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ABSTRACT
Upgraded and purified biogas from anaerobic digestion, also known as biomethane, is an environmentally
friendly renewable transportation fuel that is already commercially available for road transports.
Biomethane shows low emissions of greenhouse gases compared to other transportation fuels, especially
if waste streams are used as feedstock, and the emissions can even be negative in the case of manure. In
this review, a technical overview is given for the available technology and how to process different organic
waste streams and convert them to transportation fuel. The dry solids content (i.e. the viscosity) and
particle size are the most important parameters determining the type of technology to be used: a sugar
rich water stream is very different from agricultural crop residues. Another important aspect is the amount
of contamination and unwanted material in the feedstock, since it is desirable to produce a high value
digestate that can be used to fertilize agricultural land. The carbon dioxide separated from the biogas
during the upgrading to biomethane can also be considered as a valuable by-product, and here there is
room for development. It is also desirable to improve the productivity of the process by increased methane
yield and higher energy efficiency, and there are opportunities for better overall resource efficiency and
economy if the production is integrated with other processes.

BACKGROUND
With the European Green Deal, EU should reduce the emissions of greenhouse gases to zero by 2050.
From the end user perspective, transportation is the largest emitter of greenhouse gases and needs large
efforts to be converted to climate neutral technologies.1 Conversion to biofuels is one measure, where
biogas from anaerobic digestion of waste streams is one of the biofuels that give the largest reduction in
greenhouse gas emissions compared to conventional fossil fuels. Depending on feedstock and
assumptions, the reduction of emissions ends up at around 90%.2,3 The reduction is especially high if using
manure as feedstock: the emissions can then even be negative as methane emissions to the atmosphere
from untreated manure are avoided.
Refueling of a gas car with biomethane,
a commercially available renewable
transportation fuel with about 90%
lower greenhouse gas emissions
compared to traditional fossil fuels.
Credit: Daniel Tamm
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To be used as a vehicle fuel, the raw biogas needs to be upgraded to pure biomethane (by removing carbon
dioxide and impurities) and compressed, making it equivalent to compressed natural gas, CNG, so it can
be used in conventional gas vehicles. For distribution of the gas, using existing gas grid is always the best
choice, but if not available road transportation is also possible.4 Liquified biomethane (equivalent to
liquified natural gas, LNG) is emerging as a fuel for heavy-duty transport, both on road and by ships, as not
many other renewable fuels are available for these applications.5,6 There are also ideas of converting the
methane to other types of fuels, e.g. Fischer-Tropsch fuels, methanol and hydrogen: these fuels are less
mature and have lower potential in the short-term7 but can be very interesting for production of aviation
fuels8.
Biogas has been produced for many years and has grown during the later years, now around 25 times
higher than 1990, but still only corresponds to around 4% of the natural gas consumed in Europe.9
Unfortunately, the total biogas production in Europe has levelled out slightly in the last years, but the
conversion to upgraded biomethane is growing strongly and increased by 13% under 2018 to 23 GWh
(compared to 65 GWh of electricity produced).10 Europe is the leading continent and contributed to just
over half of the global production.11 Germany is one of the leading countries with the largest production in
both total number and per capita in Europe, but this is to a large extent achieved by the use of energy
crops.10 Denmark, Sweden and Germany are the leading countries when it comes to upgrading to
biomethane.10

AIM AND SCOPE
The aim of this literature review is to give a state-of-the-art overview of biogas production by anaerobic
digestion from waste and residues (according to The Revised Renewable Energy Directive, REDII, Annex
IX A) to transportation fuel (compressed or liquified biomethane). Energy crops as feedstock and utilization
of the gas for heat, power or industrial use, even though also common, are not considered.

STATE-OF-THE-ART REVIEW
Figure 1 shows the basic steps in a biogas plant producing biomethane. When talking about biomethane
production, the process is often divided into two types: wet and dry digestion. Wet digestion is the
traditional technology where the feedstock must be pumpable. Dry digestion uses stackable feedstock
and therefore relies on other technologies for transportation than pumps. The difference is further
discussed under reactor design, but both methods use the same basic steps. Anaerobic wastewater
treatment can also be used to produce biomethane, and here there is a potential to replace the aerobic
treatment mainly used today. In addition to industrial scale anaerobic digestion, smaller farm scale plants
are also common and have the advantage of needing less transportation of feedstock and digestate.
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Figure 1. Overview of the different parts in a biogas plant, where each of them is explained individually in the subsequent
sections.

WASTE STREAMS SUITABLE FOR ANAEROBIC
DIGESTION
Feedstocks suitable for biogas production are easily degraded during anaerobic digestion, which means
that they often have a high content of sugar, starch, proteins or fat, and a relatively high water content
might be beneficial as well.12 This is in many aspects the opposite requirement of thermochemical
conversion (where dry lignocellulosic biomass with low ash content is preferred), and therefore the two
technologies are complementary when it comes to utilizing all different biomass streams that are
available.12,13 The chemical composition of the feedstocks is normally complex as they are of biological
origin, and the composition of waste streams are often varying, which makes an exact characterization
almost impossible. Basic characterization is measurement of dry solids content (DS), volatile solids
content (VS) and plant nutrients, and they are inexpensive to perform. For wastewater and diluted streams,
it is more common to use chemical oxygen demand (COD), biological oxygen demand (BOD) or total
organic carbon (TOC). Biochemical methane potential (BMP) test can be used to determine the potential
methane yield of a feedstock, but requires batch digestion tests in lab scale, and is therefore more costly
and time consuming. An alternative way that is faster is to search for BMP literature data for the feedstock.
The feedstock might contain pollutants that needs to be considered as they affects the process and/or
digestate quality, which are mainly of physical (e.g. plastics, metal and glass), chemical (e.g. heavy metals
and persistent organic pollutants) and biological character (pathogens).12
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Table 1. Summary of the main sectors providing waste and residual streams suitable for biomethane production. The
most important examples of feedstocks for each sector are stated, together with the general advantages and
disadvantages.

Feedstock source
Municipalities
Wastewater
treatment plants

Examples

Pros

Cons

Primary and
secondary
sludge

• Well known
• Mostly utilized
today

• Low methane potential
• Can contain chemical
contaminants and pathogens

Households,
retailers and
restaurants

Organic solid
waste

• High availability
• High methane
potential

• Complicated logistics
• Contains physical
contaminants (e.g. plastics
and metals)

Liquid and solid
manure

• Large quantities
available
• Cattle manure
stabilizes the process

• Liquid manure has low
methane potential
• Solid manure can be difficult
to process
• Can contain pathogens

Crop residues
and surplus
grass

• Large quantities
available
• High methane
potential

• Needs collection and storage
• Lignocellulosic rich material
less digestible

Wastewater,
sludge and byproducts

• Low degree of
chemical and physical
contamination
• High methane
potential from byproducts

• Stringent legislation for
animal by-products

Wastewater,
sludge and
residues

• Large future potential
• Integration
opportunities with the
biorefinery (especially
heat)

• Lignocellulosic material less
digestible
• Toxic and inhibiting
components might be
present

Agriculture
Livestock
production

Crop production

Industry
Food production

Biorefineries (e.g.
pulp, paper and
biofuels
production)

