
Cite this article as: Lóránt, B., Tardy, G. M. "Current Status of Biological Biogas Upgrading Technologies", Periodica Polytechnica Chemical Engineering, 
66(3), pp. 465–481, 2022. https://doi.org/10.3311/PPch.19537

https://doi.org/10.3311/PPch.19537
Creative Commons Attribution b |465

Periodica Polytechnica Chemical Engineering, 66(3), pp. 465–481, 2022

Current Status of Biological Biogas Upgrading Technologies

Bálint Lóránt1*, Gábor Márk Tardy1

1 Department of Applied Biotechnology and Food Science, Faculty of Chemical Technology and Biotechnology, Budapest 
University of Technology and Economics, Műegyetem rkp. 3, H-1111 Budapest, Hungary

* Corresponding author, e-mail: lorant.balint@edu.bme.hu

Received: 15 November 2021, Accepted: 04 March 2022, Published online: 31 March 2022

Abstract

To limit global warming, ratio of renewable sources in the energy mix has to be considerably raised in the following years. While 

application of e.g. wind and solar power usually generates fluctuations in the electric grid, biogas produced in anaerobic processes is 

an easy-to-store renewable energy source. Raw biogas contains generally ~55–70% methane and ~30–45% carbon-dioxide. Although raw 

biogas can be utilized directly for combustion or combined heat and power generation (CHP), its methane content can be raised to >95% 

by upgrading technologies, thus it can be valorized. By upgrading and cleaning, the quality of the upgraded biogas may reach the quality 

of the natural gas and it may be injected to the gas grid or used as fuel for devices optimized for natural gas. Several physico-chemical 

upgrading methods are available on the market (e.g. high pressure water scrubbing, pressure swing adsorption, membrane technology, 

etc.) to remove the carbon-dioxide content of the biogas. Opposite to the physico-chemical methods, where basically the CO2 removal 

is the main goal, in biological biogas upgrading technologies microorganisms are applied to convert the carbon-dioxide content of the 

biogas to methane (chemoautotrophic upgrading), or algal biomass (photoautotrophic upgrading). The expectations are high towards 

biological biogas upgrading technologies in the field of energy storage linked with carbon-dioxide capture. In this paper, latest research 

results concerning biological biogas upgrading are summarized, viability and competitiveness of this technology is discussed together 

with the most important future development directions.
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1 Introduction
In the frames of United Nations Framework Convention 
of Climate Change Conference (2015, Paris) the coun-
tries agreed on a long-term goal to limit the increase of 
the global temperature to well below 2 °C above pre-in-
dustrial levels. The agreement applies legally binding cli-
mate deal and a global action plan to limit the increase to 
1.5 °C to mitigate the impact and the risks of the climate 
change [1]. The European Union is highly determined in 
climate politics, thus the current medium-term goal for 
2030 described by the EU Climate and Energy Framework 
is to decrease greenhouse gas emission (GHG) by at least 
40% compared to the 1990 base year level, reach at least 
32% part of renewable energy in the energy portfolio, and 
improve energy efficiency by at least 32.5% [2]. As a long-
term strategy, EU aims to reach climate-neutral society 
by 2050, which requires 80–95% GHG emission reduction 
and to reach the renewable energy fraction between 55 and 
75% in the gross final energy consumption [3]. 

Biogas is an important energy source and a valuable 
energy carrier, produced by the anaerobic biodegradation 
of organic matter. As feedstocks of anaerobic digestion 
are most commonly waste materials (e.g. excess sludge 
of wastewater treatment, municipal solid waste, agricul-
tural and industrial waste, etc.), biogas is considered to be 
one of the most useful renewable energy source. In accor-
dance with the EU Climate and Energy Framework, the 
European Union is leader in production of biogas, and 
the amount of biogas produced is significantly growing. 
In 2015, total biogas production of the EU reached 654 PJ 
in energy equivalent, which equals to 18 billion m3 of nat-
ural gas. This is more than sevenfold increase compared 
to the 92 PJ value of the year 2000 [1]. To reach the long-
term goal of climate neutrality in 2050 further efforts are 
required in biogas production and utilization: it is esti-
mated that the current total biogas production of ~17 Mtoe 
(million tons of oil equivalent) which equals to ~710 PJ has 
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to be increased up to ~72 Mtoe (3010 PJ) [4]. To facili-
tate this, research and development of biogas production, 
upgrading and utilization technologies are necessary.

The production of biogas by the anaerobic biodegrada-
tion of organic matter is a complex biochemical process 
catalyzed by a heterogenous microflora, involving several 
different bacterial and archaeal genera. It consists of four 
basic stages: 

1. hydrolysis: degradation of complex organic matter to 
soluble organics (fatty acids, amino acids, sugars); 

2. acidogenesis: production of volatile fatty acids; 
3. acetogenesis: production of acetic acid, hydrogen 

and carbon dioxide; 
4. methanogenesis: formation of methane mainly by 

specific archaeal genera [5]. 

These processes can be conducted both in thermo-
philic (~55 °C) and mesophilic (~35 °C) conditions, in 
anaerobic digesters, composters, landfills, depending on 
the feedstock type. Wide variety of biodegradable organic 
substrates (including agricultural waste, sewage- and 
waste activated sludge, municipal solid waste, industrial 
waste – see in Fig. 1) can be applied as feedstock for bio-
gas production.

Biogas is the direct product of anaerobic biodegrada-
tion. Via anaerobic digestion, the predominant part of the 
carbon content of biodegradable organic substrates are 
converted eventually to CO2 and CH4 , resulting in typi-
cally 55–70% methane and 30–45% carbon-dioxide in the 
produced biogas, providing 15–30 MJ Nm−3 higher heating 
value [6]. Besides CO2 and CH4 , other contaminants and 
byproducts of anaerobic digestion are generally present in 
the biogas in smaller fractions: oxygen (0–3%), nitrogen 
(0–15%), water (1–5%), hydrogen-sulfide (0–10 000 ppm), 
ammonia (0–100 ppm). 

