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Efficient storage and mobile use of biogas
as liquid biomethane

Korbinian Nachtmann, Sebastian Baum, Maté Fuchsz, Oliver Falk, Josef Hofmann

A new treatment concept is intended to make biogas plants more flexible and energy-efficient
and to show new marketing possibilities. This is made possible by an innovative low-temper-
ature liquefaction unit, which separates the carbon dioxide portion as dry ice and liquefies
the energetic methane at normal pressure. In the laboratory scale, the principle has been
successfully implemented and optimised: An adapted multi-stage gas purification, which also
works in the absence of oxygen, completely eliminates the fraction of hydrogen sulphide and
other contaminants by means of iron preparations and activated carbon filters. By means of
clever process control and material selection in the multi-stage heat exchanger system, the
carbon dioxide can be separated as snow, thus establishing a continuous process. The result-
ing dry ice can be sold both energetically and materially as a by-product of gas treatment. In
the final liquefaction step, in addition to an energy density of approximately 6.44 kWh per litre
of liquid biomethane (based on the calorific value Hs), methane purities of up to 99.9% vol.
can be achieved depending on the application case.
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At the peak of the German biogas boom between 2004 and 2012, the high remuneration for electricity
feed-in was attractive, which was guaranteed for twenty years by the Renewable Energy Sources Act
(EEG). Thus, for example, locations for biogas plants were selected where there were no consumers
for the heat that was generated by power generation. These plants could also be operated econom-
ically with pure electricity production. As a result, agricultural biogas plants were created that do
not adequately exploit the energetic potential of the biomass being processed. In addition to the lack
of energy efficiency, these plants also have an insufficient level of flexibility with respect to power
supply by demand, since these plants were designed for full load operation (basic load provision).
A load-changing operation with a positive (power increase) or negative (power reduction) control
energy, now known as a double superstructure, was not yet planned at the time. The possibilities of
storing biogas are limited due to the low energy density at normal pressure. It is, however, desirable
to turn biogas into electricity if the demand for electricity is high or if solar and wind energy are not
available (compensation of volatile energy producers). The option of cleaning biogas, feeding it into
the gas network and thus being able to store it flexibly for a long time only existed for large plants.
For smaller plants with gas flows of less than 250 m3 per hour, as are typical in southern Germany,
preparation was too expensive (ApLer et al. 2014).

In the meantime, there are new and innovative ideas on how to implement treatment for small
amounts of gas as well as to help improve the energy efficiency of small agricultural facilities in this
way (FORDERGESELLSCHAFT FUR NACHHALTIGE B10GAS- UND BIOENERGIENUTZUNG 2015). A promising approach is
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to be presented here: The principle is based on the separation of impurities as well as a pressure-free
cryogenic liquefaction unit, which converts the crude gas from the biogas plant into liquefied bi-
omethane (LBM) and industrially replaceable dry ice (solid carbon dioxide). The liquid biomethane
is a versatile, easily transportable energy carrier that can be stored for a long time, because of the
greatly reduced volume (the storage volume is reduced by a factor of approximately 1,000 compared
to biogas). Due to the high energy density of liquid biomethane (Hg = 6.44 kWh per litre compared
to approximately 0.0064 kWh per litre of biogas), transport to an energy-efficient power plant is just
as feasible as using fuel for lorries (Bauer et al. 2013). In the US, LBM trucks have already become
established. Food transports could simultaneously use the low temperatures of the LBM to cool their
cargo. The dry ice produced as a ,by-product” is a valuable additional product of the cryogenic pro-
cess, which can be marketed in various industries at good prices (KoLBINGER 2016).

The concept of the processing plant

The concept of pressure-free cryogenic biogas treatment presented here is based on a specially adapt-
ed, upstream gas purification and subsequent low-temperature treatment, which first deposits the
carbon dioxide portion of the gas in the form of dry ice and then liquefies the remaining methane
(Figure 1). There are two important tasks for gas purification: on the one hand, components that im-
pair the technical functionality and the energy efficiency of the cryoprocess are to be removed. On
the other hand, impurities are to be prevented in the carbon dioxide separated as dry ice, which make
its marketing more difficult.

During the gas separation, the focus is on stable and constantly operating heat exchangers. On the
one hand, trouble-free, long-term operation is to be achieved, i.e. the freezing of the heat exchangers
is prevented. For this reason, the freezing carbon dioxide must take the form of snow and not ice. On
the other hand, energy-efficient circuit systems must keep the energy input small. The laboratory
system designed for this application is an in-house production of the Landshut University of Applied
Sciences.
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Figure 1: Schematic representation of gas purification and cryogenic gas separation.