The sectors with available waste and residual streams that can be used as feedstock, or substrate as it is
often called, are mainly municipalities, agriculture and industry, where some examples are given in Table
1. Primary and secondary (also called bio) sludge from municipal wastewater treatment plants has been
anaerobically digested for a long time but it has still a potential to increase the biomethane productions
as the biogas is often not upgraded. Municipalities also generate food related waste streams from the
whole chain of production, retailing and consumption, that have high methane potential and are only partly
utilized for anaerobic digestion today.
There is a considerable potential for future increased biogas production from the agriculture feedstocks,
where manure from livestock production may have the largest potential for biogas production. Residual
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streams from crop production as straw and tops but also catch crops and surplus grass can also
contribute significantly.14–16
Industries processing food or biomass are also producing waste streams that are very suitable for biogas
production: they are often homogeneous, easily digestible and rich in lipids, proteins or sugars.12 In the
strive for converting our society to a biobased economy, biorefineries will have a large potential for biogas
production as many suitable residual streams will be generated.17 There are also large opportunities to
make the anaerobic digester and gas upgrading an integrated part of the rest of the biorefinery, where the
bioethanol production is one of the most simple examples.18,19 Furthermore, biogas plants can also deliver
lignocellulose rich feedstock to biorefineries, extracted from the digestate, as the degree of conversion of
the organic material in a biogas process is quite low for feedstocks rich in lignocellulose. The pulp and
paper industry, especially Kraft pulp mills, has large sludge streams that, unlike most other wastewater
treatment, are not anaerobically treated.20 This is because they are difficult to degrade, but there is ongoing
research to overcome the hinders as well as a full scale demonstration project called Effisludge.20–22
Finally, shifting from aerobic to anaerobic treatment of wastewater streams means a large potential for
increasing biogas production (in addition to the substantial amount of electricity that is saved when
turning off the aeration in aerobic treatment), even though the aerobic process is less sensitive and easier
to control. Many industrial wastewaters are suitable for biogas production commercial installations are
already available.23,24 This is especially true for wastewaters from food industry due to high energy content
and they are often easily digested, but this can depend from case to case. The pulp and paper industry has
large wastewater streams that are treated aerobically today, especially in Kraft pulp mills, but successful
installations exist in sulphite and recycling paper mills as their streams are easier to degrade.20–22 Also for
municipal waste waters, anaerobic treatment is possible and already used in tropical climate,25,26 but might
also be used in colder climate.27
It is important to know that the methane production often increases if different feedstocks are mixed (codigested) in such a way that the microbiological activity is boosted.28 For example, liquid manure from
cattle has a stabilizing effect in the process and if combined with more energy rich feedstocks, the process
will run smoothly at high production rate. It is also important to consider logistical challenges as planning
and cost of transportation of the feedstock, and at the same time making sure they are suitable for the
process. Digestate management also needs planning and transportation, as well as enough arable land to
spread it on.12,29

PRE-TREATMENT AND PASTEURIZATION
One or several pre-treatment steps are often needed before the feedstock is fed into the anaerobic reactor.
The pre-treatment has several purposes:28
1.
2.
3.
4.

Disintegration to decrease particle size and increase bioavailability
Inactivation of pathogens to stop spreading of different diseases
Remove contaminants that cannot be degraded or disturb the process
Change concentration to fit the process, i.e. thickening or dilution

The pre-treatment methods can be divided in physical, chemical, biological and combined.30 Disintegration
is normally performed by some kind of mechanical process, that increases the surface of the feedstock
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and thereby makes it more available for the biological process, which, in turn, increases the degradation
rate and/or methane production. It will also stabilize the process and might be necessary for operational
reasons (e.g. pumpability and reactor mixing).12,29
Heat treatment is imposed from legal requirements to kill potential pathogens, where EU regulation No
1069/2009 and 142/2011 demands a maximum particle size of 12 mm and pasteurization for at least 1 h
at 70°C (or equivalent measures) for animal biproducts and food waste. A common solution for pumpable
feedstock is therefore to have one or several pasteurization tanks before the digester, but pasteurization
can also be performed in the digester (if a minimum guaranteed retention time is fulfilled that gives an
equivalent treatment as 1 h at 70°C at the digester temperature) or after.29 One might expect that this
thermal treatment also improves the methane yield, but the data is not conclusional.31–33
For organic household waste and food waste containing contaminants such as packaging material, pretreatment is needed to remove material that would otherwise disturb the process or decrease the value of
the digestate as a fertilizer.34 There are several suppliers for this kind of pre-treatment equipment, which
normally consists of some kind of milling or shredding in combination with sieving and air separation. Hard
material as sand, stone, glass and metal can damage equipment and needs to be separated as well, for
example by gravity or magnets.29
Dilution, often with water, is common at wet anaerobic digestion plants with a high share of high DS
substrates. Dewatering can be beneficial for diluted feedstocks as it will improve the process efficiency by
increasing the retention time in the digester. There is a risk though that nutrient and organic material will
be lost in the removed water.28
A great abundance of different pre-treatment methods that aim to improve the methane yield has been
studied, but it is difficult to draw conclusions regarding how beneficial they are when considering the
performance of the whole plant, as the pre-treatment should also have a low energy consumption, be wear
resistant and cost efficient.12,34 Especially methods for improving the degradation of lignocellulose have
large potential as it is such a common material, but to be techno-economic viable, integrations with other
biorefineries are often needed.35 There have also been substantial efforts to improve degradation of sludge
from waste water treatment plants by different pre-treatment methods with varying results.34

ANAEROBIC DIGESTION AND REACTOR DESIGN
Anaerobic digestion is a very complex biological process where several different groups of
microorganisms are involved, and the different growth requirements have to be met for all these
microorganisms to have a stable process.36 The anaerobic degradation process can be divided into four
basic steps comprising the different groups of microorganisms:28
1.
2.
3.
4.

Hydrolysis of complex organic material to smaller molecules (mono- and oligomers).
Fermentation of the smaller molecules to intermediary products (as alcohols and fatty acids).
Anaerobic oxidation of the intermediary products, requiring close collaboration with the
microorganisms performing the last step.
Methanogenesis of hydrogen gas and carbon dioxide, or from some larger molecules such as
acetate, to form methane and carbon dioxide.
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The microorganisms need nutrients for their growth and function, both macronutrients such as nitrogen,
phosphorous and kalium, and micronutrients such as nickel, cobalt, molybdenum, iron, selenium, and
tungsten for methanogens, and zinc, copper, and manganese for the hydrolytic bacteria.37 However, it is
also important to not have too high concentration of compounds that can inhibit the growth. Ammonia is
an example of an inhibitor that can decrease the methane production, even though high ammonia levels
are also desirable as it will make the digestate more valuable as a fertilizer. Other important factors are
temperature, oxygen level, pH and salt concentration. The microbial communities are adaptive and can to
a certain extent adjust to changes of feedstock or conditions, but the most stable process is normally also
the most efficient one. Co-digestion is normally also best as it gives a more balanced substrate
composition also including macronutrients and micronutrients which stabilizes the process and enhances
the methane production.28 The best way to start-up a new digester is to inoculate with digestate from
another biogas plant, preferably one that operates under similar conditions as this can give faster start-up
and better end results. The feeding has to be started at low load and increased gradually while monitoring
of digestion parameters to avoid overloading. It can take several months before target capacity is reached
and the microorganisms have adapted to the new environment.28

