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Abstract: Innovative small-scale biogas plants, including upgrading solutions to affordable
biomethane, are necessary to tap into the spatially distributed potentials of organic waste. This
research identified and assessed novel small-scale technologies before market-entry maturity in the
key process steps of the biomethane chain. We assessed technical, economic, and ecological indicators,
and compared them to larger-scale references. The assessment included 7 pre-treatment, 13 digester,
and 11 upgrading systems all at the small scale. We collected recently available data for Europe
(2016-2018) for small-scale technologies (<200 m?; raw biogas per hour). In the literature we did not
find such a comprehensive assessment of actual European small-scale innovative non-market-ready
technologies for the production of biomethane. Several conclusions were drawn for each of the
individual process steps in the biomethane chain, e.g., the economic indicator calculated for the
upgrading technologies shows that the upgrading costs, for some of them, are already close to
the larger-scale reference (about 1.5 €ct/kWh raw biogas). Furthermore, biomethane production is
absolutely context-specific, which dramatically limits the traditional way to evaluate technologies.
Hence, new ways of integration of the technologies plays a major role on their future R&D.

Keywords: biomethane; pre-treatment; anaerobic digestion; biogas upgrading; greenhouse gas
emissions; costs for biogas upgrading

1. Introduction

Today, Europe still has a high consumption of fossil fuels, resulting in a dependency on a limited
number of countries and in high amounts of greenhouse gas emissions (GHGs) [1]. Furthermore,
annually around €400 billion must be spent in the EU for the import of fossil fuel resources to provide
53% of its energy demand [1]. These facts suggest a transition in the EU energy sector. The EU heads
of state or government agreed on a target of a renewable energy share of at least 27% in Europe by
2030 and EU countries have also agreed on a target of a reduction of greenhouse gas emissions by at
least 40% till 2030 compared with 1990 [1].

To reach these ambitious goals, the potentials of new, renewable, and clean energy sources
must be identified and exploited. Nonetheless, the introduction of renewable energies to the current
energy system convey several new challenges, of which fluctuation in power production is one of the
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most pressing issues. Fluctuating wind and solar power have, with hydro power and biomethane,
complementary technologies in the renewable energy sector which can decouple energy production
and consumption by storing it as kinetic energy in pumped-storage power plants or as biochemical
energy e.g., in the gas grid, respectively.

Within these, biomethane (or upgraded biogas) is a gaseous energy carrier, which can be produced
from various types of biomass such as energy crops, organic residues, solid organic waste, wastewater,
or excrements in biochemical or thermochemical conversion processes. It allows the extremely flexible
use as potentially carbon dioxide neutral fuel in the transport sector or as alternative energy carrier
with high energy density in the natural gas grid for the production of electrical and thermal energy e.g.,
in combined heat and power plants. In the future, biomethane can play a growing role in the energy
and transport system in Europe and worldwide, due to its positive effects on sustainable and flexible
power provision. The unique selling point of biomethane from biochemical conversion processes
(anaerobic digestion) is, beside the power or transport fuel generation by using e.g., agricultural
residues, the additional option to close biological cycles with the simultaneous fertilizer production
from the digestate.

The primary production of biogas in the European Union (data partly estimated) rose from
approximately 2.2 Mtoe in 2000 to 16.1 Mtoe in 2016 [2]. Some authors state that the primary production
of biogas in the EU could be increased to 28.8-40.2 Mtoe in 2030 depending on the amount of feedstock
deployed and the learning effects achievable [3]. This means, up to 13.8% of the 27% renewable energy
sources target set for 2030 could be generated from biogas [3]. Nevertheless, several barriers have
to be overcome to reach these ambitious EU targets, as (a) the fact that development of renewable
energy in general and biogas/biomethane energy in particular is not recognized as a factor within
the Act on Energy Efficiency when forecasting energy demand, (b) inefficient support schemes and
follow-up regulations (prevention of shut-down of biogas plants after the end of support programs),
(c) uncertainties of future perspectives, (d) often no market for the produced heat on decentralized
sites and (e) unfavorable taxation policy and administrative processes for biomethane as a fuel in the
transport sector in some countries [3].

Beside the political framework, new research efforts are needed to gain a noticeable cost
reduction for biogas upgrading to biomethane [4]. This is particularly the case for small-scale
technologies, which are scarce because of economic drawbacks due to the frequent inability to scale
down existing technologies. Hence, supplementary to large-scale technologies, novel small-scale
biogas plants—including upgrading solutions—at reasonable prices must be provided and promoted
to tap the spatially distributed potentials of organic wastes or residues, e.g., in the agricultural or food
production sectors.

The objective of this study was to identify and to assess innovative, small-scale, and
not-yet-market-ready technologies along the whole biomethane process chain, starting from substrate
pre-treatment, continuing with anaerobic digestion to the upgrading of biogas to biomethane. This
means, a technology readiness level (TRL) between 3 and 7 according to the EC definition [5] was
chosen for this assessment. Not only innovative technologies had to be identified, but also indicators
for their assessment had to be found in the frame of this work. For this purpose, recently (2016-2018)
available data regarding technical, economic and ecological facts about the different small-scale
technologies were collected via questionnaires (“Technical Descriptions”) which were filled in close
cooperation with the manufactures/technology developers. The evaluation was done solely by the
researchers, independently from the developers (data providers) but on the base of their data. More
details about the data quality will be given in Section 2.1. Own practical investigations of all small-scale
technologies would have been not feasible in the frame of this study. In different countries, there
are different interpretations of “small-scale”. In this context, small-scale was defined in general as
less than 200 m® raw biogas (Standard Temperature and Pressure, 273.15 K, 101,325 Pa) per hour.
Above this scale biogas upgrading to biomethane is more common and economically viable but
below this scale biomethane production plants usually show significantly higher upgrading costs [6].
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This comprehensive overview and assessment of present European small-scale, innovative, and
non-market-ready technologies for the production of biomethane is an absolute novelty.

2. Materials and Methods

Suitable technologies for the assessment within this study were identified as part of the project
Record Biomap via existing contacts, at trade fairs and conferences, through internet research,
scientific articles, and personal contacts. For the assessment different indicators were determined.
Depending on the type of technology and the availability of data it was decided to structure the
assessment into technical, economic, and ecologic indicators, which are described in more detail in the
following sub-sections.

The technology assessment includes the three different technology steps: (i) pre-treatment of
substrates prior to the biogas process, (ii) anaerobic digestion and (iii) upgrading of the biogas to
produce biomethane. Only small-scale technologies, in general with an estimated production of gas
less than 200 m? (Standard Temperature and Pressure) per hour, were included in this study.

For all three technology steps a template for a detailed “Technology Description” was developed
which was used for the collection of information and data on the technologies. Where possible,
the templates were kept similar for all three steps and differ only for technology specific issues
which are unalike for the different steps. Technology developers which were working on small-scale
pre-treatment, digestion, or upgrading technologies within the TRL level in the project focus (TRL 3-7)
were contacted. Most technology developers have agreed to provide data for their technologies
and completed the technology description template. It was possible to obtain the relevant data for
most technologies; however, not all data could be gathered because it was either not available or
the technology developer has chosen not to disclose all information. The self-developed and filled
technology descriptions are available in open access on the author’s project website (www.biomethane-
map.eu), as Supplementary Materials. Those data form the basis for the assessment as described in
this paper.

There are some challenges associated with the assessment of innovative technologies which are
still in development and yet not available on the market. One of those challenges is the different
development status (TRL) of the assessed technologies, which complicates the comparison. Here,
the TRL of the assessed technologies ranges between 3 and 7. TRL 3 stands for “Experimental proof
of concept” and TRL 7 stands for “System prototype demonstration in operational environment”,
according to the EC definition [5]. In addition, the data were provided on a different basis. For some
technologies it was possible to obtain the data based on the current TRL, for other technologies data
were provided based on a future market-ready stage of the technology (either based on test runs of the
current technology or, if this was not possible, based on an estimate for the market-ready stage).

Especially for technologies which are currently at an early stage of development not all data were
provided, and it is furthermore assumed that for these technologies the data quality is quite uncertain.
In addition, when the individual technologies will reach market readiness in the future, they might
have improved parameters which makes it challenging to evaluate technologies of these early stages
of development.

The technology steps were evaluated separately in this study and were not put together to form
(theoretical) value chains, because of the numerous possible combinations due to the three steps
and various technologies, which also might not be combinable in practice. The technologies are all
different in terms of size and type of substrates for pre-treatment and for digestion technologies.
For upgrading of biogas, the technologies are divers in pressure levels, gas qualities etc. and have
specific requirements. The results that are obtained by evaluating the single technologies can be used
for individual considerations when those are put in relation to existing systems.

The upgrading technologies included in the assessment are mainly technologies which separate
the produced biogas, predominantly consisting of CHy and CO;, into those two fractions. However,
regarding current research attempts, it was decided to include two technologies following the
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power-to-gas (PtG) approach, which can use the biogas as an input stream and convert the carbon
dioxide in the biogas to additional methane by adding hydrogen. It is assumed that the hydrogen
for the PtG is produced via electrolysis from excess electricity (e.g., from wind power) and reacts
with the carbon dioxide to methane. The use of those technologies, namely the processes “Biological
Methanation” and “Trickle-bed reactor for methanation”, will lead to the production of additional
biomethane compared to the methane content that was included in the biogas stream. They are
therefore not directly comparable to the other upgrading technologies.

