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Biomethane Background

• Biogas was used for heating bath water in Assyria during the l0th century 
BC and in Persia during the 16th century

• In 1630, Jan Baptist van Helmont discovered that organic material in 
decomposition produced flammable gases

• In 1776, Alessandro Volta discovered methane by collecting gas emerging 
from Lake Maggiore in Italy

• The concept of anaerobic digestion (AD) was introduced around 1870 with 
the development of the septic tank system by Jean-Louis Mouras
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Biogas and Biomethane - definition

• Biogas is a mixture of methane, CO2 and small quantities of other gases produced by anaerobic 
digestion of organic matter in an oxygen-free environment.

• Biomethane (also known as “renewable natural gas”) is a near-pure source of methane produced 
either by “upgrading” biogas (a process that removes any CO2 and other contaminants present in 
the biogas) or through the gasification of solid biomass followed by methanation:

• Upgrading biogas: Conventionally, biogas upgradation (BU) is performed by physico-chemical 
(absorption, adsorption, membrane seperation, and cryogenic) and biological (in situ and ex situ) 
processes which are site/case specific

• Thermal gasification of solid biomass followed by methanation: Woody biomass is first broken 
down at high temperature (between 700-800°C) and high pressure in a low-oxygen environment. 
Under these conditions, the biomass is converted into a mixture of gases, mainly carbon 
monoxide, hydrogen and methane (sometimes collectively called syngas). To produce a pure 
stream of biomethane, this syngas is cleaned to remove any acidic and corrosive components. The 
methanation process then uses a catalyst to promote a reaction between the hydrogen and 
carbon monoxide or CO2 to produce methane. Any remaining CO2 or water is removed at the end 
of this process.



Advantages of Biomethane

• It is a renewable energy source.
• When burned, it emits less pollution compared with diesel or gasoline. The 

emissions from these fuels are compared in Table 1.5.
• Biomethane can be produced from locally made biogas. 
• Byproducts from the production of biogas can be used or sold as natural 

fertilizer.
• Organic waste from farms is sometimes disposed of in natural waterways 

causing pollution to marine life. Processing this waste into biomethane 
reduces this aquatic pollution.

• An increased share of biomethane from within a country’s own borders 
makes a nation’s natural gas supply more reliable.

• Biomethane is economically attractive, in terms of reducing the costs of 
importing fuel and increasing local employment in the production chain.

• Rural areas especially profit from biomethane production because a 
considerable part of the revenue along the value chain is generated there.



Biogas to Biomethane
Biogas Biomethane

Biomethane is a gas that results from a process that 
improves the quality of biogas by reducing its levels 
of carbon dioxide, hydrogen sulfide, moisture, and 
other gases. Biogas upgraded to biomethane has a 
higher percentage of pure methane.

Biogas is is mainly methane (50-80%) with other impurities 
suchas CO2, H2s, N2, O2 etc. It is produced from organic matter 
via anaerobic digestion.



BIOGAS PRODUCTION BY ANAEROBIC DIGESTION

Anaerobic degradation of carbohydrates, lipids, and proteins and the phyla commonly reported to be involved
in the different steps. Biogas digester parameters identified as main drivers for community structure is depicted.

The figure is adapted from Kougias et al. [Kougias PG, Angelidaki I. Biogas and its opportunities—A review. Frontiers of Environmental Science 

&Engineering. 2018;12:14. DOI: 10.1007/s11783-018-1037-8]

The microbial aspect of 
biomethane production involves 4 
major steps if light, sulfate, and
nitrate are limiting:

❑ HYDROLYSIS

❑ ACIDOGENESIS

❑ ACETOGENESIS

❑ METHANOGENESIS



HYDROLYSIS

• The hydrolization of complex polymers to monomers is known as
hydrolysis

• The organic molecules are converted to simple sugars, amino acids
and fatty acids

• The process is carried out by hydrolytic microorganisms

• Facilitated by extracellular organism



• The process of hydrolysis is dependent on the polymeric compound
to be decomposed.

