chemostat culture experiments at pH = 6.5. DS did
not trigger Y x/cus). The results of the examination are shown in Figure 22 (B). A

DS of 0.10 L L™ d”' resulted in high biomass concentration and MER.

Dynamic experiments for elucidation of ammonium concentration on Ycus)
Dynamic investigations were performed to elucidate the effect of the c(NH3) under
semi-dynamic and dynamic conditions with shifts, ramps and a pulse experiments.
Shifts and ramps were started in acidic or neutral pH steady state conditions,
respectively. For the pulse experiment the pH was kept neutral. This methodology
to investigate the ¢(NH3) at different pH values was possible since no influence of
the pH by means of MLR analysis or univariate experiments was identified.

The goal of this experimental series was to identify the optimal ¢(NH3;) in respect to
biomass concentration and MER. Moreover, the investigation of the physiological

response (analysis of Y wcn4)) in respect to different c(NHz) was targeted. The
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results are presented in Figure 23. A (NH4),COs-based pH ramp ((NHy4),CO; ramp)
was utilized to get a high resolution of the effect of the c(NH3). As shown in

Figures 23 (A) and 23 (B) ammonium concentrations between 25 and 60 mmol L™
did not clearly influence the biomass concentration and the MER, however, the
influence on the biomass production rate was significant as already explained above.
Thereafter, lower ¢(NH3) in the bioreactor was investigated by means of a NaOH-
based pH ramp (NaOH ramp). The results are shown in Figure 23 (C), where it can
be seen that a counter-directional behaviour of pH and ¢(NH3) was obtained.
Moreover, this experiment substantiates that the culture pH has no significant
influence on the physiology of M. marburgensis.

Finally, a NH4Cl pulse (Figure 23 (D)) experiment at neutral pH was performed.

The results of the NH4ClI pulse confirmed the results of the semi-dynamic experiment
and of both pH ramps, indicating that only the biomass concentration was influenced
by increasing ¢(NH3z). Te MER remained unaffectedly high at all c(NHs) during the
NH4Cl pulse.

No inhibitory ¢(NH3) threshold concentration was determined during the multivariate
screening. The (NH4),CO; ramp was used to examine the effects of the ¢(NHj3) at
ammonium concentrations between 20 and 40 mmol/L compared to standard steady
state operation. The NaOH ramp was used for elucidation of very low concen-
trations of ¢(NH3), and at neutral pH the NH4CL pulse was used to examine the
effect of ¢(NH3) and fill the gap of results between the threshold and limiting ¢(NH3).

Analysis of Ycnay for elucidation of physiological effects of nitrogen

The dynamic experiments were undertaken in order to analyse the influence of
nitrogen on the biomass concentration, biomass production rate and MER.
Therefore, Y wcns) at different c(NH3) from dynamic and steady state experiments
was analyzed. Herewith, a physiological-based trigger in order to either vary r(x) or
MER should be identified. The results are shown in Figure 24. The overall investi-
gation range of the c(NH3) is shown in Figure 24 (A), whereas in Figure 24 (B) only
the ¢(NH3) up to 60 mmol L™ are shown. Y wcua) can obviously be triggered in two

different ways. While ¢(NH;) < 35 mmol L™ and > 55 mmol/L results in a reduction
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of Ywcns). As can be seen in Figure 24 (B), a window of operation between ¢(NH3)

of 40-50 mmol L™ for increasing Y cua) seems to be reasonable and efficient.

Analysis of Yycryy on the methane evolution rate

Finally, it was examined if the MER is affected by different Y cm4) values. The
results of the analyses are presented in Figure 25. As it can be seen, both bioreactor
types show different MER levels. This is due to different bioreactor geometries,
different stirring speeds with concomitant changes in the mass transport coefficient,
which influences the MER via the gas transfer rate. However, no effect of physio-
logical differences of Y cus) on MER can be detected. Thus, only the r(x) is
affected, which shows that the variation of Y x/cns) 1s solely based on changes in r(x)
indicating that the amount of biomass that is generated in methanogenic bioprocesses
could be individually triggered via Y cua) by adjusting c(NH3) for individual r(x)
without losing MER.

1.3 Conclusions

The bioprocessing conditions to vary Y cnsy were investigated by using a highly
quantitative and effective portfolio of methods, which allowed examining the effects
on the physiology and methane productivity of M. marburgensis. The combination
of multivariate and univariate chemostat culture, as well as dynamic experiments is a
novel approach for bioprocess development of hydrogenotrophic methanogens.

Yet unknown effects of medium and sulphide liquid flow rates, as well as the
ammonium concentration on Y (ycu4), were revealed. The volumetric biomass
production rate was positively affected with an increase of the medium dilution rate.
Moreover, Y /cusa) can be varied at different medium flow rates and ammonium
concentrations. These triggering mechanisms of Y x/cu4) are of substantial interest in
order to establish a robust and economic methanogenic bioprocess, which leads to
the proposition of two different bioprocess stages, a biomass production phase and a
methane production phase. Our methodology demonstrates the unique combination
of multivariate and dynamic experiments with physiological scalable key parameters

as a novel bioprocess development tool for renewable bioenergy processes.
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2. Partial pressure experiments

2.1 Strain and Preculture

Methanothermobacter marburgensis strain DSM 2133 was obtained from the
Deutsche Stammsammlung fiir Mikroorganismen und Zellkulturen (DSMZ, Braun-
schweig, Germany). M. marburgensis was cultivated as described below and stored
as a living culture at 4 °C with 0.5 bar overpressure of 80%/20% (v/v) Ho/CO; (Air
Liquide, Paris, France) in pressure resistant bottles (Schott AG, Mainz, Germany)
sealed with natural gum rubber stopper (Staint-Gobain, Charny, France) for main-
tenance of anaerobic conditions. Gas phase was replaced weekly by evacuating the
gas phase from the bottle headspace and replacing with 0.5 bar of 80%/20% (v/v)
H,/CO,. Strain maintenance was carried out in an anaerobic chamber flushed with

formation gas (95% N,, 5% H, v/v).

