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Abstract

Worldwide, anaerobic digestion for sanitation and utilization of the produced biogas as energy carrier have a
long-standing history. Concomitantly, digested residues from biogas plants are utilized as valuable fertilizers in
crop production. In Germany, guaranteed prices for electricity generated from renewable sources pushed the
number of biogas plants from about 140 in 1992 to about 7,720 by the end of 2013, and the share of electricity
supply from biogas close to 4.5%. In the midterm, biogas is given considerable potential to fill up the residual
load from electricity generation based on wind and photovoltaic. In this review, we give an overview of the
state-of-the-art of biogas technology for energy supply from agricultural inputs, based mainly on the situation in
Germany. Focus is placed on the monitoring and control (M&C) of biogas plants as a means of meeting the
growing demands for productivity and reliability of biogas supply. We summarize prominent factors for the stability
and productivity of the anaerobic digestion (AD) process, and present latest findings about molecular biology tools,
bioindicators, the ‘metabolic quotient’ and cDNA/DNA ratios for process analysis. In view of the large diversity of
agricultural biogas installations, we discuss the cost-benefit ratio of M&C effort and equipment. In the light of the
transformation of the energy system in Germany towards renewable sources (‘Energiewende’), we give an outlook on
prospects and concepts for the future role of biogas technology in agriculture and energy supply. We also address
recent misguided developments, as the sustainable development of biogas technology in agriculture can only be
realized within the ecological, economical, and social boundaries of underlying agro-ecological systems.
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Review
The most prominent beneficial features of the anaerobic
digestion (AD) process are generation of biogas as a
renewable energy carrier based on solar energy stored
in biomass and hygienization of the input material
during the treatment. Although it turns out from the
following section that making use of hygienization is
invaluable and has a long-standing history, the focus
of this manuscript is on energy supply from biogas.
The intent is to highlight the role of biogas production
in a sustainable renewable energy framework in order to
counteract consequences of the unsustainable resource
management in the last century. Moreover, intensifying
* Correspondence: michael.lebuhn@lfl.bayern.de
1Bavarian State Research Center for Agriculture, Department for Quality
Assurance and Analytics, Lange Point 6, 85354 Freising, Germany
Full list of author information is available at the end of the article

© 2014 Lebuhn et al.; licensee Springer. This is
Attribution License (http://creativecommons.or
in any medium, provided the original work is p
sustainable energy use has gained particular importance
since the recent catastrophes with nuclear energy.
This article builds on recent reviews by Weiland [1]

and Braun et al. [2] on the state of biogas production in
2010, with emphasis on the development in Germany. In
the last few years, the role of biogas as envisaged in the
German renewable energy concept (see ‘The role of biogas
within the German energy supply system’ section) has
fuelled respective research and practical initiatives, result-
ing in an enormous increase of scientific perception
and technical know-how. Such new aspects, insights,
and developments, particularly from the side of micro-
biology, are integrated into the current review. They
modify or change some established opinions and open
the doors toward new biotechnological developments,
some of which are introduced in more detail.
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Background
In this section, a brief history of biogas production is
compiled from information publicly accessible in the
internet [3-7]. The utilization of biogas from AD appears
to have a long history. There is evidence from anecdotes
that biogas was used already 3,000 years ago for heating
bathing water in Assyria. Marco Polo reported that cov-
ered sewage tanks, obviously built for biogas production
some 2,000 to 3,000 years ago, were mentioned in ancient
Chinese literature. From these reports it appears that the
utility of biogas as energy carrier and of the process for
hygienic improvement has been recognized very early.
In Europe, the earliest reports mentioning the flammable

biogas date back to the 17th century. In the 18th century, it
became a matter of scientific research. It was found that
the amounts of flammable gas and decaying organic matter
were correlated, that the process developed under anaer-
obic conditions and that the flammable component of the
gas produced in anaerobic digestion of cattle manure was
methane.
Further developments intended to make use of the

biogas process on a bigger scale. The first biogas plant
was built in India in 1859 for the treatment of sewage
from a leper colony, making use of the hygienizing feature
of the process and the energy content of the gas. Sewage
treatment plants were constructed subsequently in England
and in Germany utilizing the produced biogas first to
illuminate street lanterns, then for heating and later to
feed the public gas supply and fuel vehicles in the early
20th century.
Early in the 20th century, scientific progress boosted

biogas technology worldwide. It was discovered that
microorganisms carry out the biogas process and are
responsible for methane production. In the USA in the
1930s, ideas were developed to utilize cellulose-rich
waste for biogas production. Methane production from
farm manure was developed in India at that time, and
prosperous families built some rural biogas plants in
China. In Europe, including colonies, the first agricultural
biogas plants were constructed in Algeria and, based on
these experiences, this type was spread in southern France
and Italy after World War II. In Germany, the technology
used in agricultural biogas production was initially
adopted from anaerobic municipal wastewater and sewage
sludge treatment plants.
In 1940 due to the increasing energy demand, first

attempts were made to intensify gas production and
improve process efficiency of the AD process by adding
organic residues such as fats. During World War II and
a limited time thereafter, agricultural biogas production
was promoted to supply energy carriers which were in
urgent need. However, when fossil energy carriers, par-
ticularly mineral oil, were at disposal and became cheaper,
agricultural biogas production largely faded in Europe.
Only two of initially fifty plants continued to operate. The
revival of agricultural biogas production has been brought
about by steadily increasing prices of fossil energy carriers,
oil crises, ‘peak oil’, and the growing concern about the
consequences of intensified greenhouse gas emissions
from fossil fuel burning and unsustainable use of
resources.
In India and China, the number of small biogas plants

particularly for rural households strongly increased in
the 1970s due to government development programs and
subsidies. Meanwhile, more than a million small biogas di-
gesters exist in India and more than seven million of these
plants exist in China, where about 28 million households
are reported to use biogas, as of 2008. While initially sep-
tic tanks were used, this type was soon replaced by the
typical dome-shaped constructions. Current developments
include the adoption of European industry-scale biogas
technology.
In Europe and particularly in Germany, due to the in-

creasing energy demand and prices, more industry-scale
biogas plants were constructed in the 1980s, when a boom
of agricultural biogas production was initiated by the Act
on Feed-In of Electricity (StrEG) in 1991 and the Act on
Renewable Energy (EEG) in 2000. With this legislative
framework, renewable energies were given access to the
electricity grid and competitiveness on the market.
However, the excellent properties of biogas for energy
storage and use on demand were neglected, initially.
This item is picked up in the sections ‘The role of biogas
within the German energy supply system’ and ‘Prospects
and concepts’.
Guaranteed prices for electricity generated from biogas

pushed the number of biogas plants in Germany from
75 in 1985 to more than 400 in 1997, and currently
about 7,720 [8]. Besides the generation of electricity, the
digested residue of the AD process is used as valuable
fertilizer in the agricultural nutrient cycle. The heat output
from co-generation units is either used on site or sent to
district-heating systems. After upgrading the biogas to
‘bio-methane’, this can be fed into the gas grid to substi-
tute natural gas. In the following section, the German
energy policy for the coming decades and the concep-
tual integration of biogas production are described, in-
cluding actual biotechnical developments and optimization
potentials.

The role of biogas within the German energy supply system
As outlined in the ‘Background’ section, the pressing
issue of global warming and the nuclear incident in
Fukushima as of 2011 prompted the German govern-
ment to change its concept for the development of the
energy supply system. The catchword ‘Energiewende’
was coined, specifying the roadmap towards a substan-
tial reduction of the use of fossil and nuclear energy
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carriers, in favor of so-called renewable energy sources
(RES).
According to the German ‘National Renewable Energy

Action Plan’ (NREAP) [9], 18% of gross energy consump-
tion shall be covered by RES in 2020, an increase of ca. 8%
compared with the figure of 2009. Until 2050, at least 80%
of greenhouse gas emissions shall be avoided compared to
the emissions in 1990. Sixty percent of the gross energy
demand and 80% of the gross electricity consumption
shall be provided by RES.
In the end of 2012, RES contributed 317.8 TWh (12.7%)

to the final gross energy supply in Germany. Within the
segments electricity, heat and motor fuels, RES accounted
for 45.1% (143.5 TWh), 43.5% (138.3 TWh), and 11.4%
(36.1 TWh), and saved 337.9, 149.5 and 23.0 TWh pri-
mary fossil energy in these areas, respectively. Until 2020,
the share of RES shall be increased in these segments to at
least 35%, 14% and 10% of the final gross energy supply,
respectively [10,11]. Following the ‘Energiewende’ roadmap,
the NREAP foresees that by 2020, the major part of elec-
tricity will be provided by wind energy (104.4 TWh versus
36.5 TWh in 2010), followed by bioenergy (non-fossil,
49.5 TWh versus 33.5 TWh in 2010), photovoltaics (41.4
TWh versus 12.0 TWh in 2010) and hydropower (20.0
TWh versus 19.7 TWh in 2010). Geothermal and sea/tidal
energy will contribute a minor portion (<5 TWh). Biogas
(including biogas derived from the biogenic fraction of
waste) will make up at least a major part (47.3% versus
41.5% in 2010) of bioenergy [12].
The German Agency for Renewable Resources (FNR)