2.1. Technical Indicators

For all three technology steps (i-iii), the electricity and heat demands were assessed, as those
represent the main energy input. For pre-treatment, besides to the energy demand of the technologies,
the increase in biogas production was part of the assessment. For the upgrading technologies, the
methane content of the produced biomethane, the methane slip and the delivery pressure (product gas
pressure of the technologies) were selected in the assessment as technical indicators. The methane slip
is the amount of methane which is emitted into the atmosphere due to leakages and within the off-gas
of the upgrading unit.

Another aim within the assessment was to highlight the R&D needs of the different technologies as
well as any advantages and to what extend self-maintenance by the farmer/operator of the installation
would be possible. This information is also included in the technology descriptions. Additionally,
when the data were collected, supplementary information regarding special application areas and
bottlenecks of the technology was provided by the expert who collected the data from the technology
developer via phone survey, direct contact, or email communication.

Additionally, the information which makes each technology particular was qualitatively assessed
so that it may reach a greater target group (i.e., potential end users of the technologies gathered).
Each of the technologies found in the research, shared qualitative information beyond the indicators
presented before. This information was part of the technology descriptions and included parts such as:
under which conditions is the technology application ideal, does it use wet or dry substrate, or also
under which temperatures does the technology perform the best, among many other-challenging to
assess-factors. These particularities are at the same time the biggest strength, and the Achilles heel of
the technologies found.

This information was qualitatively assessed via expert’s opinion—from the research institutes
and within the authors of this paper. The assessment was based on the relevance of each technology
for a plausible end user, and organized using a mind mapping tool. The results are displayed in
Appendix A. Additional information for the different technologies are included in tabular form in
Section 3.1 and Appendix B.

2.2. Ecologic Indicators: Calculation of GHG Emissions

Here, the objective was to choose an indicator for the technologies which allows an ecological
assessment of all three (iiii) technology steps. Taking into account the available data and limited
resources, it was decided to focus on the GHG emissions associated with the application of the different
technologies within the value chain. This means that, e.g., the GHG emissions related to the substrate
for biogas production and the logistics are not included. The calculation of GHG emissions was
therefore based on the electricity and heat demand of the technologies, which represent the main
energy inputs [7]. Additives or chemicals were not taken into account in the GHG-calculation as
quantitative data for both were not available and emission factors are mostly lacking [8]. For the
upgrading technologies, data for the methane slip were included. Due to the early stage of development
of most of the assessed technologies, reliable data was hard to obtain and data on these factors are
very vague.

The GHG emissions related to each process step (e.g., in kgcoz-eq/ m?) were calculated by
multiplication of the specific value for electricity and heat demand (e.g., in kWh/m?) with the
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respective emission factor (e.g., kgcoz.eq/kWh). It was assumed that electricity would be taken
from the grid and heat would be supplied from a wood chip boiler. The emission factor for the
EU-electricity mix was taken from [9], for heat provision it was based on [8]. For the upgrading
technologies, the methane slip was considered and multiplied with the global warming potential for
methane provided in [9].

The GHG emissions related to the demand for electricity and heat (and related to the methane
slip in case of upgrading) were summed up to indicate the technology related emissions. These results
do not include any emissions from the substrate, nor any upstream or downstream technologies.
However, the results can be used to relate the technologies with each other and give an indication for
the contribution of the technologies to GHG emissions (or the possibility for emission reductions).

2.3. Economic Indicators

Economic indicators were only calculated for the upgrading technologies. It was decided not to
present economic indicators for the pre-treatment as well as the digestion technologies because the data
quality for these steps was lower. The reason for this is that those technology steps in our assessment
consist of lower TRL-technologies with sometimes very low flow rates. Those data would lead to an
imbalanced cost structure, which is not representative for the expected further development of the
technologies until market readiness. As cost data were not available for all upgrading technologies,
only technologies with available data sets are included in the economic assessment.

The assessment of economic parameters is based on the annuity method according to VDI 2067 [10]
For the calculation, 2016 was chosen as the base year. Further economic parameters and assumptions
are stated in Table 1.

Table 1. Parameters and assumptions for economic assessment.

Parameter Unit Value
Electricity cost (mix Europe) [11] ct/kWh 10.74
Heat cost (average price for Europe) [12] ct/kWh 6.49
Interest rate for equity ? % p.a. 10
Equity Share ? % 20
Interest rate for debt ? % 2
Share of debt @ % 80
Discount rate (WACC) @ %o 3.6
Inflation for capital-linked costs @ % p. a. 1
Inflation for other cost (operation, consumption, other cost) # % p. a. 2
Insurance cost @ % p. a. 0.5
Unforeseen cost ? % 1
Specific staff costs ? €/h 25
Maintenance cost P % p. a. 2
Project Development, Planning, Permission, Building cost [9] % 10.5
Full load hours 2P h 8400

2 assumption; ® provided by technology developer.

Consumption-related cost includes costs for utilities such as heat, electricity, chemicals, and other
substances. For all technologies, only heat and electricity were relevant. Consumption-related costs
were calculated using the energy demands and assuming an average price for electricity and heat. An
average price for electricity for the industry in Europe during 2015 was taken from [11]. The average
heat price for Europe is based on the year 2015 and taken from [12].

Operation cost entails maintenance cost (including spare parts and staff for maintenance),
personnel cost excluding maintenance, insurance cost, and unforeseen cost. Personnel costs were
derived from the staff requirement obtained from the description and multiplied with average costs
per hour assumed with 25 €/h. Maintenance costs were provided in the technology description or,
if not provided, were assumed to be 2% of the capital costs.
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Specific capital costs were provided in the technology descriptions excluding project development,
planning, permission, and additional building costs. To take those costs into account as well,
a percentage of 10.5% was applied to all capital costs. This percentage was derived from [13]. Costs for
land are not included. The life time of the technologies is between 10 and 20 years and is specified in
the technology descriptions. As the upgrading costs were calculated applying the annuity method it is
possible to compare technologies with different life times.

The objective of the economic assessment was to give an indication of the costs for the biogas
upgrading process step. Hence, it does not represent the full costs for biomethane production. The
costs of producing the biogas are not included because the aim is to show the performance of the
upgrading technologies. Costs for biogas production largely depend on the substrate, logistics, and
digestion technology and were therefore not included here. Capital costs for the biogas upgrading were
included via annuity calculation and all other costs (annual costs for electricity, heat, staff, maintenance,
etc.) were incorporated using a price-dynamic annuity factor. Finally, total yearly costs divided by the
raw biogas throughput gives the upgrading costs in €ct/kWh (related to raw biogas) for the individual
upgrading technologies.

The technologies “Biological Methanation” and “Trickle-bed reactor for methanation”, are not
included in the cost calculation and were only considered for the technical indicators, because,
as explained earlier, they use excess electricity to convert the carbon dioxide in the biogas into
additional biomethane by adding hydrogen. Therefore, their biomethane production is higher than the
biomethane that was contained in the biogas which means that the specific costs presented in €ct/kWh
would not be comparable to the other upgrading technologies.

2.4. Reference Technologies

For all three technology steps a reference was defined based on average data of large-scale,
market-ready technologies. The reference technology was chosen from Germany due to the fact that
larger-scale technologies of this type are already widely established there. Due to the difference in
scale and maturity, the data of the reference cannot be directly compared, but it shows the current
average performance from larger-sized, and market-ready technologies.

The value for the reference was included in the respective figures in this paper, e.g., for electricity
and heat demand, GHG emissions, maximal increase in biogas production (for pre-treatment), methane
content, methane slip, delivery pressure and upgrading costs (for upgrading).

The reference for the pre-treatment technologies was calculated based on unpublished data for a
selection of mechanical pre-treatment technologies (e.g., cutting mill, hammer mill, extrusion) with an
average flow rate of 15.45 Mg/h and a range from 0.5 to 100 Mg/h. For digestion technologies, the
reference was calculated based on data from [14]. From this, the 700 m? /h biogas plant was selected
as a continuous stirred-tank reactor digesting renewable raw material (60% maize silage, 40% pig
manure). The reference for the upgrading technologies was also obtained based on data published
in [14]. For this, an average of the published data for the biogas upgrading plants with a capacity of
700 m3 /h of raw gas (including 2 Pressure-Swing-Adsorption technologies, 1 membrane technology,
1 Polyglycol scrubber, 1 Amine scrubber, 2 pressured water scrubbing technologies) was calculated.

For assessing the GHG emissions of the upgrading technologies, those were compared to natural
gas used as biofuel. The emissions associated with natural gas were based on the fossil fuel comparator
of 94 gcor-eq/M]J (3384 gcor-eq/kWh = 3.38 kgcon-eq/ m?)) taken from [15].

As the investment cost for the reference technologies was given based on the year 2012, the
Kolbel /Schulze Index as a price index for the chemical industry published in [16] was applied for a
calculation of capital cost for the year 2016.

