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Abstract Several European countries have expanded the tra-
ditional use of anaerobic digestion, i.e. waste treatment, to
energy generation through attractive incentives. In some
countries, it is further promoted by additional payments to
generate biogas from biomass. This review aims to summarise
agronomic aspects of methane production from maize, to
address resulting abiotic environmental effects and to high-
light challenges and prospects. The opportunities of biogas
production are manifold, including the mitigation of climate
change, decreasing reliance on fossil fuels and diversification
of farm income. Although the anaerobic digestion of animal
manure is regarded as the most beneficial for reducing green-
house gas (GHG) emission from manure storage, the energy
output can be substantially enhanced by co-digesting manure
and maize, which is the most efficient crop for substrate
provision in many regions. Although first regarded as benefi-
cial, the rush into biogas production strongly based on maize
(Zea mays ssp. mays) is being questioned in view of its
environmental soundness. Main areas of concern comprise
the spatial concentration of biogas plant together with the high
amount of digestate and resulting pollution of surface and
ground water, emission of climate-relevant gases and detri-
mental effects of maize cultivation on soil organic matter
degradation. Key challenges that have been identified to en-
hance the sustainability of maize-based biogas production
include (1) the design of regionally adapted maize rotations,
(2) an improved management of biogas residues (BR), (3) the
establishment of a more comprehensive data base for evalu-
ating soil C fluxes in maize production as well as GHG

emissions at the biogas plant and during BR storage and (4)
the consideration of direct and indirect land use change impact
of maize-based biogas production.
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Abbreviations
BR Biogas residues
GHG Greenhouse gas
OM Organic matter
SOC Soil organic carbon
TAN Total ammonia nitrogen

Introduction

The use of renewable energies is being promoted as an effi-
cient means of contributing to a reduction of GHG emissions,
and thus, it represents a major pillar of climate protection
measures [39]. Within the portfolio of renewable energies,
biomass is a key element for developing sustainable energy
systems. Traditionally, the combustion of biomass for heat,
light and power generation has been used in many parts of the
world, and fuel wood is still the most important bioenergy
source worldwide [72]. Presently, biomass contributes 12.7 %
of the global final energy consumption. Advanced biomass-
to-energy conversion technologies, including thermochemical
and biochemical processes, provide more convenient energy
carriers that are better adapted to the needs at the household,
smallholder and industrial scale.

Biogas, although belonging to the first generation bio-
fuels, has the advantage that a wide variety of biomass
sources, including organic waste, can be converted to

A. Herrmann (*)
Institute of Crop Science and Plant Breeding, Grass and Forage
Science/Organic Farming, Christian-Albrecht-University,
Hermann-Rodewald-Str. 9,
24118 Kiel, Germany
e-mail: aherrmann@email.uni-kiel.de

Bioenerg. Res. (2013) 6:372–387
DOI 10.1007/s12155-012-9227-x



methane via anaerobic digestion. In developing countries
with warmer climates, such as India and China, biogas
has contributed to domestic energy supplies for decades
[71]. In more developed countries, biogas was formerly
used mainly for wastewater treatment, and more recently,
it has gained importance as a contribution to the efforts
in climate protection of several European member states,
notably Germany, Austria and Italy [49, 70, 113]. Com-
pared to other biomass-based fuels, biogas is character-
ised by higher energy and resource-use efficiency than,
for instance, biodiesel or bioethanol [20, 123]. In partic-
ular, the anaerobic digestion of animal slurry is regarded
as having an important climate protection role, since the
GHG emissions arising during slurry storage and appli-
cation are substantially reduced [90, 107]. Animal slurry
has a relatively low volatile solids (VS)-specific methane
yield, which, however, can be substantially improved
when co-digesting with feedstocks such as silage maize
(Zea mays ssp. mays), various grass species or sugar beet
(Beta vulgaris ssp. vulgaris) [7]. Since only carbon is
extracted during the fermentation, and the plant nutrients
that largely remain in the biogas residues (BR) can later
be used to replace fossil fuel-based mineral fertiliser,
biogas production systems often are considered to have
almost closed nutrient cycles [6].

The rush into bioenergy production, however, may cause
some serious environmental concerns, as in the case of
bioethanol production in the USA [89] or in Germany with
respect to biogas production [118]. In Germany, the imple-
mentation of the Kyoto Protocol and the European directive
on the promotion of electricity production from renewable
energy sources (2001/77/EG) [50] has led to an expansion of
biogas production on agricultural farms, on a scale not previ-
ously seen, due to an attractive feed-in tariff system. Today,
Germany is the largest biogas producer in the European
Union, with around 7,100 biogas plants in 2011 (landfill gas
and sewage gas plants not included) corresponding to a total
installed electric output of 2,780 MWand providing 3.1 % of
the country’s electricity consumption [51]. Most of the biogas
plants (91 %) use wet biomass streams, co-digesting slurry
and crop substrate [37]. While a well-considered expansion of
bioenergy production is assumed to reduce greenhouse gas
emissions and to contribute to securing energy supplies, the
expansion of biogas production that has occurred during re-
cent years in Germany, with its substrate supply strongly
based on maize (Fig. 1), is a cause of growing concern about
potential damage to the environment.

The aim of this review is (1) to compile and summarise
the research activities and current discussions on agronomic
aspects of methane production from maize and (2) to syn-
thesise abiotic environmental effects resulting from biogas
maize production, including the emission of climate-
relevant gases, N leaching and soil organic carbon balance.