In addition to the main components of methane and carbon dioxide, of which (dry) biogas is nor-
mally more than 99%, small amounts are mainly hydrogen, ammonia and hydrogen sulphide. Further
possible minor components in biogas have already been investigated in other studies: in a large-scale
study (DieTricH et al. 2012), all silanes and siloxanes were below the detection limit for agricultural
biogas plants. They were determined by means of gas chromatography-mass spectrometry coupling.
Very low concentrations of propane, butane, toluene and other combustible gases could be detected
analytically (Ursan et al. 2008). In the case of sulphur compounds, small amounts of two mercaptans
were detected (DietricH et al. 2012). An analysis of the relevance of all possible trace gases for the
overall process showed that only hydrogen sulphide and ammonia have to be regarded as problem-
atic, because they have vapour pressure curves that are nearly identical to those of the carbon dio-
xide to be separated. The consequence of this is that even the smallest impurities of these toxic and
odour-intensive gas components would greatly devalue the dry ice. Both components must therefore
be completely removed. For ammonia, its good solubility in water (907 g NH; per litre of water at
0°C) offers the cost-effective separation via a water scrubbing. On the other hand, the toxic hydrogen
sulphide can only be separated completely with great effort: The most cost-effective method of biolog-
ical coarse desulphurisation applied in most biogas plants is unsuitable for the overall process, since
gas diluted with oxygen and nitrogen consumes more cooling energy. The absence of oxygen in the
biogas creates a special challenge for activated carbon adsorption, because a minimum concentration
of 1.5 times the stoichiometric oxygen amount or 0.1-0.5% vol. is required for the functionality and
efficiency of the hydrogen sulphide bond to the activated carbon(Arnorp 2009). If too little oxygen is
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present during the contact time, the activated carbon can be irreparably damaged (DoNau CArRBON GMBH
2011) or significantly lower H,S amounts bound (SirrHikHaNKAEW et al. 2014). Consequently, the gas
purification tests focus on an efficient, safe and cost-effective separation of hydrogen sulphide.

In this context, it is important to place a high value on the technology of gas analysis. A complete
removal of H,S means that this removal must also be continuously documented and ensured. The
exact analysis of hydrogen sulphide proportions mainly involves two problems. The first of these is
the cross-sensitivity of many sensors to certain gas components (e.g. hydrogen sulphide and hydro-
gen). The second is the detection limit of trace gases, which for some components, such as hydrogen
sulphide, cannot be pushed into the sensory range of the human nose, even with significant technical
intervention (Powers 2004). For this reason, it is productive to implement several analytical methods
in parallel and to validate them mutually.

Cryogenic biogas treatment

The feasibility of low-temperature processes for the treatment of biogas has been discussed for many
years. These processes differ in process temperature and pressure. For example, at a pressure of
approximately 4 MPa and a temperature of -20 °C (Figure 2), in addition to gaseous methane, liquid
CO, is also obtained a second product of biogas processing. If, however, the already mentioned ad-
vantages of liquid biomethane are to be utilized, then the temperature must be lowered further until
methane reaches the boiling curve (approximately —88°C). This inevitably leads to the crossing of the
solid-vapour area, thus forming solid carbon dioxide in the rectification columns, which in turn leads
to problems during processing (AGsSTEN 1992).
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Figure 2: Schematic phase diagram for the carbon dioxide methane system. Changed according to DonneLLY (1954) Davis
(1962), AcrawaL and Laverman (1975), ALLamacny (2002). A = critical point CHy; B = critical point CO,; C = triple point CHy;
D = triple point CO,
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Rectification processes work specifically in the liquid-vapour phase area. Due to the sliding par-
tial pressure, the phase transformation can also take place only at sliding temperatures. Solid carbon
dioxide is only expected at a temperature of —56° C and is avoided as much as possible. The regular
defrosting of the columns can also help. By adding alkanes such as propane or butane, the separation
capacity of methane and other acidic gases was also increased (Jonsson 2011). From a volume flow of
approximately 50 m3 biogas per hour, this type of biogas cleaning seems to be technically manageable
and above all economically viable, despite a high technical effort (SemEe 1997).

Freezing processes operate in the solid-vapour phase area. The sublimation lines of the gas mix-
ture have to be considered more precisely for the purity of the methane content. The sublimation
lines of carbon dioxide rise greatly from a pressure of approximately 0.5 MPa (Figure 3). A pressure
increase has little or no improvement on the purity. The preparation of a gas mixture for a CO, re-
sidual gas concentration of 0.5% vol. is an example. Either a temperature of —108 °C and a pressure
of 1.5 MPa or a pressure of 0.15 MPa and a temperature of -123 °C is required for this purpose. The
liquefaction of the methane amount obtained after the separation is useful in a cryogenic treatment
process at —161.5 °C and a pressure of 0.1 MPa.
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Figure 3: Sublimation lines in the solid-vapour area of CO,-CH, mixture in vol. %. Recalculated and modified via the
steam pressure curve of CO, according to DonneLLy (1954), Davis (1962), AcrawaL and Laverman (1975),
ALLAMAGNY (2002)
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The possibility of providing cooling during the freezing process is advantageous to the rectifica-
tion process. In this case, an external refrigeration circuit can be used, which is not nearly as suscep-
tible to faults as an internal refrigeration circuit. External cooling circuits also have higher overall
efficiency levels. Another advantage is that freezing processes have a lower energy requirement for
the treatment of biogas into liquid methane compared to rectification processes (AGSTEN 1992).

State of the art technology

Currently, in addition to the companies Wartsila (Jakossen 2016), Acrion Technologies (AcrioN TEcH-
NoLoGIES 2013, 2015) and Biofrigas (Larsson 2013), other specialised companies are extracting carbon
dioxide and methane as products of biogas processing with their processing plants. The most fre-
quently used procedures and their different concepts, functions and implementation strategies are
shown below.