3. Results

The results of the technical, ecological, and economical assessment for the three different
technology steps: pre-treatment of substrates, anaerobic digestion, and upgrading of biogas to
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biomethane are shown and discussed in the following sub-chapters. All data for biogas or biomethane
in m3 are standardized (Standard Temperature and Pressure, 273.15 K, 101,325 Pa). Table 2 shows
which assessment was carried out for the technology steps.

Table 2. Assessments per technology step.

Assessment/Step Pre-Treatment of Substrates Anaerobic Digestion Upgrading of Biogas
technical + + +
ecological + + +

economical —* % +

*: data quality not sufficient, see Section 2.3.

3.1. Technical Assessment

In this study, the energy demand represents one key indicator for the technical assessment of
the various technologies along the biomethane production chain and for the comparison between the
single steps. Especially the electrical energy and—where applicable—the thermal energy demand
could be provided by the technology developer in this early TRL of 3 to 7. Other indicators of the
technical assessment were specific to the individual technology step.

3.1.1. Substrate Pre-Treatment

There were several studies e.g., on biological, chemical, or physical pre-treatment conducted in
the past, mostly in lab-scale. In contrast, the focus of this study is on innovative up-to-date units still
under development for full scale but at the lower end. Hence, a limited number of new methods
were found.

One biological and six physical pre-treatment technologies were identified within the defined
limits of TRL 3 to 7. Not all the technologies assessed provided the requested complete data set. Table 3
gives an overview of the selected data of the pre-treatment technologies. Figure 1 visualizes their
specific demand of electricity between 1.2 and 25 kWh, /Mg substrate (fresh matter), and—where
applicable—the demand of heat of 147 and 150 kWhy, /Mg substrate. Hence, without heat recovery
these technologies could be inefficient for wet substrates. For example, the energy content of cattle
slurry in the biogas process is 140 kWh/Mg substrate (14 m3/Mg FM [17]) and of barley straw
1979 kWh/Mg substrate (228 mL/g VS [18]), respectively.
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Table 3. Overview of selected data for pre-treatment technologies (data from Technology Descriptions).

8 of 32

Maximum possible Flow

Technology Substrate Flow . Dry-Matter e -
Provider Name of Technology Type of Substrate Rate (Mg/h) Rate f:);/[ ;lilicallng Content (DM %) Specific Characteristics
Ventury Péeossgfz ()Sr:/:rllrég liquid/solid 1 module multiplication 100 Ideal for fibrous substrates.
Poor quality substrate acceptable. Simple, no
UWM Mechanical grinder solid 0.2 1 90 needs for specialized maintenance, and flexible
to biomass use.
Poor quality substrate acceptable, ideal for
UWM d[ij;it:iogzgr liquid 0.15 0.4 55 liquid substrates. Periodic maintenance
& requires qualified service.
Change-pressure Poor quality substrate acceptable, ideal for large
UWM clisiitep rator liquid 0.05 0.2 35 plants. Requires specialized maintenance.
& Technology is market competitive.
. Poor quality substrate acceptable. Simple and
UWM Hcﬁ‘:;’tiy?;;‘r“ liquid 0.025 05 55 efficient, but the cavitator engine requires
& periodic maintenance/replacement.
Strine ultrasound Poor quality substrate acceptable. Exclusive for
UWM disgm tearation liquid 0.012 0.3 5 sewage sludge. Professional service is required
& after extensive operation.
Hyperthermics AS Hyperthermgphlhc liquid any 1o limitation 15 Versatile fermentation technology, app:fu‘ent
fermentation advanced process management is required.
Reference Reference solid 15.45 B up to 100 Average of various mechanical pre-treatment

technologies, State of the art.
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Figure 1. Electricity and heat demand for pre-treatment technologies (technology of “Hyperthermics
AS” not included as no data for energy demand was available).

The flow rate of the selected pre-treatment technologies ranges from 0.012 to 1 Mg/h fresh matter
and is comparably low regarding the reference with 15.45 Mg/h. From all considered technologies, the
hyperthermophilic fermentation and the pressure swing conditioning are the only ones, which are not
limited to one size class, according to developer’s data. The possible range for upscaling for the other
technologies is between 0.2 and 1 Mg/h.

Both pre-treatment technologies using pressure changes as their main tool consume more energy
than all others. The uniqueness of these technologies, using pressure and heat, imply that they are
more feasible with the presence of excess heat in a market-ready stage, or for a demonstration setup.
Conversely, this means that if the biogas plant site is lacking excess heat, or is missing a convincing
concept of heat recovery, these technologies are rather not recommendable. All other pre-treatment
technologies show a much lower electricity or heat demand, including the reference.

The electricity demand of the reference for the pre-treatment technologies was calculated based on
unpublished data for a selection of large-scale mechanical pre-treatment technologies with an average
flow rate of 15.45 Mg/h fresh matter and is on a slightly higher level than the mechanical grinder.

Just one of these technologies requires, besides a high heat demand, additional large inputs of
electricity. However, it offers the largest improvement in biogas production, see below in Figure 2.
Every other investigated technology requires notably less electricity per Mg substrate. The difference
in energy consumption is partly a result of the characteristic of the substrate, which can be treated.
The ultrasound technology types e.g., are only suitable for liquid substrates, see dry-matter content
in Table 2.

Figure 2 represents the increase on biogas production for all assessed pre-treatment technologies
compared to untreated substrate according to the data of the technology developers. The pre-treatment
technologies presented values between 14% and 30% increase of biogas production (for one technology
an increase of up to 100% was stated). These values are subject to the type and the physical-chemical
conditions of the substrates used on each of the technologies as well as their individual references.
Additionally, the digestion system coupled to pre-treatment, and its underlying factors such as
hydraulic retention time, have a direct influence on the resultant increase in biogas production.
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Therefore, the increase in biogas production of the pre-treatment technologies depends on many
other variables. These variables (i.e., substrate and digestion system) determine the feasibility of
implementing these technologies on a market-ready stage, or a demonstration project. Nevertheless,
even if their TRL is below 9 and they are small scale, most of the pre-treatment technologies show
a comparable increase in biogas production to the large-scale reference, except Pressure Swing
Conditioning by Ventury which shows an outstanding high increase.
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Figure 2. Biogas production increase for pre-treatment technologies.
3.1.2. Anaerobic Digestion

The research for small-scale digestion technologies with a TRL between 3 and 7 revealed 13
digester systems. Most of them can be used for substrates with dry-matter contents of up to or above
10% of the fresh matter. Table 4 also shows the specific characteristics of the varying technologies and
gives an impression of their areas of application (see type of substrate).

The reference for digestion technologies was calculated based on data from [14]. The 700 m®/h
biogas plant digesting renewable raw material (60% maize silage, 40% pig manure) was chosen.

As shown in Figure 3, the heat and electricity demand ranges in a wide field and the majority of
the small-scale digester technologies shows a higher energy demand than the reference. However, it
must be pointed out that these values are highly dependent on the characteristics of the used substrates
e.g., their energy density as well as their degradability. Thus, no definite conclusion for the individual
digestion technology can be made upon the available data basis. Some technologies show very high
specific energy consumptions which are sometimes higher than the energy contained in 1 m? biogas
(biogas has a calorific value of 5-7.5 kWh/m?3). It is, therefore, expected that for those technologies
the energy consumption must be reduced significantly during their further development to become
market mature.
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Table 4. Overview of selected data for digestion technologies.

11 of 32

Technolo Substrate Flow Biogas Possible Range Maximum
Provi defy TRL Name of Technology Type of Substrate Rate (Mg/h Fresh Production of Upscaling Dry-Matter Specific Characteristics
Matter) (m3/h) * (m3/h) Content (%)
Pig and cattle slurry,
PRV 7 High-Performance sugar beets, liquid 356 2120 100-1000 10 No feeding device necessary, solid and liquid phase
Digester (HPD) residues from food ’ separation in digester.
prod
Ventur 5 Hl%};uoflg:?:x (];-(I)lig)l e Pumpable 075 50 module 18 Ideal for liquids and has own low power requirements. No
y E(;iigestion P ’ multiplication rotating parts inside of the reactor.
In tiza?ilggaals AB 7 MR Methane Reactor Sewagsfut;egztment no data given 33 80-600 30 Ideal for small-scale wastewater treatment plants.
Methane production in Solid (ch d) dul Customized livi . ts for diff ¢
Latvia University 6 4 sections module 016 (Chopped), 0.48 10.41-20.83 moauie 10 ustomized ving environments for ciieren
anacrobic digester liquid both multiplication microorganisms, but stability is difficult.
Czestochowa Solid, liquid both Simple, small scale, and easy to use, no requirements for
University of 3 Micro-batch reactor (cattle manure, corn 0.04 2.1 6.25 15-20 pie s ana easy ’ q
Technology silage) specialized personnel.
Bialystok University 3 I\‘/Elctf;:z*?js Ei::t Solid, Liquid 0.03 21 417 15 Fermentation of lignocellulosic biomass and substrates with
of Technology systen% | ’ ’ ’ high content of dry mass (organic wastes).
High rate AD for - More reactors in Ideal for dairy and pig farms and cost efficient, but optimal
Waterment AS 5 particle rich substrate Liquid slurry, manure 042 042-2.08 parallel Upto3 feeding system missing.
UWM 4 Special Reactor Manure and cattle 0.07 1-12 83.33 15-20 Simple, agitators and its operating motors require periodic
Concept slurry ’ ’ : maintenance.
Tubular Reactor with . .
UWM 4 innovation mixing Maize, COW manure, 0.0004 0.012-0.030 1225 15-20 Simultaneously crushes the s'ubstrate a'ru.:l removes the
system grass silage surface foam, Stones are risky for mixing system.
Bialystok University 3 Reactor with pressure Solid and liquid 0.038 425 up 10 6.25 15 Pressure mixing via nozzles, for agricultural and organic
of Technology mixing system q ’ ’ P ’ waste.
Modular Anaerobi Modular assembly in form of recycled shipping containers,
ProCycla S.L. 5 Dioe;ei ( luae_ f;)owc) Solid and liquid 0.125 3.2 60-600 m3 15 bubble system for mixing, for agricultural substrates,
8 piug digestate recirculation is important.
Reactor with Without mechanical parts, no electricity for mixing
UWM 3 pneumatic mixing Solid and liquid 0.012 11 - 15 necessary, for micro installation, works for agricultural and
system organic waste.
Reactor with double Without mechanical parts, no electricity for mixing
UWM 3 pneumatic mixing Solid and liquid 0.024 1.1 - 15 necessary, for micro installation, works for agricultural and
system organic waste.
Reference 9 Reference Malz;Zﬂ?Es’ pig 6.9 700 - 23 State of the art.