The methane content as well as the presence and the 
concentration of the other constituents highly determine 
the biogas quality and the way of biogas utilization. In cer-
tain technologies the biogas can be utilized without con-
siderable pre-treatment, however, in most of the cases, the 
removal of some constituents and the increase of methane 
content is necessary. Generally, two steps of biogas treat-
ment is distinguished: 

1. biogas cleaning: the removal of toxic, corrosive and 
harmful compounds (e.g. hydrogen sulfide, ammo-
nia etc.); 

2. biogas upgrading: the significant increase of meth-
ane content via the removal of carbon-dioxide, or by 
converting the CO2 content to CH4 . 

By upgrading, biogas is valorized, the quality and the 
heating value is highly raised. The highest quality prod-
uct of biogas upgrading is the so-called biomethane, which 
generally has characteristics (CH4 content and purity) sim-
ilar to natural gas and can be injected to gas grids. In case 
the Wobbe-index (indicator of the interchangeability of 
fuel gases, calculated from the heating value and the spe-
cific gravity) of the upgraded biogas is lower than the 
requirement for gas grid injection, mixing higher hydro-
carbons (e.g. propane) into the gas is possible, as imple-
mented for example in Germany [7].

The basic scheme of the material flows of biogas pro-
duction by anaerobic digestion is summarized in Fig. 1. 
Biogas can be utilized directly by combustion for heat 
generation. This method may be applied without any 
biogas pre-treatment, thus it is a relatively low-cost and 
low-maintenance technology commonly applied on-site 
of the biogas production [8]. To generate electricity or for 
combined heat and power generation processes (CHP) the 
applied technology (gas engine or turbines) determines 
the required quality. Generally, e.g. hydrogen-sulfide 
removal is required and beneficial for the technology, but 
specific gas engines are available to operate with the orig-
inal ~55–70% methane content of the biogas [9], thus bio-
gas upgrading is not necessarily required in this case. 

As natural gas has considerably higher (85–92%) meth-
ane content than biogas, for the injection of biogas to the 
gas grid or for the application as fuel for vehicles with 
CNG (compressed natural gas) engines, biogas upgrading 
is necessary [10]. Although biogas upgrading is demand-
ing in terms of investment and operational costs, upgraded 
biogas is a higher value renewable energy source, and 
it can be perfectly stored. As a result, the application of 

Fig. 1 General pathways of anaerobic digestion, biogas production and 
utilization (yellow – without considerable upgrading;  

blue – requires upgrading)
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upgraded biogas is more flexible than the heat and elec-
tricity produced from original biogas. Consequently, bio-
gas upgrading technologies and the produced high meth-
ane content upgraded gas are of great importance in 
balancing fluctuations of energy production caused by 
the application of other renewable (e.g. solar, wind, etc.) 
sources [11, 12]. Besides the more conventional physi-
co-chemical gas upgrading technologies, the application 
and R&D of biotechnology-based gas upgrading methods 
gain more and more importance. Here, the latest scientific 
and technological results concerning these biotechnolo-
gies are summarized and compared with the conventional 
physico-chemical methods.

2 Biogas composition and conventional physico-
chemical upgrading technologies
Typical biogas composition from anaerobic digestion and 
landfills are summarized, together with the typical natu-
ral gas composition and gas grid injection requirements of 
some countries in Table 1 [6, 10, 13, 14]. Except for methane, 
all the other components are undesirable: they decrease the 
heating value of the biogas and their presence may cause 
harmful effects in biogas utilization technologies.

Carbon dioxide is the second largest constituent of bio-
gas after methane. Caused by the presence of 15–40% 
CO2 , both the heating value and the Wobbe-index of the 
biogas is considerably lower compared to natural gas, and 
the requirement of gas-grid injection, besides, it may cause 
corrosion in the utilization technology [6]. Hydrogen-
sulfide is toxic, harmful to the environment, and by chem-
ical and/or biological oxidation it can form highly corro-
sive sulfuric and sulfurous acid. H2O and NH3 impurities 
may also generate corrosive chemical reactions [6]. 

To reach the standard quality for gas injection or used 
in transportation as fuel, the application of efficient bio-
gas upgrading and cleaning technologies are required [10]. 

Currently, most of the widely used biogas upgrading meth-
ods are based on physico-chemical (mainly sorption and 
separation) principles. The most important features, advan-
tages and disadvantages of these methods are summarized 
in Table 2 [6, 15–17]. Main goal of these processes is to 
remove the CO2 content, and by this, to reach the highest 
possible CH4 concentration and consequently the highest 
possible heating value in the produced upgraded biogas.

High pressure water scrubbing (HPWS) and organic 
physical scrubbing (OPS) are based on the physical 
absorption of CO2 in water (HPWS) or in organic sol-
vent (OPS, e.g. methanol, N-methyl pyrrolidone), while 
chemical scrubbing process (CSP) exploits the reversible 
reaction of solvent (e.g. mono- and diethanolamine) and 
the absorbed substances [15, 18]. By HPWS and OPS, 
efficient H2S removal can also be managed. In case of 
CSP, because of the higher temperature requirement for 
the desorption of H2S from the solvent, a preceding H2S 
removal step is recommended. 

In pressure swing adsorption (PSA), CO2 is adsorbed 
on the surface of the adsorbent (e.g. zeolites, activated car-
bon) under high pressure, and it is desorbed in low pres-
sure conditions, regenerating the adsorbent [19]. Prior 
H2S removal is required for PSA as it may irreversibly 
adsorbed. Temperature can also be the driving force for 
adsorption and desorption in a similar technology: tem-
perature swing adsorption (TSA) [20].

Membrane technology is based on that specific com-
pounds may pass through the semipermeable membrane, 
while other compounds remain in the retentate. The most 
abundantly applied membranes for biogas upgrading are 
organic materials like polysulfone, polyimide, polyether-
imide and cellulose acetate [21]. In biogas upgrading, gen-
erally CO2 passes through the membrane and CH4 remains 
in the retentate. In specific cases, H2S has to be removed 
prior membrane treatment as its presence may decrease the 

Table 1 Typical biogas composition, lower (L) heating value, higher (H) Wobbe-index compared to the composition of natural gas and some standard 
requirements of grid injection and vehicle fuel in three EU member countries [6, 10, 13, 14]

Parameter Unit
Biogas

Natural gas
Grid injection requirements

anaerobic digestion landfill Germany France Spain

Heating value (L) MJ Nm−3 23 16 30–40 – – –

Wobbe-index (H) MJ Nm−3 27 18 45–55 46.1–56.5 48.2–56.5 48.3–57.8

CH4 Vol% 60–70 35–65 85–92 – ≥86 ≥95

CO2 Vol% 30–40 15–40 0–2 ≤6 (dry) <2.5 (dry) 2

H2O Vol% 1–5 1–5 – – – –

N2 Vol% 0–0.5 0–15 0–1 – – –

H2S ppm 0–10000 0–100 1–6 <5 <5 <15

NH3 ppm 50–100 20–200 – ≤20 ≤3 ≤3
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membrane performance. Generally multistage membrane 
technologies are favored against single-stage units, as 
both investment and operation cost may be lower and CH4 
purity is higher in multi-step membrane processes [22]. 