The company GtS (Gastreatment Services bv) from the Netherlands offers complete solutions for
biogas processing into compressed biomethane or even liquid biomethane. In the ,,GPP system®, lig-
uid CO, is gained as a by-product through the combined liquefaction and freezing. The cascade cool-
ing system operates with different pressure and temperature levels up to approximately 2.6 MPa and
-95 °C (KraMmEer 2011). The company Pentair Haffmans, on the other hand, uses two-stage pressure
membrane bodies to separate the CO, components. Downstream is the cryogenic processing into lig-
uid CO,, which makes it possible to produce food quality CO, in combination with an activated carbon
filter. Plants are in operation in the Netherlands, the UK and Germany (Heuer 2014, PENTAIR HAFFMANS
2015). The company Prometheus Energy is currently optimising a process of LNG production (lique-
fied natural gas) for biogas processing. One plant that has been operating commercially since 2006
produces liquid biomethane, which is mainly produced from landfill gas. A fleet of more than 2,000
buses in Orange County (California) is thus supplied with LBM from landfill gas. Carbon dioxide is
frozen for processing. The cooling capacity is provided by liquid nitrogen (GREeN Car CoNGREss 2007,
Barcray 2015). The company Cryo Pur applied for the first patent for the separation of CO, from bi-
ogas already in January 2001. The production of liquid CO, (Purity 99.9% vol.) and liquid methane
(99.4% vol.) is achieved using a three-stage process. The specified power requirement of 0.5 kWh,/ m?3
Biogas for separation and liquefaction is classified as low (Cryo Pur 2016).

These commercially available processes extract liquid carbon dioxide and gaseous or liquid meth-
ane as biogas processing products by working at high pressure and low temperatures. The process
described here does not require a compaction of the biogas so as to obtain liquid methane and solid
carbon dioxide as processing products.

The State of Science and Research
In the last few years, individual research institutes, such as the Technical University of Dresden or
the University of Eindhoven, have repeatedly dealt with projects for the development of cryogenic
biogas processing on a laboratory scale. The continued development of the experimental setups for
industrial applicability tested on a small scale is slow or has not advanced at all. In addition to the
research results of HaGen (2001), Jonsson (2011) and Tuinier et al. (2010), the following developments
are of particular interest:

Hurwu et al. (2008) have developed a multi-stage low-temperature separation process for biogas
with colleagues at the Eindhoven University of Technology in the Netherlands. The process, operating
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at a maximum pressure of 4 MPa and the lowest temperature of —90°C, provided methane as a prod-
uct that is ready for liquefaction. In the next development steps, the rectification process is mainly
concerned with increasing the methane concentration and lowering the methane slip. Due to the
high compressor capacity, the developments are currently concentrated on a module with a flow rate
of 2,250 m3/h. Reich et al. (2015) developed a system for low-temperature biogas processing. After
pre-purification with activated carbon filters, the biogas is fed to the two-stage pressure unit. This is
followed by compression to 0.8 MPa followed by expansion to 0.5 MPa. The second compressor stage
compresses the biogas to the process pressure of approximately 2.0 MPa. The subsequent cascade
cooling allows for a temperature of approximately —50°C, which is not yet low enough for biogas pro-
cessing. Currently, the reactor is being converted to a minimum process temperature of —100°C. By
using low-cost components and extracting liquid carbon dioxide as a by-product in addition to gase-
ous biomethane, there is great potential in this research project. Chun-Feng Song from the University
of Tsukuba (Japan) has been researching the freezing behaviour of carbon dioxide from flue gases
since about 2011. An SC-1 Stirling refrigeration machine from Stirling-Cryogenics takes care of the
refrigeration. The cleaning performance was investigated in detail as a function of the parameters of
cooling temperature and volume flow. The maximum recovery rate was 96% vol. of the carbon dioxide
contained in the flue gas of a coal-fired power plant. However, the energy balance for flue gases cannot
be transferred to biogas. In order to better understand the process of hoar frost generation, numerical
calculations followed in 2013. The direct influence of the heat transfer from the steadily growing ice
layer was demonstrated both experimentally and numerically. Targeted energy analyses completed
the existing experimental programme in 2014 (Sonc et al. 2012, Sonc et al. 2013, Sonc et al. 2014).

The Freezing Process
For the processing of biogas, it is recommended to use heat exchangers optimised for each sub-pro-
cess (SEME 1997). The sub-processes (Figure 1) are as follows:

» Heat exchanger 1: Pre-cooling the biogas to the sublimation temperature of CO,, precipitation of

impurities such as water or ammonia

* Heat exchanger 2: Desublimation of the CO, contained in the biogas

* Heat exchanger 3: liquefaction of the CH, contained in the biogas
The pre-cooling of the biogas to =80 °C follows first. Here, it is possible to condense or freeze any
residual concentrations of trace gases and water. The resulting binary gas mixture of carbon dioxide
and methane is then cooled to approximately =150 °C to fully freeze the gaseous CO, and thereby to
obtain dry ice. In the last step, the residual gas is cooled to below —-162 °C and the condensation of
the gaseous methane amount into liquid biomethane occurs. Possible amounts of nitrogen or oxygen
would be removed from the reactor at this point in gaseous form.