• Harder or intricate lignocellulosic structures lead to low rates

• The microbes (Eg. Bacillus, Cellulomonas etc) involved in
lignocellulose degradation use extracellular enzymes or cell-anchored
enzyme systems such as cellulosomes

• Pathways involved in hydrolysis –

• The Embden–Meyerhof–Parnas (EMP) pathway

• The Enter–Doudoroff (ED) pathway

HYDROLYSIS





ACIDOGENESIS

• The remnants after hydrolysis are further broken down by acidogenic
bacteria (Eg. Propionibacterium, Butyrivibrio, Acetivibrio)

• Trace amounts are consumed by fermentative bacteria

• This steps produces various components which include
• Hydrogen

• Carbon dioxide

• Hydrogen suphide

• Fatty acids

• Carbonic acids

• Alcohols



ACIDOGENESIS
• Sugar oxidation leads to pyruvate as an intermediate, resulting in

pyruvate being used as an internal electron acceptor for re-
oxidation of NADH leading to C2–C6 products

• Pathways used-
• Stickland reaction

• Coupled oxidation/reduction processes destroy pairs of amino acids. One amino
acid functions as an electron donor, while the other functions as an electron
acceptor. The electron donor amino acid is oxidised to an unstable carboxylic
acid with fewer carbon atoms than the initial amino acid.

• Uncoupled oxidation and release of electrons as hydrogen is an
alternate mechanism.





ACETOGENESIS

• The digestion to acetic acid, carbohydrate and 
hydrogen by the presence of acetogenic bacteria 
(eg. Eubacterium limosum) using the products of 
acidogenesis is known as acetogenesis

•Metabolizes intermediates  - propionate

• Types of acetogens
• Obligate hydrogen producing acetogens – OHPA

• Homoacetogens – less dominant



ACETOGENESIS

Acetogenesis is distinguished by the conversion of carbon dioxide (CO2)
to the acetyl moiety of acetyl-coenzyme A (CoA) via the Wood–
Ljungdahl (W–L) pathway, by a phylogenetically distinct microbial group
(acetogens).

The W–L pathway has two functions:

It accepts electrons and conserves energy, and it also serves as a
carbon assimilation pathway. Sugars are metabolised to pyruvate via
the EMP (Embden Meyerhof Parnas) and pentose phosphate pathways
in heterotrophic growth circumstances. Carbon dioxide, electrons, and
exogenous CO2 are shuttled into the W–L route from the
decarboxylation of pyruvate by a pyruvate ferredoxin oxidoreductase.



Source: Anna Schruner 2016

Acetogenesis (Wood–Ljungdahl pathway) 





METHANOGENSIS
• The final stage wherein the intermediate products are converted to methane, 

water and carbon dioxide.

• The biogas finally produced contain the above mentioned components

• The process is carried out by methanogenic bacteria

• Eg. Archaebacteria



METHANOGENSIS

• Methanogens are strict anaerobes which share a complex biochemistry for methane
synthesis as part of their energy metabolism

• Methanogens are categorized depending on the substrate and pathway they use:
hydrogenotrophs and methylotrophs.

• The hydrogenotrophs get their energy from formate or hydrogen and CO2 is converted to
methane. Certain alcohols can also be used as an electron donor by some methanogens
in this group.

• Methylotrophs utilizes hydrogen and CO2, acetate, CO, methyl compounds, such as
methanol, methyl amines. Here the methyl group is reduced to methane: the substrate
reaches the process as methyl-S-CoM in methanogenesis via methanol, methylamines,
and other sources. Hydrogen or methyl disproportionation, such as oxidation of another
methyl-S-CoM to carbon dioxide, provide electrons for the reduction of methyl-S-CoM to
methane.



DIVERSITY OF METHANOGENS: Key Microorganisms of the 
Methane Fermentation Process

• 61 species (including 5 synonymous) of  hydrogenotrophs oxidize H2 and reduce CO2 
to form methane and formatotrophs oxidize formate to form methane 

• Twenty species (including one synonymous) of methylotrophs use methyl 
compounds as methanol, methylamines, or dimethylsulfide and of which 13 species 
are obligate methylotrophs

• Nine species (including 1 synonymous) of aceticlastic (or acetotrophic) methanogens 
utilize acetate to produce methane,



REACTION AND STANDARD CHANGES IN FREE ENERGIES FOR
METHANOGENESIS

Favourable

Less Favourable



Energy metabolism of methanoarchaea
The energy metabolism of methanogens can be viewed to consist of two parts: an oxidative part in which coenzyme 
M (H-S-CoM, 2-thioethanesulfonate) and coenzyme B ( H-S-COB, 7 thioheptanoylthreonine-phosphate) are oxidized 
to the heterodisulphide CoM-S-S-COB; and a reductive part in which the heterodisulphide of coenzyme M and 
coenzyme B is re-reduced.