2.2 Cultivation Medium

The standard medium for cultivation comprised the following components (L™):
2.1 g NH4Cl, 6.8 g KH,POy4, 3.4 g Na,COs3, 0.09 g Titriplex I, 0.04 g MgCl,x6H,0,
0.01 g FeCl,x4H,0, 0.2 mg CoClyx6H,0, 1.2 mg NiCl,x6H,0 and 0.2 mg
NaMoO4x2H,0. Prior to the transfer of the cell medium with or without cells to the
reaction vessel comprised in the bioreactor, the complete bioreactor system with all
devices and connected tubings etc. was made anaerobic by flushing with

80%/20% (v/v) Hy/CO; for five minutes.

2.3.  Standard Fermentation with methane production phase but without cell

growth phase in 1 L scale

Cultivation of M. marburgensis was performed in standard mediumina 1 L
Applikon bioreactor (Applikon Biotechnology B.V., Schiedam, The Netherlands) at
65°C. For inoculation, a 50 mL suspension of a living culture of any strain

M. marburgensis was anacrobically transferred per litre of medium into the bio-
reactor using anaerobic procedures as described elsewhere (Sowers, Schreier et al.,

1995). Anaerobic 500 mM Na,Sx9H,0 was used as sulphur source and was either
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pulsed into the bioreactor by syringe or fed continuously via peristaltic pump at a
feed rate of 1.0 mL/h to 3 mL/h in the bioreactor.

The pH value was measured via pH probe (Mettler-Toledo GmbH, Greifensee,
Switzerland) and kept constant at 6.8 using 1 M (NH4),COs as base in order to
compensate for acidification of the medium during growth of M. marburgensis.
Oxidation reduction potential (ORP) was measured via redox probe (Mettler-Toledo
GmbH, Greifensee, Switzerland) and kept below -350 mV. The individual gas flow
of H; and CO; (Air Liquide, Paris, France) was controlled via mass flow controllers
(Brooks Instrument, Matfield, USA). The total gassing rate (H, and CO,) was
controlled by mass flow controllers. Off-gas was detected via individually serially
applied gas analyzer systems (BlueSens gas sensor GmbH, Herten, Germany) for Ha,
CO; and CHy, respectively. Biomass was determined as dry weight using standard
drying procedures and gravimetric determination of preweighted glass tubes. Optical
density was measured using a spectrophotometer (Hitachi U-1100, Japan) at an
absorption of 578 nm. For maintainance of anaerobic conditions of the medium and
of the Na,Sx9H,0 solution, a nitrogen blanket of approx. 0.1 bar was applied to each
storage vessel.

The in-feed rates of the gases were regulated so that the ratio of the partial pressures
of hydrogen to carbon dioxide is maintained at 5:1 or higher. For this purpose, the
off-gas concentration of both gases is measured in real time and the partial pressure
of cach gas is determined in relation to the total pressure inside the reaction vessel,
i.¢. in relation to the head pressure.

For continuous culture mode of M. marburgensis, the medium feed supply was
controlled gravimetrically via PID controller to maintain a constant feed rate.

The volume inside the reaction vessel was held constant via a harvest pump
connected to an immersion pipe at a constant reactor volume of 1.0 L. The

concentration of methane in the off-gas was between 60% and 90%.
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Example 2.3 was also performed as described above but with the process variations

as shown in following Table 1:

Total Oxidation

gas feed | Partial reduction |[Na,S*9H,O VYolumetric

rate pressure | potential | feed-rate |Dissolution | productivity

No. | [vvm]' | (H/CO) (mV) (mL/h)" | rate [vvh]® | [mmol/L*h]’
1 0,41 5,31 -475 0,600 0,101 165
2 0,23 19,74 -485 0,433 0,080 104
3 0,41 5,25 -478 0,600 0,102 165
4 0,38 5,44 -477 0,600 0,094 165
5 0,38 5,601 -476 0,567 0,094 164
6 0,36 5,97 -477 0,533 0,089 159
7 0,30 5,78 -446 0,167 0,105 127
8 0,31 6,43 -452 3,733 0,108 129
9 0,32 5,19 -446 1,867 0,074 131
10 0,32 6,50 -453 0,100 0,031 128
11 0,31 9,56 -460 1,200 0,056 116
12 0,31 9,21 -459 1,667 0,058 116
13 0,31 10,74 -491 4,267 0,061 118
14 0,31 9,30 -495 4,333 0,062 114
15 0,31 7,51 -480 3,800 0,058 113
16 0,31 7,61 -482 2,867 0,060 113
17 0,26 9,04 -414 1,000 0,112 106
18 0,26 9,04 -415 0,933 0,111 106
19 0,26 9,07 -416 0,933 0,112 106
20 0,31 9,42 -430 1,233 0,107 109
21 0,31 8,48 -433 1,367 0,111 109
22 0,31 5,41 -422 1,100 0,203 90
23 0,42 21,09 -501 0,567 0,091 154

Table 1: Process variations. ' Anacrobic 500 mM Na,Sx9H,0, feed-rate [mL/h];

“Dissolution rate which denotes the exchanged volume per total volume per day

[vvd]; *Volumetric productivity [mmol/L/h]. Total gas feed rate is the total gas feed

rate of hydrogen and carbon dioxide. Experiments No. 1 to 23 do have a low total

gas feed rate, however, they illustrate the effect of partial pressure ratio on

volumetric productivity.

The concentration of methane in the off-gas was between 40% and 90%.
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2.4 Standard Fermentation with methane production phase but without cell

growth phase in 10 L scale

Cultivation of M. marburgensis was performed in standard medium in a 10 L
bioreactor type Biostat® Cplus (Sartorius Stedim Biotech GmbH, Géttingen,
Germany) at 65°C. For inoculation, a 50 mL suspension of a living culture of

M. marburgensis was anacrobically transferred per litre of medium into the bio-
reactor using anaerobic procedures as described elsewhere (Sowers, Schreier et al.,
1995). Anaerobic 500 mM Na,Sx9H,0 was used as sulphur source and was fed
continuously via peristaltic pump at a feed rate of 7.0 mL/h to 14.0 mL/h in the
bioreactor.