Figure 4 shows the vapour pressure curve of carbon dioxide in detail (VDI 2013), which was
expanded by the extrapolation of the known values by equation 1. Depending on the desired purity
of the methane to be obtained, different results are possible by varying the process parameters. If a
CO, residual gas concentration of less than 50 ppm should be reached in the methane gas and the
methane should be liquefied near atmospheric pressure, the biogas must be cooled to approximately
-158°C. If a CO,residual concentration of 1,000 ppm CO, is sufficient, the cooling of the gas flow to
approximately —136 °C is sufficient. In thermodynamics, this effect is known as fractional sublima-
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tion as a function of gas pressure (Kuprianorr 1953). The theoretical behaviour of the gases derived
from diagrams and tables should be practically confirmed by tests in the further course of this thesis.

Vapour pressure py = 7367,82186 - ¢10,00074 - (T-246,16809)7] (Eq. 1)
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Figure 4: Vapour pressure curve of carbon dioxide with values extrapolated by ,e-square function®

Snow or ice

The icing over of the heat exchanger stands in the way of the continuous long-term operation of the
processing plant. It can be prevented by working in the liquid-vapour range, but with the disadvan-
tages that were just described. On the other hand, the alternative of regularly defrosting the heat
exchangers does not seem to make sense from an energy and economic point of view. However, the
freezing can also be prevented if the carbon dioxide solidifies as snow instead of ice. The density of
the resulting dry ice is the decisive parameter here (Tirov 1976). Thus a low dry ice density leads to
loosely adherent snow layers, while a high dry ice density can be blamed for the icing over of the heat
exchangers (Rupenko 1986). In addition to the effects of the physical properties of the heat exchang-
ers, such as surface energy density and roughness on the snow or ice formation, the influences of the
process parameters, such as volume flow, flow velocity, sliding temperature difference, gas composi-
tion, etc., are also to be investigated and demonstrated.

Materials and Methods

On the basis of the specifications of the low temperature unit, a laboratory biogas plant with a
250 litre fermenter fill capacity has been built that can be used to produce a daily gas volume of about
200 litres. In addition, a significantly smaller double fermenter with a filling volume of 2 x 30 litres
was used, which allowed a parallel operating mode and thus a direct comparison of treatment ver-
sions. The systems were fed with a substrate mixture of corn silage and molasses in order to achieve
a continuous gas production and in particular high concentrations of the trace gas hydrogen sulphide.
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The studies on gas purification consisted of experiments on coarse desulphurisation, in which iron
preparations (Ferrosorp DG) were placed directly in one of the two 30-litre fermenters, as well as a
series of tests for the purification of the produced gas by means of adsorption columns and gas-wash-
ing bottles. The gas flow of raw and pure gas was measured with a drum gas meter. In the 30-minute
interval, automated quantification of the gas components took place using a gas analysis system from
Awite Bioenergie GmbH (Awi-Flex Series 7). The biogas was first cooled by means of a circulating
cooler (water saturation) and the gas humidification was subsequently reduced to the desired level
(75-80%) by means of a heat bath in order to maintain a constant moisture level in the containers
filled with activated carbon, even in the case of fluctuating outside temperatures. Finally, the reac-
tion gas flow was brought to 5 °C with a sample gas cooler, the corresponding amount of water was
condensed and experiments with drying agents were carried out. Measurement and data logging was
carried out via an Almemo system (Ahlborn) (Figure 5).

| g

Figure 5: Test equipment for gas cleaning (section) with adsorption columns in the water bath (left), sample gas
cooler (rear right) and drying columns (rear left) (© Hochschule Weihenstephan)
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A total of 13 different active carbon preparations from seven manufacturers (Cabot Norit Activated
Carbon, CarboTech GmbH, Carbon Service & Consulting GmbH & Co. KG, Chemviron Carbon, Desotec,
Danube Carbon GmbH, Jacobi Carbons GmbH) as well as two iron-based adsorbents were tested. The
activated carbon consisted of partly untreated, partly impregnated and partly doped products, which
are particularly suitable for use in the biogas sector. Silica gel (Roth, @ 2-5 mm) and zeolite (Roth, 34,
@ 1.6-2.5 mm) were used for the drying experiments. In addition to measurements with the Awite
system's electrochemical sensors (0-20 ppm for clean gas, 0-2,000 ppm for crude gas), additional
measurements were taken via Drager gas tubes (for ammonia, hydrogen sulphide and mercaptans) as
well as measurements via gas chromatography and were then compared with each other.

The tests on the absorption capacity of hydrogen sulphide by activated carbon or other adsorptive
filling materials were determined according to the US ASTM standard D6646-03 (ASTM INTERNATIONAL
2015), on which most manufacturers of activated carbon products also base their specifications. How-
ever, the specifications of the standard were not implemented, which contradicted the background of
the research project. Thus, the raw biogas produced was used and not the H,S/N, mixture prescribed
in the standard with sulphur contents of 10,000 ppm. In addition, an air mixture was done away with
for the above reasons.

Cryogenic temperature tests

In order to be able to permanently maintain the low temperatures of —162 °C necessary for process-
ing and to minimize heat losses, the construction of a cryogenic test reactor (Figure 6) was practical,
the structure of which is explained below.