Picture from the inside of a plug flow reactor. During operation, the agitator is rotating along a center shaft.
Credit: Daniel Tamm

When designing and operating an anaerobic digester, there are some basic parameters to consider as
organic loading rate and retention time. Organic loading rate is a measure of the reactor feeding rate and
is often defined as kg VS from feedstock per m3 reactor volume and day: a low rate gives low gas
production while too high rate can result in overload and process failure. The retention time is important
as it defines how long time the microorganisms stay in the digester, and as they grow relatively slowly, the
retention time must be so long that they do not get washed out from the reactor before they have time to
multiply accordingly. Usually at least 12 days are needed, but normally a retention time around one month
is anyhow needed to utilize the biogas potential in the feedstock.28 In practice, the chosen retention time
will be an economical trade-off between utilizing the potential of the feedstock and the plant (i.e. operating
and investment cost), while also considering aspects as methane release from the digestate (which is
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regulated in some countries). If the liquid and solid phase in the digester are separated, the solid retention
time can be longer than the hydraulic retention time or vice versa.
There are many different reactor designs for anaerobic digestion, suitable for different feedstocks and
conditions. They can, however, be divided into three main types, shown in Table 2, where the solids
concentration in the feedstock is the determining parameter. For diluted systems mainly consisting of
dissolved organic material, for example industrial or municipal waters, the hydraulic retention time needs
to be short (hours) to avoid too large equipment and investment costs, but still the solid retention time
needs to be long to keep the microorganisms in the reactor. Many different high-rate anaerobic solutions
for this exist, where up-flow anaerobic sludge blanket (UASB) and expanded granular sludge bed (EGSB)
reactors are widely used. They utilize the ability of the microorganisms to form granules with excellent
settling properties and thereby stay in the reactor26,28. Anaerobic baffled reactors (ABR) work like a
multistage UASB which makes the process more efficient. The advantages with high rate processes as
UASB digesters is that they are robust and can handle large variation in hydraulic retention time and
organic loading rates. In addition, the sludge production is low and easily dewatered. Constraints are that
methane is partially dissolved in the effluent and causes losses to the atmosphere. Although the digestion
process converting most of influent COD into biogas, the outflow requiring appropriate post-treatment to
meet the wastewater discharge permits.38 Anaerobic membrane bioreactors (AnMBR) add membrane
separation to the reactor and therefore allow for complete sludge recirculation and higher effluent quality,
but fouling of the membranes might be a problem.39 Wastewater from industry in general have a low
content of macronutrients and micronutrients and addition of these may be necessary. They can also
contain to high concentrations of some compounds, where for example wastewaters from Kraft pulp mills
are rich of sulphate that can result in a low specific methane production due to competing sulphate
reducing bacteria producing hydrogen sulphide.20
Continuous stirred-tank reactors (CSTR) have
been used for a long time to digest different
waste streams and produce biogas which can
be upgraded to biomethane. Here two CSTRs
are used to digest organic household waste
and different industrial waste streams.
Credit: Daniel Tamm

Wet digestion is the most common technology and has been used for many years for example for the
treatment of municipal sewage sludge. The condition for it to be used is that the material inside the
digester (and hence the digestate) is pumpable and allows mixing (DS around 10% or less).40 Due to the
degradation in the digester, pumpable feedstock mixtures with slightly higher DS can be used (DS < 15%),
but if solid feedstocks are used they normally need to be diluted.29 A wet digestion plant normally has a
simple design consisting of a continuously stirred tank reactor (CSTR) that, if correct pre-treatment of the
feedstock is used, gives few (mechanical) issues. The most common problems are related to mixing,
where accumulation of sediments in the reactor decrease the active volume, and floating layers detain
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material from contact with the microorganisms and complicate level control. Pumps are also sensitive to
abrasive material. Otherwise the process is often stable and economical.29
Table 2. The three main types of reactor designs for anaerobic digestion, determined by the concentration of solids in
the feedstock.

Feedstock type
Approximate DS*
Reactor type
Temperature
Hydraulic
retention time
Solid retention
time
Phases
Characteristics

Diluted systems
Waste and process
waters
<2%
UASB, EGSB, ABR,
AnMBR etc.
Psychrophilic–
mesophilic
Low

Wet digestion
Pumpable slurries

Dry digestion
Stackable feedstocks

2%–15%
CSTR

>15%
Batch or plug flow

Mesophilic–
thermophilic
Intermediate–high

Mesophilic–thermophilic

Intermediate–high

Intermediate–high

Intermediate–high

Two
Robust and can handle
high feed rates

One
Versatile technology
e.g. suitable for codigestion of liquid and
solid feedstocks.

One or two
Newer technology that has
advantages in some
applications.

Intermediate–high

*The numbers are taken from SGC41 and should be seen more as indications as the structure and viscosity can be very
different between different feedstocks despite the same DS. For diluted systems it is more common to use COD or TOC
instead of DS.

Dry digestion, or solid-state digestion as it is also called, is suitable for solid or stackable feedstock (e.g.
food waste and solid manure). The advantage is the high concentration in the system, reducing the reactor
volume and transportation of digestate.42 The system is also less sensitive to contaminants as plastic,
metal, sand etc. as the material handling is adapted to a high content of solid material.43 Dry batch reactors
have the advantage of being very simple and robust, making it suitable for small scale or mechanically
difficult feedstocks, but manual handling of feedstock and digestate makes the operational costs higher
compared to other technologies.29 The reactors are often similar to garages with gas tight doors, that are
loaded and unloaded using a front loader. Several batch reactors are normally operated sequentially to
maintain a constant gas production.12 A liquid phase, leachate or percolate, is drained in the bottom of the
reactor and showered on the top of the feedstock for heating and to improve mixing. Continuous plug flow
reactors have the advantage of having a continuous gas production, little manual handling and a
potentially high gas yield, and there are different designs with and without mixing and with horizontal or
vertical flow.44 The dry digestion technologies are being implemented in full-scale more and more from
several suppliers45,46 due to the advantages when digesting solid feedstocks.47,48 Still, more work is needed
to improve the efficiency, where the contact between the feedstock and microorganisms is an important
challenge.49 Due to the higher concentration, the risk of inhibition of the microorganisms increases during
dry digestion, for example by ammonia.47
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Dry digestion technology in plug flow reactors
is the best available technology for some types
of feedstock. Here two plug flow reactors are
used at a biogas plant that produces
biomethane for vehicle fuel out of organic
household waste.