The pH value was measured via pH probe (Mettler-Toledo GmbH, Greifensee,
Switzerland) and kept constant at 6.8 using 1 M (NH4),COs as base in order to
compensate for acidification of the medium during growth of M. marburgensis.
Oxidation reduction potential (ORP) was measured via redox probe (Mettler-Toledo
GmbH, Greifensee, Switzerland) and kept below -350 mV. The individual gas flow
of H; and CO; (Air Liquide, Paris, France) was controlled via mass flow controllers
(Brooks Instrument, Matfield, USA). The total gas rate (H, and CO,) was controlled
by mass flow controllers. Off-gas was detected via individual serially applied gas
analyzer systems (BlueSens gas sensor GmbH, Herten, Germany) for H,, CO, and
CHa, respectively. Biomass was determined as dry weight using standard drying
procedures and gravimetric determination of preweighted glass tubes. Optical
density was measured using a spectrophotometer (Hitachi U-1100, Japan) at an
absorption of 578 nm. For maintainance of anaerobic conditions of the medium and
of the Na,Sx9H,0 solution, a nitrogen blanket of approx. 0.1 bar was applied to each
storage vessel.

The feed rates of the in-gases were regulated so that the ratio of the partial pressures
of hydrogen to carbon dioxide is maintained at 5:1 or higher. For this purpose, the
off-gas concentration of both gases is measured in real time and the partial pressure
of cach gas is determined in relation to the total pressure inside the reaction vessel,

i.¢. in relation to the head pressure.
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For continuous culture mode of M. marburgensis, the medium feed supply was
controlled gravimetrically via PID controller to maintain a constant feed rate.

The volume inside the reaction vessel was held constant via a harvest pump
connected to an immersion pipe. Therefore, the reactor weight was kept constant
over a feedback regulation on the harvest pump. The concentration of methane in the

off-gas was between 60% and 90%.

2.5 Standard Fermentation with methane production phase and with cell growth

phase in 1 L scale

Cultivation of M. marburgensis was performed in standard mediumina 1 L
Applikon bioreactor (Applikon Biotechnology B.V., Schiedam, The Netherlands) at
65°C. For inoculation, a 50 mL suspension of a living culture of any strain, for
example of M. marburgensis, was anaerobically transferred per litre of medium into
the bioreactor using anaerobic procedures as described elsewhere (Sowers, Schreier
et al., 1995). Anaerobic 500 mM Na,Sx9H,0 was used as sulphur source and was
either pulsed into the bioreactor by syringe or fed continuously via peristaltic pump
at a feed rate of 1.0 mL/h to 3 mL/h in the bioreactor.

The pH value was measured via pH probe (Mettler-Toledo GmbH, Greifensee,
Switzerland) and kept constant at 6.8 using 1 M (NH4),COs as base in order to
compensate for acidification of the medium during growth of M. marburgensis.
Oxidation reduction potential (ORP) was measured via redox probe (Mettler-Toledo
GmbH, Greifensee, Switzerland). The individual gas flow of H, and CO, (Air
Liquide, Paris, France) was controlled via mass flow controllers (Brooks Instrument,
Matfield, USA). The total gassing rate (H, and CO;) was controlled by mass flow
controllers. The feed rates of the in-gases hydrogen and carbon dioxide were
regulated depending on the determined partial pressure ratios, Initially, during the
cell growth phase, the partial pressure ratio of hydrogen to carbon dioxide was set to
be maintained in the range from 0.5:1 to 4:1 (parts hydrogen : parts carbon dioxide).
Within this range from 0.5:1 to 4:1, the partial pressure ratio may fluctuate. In the
cell growth phase, the fermentation, and therefore also the settings of the bioreactor,

was started in batch cultivation mode with an ORP value below -300 mV.
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In the methane production phase, the partial pressure ratio of hydrogen to carbon
dioxide was set to be maintained at 5:1 or higher. For the methane production phase,
the continuous culture mode was used for long term stable operation with an ORP
value below -350 mV. For a continuous culture of M. marburgensis, the medium
feed supply was controlled gravimetrically via PID controller to maintain a constant
feed rate. The volume inside the reaction vessel was held constant via a harvest
pump connected to an immersion pipe at a constant cell culture volume of 1.0 L.
During the whole fermentation procedure, off-gas was detected via individually
serially applied gas analyzer systems (BlueSens gas sensor GmbH, Herten,
Germany) for Hy, CO; and CHa, respectively. Biomass was determined as dry
weight using standard drying procedures and gravimetric determination of pre-
weighted glass tubes. Optical density was measured using a spectrophotometer
(Hitachi U-1100, Japan) at an absorption of 578 nm. For maintainance of anaerobic
conditions of the medium and of the Na,Sx9H,0 solution, a nitrogen blanket of
approx. 0.1 bar was applied to each storage vessel. The concentration of methane in

the off-gas was between 60% and 90%.

2.6 Standard Fermentation with methane production phase and with cell srowth

phase in 10 L scale

Cultivation of M. marburgensis was performed in standard medium in a 10 L
bioreactor type Biostat® Cplus (Sartorius Stedim Biotech GmbH, Géttingen,
Germany) at 65°C. For inoculation, a 50 mL suspension of a living culture of any
strain, for example of M. marburgensis, was anaerobically transferred per litre of
medium into the bioreactor using anacrobic procedures as described elsewhere
(Sowers, Schreier et al., 1995). Anaerobic 500 mM Na,Sx9H,0 was used as sulphur
source and was fed continuously via peristaltic pump at a feed rate of 7.0 mL/h to
14.0 mL/h in the reaction vessel of the bioreactor.

The pH value was measured via pH probe (Mettler-Toledo GmbH, Greifensee,
Switzerland) and kept constant at 6.8using 1 M (NH4),CO3 as base in order to
compensate for acidification of the medium during growth of M. marburgensis.

Oxidation reduction potential (ORP) was measured via redox probe (Mettler-Toledo
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GmbH, Greifensee, Switzerland). The individual gas flow of H; and CO, (Air
Liquide, Paris, France) was controlled via mass flow controllers (Brooks Instrument,
Matfield, USA). Off-gas was detected via individually serially applied gas analyzer
systems (BlueSens gas sensor GmbH, Herten, Germany) for H,, CO, and CHa,
respectively. The total gassing rate (H; and CO,) was controlled by mass flow
controllers. The feed rates of the in-gases hydrogen and carbon dioxide were
regulated depending on the determined partial pressure ratio of hydrogen to carbon
dioxide.