* Biogas production is largely depending on substrate but is given here as an indication for scale of plant.
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Figure 3. Electricity and heat demand for digestion technologies.

A Swedish study [19] confirms that the energy requirements are specific to the biogas plants and
used raw material. The same source gives as an example differences in heat requirements between
farm- and large-scale biogas plants due to varying insulation and other technical issues as well as
hygienization requirements for different raw materials.

3.1.3. Biogas Upgrading

Eleven biogas upgrading technologies were identified within the defined limits of TRL 3 to 7.
Within these, biological, chemical, and physical technologies were covered in this research. Table 5
gives an overview of the specific parameters such as flow rate (raw gas), ability of integrated H,S
removal as well as possible ranges for upscaling. Regarding the in situ H,S removal, it has to be kept
in mind that depending on the technology, the H,S is stored in the upgrading material (e.g., active
carbon) and thus has to be renewed periodically or is released at a later point and then has to be treated
to avoid an emission into the atmosphere. A storage of the upgraded biomethane was not part of the
assessment and is usually not part of the technologies.

For the upgrading technologies, the electricity demand is shown in Figure 4. It ranges from 0.02
to 4 kWh,, /m?> biogas, for comparison the electricity demand of the reference is 0.21 kWh; /m? biogas.
Only two of the assessed technologies require heat (upgrading with algae biomass: 0.2 kWh/m3 biogas,
Trickle-bed reactor for methanation: 0.12 kWh/m? biogas). One of the Vacuum Swing Adsorption
(VSA) processes requires significantly more electricity than the other processes or the reference. The
algal bacterial process and the ash filter are processes with very low electricity demands. This is due to
the nature of the processes, whereas e.g., cryogenic processes and especially VSA processes require
much more electricity for the compression stages.

The reference for the upgrading technologies was obtained based on data published in [14]. For
this, an average of the published data for the biogas upgrading plants with a capacity of 700 m?/h of
raw gas was calculated. Some of the small-scale technologies are comparable and competitive with the
reference on the aspect of energy demand, others have clearly higher demands on the current TRL
level. For technologies with a very high electricity demand the overall energy balance could be even
negative taking into consideration the calorific value of biogas with between 5-7.5 kWh/m?. This is
e.g., the case for the Biogame VSA Technology with an electricity demand of 4 kWh/m3.
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Table 5. Overview of selected data for biogas upgrading technologies.

Flow Rate Flow Rate-Possible Possibility of H,S
Technology Provider TRL Name of Technology (Range)/Upgrading Range of Upscaling Removal through Specific Characteristics
Capacity (m® raw gas/h) (m3 raw gas/h) Technology
. . Algal Bacterial Technology itself removes  Ideal for tropical climate; no need for prior HyS-removal. Only
University of . o . . . . . . X
Valladolid 5 System for biogas 0.4 <300 99% of total HyS-content of applicable in conjunction with continuous microalgae
upgrading raw gas production in tropical climate.
. . . . Specific strain of microorganism is used. Requires chemicals and
Electrochaea 7 M%f}i:f;?én 125 213 \}{1255’ :P;eublgﬁicilecsftiysst additives. Produces usable heat. Power-to-gas system using
p 2 biogas as a CO, source, the Hj is provided by electrolysis.
Vacuum Pressure o [ . . . .
NEOZEO 7 Swing 200 200-2000 <99 /ios(];i Ezvs ;g(r)\cenxt;)atlon Uses durable alizorubiigst g(at::‘zi;;; ';11 acr(l)ézplex device that
Adsorption—VPSA pp q P ’
Technology itself removes Requires ash: 3.6-7.1 kg/m? raw gas. Simple and chea
RISE 5 Ash filter 38.05 57 >99% of total H,S-content equires ash: 9.6-7.1 Xg/ v Taw gas. Simp ¢ and cheap,
however it includes ash logistics if not available on site.
of raw gas
Centrale Supélec 5 G-PUR Membrane 100 12.6-126 ot known Uses membrane contactor§ as a gas-liquid exchanger. Complex 3
technology stage technology using membranes and absorbents.
In situ methane Technology itself removes  Ideal for pre-upgrading, may reach German L-gas specs (>90%).
RISE 5 . 38.05 571 50-80% of total Technology is simple but operation is complex as methane
enrichment . . . .
H,S-content of raw gas enrichment is integrated to its production.
Blue Feed Membrane possible but not in Option of parallel or individual operation of feed-in into grid
APEX 7 100 no . .
technology focus and fueling of vehicles.
Crvogenic treatment Produces high purity liquid biomethane and CO; (dry ice) as
University Landshut 4 Y go £ biogas 37.8 20-200 not known by-product. Requires gas pre-treatment; no information about
& CAPEX yet, high electricity demand.
Biogame Vacuum
AzzeroCO, srl 5 Swing 0.5 350 not known Adsorbing material is natural zeolite.
Adsorption—VSA
3 5 —0()°
UWM 3 Upgradmg with algae 4 100 Yes, 80-90% of H,S are Small heat demand.
biomass removed
. Production of methane can be increased by incorporating Hj
GICON 5 Trickle-bed re?“"r for 1 500 no from excess electricity. Excess electricity can therefore be stored
methanation . X
as methane in the gas grid.
Reference 9 Reference 700 - - State of the art.
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The delivery pressure values ranging from 1 to 7.5 bar abs, whereas the reference has a value of
5.5 bar abs, Figure 4. The delivery pressure is of importance due to the later use of the biomethane.
Either way, used via injection into the gas grid or supplying a gas filling station, in the most cases
the product gas must be compressed to a higher-pressure stage. According to Billig & Thran 2016,
an already high product gas pressure is of advantage here [20].

Comparing these results to literature, for larger plants than the here evaluated small-scale plants
an electricity demand of about 0.2 to 0.3 kWh/m? raw biogas was stated in a Swedish report [21] in
2013, with only one exception for the amine scrubber, which was lower (about 50%).
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Figure 4. Electricity demand and delivery pressure for upgrading technologies.

The subsequent Swedish report [22] from 2016 stated for full-scale upgrading plants there would
be no significant variation in the energy demand between the different biogas upgrading technologies.
It highlighted the importance of site-specific requirements in pre- or post-treatment, depending on
the site-specific conditions such as type of substrate and the resulting biogas quality, respectively, as
well as the product gas standards [22]. A Dutch study indicates the energy input for the upgrading
process with almost 100 MJ/GJ biomethane (assuming a share of about 60% methane in the biogas and
a heating value of 10 kWh/m? for biomethane this results in roughly 0.6 kWh/m? biomethane) [23].

Regarding small-scale upgrading plants, a high pressure batchwise water scrubbing technology
was described in literature from 2013 and it was available on the market with an electricity consumption
of 0.4 to 0.5 kWhg /m? of raw biogas [21]. It included electricity demand for the filling station and
further pressurizing to 270 bar(a) [21]. Furthermore, another small-scale water-scrubbing-based biogas
upgrading process showed 0.25 kWh/m3 and 0.32 kWh/m?3 in the case of grid injection and in the
case of transportation fuel, respectively [24].

Another 2013 market-ready small-scale technology was the rotary coil water scrubber developed
by the company Biosling, which has an electricity demand of around 0.15 to 0.25 kWh; / m3 raw biogas,
depending on the size of the upgrading unit [21].

Back to the present study, further technology indicators used are the methane content in the
produced biomethane and the maximum biomethane slip (methane emissions from the upgrading
process), which are shown in Figure 5. The methane slip is an essential aspect of the technologies.
On the one hand the methane slip means an energy loss via off-gas and on the other hand it has a
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significant environmental impact (see Section 3.2.3). Only four of the evaluated technologies can reach
a methane slip below 1%. The other technologies will have to reduce the methane slip on their way to
market readiness to fulfil the corresponding regulations in most countries.
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Figure 5. Methane content of biomethane and biomethane slip for upgrading technologies.