Cryogenic separation operates at high pressure 
(40–200 bar) and low temperature (generally below 
−70 °C) [23, 24]. In these conditions CO2 and H2S 
liquifies, while CH4 remains in gas phase. By the process, 
liquid biomethane (LBM) can be produced which has 
the quality of liquid natural gas (LNG), but the energy 
consumption of this method is considerable (5–10% of the 
energy of the produced upgraded gas) [6, 13].

Although these CO2 separation methods can provide 
grid-scale "natural gas", one should keep in mind that due 

to the removal of CO2 , the quantity of the upgraded gas 
will be significantly lower compared to the original biogas.

3 Biological biogas upgrading technologies
Relatively new approach in biogas valorization is the bio-
technology-based upgrading. Opposite to the aforemen-
tioned physico-chemical methods, where basically the 
CO2 removal is the main goal, in biological biogas upgrad-
ing technologies microorganisms are applied to convert 
the carbon-dioxide content of the biogas to methane (che-
moautotrophic upgrading), or algal biomass (photoauto-
trophic upgrading). In this respect, biological upgrading is 
more progressive than conventional methods, as the total 
energy content of the products are considerably higher 

Table 2 General properties, advantages and disadvantages of the most important physico-chemical biogas upgrading technologies [6, 15–17]

Technology 
(working 
principle)

Typical final CH4 conc. 
(Vol%)

Specific energy requirement 
(kWh/m3 upgraded biogas)

Advantages Disadvantages

High pressure 
water 
scrubbing 
(HPWS) 
(absorption)

>97%

0.2–0.43 kWh/m3

Combined CO2 and H2S removal
Low methane loss (<2%)

Used water can be regenerated
Tolerant to impurities

High investment and operational costs
Slow process

Possible clogging and foaming caused by 
biomass growth

Possible corrosion caused by H2S
High amount of water required even with 

regeneration

Organic 
physical 
scrubbing 
(OPS) 
(absorption)

>97%

0.4–0.51 kWh/m3

Combined removal of CO2 , H2S, HCN, H2O
Low CH4 loss

More energy efficient than HPSW

Expensive, for small scale applications
High energy requirement of solvent 

regeneration
Solvent is expensive and requires special 

handling
Generally high investment and operational costs
Dilution of solvent with water reduces efficiency

Chemical 
scrubbing 
process (CSP) 
(absorption)

>99%

0.12–0.65 kWh/m3

High CO4 concentration with low 
operational costs

All the H2S may be removed at low pressure
Very low CH4 loss (<0.1%)

Faster than HPWS and solvent is easy 
to regenerate

High investment costs
Heat required for solvent regeneration

Solvent is expensive and difficult to handle 
Corrosion, decomposition of solvent, foaming, 

precipitation of salts

Pressure 
swing 
adsorption 
(PSA) 
(adsorption)

>95–98% 

0.24–0.6 kWh/m3

Combined CO2 , N2 and O2 removal
Compact technology available for small scale

Fast installation and start-up
Tolerant to impurities

Low energy requirement

High investments and operational costs
Previous H2S and H2O removal is required

Off gas treatment is required
Impurities may cause fouling and operating 

nuisances
Valve malfunction may cause severe CH4 losses

Membrane 
technology 
(separation)

>92–98%

0.27–0.38 kWh/m3

Combined removal of CO2 , H2S, H2O
Relatively low operational and investment costs
Small-scale units are also economically feasible
High (>99%) methane purity can be achieved 

with membrane units operated in series
No hazardous chemical requirement

Easy and low-cost maintenance

Low CH4 yield in single step membrane process
Multiple steps of membrane processes is 

required for high-purity gas product
Low membrane selectivity

Methane losses are possible (<10%)

Cryogenic 
separation 
(separation)

>90–98%

0.4–0.44 kWh/m3

High purity CO2 can be produced for further use
Low additional energy costs to produce liquid 

biomethane (LBM)
Environmentally friendly, no additional 

chemicals

High investment, operational and 
maintenance costs

High energy requirement for cooling
CO2 residues may remain in CH4
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than the energy content of the feed gas. During the che-
moautotrophic process, the amount of methane (and thus, 
the energy content of the upgraded gas) is considerably 
increased, while it remains constant or (due to methane 
losses) even decreases in case of physico-chemical meth-
ods. At the same time, biotechnological upgrading meth-
ods may provide lower operational cost and decreased 
energy consumption compared to physico-chemical 
ugrading technologies, besides, they do not require expen-
sive chemicals in general [25]. In addition, unlike in case 
of conventional physico-chemical CO2 removal methods, 
the volume flow of the gas will not be affected by the bio-
logical upgrading, i.e. the volume of the incoming biogas 
and the outgoing grid-scale gas will be almost the same.

As a result, diverse novel biotechnological methods 
were developed to meet the carbon dioxide contamination 
limit of various applications. Based on the main meta-
bolic type of the biomass applied, biotechnological biogas 
upgrading technologies are classified as chemoautotro-
phic and photoautotrophic approaches. Main advantages 
and disadvantages of the below detailed most important 
biological biogas upgrading methods are summarized in 
Table 3 [17, 26, 27].

3.1 Chemoautotrophic biogas upgrading
In chemoautotrophic biogas upgrading, by the help of 
hydrogenotrophic methanogenic bacteria, the carbon diox-
ide content of raw biogas is converted to methane accord-
ing to Eq. (1) either directly inside the anaerobic digester 
(in-situ) or in a separate bioreactor (ex-situ). Typical meth-
anogens from the Archaea phylum capable of this conver-
sion are Methanobacterium sp., Methanobrevibacter sp., 
Methanoculleus sp., Methanothermobacter sp., 

Methanococcus sp., Methanosarcina sp., 
Methanospirillum sp., Methanogenium sp., 
Methanomicrobium sp. and Methanospirilum sp. [28, 29].