Agronomic Aspects of Biogas Maize Production

Productivity of Maize and Alternative Crops

The macroeconomic sustainability of current bioenergy crop-
ping systems is best quantified in terms of their energy effi-
ciency, especially in view of scarce land.With net energy yield
up to 170 GJ ha-1 achieved in biogas production via combined
heat and electricity generation, it is clear that this bioenergy
path is one of the most efficient bioenergy production lines
[52]. Current results obtained in a Germany-wide joint project
focussing on the agronomic, ecologic and economic perfor-
mance of various biogas cropping systems clearly show that,
at most sites throughout Germany, maize has the highest
potential of dry matter and methane yield potential [153] due
to its low nutrient demand, high water-use efficiency and high
digestibility. Only at marginal production sites, which are
characterised by either low temperatures and high precip-
itation or, at the other extreme, by very low water avail-
ability, maize may be outcompeted by other crops. For the
coastal marsh region of northern Germany, which is char-
acterised by low temperature, high precipitation and clay-
rich soils, for instance, Quakernack et al. [117] found
forage grasses and cereals grown for whole crop silage
to achieve yields similar to that of maize, but at a higher
yield security. In parts of eastern and southern Germany
where low precipitation limits maize growth, sorghum
(Sorghum bicolor×bicolor) and sudan grass (Sorghum
sudanense×bicolor) might provide alternative substrates
[153], yet breeding approaches are still in their infancy.
Sugar beet has the potential to achieve a high methane
yield on soils with sufficient water supply [141], but
technical challenges with respect to storage and cleaning
still hamper large-scale use [37]. Perennial crops such as
Miscanthus (Miscanthus×giganteus, Miscanthus sachariflo-
rus and Miscanthus sinensis) or willow (Salix sp.) seems
not suitable for anaerobic digestion due to a substantially
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lower specific methane yield caused by their lignocellulos-
ic structure [82, 147].

Consequently, the loss in diversification of crop rotation
observed over the last decades due to agricultural policy and
the pressure for cost-effectiveness and specialisation has
been reinforced by the expansion of biogas production in
many regions, where maize dominates crop substrate supply
and is often grown in monoculture [48]. This applies, for
instance, to the sandy soil regions of northern Germany,
where dairy farming has traditionally been the prevailing
farming activity and the share of maize on arable land was
high already before the biogas boom took hold. It is fre-
quently stated that permanent grassland might represent a
cost-efficient alternative to maize. Intensive management,
however, is required to ensure high grass yield, which results
in a lower net energy yield and a lower competitive ability [30,
47, 61]. In regions where cash-crop farming has been domi-
nating, the proportion of maize in crop rotations was usually
lower than in dairy farming regions. Crop rotation diversity
therefore might benefit from maize expansion.

Productivity of Maize Cropping Systems

The introduction of catch crops, double-cropping and maize
rotations is currently being intensively discussed in terms of
alternatives to maize monoculture for reducing the potential
negative impact of monoculture and for enhancing yield [80,
153]. Maize can achieve very high net assimilation rates, but
the canopy duration usually is often limited and therefore
does not allow it to fully absorb radiation in early summer,
especially in northwestern Europe. Peak photosynthetic
rates, however, do not necessarily result in the highest
productivity, since leaf area duration appears at least as
important for the productivity of a cropping system as leaf
photosynthetic efficiency [13, 68]. Hence, a major aim
should be year-round soil coverage with crops suitable for
biomethanisation.

Catch Crops and Double-Cropping The use of catch crops
or double-cropping thus would provide the opportunity to
exploit the high photosynthetic capacity of the C4 maize
crop in summer and to use the potential of C3 crops in
spring and autumn [12]. Environmental performance is
improved by an almost year-round soil cover, which
reduces the risk of soil erosion and facilitates weed
control. Double-cropping systems, in addition, provide
the possibility of diversifying risks in terms of yield
security resulting from extreme weather events. Although
catch and double crops are mostly regarded favourably,
their negative impacts on the main crop must be consid-
ered, when, for instance, affecting ecophysiological char-
acteristics of maize, such as leaf area and leaf carbon
exchange, and thus decreasing maize dry matter and N

yield under nutrient-limited conditions [96]. In addition,
maize yield may be reduced due to a shortening of the length
of the vegetation period, since maize sowing is usually
delayed when following a catch crop that is harvested in late
spring/early summer. Earlier cultivars are required for exploit-
ing the remaining vegetation period, which are known to have
a lower yielding potential [23]. Vetter [153], investigating the
biomass accumulation of various catch-cropping and double-
cropping systems throughout Germany, found an average
yield reduction of 15% when growing maize after a winter
rye (Secale cereale) catch crop compared to main crop maize
(Fig. 2). In agreement, Grignani et al. [64] and Herrmann et al.
[69] reported a difference of 4–5 tDM ha−1 between maize
main crop and maize following a ryegrass (Lolium multiflo-
rum) catch crop, which was mainly attributed to later sowing
and the use of an earlier variety, but N immobilisation after
destruction of the grass sward may have also contributed to
yield depression. Apart from nutrient supply and vegetation
period, water availability is another key factor for successful
catch- or double-cropping. In regions that are prone to spring
and summer drought, catch- or double-cropping systems bear
a risk of maize yield loss compared to sole-cropping due to
competition for water resources. Results by Vetter [153] may
exemplify that the yield reduction of maize observed after
winter catch crops could only be overcompensated at sites
Werlte and Dornburg, where water availability was sufficient
(Fig. 2). Whether the moderate yield gain of catch cropping
covers the cost for additional soil cultivation, harvest, ensiling
and transport remains questionable [153]. In addition, the
authors tested a number of double-cropping systems at various
sites with annual precipitation above 550 mm and reported a
yield gain of only 2–3 t DM ha−1 for the highest yielding
combination [rye–maize or rye/pea (Pisum sativum)–maize]
compared to maize following a mustard (Sinapis alba) catch
crop. Intercropping maize with other crops such as sunflower
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(Helianthus annuus) might promote the acceptance of biogas
cropping, but did not result in any yield gain compared to sole-
cropped maize [36, 153].

Maize Crop Rotations Rotations designed for forage use or
energy recovery, including maize as one of several main
crops, have not been exhaustively investigated so far in
northwestern Europe. Systematic studies conducted in
Belgium, France and northern Italy consistently show a
maize yield benefit when growing maize in maize–ley
rotations compared with monoculture [64, 105, 152].
The experimental data, as well as a meta-analysis of
internationally published results conducted by Nevens
and Reheul [104], clearly indicate that N availability is
a key factor determining the rotation effect, with the
rotation benefit on maize yield decreasing with increas-
ing N supply, or in other words, maize grown in rota-
tion is less responsive to N fertilisation than maize
grown in monoculture. Moreover, non-N effects, as for
instance due to soil water availability, soil structure,
disease and weed pressure may contribute to positive
rotation effects [104]. The studies furthermore revealed
that the total rotation yield benefit is strongly deter-
mined by the maize share and the difference in yielding
potential between maize and the remaining rotation ele-
ments, with maize–ley rotations often being less com-
petitive than maize monoculture [64, 152].