Credit: Daniel Tamm

Reactor temperature is a very important parameter to consider when designing the process and there are
three different temperature intervals that are used:36
•
•
•

Psychrophilic (<25°C)
Mesophilic (37-40°C)
Thermophilic (50-55°C)

Mesophilic and thermophilic conditions are the most common during anaerobic digestion, but
intermediate temperatures as 41-45°C are also used sometimes.36 When choosing the temperature, both
the methane production and the heating demand of the process need to be considered. Mesophilic
conditions limit the heating demand but still have a stable process with high gas production. Thermophilic
conditions can, however, have even higher gas production but are often considered less stable and more
sensitive for inhibition, especially by ammonia as the equilibrium with the nontoxic ammonium is shifted
towards ammonia at higher temperature.28 Thermophilic reactors with appropriate minimum retention
time have the advantage of efficiently killing pathogens, which simplifies the system and might then have
a lower heating demand than a mesophilic plant with pasteurization pre-treatment.47 Psychrophilic
systems have the advantage of needing no or very little heating, but the methane production rate is, on the
other hand, significantly lower: it has been reported that about the double retention time is needed to give
the same gas production as during mesophilic conditions.50 Psychrophilic conditions are therefore mostly
suitable for diluted systems (as they can allow a low hydraulic retention time and it is costly to heat a
diluted stream)51 and low-cost systems as covered lagoons29, but potentially also for feedstocks with high
ammonia levels52.
The most common solution is to have the whole degradation in just one reactor, but it might be beneficial
to divide the process into two steps: one reactor for acidogenesis (step 1-2 above) and one for
methanogenesis (step 3-4 above). Then each reactor can be optimized individually to fit the needs of the
respective microbial groups, which often results in fast and efficient biogas production in the second stage,
but the division will never be complete, so biogas will be produced in the first reactor as well.28 For wet
systems, a retention time of 1-3 days is often recommended in the first reactor, and thermophilic
conditions might be beneficial depending on feedstock.53 In some contexts, these small reactors are
considered as a pre-treatment which might be confusing. The dry batch process can benefit considerably
from a two-step configuration as it is already separated into two phases: it then consists of a leaching bed
which can be optimized for hydrolysis, while the leachate is digested separately in a high rate digester for
diluted systems as UASB to improve methane production.54
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Finally, it should be mentioned that process monitoring and control are crucial for having a successful
operation. First off all, the temperature in the reactor should be kept as constant as possible and preferably
not change by more than ±0.5°C.28 The biological process is very complex and there is always a risk of
imbalance between the different microorganisms. Especially the microorganisms in the last step,
methanogenesis, are sensitive: if they stop thriving, intermediate products formed earlier in the chain start
to accumulate, for example volatile fatty acids (VFA), leading to a decreasing pH which in turn makes the
living conditions for methanogens even worse. Therefore, it is important to monitor parameters such as
pH, alkalinity, VFA content, ammonia content, gas production and methane content, and take measures
before the disturbances becomes irreversible.28 Unfortunately, many of these parameters are difficult or
expensive to measure online. There is progress in the field, but still development of inexpensive and reliable
online measurements of digester parameters and feedstock characteristics would improve supervision
and could facilitate the use of advanced AI based control systems.55

DIGESTATE MANAGEMENT
Large volumes of digestate are produced during anaerobic digestion, and a good management and
utilization is important for both environmental and economic reasons. The nutrients and carbon in the
digestate are valuable for farmers, especially if organic, but there are several factors to consider when
spreading it on farmland:12,28,56
•

Digestate quality (e.g. content of heavy metals, antibiotics, organic pollutions, pathogens and
plastics)

•
•
•
•

How much can be spread per hectare (determined by the amount of nitrogen and phosphorus)
When to spread (when there are growing crops that can absorb the nutrients)
Logistics (distance to the farmland, roads, storage, spreading technique etc.)
Odour

Many of these factors are also regulated to minimize emissions to water and air that can cause
eutrophication and global warming or pollute groundwater.56 Since spreading is mainly performed during
summer, large storage capacity of digestate is needed, and during storage leakages and emissions should
be avoided as well. It is important to mix the storage carefully before spreading the digestate as solid
material will sediment.28
Due to the high content of water in digestate, the transportation with respect to the nutrient content is
costly. At the same time, the amount that can be spread per area is limited, often resulting in long
transports for spreading.56 For large scale biogas plants, it might therefore be interesting to concentrate
the digestate in some way. Processing of the digestate is also interesting if the digestate has quality issues
(e.g. contains impurities such as plastics), but in practice the quality of the digestate is mainly controlled
by only using high quality feedstocks.12 Digestate processing normally starts with the separation of the
solid and liquid phases. For digestate rich in fibres, screw presses are most suitable, otherwise a decanter
centrifuge is common, and flocculation or precipitation agents can be added to improve the separation.12
The solid fraction can then be further processed for example by drying or composting. The liquid fraction
still contains nutrients and organic material, where the relatively high content of nitrogen can be interesting
to recover e.g. by struvite precipitation.57–59 Further concentrating by evaporation or membrane filtration
is also possible.60 However, digestate processing is mainly economically relevant for very large plants with
limited land for spreading of unprocessed digestate.61

12

The storage of the digestate can be solved in different ways depending on situation, e.g. stored at the plant
site or closer to the farm land.56 The recommendation for whether the storage tanks should be covered or
not to prevent methane, nitrous oxide and ammonia emissions depends on the situation and local
regulations, where the on-site storage are often covered while satellite storages closer to the fields are
more commonly opened, but a cover also has the advantage of preventing rain from diluting and taking up
storage volume.12,28,29,56 The biological activity should be minimized during storage, but sometimes part of
the storage is constructed as a post-digester to recover more of the remaining methane potential and then
the biological activity should continue.28 The gas production from storage and post-digestion varies, but
figures between 1 and 10% of total gas production are common, where the temperature in the storage
tanks is very important.12,62 One approach to actively inactivate the biological activity and decrease
emissions to air is acidification of the digestate to pH around 5.5, which also shifts the equilibrium between
ammonia and ammonium towards ammonium that cannot evaporate. This will result in reduced
emissions to the atmosphere of greenhouse as methane and nitrous oxide (N2O) but also ammonia
(NH3).63