4 2 131
2 2 4 2
H CO CH H O kJ� � � � �� ��G  (1)

The hydrogen required for the methanation process is 
generally produced by electrochemical water splitting. 
The energy requirement of this process is covered prefera-
bly by renewable sources to keep the process environmen-
tally friendly (e.g. photovoltaic systems) [30]. 

Another possibility is to utilize excess electric energy 
from the grid for electrolysis and convert it into chemi-
cally bond energy stored in a combustible gas. The tech-
nology is called Power-to-Gas (PtG), and its significance 
is expected to increase greatly in the upcoming years, as 
strong local positive and negative electric residual loads 
will occur in the grid, caused by the fluctuations of renew-
able energy sources with a growing proportion in the 
energy mix. The storage of hydrogen, however, is com-
plicated, requires specific, expensive technologies [31]. 
Converting hydrogen to methane via biological biogas 
upgrading, (power-to-methane, PtM) does not only offer 
an opportunity to balance the loads in electricity networks 
and increase the flexibility of the system [32, 33], but PtM 
can serve as a compact seasonal or multi-seasonal energy 
storage solution with acceptable efficiency. Presently this 
method seems to be the best (acceptable storge efficiency 
with acceptable costs) high-capacity seasonal energy stor-
age exceeding four months storage time [34]. The pro-
duced biomethane can be stored in the existing gas-storage 
infrastructure without considerable energy-loss or further 
investment compared to other energy storing methods 
(batteries, hydro-storage, compressed air) [35].

Table 3 General properties, advantages and disadvantages of the most important biological biogas upgrading technologies [17, 26, 27]

Technology 
(working principle)

Typical final CH4 conc. 
(Vol%) Advantages Disadvantages

In-situ 
chemoautotrophic
(methanogenesis)

70–90

Relatively low investment costs
Integrated with anaerobic digestion process

No additional bioreactor required
CO2 capture

Generally lower CH4 content in the upgraded 
biogas than the requirement of gas grid injection
High electric energy requirement for hydrogen 

generation
pH increase, H2 dissolution nuisances

Ex-situ 
chemoautotrophic
(methanogenesis)

>90–95

High methane recovery
Upgraded biogas CH4 content is appropriate for 

grid injection or CNG fuel
CO2 capture

Simple microbiological/biochemical process

High investment and operational costs 
Separate biomethanation reactor is required

High electric energy requirement for hydrogen 
generation

Requires separate H2S removal
pH increase, H2 dissolution nuisances

Photoautotrophic
(photosynthesis) >90–97

High methane recovery
CO2 valorization in the form of algal biomass

Simultaneous H2S removal
Simultaneous wastewater treatment possibility

High investment costs and energy demand
High risk of biological contamination

Low photosynthetic CO2 uptake, high natural 
sources requirement
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3.1.1 In-situ biological upgrading
Principles of the technology
During in-situ biological upgrading, hydrogen is directly 
injected to the anaerobic digester, where via the metabo-
lism of hydrogenotrophic methanogens it reacts with the 
carbon-dioxide present inside the bioreactor, and produce 
methane (see Fig. 2). Under optimal temperature and pH 
conditions, theoretically more than 95% of the potential 
methane can be recovered. To approximate this theoretical 
efficiency, in the actual technologies, innovative hydro-
gen injection methods and efficient pH control has to be 
applied. At the same time, it has to be taken into consid-
eration that the excess hydrogen injection may influence 
the complex microbial and biochemical processes in the 
anaerobic digester causing undesired negative effects. 

Hydrogen injection and dissolution
When the generated hydrogen is injected directly into 
conventional anaerobic digesters, a major drawback usu-
ally occurs: biogas reactors are not designed to overcome 
gas-liquid mass transfer limitations. Henry's constant of 
hydrogen ( 7.8 × 10−3 mol L−1 MPa−1 ) is remarkably lower 
than that of CO2 ( 0.318 mol L−1 MPa−1 ) at standard tem-
perature and pressure. As a consequence, the gas-liquid 
mass transfer rate of the hydrogen is generally the limit-
ing factor of the hydrogen consumption of methanogens, 
and consequently, the methanogenesis [36–38], therefore 
high efficiency hydrogen injection and dissolution meth-
ods have to be implemented to ensure the appropriate per-
formance of in-situ technologies.

Although mixing can improve gas-liquid mass transfer 
and increase CH4 content from 57% to 75% as it was found 
by Luo and Angelidaki [28], but vigorous stirring is energy 
intensive and capable of perturbing the proper functioning 
of the anaerobic consortia leading to a reduction in meth-
ane production [28, 39]. For this reason, several hydrogen 
dosing strategies and reactor designs were developed lately 

to mitigate mass transfer limitations. A Venturi-type sys-
tem for H2 injection was tested by Jensen et al. [40] that 
can be easily retrofitted to existing digesters, while H2 con-
version efficiency of 94% was achieved by using a sub-
merged membrane module for biogas recirculation and H2 
sparging [41]. With the application of hollow fiber modules, 
hydrogen can penetrate liquid phase without bubble for-
mation, thus ameliorating H2 gas transfer coefficient from 
30 to 430 h−1, as it was demonstrated by Díaz et al. [42]. 
With this technology, hydrogen conversion efficiency can 
reach values as high as 98%, what further improves gas-
to-liquid mass transfer rate [43]. Amongst several promis-
ing reactor designs, thermophilic upflow anaerobic sludge 
blanket (UASB) system is one in which effective in-situ 
biogas upgrading is possible reaching a methane content of 
82% [44]. UASB reactors can be further improved by utiliz-
ing different solid carriers to immobilize key microorgan-
isms and to enhance gas transfer to the biofilm. Better res-
idence time of gas per reactor volume and increased mass 
transfer of hydrogen are some of the advantages owing to 
packing materials [45]. 