Slightly different results were obtained by a 3-year
experiment conducted on a sandy soil site in northern
Germany, aiming to analyse the yielding potential and
environmental effects of a crop rotation comprising white
clover (Trifolium repens)/grass (Lolium perenne) ley,
maize and triticale (×Triticosecale) compared with maize
monoculture [155]. Clover–grass was managed as a
mixed system with two cuts followed by two grazings.
The last cut, which was not harvested, served as catch
crop and was ploughed in the following spring before

maize sowing. In agreement with the previously men-
tioned studies, maize in rotation achieved on average
10–15% higher net energy for lactation (NEL) yield than
maize monoculture and considerably higher N yield,
which was also reflected in a low N balance for the
entire rotation (Fig. 3). Energy yield of the entire rotation
was similar to, or slightly higher than, that of maize
monoculture (not shown). The implementation of maize
rotations, however, is restricted by cross compliance obli-
gations with respect to the maintenance of permanent
grassland. This is especially challenging for farms located
on light sandy soils, as in northern Germany, where
ploughing of potentially available grassland would allow
the generation of higher yields [146, 156]. Maize pro-
duction on peaty soils, however, should be banned to
avoid excessive GHG emission [128, 148].

Environmental Aspects of Biogas Maize Production

The biogas residue or digestate, which remains following
anaerobic digestion, represents a valuable source of plant-
available nutrients, which should be recycled in a sustain-
able manner to supply nutrient inputs that might otherwise
come from fossil fuel-based mineral fertilisers. Challenges
with respect to nutrient management may arise from the
high density of biogas plants observed in several regions
with existing high livestock densities, where biogas produc-
tion may cause an oversupply of organic fertiliser. A recent
German farm survey revealed that N surplus, which repre-
sents an appropriate indicator of N loss, tends to increase
with the share of maize on arable land, since a high maize
share usually is accompanied by a high proportion of
nutrients from organic fertiliser [21]. The situation becomes
more problematic when large amounts of substrates are
purchased. For instance, it is estimated that one tenth of
the maize substrate fermented in the federal state of
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Schleswig-Holstein, northern Germany, originates from
Denmark.

In addition to challenges related to BR volume, specific
digestate properties might lead to conflicts with environmental
protection goals. This applies in particular to (1) the EUWater
Framework Directive [43] aiming to achieve ‘good ecological
and chemical status’ for all community waters by 2015; (2) the
EU NEC (National Emission Ceilings) Directive [44], setting
upper limits for each member state for total emissions of
ammonia, sulphur dioxide, nitrogen oxides and volatile or-
ganic compounds; and (3) the ambitious aims with respect to
reduction of GHG emission set by European and national
policies.

Implication of Biogas Residue Properties for Nutrient Flows
and Dynamics

Nitrogen Dynamics Information on the short- and long-term
effects of BR application on carbon and nutrient flows is a
prerequisite for optimising biogas production systems in view
of the need for environmental sustainability. During the pro-
cess of anaerobic digestion, the fermentation substrate is sub-
ject to transformations, bringing about substantial changes in
physical and chemical properties of the BR when compared to
that of liquid animal manure, which may modify biochemical
processes taking place at soil surface or in the soil. The
concentrations of C and N are key drivers of N availability,
with the C/N ratio being regarded a reliable indicator of N
release from organic fertiliser. For C/N ratios below 6–7,
intensive N mineralisation during the year of application
may be expected, while for low N content of the digestate,
N availability in the soil is assumed to be limited due to N
immobilisation [67]. Since a large part of the energy content of
the fermentation substrate is converted and exported in terms
of methane, the C/N ratios of BR are substantially lower than
values reported for animal slurry, with a large variation
depending on the digestion procedure. For cofermentation,
Gutser et al. [67] reported the C/N ratio to range between 2
and 5, while monofermented crop substrate would result in a
C/N ratio of 5–8. In contrast to the C/N ratio, the NH4–N share
of the total N content and the pH value may substantially
increase during fermentation [67, 136, 143]. Furthermore, the
higher stability of organic matter is hypothesised to support
humus accumulation [9, 67]. A higher recalcitrance of organic
matter might also prevent N immobilisation of mineral N [66,
93]. Finally, BR is characterised by a lower viscosity which
facilitates its infiltration after application [116].

Nitrogen Use Efficiency A lower viscosity, together with a
higher NH4–N share, as well as a reduced C/N ratio and
N immobilisation, will enhance short-term N availability
[66, 94, 140]. In agreement, Gutser et al. [67] reviewed
the short-term N-use efficiency of BR, i.e. in the year of

application, to range between 40 and 60 % mineral
fertiliser equivalent (MFE) for monodigested crop sub-
strate and between 50 and 70 % for co-digested slurry
when applied to various crops, which was considerably
higher compared to undigested cattle slurry (35–45 % MFE).
Year-after-year application of animal slurry is known to in-
crease the residual N effect. Likewise, Gutser et al. [67]
estimated long-term MFE to vary between 60 and 70 %,
provided a 40–60 % short-term MFE. A higher short-term
N-use efficiency, however, will probably result in a lower
residual N effect, as found in a simulation study for undigested
and digested cattle slurry applied to grassland [129]. The
abovementioned values are considerably lower than the nutri-
ent value found in own studies, where co-digested residue was
applied to maize monoculture in a 2-year field experiment
[69]. Nutrient value, quantified as relative N fertiliser value as
means over 2 years, amounted to 0.75 for BR and 0.57 for
cattle slurry on a humus sandy site, while on a sandy loam site,
values were even higher (BR, 0.98; pig slurry, 0.75). When
interpreting results on N-use efficiency, the application tech-
nique should be taken into consideration, since interactions
may occur with fertiliser type [140].