Regarding the methane content, all technologies produce a gas suitable for the gas grid injection
with one exception: the in situ methane enrichment. There, the methane content with in situ methane
enrichment reaches about 78% on average. The gas quality can be increased further by e.g., the
combination with the ash filter, which enables to get biomethane with up to 99% methane content,
which than will be sufficient for gas grid injection, compare [25] and the EN 16723-1:2016 Norm. The
in situ methane enrichment technology was still included in this study as the methane content of 78%
might be sufficient as such for some applications already. Furthermore, under certain conditions it may
be possible to reach German L-gas specs with this technology. Many vehicles are already approved for
and fully capable of running on L-gas.

For the small-scale high pressure batchwise water scrubbing technology the methane slip ranged
from 1 to 3% according to literature [21]. The other 2013 market-ready small-scale technology from the
same literature source was the rotary coil water scrubber (company Biosling), which offers a product
purity of 94% methane. For better gas quality (>97% methane), an additional step is necessary e.g.,
a water scrubber, while the methane slip was expected to be around 1% [21].

3.1.4. Qualitative Technical Assessment

The descriptive technical data gathered in the Technical Descriptions was organized to display
information which is relevant for people that could be potential users of the technologies found.
Therefore, Appendix A contains a qualitative user-oriented assessment of the technologies found in
the research. It is divided and classified in the technologies relevant for biogas production (to the left),
and the ones relevant for biomethane production (to the right) (see Appendix A). Within the biogas
section the graphic shows a division based on the type of substrate a customer—or a user-may have,
and proposes both pre-treatment and digestion technologies accordingly. The aim is to give a better
overview of the available upcoming equipment to potential users of the technology. Additionally, the
article enables a foot path to follow while going deeper into the technology relevant for the user’s own
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interest (i.e., appraisal of the economic and ecological assessment of the particular technology). On the
right side are the biogas upgrading technologies (biomethane) which are classified by more specific
customer requirements, such as: climate and temperature, minimum quality requirements, vehicle
fuel, etc. On itself, the graphic enables the selection and analysis of an entire biogas value chain to the
end-product biomethane. It takes into account key intrinsic production factors and exemplifies that
the feasibility of these installations-at small to medium scale-rely on the uniqueness and specialty of
each of the biogas and biomethane technologies.

3.2. Ecological Assessment

This part of the assessment shows the GHG emissions caused by the technologies. It must be
noted that those represent the emissions caused by the technologies due to their demand for energy
and, in the case of upgrading, due to the methane slip. Not included are the emissions caused by
material or chemical demand during the operation and emission due to the substrate and upstream
processes. The value for the reference technology shows the status quo of market-ready larger-scale
units. The GHG emissions of the technologies give an indication if the respective technology offers
a potential for a GHG reduction compared to the use of natural gas. Hence, when the respective
technology steps are part of a complete value chain (consisting of substrate logistics, pre-treatment,
digestion, and upgrading), technologies with lower emissions per step offer a higher potential for a
GHG reduction for the product biomethane.

3.2.1. Substrate Pre-Treatment

The GHG emissions associated with the pre-treatment technologies are shown in Figure 6. This
includes emissions due to the consumption of electricity and heat. The GHG emissions range from ~1
to ~12 kgcoz-eq /Mg substrate, while the major part is caused by the electricity demand. Only 2 out of 6
technologies need heat for the pre-treatment. The majority of the technologies (4 out of 6) show much
lower GHG emissions than the reference (~4.5 kgcop-eq/Mg substrate), by operating in the same range
of increase in biogas production, compare Figure 2. The mechanical grinder shows slightly lower GHG
emissions than the reference and the pressure swing conditioning much higher GHG emissions due to
its high energy demand. Compared to the other technologies (including the reference) pressure swing
conditioning has the highest increase in biogas production due to pre-treatment, compare Figure 2.
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Figure 6. GHG emissions for pre-treatment technologies per Mg Substrate (fresh matter).
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3.2.2. Anaerobic Digestion

The GHG emissions related to electricity and heat demand for the digestion systems are shown in
Figure 7. As for the pre-treatment systems, electricity is the main driver for the emissions, because
it was assumed that for those technologies requiring heat, this would be provided by a wood chip
boiler, whose emissions are comparably low (0.43 gcoz-eqMJ). About half of the assessed technologies
incorporate lower GHG emissions than the reference. However, the other technologies contribute to
significantly higher emissions due to a high electricity demand. A general statement regarding the
GHG emissions over all technologies cannot be expressed due to the high dependency on the type
of substrate.
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Figure 7. GHG emissions for digestion technologies.

In addition to the emissions related to the supply of the digestion process with process energy also
the direct methane emissions from the digestion process are of relevance. This is especially important
as the emission of methane is associated with a high CO;-equivalent. Those emissions are caused
by leakages in the digestion process and are generally assumed to be around 1% for the process of
biogas production [7]. For the innovative processes in focus for this paper it was not possible to obtain
detailed information and this factor was therefore not included here.

3.2.3. Biogas Upgrading

For the upgrading technologies, the emissions due to the energy demand and the methane slip of
the technologies are shown in Figure 8. It makes clear that for about half of the technologies and the
reference the methane slip contributes the most to the GHG emissions. For the other half, the electricity
demand is the main contributor. As heat is only required for two of the technologies and this was
defined to come from a wood chip boiler, its impact is negligible.

The dashed line represents the EU fossil fuel comparator. The GHG emissions of this comparator
for the use of natural gas as fuel are 94 gcop-eq/MJ or 3.38 kgcon-eq/ m?), according to [15]. The majority
of biogas upgrading technologies are associated with higher emissions compared to the larger-scale
reference. This is to a large extent caused by the early stage of the development of the technologies
resulting in a high methane slip. In general, the maximum values for the methane slip were provided
by the technology developers, which are often above the acceptable level for the regulations in the most
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European countries. The data for methane slip contributing to the GHG emissions should therefore be
handled with care.
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Figure 8. GHG emissions for upgrading technologies and EU fossil fuel comparator for natural gas
used as biofuel.

The net GHG savings, which can be achieved by using biomethane as a biofuel instead of natural
gas can only be calculated when looking at the full value chain (including the emissions associated
with the other technology steps and the substrate). However, the figure highlights which upgrading
technologies could contribute to higher or lower GHG savings if the emissions related to the upgrading
technology itself are in the focus. The technologies with the lowest GHG emissions are the ash filter
and the trickle-bed reactor followed by the biological methanation, which have all lower emissions
than the reference. The technology with the highest GHG emissions is the VSA using zeolites. The
other technologies (except the upgrading with algae biomass) are relatively close to the reference.

A life-cycle assessment for biomethane production for The Netherlands in 2015 [23] shows
the impact of the substrate and the individual steps in the biomethane production pathway on
GHG emissions, which is very much depending on the type of feedstock used. It highlights that
the digestion and upgrading processes contribute the most to the GHG emissions of the whole
value chain [23]. Another study [26] compared the GHG emissions for six exemplary pathways
for biomethane production using waste streams or substrates especially cultivated for biomethane
production. It also showed the influence of considering a digestate credit (for the substitution of
mineral fertilizer by digestate) and a slurry credit (for avoided GHG emissions of using slurry).
All pathways have resulted in a GHG mitigation potential ranging between a minimum of 51%
GHG mitigation using maize silage and catch crops and 202% GHG mitigation (pathway based on
100% slurry; digestate allocation and slurry credit maximum) compared to the fossil comparator for
biomethane used as transportation fuel as set in the EU RED [26].

3.3. Economic Assessment of Upgrading Technologies

The economic evaluation could only be conducted for the biogas upgrading technologies. For the
substrate pre-treatment as well as the digestion technologies the economic data were not sufficient for
an evaluation.
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The economic assessment of the upgrading technologies was carried out by selecting the specific
upgrading costs as an indicator. Those costs do not include the costs for biogas production nor for the
substrate and are thus just related to the upgrading technology step. This part of the assessment does
not include the two technologies which use additional hydrogen from excess electricity to produce
additional methane directly from the CO, contained in the biogas, due to the reasons explained
in Section 2.

The results (Figure 9) indicate upgrading costs between 1.5 and 15 €ct/kWh raw biogas. From
the 11 evaluated technologies (compare Table 5), seven could be economically assessed, for the other
technologies no sufficient cost data were available and the PtG-technologies were excluded from this
assessment as described before.

Upgrading costs (€ct/kWh raw gas)

\ |

\
Ash filter N

\

\||

RISE -
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CentraleSupélec -
G-PUR Membrane
RISE - In-situ
methane enrichment
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Membrane techology
UWM - Upgrading
with algae biomass

NEOZEO - Vacuum
Pressure Swing Adsorption Y

University of Valladolid -
Algal Bacterial System

% Capital cost Heat cost M Electricity cost ® Operation cost & Other cost

Figure 9. Specific upgrading costs in €ct/kWh raw biogas.