The pH balance
Carbon dioxide depletion due to the accelerated hydrog-
enotrophic methanogenesis caused by the excess hydrogen 
injection may lead to the increase of biogas slurry pH in 
in-situ upgrading technologies [46]. This alkalization gen-
erated by the reduction of bicarbonates acting as a critical 
natural buffer [30] can shift the pH to values higher than 
nine, where key microbial processes are blocked, as the 
optimum of methanogenic bacteria is around pH 7, while 
their activity is basically inhibited beyond pH 8 [47]. Even 
if complete inhibition can be avoided, the drift to alkalin-
ity is still unfavorable because it decreases the methane 
yield, thus proper control of pH during anaerobic diges-
tion process is of great importance [48].

Alkalization can be controlled by using acidic wastes 
in the anaerobic digesters such as food wastes that are 
prone to low pH due to high VFA levels [49]. For example, 
cheese whey wastewater can be a potential solution [50]. 
Simple [51] and complex, automated pH control systems 
were proposed recently as well [52], which could be inte-
grated into in-situ hydrogen assisted biogas upgrading 
processes. Combining high-pressure anaerobic digestion 
(HPAD) with exogenous hydrogen injection is another 
possibility, since operational problems arising from both 
technologies may mitigate each other. On one hand, 
HPAD is susceptible to acidification due to the excessive Fig. 2 Scheme of in-situ biological biogas upgrading
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CO2 dissolution at high pressure; on the other hand, H2 
injection is responsible for alkalization. With a careful 
process control, both drawbacks might be solved [53], 
while improved hydrogen availability in the biogas slurry 
is also achievable [54]. 

Effect of hydrogen injection on microbial community
Concerning the microbial community of the anaerobic 
digestion during in-situ upgrading, exogenous hydrogen 
influences microorganisms and their metabolic pathways 
by altering reaction conditions and equilibriums. Hydrogen 
producing aceto- and acidogenic bacteria, hydrogen con-
suming homoacetogenic and hydrogenotrophic metha-
nogenic microorganisms are also affected. For instance, 
in conventional anaerobic digesters a relatively low H2 
level (partial pressure <10 Pa) is maintained by interspe-
cies hydrogen transfer between acetogenic and hydrogeno-
trophic microorganisms. Even though hydrogen injection 
resulting in an elevated H2 level favors methanogenic activ-
ity, it adversely affects and ultimately inhibits the break-
down of longer chained volatile fatty acids into acetate [55]. 
Besides, the surplus of hydrogen stimulates homoaceto-
genesis as well: up to 40% of H2 can be consumed through 
the Wood-Ljungdahl pathway (also known as the reductive 
acetyl-coenzyme A pathway, that enables the use of hydro-
gen as an electron donor and carbon dioxide as an electron 
acceptor), contributing to acetate production and acetoclas-
tic methanogenesis to a great extent, that is less favorable 
from the point of view of methane formation [56].

Feasibility and perspective
Despite all the aforementioned difficulties originated 
from exogenous hydrogen dosage, substantial efforts were 
made to overcome them since in-situ biogas upgrading is 
considered economically and energetically more feasible 
for smaller scale biogas plants ( biogas production below 
500 m3 d−1 ) than conventional physico-chemical or ex-situ 
biological upgrading methods due to the considerably 
lower investment cost [38]. Thus, by employing in-situ 
technologies, the cost of biogas upgrading can be reduced 
considerably while biomethane quality may be improved 
close to the level of natural gas [57].

Even though significant progress has been achieved 
in the field of in-situ biological biogas upgrading, most 
technologies (apart from some rare exceptions) have only 
been tested at lab- and pilot-scale. Jensen et al. [40] tested 
a Venturi-type H2 injector in a full-scale 1200 m3 anaero-
bic digester, but hydrogen consumption efficiencies were 

modest (10–26%). Later on, the same research group mod-
ified their system based on previous results and demon-
strated the potential of a Venturi-based mixing system for 
H2 injection to facilitate gas-liquid mass transfer by achiev-
ing 49% maximum conversion efficiency and a maxi-
mum methane content of 65% in the upgraded biogas [58]. 
Additional examples of large-scale application is scarce in 
the literature, thus further work is needed to move closer 
to real-life applications and maturing the technology for 
commercialization [25, 59].

While in-situ biological biogas upgrading may consider-
ably increase the methane content and the heating value of 
the biogas produced in the anaerobic digester, the quality of 
the produced upgraded biogas generally does not reach the 
requirement of gas-grid injection or the CNG vehicle fuel. 
As a result, in order to reach the requirements summarized 
in Table 1, considerable technological improvement or joint 
application of conventional physico-chemical upgrading 
methods may be required, as well as biogas cleaning for the 
removal of contaminants like H2S, NH3 , H2O, etc.

3.1.2 Ex-situ biological upgrading
Principles of the technology
During ex-situ biological upgrading, biogas from the AD 
and the exogenous hydrogen are fed into a separate biore-
actor, where (pure or enriched) hydrogenotrophic archaea 
convert the CO2 content of the biogas to CH4 (see Fig. 3). 
Opposite to in-situ technologies, this type of biomethana-
tion is independent of the anaerobic digestion process, so 
the drawbacks arising from exogenous H2 dosing into the 
digester and a number of other biological and mechanical 
issues are evitable. Thus, application of an ex-situ biolog-
ical upgrading method does not disturb the stability of the 
anaerobic digestion [60]. In addition, due to the simpler 
biochemical process, its stability is only dependent on the 
availability of carbon dioxide, hydrogen, essential nutri-
ents and the physiological state of hydrogenotropes, so it 

Fig. 3 Scheme of ex-situ biological biogas upgrading
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is far more controllable than in-situ methods [30, 55]. As a 
result, ex-situ biogas upgrading is preferable in spite of the 
additional investment and operational costs needed for the 
separate bioreactor for biomethanation [61].

Similarly to in-situ technologies, the low solubility of 
hydrogen and the low gas-liquid mass transfer rate lim-
its the bioavailability of hydrogen, hindering the upgrad-
ing process [62, 63] in ex-situ technologies. Therefore, 
considerable efforts have been devoted lately to mitigate 
these disadvantages by the improvement of H2 conver-
sion efficiency and the quality of effluent gas stream [64]. 
According to recent studies, molar ratio of H2 and 
CO2 [65]; operational conditions such as pressure [66] 
and temperature along with inoculum origin [67]; pH con-
trol [68]; mixing and gas recirculation rate [39]; gas load-
ing rates [69] and reactor design are key factors for ex-situ 
biogas upgrading [62].