Phosphorus and Potassium Literature on the effect of
anaerobic digestion on P mobility is scarce. Güngör and
Karthikeyan [65] reported a reduction in soluble P con-
tent, which was attributed to partitioning of orthophos-
phates into particle-bound form subsequently after
digestion of dissolved unreactive P. It is mainly Ca and
Mg that seem to be responsible for this interaction [138,
157]. Gooch et al. [63] found an increased concentration
of orthophosphate in the digestate. Field and pot experi-
ments by Möller and Vogt [100], Loria and Sawyer [87]
and Möller and Stinner [99] indicate similar plant P
availability after application of undigested and digested
slurry.

It is often postulated that biogas production would allow
for closed nutrient cycles, which seems reasonable in the
case of P and K, since gaseous emissions during fermenta-
tion as well as during storage and spreading of the BR can
be excluded. However, P and K may partially be retained in
the fermenter due to absorption to small particles [91].
Schievano et al. [127] documented losses to range from 6
to 9 % and 2 to 5 % for P and K, respectively.

Implications for Sustainable Nutrient Management Another
challenge with respect to nutrient cycling refers to the
nutrient composition of BR. As is already known from
forage production, the ratio of nutrients (N/P/K) of slurry
does not necessarily meet the crop requirements, and thus
requires mineral fertiliser supplementation, or it causes
nutrient oversupply. The same applies to BR, as shown
in recent work by Möller et al. [97], in which the BR
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had a concentration of K that was too low, compared to
N and P, for silage maize fertilisation. An optimised
substrate management was suggested for remedying nu-
trient imbalances, including (1) the separation of BR and
(2) a seasonally adapted substrate input schedule, with
fermentation of N-rich substrates in autumn and winter
for spring application and of substrates low in N during
summer for autumn fertilisation [98].

A future challenge with respect to nutrient cycling might
arise in Germany if the Fertiliser Ordinance, which imple-
ments the EU Nitrate Directive into German legislation, were
to treat BR equally to animal manure in terms of maximum
application limits. Currently, the maximum amount of animal
manure is limited to 170 kg Nha−1 year−1 (230 kg N with
exemption), while for BR, only the N share originating from
animals (minus animal species-specific losses in the barn and
during storage) has to be taken into account. Compliance
with respect to N and P surplus limits (60 kg Nha−1,
20 kg P2O5ha

−1), however, is required for any type of
fertilisation. Biogas farms with a high proportion of their
acreage devoted to substrate production and cultivating
crops with a high N demand per hectare, as for instance
grassland or anticipated high yielding biogas maize varie-
ties, thus will face problems with respect to nutrient
surpluses as severe as on dairy farms.

Nitrogen Leaching

With respect to the N-leaching potential of BR applica-
tion, it might be argued that the higher plant N avail-
ability and lower residual N effect [129] would facilitate
fertiliser management, promote N uptake and thus reduce
the N-loss risk. Organic fertiliser, however, usually is
applied before or at maize sowing, and BR fertilisation
therefore might entail a higher risk of N leaching if low
maize N uptake during early growth and high precipita-
tion events coincide. This hypothesis is supported by
recent findings from an incubation trial, indicating a high
mineralisation and nitrification potential of BR during the
first weeks after application [125].

Results from a 5-year field trial conducted on grassland
in Austria did not show any difference in leachate nitrate
load between anaerobically digested and raw cattle slurry,
which most likely was due to a low N level and very high
annual precipitation [116]. Similarly, Merz and Trösch [92]
reported no impact of anaerobic digestion on nitrate loss of a
cocksfoot (Dactylis glomerata) sward investigated in a ly-
simeter trial. Another lysimeter study found lower nitrate
loss in wheat for digested cattle slurry than for raw slurry
[122]. Slightly higher nitrate leaching was found in a simu-
lation study only when applying digested slurry without
reducing the total fertiliser amount due to the higher N
availability of the digestate [76].

This is in agreement with our own research, where the N
leaching potential of BR from co-digestion (maize/pig slurry),
animal slurry and mineral N fertiliser was investigated in a
2-year field experiment conducted at two sites in northern
Germany, including different substrate production systems
and fertilisation intensities [142]. At both sites and for all
crops tested, BR application resulted in a similar nitrate
leaching potential to that of liquid animal manure despite
differences in NH4–N share (pig slurry, 71 %; cattle
slurry, 55 %; BR, 53 %). As expected from previous
research [120, 155], nitrate leaching per hectare was much
lower for cut grassland than for maize monoculture. The
differences, however, were partly offset when relating
nitrate loss to the unit of methane produced. A compari-
son of maize monoculture with maize rotations (maize–
whole crop wheat–grass catch crop; maize–grain wheat–
mustard catch crop) showed similar nitrate leaching per
hectare (20–25 kg NO3–N ha−1) at N input required for
maximum DM yield, and marginally lower nitrate loss per
unit methane produced for the monoculture [3.1 kg NO3–N
(1,000 m3 CH4)

−1] caused by a higher methane hectare yield.
In the case of overfertilisation, however, the increase in nitrate
leaching was substantially larger for maize monoculture. The
introduction of catch crops may increase C and N storage,
even when aboveground biomass is harvested [34, 101].
Depending on the C/N ratio of the catch crop species, a
positive or negative net Nmineralisation can be observed after
its incorporation, which affects main crop N uptake and nitrate
leaching [33, 130, 145].

Emission of Climate-Relevant Gases

Since biogas production is substantially promoted to mitigate
climate change, it has to be ensured that climate-relevant gases
emitted during substrate production and processing, fermen-
tation as well as during storage and application of BR do not
counteract the efforts to reduce CO2 emission. Major GHGs
evolving from crop husbandry and plant operation are nitrous
oxide (N2O), methane (CH4) and carbon dioxide (CO2). In
addition, ammonia volatilisation may indirectly contribute to
N2O when organic or mineral fertiliser volatilises as ammonia
and is re-deposited onto the soil [103]. The assessment of
GHG emissions resulting from BR application is somewhat
hampered since most studies on emissions from BR are based
on digested animal slurry, while only few studies provide co-
digestion or maize specific data.