Energy metabolism of methanogenic 
archaea. In the oxidative part, coenzyme M 
(H-S-CoM)  and  coenzyme  B  (H-S-COB) are 
oxidized  to  the  heterodisulphide CoM-S-S-
COB  by  CO,,  acetate  or  reduced  C, 
compounds  (CH,-X)  such  as  methanol, 
methylthiols and  methylamines,  which  in 
turn  are  reduced  to CH,;  in the  reductive 
part,  the  heterodisulphide is  reduced  to 
coenzyme  M  and coenzyme  B,  the 
electron  transport  from  the  electron  
donors  being  coupled with 
phosphorylation. 



Why H2S is present in Biogas?

The biogas produced in 
industrial biogas digesters 
mainly consists of methane 
and carbon dioxide, but also 
small amounts of other gases 
such as hydrogen sulphide
(H2S).

➢H2S has corrosive properties causing damage 
on equipment

➢H2S may also cause inhibition to the 
microbial community by direct toxic effects 
or by precipitation of trace metals needed for 
enzymatic activity 

The production of sulphides is influenced by different factors: 
(i) The amount of sulphur-containing amino acids in the incoming material 
(ii) The level of sulphate in the incoming material 
(iii) The presence of SRB in inoculum



• In the presence of sulphate in a biogas process, SRB and methanogens 
compete for the same substrate, i.e. acetate and hydrogen/carbon 
dioxide.

• SRB typically win this competition owing to several interacting factors: 

(i) anaerobic respiration with sulphate as the final electron acceptor 
yields more energy for growth compared with carbon dioxide; 

(ii) SRB possess higher affinity for both hydrogen and acetate, enabling 
them to consume substrates below levels possible for use by 
methanogens;

(iii) SRB generally have a higher specific growth rate than methanogens.



➢ Many different groups of 
bacteria within the anaerobic 
digester compete for the same 
substrate and electron 
acceptor. 

➢ Methane is produced by 
methane-forming bacteria and 
a variety of acids and alcohols 
are produced by sulfate 
reducing bacteria. 

➢ Hydrogen is used with sulfate 
(𝑆𝑂4

2−) by sulfate-reducing 
bacteria and hydrogen sulfide 
(H2S) is produced



Table: Acetogenic and methanogenic reactions, and sulfate-reducing reactions involved in 
the degradation of organic matter in methanogenic bioreactors, and sulfate-reducing 
bioreactors, respectively. 

➢ Propionate-degrading bacteria: 
Syntrophobacter sp. (Syntrophobacter
wolinii, Syntrophobacter pfennigii and 
Syntrophobacter fumaroxidans

➢ Butyrate-degrading bacteria: 
Syntrophomonas and Syntrophospora

➢ Syntrophobacter species appear to be 
sulfate reducers

➢ Syntrophobacter sp. degrades 
propionate via the so-called 
methylmalonyl-CoA pathway



Competition of sulfate reducers with 
methanogens and acetogens
• Direct competition between methanogens and sulfate reducers will 

occur for hydrogen and acetate. 

• Compared with methanogens, SRB are much more versatile than 
methanogens. 

• Compounds like propionate and butyrate, which require syntrophic 
consortia in methanogenic environments, are degraded directly by 
single species of SRB in environments where sufficient sulfate is present



How to suppress SRB?

• The abundance of SRB was only marginally influenced by the choice 
of the incoming material and process parameters.