Figure 6: Heat exchanger under the high vacuum bell (© HAW Landshut)
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A Gifford-McMahon cold head was used for the cold supply of the laboratory. At temperatures of up to
-240°C, this can provide a cooling capacity of approximately 200 watts. The cooling of the required
helium compressor (8 kW,j) was supplied by a water-air cooler (6 kW,)). The heat losses must be
reduced as much as possible for a continuous operation of the heat exchangers. Heat losses due to
convection can almost be completely excluded by working in the high vacuum range. Heat losses from
radiation are to be largely reduced by means of electropolished surfaces and the use of a multi-lay-
er thermofoil (multiple reflection/thermal shield). Heat conduction losses can be almost completely
avoided by using suitable materials such as PTFE, PEEK or a very thin-walled construction of the heat
exchangers.

Thanks to the combination of pulse width modulation and PID control units, the control system,
which was built using the software program LABView, allowed a constant temperature maintenance
of £ 1 °C for all three heat exchangers. For the cooling of the heat exchangers, the heat was deflected
to the cold head via copper strands (Figure 6). The tubular heat exchanger made of corrosion-free steel
1.4404 (A4L) was held at a constant temperature level of approximately =150 °C in order to almost
fully separate the CO, content as dry ice through low-temperature desublimation. The gas mixture
of CO, and CH, already pre-cooled to =80 °C was introduced into the tube from the upper end and
crystallised on the inside of the heat exchanger coated with PTFE (Safecoat 571 from the company Im-
preglon) as solid CO,. The remaining residual gas, which mainly consisted of methane, was removed
at the end of the tubular heat exchanger laterally to the downstream heat exchanger for liquefaction.
Furthermore, a vacuum-tight sight glass was installed in the centre of the tubular heat exchanger in
order to visually detect and document the formation of CO, crystals. The high-vacuum reactor is also
designed for all experiments up to a range of p = 1 x 107 mbar and t = -240 °C and is suitable due to
the use of standardised ISO-K and ISO-CF flanges.

The freezing unit is designed for a maximum gas volume flow of 60 liters of biogas per hour, but
is expandable to a flow rate of up to 300 1/h. By means of mass flow valves, synthetic gas of pure CH,
and pure CO, can be mixed in any concentration ratios. For measuring data acquisition (pressure,
temperature, volumetric flow, gas composition, etc.) and plant control or regulation, a valve cluster
and a National Instruments Compact Rio unit were used. The most important sensors used for the
determination of the gas purity and for the proof of a functional preparation are listed in Table 1.
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Table 1: Measuring instruments used for concentration determination

Measuring instruments  Field of application Measurement range Accuracy!) Special feature
SWG100biogas Gas composition at the  CO, 0-100 % +1,2% Electrochemical sensors for
NDIR sensors inlet of the cryogenic CH, 0-100 % +1,8%  the measurement of oxygen
(MRU Messgerate fir system (gas from the 0, 0-10% +0,2%  and hydrogen

Rauchgase und Um- fermenter) H, 0-100 % +2,0%

weltschutz GmbH)

SWG100biogas Gas composition at the  CO, 0-100 % +1,0% Daily calibration with:

NDIR sensors outlet of the cryogenic  CH, 0-100 % +1,0% 100 % CH4100 % CO,;
(MRU Messgerate fir system (pure methane  CO, 0-0,5 % +40 ppm 100 % N,; 1000 ppm/
Rauchgase und Um- and pure carbon diox- ~ CH, 0-0,5 % +40 ppm 1000 ppm CH,/CO, re-
weltschutz GmbH) ide) quired the start of experi-

ment to ensure accuracy

digital mass flow control- Adjusting the mass flow 0-500 sccm/min +0,7%  Volume flow is automatically

ler (MKS Instruments or volume at the inlet of 0-500 sccm/min +0,7%  regulated using the meas-

Germany GmbH) the reactor ured values of the SWG
100biogas

IR OEM CO,-high & low  Review of the function-  CO, 0-100 % +2,0%  Analysing the gas volume

IR OEM CH4-high ality capability of the CH, 0-100 % +2,0%  flow at the inlet/outlet of

Dynament Limited SWG100biogas CO, 0-5% +0,1%  the cryogenic system alter-

nating

1) Relative to the maximum measuring range.

An experiment was carried out as follows for example: At the start, the two vacuum pumps and
the cold head unit were put into operation. The vacuum bell and the entire pipeline system were
then evacuated. After a cooling time of about three hours, the low-temperature separation tests were
started. A Biihler sample gas pump pumped the biogas that was previously generated in the biogas
plant from the gas storage sacks into the first measuring instrument (SWG100biogas, company MRU).
After the gas composition was determined, the gas was passed directly to the two digital mass flow
valves (the company MKS). The programme created in LABView automatically regulates the volume
flow of exactly one litre of biogas per minute as a function of the gas composition. If the CH,-CO, ratio
in the biogas is changed, a mass flow adjustment occurs due to the greatly different gas densities of
methane and carbon dioxide.

After determining the inlet pressure and the temperature of the now conditioned biogas, this is
passed to the three heat exchangers for gradual cooling. In order to measure the purity of the result-
ing methane, the composition of the gas was temporarily examined by using the second SWG100
biogas measuring instrument. After a test time of 6 to 8 hours, the mass flow valves and the cold head
were switched off and the reactor was purged with pure nitrogen. Subsequently, the frozen carbon
dioxide was sublimed and fed back to the second MRU measuring instrument in order to detect meth-
ane deposits.