Emissions at the Biogas Plant Systematic and comprehen-
sive measurements of emissions related to the operation of
biogas plants are still scarce. Liebetrau et al. [86] took
punctual measurements at different plant components for
two periods of each of 5 days at 10 biogas plants, which
enabled the identification of relevant emission sources, but
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did not provide enough data for emission balancing. Emis-
sions during silage storage, feeding and processing of the
fermentation substrate appeared to be of minor importance.
Average emission factors for feeding and processing were
estimated at 100 g CH4, 12 g N2O and 5.6 g NH3 t−1 substrate
[35]. Fermenters usually are supposed to be gastight, which
seems valid if equipped with a concrete top, but not for foil
roof coverage. Liebetrau et al. [86] found foil roofs to emit on
average 0.004 % of methane produced. A gastight cover
provides an efficient measure to reduce GHG emission from
storage [15]. A recent Germany-wide monitoring revealed,
however, that only 37 % of biogas plants are equipped with
a gastight BR storage, 27 % have a closed, not gastight BR
storage, while 36 % stored their BR uncovered [37]. Methane
may also become lost with exhaust gases when not completely
combusted, since it is not degraded in conventional waste air
treatment facilities. These losses were found to range between
0.5 and 3.1% of producedmethane or 10–40 g CO2eq kWhel

−1

[8, 11, 53, 86, 119]. Other sources of losses include gas
leakages (average: 1 % of methane produced) and biogas that
is flared when biogas plants are partly switched off due to an
overload of the electric grid. [86, 119].

As for emission data referring to the fermenter and feed-
ing device, there is still lack of data on emissions during
storage, which may be modified by many environmental
factors, such as temperature, air pressure, wind speed, fill
level and digestion processes during fermentation. Although
carbon is largely converted and exported, a certain amount of
methane remains dissolved in the BR, which may be emitted
later. Moreover, carbon remaining undegraded in the digester
provides potential for residual gas production occurring in
the post-digester or in the BR storage [62]. In order to keep
the residual gas production low, a high substrate degradation
rate is thus required during fermentation. Weissbach et al.
[159] found a residual gas potential of 5.5–8.1 % (deter-
mined in batch trial at 38 °C) and of 1.5–3.0 % (24 °C) of
the potential substrate methane yield. A similar range was
reported for data collected in a monitoring study across
Germany, where residual gas potential averaged 9.7 %
(37 °C) and 5.1 % (20–22 °C) of methane yield for single-
stage plants and 3.5 and 1.5 % for multi-stage plants, respec-
tively [55]. Under unfavourable conditions (low hydraulic
retention time, incomplete digestion), however, it may be as
high as 21.8 % (37 °C, multi-stage). The estimates for the
average residual gas potential are in good agreement with the
experimental data of Liebetrau et al. [86], which revealed
that emissions from BR storage may reach a considerable
order of magnitude, as indicated by values varying between
0 and 500 g CO2eq kWhel

−1 for two measurement periods
each of 5 days. Nevertheless, mono- or co-digestion of
animal slurry substantially reduces methane emissions, as
demonstrated by a pilot-scale study conducted in a winter
and a summer experiment by Clemens et al. [31].

The higher pH value and NH4–N content of biogas
residues from mono- or co-digestion are assumed to
entail a higher risk of ammonia emission during storage,
compared with that of liquid animal manure. In addition,
the lower solid content of BR may reduce crust forma-
tion at the storage, which would abate extensive ammo-
nia loss [135]. Crusts, first of all, may act as physical
barrier, but recent research indicates that methane as well
as ammonia-oxidising bacteria located in the crust may
contribute to a reduction of emissions [106, 109]. Clem-
ens et al. [31] found similar ammonia emissions for
undigested slurry and BR in winter, but twice as high
for BR in summer, which was attributed an interaction of
higher temperature and higher pH value of BR.

Apart from ammonia and methane, nitrous oxide can be
emitted from stored BR, resulting from either nitrification or
denitrification at the boundary layer between aerobic and
anaerobic conditions [139]; this could easily be prevented
by a gastight cover, which eliminates oxygen in the head-
space and hence N2O formation. Experimental data by
Clemens et al. [31] revealed slightly lower N2O emissions
for BR than for undigested slurry in winter, whereas it was
the reverse in summer, probably due to differences in NH4–N
share or structure. Total GHG emissions of BR amounted to
14.8 kg CO2eq m−3 BR for the 100-day winter experiment
and 46.7 kg CO2eq m

−3 for the 140-day summer period and,
in total, were lower for BR than for undigested slurry. Sim-
ilarly, Amon et al. [2] reported 37.03 kg CO2eq m

−3 over an
80-day period for digested cattle slurry covered with a wood-
en lid, which was dominated by methane and was consider-
ably lower than for untreated slurry (91 kg CO2eq m−3).
Estimates by Cuhls et al. [35] provide average emission
factors for production and storage of 2,500 g CH4

(62.5 kg CO2eq)t
−1 substrate, 15 g N20 (4.5 kg CO2eq) and

90 g NH3 (0.27 kg CO2eq). Recent research findings indicate
that methane emissions during storage might be cost-
effectively mitigated by acidification of liquid manure before
storage [110].