Alternative feed-gases
Another reason for the increasing interest towards ex-situ 
bioconversion is that not only raw biogas, but different 
industrial CO2 sources can also be utilized as feed gas, 
such as flue gases [70, 71]. By implementing an indus-
trial scale carbon capture, utilization and storage (CCUS) 
technology, carbon footprint reduction and greening 
of many, otherwise heavily polluting industries (e.g. 
steel and cement production) might be possible [72, 73]. 
Furthermore, the possibility of using various carbon 
dioxide sources gives more flexibility, while volumetric 
CH4 production rates are usually higher for ex-situ bio-
methanation [74]. The use of synthesis gas (also know as 
syngas, a mixture mainly of CO, H2 and CO2 generated 
during thermal decomposition of carbonaceous material 
in absence of oxidizing agent) as substrate is also of great 
promise, as it has been reported on several occasions. 
With stoichiometric H2 addition, methane contents as high 
as 95–98% were achieved [75, 76]. This thermo-biochem-
ical route of biomass valorization and biomethane produc-
tion is considered to be competitive and advantageous for 
small-scale installations compared to the physicochemi-
cal Sabatier process, which produces methane and water 
from a reaction of hydrogen with carbon-dioxide at high 
temperatures (300–400 °C) and pressures (3 MPa) in the 
presence of a nickel catalyst [77]. Another huge advantage 
of biological upgrading compared to the Sabatier-reaction 
is that it can tolerate contaminants such as hydrogen sul-
fide or siloxanes, and work with mixed CH4 / CO2 feed gas. 

During high-temperature chemical methanization, con-
taminants (even methane) can lead to undesired chemical 
reactions, like methane reformation [78].

Bioreactor design and operation
An efficient way to overcome hydrogen mass trans-
fer limitation is the appropriate bioreactor design. 
Kougias et al. [62] compared the conversion efficiency 
and the effluent quality of a serial upflow, a continu-
ously stirred tank and a bubble column type reactor. 
Furthermore, the effect of gas recirculation at two rates 
was investigated. Methane contents higher than 98% 
in the output gas were achieved with the serial upflow and 
the bubble column reactor, while the increased gas recir-
culation rate enhanced the biogas upgrading efficiency by 
improving the gas-liquid mass transfer rate of H2 [62].

Also, anaerobic trickle-bed reactors (TBR) have drawn 
considerable attention in recent days, as it may overcome 
process scale-up constraints [60]. The bed space is not sub-
merged, but a recirculated fluid stream containing essen-
tial nutrients tricks the surface of the carrier covered with 
immobilized microorganisms, thus creating a three-phase 
gas-liquid-biofilm system [79]. This configuration provides 
large contact area, a higher concentration gradient as the 
driving force for mass transfer and a shorter diffusion path 
between methanogenic archaea and gas phase [70]. In addi-
tion, the mass transfer barrier in the gas phase can be more 
or less neglected, as diffusion coefficients can be about 
four orders of magnitude higher in gas compared to aque-
ous medium [80], so the transfer of gases to biofilm is much 
better compared to traditional fixed-bed reactors [79]. 
Accordingly, several studies reported nearly full (~99%) or 
slightly lower H2 conversion efficiencies in TBR along with 
methane contents higher than 95% [81], in spite of rapid 
H2 load changes due to fluctuating availability of excess 
renewable energy [82]. However, the selected carrier mate-
rial is of significant importance, while the adequate supply 
of micronutrients through carrier irrigation was identified 
as imperative for stable and long-term operation [83, 84]. 
So far, there is only one study investigating the long-term 
ex-situ biomethanation of biogas using a mesophilic TBR, 
in which biogas from a pilot-scale anaerobic digester was 
converted to a gas containing 97% CH4 [65].

Another solution for the mass transfer limitation is the 
countercurrent recirculation of the liquid-phase to enhance 
surface contact and time with the injected gas in the reac-
tor. Accordingly, 80–89% methane contents along with H2 
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conversion efficiencies >93% were reported in a laborato-
ry-scale immobilized biomethanation bioreactor (IBBR). 
In this technology, higher recirculation ratios (hydrau-
lic retention times were lower than 30 min) were applied 
enabled by the immobilization of microorganisms within 
a polymeric-based matrix that prevented washout and the 
structural and functional damage of the biomass [85].

Also, fed-batch reactor configuration proved to be 
a promising alternative to the conventionally used flow-
through systems, as high H2 loading rate, complete con-
version of H2 / CO2 to CH4 and low operation cost were 
reported in a recent study. Since flow-through reactors 
are optimized to maximum H2 conversion efficiency, 
generally low hydrogen injection rates are applied that 
limit methane production rates. In spite of the inter-
mittent operation of the fed-batch reactor, a remarkable 
1000 mL L−1 d−1 H2 consumption rate was attained, while 
methane was enriched up to 95% [86].

Gas injection and dissolution
Different mixing techniques (gas recycle vs. mechan-
ical) and operating temperatures were investigated by 
Yun et al. [87]. Combination of thermophilic conditions 
and gas recycle was the most effective. An almost com-
plete conversion of H2 and high calorific biomethane ( 96% 
CH4 ) was achieved during long term operation of the 6.3 L 
reactor by applying intensive gas recycling ( 200 L L−1 d−1 ) 
through a glass fiber disc (pore size of 20 μm) [87].

The effect of gas diffusers with different pore sizes was 
examined as well in up-flow reactors (1 L) at thermophilic 
conditions. Continuous gas recirculation was applied as 
means of mixing. By achieving a more efficient disper-
sion of CO2 and H2 in the liquid phase with silicon carbide 
diffuser (dpores = 7 μm) and low input gas flow rate (gas 
retention time of 10 h), CH4 concentration of 99 ± 0.1% in 
output gas was obtained. Although higher input gas flow 
rate led to higher methane production rate, but output CH4 
content decreased because of insufficient H2 solubilization 
and lower H2 utilization efficiency [88].