The capital cost represents the largest share among the total costs (except for one technology). The
NeoZeo-Technology has the lowest share of capital cost, whereas for the Apex-Technology the capital
cost is the main cost driver. The ash filter has the lowest specific electricity cost and the upgrading
with algae biomass the highest. The operation cost includes the costs for maintenance and personnel
and are by far the highest for the upgrading with algae biomass. This is because of the very small
capacity of this technology and the high personal effort in relation to this, perhaps due to the low TRL
of the technology. If only the other technologies are compared, the in situ methane enrichment and
the ash filter have relatively high operation costs. In addition, the technology using algae is also the
only technology except the reference which has a requirement for heat. In total, three technologies
have upgrading costs which are similar to the larger-scale reference with around 1.5 €ct/kWh raw
gas. The specific upgrading costs of the other technologies exceed the one from the reference, while
the upgrading with algae biomass shows by far the highest upgrading cost with about 15 €ct/kWh.
Among the other technologies, Apex shows the highest upgrading costs with 2.8 €ct/kWh, almost
twice as high as the reference, which is mainly driven by the high capital cost.

The results show that the upgrading costs of some technologies are already close to those for
larger-scale technologies. Upgrading costs in the literature for small-scale market-ready technologies
show similar results. Specific cost for biogas upgrading in [6] for market-ready technologies range
between 7.63 €ct/kWh raw gas (for the plant with an upgrading capacity of 40 m3/h) and 1.57 €ct/kWh
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raw gas (for the plant with an upgrading capacity of 550 m®/h). The investigated dataset in [6] showed
upgrading costs for plants between 100 and 125 m? /h between 4.61 and 2.33 €ct/kWh raw gas. For
plants between 200 and 550 m3/h capacity the same source has provided upgrading costs between
2.38 and 1.57 €ct/kWh raw gas. Also [27] has investigated specific upgrading costs in 2012, mostly for
larger-scale plants. Market-ready small-scale plants with a capacity of around 250-400 m?/h result in
upgrading costs between 2.3 and 1.6 €ct/kWh raw gas. Data from [14], also based on 2012 for two
plants with upgrading capacities of 250 m3/h give upgrading costs between 2.2 and 2.0 €ct/kWh
raw gas.

3.4. Multi-Indicator Assessment of Upgrading Technologies

The main indicators considered in this study are summarized in Figure 10 for the upgrading
technologies (which had cost data available). Those include upgrading costs, GHG emissions and
electricity demand (represented by the surface area of the bubble in the figure) of the technologies.
Technologies perform best if they are presented in the lower left part of the diagram by a rather
smaller bubble. The figure visualizes all technologies on one part of the diagram, except the upgrading
with algae biomass. Taking this technology aside it is clear that the ash filter performs best in terms
of GHG emissions and electricity demand and is in the medium range among the technologies for
upgrading costs. The Vacuum Pressure Swing Adsorption by NeoZeo and the Algal Bacterial System
by University of Valladolid are the next best systems in terms of both GHG emissions and costs, quite
similar to the reference technology. The system G-PUR has similar costs as the reference but higher
emissions. In situ methane enrichment has higher emissions and costs compared to the reference
whereas Blue Bonsai indicates higher costs but similar emissions as the reference.

1.20

1.00

0.80 Upgrading with algae

biomass; 1.50
G—PUR Membrane; 0.22

0.60 In-situ methane enr;
0.25

Blue bonsai&feed
0.40 membrane; 0.30

Vacuum Pressure Swing
Adsorption; 0.28

Total GHG-emission (kg CO2-eq./m? biomethane)

0.20  ajgal Bacterial System;
0.09

@ Ash filter; 0.02

0 a1l 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

Total upgrading costs (€ct/kWh raw gas)

Figure 10. Multi-indicator assessment for upgrading technologies (surface area of bubble
represents electricity demand in kWh/m3 raw gas of technologies which is also displayed after
the technology name).

4. Conclusions and Outlook

During the assessment it was noted that technologies which are still in their development stage
regularly lack data and may also be subject to changes once the technologies develop further. This
makes a detailed assessment difficult. However, this paper summarizes the main indicators that were
possible to obtain for the technologies and for the assessment performed. As sources, literature and
data directly gathered from the developer’s respective manufactures were compared.
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Our research showed that in the sector of pre-treatment most of the investigated technologies have
a lower specific electricity demand between 1.2 and 7 kWhg /Mg substrate (fresh matter) paralleled to
the reference technology (10 kWh, /Mg substrate), but with a comparatively similar increase in biogas
production. This indicates that upcoming technologies are indeed becoming more efficient.

As for digestion technologies, electricity and heat demand depend largely on the particularities
of each individual technology. Nevertheless, around 40% of the technologies—which focus on the
small scale—presented lower electricity demands compared to the reference one (0.16 kWhg /m?
biogas). However, some pre-treatment and digestion technologies involve a significant amount of heat
(up to 150 kWhy, /Mg substrate and 8.6 kWhy, /m? biogas respectively). This means that the economic
and environmental feasibility of these technologies largely depends on the source of heat, i.e., if it is
intelligently used from a source with excess heat (waste heat).

The electricity demand of most upgrading technologies is similar to the reference (0.21 kWhg /m?
raw gas) used. The gas grid connection requirements, usually corresponding to >95-97% methane, are
met by most of the technologies. However, the limiting factor for some technologies is the methane
slip. This factor varies depending on the technology, and it must be reduced before these are ready for
their entry to any market.

Most of the investigated pre-treatment technologies indicate a high GHG saving potential (as their
GHG emissions range between 1 and 12 kgcoz-eq/Mg substrate which is for the majority of the
technologies lower than for the reference) whereas for the digestion technologies the picture is more
divers and technologies will only be able to contribute to a significant GHG saving if their electricity
demand can be reduced within their development. As for the upgrading technologies, the methane
slip is the main driver in GHG emissions, followed by the electricity demand. However, most of the
upgrading technologies show a similar potential for GHG savings as the reference.

The economic indicator that was calculated for the upgrading technologies shows that the
upgrading costs, for some of them, are already close to the larger-scale reference—with about
1.5 €ct/kWh raw biogas. It should be noted here again that those costs represent the costs for upgrading
associated with the upgrading technology only, and do not include costs for biogas production. The
multi-indicator assessment has highlighted that some technologies perform better or similar to the
reference in terms of energy demand, GHG emissions, and economics. It is, therefore, expected that
the further developments of the promising technologies will lead to a significant impact on the market
for small to medium scale biomethane production.

A report within the project Record Biomap (endorser and the background of the present research)
which has investigated the regulatory and financial framework conditions in 15 EU countries has
concluded that all but one of the studied countries have specific policy targets for reducing fossil fuels
in the transport sector while less than half of the countries have any kind of framework for using
biomethane as a vehicle fuel [28].

The research demonstrated that the feasibility of implementation of substrates pre-treatment,
anaerobic digestion, and biogas upgrading technologies at the small scale must be increasingly
intelligently—and systemically—interlinked with their environment. The success or failure of the
entry to market of these technologies is almost always context-specific.

Supplementary Materials: The data of all technologies analyzed in this paper are available on the project website
https:/ /biomethane-map.eu/Biomethane-Map.70.0.html.

Author Contributions: Conceptualization, K.B. and B.S.; Formal analysis, K.B., M.R.A. and S.S.; Methodology,
K.B., BS., E.B. and S.S.; Visualization, K.B., M.R.A. and S.S.; Writing—original draft, K.B., B.S. and M.R.A;
Writing—review & editing, E.B., G.R., M.Z. and M.D.

Funding: This paper has been written in the framework of the European Project Record Biomap (www.biomethane-
map.eu). This project has received funding from the European Union’s Horizon 2020 research and innovation
program under grant agreement No. 691911. The authors would like to thank the Helmholtz Association which
supported the work under the Joint Initiative “Energy System 2050—A Contribution of the Research Field Energy”.


https://biomethane-map.eu/Biomethane-Map.70.0.html
www.biomethane-map.eu
www.biomethane-map.eu

Energies 2019, 12, 1321 22 of 32

Acknowledgments: The authors express their gratitude to the technology companies and institutions who have
provided data and information on their technologies for the project. We would also like to thank Erik Fischer from
DBFZ who has also contributed to the collection of data.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations
CNG Compressed Natural Gas

CO2-eq CO,-Equivalent
CAPEX Capital Expenditure

EC European Commission

EU European Union

GHG Greenhouse Gases

LBG Liquefied Biogas

Mg Megagram (official SI unit) (1t=1Mg = 10° g)

mL milliliter

Mtoe Mega tons oil equivalent (1 ktoe = 41,868 GJ)

pa per annum

PRV Planungsbiiro Rossow Versorgungstechnik GmbH

PtG power-to-gas

R&D Research and Development

RISE Research Institutes of Sweden

SI International System of Units (SI = Systeme Internationale)
SME Small and Medium Enterprise

TRL Technology Readiness Level

UWM University of Warmia and Mazury

VDI Verein Deutscher Ingenieure (The Association of German Engineers)
VPSA Vacuum Pressure Swing Adsorption

VSA Vacuum Swing Adsorption

WACC Weighted Average Cost of Capital
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High Organic Loading Plug Flow (HPF) - Ventury (D)