estimated in 2011 that bioenergy from non-fossil biomass
can supply 23% (1,640 PJ) of the German total energy
demand (6,950 PJ) in 2050 [13]. In this figure, the FNR
assigns the potential to energy crops that they can make
up 45% of the bioenergy contribution in 2050, followed
by forestry products (22%), agricultural residues (18%)
and other biogenic waste or residues (15%). More than
63% of the bioenergy might thus originate from agricultural
sources, and this portion could be provided almost exclu-
sively by biogas production. The low estimate of forestry
without major increase is explained by the difficulty to
digest lignocellulose fibers, but also by competing use of
wood, e.g., as building material. Although the complete
utilization of biowaste such as food leftovers is highly
desirable and technological progress along with public
efforts will increase the utilized portion to some extent, a
major contribution cannot be expected to originate from
this segment simply due to the necessity to avoid the
production of biowaste. AD of organic waste requires add-
itional measures since hygienization criteria imposed by
European and national legislation must be met [14,15].
However, these figures drawn by the FNR may change

with the most recent political and economical develop-
ments [16]. The progressive implementation of RES into
the energy supply system is sustained, with the develop-
ment goal to cover 40% to 45% of the electric energy
supply until 2025 and 55% to 60% until 2035, but in the
biomass sector priority is assigned to the utilization of
agricultural residues and biogenic waste in additionally
installed plants, whereas energy crops fall out of favor.
Respective modifications in the forthcoming release of
the EEG in 2014, e.g., of feed-in tariffs will most likely
affect the composition of the future substrate spectrum
of agricultural biogas plants. In this case, the abovemen-
tioned shortcomings of lignocellulose-rich biomass and
of biowaste will be an aggravating issue.
Compared with photovoltaics and wind energy, the par-

ticular advantage of bioenergy is that produced biomass
or reduced carbon compounds (see below) can be stored
and are available on demand, whereas wind and sunlight
are subject to weather and seasonal fluctuations. Besides
providing some of the basal energy supply, the major
contribution of bioenergy will therefore consist in filling
energy supply gaps that arise if demand exceeds electricity
supply from wind power and photovoltaics [17]. As speci-
fied later (see ‘Prospects and concepts’ section), temporary
surplus production of electricity may also be converted to
storable products such as methane by biogas upgrading
(‘biomethane’) and so-called ‘power-to-gas’ technologies.
These technologies are thus ideally suited to balance
weather-dependent electricity production and oscillating
energy demand.

Agro-environmental and social aspects
Large-scale biogas production may either be realized by
governmental planning, irrespective of competitiveness,
such as in the 1970s in China (see ‘Background’ section),
or in a framework of competition on the market, possibly
with initial subsidies to support the establishment of the
technology as it was the case in Germany (see ‘Background’
section). As a consequence of the low milk prices, many
dairy farms lost profitability. The biomass grown on this
former pasture land could not be used for dairy feeding
anymore. If the biomass is not used alternatively, e.g. for
biogas production, the land would fall out of agronomical
production. According to a recent prediction for Bavaria
until 2020, 165,500 to 208,800 ha of permanent grassland
will fall out of use, and 70,900 ha crop land will fall out of
feed production [18]. If biomass utilization can be diverted
to energy production and concomitantly generates income
for the farmer, further cultivation of the grassland is justi-
fied. The term ‘from farmer to energy entrepreneur’ was
coined for this development. However, it turned out that
many factors, including economical, ecological, and social
aspects influence the competitiveness and viability of this
enterprise.
In a recent survey, 378,000 work places were assigned

to renewable energies in Germany in 2012. Within these,
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129,000 fell upon the segment of bio-energy [19], of which
45,485 work places were counted in the biogas industry
sector [8]. As a result of changes in the regulations and
reductions in feed-in tariffs, the biogas industry had to cut
jobs by nearly 18,000 in the last 2 years, and further job
losses are expected for 2013. In accordance, business vol-
ume in the biogas sector fell from 8.3 billion € in 2011 to
7.3 billion € in 2012, and a further decrease to 6.9 billion €
in 2013 is predicted by the German Biogas Association
[8]. For 2014, however, a slight upward trend is expected
for this industry line.
Public acceptance is a major factor influencing the de-

velopment of the agricultural biogas industry. Currently,
more than half of the German agricultural biogas plants
are in private hands. Therefore, economic considerations
as well as acceptance by the neighborhood and the public
in general are decisive factors for the success of a con-
struction project, besides legal premises. Although recent
surveys [20] attest overwhelming public compliance with
the promotion of renewable energies, this acceptance can
be significantly restrained in cases of personal concern
due to ‘Not-In-My-Backyard’ considerations. It is thus
advisable to involve the public from the beginning of a
project, at best by building a participation cooperative and
a structure that creates added value for the region [20].
The utilization of organic waste and agricultural residues

for energy production is generally accepted and publically
supported. Biogas production from animal manure has
probably the longest history. Although complete utilization
of liquid manure and dung from animal husbandry and
fattening would be most desirable, excess production may
not be usable as fertilizer in the farm or enterprise nutrient
cycle. Transport of manure with high water content to
neighbor buyers may not be economical. Utilization of
animal manure for biogas production is an excellent
option since it contains a broad spectrum of suitable
AD microorganisms and buffer capacity stabilizing the
process, and hygienization of the manure during the AD
process is of ecological and socio-economic value [21].
However, covering the cost for construction and main-
tenance of biogas plants using animal manure solely is
challenging due to the low methane yield of this input
[22], and the nutrient cycling problem still remains.
Liquid-solid-phase separation of the digestate may be an
option if transportation of solids is economically viable
and the internal nutrient cycles can be closed.
On a fresh matter basis, the methane yield from starchy

energy crops is an order of magnitude higher than that of
liquid manure. Currently, maize is the most productive
and well-known crop, and is therefore used on more than
75% of the agricultural biogas plants in Germany, provid-
ing about 60% of the biogas energy [23]. Since it is not
sustainable to build a crop sequence only on maize, alter-
natives to and combinations with this crop are studied
intensively. Besides well-established crops such as different
cereals, new energy crops are bred and tested, e.g., sorghum
or perennial crops such as Sida hermaphrodita. As men-
tioned above, another option is the use of grassland for
biogas production. However, what cannot be neglected
and is now frequently criticized is the fact that the produc-
tion of biogas from energy crops already requires substan-
tial areas of cropland. For 2013, the FNR states that 1.157
million hectares of cropland were dedicated to the pro-
duction of biogas. This is close to 10% of the available
cropland in Germany. Since it is questioned whether the
competing use of cropland for biogas instead of food or
feed production is desirable and sustainable, balancing
both production lines to counteract one-sided overpro-
duction must be attempted.
When comparing electricity from biogas to other

renewable and conventional energy carriers, it turns out
that the environmental impacts of biogas plants can to a
large part be attributed to crop production. In comparison
to a reference system for electricity and heat supply based
on fossil fuels, it appeared that specific eutrophication and
acidification potentials for biogas from maize were signifi-
cantly higher. However, with respect to energy consump-
tion and greenhouse gas (GHG) emissions, energy supply
from biogas resulted in considerably lower impacts [24].
Specific GHG emissions of biogas electricity can be ex-
tremely variable, particularly in dependence on the type
of input materials, i.e., mainly energy crops or manure,
and the utilization ratio for heat, as shown in studies of
exemplary biogas installations in Bavaria [25]. Modeling
the GHG balance of biogas from energy crops is limited
by the very large uncertainty with respect to nitrous oxide
emissions from cropland [26]. Dominant influencing tech-
nical factors on the GHG balance are methane emissions
from open storage of digested residues and incomplete
combustion in co-generation units [27]. Substantial emis-
sions of methane from biogas plants due to leakage of
digesters and pipes are limited to exceptional cases. Biogas
systems for combined heat-and-power production based
on energy crops have been criticized for their relatively
high GHG mitigation cost in comparison to other bioe-
nergy pathways such as short-rotation wood or straw [28].
As for Germany, due to the abovementioned limitations

and concerns, it is doubtful whether the production of
biogas from cropland will further be extended significantly
and whether this is desirable, at last. In other countries,
biogas crops have not played a comparable role yet due to
their high production cost. What will be of increasing
interest, though, is the integration of the existing capacity
of biogas plants into the energy supply system. As outlined
below, it is comparably easy and affordable to decouple the
processes of biogas production and utilization on a
daily basis to provide balancing power for the fluctuating
energy output from wind and photovoltaic.