In the initial cell growth phase, the partial pressure ratio of hydrogen to carbon
dioxide was maintained in the range from 0.5:1 to 4:1 (parts hydrogen : parts carbon
dioxide). Within this range from 0.5:1 to 4:1, the partial pressure ratio may fluctuate.
In the cell growth phase, the fermentation, and therefore also the settings of the
biorecactor, was started in batch cultivation mode with an ORP value below -300 mV.
In a subsequent methane production phase, the partial pressure ratio of hydrogen to
carbon dioxide was set to be maintained at a value of 5:1 or higher (parts hydrogen :
parts carbon dioxide) and the fermentation mode was switched to continuous culture
mode which was used for long term stable operation. The ORP value was kept
below -350 mV. For a continuous culture of M. marburgensis, the medium feed
supply was controlled gravimetrically via PID controller to maintain a constant feed
rate. Biomass was determined as dry weight using standard drying procedures and
gravimetric determination of preweighted glass tubes. Optical density was measured
using a spectrophotometer (Hitachi U-1100, Japan) at absorption of 578 nm. For
maintainance of anaerobic conditions of the medium and of the Na,Sx9H,0 solution,
a nitrogen blanket of approx. 0.1 bar was applied to each storage vessel. The volume
inside the reaction vessel was held constant via a harvest pump connected to an
immersion pipe. Therefore, the reactor weight was kept constant over a feedback
regulation on the harvest pump. The concentration of methane in the off-gas was

between 60% and 90%.
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2.7 Fermentation conditions depending on the species of the methanogenic

microorganism

The above described fermentation conditions are principally the same for all
methanogenic microorganisms of the invention, in particular for methanogenic
archaea of the species Methanosarcinia barkeri, Methanothermobacter
marburgensis, such as for example DSM 2133 (DSMZ, Braunschweig, Germany),
Methanobacterium thermoautotrophicus, Methanocaldococcus jannaschii,
Methanothermobacter thermoautotrophicus, Methanococcus maripaludis, or
mixtures thereof. Table 2 summarizes fermentation conditions which have to be
adjusted according to the species of the methanogenic microorganism used in the
particular experiment. Further information on general fermentation conditions can

be obtained from DSMZ, Braunschweig, Germany.

Strain species Range Preferred value
T [°C] pH T [°C] pH

Methanothermobacter marburgensis | 45-70 | 6.7-7.0 65 6.8-7.0

Methanothermobacter

thermautotrophicus,

Methanobacterium 03-68 1 67-80 0 08

thermoautotrophicus

Methanosarcina barkeri 35-37 | 6.5-68 36 6.7

Methanobrevibacter arboriphilicus 35-38 | 6.7-7.0 37 6.8

Methanocaldococcus jannaschii 80-87 | 5.0-63 85 6

Table 2: Species dependent fermentation parameters as they can also be obtained

from DSMZ, Braunschweig, Germany.

2.8 Volumetric productivity of methane as a function of partial pressure ratio of

hydrogen to carbon dioxide

Three 5 L batch cultivations of M. marburgensis with different partial pressure ratios

of H,/CO, were performed. The partial pressure ratio H,/CO, was varied for each
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experiment by adjusting the in-gas feeds according to the partial pressure determined
by off-gas concentrations and head pressure measurement.

The volumetric productivity of the methanogenic microorganisms at the end of the
exponential phase was taken as indicator for the cell’s performance depending on the
H,/CO, partial pressure ratios during fermentation. The results as presented in
Figure 5 show, that the higher the partial pressure ratio of H,/CO; the higher the

volumetric productivity of methane.

2.9 Biomass vield per mol carbon dioxide as a function of the partial pressure

ratio of hydrogen to carbon dioxide

Three 5 L batch cultivations of M. marburgensis with different partial pressure ratios
of H,/CO, were performed. The partial pressure ratios Hy/CO, were varied for each
experiment by adjusting the in-gas feeds according to the partial pressure determined
by off-gas concentrations and head pressure measurement. The biomass yield per
mol carbon dioxide of the culture of methanogenic microorganisms was determined
during the exponential phase. “Exponential phase” or “exponential cell growth
phase” in the sense of the invention denotes the phase of exponential cell growth
which is not to be mixed up with the cell growth phase of the invention characterized
by a specific H,/CO; partial pressure ratio. Several experiments with different
H,/CO, partial pressure ratios were performed. The results presented in Figure 6
show that the lower the partial pressure ratio of H,/CO; the higher the biomass yield

per mol carbon dioxide.

2.10  Volumetric productivity of methane as a function of time and switch from

cell growth phase to methane production phase

A 3 L batch culture of M. marburgensis with an initial partial pressure ratio of
H,/CO; of 2:1 was performed. After about 15 h, the culture was switched to
continuous cultivation mode, with a constant feed rate of a dilution rate (which is the
reciprocal of the residence time of the medium in the bioreactor and is derived by the
feed rate divided by the working/culture volume of the reaction vessel inside the
bioreactor) of 0.05 L medium/h. At the same time, the partial pressure ratio of
H,/CO, was switched from a ratio of 2+1:1 to a ratio above 5:1 (parts hydrogen :
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parts carbon dioxide), by adjusting the in-gas feeds of both gases according to the
partial pressure determined by off-gas concentrations and head pressure measure-
ment as described above. Figure 7 shows the trajectory of the volumetric produc-
tivity over time. Although shortly a high methane production can be observed prior
to the shift to higher partial pressure ratios at the end of the cell growth phase,
however, advantageous sustained and continuous high methane production can only
be achieved by switching to a higher partial pressure ratio, i.e. to a H,/CO, partial

pressure ratio of 5:1 or higher.