GAS UPGRADING AND DISTRIBUTION
A biogas plant is normally equipped with a gas storage to even out production and consumption, and when
upgrading the gas it is enough to store a 2-3 hours of production or less.12 For CSTR, the common solution
is to store the gas inside the digester, and here the roof consists of a double membrane that allows
changes in the volume. For other types of reactors, external storages made of flexible structures such as
membrane cushions or detached double membrane globes are most cost efficient. 12
The raw biogas mainly comprises of methane (50-70%), carbon dioxide and water, but also lower
concentrations of impurities such as nitrogen gas, oxygen gas, hydrogen sulphide, ammonia, siloxanes,
volatile organic carbons and particles.12 These impurities can disturb the subsequent processing and
utilization of the gas, for example by causing corrosion. Removing the carbon dioxide is called gas
upgrading and, depending on which technology used, the impurities are removed before, during or after
the upgrading process. The main technologies used for upgrading of biogas are presented in Table 3,
where the market is dominated by water scrubber (largest share), chemical absorption, membrane
separation (strong increase of share recent years) and pressure swing adsorption.64,65 In addition, the
different technologies can also be combined.66 All technologies have pros and cons, and the site specific
conditions affect which is the most suitable. For example, the required pressure after upgrading can be
important for decision, where membranes are more suitable if the gas is intended to be distributed at high
pressure. Cryogenic separation is a new technology, with just a few commercial installations, suitable for
production of liquified biomethane. Upgrading to biomethane is normally not economical for smaller
biogas plants due to the high investment cost.64
It is important to also remove the impurities present in the raw biogas, but exactly how this is done depends
on the upgrading technology used and the concentrations that are present. To avoid malfunction of the
gas vehicles, the dew point of the water in the biomethane needs to be significantly below the freezing
point, meaning that condensation during compression and cooling of the gas is not enough: normally an
adsorption process (e.g. temperature swing adsorption) is used for final drying.67 In this step, even some
particles, siloxanes, hydrogen sulphide and ammonia will be dissolved in and removed with the water,
which has to be considered when designing systems for disposal of the water.12 Adsorption on activated
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carbon can be used for lower concentrations of volatile organic carbons, siloxanes and hydrogen sulphide.
Sometimes the raw biogas contains relatively high contents of hydrogen sulphide, and then biological
oxidation can be used for removal, either in the digester or afterwards in the gas system. For some setups,
there is a risk of contamination of the biogas with nitrogen and/or oxygen gas because air or oxygen needs
to be added to the biogas. Hydrogen sulphide can also be removed in the digester by precipitation with
iron salts.64
Off gases, i.e. gas streams from the gas upgrading containing the separated carbon dioxide, may need
treatment before emitted to the air, depending on the upgrading technology. Here, it is mainly the residual
methane that needs to be removed, for example by thermal or catalytic oxidation, in order to avoid
unnecessary greenhouse gas emissions. Upgrading by chemical absorption, membranes (if several
stages) and cryogenic separation produce relatively clean carbon dioxide streams, that can be interesting
to purify and sell as an additional product.66 There is also ongoing development work to produce hydrogen
gas from renewable electricity and use it to convert the carbon dioxide to biomethane through
microbiological or thermochemical methods.66,68,69 This can also help balancing the electricity grid if the
hydrogen gas production is allowed to vary depending on electricity price.
Table 3. The main technologies for upgrading of biogas to biomethane, where cryogenic separation is used for
production of liquified biomethane whale the others are used for compressed biomethane.64,66,69,70

Separation method
CO2 adsorption onto e.g.
activated carbon, zeolites and
carbon molecular sieves
CO2 absorption into water

Pros
• No chemicals needed
• Separation of some
N2 and 02
• Simple technology
• Low investment cost

Physical
absorption

CO2 absorption into organic
solvent e.g. polyglycol dimethyl
ethers

Chemical
absorption

CO2 chemically bound to an
amine in water solution e.g.
ethanolamine (MEA)
No compression of the gas
needed

Membrane

Separation through CO2
permeable membrane with one
or several stages
at 10-20 bar

Cryogenic
separation

Condensation or sublimation
of CO2 with very high pressure
around 40 bar and substantial
cooling <-45°C
Used for liquified biogas

• High absorption rate
and efficiency
• Separation of H2S,
NH3 and H2O
• High methane purity
• Low methane loss
• Low electricity
demand
• Separation of H2S
and NH3
• Simple technology
• Compact
construction
• No chemicals needed
• Scalable
• High methane purity
• Low methane loss
• Low extra energy if
production of liquid
biomethane

Pressure
swing
adsorption
Water
scrubber

Cons
• Can have high methane
loss
• Batch process
• Potentially high water
demand that also needs
treatment
• Potential problems with
biological fouling
• Handling of organic
solvents
• Small amount of 50-80°C
heat needed
• High investment cost
• High demand of 95-140°C
heat
• Foaming, amine loss and
corrosion
• Requires thorough
cleaning of the gas to
remove impurities
• Membranes are sensitive
• Highest investment cost
• Highest electricity
consumption
• Less proven technology
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There are two ways of distributing the biomethane from the biogas plant to the filling station: via gas
networks or road transport. It is very beneficial to inject the biomethane into an existing natural gas
network if available, but to allow this, the biomethane needs to fulfil certain quality requirements. The
requirements differ between countries, and over and above purifying the methane, addition of petroleum
gas (propane) might be needed to increase the heating value. The required pressure depends on which
level in the grid the gas is injected to: a distribution grid with a low pressure of 30–100 mbar, a regional
distribution network with a medium pressure of 4–16 bar or a supra-regional gas transmission network
with high pressure of 32–120 bar.12 In some situations far away from the natural gas grid, it can be
economical to build a small local network for the biomethane distribution, but otherwise the gas has to be
compressed or liquified and stored in mobile storage units that can be transported on road, which is
normally more costly than using existing pipelines. The energy needed for liquefying biomethane is more
than double the energy needed for upgrading, but liquefied biomethane is still more efficient for long
distance road transports.4 For security reasons, compressed biomethane needs to be odorized before
distribution. To fuel the gas vehicles, the biomethane needs to be compressed to around 230 bar.4

PROCESS EFFICIENCY AND INTEGRATION
OPPORTUNITIES
Utilization of waste streams is one way to improve resource efficiency and sustainability, and from those
streams suitable for anaerobic digestion, biomethane can be produced as described in this review. In
addition to improve the efficiency of each unit operation in the process, the overall resource efficiency and
economy can be improved even further if material and energy streams are integrated with other adjacent
processes to produce multiple products.71 For example, anaerobic digestion can constitute the main
platform of different waste based biorefinery concepts72,73 or be a complementing part of other types of
biorefineries17,74,75. In addition, biorefineries, as well as food industry, often have the advantage of having
excess heat that can be used in the anaerobic digestion and thereby save energy.76 The integration with
agriculture is obvious when it comes to feedstocks and nutrient management, but integration in terms of
energy is also possible (e.g. provide transportation fuel or heat integration with other parts of the farm).77–
79