MR Methane Reactor - ED Biogas International AB (D)

BIOMETHANE
\‘.
High Performance Digester - PRV (D)
Ultrasound disintegrators - UWM (P)

iy

Relative wet substrate

L-Gas Quality
Sewage sludge

Change-pressure disintegrator - UWM (P)

In-situ methane enrichment - RISE (U)
Bio-LNG + Dry ice
a4

/

Cryogenic treatment of biogas + dry ice - University Landshut (U)
/ Bio CNG for vehicles
/
o
Hyperthermophilic Fermentation - Hypothemics AS (P)

Reactor with mixing & heating system - Bialystok University (D)

Micro batch reactor - Czestochowa University of Technology (D) \

Blue bonsai&feed membrane - APEX (U)

___Smaller biogas plant
“\
Hydrodynamic disintegrator - UWM (P
Small scale biomass reactor - UWM (D)

Highrate AD particle rich substrate - Waterment AS (D)

G-PUR Membrane - Centrale Supeléc(U)

~ Excess wood ash
Pressure Swing Conditioning - Ventury (P)

/_ Vacuum swing adsorption with zeolites - Azzero CO2 srl (U)

\_Livestock farm with straw

Ash filter - RISE (U)
. Algae biomass

UWM (U)

\_ Warm weather year round
Mechanical grinder - UWM (P)

Algal Bacterial System - University of Valladolid (U)

\ _ Biological methanation - Electrochaea (U)
\_ Excess electricity -~

Figure A1. Graphical representation of the conditions relevant for each technology. Figure abbreviations: (P)-Pre-treatment, (D)-Digestion, (U)-Upgrading.

\\7 Trickle-bed reactor for methanation - GICON (U)
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Table A1. Additional information for pre-treatment technologies.
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TEChn?IOgy TRL Name of Core Innovation Special Application Area Critical Parts/Bottlenecks R&D Needs Advantage Self-Maintenance *
Provider Technology
Non-fermentable fiber-containing
substrates can be processed
Operational stability ‘va;r;:})lv:ésé:;g O‘E?fr; :togqfounds
- Heat-intensive X of system components . Y .
. . High heat level necessary for fermentation process (ammonium
i process at Biogas plants with PSC process (valves etc.) must compounds) from substrate possible
Pressure Swing temperatures up to straw residues >~ P . be improved P zep
Ventury 5 Conditioning 190 °C for and/or Disposal of ammonium compounds Enhancement,/ PSC has shown acceleration of 70%
(PSC) lienocellulose- straw-rich manure in the residual condensate must acceleration of methane formation in straw containing
cogntainin substrates be clarified degradation/ substrate, thus requiring a smaller
S biog s formation fermenter volume
5 Possible reduction of fermenter
construction costs with preliminary
stage of PSC technology
Small and medium Lo Simple t
- Grinding in biogas plants Optimization for use impe to use .
Mechanical perforated drum Biomass ) ) with plant biomass No ne?d to adc% ch?mlcals )
UWM 5 . . L. . High energy inputs (such as straw, Large increase in biogas production 100%
grinder - Support process with disintegration (e.g., Vireini - .
static magnetic field for rginia no needs for specialized maintenance,
chipboard production) fantepals, sorgo) and flexible to biomass use)
- f{'d'aptted t? the . i substrat Reduce the energy
s _egra];o:lot 1qu sul s dra ©s d Periodic maintenance (ultrasonic consumption per unit Simple to use
UWM 6 Ultrasound Organic substraes (sewage sludge an heads) requires qualified service substrate mass No need to add chemicals 100%
disintegrator with relatively high agricultural R . . o . °
density (poor biogas plants) High energy inputs Make system Large increase in biogas production
quality substrates) market competitive
High investment costs
High energy inputs
Periodic expensive services by
qualified companies
- System of sudden The system that provides variable Simple to use
Ch . pressure changes that Ideal for medium overpressure and vacuum Prot‘otype for No need to add chemicals
UWM 4 ange-pressure P semi-technical scale 100%

disintegrator

enhances the
pre-treatment process

scale plants

conditions in the device and the
pump system is the critical point
Complex construction of device
and necessity of supervision by
qualified staff (therefore not for
smaller applications)

and full technical scale

Large increase in biogas production
Technology is market competitive
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Table A1. Cont.

Technology Name of

. TRL Core Innovation Special Application Area Critical Parts/Bottlenecks R&D Needs Advantage Self-Maintenance *
Provider Technology
- Adapted to - Agricultural
. 3‘5‘“fgratcllol“ of high ]:ﬁgas Pl,anti. t - Periodic service and replacement of Test and optimize i Simple to use
UWM 5 Hydrodynamic ensity and ‘ow . Atlows signitican engine that drives the cavitator B estand optimizein No need to add chemicals 100%
disintegrator hydration substrates increase in the X . technical scale N L X o
(including amount of biogas - High energy inputs - Large increase in biogas production
lignocellulosic biomass) - Simple and efficient
- After extensive operation
ultrasound heads need to be
String - Pre-treatment with - Mainly exchanged by professional service . Test in full - Simple to use
UWM 3 ultrasound ultrasound based on disintegration of - Cannot be used in agricultural technical scale - No need to add chemicals 100%
disintegration thin string wires sewage sludge biogas plants where substrate is - Large increase in biogas production
slurry, manure, silage
- High energy inputs
- Use of
hyperthermophilic -
. . bacteria for high - Higher complexity compared to . gi?g ;:s?z‘llgf;ztz:
Hyperthermics 7 Hyperthermophilic speed, high efficiency  Biogas plants thermophilic digestion may require and Hygienization and increased yield 100%
AS Fermentation fermentation and advanced process management -
hygienization of substrate combinations
biomass (80 °C)

* self-maintenance: 100%= maintenance can be done by farmer/operator himself; 0% = professional maintenance service needed.
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Table A2. Additional information for digestion technologies.
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Technf)logy TRL Name of Core Innovation Special Application Area Critical Parts/Bottlenecks R&D Needs Advantage Self-Maintenance *
Provider Technology
- Controlled formation of the
s}‘:’ ilfnming layer in - 4h/7 d operating
the ermemer. . Cattle and pig farmers . - Low operating costs
- Acts as colonization surface - High tanks (8 m
i I . . Sugar beet farmers - ) - Adapt processand - Low wear and tear
PRV 7 ngh-Performance or mlcroorgarflsms Liquids from un- necess?y o operation to - No feeding device necessary 80%
Digester (HPD) - Prevents leaching industrial ) Substrate with max10% different substrates  _ Simple construction, low own ener:
during pumping . DM content P .. 8y
T . food production requirement, and variable
- Separation is forced in £ ter si
digester between solid and ermenter size
liquid phase
- Reduced construction area
o i requirement due to tower-like
- No agitation umt§ (no X fermenter (D 4-5m, H ~11 m)
energy consumption), height - Plug-flow system, therefore no
difference pressure Small sites or farmers discharge of fresh material (better
High Organic equalization drives SME with biological - Higher thickness of digester substrate efficiency)
Loading hydraulic mixing degradable pumpable wall due to impact of the - Digester - High organic loads about 10 o
Ventury 5 Plug-Flow (HPF) - Completely prefabricated in waste (liquids): resulting production optimization kgVS/(m’d) possible 100%
digestion the factory brewery waste, hydrostatic pressures Ng hani pl ing ( tof
X o - 0 mechanical mixing (no cost of
) High space loads can be dairy industry ower consumption aid maintenance)
used, and the discharge of pN i Pk due t
fresh material is prevented - Zf’peri 1fng s CS{ ue to
sedimentation and scum
layer formation
- Handles substrate with high B Costtefﬁ?ent d
construction an
dry contents Waslte water Plant o supply of entire - Low energy consumption
ED Biogas - Reduces Agriculture fish - Maintain an actual rocess B Low maintenance
International 7 Ml}zMefha“e energy consumption breeder (Pisciculture) plug-flow with substrate F dewatering ; Moveable 100%
AB eactor _ Reduces digestion residues Slaughterhouse with DM as low as 10% heating 9 ! o
(<50% compared to Greenhouse growers gasifica’tion . casable
conventional techniques) residual hall1 dling)
- Fresh biomass passes sequentially
through all the sections,
X - Separation of microorganisms bioconversion ratio is
4 sections microorganisms and . . - . Build digester from higher, this leads to increased
Latvia module Lo . Farmers or SME with - Optimal living environment . - -
. ! 6 - optimization of their biodegradable waste difficult to achieve plastic and use biogas production 100%
University an_aeroblc individual & in practice - Uses enzymes or other catalysts
digester living environment directly in the desired section for the