Lebuhn et al. Energy, Sustainability and Society 2014, 4:10 Page 5 of 21
http://www.energsustainsoc.com/content/4/1/10
Process engineering and optimization
Optimized AD process performance is a prerequisite of
economically and ecologically sustained biogas plant oper-
ation. The ‘hardware’, design, and technology must provide
optimum conditions for the microbial biocenosis that car-
ries out the AD process. The weakest link of the intimately
cooperating, stepwise syntrophic microbial nutrition chain
determines process rate and efficiency. Since these syn-
trophic associations between methanogenic Archaea and
certain bacteria are thriving at the limit of possible energy
gain [29], process perturbation will typically affect these
first, resulting in process acidification due to accumulation
of products from upstream primary fermenting microor-
ganisms. As a consequence, disproportioning will remain
incomplete, hydrogen will not be converted and thus lost,
and the digested residue will still contain a considerable me-
thane potential. This will result in deficient process perform-
ance and profitability as well as environmental impacts.
It is therefore of uppermost importance to avoid process

perturbations by providing optimum conditions for the
biocenosis. Both microbiological and technical factors are
interdependently determining the efficiency of the overall
biotechnological AD process. Important items and new
developments from both fields are discussed in the
following.

Microbiology and process control
Microbial nutrition Sufficient nutrients with suitable
macro- and trace element (TE) composition must be
provided along with other factors such as suitable water
content and sufficient retention time to allow prolifera-
tion of even the most slowly growing process-relevant
microbe. C/N/P/S ratios in the range of 300 to 600/15/
5/1 to 3 turned out to be a good clue [1]. However, due
to inconsistent or conflicting research and practice
reports, there is considerable debate on minimum TE
concentrations and heavy metal toxicity levels. Considering
that anions such as sulfide or phosphate can precipitate
and diminish the availability of several essential TEs, the
presence of obscuring levels of precipitates and respectively
altered TE bioavailability can explain inconsistent reports.
In order to define minimum levels of essential TEs, a

long-term experiment was performed [30] feeding six
mesophilic single-stage biogas fermenters only with maize
silage, excluding noteworthy heavy metal precipitation by
low sulfide and phosphate levels. By plotting process
performance data against total concentrations of ICP-MS
determined metal concentrations it turned out that Cobalt
was the primarily limiting TE. At about 60 μg Co per kg
fresh matter (FM) first and at about 30 μg Co · kgFM

−1,
severe acidosis symptoms with process breakdown were
seen [30,31]. Cart analysis (http://www.statmethods.
net/advstats/cart.html) revealed that Co deficiency was
responsible at this experimental stage. After feeding stop,
adjustment of TE concentrations, process recovery and
re-continued operation, secondary acidosis and process
breakdown due to sodium deficiency occurred. To our
knowledge, this was the first report [31] that the AD
process collapses due to Na deficiency, with a threshold at
ca. 10 mg · kgFM

−1. Na+ plays an essential role in energy
conservation particularly of methanogens and syntrophic
bacteria involved in the hydrogenotrophic pathway of
methanogenesis [32,33], and hydrogenotrophic methano-
gens were dominant in the period before and at Na+ defi-
ciency. In support of the conclusions, metal/micronutrient
determination of the fed maize silage batches (Table 1)
confirmed correspondingly low concentrations of Co and
of Na in the batches fed before and at the secondary
acidification. Ni, Se, Mo, and Fe concentrations were
sufficiently provided by the maize silage in average, and
threshold concentrations [31] were not reached in the
fermenter sludges. However, synergistic detrimental effects
on the biocenosis cannot be excluded if several TEs are
concomitantly approaching limiting levels. TE threshold
levels may also be increased if additional stressors such as
NH3 are impeding the activity of the microbes.
Similarly low levels of Co (40 μg · kgFM

−1 and less) and
Na (30 mg · kgFM

−1) were measured in rye silage, and
rye silage-fed fermenters operated elsewhere acidified
[35]. This indicates that AD of some cereals can cause
problems, particularly if silages are of poor quality or
leached, e.g., by rain. In such cases, necessary supple-
mentation of specific TEs should be calculated by mass
balances considering silage TE contents and fermenter
sludge volume changes in order to avoid process acidifica-
tion. However, adding more than required for optimum
process performance [21,31] typically does not lead to fur-
ther improvement and should be avoided because toxicity
problems can arise. Improvement by higher dosage points
to additional limitations or TE precipitation, and efforts
should be made in this case to increase the bioavailability
by withdrawal of precipitating anions or agents.
Practice observation leads to the reminder that some

TE compounds such as nickel, selenium, and cobalt salts
are (extremely) toxic and should not be stored and used
at the plant in unformulated or undiluted form. A market
for process supplements has meanwhile established, but
ingredients and recommended specific concentrations are
not always made clear. More transparency on that field is
urgently required to avoid abuse and eventual intoxication
of staff and environment.
A reasonable and sustainable alternative to the addition

of TE supplements can be the balanced addition of ma-
nure or grass silage if these resources are easily available.
Grass silage typically has much higher contents of almost
all TEs than maize silage (Table 1) and may thus be used to
compensate TE deficits. It should be considered, however,
that grass silage has also higher protein content (Table 2),

http://www.statmethods.net/advstats/cart.html
http://www.statmethods.net/advstats/cart.html


Table 1 Typical composition of micronutrients in maize and grass silage from Bavaria (Germany)

Co Cu Fe Mn Mo Na Ni Se W Zn

Maize silage mean value (n= 16) 0.026 1.83 22.8 4.35 0.18 16.6 0.15 0.01 0.007 5.95

Min to max 0.004 to 0.11 1.20 to 2.90 8.09 to 40.4 1.66 to 11.2 0.030 to 0.31 2.73 to 30.5 0.04 to 0.39 0.003 to 0.018 0.003 to 0.01 1.66 to 10.8

Grass silage mean value (n = 16) 0.14 3.27 354 37.7 1.54 145.8 0.98 0.08 0.18 15.9

Min to max 0.038 to 0.59 1.80 to 4.56 39.1 to 1,919 6.80 to 157 0.25 to 2.57 66.4 to 295 0.09 to 2.55 0.01 to 0.26 0.05 to 0.43 9.05 to 35.9

Data in mg · kgFM
−1; values in italics are alarming with respect to levels reported in [21,31]; data are compiled from [30,31,34] and unpublished results.
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Table 2 Typical composition of maize and grass silage in Bavaria (Germany)

Raw protein Raw fibers Raw lipids Cellulose Hemicellulose Lignin Total C Total N C/N ratio

Maize silage mean
value (n = 98)

7.4 21.3 2.4 23.5 26.1 3.6 46.2 1.2 38.7

Min to max 5.7 to 10.4 16.4 to 39.0 1.1 to 3.7 19.0 to 39.9 14.5 to 35.6 1.6 to 7.0 41.3 to 47.1 0.1 to 1.7 26.5 to 51.5

Grass silage mean
value (n = 78)

14.1 26.8 3.1 31.7 20.3 6.3 44.8 2.3 20.8

Min to max 7.1 to 21.1 17.9 to 38.5 1.6 to 4.7 19.6 to 42.3 6.6 to 34.1 2.1 to 12.8 37.0 to 47.8 1.1 to 3.4 13.2 to 40.5

Data in percentage (%) of dry matter; data in italics indicate significant differences; data adopted from [34].
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possibly giving rise to ammonia toxicity especially at higher
process temperatures (see ‘Process chemical conditions -
redox potential, buffer capacity, and toxic compounds’
section).

Process chemical conditions - redox potential, buffer
capacity, and toxic compounds The redox potential
must be low enough (less than −250 mV) to force the
biocenosis towards carbonate respiration. If excess alter-
native electron (reduction equivalent) acceptors such as
oxygen, sulfate, or nitrate are present, which would allow
higher energy gain, carbonate respiration and thus methane
formation is decreased. It was believed that e.g. sulfate re-
ducing bacteria (SRB) cannot proliferate and are diluted
out in flow-through systems if conditions do not allow for
sulfate reduction. However, some SRB appear to have
adopted a facultative syntrophic lifestyle in the absence of
sulfate [33], degrading e.g. propionic acid with methano-
genic Archaea, whereas some erstwhile SRB appear to
have lost the ability to reduce sulfate [36]. This indicates
that adaptation upon selection pressure and niche occu-
pation is an ongoing mechanism also in biogas microbiol-
ogy and may be exploited in respective biotechnological
developments.
Enough carbonate buffer capacity in the fermenter

sludge is important to stabilize the pH value in the neutral
range, allowing for degradation of massively produced
acids by fermenting bacteria after feeding with easily
degradable organic matter. Buffer capacity problems
are typically not observed with manure-based digestion
systems. However, manure is not always available for
biogas plants operated with energy crops. In a recent
experiment, total inorganic carbon (TIC) drastically
decreased from initially about 10 g · L−1 to less than
1 g · L−1 during 1.5 years of fermenter operation solely
with maize silage, probably aggravating the detrimental
effects of Co deficiency on the syntrophic methanogenic
community [30,31] (see ‘Microbial nutrition’ section).
Interestingly, TIC recovered soon after feeding stop.
The successive development indicates that decreased
TIC is a symptom and not the primary reason of process
deficiency: TIC was still at about 5 g · L−1 at process
breakdown due to Na deficiency (ca. 5 mg · L−1) which
had caused accumulation e.g. of iso-valeric acid up to
1.8 g · L−1 and raised the ratio of ‘total volatile acids’
(TVA) to TIC to the extremely high level of nearly four
[30,31] (see ‘Microbial nutrition’ section). The TVA/TIC ra-
tio is widely used in practice as early warning parameter of
process acidification. Such systems are discussed in the
‘Microbial bioindicators and early warning systems’ section.
There are reports that the introduction of some antibi-