One of the most important aspects to improve the process efficiency of the biomethane production is of
course to maximize the yield of the plant, which involves substrate selection and co-digestion, efficient
pre-treatment and optimized reactor operation. These aspects have been discussed in previous parts and
are constantly relevant research topics. For energy production, the balance between produced and
internally consumed energy is important, and the energy efficiency of the process should be as high as
possible. Compared to some other energy conversion processes, however, it is challenging to both define
and quantify energy efficiency for anaerobic digestion, for example due to the fact that the energy content
in the feedstock and how to include the agricultural system is not clearly defined.80 The variations between
different feedstocks and production conditions are also large.81 The parasitic energy demands are mainly
transportation (of feedstock, digestate and potentially biomethane), pre-treatment (disintegration,
pasteurization etc.), reactor operation (heating, mixing and pumping) and gas upgrading (separation of
carbon dioxide and impurities, and compression).12 Unfortunately, mainly tractors and trucks driven by
fossil diesel are used for transportation. The need of transportation is strongly dependent on feedstock
and local conditions: anaerobic digestion of industrial wastewater might need no transportation at all,
while organic household waste from the countryside might need long transportation. To minimize
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transports, location and logistics of the plant should be considered with great care. Some feedstocks need
no pre-treatment, while organic household waste and some agricultural wastes need pasteurization and/or
substantial processing to remove unwanted material (i.e. considerable demand of both heat and
electricity). Heat recovery equipment, operating temperature, insulation and design of the reactor
determines its heat demand, while pumping and mixing needs electricity. As described earlier, depending
on the upgrading process, the ratio between heat and electricity demand varies, but compression will
always have a high electricity demand.12 Efficient equipment and design should be used in the plant to
minimize electricity consumption.
As already mentioned, the best way to supply heat is by integration with other processes, because then
the heat can be cascaded and reused more efficiently. The value of the heat is determined by the
temperature, and here the anaerobic digestion has the advantage of only needing heat at relatively
moderate temperatures (70°C if pasteurization, otherwise 35-55°C) at which excess heat is often available
from other processes. If chemical absorption is used for biogas upgrading, there is however also need for
temperature above 95°C. Another alternative for heat supply, depending on local availability, is district
heating. Otherwise, the heat must be produced on-site. When biogas is used for combined heat and power
production, there is normally more than enough heat to cover what is needed for the digestion process.12
When producing biomethane, it is still possible to use a part of the biogas in a boiler or e.g. a micro turbine
(which can also be used to treat any off-gases from the upgrading), but then there will be less of the
valuable end product produced. If the plant is connected to the natural gas grid, it is common to use natural
gas for heating, but this is less beneficial for the climate. A boiler for solid fuels, such as wood chips or
pellets, can also be used. There are also suggestions to use solar heat for at least part of the heat
demand.82,83
Heat integration or heat recovery within the biomethane production process, e.g. between the pretreatment, digester and upgrading, is important to improve the energy efficiency.84,85 Depending on the
reactor configuration (Table 2), heat recovery is more or less difficult: In diluted systems, heat exchanging
of feedstock and digestate is relatively easy, while in dry digestion it is almost impossible. On the other
hand, solid material has a much higher energy density which increases the plant efficiency and makes
heat recovery less important. In some situations, the diluted systems are not even heated due to the high
parasitic energy demand and no excess heat available, but insulation of the reactor and piping is beneficial
if the wastewater is already warmer than the surrounding.86 In wet digestion plants with pasteurization of
the feedstock, the hot feedstock (70°C) from pasteurization needs to be cooled before entering the reactor,
which is done by heat exchanging with the incoming feedstock.87 This is an important heat recovery
operation, but heat can also be recovered from the digestate by for example pre-heating the feedstock.
The challenge for the heat recovery is, however, low efficiency and malfunctions of the heat exchangers:
sludges and slurries are viscous and contain particles giving low heat transfer coefficients as well as
clogging and fouling. The heat exchangers used today are specially adapted to the situation, but the
operation is still challenging. There are ideas of improving the heat transfer by scraping surfaces88 or new
geometries89, but the investment cost must not be too high as the value of the recovered heat is relatively
low. Struvite (MgNH4PO4·6H2O) is a mineral that often precipitates, causing malfunction of the heat
exchangers and demanding regular acid cleaning. However, controlled precipitation can also be a way to
create a valuable nutrient stream.90,91

16

REFERENCES
1.

European Environment Agency. Trends and drivers of EU greenhouse gas emissions. (2020)
doi:10.2800/19800.

2.

Mossberg, J., Pettersson, K., Furusjö, E., Baky, A. & Klintbom, P. Perspektiv på svenska förnybara
drivmedel - Utvärdering utifrån miljökvalitets- och samhällsmål samt scenarier för inhemsk produktion
till 2030. (2019).

3.

Prussi, M., Yugo, M., De Prada, L., Padella, M. & Edwards, M. JEC Well-To-Wheels report v5. (2020).
doi:10.2760/100379.

4.

Gustafsson, M., Cruz, I., Svensson, N. & Karlsson, M. Scenarios for upgrading and distribution of
compressed and liquefied biogas — Energy, environmental, and economic analysis. Journal of
Cleaner Production 256, 120473 (2020).

5.

Tybirk, K. Biogas Liquefaction and use of Liquid Biomethane. Status on the market and technologies
available for LNG/LBG/LBM of relevance for biogas actors in 2017. (2018).

6.

IRENA. Biogas for Road Vehicles: Technology brief. (2018).

7.

Dahlgren, S. Biogas-based fuels as renewable energy in the transport sector: an overview of the
potential of using CBG, LBG and other vehicle fuels produced from biogas. Biofuels 1–13 (2020)
doi:10.1080/17597269.2020.1821571.

8.

Wormslev, E. C. & Broberg, M. K. Sustainable Jet Fuel for Aviation – Nordic perspectives on the use of
advanced sustainable jet fuel for aviation. www.niras.dk (2020).

9.

Calderón, C., Colla, M. & Jossart, J.-M. Statistical report 2020 - Report biogas. Bioenergy Europe
https://www.europeanbiogas.eu/wp-content/uploads/2020/11/Biogas-Report-2020-EBABioenergy-Europe.pdf (2020).

10.

EBA. European Biogas Association Statistical Report: 2019 European Overview. European Biogas
Association http://european-biogas.eu/2017/12/14/eba-statistical-report-2017-published-soon/
(2020).

11.

WBA. Global Bioenergy Statistics 2019 World Bioenergy Association. World Bioenergy Association
(WBA) 58 (2019).

12.

Wellinger, A., Murphy, J. & Baxter, D. The biogas handbook. The biogas handbook (2013).
doi:10.1533/9780857097415.

13.

Patinvoh, R. J., Osadolor, O. A., Chandolias, K., Sárvári Horváth, I. & Taherzadeh, M. J. Innovative
pretreatment strategies for biogas production. Bioresource Technology 224, 13–24 (2017).

14.

Luostarinen, S. Energy Potential of Manure in the Baltic Sea Region: Biogas Potential & Incentives
and Barriers for Implementation. 77 (2013).

15.

Meyer, A. K. P., Ehimen, E. A. & Holm-Nielsen, J. B. Future European biogas: Animal manure, straw
and grass potentials for a sustainable European biogas production. Biomass and Bioenergy 111,
154–164 (2018).

16.

Liu, T. Biogas production from lignocellulosic agricultural residues Microbial approaches for
enhanced efficiency. (2019).

17

17.

Hagman, L., Blumenthal, A., Eklund, M. & Svensson, N. The role of biogas solutions in sustainable
biorefineries. Journal of Cleaner Production 172, 3982–3989 (2018).

18.

Mirata, M., Eklund, M. & Gundberg, A. Industrial symbiosis and biofuels industry: business value and
organisational factors within cases of ethanol and biogas production. The Swedish Knowledge Centre
for Renewable Transportation Fuels www.f3centre.se (2017).

19.

Cesaro, A. & Belgiorno, V. Combined biogas and bioethanol production: Opportunities and
challenges for industrial application. Energies 8, 8121–8144 (2015).

20.

Meyer, T. & Edwards, E. A. Anaerobic digestion of pulp and paper mill wastewater and sludge. Water
Research 65, 321–349 (2014).

21.

Ekstrand, E.-M. Anaerobic digestion in kraft pulp and paper industry – challenges and possibilities
for implementation. (Linköping University, 2019).

22.