Emissions during Application With pH values of BR in-
creasing up to one unit, compared to undigested substrate
[137], a higher ammonia emission potential can be expected
after field application. However, a higher ammonia volatili-
sation potential must not necessarily result in higher emis-
sions since the lower solid content and reduced viscosity
cause better infiltration characteristics. Results in the litera-
ture on the effect of anaerobic digestion on ammonia vola-
tilisation after field application therefore are inconsistent.
While Rubaek et al. [121] reported reduced emissions,
others found no significant differences [27, 160] or in-
creased ammonia loss [2, 140]. A 2-year field study con-
ducted at two sites in northern Germany consistently
revealed higher ammonia volatilisation of mono- and co-
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digested BR, compared to undigested pig slurry, amounting
to 12, 16 and 9 %, respectively, of total ammonia nitrogen
(TAN), while it was in the same range as undigested cattle
slurry (13 %) [59]. The discrepancies observed in the liter-
ature probably can be attributed to differences in pH
increase during fermentation and temperature [26, 160],
which are key drivers of ammonia volatilisation. A unit
increase of 0.1 in pH, for instance, may enhance am-
monia emissions by 1.6 % of TAN [60]. A simulation
study analysing crop species and rotation effects on
ammonia emission gave lowest relative ammonia loss
for maize monoculture, while BR application into a
maize–wheat–cover crop rotation or grassland showed
higher loss [59], since part of the BR had to be applied
during unfavourable environmental conditions, e.g. dur-
ing summer. If we presume a total of 7,100 biogas
plants in Germany at the end of 2011, an average BR
production of 10,000 t per year and per plant [158], an
average NH4–N content of 2.2 kg m−3, an 80 % share
of plant-derived BR and an ammonia–N loss of 15 % of
TAN, then approximately 18,740 t ammonia–N is addi-
tionally volatilised from biogas production. Ammonia
emission could easily be reduced, and plant N-use effi-
ciency be enhanced if BR were to be injected or im-
mediately incorporated after application [27, 160].

With respect to N2O emission following BR applica-
tion, it might be hypothesised that the reduced content of
degradable organic matter would reduce the potential for
denitrification and result in lower N2O loss, compared to
undigested slurry [140]. Furthermore, lower viscosity and
faster infiltration could support C and N dispersion in
soil, which, depending on soil nitrate status, could pro-
mote or reduce N2O fluxes [111]. During the initial
period after application of BR and liquid manure, deni-
trification appears to be the dominant process producing
N2O [132]. Apart from the contents of soil nitrate and
easily degradable C, however, many other factors such as
soil texture, soil moisture, oxygen availability, tempera-
ture, crop and application technique [74, 77, 126, 134,
161] affect denitrification; it is not surprising therefore
that literature results on the effect of anaerobic digestion
on N2O emission vary widely. Lower N2O loss after
application of digested compared to raw slurry was found
by some studies [26, 32, 108], while others could not
detect any difference among fertiliser types [16, 31, 150].
Systematic studies on the impact of crop on N2O emis-
sion after BR application are scarce. Wulf et al. [161]
reported an interaction of slurry treatment with crop
during the first 2 weeks after application, where on
arable land higher N2O emission was detected for raw
slurry compared to BR, while on grassland it was vice
versa. These effects were mainly attributed to the avail-
ability of easily degradable C, which seemed more

limiting on arable land than on grassland. In the same
study, the authors found a substantial increase in N2O
fluxes when injecting, instead of trail hose applying BR.
Injection may have enhanced the development of anaer-
obic microsites with high availability of N and easily
degradable C and promoted denitrification. Dittert et al.
[40], analysing N2O emission of mineral N, animal slurry
and BR applied to various crops in three levels, found
higher N2O fluxes for maize compared to grass and
wheat. This was attributed to a later onset of water
consumption and N uptake of maize. The crop effect
was blurred or even reversed when relating N2O loss to
crop yield. The importance of soil properties for denitri-
fication was reflected in a soil texture effect, where
N2O–N emission at a sandy site was three times lower
than at a site characterised by a sandy loam. Fertiliser
type had only a moderate effect on N2O emission under
field conditions: On average, 0.5 % of the fertiliser N
applied was emitted as N2O–N on the sandy soil and
1.7 % on the sandy loam soil, which is in the range
reported for animal manure [38]. A supplementary lab ex-
periment [132], however, revealed a significant interaction of
fertiliser type and soil water content, with substantially higher
emissions for BR than mineral N application only occurring at
high soil moisture content. Low soil moisture after BR appli-
cation was most likely also responsible for a low level of N2O
loss and missing crop effects in a field trial conducted on a
clay marsh soil [144]. Results from field trials conducted in
Denmark showed substantially higher N2O fluxes in maize
compared to winter rye, both for raw slurry and BR, which
was attributed to the timing (maize, before sowing; rye, into
crop), application technique (maize, injection; rye, trailing
hose) and differences in soil temperature [24].

Under the environmental conditions of northwestern
Europe, agriculturally used upland soils usually are assumed
to act as methane sinks since methane consumption by meth-
anotrophic bacteria under oxic conditions outweighs methane
production by methanogenic bacteria under anoxic conditions
[41]. Methane emission after BR application may result from
either volatilisation of dissolved methane produced during
anaerobic digestion and BR storage or by methanogenesis in
the soil/surface slurry band when anaerobic conditions prevail
[161]. The first pathway is supported by many field studies
showing only short emission events directly after application
of liquid manure (e.g. [25, 32, 40]). Clemens et al. [31], for
instance, found 90% of total methane to be emitted within 4 h
after application by trailing shoe, without significant differ-
ences between BR and raw slurry. Injection of BR was shown
to delay methane release [161]. Support for the second path-
way comes from Wulf et al. [161], who attributed longer
continuing methane emission from BR injection into grass-
land to soil methanogenesis. In contrast, Sänger et al. [125]
reported net methane consumption after BR application
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investigated in an incubation trial. On the whole, the contri-
bution of methane emissions after BR application to total
methane emission of biogas production is negligible com-
pared to emissions occurring at the fermenter and BR storage
[2, 31].

Soil Organic Carbon

Impact of Maize Cultivation The impact of biogas produc-
tion from maize on changes of soil organic C (SOC) has
been intensively discussed, and it is suspected that SOC
stock depletion will not be compensated by a reallocation
of BR when aboveground biomass is nearly completely
harvested and extensively degraded during anaerobic diges-
tion. Maize C input via roots and rhizodeposition at physi-
ological maturity is estimated at 29 % of shoot C [3]. Up to
30 % of the C added to the soil in terms of maize roots and
stubble may reside in the soil [17, 54, 64]. Carbon loss is
mainly driven by degradation of soil organic matter via
respiration and by leaching of organic or inorganic C com-
pounds. In addition, wind and water erosion may contribute
to a depletion of C stocks.