In order to determine the influence of the process parameters on the freezing process, numerous
tests with varying gas compositions, flow rates, cooling rates and cooling temperatures were evalu-
ated.

Results and Discussion
The resulting ammonia amounts fluctuated between 0 and 9 ppm and could be quickly, economically
and completely removed from the gas flow by means of the gas-washing bottle. As expected, the re-
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moval of the hydrogen sulphide to a constant level of 0 ppm proved to be the more difficult task. The
initial values of the H,S in the raw gas were subject to greater fluctuations depending on the feed
with 600-1,900 ppm. The coarse desulphurisation in the fermenter by means of the iron hydroxide
agent Ferrosorp DG to a H,S value of about 100 ppm was achieved without problems. The product
quantities to be used for this purpose with starting concentrations of approximately 700 ppm are
shown in Figure 7. The reduction to the desired 100 ppm level was also successful at higher initial
concentrations of about 1,400 ppm.
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Figure 7: Hydrogen sulphide reduction in the double fermenter. The addition of FerroSorp in fermenter 2 leads
to a reduction to 100 ppm H,S while the control (fermenter 1) remains at the level of 700 ppm (average values
8-14 days after conversion of the dosage)

The elaborate tests for fine cleaning showed a wide range of the suitability of the examined acti-
vated carbon or the iron-based preparations. Some of the products (activated carbon A, B, H, I ...) were
not able in the dominant difficult conditions to lower the H,S concentrations to the ASTF standard
set goal of <50 ppm, let alone to the O ppm required for the cryogenic process. It is known from the
literature that the absence of oxygen leads to the fact that current adsorption principles are impaired
or not possible at all (SitTHIKHANKAEW et al. 2014). A few products (activated carbon E & M, iron product
N) were nevertheless convincing. Table 2 shows the individual measurement results during the pass
with high raw gas concentrations of 1,300-1,800 ppm H,S. The core parameter of the experiments,
the adsorption capacity, which indicates how much hydrogen sulphide per gram of adsorbent can be
bound, remains at an unsatisfactorily low level for all products tested against the background of high
activated carbon prices.
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Table 2: Adsorption capacities of activated carbon and iron products according to the ASTM standard

pdsorbont Filamount S SNt redhrough [t Hisunth - Adsorption
(>50 ppm)

ing in ppm in min in litres ing ing/g
Activated carbon A 112.36 1,515 0 0 0 0
Activated carbon B 59.83 1,413 0 0 0 0
Activated carbon C 62.71 1,431 1,920 332 0.72 0.012
Activated carbon D 53.3 1,355 1,530 280 0.58 0.011
Activated carbon E 71.02 1,842 5,520 1,289 3.61 0.051
Activated carbon F 64.26 1,367 3,540 558 1.16 0.018
Activated carbon G 89.13 1,596 1,590 387 0.94 0.011
Activated carbon H 56.38 1,434 0 0 0 0
Activated carbon | 59.49 1,551 0 0 0 0
Activated carbon | 72.34 1,503 0 0 0 0
Activated carbon K 69.96 1,492 0 0 0 0
Activated carbon L 76.85 1,653 1,500 316 0.75 0.010
Activated carbon M 79.36 1,515 4,322 915 2.11 0.027
Iron product N 69.42 1,662 1,4670 2,513 6.35 0.091
Iron product O 51.05 1,606 0 0 0 0

Goal reached by product combination

At H,S concentrations of about 1,100 ppm, in some products, the hydrogen sulphide contained in
them could be removed completely (up to the breakthrough, continuously 0 ppm in the clean gas).
None of the examined products for desulphurisation were able to constantly keep the H,S concen-
tration at 0 ppm at an even higher load (approximately 1,300-1,800 ppm H,S in raw gas) (Figure 8).
Rather, the values usually fluctuated in the single-digit range (0-9 ppm), which matches the results
of Kocuermany et al. (2015), who were also unable to fully free artificial gas mixtures with activated
carbon of H,S under oxygen-free conditions. Only lowering the H,S values through coarse desul-
phurisation in the fermenter or adding a coarse filter before the activated carbon fine cleaning was
successful and at the same time led to a significant improvement in the adsorption capacity. This is
confirmed by previous studies that exhibited an increased absorption capacity and cleaning capacity
of the activated carbon at lower initial concentrations of the trace gases (BAGreev et al. 2005). The
iron product N is particularly suitable as a coarse filter for oxygen-free desulphurisation before the
activated carbon: it showed a cleaning performance superior to the other products, is cheaper than
the high-quality activated carbon and could be regenerated easily by a simple storage in the air. The
cleaning performance with the regenerated product differed only slightly from that in the first use.
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Figure 8: Comparison of the cleaning performance of ,activated carbon E“ with different H,S output concentrations.
While the clean gas at 1,100 ppm H,S in the raw gas remains at 0 ppm up to the breakthrough (loading capacity
0.067 g H,S/g), the clean gas concentration at 1,850 ppm in the raw gas fluctuates in the low single-digit ppm range
(loading capacity 0.051 g H,S/g).