respective microorganism group to
quickly achieve optimal process
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T;crl;z?é‘ﬁy TRL T:;l:;:;y Core Innovation Special Application Area Critical Parts/Bottlenecks R&D Needs Advantage Self-Maintenance *
- Ferments
lignocellulosic biomass Substrates with 1
Czestochowa i B Biogas discharge is leli/e? (r)? E;dwr;tior(:w - High cost of - Reduction of
University of 3 Micro-batch integrated with the pressure . & ) . . Simple operation 75%
Technology reactor in the fermentation reactors Micro and small cogeneration engine operating costs
ec] i
- Compact design has low biogas plants
footprint, and easy to use
- Ferments lignocellulosic
b biomass and substrates with Different kind of
i Micro-biogas high content of d bstrates with 1
B}aIYSFOk plant with ((;f a;?:;zstis) Ty mass i;;/:l E:, Es ;\i; ﬁogw - Requires mechanical - Reduction of - Simple operation .
Ii"g?},f:osllgégf 8 mixing heat _ H eitin g is integrated with Micro anc}l, small devices (engine) material costs - Use of different substrates 90%
system the mixing in the biogas plants
fermentation reactors
- System is dependent on
- High rate digestion reactor complex maintenance of
based on an improved granular sludge
Waterment High rate AD for Anaerobic Baffle Reactor Small (<100 cows) - Requires an optimal feeding - Optimal design of Cost and space efficient .
AS 5 particle rich (ABR) dairy and pig farms system (with fiber filtering feeding system P 100%
substrate - Low capital cost tech for diary and pig
- Small foot print slurry) that is not
yet present
- Fermentation of
lignocellulosic biomass .
Special Reactor _ : . . Small-scale B High i " B Make it ch - Fits small-scale farms .
UWM 4 Concept f\/lf:ﬁa; :lgzlsa;g; 1;:iﬁzated livestock farms igh operating costs ake it cheaper } Simple and well known 80%
fermentation reactors
- A mixing system within ° ? r}e]qll.lirTs a - During the mixing, solid substrate
Tubular Reactor the digester Biogas plants with siin:iihf\zcal (maize, cow manure, grass silage)
UWM 4 with innovation - Simultaneously crushes substrates with low - High cost of materials installation to is grinded 80%
mixing system substrate and removes level of hydration study the - It also destroys the foam which is not
surface foam Y good for the biomass
operating parameters
4 " ber of mech | For substrates with
. . Reduces the number of mechanical high level X _ optimization of
B,l alys'fok Reactor V\{n.h devices in a biogas plant. The lack of hydration - Use for substrate with f ine th _ _simple mixing system o
University of 3 pressure mixing ¢ hanical sti y low density placing the simple mixing syste: 90%
Technology system of mechanical stirrers and pumps Small and mixing nozzles

limits the energy costs

micro plants
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Technf)logy TRL Name of Core Innovation Special Application Area Critical Parts/Bottlenecks R&D Needs Advantage Self-Maintenance *
Provider Technology
The MAD overcomes some of the o
Modular drawbacks that plug-flow reactors Lscal . TTzstmg nan
! have shown along the past few - Small-scale - Not yet tested in an industrial scale to .
ProCycla S.L. 5 . Anaerobic years like feedstock constraints, agricultural plants industrial scale confirm and not data provided yes
Digester (MAD) low degradation efficiencies, and validate performance
improve mixing efficiencies
- Micro installations
R it - Works without - Use of different kinds Further
eactor wit] mechanical parts of substrate (organic development of the
! D i iohtnes I t imple mixing svs N
UwM 3 pneumatic - No need to use electricity, fraction of waste as urability and tightness solution for sealing Simple mixing system 90%
mixing system very low operating costs well as agricultural the reactor cover
organic wastes)
- Micro installations
Reactor with The solution works without - Use of different kir{ds Further
UWM 3 double mechanical parts. No need to use of substrate (organic Durability and tightness development of the Simple mixing system 90%

pneumatic electricity. Very low operating
mixing system  costs

fraction of waste as
well as agricultural
organic wastes)

solution for sealing
the reactor cover

* self-maintenance: 100% = maintenance can be done by farmer/operator himself; 0% = professional maintenance service needed.
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Table A3. Additional information for upgrading technologies.
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Technology

Name of

X TRL Core Innovation Special Application Area Critical Parts/Bottlenecks R&D Needs Advantage Self-Maintenance *
Provider Technology
In conjunction with Exclusive to warmer regions
. . Algal Bacterial 1 ducti - g
University of System for Single step removal of CO, 2 ga¢ production Low energy input Largle sc'ale .outdoor Economic
Valladolid 5 ! Single upgrading step N . . application in north . . 100%
- biogas and HpS . Relatively big footprint due . Environmentally friendly
(UVa) (Spain) 8as In small scale is ideal to aleae broduction EU countries
upgrading for CNG refueling sacp
Power-to-gas
Conversion of CO,
intolC'H4 using High
additional Hy leatricit "
Application of Applicable to other ¢ ectricity consumption High tolerance
PP . . pp Dependent on a strain - Getting it accepted as :
Electrochaea Biological selected microorganism CO;,-sources such as £ mi . to contaminants
7 . ! of microorganism a storage or for . . 90%
GmbH methanation High off-gas from landfill or . . . Self-regenerating catalyst
. PP . . e Requires chemicals CO;, reduction i
volumetric productivities industrial processes and additives Flexible and fast start-up
Grid injection, L.
Power price in the EU
large-scale and
long-term
energy storage
Complex operation with
Vacuum Pressure Novel sorbent and especially Suited to medium Igilr:l );:;[:‘;S\g f:::;s which ~ Demonstration in High gas purity .
NeoZeo 7 Swing designed process scale farm digesters X 13 continuous operation Low methane slip 90%
Adsorption—VPSA are high
maintenance objects
Ideal for small-scale Upgrading to vehicle Very few moving parts
applications since it is low fuel at farms Access to Ca-rich ash and - Ash logistics from No high/low
. cost and low tech with two Small scale farm ash logistics biomass plant to pressure components 5
RISE 5 Ash filter end products: vehicle ready digesters with Limited biogas plant and back High gas purity 100%
biomethane and stable ash availability of scale-up possibilities to forest Low methane slip
as forestry fertilizer wood ash High on/ off flexibility
Methane slip of <1% to
Compact design and be demonstrated Divides investment cost by
Membrane contactors economic solution for Production and - Validate technology 2-3 (based on 100
CentraleSupélec 5 G-PUR instead of packed columns, small scale biogas maintenance costs are with m?3/h biogas) 90%

and use of water scrubbing

plants (low biogas
flow rates)

unclear due to consumption
of KCl to be added
to absorbent

demonstration plant

Compact and ease of design
Cost-competitive
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Techn(')logy TRL Name of Core Innovation Special Application Area Critical Parts/Bottlenecks R&D Needs Advantage Self-Maintenance *
Provider Technology
- Optimization on a
- case-by-case basis as
. A.lr ® blov»{n throgghlt]?e - Pre-treatment step Complex operation due to system is intimately .
In situ methane digester with no significant b " . X . No explosive areas
RISE 5 X efore ash filter or to interaction with connected to . 100%
enrichment adverse effect on the reach L-gas quality digestion process digestion process No pressurized tanks
production of methane .
- Reduction of heat loss
during desorption
o Requires active coal filter for
- New product gas sensors raw gas purification
(low calibration required) ) )
- - Upgrading and CBG Unclear maintenance and - Need to adapt
Membrane - Badge authorizing system - S b Small
Apex 7 for l. fueli (compressed bio gas) production in standard to include " Y 50%
technolo: or low cost refueling F . . . . Plug and Play
8Y refueling in one unit continuous operation new solutions
- Low manufacture cost due Methane slip of <1% to
to standardized design °
be demonstrated
- Production of liquid
. biomethane for . - Construction, testing
Applied 1 treatment of & . Y - Non-pressure process P & Y demonstration plant without compression steps 0%
Sciences duty trucks) in small scale . revenues from pure LBG X 3 R R °
biogas biogas plants - Recovery/production and drv ice (input: 25 m No chemicals are required
Landshut 835 p of LBG (99.8%) and y biogas/h)
dry ice (98.5%)
High investment
1 1 sys
. - Low cost adsorbent (natural ;{or‘n}: ex contro tsystzm
AzzeroCO, Biogame vulcanite minerals (tuff - Small scale al; e?ance C(:s s an tolerant towards impurities
sl 5 Vacuum Swing stones)) with high resistance biogas plants production C(IS stm i . P N
Adsorption—VSA to impurities ZS::E‘:]‘:;: plant operation
High methane slip
- small scale plants up
Reactor for 3 i ici i
biogas tf) 100 m° /h raw gas ) ) R Technology should be High eifﬁaency, obtalr} gseful
UWM : . - light source can be High capital costs tested at lareer scale algae biomass, possibility of 0%
upgradlpg with sunlight or & using wastewater
algae biomass artificial light
Integration to already existing . . .
biogas plants is possible. Hyis necessary R Investigation of I;lgh Pllqmty (;fslz/roduced
Trickle-bed Production of methane can be Bi lants or s ¢ unknown maintenance and impact of increase iomethane (98%)
Gicon 5 reactor for increased by incorporating Hp 10gascpoantb or sources © production costs in process pressure on Low energy consumption but 50%
methanation from excess electricity. Excess waste CO, continuous operation due to methane content costs largely depend on price
electricity can therefore be stored dependence on Hp for Hy

as methane in the gas grid

* self-maintenance: 100% = maintenance can be done by farmer/operator himself; 0% = professional maintenance service needed.
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