Kamali, M., Gameiro, T., Costa, M. E. V. & Capela, I. Anaerobic digestion of pulp and paper mill
wastes - An overview of the developments and improvement opportunities. Chemical Engineering
Journal 298, 162–182 (2016).

23.

Sawatdeenarunat, C. et al. Biogas production from industrial effluents. in Biomass, Biofuels,
Biochemicals: Biofuels: Alternative Feedstocks and Conversion Processes for the Production of Liquid
and Gaseous Biofuels 779–816 (Elsevier, 2019). doi:10.1016/B978-0-12-816856-1.00032-4.

24.

Lin, Y. C., Ni, C. H., Wu, C. Y. & Lin, J. C. Te. A full-scale study of external circulation sludge bed
(ECSB) system for anaerobic wastewater treatment in a whiskey distillery. Environmental Science
and Pollution Research 26, 34261–34276 (2019).

25.

Li, W.-W. & Yu, H.-Q. Advances in Energy-Producing Anaerobic Biotechnologies for Municipal
Wastewater Treatment. Engineering 2, 438–446 (2016).

26.

Stazi, V. & Tomei, M. C. Enhancing anaerobic treatment of domestic wastewater: State of the art,
innovative technologies and future perspectives. Science of the Total Environment 635, 78–91
(2018).

27.

Zhang, L. et al. Anaerobic treatment of raw domestic wastewater in a UASB-digester at 10 °C and
microbial community dynamics. Chemical Engineering Journal 334, 2088–2097 (2018).

28.

Schnürer, A. & Jarvis, Å. Microbiology of the biogas process. (2018).

29.

Ghavinati, H. & Tabatabaei, M. Biogas: Fundamentals, Process, and Operation. Springer (2018).

30.

Atelge, M. R. et al. A critical review of pretreatment technologies to enhance anaerobic digestion
and energy recovery. Fuel 270, 117494 (2020).

31.

Edström, M., Nordberg, Å. & Thyselius, L. Anaerobic treatment of animal byproducts from
slaughterhouses at laboratory and pilot scale. in Applied Biochemistry and Biotechnology - Part A
Enzyme Engineering and Biotechnology vol. 109 127–138 (Springer, 2003).

32.

Zhang, Y., Kusch-Brandt, S., Heaven, S. & Banks, C. J. Effect of pasteurisation on methane yield
from food waste and other substrates in anaerobic digestion. Processes 8, 1–22 (2020).

33.

Ware, A. & Power, N. What is the effect of mandatory pasteurisation on the biogas transformation
of solid slaughterhouse wastes? Waste Management 48, 503–512 (2016).

34.

Carlsson, M. When and why is pre-treatment of substrates for anaerobic digestion useful? Doctoral
thesis / Luleå University of Technology 1 jan 1997 → … (2015).

18

35.

Hernández-Beltrán, J. U. et al. Insight into Pretreatment Methods of Lignocellulosic. Applied
Sciences (2019).

36.

Westerholm, M. & Schnürer, A. Microbial Responses to Different Operating Practices for Biogas
Production Systems. in Anaerobic Digestion (IntechOpen, 2019). doi:10.5772/intechopen.82815.

37.

Xu, F., Li, Y., Ge, X., Yang, L. & Li, Y. Anaerobic digestion of food waste – Challenges and
opportunities. Bioresource Technology 247, 1047–1058 (2018).

38.

Van Lier, J. B., Vashi, A., Van Der Lubbe, J. & Heffernan, B. Anaerobic sewage treatment using UASB
reactors: Engineering and operational aspects. in Environmental Anaerobic Technology: Applications
and New Developments 59–89 (Imperial College Press, 2010). doi:10.1142/9781848165434_0004.

39.

Kong, Z., Li, L., Xue, Y., Yang, M. & Li, Y. Y. Challenges and prospects for the anaerobic treatment of
chemical-industrial organic wastewater: A review. Journal of Cleaner Production 231, 913–927
(2019).

40.

Camirand,
E.
Biogas
Plant
Development
Handbook
https://www.biogasworld.com/biogas-plant-development-handbook/.

41.

SGC. Basic Data on Biogas. www.sgc.se. (2012).

42.

Li, Y., Park, S. Y. & Zhu, J. Solid-state anaerobic digestion for methane production from organic
waste. Renewable and Sustainable Energy Reviews vol. 15 821–826 (2011).

43.

Brown, D. & Li, Y. Solid state anaerobic co-digestion of yard waste and food waste for biogas
production. Bioresource Technology 127, 275–280 (2013).

44.

Kothari, R., Pandey, A. K., Kumar, S., Tyagi, V. V. & Tyagi, S. K. Different aspects of dry anaerobic
digestion for bio-energy: An overview. Renewable and Sustainable Energy Reviews 39, 174–195
(2014).

45.

Waltenberger, R. & Kirchmayr, R. Wet and Dry Anaerobic Digestion Processes. Jyväskylä
Summerschool (2013).

46.

Fu, Y. et al. Dry anaerobic digestion technologies for agricultural straw and acceptability in China.
Sustainability (Switzerland) 10, (2018).

47.

Persson, E., Westerholm, M., Schnürer, A., Nordin, A. & Tamm, D. Dry anaerobic digestion of food
waste at mesophilic and thermophilic temperature. REPORT 201 www.energiforsk.se (2019).

48.

Chiumenti, A., da Borso, F. & Limina, S. Dry anaerobic digestion of cow manure and agricultural
products in a full-scale plant: Efficiency and comparison with wet fermentation. Waste Management
71, 704–710 (2018).

49.

Rocamora, I. et al. Dry anaerobic digestion of organic waste: A review of operational parameters
and their impact on process performance. Bioresource Technology 299, 122681 (2020).

50.

Kashyap, D. R., Dadhich, K. S. & Sharma, S. K. Biomethanation under psychrophilic conditions: A
review. Bioresource Technology 87, 147–153 (2003).

51.

Dev, S. et al. Perspective on anaerobic digestion for biomethanation in cold environments.
Renewable and Sustainable Energy Reviews 103, 85–95 (2019).

52.

Massé, D. I., Rajagopal, R. & Singh, G. Technical and operational feasibility of psychrophilic
anaerobic digestion biotechnology for processing ammonia-rich waste. Applied Energy 120, 49–55
(2014).

•

BiogasWorld.

19

53.

Van, D. P., Fujiwara, T., Tho, B. L., Toan, P. P. S. & Minh, G. H. A review of anaerobic digestion systems
for biodegradable waste: Configurations, operating parameters, and current trends. Environmental
Engineering Research 25, 1–17 (2020).

54.

Nizami, A. S. & Murphy, J. D. What type of digester configurations should be employed to produce
biomethane from grass silage? Renewable and Sustainable Energy Reviews 14, 1558–1568 (2010).

55.

Jimenez, J. et al. Instrumentation and control of anaerobic digestion processes: a review and some
research challenges. Reviews in Environmental Science and Biotechnology 14, 615–648 (2015).

56.

Vilanova Plana, P. & Noche, B. A review of the current digestate distribution models: storage and
transport. WIT Transactions on Ecology and The Environment 202, (2016).

57.