otics [37], detergents, or heavy metals (e.g., excess copper
and zinc used in animal husbandry [38,39]) of some me-
tabolites produced internally in the AD process such as
ammonia and phenolics, e.g. [40], and possibly of some
mycotoxins present in silages can inhibit biogas produc-
tion. However, practice and research reports are partially
conflicting or even contradictory, and there are clues that
the microbial biocenosis can adapt to some injurious com-
pounds at least to certain extent [41]. Specific case studies
under defined conditions including studies on the mi-
crobial populations are obviously necessary to work out
dose-response relations and reveal reaction mechanisms.
For experience with a broad range of organic and inor-
ganic process inhibitors, the reader is referred to a review
by Ye Chen and co-authors [42].
Ammonia inhibition due to an increased portion of

proteinaceous compounds in the substrate mix narrowing
the C/N ratio (cf. ‘Microbial nutrition’ section) has been a
matter of intense research particularly in biowaste digestion
[2,41,42]. Research on ammonia inhibition was revived
in AD of energy crops, with the increased utilization of
(clover) grass silage for biogas production due to reduced
dairy farming (cf. ‘Agro-environmental and social aspects’
section). Table 2 shows that besides considerable variation
of data, total nitrogen in grass silage is typically the double
of that in maize silage, which can cause inhibition of the
AD process due to higher ammonia production. Higher
contents of structural components are a challenge for
feeding, pumping, and stirring devices (see ‘Process engin-
eering’ section), in addition to ca. 5% higher ash content
due to sand and stones from grass harvesting.
Ammonia problems at smaller C/N ratios in the process

are aggravating at increased process temperature. The
buffer range is shifted into the mild alkaline range, and
both, increased temperature and increased pH value,
cause transition of ammonium to the toxic-free ammonia.
Long-term mono digestion of grass silage was therefore
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only possible up to an organic loading rate (OLR) of
1.5-kg volatile solids per m3 fermenter sludge (fs) and
day (VS · (mfs

3 · day)−1) at 55°C, whereas at 38°C, an OLR of
2.5 kg VS · (mfs

3 · day)−1 was achieved [34]. Process disturb-
ance with grass silage is typically observed above 400- to
500-mg-free NH3-N (FAN) per Lfs

−1. Since stable biogas
process operation at higher FAN was reported with other
substrates [2,41-43] other factors or compounds intro-
duced with grass silage or produced during its digestion
may contribute to toxicity [40]. There are hints in the
cited literature and from practice that additives such as
Na+ and (activated) clinoptilolite can alleviate toxicity in
AD of grass silage at least temporarily.
A major obstacle for early warning of process failure

at high FAN is that the additional ammonium/ammonia
buffer covers up acidification. Obtaining low TVA/TIC
values although distinct TVA may already be at alarming
level (but were not measured) can thus be misleading.
Moreover, FAN can unspecifically inhibit microorgan-
isms that carry out different process steps. Although
methanogenesis is typically affected first, inhibition of
hydrolysis/acidogenesis has also been observed (Andrade
and Lebuhn, unpublished results): VFA and TVA/TIC
were at low level, suggesting stable operation, but (organic)
dry matter accumulated. These phenomena challenge
the current process monitoring practice and suggest
determining specific microbial activities during important
turnover steps, using new molecular biology developments.
Moreover, the selection of suitable adapted microbial biogas
biocenoses deserves intensified studies. For these special
microbiology tasks, the reader is referred to the ‘Microbial
bioindicators and early warning systems’ section.

Thermodynamics and syntrophy, water content and
agitation Thermodynamic laws require that reaction
products, including intermediates, must be further con-
verted or removed to avoid process feedback inhibition.
The major biogas components CH4 and CO2 (and un-
avoidable gaseous by-products such as NH3, H2S, and
H2O) are withdrawn by gas utilization. Accumulation of
organic matter and of incompletely oxidized compounds
such as fatty acids or alcohols in the fermenter sludge, or
of H2 in the gas phase, indicate a problem with the
respective downstream converting step. H2 and formate
are of outstanding importance in electron transfer between
syntrophic donor bacteria and the accepting methanogens
[32,33,44,45]. Along with syntrophic oxidation of other
process intermediates, syntrophic acetate oxidation (SAO)
was shown by results of different approaches to prevail in
high throughput biogas processes, high-performance
biogas plants particularly at high temperature and at
high ammonia concentration [46-52]. The predominance
of SAO in these processes is in contradiction to various
textbooks assigning 70% of the methane to be produced
by acetate splitting and only 30% via the hydrogeno-
trophic pathway.
Interspecies transfer of reduction equivalents between

the syntrophic bacterial and methanogenic Archaea part-
ners requires their close vicinity to avoid loss of hydrogen
and respective reducing power, which is required for
hydrogenotrophic methane formation, to the gas phase
[44]. Acetate and other soluble intermediates may more
or less freely diffuse in the liquid phase of the fermenter
sludge up to a certain viscosity. However, their availabil-
ity can become limited if stirring and pumping devices
are working insufficiently. In conventional continuously
stirred tank reactors, insufficient substrate degradation
and process instability can thus be observed at dry matter
contents above ca. 15%. Propeller-type agitation devices
operating with a high number of revolutions might disrupt
the syntrophic associations and thereby decrease process
efficiency. The challenge is to agitate just enough to
achieve effective mixing of digester contents and release
of biogas but not to disturb syntrophic associations by
high shear force. Other technologies such as plug-flow
systems (cf. ‘Process engineering’ section) can deal with
higher dry matter contents and OLRs.

Changing process conditions and microbial community
structure Significant and rapid changes in substrate
composition and particularly of the process temperature
should be avoided since the microbial population structure
is self-optimizing to the given conditions and environment.
Changing these will result in inactivation or decay of
non-adapted community members. Considerable time
with decreased process performance will pass until
adapted substitute microbes will have grown to sufficient
density and exert the desired activity. This adaptation
process can result in important economical losses, as it
can last 2 to 3 weeks, provided that there are no further
interfering changes or stressors. In the following, micro-
bial community structures and dynamics are shown and
discussed. It is to be noticed that only biocenoses of
single-stage reactors, i.e. of a monophasic biogas process
are considered. Other processes such as biphasic systems
[47] are not within the scope of this review.
Only methanogenic Archaea can produce considerable

amounts of methane, and only these organisms carry
coenzyme-B sulfoethylthiotransferase (EC 2.8.4.1, also
known as methyl-coenzyme M reductase), the key enzyme
of methanogenesis. MCR, one of the two isofunctional
enzymes, is encoded by mcr, and MRT, encoded by mrt, is
additionally present in manyMethanobacteria and Metha-
nococci [53]. Certain Methanobacteria such as members
of Methanosphaera and seemingly of an undescribed
genus of the Methanobacteriaceae (see below) carry only
mrt. As shown for Methanothermobacter thermoautotro-
phicus, mcr and mrt can be differentially transcribed
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depending on the growth conditions in syntrophic associ-
ation or in pure culture [54].
The gene subunit mcrA/mrtA presents several ad-

vantages as target for PCR-based analyses. Besides the
functional specificity for methanogenesis, it can be used
to infer phylogeny, as the topologies of mcrA/mrtA and
ribosomal DNA phylogenetic trees are almost identical
[55], and resolution to the species level is possible. More-
over, transcription analysis involving RNA isolation and
reverse transcription (RT) allows to detect the short-lived
messenger RNA (mRNA) which is exclusively produced
by active organisms. The mRNA approach avoids the
potential bias that is associated with the detection of DNA
or ribosomal RNA (rRNA): DNA and rRNA are relatively
stable [56,57] as compared with the short half-life of
mRNA. Since the mRNA half-life median amounts to only
few minutes and appears to be quite similar in bacteria
and archaea [58], mRNA is ideally suited to trace guilds of
viable organisms. DNA and rRNA, however, can originate
from dormant organisms or be measurable as residues
from dead cells or attached to surfaces for months.
Figure 1 shows the composition of the methanogenic