2.11 Biomass vield per mol carbon dioxide during switch from cell growth phase

to methane production phase

A 3 L batch culture of M. marburgensis with an initial partial pressure ratio of
H,/CO; of 2+1:1 (parts hydrogen : parts carbon dioxide) was fermented in batch
cultivation mode. After about 15 h, the culture was switched to continuous
cultivation mode, with a constant feed rate of a dilution rate of 0.05 L medium/h. At
the same time, the partial pressure ratio of H,/CO, was switched from a ratio of
2+1:1 to aratio above 5:1 (parts hydrogen : parts carbon dioxide), by adjusting the
in-gas feeds of both gases according to the partial pressure determined by off-gas
concentrations and head pressure measurement as described above. Samples were
taken every hour in order to determine biomass concentration. The results presented
in Figure 8 demonstrate, that the biomass yield per mol carbon dioxide with a partial
pressure ratio of H,/CO; of 2+1:1 (parts hydrogen : parts carbon dioxide) was
significantly higher than with a partial pressure ratio above 5:1 (parts hydrogen :

parts carbon dioxide).

2.12  Process stability

A cell culture of M. marburgensis in continuous mode with a constant feed rate of
the medium of a dilution rate of 0.05 L/h was set up. Different partial pressure ratios
of H,/CO, were adjusted by varying the in-gas feed of H,/CO, according to the
partial pressure determined by off-gas concentrations and head pressure
measurement. Figure 9 presents the volumetric productivity trajectory in continuous

mode. The partial pressure ratio of H,/CO; in the off-gas was maintained around
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18£1:1 (parts hydrogen : parts carbon dioxide). All cultures showed robust
performance over several days and weeks. In the concrete example shown in
Figure 9, the methanogenic microorganisms showed stable performance over

42 days. Around 130 mmol to 145 mmol of methane were stably produced per litre

cell culture volume per hour over the whole period of time.

3. Volumetric productivity depending on gas feed rate, general
experimental set-up without differentiation of methane production phase or cell

growth phase

All experiments were carried out with Methanothermobacter marburgensis

(M. marburgensis) strain DSM 2133 ina 10 L Biostat™ C+ laboratory reactor
(Sartorius Stedim biotech AG, Géttingen, Germany). M. marburgensis cultures were
stored at 4 °C and 0.5 barg of a H,/CO, atmosphere in pressure resistant bottles,
sealed with a rubber gum stop. The gas phase was exchanged once a week by
releasing the overpressure in the bottle and refilling the bottle with H,/CO; to a
pressure of 0.5 barg (i.e. about 1.5 bar+0.05 bar).

For fermentation, a slightly adapted medium according to Schoenheit et al. (1980)
was used, containing the following ingredients per litre: 2.1 g NH4Cl, 6.8 g KH,PO,,
3.6 g Na,COs, 0.09 g Titriplex I, 0.04 g MgCl,*6H,0, 0.01 g FeCl,*4H,0, 0.2 mg
CoCl,*6H,0, 1.2 mg NiCl,*6H,0, 0.2 mg NaMoQO4*2H,0. The same medium was
used as feed medium for continuous cultivation mode with the addition of 100 ul/L
antifoam agent.

To ensure anaerobic conditions inside the reaction vessel, the whole system was
flushed with an H,/CO, mixture for several minutes prior to inoculation. For
inoculation, 50 mL of the M. marburgensis stock suspension per litre of medium
were transferred anaerobically to the reactor using an anaerobic gas tight syringe.
Cultivation was performed at 65 °C and a stirrer speed of 1500 rpm. The pH was
measured by pH probe (Mettler Toledo GmbH, Vienna, Austria; and Hamilton
Bonaduz AG, Bonaduz, Switzerland) and kept constant at a pH value of 7.00£1 by
addition of a 1 M (NH4),COs solution in order to compensate acidification during

microbial growth.
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The oxidation reduction potential (ORP) was measured by a redox probe (Mettler
Toledo GmbH, Vienna, Austria) and always kept below -350mV. A 0.5 M
Na,S*9H,0 solution was used as sulphur source and fed constantly to the reaction
vessel at rates between 4 mL/h and 15 mL/h. The addition of base and Na,S solution
was recorded gravimetrically. The feed medium was applied using an analogue
peristaltic pump (Preciflow, Lambda Laboratory Instruments, Zurich, Switzerland).
The feed rate was recorded gravimetrically and kept constant by controlling the
pump speed. The bioreactor vessel volume was kept constant by withdrawing
culture suspension over an immersion pipe using a peristaltic pump controlled on a
fixed reactor weight. The withdrawn suspension was collected in a harvest bottle
and its volume recorded gravimetrically. All solutions were made anaerobic by
flushing with N, or H»/CO;. To maintain anaerobic conditions, all bottles were
pressurised with 1 bar N,. Pure H, and CO, were used as substrates for M. marbur-
gensis. Gas feeds were adjusted individually via thermal mass flow controllers
(Brooks Instrument, Hatfield, USA). The ratio between H; and CO; in the in-gas
was kept constant at 4:1. Off-gas concentrations of CH4, CO, and H, were measured
online using IR (CHy4, CO,) and thermal sensors (H,), respectively (BlueSens gas
sensor GmbH, Herten, Germany) and were value corrected according to the
manufacturer’s instructions. Biomass dry weight was determined in quadruplicates
by transferring 10 mL of the culture broth into a pre-weighed glass tube. The sample
was centrifuged for 15 min at 4000 rpm (Sigma Signum 4K15 centrifuge, rotor
11156, SIGMA Laborzentrifugen GmbH, Osterode am Harz) and the supernatant
was discarded. The pellet was then washed in 5 mL of deionised water and
centrifuged again at 5000 rpm for 10 min. The supernatant was discarded and the
pellet dried at 110 °C for 3 days. The weight of the dried biomass was then
determined gravimetrically. All fermentation parameters, feed rates and setpoints
were controlled and recorded using the process information management system
(PIMS) Lucullus (SecureCell AG, Schlieren, Switzerland). In line with above
described general experimental set-up, the following experiments were performed.
Variations in process parameter and resulting % CHjy in the off-gas and methane

evolution rate (MER) are summarised in Tables 3 to 5:



WO 2014/128300 PCT/EP2014/053545

- 120 -

Total in- Volumetric

No.| gas feed Partial pressure | Pressure | % CH,in broductivity

rate [vvm] ratio H,/CO, [barg] off-gas (mmoVL/h]
24 0.25 5.89 0.00 54.7 115
25 0.50 4.47 0.00 355 197
26 0.50 4.87 0.50 54.0 229
27 0.51 8.24 1.00 61.3 243
28 0.75 6.25 1.00 542 345
29 0.75 6.66 1.25 59.2 355
30 1.00 593 1.25 48.1 442
31 1.26 5.10 1.25 38.1 507
32 1.26 5.23 1.50 40.1 518
33 0.50 4.85 1.00 67.5 245
34 1.51 5.00 1.25 355 593
35 1.76 4.80 1.25 30.0 642
36 0.50 4.22 1.23 71.2 250
37 0.50 4.54 1.14 70.7 248
38 0.40 4.76 1.25 76.0 202
39 0.30 14.12 1.25 79.6 154

Table 3: Process variations I. Here, a bioreactor comprising a 10 L reaction vessel
(reaction medium volume ~5 L) and three rotor blades was used. Total in-gas feed
rate is the total gas feed rate of hydrogen and carbon dioxide. The pressure inside the
5  reaction vessel is given in barg, thus, the absolute pressure which was applied inside

the reaction vessel during the experiments can be calculated as follows: pressure
[barg] + 1£0.05 bar = pressure [bar absolute]. 1£0.05 bar is used as normal
atmospheric pressure, however, may need adaptation depending on the location of
the operator of the method.

10
In Experiments Nos. 24 to 39, the trace elements in the fermentation medium were

twice as concentrated as in standard fermentation medium as mentioned above, 1.€.



WO 2014/128300 PCT/EP2014/053545

10

15

-121-

contained the following ingredients per litre: 2.1 g NH4Cl, 6.8 g KH,PO,4, 3.6 g
Na,COs, 0.09 g Titriplex I, 0.08 g MgCl,*6H,0, 0.02 g FeCl,*4H,0, 0.4 mg
CoCl,*6H,0, 2.4 mg NiCl,*6H,0, 0.4 mg NaMoQ4*2H,0.

Total gas Partial Volumetric
Pressure % CHy in off-
No. feed rate pressure productivity
[barg] gas

[vvm] ratio H,/CO, [mmol/L/h]
40 0.29 7.49 0.06 56.3 135
41 0.29 14.73 0.52 63.7 140
42 0.29 17.55 0.75 64.2 140
43 0.43 6.39 0.75 57.6 203
44 0.43 5.63 0.49 535 198
45 0.43 5.07 0.25 472 189
46 0.43 4.60 0.00 37.4 173
47 0.72 4.17 0.00 18.7 206
48 0.72 4.40 0.25 21.1 221
49 0.73 4.46 0.50 22.0 228
50 0.73 4.48 0.75 22.1 229

Table 4: Process variations II. Here, a bioreactor comprising a 10 L reaction vessel
(reaction medium volume ~3.5 L) and one rotor blades was used. Total gas feed rate
is the total gas feed rate of hydrogen and carbon dioxide. The pressure inside the
reaction vessel is given in barg, thus, the absolute pressure which was applied inside
the reaction vessel during the experiments can be calculated as follows: pressure
[barg] + 1£0.05 bar = pressure [bar absolute]. 1£0.05 bar is used as normal
atmospheric pressure, however, may need adaptation depending on the location of

the operator of the method.

The trace elements in the fermentation medium in Experiments Nos. 40 to 50 were
twice as concentrated as in standard fermentation medium as mentioned above, 1.€.
contained the following ingredients per litre: 2.1 g NH4Cl, 6.8 g KH,PO4, 3.6 g
Na,COs, 0.09 g Titriplex I, 0.08 g MgCl,*6H,0, 0.02 g FeCl,*4H,0, 0.4 mg
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CoCl,*6H,0, 2.4 mg NiCl,*6H,0, 0.4 mg NaMoQO4*2H,0. In summary, one can see

that the volumetric productivity is higher when a higher gas feed rate is applied.

Total gas Partial Volumetric
Pressure % CH4in
No. feed rate pressure ratio productivity
[barg] off-gas

[vvm] H,/CO, [mmol/L/h]
51 0.50 4.67 0.00 43.6 213
52 0.50 4.16 0.00 439 214
53 0.50 4.25 0.00 44 4 214
54 0.50 4.57 1.00 69.0 246
55 0.50 4.32 1.00 70.4 248
56 0.50 4.75 1.50 76.3 251
57 1.51 4.00 1.00 57.4 703
58 2.01 6.36 1.75 60.2 950

Table 5: Process variations I1I. Here, a bioreactor comprising a 10 L reaction vessel
(reaction medium volume ~5L) and three rotor blades was used. Total gas feed rate
is the total gas feed rate of hydrogen and carbon dioxide. The pressure inside the
reaction vessel is given in barg, thus, the absolute pressure which was applied inside
the reaction vessel during the experiments can be calculated as follows: pressure
[barg] + 1£0.05 bar = pressure [bar absolute]. 1£0.05 bar is used as normal
atmospheric pressure, however, may need adaptation depending on the location of

the operator of the method.

In Experiment Nos. 51 to 56 a 0.5 M Na,S*9H,0 solution was used at a feed rate of
2 g/h, and the trace elements in the fermentation medium were twice as concentrated
as in standard fermentation medium as mentioned above, i.e. contained the following
ingredients per litre: 2.1 g NH4Cl, 6.8 g KH,POy4, 3.6 g Na,COs, 0.09 g Titriplex I,
0.08 g MgCl,*6H,0, 0.02 g FeCl,*4H,0, 0.4 mg CoCl,*6H,0, 2.4 mg NiCl,*6H,0,
0.4 mg NaMo0O4+2H,0. In Experiment No. 57, a 0.5 M Na,S*9H,0 solution was
used at a feed rate of 10 g/h, and the trace elements in the fermentation medium were