Further attempts to optimise the separation of hydrogen sulphide through an appropriate adjust-
ment of the parameters (gas moisture, temperature) led to noticeable specific improvements in the
use of individual activated carbon products. Based on these findings, no general recommendations
can be made. The partly contradictory results (some products require, for example, a low gas humidi-
ty, others a high gas humidity for an optimal yield) are also found in the technical literature (HERDIN et
al. 2000, SittHikHANKAEW et al. 2014). The gas humidity was reduced to 2 grams of water per standard
cubic metre after cleaning with the sampling gas cooler and silica gel. The use of zeolites (molecular
sieves) is suitable for separating even more water from the gas flow and achieving degrees of drying
that correspond to dew point temperatures below =20 °C (ArnoLb 2009). Since this was not necessary
for the proper operation of the cryogenic unit, these were not used for economic reasons.

The results show that the desired gas quality of 0 ppm NH; and H,S can be achieved permanently
and cost-effectively even at high concentrations in the raw gas if a coarse desulphurisation in the
fermenter is combined with two suitable adsorption units in succession with activated carbon or iron
preparations. Neither H,S and other sulphur compounds (mercaptans) nor ammonia in measurable
amounts (< 0.2 ppm) are then found in the clean gas. The selection of the adsorbents should be made
carefully, as there are technically significant differences and, economically, large savings are also
possible.
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Product purity of methane and carbon dioxide

Figure 9 graphically shows the purity of CH, after cryogenic treatment. The CO, residual concen-
tration according to Figure 10 is on average less than 3,500 ppm or 0.35% vol. for the test duration
shown. The methane purity is 99.65% or more. The outliers of the measurement curves can be ex-
plained by declining and subsequently subliming carbon dioxide crystals. Further tests show that
even with lower flow rates, even higher purities can be achieved, since the residence time and thus
also the cooling time increases with the decrease of the volume flow. If the process is carried out too
close to the liquefaction point of methane, small amounts of liquid methane are also separated in the
freezing heat exchanger. The purity of the resulting dry ice is correspondingly reduced. However, a
faster flow through the reactor leads to higher CO, concentrations in the purified product gas, since
the gas can no longer be cooled sufficiently to the predetermined temperatures.
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Figure 9: Methane content of the product gas after cryogenic treatment. An excerpt of a measurement series with
synthetic biogas is shown (55 % CH, and 45 % CO0,)
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Figure 10: Carbon dioxide content of the product gas after cryogenic treatment. An excerpt of a measurement series
with synthetic biogas is shown(55 % CH, and 45% CO,).
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At the end of the test, the experimental reactor was repeatedly evacuated and purged with ni-
trogen. After switching off the cold head unit, the frozen carbon dioxide sublimated slowly and was
tested for purity in the gaseous state the next day. In addition to an average carbon dioxide content of
98.5% vol., an average methane content of 98 ppm was specified. The remaining 1.5% vol. are attrib-
utable to the nitrogen of the multiple purging processes as well as diffusion losses of the gas storage
bags. The very low methane content served as the determining factor for quality in any case. To en-
sure a higher purity of the CO, fraction, it is planned to expand the laboratory with a shut-off valve
between the freezer and the condenser.

The crystal formation of the CO, remaining in the reactor could be visually detected and evaluated
by using the sight glass unit. This evaluation led to the confirmation of the measurement theory (Hirz
1940, Hausen 1948), according to which local over-saturation can occur in the event of laminar flow.
The consequences are snow formation in the gas flow or loosely adhering CO, snow on the inner
surface of the heat exchanger tube. The explanation of this phenomenon is provided by the Lewis
coefficient, the ratio of the coefficient of thermal conductivity or heat transfer coefficient and diffu-
sion number or mass-transfer coefficient. The following phenomenon appears to be present (ULLMANN
1962):

= Up to the beginning of the precipitation of the carbon dioxide, there is no reason for a different
concentration distribution

= [f carbon dioxide crystals precipitate on the cooled wall, the carbon dioxide concentration at the
site concerned is reduced. Thus there is a concentration gradient between the tube wall and the
tube centre

= Carbon dioxide diffuses transversely to the direction of flow towards the wall

= The beginning of the carbon dioxide precipitation leads to a reduction in the carbon dioxide con-
centration of the entire mixture flow

= Local over-saturation phenomena are thus possible

If the mass transport takes place more quickly than the transport of heat, sub-saturation occurs.
In the opposite case, over-saturation occurs (Linpe 1950). Figure 11 visualises this phenomenon over
the course of time for an experiment with synthetic biogas (50% vol.CH, and 50% vol.CO,).

Figure 11: CO, crystals on the heat exchanger wall after 1 h, 2 h, 3 h, 4 h of test duration (© HAW Landshut)

In summary, it can be determined that the icing of the heat exchangers can very likely be tempo-
rarily avoided by operation in the laminar flow area. The transition from laminar to turbulent tube
flow takes place at a Reynolds number of approximately 2,300. Taking into account other factors such
as wall roughness, the roughness of the snow layers or the turbulence at the gas inlet of the heat
transfer, reductions are still to be made with respect to the Reynolds number to be used. ,From the
overall considerations, it is advisable to set the speed as low as possible below half the value of the
critical value in the case of laminar tests if, despite any snow deposits, you still want to avoid a turbu-
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lent flow for a certain amount of time“ (Hi.z 1940). Long-term operation of the cryogenic freezing unit
(more than 20 h) has been demonstrated. The disadvantage of the low volumetric flow is almost equal
to the advantage of the very high purity (Riscue 1957). The dry ice is to be removed from the bottom
of the heat exchanger at regular intervals.