• Two parameters have a significant effect on SRB abundance:

(i) High levels of nitrogen (Ammonia) result in lower levels of SRB. 
high ammonia concentrations have been shown to select for 
methane production by syntrophic acetate oxidation instead of 
acetoclastic methanogenesis (Caution: very high concentrations of 
free ammoniacal nitrogen can be a major cause of operational 
failure)

(ii) Addition of excess sulphate results in increased growth of SRB 
(selection of substrates with lower sulphur content)



How to improve methanogenesis?

• Stable and fast interspecies electron transfer (IET) between 
volatile fatty acid-oxidizing bacteria and hydrogenotrophic methanogens is 
crucial for efficient methanogenesis. (In this syntrophic interaction, electrons are exchanged via 

redox mediators such as hydrogen and formate.)

• Microorganisms undergoing DIET form interspecies electrical connections 
via membrane-associated cytochromes and conductive pili; thus, redox 
mediators are not required for electron exchange. This indicates that DIET 
is more thermodynamically favorable than indirect IET.

• Conductive materials (e.g., iron oxides, activated carbon, biochar, and 
carbon fibers) can mediate direct electrical connections for DIET.



Mechanisms of (A) indirect interspecies electron transfer (IIET) via hydrogen, (B) biological 
direct interspecies electron transfer (DIET), and (C) conductive material-mediated DIET

Source: Gahyun Baek and Jaai Kim and Jinsu Kim and Changsoo Lee , Role and Potential 
of Direct Interspecies Electron Transfer in Anaerobic Digestion,Energies,2018, 11,  p.107



Effects of graphene and activated charcoal on biomethane yield and production rate from ethanol: (a) biomethane 
yield, (b) biomethane production rate (d) overall electron recovery

Source: R. Lin et al. / Bioresource Technology 239 (2017) 345–352



Figure: Mechanisms for extracellular cell-to-cell
electron transfer in anaerobic digestion: (a) mediated
interspecies electron transfer, (b) direct interspecies
electron transfer via graphene

Source: R. Lin et al. / Bioresource Technology 239 
(2017) 345–352



Part 2: 
Biomass Sources for 

Biomethane Generation



Strengths, 
weaknesses, 

opportunities, 
and threats 
analysis of

Source: Agneessens, 2018)



Raw materials for Biogas 

• Biomass is the general term used to describe all biologically produced 
matter and therefore includes all kinds of materials and substances 
derived from living organisms. 

• Biomass originating from forestry and agriculture

• Biomass originating from industrial and municipal residues and 
wastes

• Industrial and domestic wastewater



Feedstock for Biogas/Biomethane

• Crop residues

• Energy crops

• Animal manure

• Organic fraction of MSW

• Wastewater sludge

• Lignocellulosic Biomass/Woody Biomass/Forest residues



Biogas 
Feedstock

Source: https://www.iea.org/reports/outlook-for-biogas-and-biomethane-prospects-for-organic-growth/an-introduction-to-biogas-and-biomethane



Source: https://www.iea.org/reports/outlook-for-biogas-and-biomethane-prospects-for-organic-growth/an-introduction-to-biogas-and-biomethane



Biofuel classification based on feedstock

• First-generation biofuels: Produced from edible plants.

• Second-generation biofuels: Produced from agricultural waste and 
non-edible plants. 

• Third-generation biofuels: Produced from algal biomass.



• The studies presented in 
this table were conducted 
under mesophilic conditions 
at temperature rang ing 30–
38 °C, at a interval of pH 
between 7 and 8 with 
hydraulic residence time 
(HRT) of 30–60 days

Different feedstock 
for the production of 
first-generation 
biogas and its 
performance



Table: Different feedstock for the production of second generation of biogas



Table: Different 
feedstock for the 

production of 
Third generation 

of biogas



Figure: Energy production from the co-digestion of chicken manure with a) Macroalgae and 
b) Energy crops.

Source: Funda CansuErtem, Peter Neubauer, Stefan Junne, Environmental life cycle assessment of biogas production from marine macroalgal 
feedstock for the substitution of energy crops, Journal of Cleaner Production 2017, 144, pp. 977-985

Findings: marine macroalgae: 
mixture of brown (20%) and red 
algae (80%) as feedstock in an 
industrial scale biogas plant. This 
plant operates with the co-
digestion of maize (27%), grass 
(54%), rye (8%) and chicken 
manure (11) and produces 500 
kWh energy. 
Impact of the codigestion of algae 
with chicken manure on the 
emission reductions: 52%, 83%, 
41% and 8% lower global warming, 
acidification, eutrophication and 
land transformation potentials, 
respectively per 1 MJ of energy 
generation, moreover, 84% and 6% 
lower acidification and land 
transformation potentials per kg of 
feedstock.