8 times as concentrated as in standard fermentation medium as mentioned above, i.€.
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contained the following ingredients per litre: 2.1 g NH4Cl, 6.8 g KH,PO,4, 3.6 g
Na,COs, 0.09 g Titriplex I, 0.32 g MgCl,*6H,0, 0.08 g FeCl,*4H,0, 1.6 mg
CoCl;*6H,0, 9.6 mg NiCl,*6H,0, 1.6 mg NaMoQO4*2H,0. In Experiment No. 58, a
0.5 M Na;,S*9H,0 solution was used at a feed rate of 15 g/h, and the trace elements

5  in the fermentation medium were 20 times as concentrated as in standard
fermentation medium as mentioned above, i.e. contained the following ingredients
per litre: 2.1 g NH4Cl, 6.8 g KH,POy4, 3.6 g Na,COs, 0.09 g Titriplex [, 0.8 g
MgCl,+6H,0, 0.2 g FeCl,*4H,0, 4 mg CoCl,*6H,0, 24 mg NiCl,*6H,0, 4 mg
NaMoO4+2H,0.
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CLAIMS

1. A method for producing methane comprising contacting methanogenic
microorganisms in a reaction vessel with hydrogen and carbon dioxide,
wherein the nitrogen concentration in the liquid phase inside the reaction vessel

is in the range of 0.0001 to 35 mmol/L or in the range of 55 to 1000 mmol/L.

2. The method for producing methane according to claim 1, wherein the nitrogen
concentration in the liquid phase inside the reaction vessel is in the range of

0.0001 to 30 mmol/L or in the range of 60 to 500 mmol/L.

3. The method for producing methane according to claim 1 or 2, wherein the
nitrogen concentration in the liquid phase inside the reaction vessel is in the

range of 0.0001 to 20 mmol/L.

4. The method for producing methane according to any one of the preceding
claims, wherein the nitrogen is selected from the group consisting of ammonia
(NH3), amino acids, aqueous solution of ammonia, molecular nitrogen (N3),
ammonium compounds, inorganic or organic nitrogen compounds and

mixtures thereof.

5. The method according to claim 4, wherein the nitrogen is an ammonium
compound selected from the group consisting of ammonium chloride (NH4Cl),
ammonium carbonate (NH4),CO3, ammonium sulfide ((NH4),S), ammonium
hydrogen sulphide (NH4HS), ammonium phosphate ((NH4),PO,), ammonium
hydrogen phosphate (NH4sHPO,4), ammonium sulphate ((NH4),SO,),
ammonium (NH3), ammonium hydrogen carbonate (NH4)HCO3, ammonium
carbamate (NH4CO,NH;,), ammonium nitrate (NH4NO3), ammonium nitrite

(NH4NO;), ammonium hydroxide (NH4;OH) and mixtures thereof.



WO 2014/128300 PCT/EP2014/053545

10

15

20

25

30

10.

11.

12.

13.

- 125 -

The method for producing methane according to any one of the preceding
claims, wherein the gas feed rate of hydrogen and carbon dioxide into the

reaction vessel 1s at least 0.5 vvm in total.

The method for producing methane according to any one of the preceding
claims, wherein the gas feed rate of hydrogen and carbon dioxide into the

reaction vessel 1s at least 1.0 vvm in total.

The method according to any one of the preceding claims, wherein the

hydrogen is at least partially provided by electrolysis of water and/or brine.

The method according to claim 8, wherein the electrolysis of water and/or
brine uses at least partially electric energy generated using a renewable and/or

non-renewable energy source.

The method according to claim 9, wherein the electric energy is generated

using a renewable energy source.

The method according to claim 9 or 10, wherein the renewable energy source
comprises solar energy, wind power, wave power, tidal power, water or hydro
power, geothermal energy, biomass and biofuel combustion, or combinations

thereof.

The method according any one of the preceding claims, wherein the carbon
dioxide is at least partially provided by oxygen enriched combustion or
gasification using oxygen being at least partially provided by electrolysis of

water and/or brine.

The method according to any one of the preceding claims, wherein the

methanogenic microorganisms are methanogenic archaca.
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The method according to claim 13, wherein the methanogenic archaca are
selected from the group consisting of Methanosarcinia barkeri,
Methanobacterium thermoautotrophicus, Methanothermobacter
thermoautotrophicus, Methanococcus maripaludis, Methanothermobacter

marburgensis, Methanocaldococcus jannaschii, and mixtures thereof.

The method according to any one of the preceding claims, wherein inside the
reaction vessel an absolute pressure above normal atmospheric pressure is

applied.

The method according to any one of the preceding claims, wherein inside the

reaction vessel an absolute pressure of at least 1.5 bar is applied.

The method according to any one of the preceding claims, wherein inside the
reaction vessel an absolute pressure in the range of 1.5 bar to 1000.0 bar is

applied.

The method according to any one of claims 1 to 16, wherein the gas feed rate
of hydrogen and carbon dioxide into the reaction vessel is at least 0.5 vvm in
total, and wherein inside the reaction vessel an absolute pressure of at least

1.2 bar is applied.

The method according to any one of claims 1 to 16, wherein the nitrogen
concentration in the liquid phase inside the reaction vessel is in the range of
0.0001 to 35 mmol/L or in the range of 55 to 1000 mmol/L, and the gas feed
rate of hydrogen and carbon dioxide into the reaction vessel is at least 1.0 vvm
in total, and optionally further inside the reaction vessel an absolute pressure of

at least 1.5 bar is applied.

The method according to any one of the preceding claims, wherein the

volumetric ratio of hydrogen to carbon dioxide in the gas feed introduced into
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the reaction vessel is in the range of 3:1 to 4.5:1, preferably 3.5:1 to 4.3:1, and
more preferably at 4:1.

A system for the method according to any one of the preceding claims

comprising

at least one bioreactor comprising a reaction vessel suitable for growing,
fermenting and/or culturing methanogenic microorganisms, at least one
device for providing a gas feed of hydrogen and carbon dioxide into the
reaction vessel, and at least one device for measuring the nitrogen
concentration in the liquid phase inside the reaction vessel,

optionally at least one device for generating electric energy from a renewable
and/or non-renewable energy source, and

optionally at least one device for producing hydrogen and/or oxygen by the

electrolysis of water and/or brine.