biocenoses, as determined by mcrA/mrtA amplicon
Figure 1 Composition of methanogenic biocenoses. The mcrA/mrtA gen
digesters operated with maize (M) or grass silage (G); data from [31,43] and fr
under accession numbers KJ487638 to KJ487705 (mM), KJ487559 to KJ487637
cloning and sequence analysis, of continuously stirred
tank reactors (CSTRs) efficiently digesting maize or
grass silage at equilibrated mesophilic or thermophilic
conditions. Members of the family Methanobacteriaceae
(strictly hydrogenotrophic) and of the genus Methanosar-
cina (mixotrophic, hydrogenotrophic, and acetoclastic)
dominated or were present at considerable concentra-
tion in all of the four experimental systems at the DNA
level. Very few Methanosaeta sequences were found only
in the mesophilic maize digesters. Acetate splitting and
members of this strictly acetoclastic genus are typically
found at low acetate and NH3 concentration and high mi-
crobial retention time [31,50-52,59]. Methanococci and
Methanopyri, typically thriving in very hot environments,
and anaerobic methane oxidizers were not recovered.
However, a clade of sequences lacking any described taxon
and branching off at the class or order level was identi-
fied (UC-II in Figure 1, sequences not only found in
maize digestion) to which accordingly the status of a
novel class or order should be given. UC-II represents
one of the two subclades of the MCR-2 branch [60],
more specifically MCR-2b [61]. For the second MCR-2
subclade (hitherto termed UC-I [31] or MCR-2a [61]),
e was determined in mesophilic (38°C, m) and thermophilic (55°C, t)
om this work; sequences for mM, mG, tM, and tG are deposited at NCBI
(mG), KJ487727 to KJ487741 (tM), and KJ487706 to KJ487726 (tG).
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the name ‘Methanomassiliicoccales’ or Mx order was re-
cently proposed upon the description of some cultivated
strains of this seventh order of methanogens [62].
Besides these higher-order similarities, the composition

of methanogens was considerably different between the
four variants (Figure 1, presenting genospecies, operational
phylogenetic entities delineated at ca. 2.5% amino acid
sequence divergence). Methanothermobacter wolfeii repre-
sentatives were only found in the CSTRs run at 55°C and
were dominant or highly abundant at this temperature in
both, the maize and the grass silage digesters, whereas
Methanobacterium III sp. 3 and Methanosarcina sp. 1a
were only found and dominant or highly abundant in the
maize and the grass silage CSTRs run at 38°C. In the
mesophilic grass silage fermenters, a hitherto undescribed
clade of sequences affiliating with Methanosarcinaceae
(operationally named genus II) was identified (Figure 1).
In acidified mesophilic maize-silage-fed fermenters,
sequences affiliating with the hydrogenotrophic order
Methanomicrobiales were abundant at the DNA level
[31,46], most probably due to their stability in acidic
environments, but they are not necessarily the most
active at such conditions (see below). Another novel
clade falling into the mrtA branch of Methanobacteria-
ceae, operationally named Methanobacteriaceae II genus
IV, was also frequently present at process acidosis of
mesophilic maize digestion [63]. Other studies on meso-
philic codigestion production-scale biogas plants fed with
different substrates also reported that hydrogenotrophic
methanogens were dominating among the Archaea at
DNA level, but in these Methanoculleus representatives
were most abundant [64,65].
The results of the community analyses suggest that

most phylogenetic lineages of methanogens do not con-
tain cultivated and described strains, illustrating that our
knowledge of these microorganisms and their activities
is still very limited. However, identified sequence clades
that were specific for certain process conditions can help
to design process-specific molecular biomarkers in a mi-
crobial bioindicator concept (see ‘Microbial bioindicators
and early warning systems’ section).
As touched above, high abundance of certain microor-

ganisms at examined (typically disturbed) process condi-
tions does not necessarily mean that these microbes are
also highly active. The activity of methanogens can be
assessed by analysis of mcrA/mrtA transcripts, since it has
been shown in several reports, e.g. [66,67], that mRNA
transcribed from this gene (and measured as cDNA) cor-
relates with methane production. Important differences
between the composition of the total (DNA level) and the
active (mRNA or cDNA level) population of methanogens
were noticed, e.g. during mesophilic digestion of maize sil-
age at disturbed process conditions: In Figure 2, the sludge
of fermenter A showed strain at sampling date 1 and
increased stress symptoms (higher MQ, see ‘Microbial
bioindicators and early warning systems’ section) at
date 2 but still excellent gas yield, whereas the sludge
from fermenter B was acidified due to TE deficiency at date
1 and severely acidified at date 2, and showed decreasing
methane yield. Just as noted above, representatives of the
order Methanomicrobiales increased from sampling date 1
to date 2 on the DNA level, whereas only mRNA of Metha-
nobacterium species was found on the activity (cDNA) level
(Figure 2). Similar differences between the communities on
the mRNA and the DNA level were noticed recently by
Nikolausz et al. [52]. These examples indicate that at dis-
turbed, non-equilibrated process conditions, numerically
predominant community members can become inactive
whereas numerically minor populations can take over the
major part of the job.
For proper interpretation of results from population

structure analysis, it must be recalled that the traditional
PCR cloning/sequencing approach brings along consider-
able uncertainty with samples containing high biological
diversity. Anyway, a pre-condition for reliable results is
that the used primers are specifically amplifying the
targeted fraction of a gene or the respective products.
Involving PCR (with suitable primers) means that results
will be biased towards the more abundant sequences while
underrepresented portions may be disregarded. Only a
limited part of the actual diversity is amplified, although
this might be the one that is functionally most important.
Typically only a part of the amplicons is cloned and a ran-
domly selected portion of the clones is sequenced. Thus,
only the tip of the iceberg is analysed and considerable
statistical uncertainty remains. If, e.g., a typical number of
102 mcrA/mrtA clones from a fermenter sample is se-
quenced, this is representing only a fraction of about 10−6

of the mcrA/mrtA sequences actually present in the same
sample volume. The situation is further obscured by ‘wob-
bling microdiversity’, the fact that population structures
can vary to a certain degree in comparable environments
[68]. In spite of such uncertainty, astonishing agreement
was obtained between population profiles from PCR clon-
ing/sequencing and metagenome 454-pyrosequencing
without involvement of a PCR-step [69]. The traditional
PCR cloning/sequencing approach can apparently pro-
duce reliable results if the abovementioned pre-conditions
are met.
Anyway, analysis of more data is expected to infer

higher statistical certainty. Due to recent progress of
pyrosequencing and other ‘next-generation sequencing’
techniques [70], the analysis of a considerably increased
number of sequences is becoming affordable. This allows
assessing a significantly broader spectrum of the actual
diversity and confers higher statistical confidence of the
results, irrespective of the integration or omission of
potentially selective steps such as gene-targeted PCR.



Figure 2 Composition of methanogenic biocenoses (A, B). The mcrA/mrtA gene (DNA) and transcripts (cDNA) were determined in mesophilic
maize-fed digesters at two sampling dates (1, 2); sequences are deposited at NCBI under accession numbers KJ487742 to KJ487853.
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Although more results on a solid statistical basis are
clearly required, there is evidence from the hitherto
obtained analyses that nutrient availability and changes
in process conditions are affecting the composition of
the present and active biocenosis. Changes of the active
microbial community can in turn alter process conditions
and performance. Once they are clearly identified, micro-
bial process indicator taxa or genospecies, e.g., for acidifi-
cation or ammonia toxicity, can be ideal tools for early
warning of process perturbation. The bioindicator concept
and other new molecular biology developments to predict
the process performance are presented in the following
‘Microbial bioindicators and early warning systems’
section.

Microbial bioindicators and early warning systems
As outlined below in the ‘Process engineering’ section,
early warning of process perturbation is of major import-
ance for economic and ecologically sustained operation of
a biogas plant. However, in some cases, particularly with
smaller and elder biogas plants, the only indicator of
insufficient performance or process instability for the op-
erator is his observation that the income did not meet his
expectation. Nevertheless, the situation with respect to
assessing and controlling the performance of biogas plants
has considerably improved in the last years. Based on the
monitoring of real-world biogas plants, benchmarks for
state-of-the-art characteristic performance figures were
established [19,71]. They can be used by plant operators
to interpret their own process data and evaluate the pos-
sible need for optimization measures, e.g., also in online
applications [72]. Important process data include chemical
parameters in the digester content such as dry and organic
dry matter (total solids, TS, and volatile solids, VS), short-
chain fatty acids (SCFA, sometimes referred to as VFA,
volatile fatty acids) the TVA/TIC ratio and NH4
+-N in con-

junction with temperature and pH, as outlined in ‘Process
chemical conditions - redox potential, buffer capacity, and
toxic compounds’ and ‘Thermodynamics and syntrophy,
water content and agitation’ sections. Some of these pa-
rameters, e.g., TS, VS, and the TVA/TIC ratio, can easily
be determined directly on site, whereas others such as
SCFA or analysis of nucleic acids require the equipment
and know-how of a specialized laboratory. For the latter,
samples must be transported to the lab, and some parame-
ters require special transport conditions. It is emphasized
that representativeness of sampling is most crucial for the
reliability of the result.
As outlined above, it is of paramount interest to keep

the digestion process stable and identify imbalances that
could lead to process instability as early as possible.
However, chemical indicators are not always reliable for
indicating process acidification. For example, the fre-
quently used TVA/TIC ratio can be biased due to the
high buffer capacity of the ammonium/ammonia system.
It is recalled that indicator compounds and intermediates
such as SCFA and ammonia are produced by microbial
activity. Changes of microbial activity do occur thus earlier
and are responsible for the respective changes of chemical
process indicator concentrations. Based on this percep-
tion, two lines of early warning systems using molecular
biology techniques have been developed and are being
refined: (i) The concept of microbial bioindicators and
(ii) ecophysiological parameters such as the ‘Metabolic
Quotient’ (MQ) and the cDNA/DNA ratio.