Figure: Process stages of the conversion of lignocellulosic biomass to biomethane. 

Biomethane production is a 
naturally occurring biological 
process, which can be divided 
into four stages. Recalcitrance 
of lignocellulose restricts the 
hydrolysis during the first 
stage. Pretreatment is 
necessary step for biomethane 
production.
The positive effects of 
pretreatment strategies can 
help to facilitate the hydrolysis 
of lignocellulosic in the first 
stage

Source: Biomethane Production From Lignocellulose: Biomass Recalcitrance and Its Impacts on Anaerobic Digestion, Front. Bioeng. 
Biotechnol., 08 August 2019 | https://doi.org/10.3389/fbioe.2019.00191



Lignocellulosic biomass recalcitrance



Cellulose

• Cellulose forms the core portion of lignocellulose, which is bounded by a 
hemicellulose matrix and an outer lignin layer

• Cellulose is the major constituent in biomass and forms liner homopolymer 
chains of 100 to 140,000 units. Each unit is made up of a glucose 
disaccharide (cellobiose), which are linked by a β-1,4-glycosidic bond

• Even though cellulose is hydrophilic, but its large size makes it less soluble 
in water.

• Cellulose crystallinity plays noticeable role in affecting initial hydrolysis of 
cellulose. The yield of monosaccharides decreased with the increased 
crystallinity of the substrate, indicating that amorphous domains are 
hydrolyzed first before the hydrolysis of crystalline parts.



Hemicellulose And Lignin

• Hemicellulose is a heteropolysaccharide with a degree of polymerization of 
between 200 and 700 and is composed of different combinations of monomers, 
such as pentoses, hexoses, and sugar acids with xylan as the major structural unit

• Hemicellulose is non-covalently attached to cellulose fibres and acts as a matrix 
material in lignocellulosic biomass. The amorphous structure and lower degree of 
polymerization of hemicellulose causes it to be more susceptible to physical, 
chemical, and biological degradation than cellulose

• Lignin is a heteropolymer consisting of monomeric units of coniferyl, sinapyl, and 
coumaryl alcohols

• The AD process can digest both cellulose and hemicellulose portion of 
lignocellulosic substrate, whereas lignin remains undigested. 

• Lignosulfonate is commercially used as a plasticizer in the cement industry, a 
binder in animal feed and as a substrate for the production of a flavoring agent, 
vanillin



Pre-
treatment 
methods



Biological Pretreatment: more compatible with AD



Biological Pretreatment



Biomethane from Lignocellulosic biomass: Challenges 
and ways forward

(1) correlation between biomass degradability and its structural 
and compositional properties on the relative contributions of 
each feature to lignocellulose resistance to biodegradation; 

(2) Adaption of anaerobic bacteria to lignocellulosic feedstocks 
following different pretreatment methods and the effect of 
different pretreatment methods on the microbial population 
inside the raw biomass and subsequent AD processes; 

(3) Effects of ethanol fermentation inhibitors (i.e. furfural, HMF, 
and phenolic compounds) and chemical residues of chemical 
pretreatment processes on the AD process; 

(4) Combination of AD with biofuel processes (bioethanol, 
biohydrogen, or biobutanol) to increase the energy efficiency of 
the biorefinery process, e.g. the byproducts of bioethanol and 
biohydrogen production can produce biogas via AD

(5) Development of new and low cost pretreatment methods that 
are suitable for AD processes. Most current AD studies focus on 
the evaluation of various kinds of pretreatment methods 
developed for cellulosic ethanol processes.