Le Corre, K. S., Valsami-Jones, E., Hobbs, P. & Parsons, S. A. Phosphorus Recovery from
Wastewater by Struvite Crystallization: A Review. Critical Reviews in Environmental Science and
Technology 39, 433–477 (2009).

58.

Tao, W., Fattah, K. P. & Huchzermeier, M. P. Struvite recovery from anaerobically digested dairy
manure: A review of application potential and hindrances. Journal of Environmental Management
169, 46–57 (2016).

59.

Lorick, D., Macura, B., Ahlström, M., Grimvall, A. & Harder, R. Effectiveness of struvite precipitation
and ammonia stripping for recovery of phosphorus and nitrogen from anaerobic digestate: a
systematic review. Environmental Evidence 9, 1–20 (2020).

60.

Drosg, B., Fuchs, W., Al Seadi, T., Madsen, M. & Linke, B. Nutrient Recovery by Biogas Digestate
Processing. IEA Bioenergy http://www.iea-biogas.net/files/daten-redaktion/download/Technical
Brochures/NUTRIENT_RECOVERY_RZ_web1.pdf (2015).

61.

Fuchs, W. & Drosg, B. Assessment of the state of the art of technologies for the processing of
digestate residue from anaerobic digesters. Water Science and Technology 67, 1984–1993 (2013).

62.

Boe, K., Karakashev, D., Trably, E. & Angelidaki, I. Effect of post-digestion temperature on serial
CSTR biogas reactor performance. Water Research 43, 669–676 (2009).

63.

Huygens, D. et al. Technical proposals for the safe use of processed manure above the threshold
established for Nitrate Vulnerable Zones by the Nitrates Directive ( 91 / 676 / EEC ). EUR 30363 (2020).

64.

Hoyer, K., Hulteberg, C., Svensson, M., And, J. J. & Nørregård, Ø. Biogas Upgrading-Technical Review.
REPORT 201 www.energiforsk.se (2016).

65.

Bauer, F., Hulteberg, C., Persson, T. & Tamm, D. Biogas upgrading – Review of commercial
technologies. SGC Rappor (2013).

66.

Kapoor, R., Ghosh, P., Kumar, M. & Vijay, V. K. Evaluation of biogas upgrading technologies and
future perspectives: a review. Environmental Science and Pollution Research 26, 11631–11661
(2019).

67.

Ryckebosch, E., Drouillon, M. & Vervaeren, H. Techniques for transformation of biogas to
biomethane. Biomass and Bioenergy vol. 35 1633–1645 (2011).

68.

Guebitz, G. M., Bauer, A., Bochmann, G., Gronauer, A. & Weiss, S. Biogas Science and Technology.
Biogas Science and Technology (2015). doi:10.1007/978-3-319-21993-6.

69.

Angelidaki, I. et al. Biogas upgrading and utilization: Current status and perspectives. Biotechnology
Advances 36, 452–466 (2018).

20

70.

Adnan, Ong, Nomanbhay, Chew & Show. Technologies for Biogas Upgrading to Biomethane: A
Review. Bioengineering 6, 92 (2019).

71.

Salman, C. A., Schwede, S., Thorin, E. & Yan, J. Enhancing biomethane production by integrating
pyrolysis and anaerobic digestion processes. Applied Energy 204, 1074–1083 (2017).

72.

Surendra, K. C., Sawatdeenarunat, C., Shrestha, S., Sung, S. & Khanal, S. K. Anaerobic digestionbased biorefinery for bioenergy and biobased products. Industrial Biotechnology 11, 103–112
(2015).

73.

Righetti, E., Nortilli, S., Fatone, F., Frison, N. & Bolzonella, D. A Multiproduct Biorefinery Approach for
the Production of Hydrogen, Methane and Volatile Fatty Acids from Agricultural Waste. Waste and
Biomass Valorization 11, 5239–5246 (2020).

74.

IRENA. Bioenergy from Finnish forests: Sustainable, efficient and modern use of wood. www.irena.org
(2018).

75.

Moraes, B. S. et al. Anaerobic digestion of vinasse from sugarcane biorefineries in Brazil from
energy, environmental, and economic perspectives: Profit or expense? Applied Energy 113, 825–835
(2014).

76.

Broberg Viklund, S. & Lindkvist, E. Biogas production supported by excess heat - A systems analysis
within the food industry. Energy Conversion and Management 91, 249–258 (2015).

77.

Pierie, F. et al. Improving the Sustainability of Farming Practices through the Use of a Symbiotic
Approach for Anaerobic Digestion and Digestate Processing. Resources 6, 50 (2017).

78.

Bernadette McCabe, Roland Kroebe, Marco Pezzaglia, Clare Lukehurst & Jerry D. Murphy.
Integration of Anaerobic Digestion into Farming Systems in Australia, Canada, Italy, and the UK. 8 (2020).

79.

Heaven, S., Salter, A. M. & Banks, C. J. Integration of on-farm biodiesel production with anaerobic
digestion to maximise energy yield and greenhouse gas savings from process and farm residues.
Bioresource Technology 102, 7784–7793 (2011).

80.

Havukainen, J., Uusitalo, V., Niskanen, A., Kapustina, V. & Horttanainen, M. Evaluation of methods
for estimating energy performance of biogas production. Renewable Energy 66, 232–240 (2014).

81.

Pöschl, M., Ward, S. & Owende, P. Evaluation of energy efficiency of various biogas production and
utilization pathways. Applied Energy 87, 3305–3321 (2010).

82.

Lombardi, L., Mendecka, B. & Fabrizi, S. Solar Integrated Anaerobic Digester: Energy Savings and
Economics. Energies 13, 4292 (2020).

83.

Ouhammou, B. et al. A new system design and analysis of a solar bio-digester unit. Energy
Conversion and Management 198, 111779 (2019).

84.

Zhang, X., Yan, J., Li, H., Chekani, S. & Liu, L. Investigation of thermal integration between biogas
production and upgrading. Energy Conversion and Management 102, 131–139 (2015).

85.

Zhen, F., Zhang, J., Li, W., Sun, Y. & Kong, X. Optimizing Waste Heat Utilization in Vehicle BioMethane Plants. Energies 11, 1518 (2018).

86.

Merlin, G., Kohler, F., Bouvier, M., Lissolo, T. & Boileau, H. Importance of heat transfer in an anaerobic
digestion plant in a continental climate context. Bioresource Technology 124, 59–67 (2012).

87.

Han, R. et al. Review on heat-utilization processes and heat-exchange equipment in biogas
engineering. Citation: Journal of Renewable and Sustainable Energy 8, 32701 (2016).

21

88.

Chen, J., Wu, J., Ji, X., Lu, X. & Wang, C. Mechanism of waste-heat recovery from slurry by scrapedsurface heat exchanger. Applied Energy 207, 146–155 (2017).

89.

Chen, J. et al. A high efficient heat exchanger with twisted geometries for biogas process with
manure slurry. Applied Energy 279, 115871 (2020).

90.

Parsons, S. A. & Doyle, J. D. Struvite scale formation and control. Water Science and Technology 49,
177–182 (2004).

91.

Doyle, J. D. & Parsons, S. A. Struvite formation, control and recovery. Water Research 36, 3925–
3940 (2002).

22