According to the C balancing approach [149] applied in
the German Cross Compliance commitments for EU subsi-
disation, forage maize cultivation causes a loss of 560–
800 kg humus C/ha and year (soil organic matter C). When
assuming a typical slurry application of 30 m³ ha−1, the
negative balance decreases to 290–530 kg humus C. An
optimal humus C balance is assumed to lie between −75
and 100. These values, however, are questioned, since the
impact of soil and climatic conditions is not taken into
consideration. Furthermore, the approach is based on older
work, and it may be assumed that current maize varieties
provide higher above- and belowground biomass [75].
Long-term experimental data on C stock changes in temper-
ate forage maize production are limited. A 27-year field
study on forage production systems, including permanent
grassland, maize monoculture and several grass/maize
rotations), showed a 30 % decline in SOC for maize,
but only a 3 % decrease for grassland [151]. A close
relationship was detected between the grass proportion of
rotations and SOC decline. In agreement, Ludwig et al.
[88], studying changes of SOC stocks in a field trial after
39 years of continuous maize, found the sequestration of
C derived from maize to be lower than the loss of C
originating from C3 crops grown before the onset of the
experiment. For a humus sandy soil located in northern
Germany, our own simulations showed annual SOC los-
ses of 660 and 270 kg C ha−1 for treatments highly
supplied with mineral N or cattle slurry [18]. A typical
fertilisation of 20 t slurry plus 75 kg mineral N ha−1 gave an
annual depletion of 370 kg C ha−1. This is below the C loss
value of 1,002 kg ha−1 that was found by Jans et al. [73] for

maize fertilised with 510 kg C ha−1 as slurry. Moors et al.
[102] reported C budgets (net ecosystem exchange minus
harvested C) to vary between −4,800 and 1,500 kg C ha−1 for
maize grown at several sites throughout Europe. An 11-year
continuous maize experiment conducted in Denmark
revealed an increase in SOC [84]. Depending on the amount
of organic fertilisation (with/without maize residue applica-
tion) 90–940 kg C ha−1 were accumulated annually. More
previous works also found negative and positive effects of
maize cultivation on SOC [4, 14, 85].

Carbon Dynamics After BR Application The C balance
approach according to the German Cross Compliance com-
mitments assumes BR application to accumulate 6–12 kg
humus C t−1 (for BR with 4–10 % DM content), which
equals cattle slurry, but is lower than farmyard manure or
compost. The composition of BR in terms of their contents
of N, P and K, however, often does not comply with crop
demand. When, for instance, applying the amount of BR
required to achieve a balanced C budget in maize the P
balance limit (20 kg P2O5 ha−1) set by the fertiliser ordi-
nance may be exceeded, and it was concluded that crop
rotations have to be adapted [42, 97]. Recent research,
however, indicates that BR might have a considerably
higher stability against microbial degradation than previous-
ly assumed. Incubation studies by Sensel et al. [133] found
that only 25 % of C in BR was mineralised when amended to
soil (100 days, 22 °C), which was a much lower proportion
than for cattle slurry (75 %) or fresh farmyard manure (66 %).
This coincides with findings by Alburquerque et al. [1] report-
ing 30 % C mineralisation for co-digested cattle slurry after
56 days incubation at 26 °C and by Kirchmann and Lundvall
[81] who found a 20 % lower CO2 release of anaerobically
digested compared to fresh pig slurry. High CO2 emission
(54 % of added C) following maize digestate incubation
detected by Sänger et al. [124] was probably due to incom-
plete substrate degradation in the fermenter.

Substrate composition and the degree of degradation
during anaerobic digestion, which can vary substantially,
have a large impact on microbial decomposition of OM
and consequently on C sequestration. Biochemical oxygen
demand, content of dissolved organic C (DOC) and the ratio
of DOC to total N were identified as reliable parameters for
characterising BR stability and estimating soil C and N
turnover [1]. Apart from mineralisation of organic C, it
should be taken into consideration that dissolved inorganic
C (carbonate, bicarbonate) can contribute to CO2 emission
after BR application to acid soils [28].

Life Cycle Carbon Footprint

Greenhouse Gas Balance Environmental benefits of biogas
production are largely due to the mitigation of GHG
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emission when substituting fossil fuel and/or digesting slur-
ry. However, high GHG emission during crop cultivation,
plant operation and BR storage, the energy consumption for
plant operation, as well as poor heat utilisation may reduce
or even outweigh the CO2 savings. A larger number of
studies on GHG balances of biogas production have been
published in recent years (e.g. [57, 61, 95, 115]). The find-
ings are not easily comparable, since different system
boundaries, databases, methodologies and functional units
were applied, and assumptions underlying the calculations
often are not adequately documented. Moreover, calcula-
tions often are based on average crop yields and on emission
factors for GHG instead of measurements, which do not
reflect the variation caused by climate, soil and manage-
ment. The fermentation of organic waste, e.g. cattle slurry or
crop residues, is regarded as most beneficial in view of
GHG savings over fossil energy use [57, 78]. However, with
the potential of agricultural residues and biowaste being
restricted and agricultural land being limited, co-digestion
may provide a compromise between GHG mitigation effi-
ciency and land-use efficiency.

Much of the environmental pollution resulting from bio-
gas production is attributable to the production of substrate
[162], mainly due to emissions resulting from fertiliser
production and N2O loss following fertilisation, whereas
fuel consumption for crop cultivation and processing con-
tributes less [95, 114, 154]. Arnold [5] found a range be-
tween 40.2 and 46 g CO2eq kWh−1 for maize, while double
cropping, e.g. rye/maize, rye/sorghum, cereal whole crop
silage/maize, clover–grass/maize, caused higher emissions
from 54.0 to 77.4 g CO2eq kWh−1. Substantially higher
values for maize (about 100 g CO2eq kWh−1) obtained by
Plöchl and Heiermann [112] were probably due to a lower
yield level.