Part 3: 
Biomethane Production Systems



Biogas production

• AD can be divided into wet anaerobic digestion (WAD) and dry 
anaerobic digestion (DAD) depending on the total solid (TS) content 
of biomass feedstock:

• WAD handles biomass with TS < 15% and consume around 1m3 fresh 
water per ton of organic biomass digestion (Submerged AD)

• DAD treats high solid content biomasses (with TS > 20%)



Factors affecting biogas production

• Hydrolysis - a key rate-limiting factor during AD
• pH: A near neutral pH (6.87.4) is considered as the ideal pH for the 

enrichment, growth, and relative abundance of methanogenic microbial 
community towards increasing the CH4 production

• C/N ratio: Lower C/N ratios decrease nitrogen inhibition, which is toxic to 
methanogens and leads to reduced utilization of carbon sources. A higher 
nitrogen content causes toxic effects, while lower quantities of nitrogen 
cause nutrient limitation. The C/N ratio range of 20:1 to 35:1 is considered 
optimum, and the ratio of 25:1 is considered ideal for the AD process.

• Hydraulic retention time: Maximum CH4 production and its upgradation 
essentially occur at

• optimized HRTs. The optimized HRT mainly depends on the type of 
biocatalyst (mixed or pure culture) and the OLR.



Comparison: WAD vs DAD



Main Challenges in DAD

Challenges

• Long retention time, 

• Poor startup performance

• incomplete mixing

• Accumulation of volatile fatty acids (VFAs)

Advantages of DAD over the WAD
• TS content can be 20 - 40% compared to 

maximum 20% for LAF

• Smaller reactor volume

• Lower energy requirements for heating

• Minimal material handling

• Lower total parasitic energy loss

• Tolerant process for wide range of contaminants 
(plastics, paper, glass)

• Digestate can be used as fertilizer  

• Less maintenance required          

• Less complex process compared to LAF process



Different types 
of household 
digesters 



Fixed dome system: Covered anaerobic 
lagoon



ENHANCED BIOREACTORS FOR LARGE-SCALE
APPLICATIONS
• Enhanced bioreactors for large-scale applications benefit from 

optimization in energy, mass, momentum transfer, and reaction 
process

• Computational modeling, like computational fluid dynamics (CFD) 
modeling, is widely used to simulate the energy, mass transfer, and 
configuration in biogas reactors in order to designor improve biogas 
production.



ENERGY TRANSFER

• Gas production, VFA, OLR (organic loading rate),
and stability of the thermophilic two-step reactor
was superior to that of the reactors under
mesophilic conditions (source: 25 ch 3)

• It was observed that the methane content of the
produced biogas would increase up to 99.3% in a 7
m3 household digester with heat insulation by
increasing the temperature 7.5C and changing the
substrate from crop residues to cattle dung (Source:
26).

• The significance of heat transfer in the anaerobic
digestion process by modeling a plug-flow digester
combined with solar energy operated on a monthly
basis temperature condition was validated (Fig a). A
positive net energy flux was always found in this
digester model, revealing that solar energy was
able to keep the digester working without extra
energy input. However, the total methane
production changed remarkably with temperature
conditions (Figure b). Figure (a) Plot of velocity vectors when operated in January; (b) Predictions of 

monthly methane production in 12 months of the plug-flow digester.



Heat loss due to mass flow

The heat loss due to heating up input feedstock (Q1)

Heat loss through the digesters Cover (Q2)

Heat loss through the digesters Wall (Q3)

Heat loss through the digesters Floor (Q4)



Process diagram of a thermophilic anaerobic pilot plant 



Heat transfer Enhancement

There are various ways to improve the heat transfer of heat exchangers 
used in an outside heating loop of a biogas reactor: 

• increasing the heat transfer area, mentioned in the former sector of 
inside heating, by adding fins to the tube surface; 

• changing tube materials to those with higher heat conductivity 
coefficient; 

• increasing the convective heat transfer coefficient on both sides via 
facilities such as baffles in the shell side.



Waste heat recovery

Why?

• In the energy consumption of a biogas system, more than 80% or 
sometimes 90% of energy is used for heating substrate, indicating that 
recovering waste heat from the substrate is an important way to reduce 
the total energy consumption.

How?

• In the CHP unit, 55% of the biogas energy is converted to heat, and waste 
heat can be recycled from a series of three heat exchangers.