The pH balance
Similarly to in-situ biomethanation, H2 addition can cause 
alkalization due to the disruption of the bicarbonate buf-
fer system, negatively influencing the process stabil-
ity [62, 74]. Bassani et al. [89] investigated the effect of pH 
from 6.0 to 10.0 on enriched hydrogenotrophic culture of 
an ex-situ system, and reported that methane production 

decreased significantly when pH was increased from 8.0 
to 8.5 and completely stalled at pH 10. Results indicate 
that despite the deterioration in CH4 yields, hydrogeno-
tropes are tolerant up to a pH of 8.5 [89].

Apart from the depletion of bicarbonates, ammo-
nia accumulation as a result of protein degradation and 
the buildup of volatile fatty acids can also alter the pH 
of an anaerobic digester during in-situ biogas upgrading. 
In case of ex-situ methanogenesis, the risk of pH increase 
due to ammonia accumulation is nonexistent. On the 
other hand, acetate accumulation linked to the increased 
activity of homoacetogenic bacteria can decrease the pH, 
if syntrophic acetate oxidizing bacteria and acetoclastic 
methanogens cannot keep the acetate levels low [68, 90]. 
Adjustment of CO2 partial pressure by CO2 / H2 feed ratio 
was proved to be an effective method for pH control [91], 
but the use of buffer media also has some potential as a 
short-term solution [68].

Feasibility and perspective
Bio-methanation reactors can be operated as standalone 
biogas-upgrading technologies, in this case biogas from 
e.g. anaerobic digestion can be directly used as feed gas. 
Combining physico-chemical upgrading technologies with 
ex-situ bio-methanation, the high CO2 content downstream 
gas of the physico-chemical technology can be utilized 
as the feed-gas of ex-situ bio-methanation [92]. Techno-
economic analysis and comparison of three scenarios 
(1 - amine scrubbing; 2 - standalone ex-situ bio-methana-
tion; 3 - combined amine scrubbing and ex-situ bio-meth-
anation) showed that if the main goal is the storage of 
surplus renewable electricity as methane, the direct meth-
anation of biogas is more economically advantageous than 
capturing the CO2 from amine scrubbing and subsequently 
converting CO2 to CH4 via bio-methanation [93]. 

The investment and operational costs of ex-situ biogas 
upgrading are considerably higher than in-situ upgrad-
ing. At the same time, by the application of ex-situ bio-
gas upgrading, gas-grid injection requirement of methane 
content can be reached in the produced upgraded bio-
gas, thus this technology can be considered as a potential 
competitor of the physico-chemical upgrading methods 
detailed in Table 2. As water electrolysis requires elec-
tricity, the competitiveness of the power-to-gas technolo-
gies, and thus, ex-situ biomethanation is highly dependent 
on the electricity prize: the lower is the electricity prize, 
the higher is the competitiveness of these technologies 
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against physico-chemical methods (e.g. amine-scrub-
bing, membrane separation) in terms of methane produc-
tion costs [94]. A case study showed that if excess elec-
tricity purchased for 50% of the regular electricity prize 
for hydrogen production, ex-situ biological upgrading may 
have better economic performance than water scrubbing, 
however, if regular electricity is purchased water scrub-
bing outperforms biomethanation [35].

Currently, similarly to the in-situ technologies, full-
scale applications of ex-situ biological upgrading are 
rather scarce, these technologies are relatively new and 
requires maturation to allow reduction in investment and 
operational costs to reach economic feasibility [93]. 

3.2 Photoautotrophic biogas upgrading
3.2.1 Principles of the technology
Microalgae are autotrophic microorganisms, and as such, 
able to produce biomass by converting light energy into 
chemical energy and fixing CO2 . Algal biomass can be 
utilized as feedstock for anaerobic digestion [95], as food 
and several valuable algal components (e.g. the oil or 
the carbohydrate content) are attracting special attention 
nowadays [96–98]. 

During direct photoautotrophic biogas upgrading, raw 
biogas is injected into either an open or a closed photobio-
reactor, where microalgae are fixing the CO2 content while 
producing valuable new biomass (see Fig. 4). The pro-
duced algal biomass can be applied as a feedstock for the 
anaerobic digestion enhancing the biogas production or 
further utilized in separate technologies. 

A significant advantage of the process is that simulta-
neous CO2 and H2S removal is possible [99]. Removal of 
nutrients (different forms of nitrogen and phosphorus) and 
various contaminants from wastewater or anaerobic diges-
tion effluent used as culture medium in the reactor is also 
achievable by the algal cultivation [100–102]. Thus, photo-
autotrophic biogas upgrading may have multi-fold benefits.

3.2.2 Technological challenges
Main challenges of the technology are the low solubil-
ity of CO2 and its mass transfer, limiting cell growth of 
microalgae and its carbon dioxide removal [103]. For the 
very same reason, up to 90% of the input CO2 may leave 
the bioreactor unutilized [104]. Despite of the low solu-
bility of CO2 , its increasing concentration may lead to 
the acidification of culture medium, which is adverse to 
microalgal growth [105]. Geographical and seasonal avail-
ability of sunlight have to be taken into account as well, 
since microalgae biomass production is often limited by 
the light energy. Therefore, artificial lighting systems 
with durable, reliable, and efficient light source would be 
preferred, but installing and operating these systems are 
often costly [106]. CH4 is also dissoluble in the medium, 
resulting in a significant methane loss in photobioreactors 
with larger volumes. Moreover, in case of direct upgrad-
ing (detailed below), harvesting of the upgraded biogas 
requires a closed system. This requirement can limit the 
design of bioreactors and microalgal growth. Last but not 
least, O2 contamination in the final biogas as a result of 
microalgal photosynthesis pose further challenges [107].

3.2.3 Developed/developing technological solutions
To mitigate the above-mentioned limitations, several tech-
nological solutions and innovative bioreactor systems 
have been proposed.

By using a microalgae bag photobioreactor with opti-
mized lighting control and light wavelength, average CO2 
removal efficiency of ~85% and final CH4 contents higher 
than 90% were achieved, while simultaneous biogas 
slurry decontamination was successfully accomplished: 
85.5% of COD, 92.4% of total phosphorus and 87.1% of 
total nitrogen was removed in average [108].