Microbial bioindicators
The microbial bioindicator concept is built on the results
hitherto obtained for the composition of the biocenoses
and active populations at distinct process conditions,
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including different substrates, process temperatures, and
the recognized process status (e.g., efficient, inhibited,
acidified). For each of these process conditions, the typical
microbial population structure and active key players are
identified (e.g. Figures 1 and 2 for methanogenic Archaea),
and the population structure of the given process is com-
pared with the established microbial population structure
and activity ‘benchmarks’.
Given balanced nutrition, the parameters of major im-

portance for the development of process performance
are the dilution rate and the possible growth rate of the
single microbial populations at the given conditions. The
input or formation of inhibitory compounds has a negative
impact on the ability of the present microbial populations
to cope with process conditions. This can lead to their
disappearance and breakdown of the respective reaction
step(s). If not counteracted, the entire process can collapse.
According to current understanding, the most susceptible
steps are the final methanogenesis and the upstream syn-
trophically linked intermediary metabolism [73,74]. The
primary focus was thus on developing monitoring tools
for methanogenic Archaea and syntrophic bacteria and
their activity [31,46,75-77]. Further developments will in-
clude refinements, alternatives [33], and systems for the
primary fermenting microorganisms (see below).
In the current bioindicator concept for methanogenic

Archaea, significant presence and activity of obligatory
acetoclastic Archaea such as Methanosaeta concilii and/or
Methanosarcinaceae in the acetate splitting state indicate
low acetate and FAN concentration and a low dilution rate
or high microbial retention time [50,59]. These obligatory
or facultative acetoclastic methanogens are typically found
in fermenters operating at very low OLR and in systems
where the methanogenic consortia are retained, e.g., in
immobilized biofilms, (granular) sludge beds or on carrier
support particles [31,78], [unpublished results] with high
microbial retention time. The slowly growing Methano-
saeta Archaea are losing their competitive advantage and
are washed out with increasing OLR, dilution rate, VFA
and/or ammonia concentration in their environment.
Their task is taken over by members of the family Metha-
nosarcinaceae by metabolic switch to the hydrogenotrophic
pathway of methanogenesis and/or syntrophic consor-
tia of SAO oxidizing bacteria and hydrogenotrophic
methanogens.
Methanosarcina has been entitled the ‘heavy duty

methanogen’ [79], but this appears to be valid only to a
limited extent. Representatives of this genus typically
prevailed or were at least abundant at efficient operation
of CSTRs with maize and grass silage (Figure 1) and
other substrates such as cattle manure and mixtures
thereof (not shown) without stress symptoms. However,
in many stress situations hitherto tested, Methanosar-
cina became a minor fraction or was not recovered at all
on the DNA level, and showed reduced or no transcrip-
tional activity [31,50-52]. In these cases, members of the
hydrogenotrophic familyMethanobacteriaceae raised their
activity (see Figure 2 as an example of TE deficiency-
induced acidosis), indicating that syntrophic fatty acid oxi-
dation was dominant over acetate cleavage in methane
production. A recent metaproteome study came to very
similar conclusions at the protein level [80]. Also at high
ammonia levels, there are many lines of evidence confirm-
ing that strictly hydrogenotrophic Archaea with different
syntrophic bacterial partners are the workhorse teams
producing methane via the acetate oxidation pathway
(SAO) at meso- and thermophilic conditions [48,81-83].
The most important reason for these strain- and stress-
induced population shifts is probably that particularly
Methanobacterium and Methanothermobacter archaea
have higher growth rates than Methanosarcina repre-
sentatives and are thus more capable of coping with the
dilution rate under the influence of stress factors in
flow-through processes.
A generalized view summarizing the information on

activity dynamics of methanogens or physiological groups
in response to stress conditions is presented in Figure 3.
The strength or amount of the category is increasing from
left to right. The indicated bioindicator groups are cur-
rently being subdivided in subgroups in order to follow
better-defined entities more specifically, as outlined above
(see ‘Changing process conditions and microbial commu-
nity structure’ section). Quantification of such defined
bioindicators is a central aspect in the following subsec-
tion ‘Ecophysiological parameters - Metabolic Quotient,
and cDNA/DNA ratio’.
Similar constructs are currently being identified or

generated for secondary fermenters including syntrophic
bacteria that are performing the intermediary metabolism,
as well as for the guild of hydrolytic/acidogenic bacteria,
the primary fermenters. A first inventory of Bacteria
thriving in a hydrolytic/acidogenic fermenter digesting a
lignocellulose-rich straw/hay diet and on their activity is
being compiled from metagenomics, metaproteomics,
and the bacterial rrs gene and its transcripts [69,84-86].
Since these are only first attempts to extend the bioindica-
tor concept to functional genes of bacteria, the respective
presentation would exceed the scope of this review.

Ecophysiological parameters - Metabolic Quotient and
cDNA/DNA ratio
Once microbial bioindicators are defined, respective
specific molecular systems for the quantification of nu-
cleic acids are developed. There are several approaches
that can be followed, such as Southern/Northern blot-
ting, fluorescent in-situ hybridization and quantitative
real-time PCR (qPCR), optionally including a reverse
transcription (RT) step (RT-qPCR) to quantify RNA



Figure 3 Activity dynamics of methanogens or methanogenic groups in response to stress conditions.
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species such as messenger (mRNA) or ribosomal RNA
(rRNA) which are transcribed to and measured as com-
plementary DNA (cDNA). Among these, (RT-)qPCR has
conquered the field due to its specificity, sensitivity, and
suitability for high-throughput analysis [87,88]. Just as
with many other analytical tools, the technique was first
developed for medical applications, and was subsequently
adopted by applied environmental sciences. Meanwhile
(RT-)qPCR has become the ‘gold standard’ of gene and
transcript quantification [89].
The reliability of (RT-)qPCR data is dependent on

sample representativeness and homogeneity, nucleic acid
extraction efficiency, and design and performance of the
(RT-)qPCR system. All of these factors have a huge
impact on the result, and different methods applied in
different laboratories can be the source of considerable
variation of results [89]. It is therefore essential to
optimize sampling, sample processing and analysis, and
to assess and report DNA and RNA recovery rates [66,67]
by quantifying the losses of the complete system, i.e., be-
tween the first sample preparation and the last analytical
detection step, e.g., in a sample spiking approach. Results
obtained with different methods cannot be compared if
this information is not provided. For inter-laboratory
comparison, optimized methods need to be standardized.
Standardization was started with the last, the analytical
step [90]. However, sample preparation and processing
and particularly non-representative sampling are the most
important sources of data variation.
Ecophysiological parameters will best be assessed by

addressing physiological microbial groups, so-called guilds,
performing well-defined metabolic steps in the investigated
ecosystem. The guild of methanogenic Archaea is an ex-
cellent example of important microbial bioindicators
since, exclusively, this physiological entity is carrying
out methanogenesis. Activity of methanogenic Archaea
is obligatory for methane production and can be addressed
by physiological parameters such as (i) the methane prod-
uctivity of a given fermenter sludge or (ii) transcription of
the key enzyme of methanogenesis, and relating these to
the concentration of methanogens in a given sludge vol-
ume. Although transcriptional activity is not necessarily
correlated with the respective enzymatic activity, it can
plausibly be assumed that in a functioning ecosystem
‘trash transcription’ will be selected out, leaving only the
correctly functioning systems in the food chain.
In the first approach (i), the specific methanogenic

activity (SMA) is determined and expressed as normalized
(standard temperature, pressure, STP) methane volume
produced per methanogenic cell and day. In long-term
mesophilic digestion of maize silage at equilibrated con-
ditions without signs of process disturbance, the con-
centration of methanogens followed a saturation curve
in exponential correlation with the methane productivity,
depending on the OLR (Figure 4) [67,91]. Figure 4 shows
the reference dataset that has been refined from a matrix
which is already devoid of data that had been obtained at
acidified process states with TVA/TIC values > 0.7 [31]. In
order to compile a suitable reference dataset for the re-
cently introduced ‘Metabolic Quotient’ (MQ, see below),
further data, for which metabolic strain or stress (but at
TVA/TIC < 0.7!) was assigned, were removed and trans-
ferred to the tester datasets. Similarly, data obtained at
slack metabolism, at famine periods induced by inter-
rupted feeding or at process recovery after acidosis, were
removed. In the refined reference dataset, the standard
SMAs (SMAstd) ranged between ca. 10 and 100 pLSTP
CH4 · methanogen−1 · day−1. Actual SMAs (SMAact) were
lower at relaxed metabolism and famine process conditions,
e.g., at reduced or without feeding, whereas higher SMAact



Figure 4 Correlation between concentration of methanogens and methane productivity in efficient anaerobic digestion of maize
silage at 38°C. Abbreviations are explained in the main text body.
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were recorded at strained metabolism and much higher
SMAact at stress conditions induced e.g. by TE deficiency
(cf. ‘Microbial nutrition’ section). SMAact · SMAstd