The system according to claim 21, the bioreactor further comprising at least
one device for measuring the head pressure and/or the off-gas concentration,
and optionally at least one device for adjusting or maintaining the partial

pressure ratio of hydrogen to carbon dioxide inside the reaction vessel.

The system according to claim 21 or 22 further comprising at least one device

for oxygen enriched combustion or gasification for producing carbon dioxide.

The system according to any one of claims 21 to 23 further comprising at least
one device for delivery, recovery, purification, enriching, storing, recycling
and/or further processing of a member selected from the group consisting of
off-gas, hydrogen, water, nitrogen, oxygen, chlorine, carbon dioxide, H,S,
sodium sulphide, methanogenic microorganisms, medium and medium
components, methane and other substances of the process from the reaction

vessel and bioreactor.
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The system according to any one of claims 21 to 24, wherein the renewable
energy source comprises solar energy, wind power, wave power, tidal power,

water/hydro power, geothermal energy, biomass and/or biofuel combustion.

The system according to any one of claims 21 to 25, wherein the methanogenic
microorganisms are methanogenic archaea, preferably the methanogenic
archaea is selected from the group consisting of Methanosarcinia barkersi,
Methanobacterium thermoautotrophicus, Methanothermobacter
thermoautotrophicus, Methanococcus maripaludis, Methanothermobacter

marburgensis, Methanocaldococcus jannaschii, and mixtures thereof.

The system according to any one of claims 21 to 26, wherein the at least one
bioreactor further comprises a device for providing, controlling and/or
measuring an absolute pressure inside the reaction vessel above normal

atmospheric pressure.

Use of a cell culture comprising methanogenic microorganisms and having a
nitrogen concentration in the liquid phase of the cell culture in the range of
0.0001 to 35 mmol/L or in the range of 55 to 1000 mmol/L for producing

methane.
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Figure 19

Results of M. marburgensis chemostat culture DoE screening

DS vvm .

DM 1 T a1 ratio DN c(NH; X
Bty | PR ey | B | acoy |t a ol L] | fe L)
1 0.043 ] 6.16 | 0.012 | 60 |654 | 0.16 3.0 0.014 54.2 0.92
2 0.055 ] 7.83 | 0.013 60 1243 | 0.19 4.9 0.051 111.9 1.35
3 0.211 | 7.84 | 0.010 | 60 [1242| 0.49 3.0 0.019 26.6 1.14
4 0.057 ] 6.16 | 0.049 | 61 [1243 | 0.50 5.0 0.016 37.4 3.80
5 0.21 | 6.16 | 0.053 61 1245 0.20 3.0 0.042 58.5 0.88
6 0.059 | 6.15 | 0.011 70 11242 | 0.50 3.0 0.062 128.7 2.76
7 0.202 | 6.15 1 0.012 | 70 [1245] 0.20 5.1 0.016 38.2 0.79
8 0.161 | 7.85 1 0.009 | 69 |650 | 0.16 3.1 0.044 64.3 0.27
9 0.056 | 7.85 1 0.044 | 70 [1245] 0.19 2.9 0.014 44.4 1.75
10 | 0.207 | 7.84 | 0.051 69 1245 0.49 5.0 0.048 44.7 1.29
11 | 0.110 | 6.98 | 0.033 63 | 951 | 0.28 4.0 0.034 47.8 1.30
12 | 0.111 | 6.99 | 0.025 | 64 947 | 0.29 3.9 0.018 37.8 1.26
13 [ 0.114 ] 6.99 | 0.026 | 65 |950 | 0.30 4.0 0.017 49.0 1.16
14 | 0.107 | 6.99 | 0.020 | 65 |946 | 0.29 3.9 0.026 45.6 1.05
15 | 0.061 | 6.14 | 0.055 | 70 [1245] 0.20 5.1 0.045 100.3 1.77
16 | 0.065 | 5.53 | 0.010 | 67 |1242] 0.49 2.9 0.055 96.6 1.98
17 | 0.064 | 8.41 | 0.053 68 1242 | 0.19 2.9 0.004 18.2 2.06
18 | 0212 | 5.6 | 0.059 | 59 1242 0.19 2.9 0.047 39.7 0.84

Run [mlll/flRL'1 [m?l?(flhg'l CHy Yxena 1 [C—I;S’l?)l Lt DoR- C- N-
h'] h'] [%] | [C-molmol] h'] balance | balance| balance
1 16.4 17.8 4.5 0.07 1.21 96.8% | 75.3% | 84.1%
2 45.1 33.4 13.6 0.05 2.25 95.7% | 101.8%| 142.3%
3 105.0 91.9 11.6 0.07 7.35 98.5% | 80.7% | 84.5%
4 114.0 30.0 12.9 0.06 6.73 94.6% | 99.5% | 95.0%
5 71.4 80.9 28.4 0.08 5.72 101.9% | 95.6% | 103.5%
6 99.2 36.0 10.5 0.05 4.96 97.2% | 124.0%]| 108.3%
7 65.2 82.8 23.8 0.08 4.89 103.3% | 93.7% | 82.8%
8 17.8 66.0 5.0 0.08 1.33 101.6% | 96.6% | 100.7%
9 65.2 37.2 26.0 0.05 3.00 97.0% | 95.1% | 110.4%
10 111.3 86.7 12.7 0.07 8.13 98.2% | 110.0%]| 101.9%
11 60.7 46.7 11.7 0.07 4.37 101.1% | 82.4% | 92.3%
12 61.5 48.7 11.5 0.07 4.31 103.7% | 82.1% | 94.0%
13 54.6 47.0 9.4 0.07 4.04 96.7% | 129.8%| 109.1%
14 59.5 56.7 11.0 0.06 3.39 95.1% | 106.0%]| 105.2%
15 67.8 38.2 25.8 0.05 3.32 101.1% | 90.9% | 109.3%
16 99.2 50.0 10.7 0.04 3.97 95.4% | 71.2% | 112.5%
17 66.4 32.2 27.1 0.06 4.01 106.0% | 76.0% | 93.0%
18 71.2 85.0 31.5 0.08 5.43 103.5% | 85.4% | 84.3%
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