As for substrate production, a large variation may be
expected when comparing GHG balances calculated for
the complete biogas process chain. The share of animal
slurry in substrate is a main determinant of GHG balance.
Negative balances, i.e. net GHG savings, are commonly
reported for biogas plants digesting slurry only, or digesting
a high proportion of slurry [10, 78], whereas GHG emis-
sions of sub-optimal systems may exceed those of fossil-
based electricity and heat production [95, 115]. A scenario
study by Meyer-Aurich et al. [95], including the impact of
substrate feedstock, heat use, BR storage cover and land-use
change (LUC) found the GHG balance to range between
110 (co-digestion cattle slurry/maize, no additional heat use,
gas tight storage) and 400 g CO2eq kWh−1 (maize mono-
digestion, no additional heat use, LUC, i.e. 25 % of maize
on former grassland). Compared to fossil fuel-based energy
systems, GHG savings up to 75 % seem achievable [29, 95].
Maize-based biogas production thus can comply with the
current (35 % GHG reduction) or future (50 % GHG

reduction by 2017) target set by the EU Renewable Energy
Directive 2009/28/EC [45], which so far applies only to
biofuels and electricity produced from liquid biomass, but
an extension to biogas is discussed [83]. The large range in
GHG savings reported in literature may at first appear
contradictory, but is partly due to different reference energy
systems used. The choice of the reference energy system has
substantial impact on the CO2 saving potential [19, 57, 78],
which highlights the need for a standard reference as already
provided for biofuels and electricity from liquid biomass.

Potential for Optimisation When exploiting the GHG miti-
gation potential of biogas production, the reduction of N2O
emissions seems to be most critical for the GHG balance—a
gastight BR storage cover provided—due to its high global
warming potential and the high degree of uncertainty related
to its estimation [95, 154]. If a gastight cover is not avail-
able, variation of GHG balance is dominated by storage
emissions [95]. Depending on the substrate degradation in
the digester and the residual methane potential of the BR,
GHG emission of uncovered biogas production systems
may even exceed those of reference energy systems [57,
95]. A 5–7 % CH4 emission of total CH4 production was
determined as a critical threshold by Plöchl et al. [114]. The
GHG balance can be improved when credits for thermal use
can be accounted for [22, 57]. A decrease of 60 g CO2eq

kWh−1, for instance, was reported for a co-digestion system
after introducing heat use [95]. Carbon debt due to LUC
represents another factor having a large impact on GHG
balance, which is often not included in GHG balances, but
this is intensively discussed in Germany because it is pre-
sumed that a considerable proportion of the permanent
grassland destruction observed in recent years has been
due to the expansion of biogas maize. Estimates by Meyer-
Aurich et al. [95] showed an increase of 60 g CO2eq kWh−1 for
a typical biogas farm when assuming a 25 % share of maize
grown on ploughed grassland.While direct effects of LUC are
hardly substantiated by data, the situation is even more diffi-
cult for indirect LUC effects caused by outsourcing of food
and forage production, which can only be overcome by a
global balance [56].

Other Impact Categories

Although the CO2 saving potential represents a key indicator
of sustainability, a comprehensive assessment of biogas pro-
duction requires additional indicators [58], the net energy
yield and energy efficiency being very important in the case
of high competition for land. Net useful energy yields reported
for maize or maize rotations are up to 174 GJ ha−1 [30, 131],
while energy output/input ratio ranges between 2 and 16,
depending on biogas yield, utilisation efficiency and reference
system [30, 46, 61, 115, 131]. Transport distance consistently
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was found to have a substantial impact on energy efficiency
[30, 115], which together with low biogas yields explains the
low energy efficiency of slurry-only fermentation [115]. In
contrast to energy efficiency, the impact of transportation
distance on GHG balance is regarded as moderate [57, 154].
Literature data on the influence of biogas production on
acidification and eutrophication unanimously underline a
higher environmental impact compared to fossil fuel-based
energy systems [22, 79, 131].

Conclusions

Biogas is one option within the portfolio of renewable
energy technologies, which are supported in many
countries by climate protection and energy policies. An-
aerobic digestion of animal manure is generally consid-
ered an efficient option to reduce GHG emission from
manure storage. Its limited energy output can be en-
hanced substantially through co-digestion with crop sub-
strate, where maize shows superior performance to many
other crops in northwestern Europe. Such farm-scale
production systems may open additional sources of in-
come alongside traditional farming and may contribute to
rural development. Hasty decisions to promote co-
digestion systems when global and local implications
are still uncertain, however, could result in unintended
side-effects on agricultural structure and the environment.
In Germany, for instance, nearly 7 % of the arable land
was used for biogas substrate production in 2011 (thereof
80 % biogas maize), but provided only 3 % of the
national electricity consumption. Due to its relatively
high land requirements and high CO2 avoidance costs,
maize-based co-digestion probably will not play a major
role in future energy supply, but rather may serve as a
temporary bridging technology in the transition towards
an resource-efficient energy supply. In the meanwhile,
sustainability of existing maize-based co-digestion sys-
tems has to be enhanced, not only with regard to the
climate change mitigation potential but also in view of
other environmental objectives. The following major re-
search challenges have been identified:

& Design of regionally adapted maize cropping sys-
tems as an alternative to maize monoculture for
optimising substrate provision while minimising en-
vironmental impact.

& Enhanced management of biogas residues, which repre-
sent a valuable source of nutrients and organic fertilisa-
tion, but may pose challenges especially in regions with
a high livestock density and biogas operations, and on
soils prone to leaching.

& Establishment of a more comprehensive data base on
the carbon fluxes in maize cultivation to allow a

reliable assessment of the carbon budget of biogas
maize production.

& Similarly, a more extensive data base is required with
respect to climate relevant trace gas fluxes occurring at
the biogas plant and during BR storage, in order to
ensure a reliable life cycle assessment of maize-based
biogas production.

& Consideration of direct and indirect land use change in
GHG balance calculation, which could thwart potential
carbon benefits for long time, e.g. maize cultivation on
ploughed grassland or peaty soils and leakage effects
through the displacement of agricultural production
resulting in land use change elsewhere.

Any science-based climate and energy policy aiming to
promote resource-efficient bioenergy sources needs to be
preceded and monitored by a thorough impact analysis, in
which aside from the effects on the abiotics, which were
discussed in this review, also the effects on the biotic environ-
ment will have to be considered.
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