−1 defines
the MQ (Figure 4) [67,91]. In consideration of analytical
and biological variation, MQ values between 0.1 and 3 are
regarded normal. The MQ allows drawing conclusions with
respect to the actual metabolic state of methanogens in
the process, and the further development may be pre-
dicted by extrapolation of the recent development.
The MQ has been shown to be indicative of the fer-

menter status during mesophilic digestion of maize silage;
an increase of MQ values to above 3 due to TE deficiency
was observed already ca. 2 weeks before detectable
changes of conventional chemical process indicators
such as the TVA/TIC ratio or the concentrations of
SCFAs [63,67]. This demonstrates the potential of this
parameter as an early warning tool for process failure
in practice. However, several questions still need to be
answered. It must be assessed if the correlation shown
in Figure 4 is also valid for other process conditions, e.g.,
at different temperatures or with different substrates. In
case of deviations, respective specific calibrations must be
initiated.
In the second approach (ii), the actual mRNA (or rRNA)

concentration of specifically selected gene transcripts,
measured as cDNA, is divided by the concentration of the
corresponding gene, resulting in the cDNA/DNA ratio. It
is important to normalize by the gene concentration
present in the sample, since the transcript concentration
is dependent on the transcriptional activity and the con-
centration of the microbes in question. This entirely
molecular biological parameter is independent of gas
analytical or process chemistry data which are not always
available. It can be designed specifically for transcripts and
genes coding for key enzymes of selected metabolic
pathways or process steps such as mcrA/mrtA for meth-
anogenesis. Transcriptional activities of methanogens,
expressed as mcrA/mrtA cDNA/DNA ratios, have been
reported for peat soil [66], flooded, and drained paddy
field soil [92] and mesophilic maize silage-fed biogas
processes at different levels of activity [63,67]. As ex-
pected, the mcrA/mrtA cDNA/DNA ratios were corre-
lated with methane production, indicating that assessing
transcriptional activities can give valuable information
on the activity of the targeted process step.
In the concept of microbial guilds, analytical systems

are being developed also for certain bacterial groups
that carry out the intermediary metabolism [73,74].
Some examples are fhs, encoding a key enzyme of the
Wood-Ljungdahl pathway of autotrophic CO2 fixation
[75-77] or hydA, encoding a Fe-Fe hydrogenase subunit
which is central to the metabolism of H2 [93]. Other im-
portant steps include hydrolysis of lignocellulose biomass.
Various enzymes of glycosyl-hydrolase families appear to
be of major importance in this initial rate-limiting process.
It is to be tested which of these genes and corresponding
transcripts are best integrated into a diagnostic tool to de-
termine the specific activity of the guilds constituting the
process chain of anaerobic digestion and biogas produc-
tion. This concept of physiological microbial guilds in the
biogas process is currently being elaborated in order to
provide a process diagnosis framework for application in
practice.

Process engineering
In the real world, the variety of biogas installations with
respect to capacity, design, technology, input materials,
and utilization pathways is enormous. In Germany, as
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mentioned above, the rapid development of biogas pro-
duction and utilization since the beginning of the 21st
century was shaped by the Renewable Energy Act. Over
the years, the framework of rules and technical guidelines
for biogas systems became more specific and narrower.
Since the biogas sector grew so rapidly, much of the
technological development occurred ‘on farm’, not to say
by ‘trial-and-error’. One example is the devices for the
feed-in of solid input materials. Basically, many of these
were derived from systems for transportation and hand-
ling of animal feed. However, it turned out that the strain
on these components within biogas installations, particu-
larly due to abrasion, was much higher than anticipated
by the suppliers, resulting in premature failures and
considerable replacement cost [94,95].
According to a survey in 2011/2012, the majority of

agricultural biogas systems in Germany featured two or
more (dis-)continuously-stirred tank reactors in series
[23]. Compared to a single reactor, this increases the
mean retention time in the digester system. The digested
residue is discharged into a storage tank. Forty-two per-
cent of biogas installations surveyed had a covered storage
tank with gas collection, avoiding methane emissions from
digested residues during storage. By definition, a storage
tank is neither heated nor stirred on a regular basis.
Storage capacity has to be dimensioned according to
regulations on organic fertilizer management and water
protection.
The one-phase process design which can consist of

several fermenters is thus the rule for agricultural biogas
plants. Two-phase processes are designed to restrict, as
far as practicability allows, hydrolysis/acidification phases
and secondary fermentation/methanogenesis phases to
separate reactors. The goal is to decrease the required
retention time of the substrate, improve the control and
thereby the efficiency of the overall digestion process, and
produce methane-enriched biogas. At first glance, a two-
phase process appears to be an ideal concept to improve
the hydrolysis of lignocellulose-rich material. However,
recent results [84,96] dampen expectations; acidic, as op-
posed to neutral pH value, appears to impede bacterial
cellulolysis. Neutral pH, however, favors methanogenesis,
which is clearly undesirable in this pretreatment. It turned
out that the retention time can considerably be reduced
by the two-phase process, but this is at the expense of
conversion efficiency and hydrogen losses.
In practice, a two-phase process can be difficult to realize

with common agricultural inputs, and the number of such
plants in agriculture is relatively small. However, a two-
phase process that is poorly operated and designed will not
only be less efficient, but also bear the risks of uncontrolled
methane and hydrogen emissions [97]. Further techno-
logical developments will identify suitable application
areas, possibly in the context of bio-refinery concepts.
Basically, if mainly energy crops are utilized, commin-
ution of the biomass occurs in the combine harvester. For
input materials that might contain significant amounts of
soil, such as sugar beets or grass, pre-treatment is advis-
able to avoid damage of machinery and sedimentation in
the digester. While there are many options for additional
pre-treatment of the input at the biogas plant, their eco-
nomical viability should be examined in each individual
case. In general, comminution or disaggregation of input
materials with the aim of increasing degradation rate may
be effective only if the hydraulic retention time in
the digester system is comparably short, that is to say
significantly below 80 days [98].
Although the technological standard of biogas plants

has improved significantly over the last decade, the
majority of biogas systems in agriculture is still behind
industry standards in other branches, particularly with
respect to plant safety, automation or quality control.
One reason for this is that, at least for farm-scale instal-
lations with animal manure as main input, the construc-
tion costs constitute the major economical factor for the
investor, i.e., the farmer. Therefore, except for ‘large’
installations (equivalent electrical output of more than
1 MW) connected to a biogas upgrading and feed-in
facility, the level of process control and automation of
biogas systems is at best intermediate but often low, still.
Typically, full-range suppliers provide a process control
system including visualization of the plant, logging of
important process parameters and an alarm system for
mobile phone. In simpler versions, no archiving of process
parameters occurs, and the control systems for the diges-
tion and co-generation units are separated. As far as the
co-generation units are concerned, basically all of them
are monitored remotely by the supplier. In 2012, it was
prescribed that co-generation units are equipped with
a remote control unit to enable the operator of the
electricity network to reduce or interrupt electricity
feed-in in cases of overload.
As described above, a number of chemical parameters

are well known as meaningful indicators of the process
status in most cases. As long as a biogas plant can be
operated at modest loading rate and predominantly
steady conditions with conventional substrates, it may
be sufficient to check basic indicators such as TVA/TIC
manually on a regular basis. This approach is quite inex-
pensive and in many cases sufficient to avoid major process
failures (Figure 5). If signs of beginning destabilization
appear, monitoring should be intensified, and more
specific parameters such as characteristic SCFA and
molecular microbiology analyses (see ‘Changing process
conditions and microbial community structure’ and
‘Microbial bioindicators and early warning systems’
sections) may be included. Since these analyses require
expensive instrumentation and skilled staff, they are
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still restricted to offline determination by specialized
laboratories, but this market is expected to grow.
In contrast, automatic monitoring and control of the

anaerobic digestion process in full-scale biogas plants is
complicated and costly. If the aim is to maximize the
productivity of the digester system, or variations of the
input and loading rate occur, process indicators will have
to be measured in due time or at best online to preclude
destabilization. The easiest but at the same time least
meaningful measurements can be applied to the biogas
stream. Better information can be drawn from analyzing
the liquid phase; however, this can be more challenging
in technical terms. Of particular interest is the detection
of SCFA and dissolved hydrogen. While suitable sensors
have been developed and tested at lab scale, these have
not found their way into full-scale biogas installations so
far [101]. A qualitative assessment of available online-
measurement equipment is given in Table 3.
Table 3 Assessment of available online-measurement equipm