About 0.9 kg of dry ice can be obtained per standard cubic metre of raw biogas with a carbon
dioxide content of 45%. The usage possibilities are also varied here: in addition to the cooling of
foodstuffs or use in beverage technology, innovative technical applications such as blasting motors or
other technical components are also possible. The big advantage of the dry ice blasting method is the
residue-free sublimation of the carbon dioxide (Spur et al. 1999). Above all the following properties of
solid carbon dioxide are of particular interest (Kuprianorr 1953):

= Very low sublimation temperature of 195 K

= Elimination of the melt water (water ice)

= Large cold supply per unit of volume (2.5 times of water ice)
* Antibacterial effect of CO, gas on the refrigerated goods

Energy efficiency

An example scenario shows a possible application area of the process: during the summer months,
it is not possible to use all of the heat produced by biogas (Figure 12, A). Moreover, the yield of re-
generatively generated electricity via photovoltaic systems is very high at this time. A previously
calculated proportion of the biogas produced in the summer can now be fed to dry ice and liquid bi-
omethane for further processing (Figure 12, B). Thus, the separation of generation and consumption
of large amounts of energy is decoupled both as regards time and location. This makes it possible to
energise the liquid biomethane while simultaneously fully using the heat and cold in heat-operated,
decentralised CHP plants, even if the corresponding demand is given. The resulting dry ice can be
used energetically or materially. Due to the high energy density of the liquid methane and the good
insulation properties of the transport and storage containers, the losses during transportation and
storage are negligible (Nacutmann 2012). The energetic use of the storage and evaporation losses (boil
off gases) is state of the art, for example transport vehicles are simply equipped with a gas engine.
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Figure 12: A) Theoretical degree of efficiency of biogas utilisation, state of the art, electricity-operated CHP; B) The-
oretical degree of efficiency of biogas utilisation with liquid biomethane production and storage, heat-operated and
decoupled for decentralised use in a CHP. The degrees of efficiency of the combined heat and power plant (CHP) as
well as the own heat and power demand were assumed as follows: power-operated CHP 1, = 37.5% and ny, = 47.5%;
Heat-operated ng = 35.0% and ny, = 52.0%; Own electricity /heating biogas plant demand 9% and 30%.

Heat used = heat for heating residential and commercial buildings (depending on plant size)

Conclusions

In the laboratory scale, it was shown that both the adapted gas purification and the subsequent sep-
aration work using a pressureless freezing process. The products, high purity liquid biomethane and
dry ice in marketable quality, can be produced continuously. The numerous laboratory tests allowed a
technical and economic optimisation of the treatment concept and serve as the basis for a large-scale
technical implementation. Due to scale effects, however, a scale-up also leads to adjustments to the
technical concept and thus to further research requirements. In many areas it is likely possible to
make use of existing technology: for example, it is advisable to produce the required cold via a boil-off
cold machine instead of with helium compressor cold-head cooling and thus to significantly increase
the efficiency of the plant once again. It seems sensible to implement the concept in a modular man-
ner, i.e. to develop a fixed unit of the processing plant, which is then installed several times in paral-
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lel. Such a module with a liquefying capacity of 25 m3 raw gas per hour corresponds approximately
to the electrical power of a biogas CHP of 50 kW,,. For a typical biogas plant size of 500 kW, 10%
of the gas quantities from the electricity generation could be used with a module and liquefied into
biomethane. If necessary, however, significantly more modules and a liquefaction of 30, 50 or even
80% could be useful. The utilisation routes (regulation energy supply, fuel use, chemical raw material)
are diverse and must be adapted to the infrastructure and the needs of the operators. An intelligent
system is ideally created that uses regenerative surplus current from wind or solar energy flexibly for
the conversion of biogas into LBM. Parts of it could be used as a fuel for independent supply, while
other parts could be used in the event of a power shortage in the CHP. Due to the high energy den-
sity of the LBM of 6.44 kWh/1, transport to a modern and efficient gas power plant is also a possible
option (Bauer et al. 2013). Only one of the modules described above would produce more than half a
tonne of dry ice per day. With skilful marketing, the additional product of dry ice can yield interesting
additional revenue of up to 25 cents/kg (JAicer 2014, KoLBINGER 2016).

Starting in 2020, the 20-year EEG subsidies for the first biogas plants will expire. If the sun and
wind-independent operation of the German biogas plants is kept at least at the current level, innova-
tive plant concepts, such as the cryogenic conversion of biogas into liquid biomethane described here,
must exist and be used.

A future of biogas plants based on basic load current generation will not exist from the point
of view of the authors. This is because construction consortia are already offering PV power for
0.03 USD/kWh and less today (Brocue-Daus et al. 2016). The competitiveness with electric power from
other renewable energies, such as wind power or photovoltaics, cannot be achieved on this basis in
the medium to long term. Economically viable and energy-efficient concepts, which focus not only on
electricity, but also on heat, mobility and the provision of raw materials for the chemical industry, can
show biogas plant operators perspectives outside of state subsidy programmes.
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