• The heating water from the standard CHP unit is released at 90C and 
returned at 70C after heating the sludge and digesters.

• The heat can be used to preheat the therphilic anaerobic sludge.



STIRRING AND MIXING IN BIOGAS REACTORS

• Mixing improves the contact between substrate and bacterial consortium, 
which is essential to  increases the biogas production.

• Mixing can eliminate concentration and temperature gradients in the 
anaerobic digestion. 

• The homogenization of nutrients within the entire volume of the digester 
and avoiding the accumulation of VFA’s and pH inhibitions.

• Mixing also aids in particle size reduction as digestion progresses and in 
removal of gas from the mixture

• The mixing influences biogas production depending on the type of reactor, 
the type of agitator used, and the substrate.

• Excessive mixing may reduce the biogas production. Continuous mixing was 
found inhibitory at higher loading rates.



Mechanical stirring

(a) Diagram of the anaerobic digester (1, digestion tank; 2, blade; 3, motor, 4, jacket for 
water bath; 5, inlet; 6, outlet; 7, gas flow meter); (b) Types of stirring impellers for anaerobic 
digestion; (c) Number ofimpellers



• Not all parts of a digester need to be 
mixed equally, and continuous shear 
force brought by excess stirring 
negatively impacts the microbial 
consortiums, with unmixed strata at 
the base of the digester 
demonstrating methane producing 
activity 1.5 times of that in mixed 
zones 

• The mixing intensity decreases with 
an increase in TS.

Figure: Volume fraction of the solid phase at different stirring rate.



Hydromechanical 
mixing: Air lifting

• Airlifting biogas reactors use 
the rising tendency of 
produced biogas bubbles as 
the power source to agitate 
and further reduce the cost 
of mixing.

(1) the influent distributor, (2) 
the first reaction chamber, (3) 
the second reaction chamber, (4) 
the returned mixture pipe, (5) 
the first tri-phase separator, (6) 
the first reaction biogas 
chamber, (7) the first reaction 
biogas lift pipe, (8) the second 
tri-phase separator, (9) the 
second reaction biogas chamber, 
(10) the effluent zone, (11) the 
segregated bag, (12) the second 
reaction biogas lift pipe, (13) the 
effluent biogas pipe, (14) the 
flow meter of the returned 
mixture pipe, and (15) the biogas 
flow meter of the effluent biogas 
pipe



Hydraulic mixing via slurry recirculation

• Hydraulic mixing 
accomplishes stirring 
and mixing via the 
slurry-recirculation by 
pumping it out and 
back to the digester

• Compared to the 
artificial agitation in 
the whole digester, 
slurry-recirculation is 
more cost efficient.



Fluidized bed

• Fluidized bed biogas reactors 
combine immobilization and 
hydraulic mixing to achieve a 
high reactor biomass hold-up 
and a long mean cell residence 
time

• The density of carrier or 
supported materials needs to be 
smaller than the substrate to 
maintain floating. 

• In order to realize excellent 
supports for cell immobilization, 
high porosity and surface area 
are also needed 



Research Progress on Immobilization

• Considering the low growth 
rate of methanogenic 
bacteria, a very long 
residence time is necessary 
in most anaerobic digesters 
to guarantee high biomass 
concentrations 

• via immobilization to support 
materials such as polymers it 
can be easier for 
methanogenic bacteria to 
adjust to unstable 
environments such as 
feeding, which can raise the 
treat rate and prevent the 
loss of bacteria with feeding 
and ejection.

Operating Parameters of Steady-state Methanogenic Processes at various 
Organic Loading Rate a (immobilized methanogenic bacteria to a co-polymer of 
acrylonitrile (90%) and acrylamide (10%) to treat vinasse wastewater)



Effect of support on methane production



IN-SITU METHANE ENRICHMENT

• For those small- or medium-
scaled plants with relative low 
biogas production, a cost-
efficient biogas upgrading 
technology is necessary. In-situ 
methane enrichment combines 
biogas production and 
upgrading processes by 
pumping sludge rich in soluble 
CO2 to the desorption column 
to accomplish CO2 separation 
and then back to digester. 