Unit Effort Mai

Biogas composition % (v/v) +

Biogas rate m3 · d−1 0

pH +

Redox potential mV +

TS content % (m/m) +

VS content % (m/m) − −

Temperature °C ++

SCFA content mg · L−1 − −

Buffer capacity mg · L−1 − −

Rating: ++ very good; + good; 0 intermediate; − poor; − − very poor; TS, total solids
after [102].
Of course, complete measuring equipment is not yet
sufficient to provide automatic monitoring and control
(M&C) of a biogas plant. The measuring data have to be
integrated into a more or less advanced control system.
Control systems that have been applied to AD processes
include on/off, proportional-integral-derivative controller
(PID), linearization, discontinuous control, complex control
and expert systems, however, very seldom have they been
tested at full scale [103]. As long as a biogas plant can be
operated profitably in the ‘standard range’ as described in
Figure 5, it will be difficult to convince the owner to install
an advanced M&C system, particularly in view of the fact
that there are very few references in practice. In the future,
with less favorable economic framework conditions and the
demand for more flexible biogas production, M&C systems
might become more established.
Currently, for a large share of small- and medium-sized

biogas plants in agriculture, it would already be a clear
ent for biogas plants

ntenance Robustness Cost Benefit

− − 0 0 ++

0 ++ + +

− − − − 0

− − − − −

0 ++ − +

− − 0 − − ++

++ ++ ++ 0

− − ++ − − ++

− − ++ − − ++

; VS, volatile solids; SCFA, short-chain fatty acids; Modified and translated
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step forward if owners did a basic performance assessment
on a regular basis to derive possible optimization mea-
sures. By calculating a relatively small set of appropriate
characteristic figures, the efficiency of biogas production
and utilization systems can be described in quite a reliable
and reproducible manner [104]. Also, using these charac-
teristic figures, it is possible to set benchmarks for the
state-of-the-art, and to compare and rank individual
biogas plants [105]. The basic measuring equipment for
determining the necessary performance figures includes
at least the following: scale for all input materials; biogas
analyzer and biogas flow meter in the supply pipe to the
engine; electricity meters for the complete plant (plus for
main individual consumers, possibly); operating hours
counters for main components; heat meters for off-heat,
digester heating and heat sales [106]. In addition, chemical
analysis of input materials and digestate is required to
evaluate digestion efficiency.

Prospects and concepts
With increasing implementation of wind and photovoltaic
power plants, situations of surplus feed-in or overdemand
of electricity are becoming more frequent. To balance
supply and demand, efforts are being made in various
technological fields to improve the storage of electricity,
either directly or by way of converting electricity into
energy carriers that are easier to store. One concept for
the latter option is the physico-chemical conversion of
H2 generated from electrolysis with CO2 (e.g., produced
during AD) to CH4 (so-called Sabatier process). However,
this process is sensible to impurities, and has low conver-
sion efficiency. Also, in the short and medium terms, the
economical viability of such installations appears out of
reach.
A promising alternative is microbial conversion, as

hydrogenotrophic methanogenesis is a well-known and
comparatively robust process (cf. ‘Microbiology and
process control’ section) to convert H2 and CO2 to CH4.
This type of methanation with an upstream electrolyzer
can be realized by different concepts, e.g., by feeding H2

and CO2 to selected or enriched hydrogenotrophic
methanogens in a separate methanogenic digester, or by
feeding biogas and hydrogen to a biogas fermenter com-
munity in a separate reactor. In both ways, biogas with a
methane content of >90% could be produced at lab scale
[107,108]. Ongoing experiments in pilot plants aim at
evaluating the feasibility of such concepts in practice.
Results will show if this type of hydrogenotrophic meth-
anogenesis is a practicable and economic option to convert
excess electricity into methane as a storable and versatile
energy carrier. As an additional advantage, due to the
already high methane content of the biogas, upgrading
and feed-in of the gas into a gas grid, which possibly is
already present, requires considerably less effort.
Process control will always be an important issue, and
early warning systems of process failure are excellent
options to take measures at diagnosed imbalances in due
time. Molecular biology systems such as the MQ and
the cDNA/DNA ratio (see ‘Microbial bioindicators and
early warning systems’ section) have been developed and
are at disposal for process monitoring in practice. Although
online monitoring of these parameters currently appears to
be infeasible, kit-based systems may be developed for use at
the operators' premises. However, these will still require
some basic laboratory equipment and may thus only be
of value for larger plants. Portable PCR instruments
for application in situ are already offered, and further
miniaturization may allow the development of portable
qPCR instruments. Besides eventual on-site application,
custom analysis in a specialized laboratory is an option,
but a long transport time is problematic if parameters in-
volving the unstable messenger-RNA are to be analyzed.
Preliminary sample preparation is required in such cases
to fix the actual mRNA concentration on-site, waiving fur-
ther mRNA turnover. The development of such kit-based
systems appears realistic so that such kits may soon be
found on the market.
From the perspective of agriculture, a biogas plant is

supposed to generate profit for its owner(s) and added
value for the region. However, to be regionally well-
integrated, the capacity of a biogas plant has to be com-
patible with the agricultural and ecological limitations
of its surroundings [109]. If these limitations are ignored,
this will have serious economical and environmental im-
pacts, as it can be witnessed in those regions in Germany
where high livestock densities have been combined with a
large concentration of biogas plants. Such misguided de-
velopments are a threat to the public acceptance of biogas
plants in general, which on the other hand is an important
trigger for the future implementation of this industry, as
outlined above.
From the perspective of electricity supply, biogas plants

are flexible power stations that could make a significant
contribution to the balancing of demand and supply
within an energy system based on fluctuating renewable
sources. However, this ability of biogas plants has hardly
been exploited so far due to unsuitable regulations and
economic framework conditions. Typically, to be eligible
for the balancing power market, biogas plants will have to
be bundled economically by a trader.
From the technical point of view, the plants have to be

upgraded in such a way that biogas production and
utilization can be decoupled over a certain period of
time. In a first step, to balance electricity demand and
photovoltaic supply curves, it makes sense to go from a
24-h operation of the generator to two 4-h intervals per
day. Assuming no changes in the biogas production, this
requires a new generator with about triple the output of
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the old one, combined with sufficient gas storage capacity.
In addition, not to sacrifice the thermal utilization ratio,
heat buffer storage capacity must be provided on site or at
the purchasers' premises. For rural biogas plants in the
lower capacity range, possibly fed mainly with animal
manure, the economical viability of participating in the
free market will likely remain out of reach. In these cases,
a better solution might be the optimization of local energy
supply for own and/or demand in close vicinity.
On this background, the challenge for the future ap-

pears to be the reconciliation of agro-environmental
limitations and energy economics. By keeping this in
mind and installing the necessary regulatory framework,
it should be possible to exploit the beneficial potential
of biogas as a versatile and renewable energy source.
Given the respective economical incentives, there is
large potential to significantly improve the productivity
and stability of AD processes by building on the techno-
logical advances that have been summarized above with
emphasis on optimization of every single step involved
in biogas production and utilization.

Conclusions
This review shows that although agricultural biogas
technology in Germany has been subject to quite a lot of
scientific research and technological progress, there is
still significant potential for optimization. At the same
time, misguided trends should remind us of the fact that
no technology is ‘good in itself ’ but must be implemented
within ecological, economical, and social boundary condi-
tions. For the sustainable development of biogas technol-
ogy in agriculture, we consider the following aspects most
important:

� To improve the efficiency of existing biogas
installations, tools for performance assessment and
benchmarking of biogas plants are needed that have
a solid methodological basis and are at the same time
easy to use for the farmer. For this, basic measuring
equipment for biogas plants is indispensable and
should be disseminated much more.

� While monitoring and control (M&C) of AD plants
in practice should be improved significantly, the
respective equipment needs to be tailored to the
design and overall framework conditions of the
individual biogas installation. The target level of
methane productivity or better methane yield can be
used as a first indicator of M&C requirements.

� Recent advances in the use of molecular biology tools
have very much improved the understanding of the
AD process and the function of microorganisms
involved. Bioindicators and novel eco-physiological
parameters such as the MQ and cDNA/DNA ratios
are ideal supplements of the conventional chemical
indicators for monitoring and controlling AD process
stability at distinct process stages.

� These molecular biology tools have been developed
as early-warning systems of process failure. They are
excellent options to take measures at diagnosed
imbalances in due time and preclude process
breakdown. The analysis of bioindicators, the MQ
and cDNA/DNA ratios still require a specialized
laboratory, but further instrumental developments
and miniaturization should allow for on-site analysis
in the not-too-distant future.

� Given suitable economical and regulatory framework
conditions, higher standards for biogas technology
from the electricity supply system could foster the
development and dissemination of innovative M&C
technology that is currently not economically
attractive.

� It seems debatable whether biogas plants in the
lower capacity range can be integrated into the
balancing power market or should rather be part of
energy supply concepts on a local level.

� One of the most prominent factors for the
sustainability of biogas production is the sustainable
production or sourcing of the input materials. We
see a substantial need for research into the
environmental effects of agricultural production
processes and for the development of suitable
assessment methods.

� The integration of biogas plants into an energy
supply network based on volatile renewable energies
is a major challenge. For bigger plants, electricity and
heat or gas supply on demand appear to be an
excellent option to bridge production gaps of the
volatile renewables. Using novel ‘power-to-gas’
technologies, surplus production of electricity may be
transformed to ‘biomethane’ and stored in the gas grid.
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