Marine microalgae Tetraselmis suecica was cultured 
using biogas as carbon source and anaerobic digested pig-
gery effluent as nutrient source. Average CO2 uptake of 
94% was recorded at 7.5 pH that also supported high bio-
mass productivities with increased lipid and carbohydrate 
yield. Total nitrogen and phosphorus removal efficiencies 
reached 96% and 72%, respectively, and theoretical meth-
ane concentrations calculated from CO2 uptake were in the 
range of 96% [109].

Indirect photoautotrophic biogas upgrading is another 
approach to overcome the limitations of direct photoau-
totrophic upgrading. In this approach, CO2 is captured 
from the biogas efficiently by carbonate solution at alka-
line condition in an absorption column, forming bicar-
bonates. Then, bicarbonate serves as the carbon source Fig. 4 Scheme of photoautotrophic biogas upgrading
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in the photobioreactor. During carbon dioxide biofixation 
by microalgae, carbonate is regenerated from the bicar-
bonates and can be recycled for the next biogas upgrad-
ing cycle. Although this technology requires halophilic 
and alkaliphilic strains, it has several advantages: energy 
intensive gas sparging is unnecessary, carbon dioxide can 
be temporarily stored in the form of bicarbonate and the 
high ion concentration along with alkaline conditions can 
prevent microbial contamination of the bioreactor [110].

Marín et al. [111] tested three operational strategies of 
an outdoors pilot scale photobioreactor connected with an 
external absorption unit. When a greenhouse was applied 
during winter conditions, microalgae productivities typi-
cal for continental weather conditions were successfully 
maintained while CH4 concentrations in the biometh-
ane ranged from 89.5% to 98.2%. By introducing direct 
air stripping of CO2 in the photobioreactor that provided 
an effective CO2 and H2S removal, methane concentra-
tions increased to 93.0%–98.2% in the outlet gas of the 
absorption unit. Finally, methane concentrations in the 
upgraded biogas during summer conditions were between 
96.3%–97.9% when digestate was used as make-up water. 
Moreover, complete H2S removal was achieved under all 
strategies tested [111].

3.2.4 Feasibility and perspective
Microalgae cultivation based photoautotrophic biogas 
upgrading technology is still under development facing 
several challenges, yet it is a promising future solution for 
biological CO2 and H2S removal from raw biogas. Several 
different photosynthetic systems with various microalgae 
strains have been tested to this day to enhance CO2 fixa-
tion. The cost of photoautotrophic biomethanation is prin-
cipally dependent on the configuration. Generally, indi-
rect upgrading systems using open ponds are cheaper and 
exhibits better performance than indirect systems with 
photobioreactors, but due to the problems arising from. 
land-limitation, the latter version is preferred [112]. Since 
operational modes and conditions (such as temperature, 
pH, lighting intensity and wavelength spectrum, etc.) can 
affect process efficiency, optimized parameters were pro-
posed as well, but often without cost-benefit analysis.

Choosing the most suitable microalgal strain for cultur-
ing is of utter importance as well. Preferably it has high 
carbonic anhydrase activity, can tolerate alkaline condi-
tions and high CO2 concentrations, capable of mixotrophic 
growth and easy to harvest [113]. Harvesting microalgae 
can be technically challenging because of small cell size 

(<30 μm), growth in dilute suspension (0.02–0.05% dry 
solids), negligible density difference of cells to their cul-
ture medium, negatively charged surface (zeta potential), 
and their high growth rates which needs frequent harvesting 
compared to land crops [114]. As most harvesting technol-
ogy capable of separating unicellular microalgae efficiently 
is considerably energy intensive (e.g. centrifugation) [115], 
the cultivation of filamentous species (filament length 
between 50 and 500 μm) is advantageous since their separa-
tion is significantly easier [113]. Co-cultivation of microal-
gae and fungi is also promising due to the higher eco-
nomic and energy efficiency: energy consumption for CO2 
removal were 19.9–23.3% USD−1, compared to the 3.78–
22.34% USD−1 value of traditional monocultures [116].

In summary, to achieve an energetically balanced and 
economically feasible photoautotrophic biogas upgrad-
ing technology, system configuration, operational condi-
tions and microalgae strain have to be selected carefully. 
Despite of the high capital costs, environmental benefits 
of the microalgae-based CO2 removal may counteract 
those high expenses to some extent, but economic feasi-
bility would be determined mainly by the value of algal 
biomass, or by the use of algal reactors for other purposes, 
such as wastewater treatment [112, 117].

4 Conclusions, outlook
Anaerobic processes are currently widely applied to pro-
duce biogas, which is generally considered to be a import-
ant renewable energy source. Produced biogas is much eas-
ier to store, without considerable loss compared to other 
renewables (e.g. electricity from solar or wind). The qual-
ity and the heating value of the raw biogas, however, is con-
siderably lower than that of the natural gas and the quality 
requirements of gas-grid injection, primarily because of 
its 15–40% carbon-dioxide content. To valorize the biogas 
and raise its methane content, gas upgrading technologies 
are applied. Besides the more conventional physico-chem-
ical biogas upgrading methods (HPWS, PSA, membrane 
separation, etc.), biological biogas upgrading gained more 
and more interest, as by these biotechnologies, the car-
bon-dioxide content of the biogas is directly transformed 
to methane (chemoautotrophic approach) or valuable algal 
biomass (photoautotrophic approach), considerably rais-
ing the total heating value of the end-products. 

The expectations are high towards the biological biogas 
upgrading technologies in the field of energy storage linked 
with carbon-dioxide capture. To this day, predominantly 
lab- and pilot-scale researches are available in the literature, 
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but full-scale applications are rather scarce. As chemoauto-
trophic upgrading requires external hydrogen supply pro-
duced mainly by electrolysis, the economic feasibility of 
this approach highly depends on the energy efficiency and 
the prize of the electric energy applied. Current research 
and development efforts aim mainly to raise the hydro-
gen injection and conversion efficiency. In photoautotro-
phic approach, the CO2 injection and conversion efficiency 
are aimed to be raised in most of the current development, 
while the payback by further utilization of the algal bioreac-
tors for nutrients removal and valorization of algal biomass 
are key factors of economical feasibility.

Besides technological improvements, governmental 
regulations may also highly influence the viability of these 
biotechnologies. Along with the aims of EU Climate and 

Energy Framework, with appropriate governmental sub-
sidies for biomethane, the competitiveness and economic 
feasibility of these technologies can be highly increased.
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