• Unlike other upgrading 
technologies, the in-situ 
methane enrichment process, 
which separates CO2 and CH4 
in the sludge, could decrease 
the methane loss down to <2% 
and increase the methane 
content to >95%.



Biogas Upgradation 
(BU)cesses



Electrochemically induced biogas upgradation

• BU depends on the syntrophic interactions between fermentative and methanogenic 
microorganisms to increase electron transfer via mediated/direct interspecies electron 
transfer (MIET/DIET) to increase the H2 utilization and other electron carriers and redox 
intermediates towards enhanced CH4 production.

• Microbial interactions for increased electrogenic activity could be triggered for increased 
performance during AD, with the polarized potential developed due to electrode placement 
or by the external supplementation of potential towards higher CH4 production, described as 
electromethanogenesis (EM). Electrode placement or applied potential to a 
microenvironment influences on increasing the reaction/electron transfer rates with respect 
to conventional fermentations towards increasing the CH4 content in total biogas.

• The EM strategy in the presence of electrodes or applied potential helps in efficiently 
neutralizing/reducing the overpotentials and electrochemical losses to overcome the 
limitations of BU.

• EM in synergy with microbeelectrode interactions and the specific microenvironment helps in 
regulating metabolite biosynthesis for CH4 production and could be considered as an 
essential unit operation in the waste biorefinery.



Chemical absorption—amine absorption/stripping 
technology for BU

Amines: methyl diethanolamine (MDEA), diethanolamine 
(DEA), and monoethanolamine MEA  

Figure: Simplified process flow diagram of an amine 
scrubber



Amine absorption: R&D direction

• Development of novel efficient absorbent: amino acid solutions 
(AASs) demonstrates higher SCO2/CH4.

• Development of Amine-functionalized solid sorbents

• Process optimization: Regeneration of absorbents; energy and cost 
minimization



Water scrubbing for BU

• In water scrubbing, CO2 molecules are 
sorbed by means of weak molecular 
forces into the liquid matrix, and it is 
usually performed at low temperatures 
and high pressure to further increase 
CO2 solubility.

• Absorption of CO2 can be significantly 
improved by using an alkaline solution 
instead of water. Difficulty of 
regenerating the alkaline solution is the 
main issue.

• Absorption in K2CO3 solutions

Table: Henry’s constant



BU: pressure swing adsorption (PSA)
• CO2 is adsorbed onto a porous solid surface such as activated carbon 

and then desorbed by changes in pressure.
Temperature swing adsorption: 
● Adsorption: At low temperature;
● Desorption: By heating the bed to remove impurities;
● Cooling: To return to the adsorption step.

Electric swing adsorption (ESA): 
• feeding
• Electrification (raising the temperature of the
bed using a direct Joule effect low-voltage current)
• cooling for biogas upgradation



Membrane-based technology for methane 
separation from biogas

• Practically all materials used for 
fabrication of membranes for 
CO2 removal are polymer-based, 
for example, CA, PIs, polyamides, 
PS, polycarbonates, and 
polyetherimide.

• Most commercial membranes 
are made as asymmetric 
membranes consisting of a thick 
porous layer or support, on the 
top of which a thin membrane 
layer is placed. This layer governs 
the separation and is also 
referred to as the selective layer 
or skin layer.

Common polymer membrane materials and 
their gas transport properties for the CO2/CH4 
binary gas mixture.



Membrane-based technology for methane 
separation from biogas

Recently a two-stage biogas upgrading process using 
dense hollow-fiber membranes made of polyester
carbonate. The breakthrough of this study was the 
use of membrane modules resistant to the presence 
of water and H2S. Due to this implementation, the
pretreatment for desulfurization and drying could be 
avoided, and the upgrading was achieved as a single-
step method. Lower energy consumption
combined with high CO2/CH4 selectivity resulted in 
96% vol/vol CH4 purity and reduced capital 
expenditures when compared to other methods. 



Future Trends

• In-situ BU (in-situ methanation of CO2): Biological approach 
combined with electrochemical/Photocatalytic/photoelectrocatalytic
approach

• Development of efficient membrane modules for CO2 separation and 
its further utilization to offset CO2 emission. 

• Reactor development for versatile feed: energy optimization

• Process parameter optimization
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