
sustainability

Article

Comparative Advantage of Maize- and Grass-Silage
Based Feedstock for Biogas Production with Respect
to Greenhouse Gas Mitigation

Andreas Meyer-Aurich 1,*, Yulia Lochmann 1, Hilde Klauss 1 and Annette Prochnow 1,2

1 Leibniz-Institute for Agricultural Engineering Potsdam-Bornim, Max-Eyth-Allee 100, 14469 Potsdam,
Germany; post@lochmann.ru (Y.L.); hilde.klauss@freenet.de (H.K.); aprochnow@atb-potsdam.de (A.P.)

2 Faculty of Life Sciences, Albrecht Daniel Thaer-Institute of Agricultural and Horticultural Sciences,
Humboldt-University of Berlin, Hinter der Reinhardtstr. 8-18, 10115 Berlin, Germany

* Correspondence: ameyer@atb-potsdam.de; Tel.: +49-331-5699-222

Academic Editor: Michael Wachendorf
Received: 19 May 2016; Accepted: 24 June 2016; Published: 30 June 2016

Abstract: This paper analyses the comparative advantage of using silage maize or grass as feedstock
for anaerobic digestion to biogas from a greenhouse gas (GHG) mitigation point of view, taking
into account site-specific yield potentials, management options, and land-use change effects. GHG
emissions due to the production of biogas were calculated using a life-cycle assessment approach for
three different site conditions with specific yield potentials and adjusted management options. While
for the use of silage maize, GHG emissions per energy unit were the same for different yield potentials,
and the emissions varied substantially for different grassland systems. Without land-use change
effects, silage maize-based biogas had lower GHG emissions per energy unit compared to grass-based
biogas. Taking land-use change into account, results in a comparative advantage of biogas production
from grass-based feedstock produced on arable land compared to silage maize-based feedstock.
However, under current frame conditions, it is quite unrealistic that grass production systems would
be established on arable land at larger scale.
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1. Introduction

The production of biogas from agricultural feedstock has been propagated as a promising pathway
for reducing fossil CO2 emissions from energy use [1]. However, bioenergy systems may not only
relieve the environment by substituting fossil fuels but also contribute to environmental problems
especially associated with the cultivation of energy crops [2]. Nevertheless, the production and use
of biogas from agricultural wastes and animal manure has the advantage that the energy of these
resources can be utilized, which otherwise cannot be used efficiently.

In Germany, rather strong incentives have been set to produce biogas with the Renewable Energy
Sources Act in the year 2000 and several following amendments, which triggered a boom of biogas
from dedicated energy crops [3]. In 2015, about 8000 biogas plants digested agricultural feedstock
in Germany [4]. Since energy density is low in animal manure, additional feedstocks such as energy
plants contribute to the energy production from biogas to a great extent. The most prominent energy
plant for anaerobic digestion is maize [Zea maize], followed by mixtures of different grass and herb
species from grasslands, and cereals [2], which generally are ensilaged as whole plant before digesting
in specific reactors. As a consequence, the area dedicated for energy plants for biogas production
in Germany summed up to more than 1.2 million ha, which is 7.5% of the total utilized agricultural
area [5]. While silage maize is still the dominant energy crop in anaerobic digestion in Germany,
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efforts are being made to foster the use of other crops for the production of bioenergy. Feedstock from
grassland has the advantage of being abundantly available in Europe at low opportunity costs [6].
However, feedstock costs per energy unit are often higher for feedstock from grassland compared to
silage maize [7], which creates an incentive to use silage maize instead of feedstock from grassland for
biomass digestion. Furthermore, the use of feedstock from grassland, especially from conservation
areas, may complicate the fermentation process due to the structure of this feedstock [6,8–10], which
creates another disincentive for the use of this feedstock for biogas production.

The use of agricultural feedstock for biogas production may contribute to the mitigation of
greenhouse gases (GHG) by substituting fossil energy for electricity and heat production [11]. The
GHG mitigation potential, however, may be substantially reduced if direct or indirect land-use change
effects apply, which may result in a net GHG emission effect of the use of energy crops [12]. While
direct land-use change effects can be estimated with the history of land use of the fields considered
for energy cropping, indirect land-use change effects are subject to market forces and occur on other
fields than those designated for energy cropping. In Europe, different land-use change processes have
been identified, which either result in sequestration of carbon in the soil in the case of land-use change
from cropland to forest or grassland, or result in net CO2 flux from the soil to the atmosphere [13] in
the case of conversion of grassland or forest. The grassland area in Germany decreased by 500 tsd. ha
from 5.1 million ha in 2001 to 4.6 million ha in 2011 [14], which at least partly can be explained by an
increased demand for cropland. Britz and Delzeit [3] estimate in model simulations a reduction of
200 tsd. ha grassland as a consequence of the amendment to the Renewable Energy Act in 2009 after
eleven years.

The aim of this paper is to compare the GHG mitigation potential of grass and silage maize from
sites with different crop yield potentials, taking possible effects of direct land-use change into account.

2. Materials and Methods

2.1. Scope, System Boundaries and Land-Use Change Scenarios

The presented analysis is based on a modelling approach, based on input–output relationships of
typical silage maize-based and grass-based biogas production systems from sites with different crop
yield potentials in Northeast Germany.

The analysis is performed with a cradle to gate life cycle assessment (LCA) approach according
to Cherubini [15]. The system boundary is defined by the agricultural activities to produce the
agricultural feedstock and produce biogas with an anaerobic digester (Figure 1). The system of
investigation consists of processes and reference processes, which are linked to the production of
biogas and related GHG emissions. For simplification, the term “grass” is used for a mixture of
different grass and herbal plant species, which can be grown on permanent grassland or cropland.
While cropland is characterized by periodical tillage and sequential cultivation of different crops,
grassland is understood as vegetation, which is composed of perennial or self-seeding annual forage
species, which may persist indefinitely [16]. While, in Germany, maize is the dominant energy crop for
biogas production from arable land, grass is used predominantly, if it is abundantly available from
grassland for which no better land use option exists. Grass may also be sown on arable land and
maize may be planted on converted grassland. Both land-use changes (conversion of grassland to
arable land and conversion of arable land to grassland) impact carbon changes in the soils, which
were accounted for according to the meta-analysis of Poeplau et al. [17]. While with the conversion
of cropland to grassland an increase of 40% in soil organic carbon was assumed, the conversion of
grassland to cropland was assumed to induce a decrease of 36% in soil organic carbon over a period of
20 years. With respect to different initial carbon stocks, this amounts to a yearly carbon sequestration of
0.9 Mg/ha or a carbon loss of yearly 2.1 Mg/ha, respectively. In the reference system, no economic use
of the grass was assumed, which reflects the fact that more and more grasslands in Germany cannot
be used economically anymore [6]. Unless the grassland can be used for animal feeding purposes,
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farmers need to mulch grasslands once a year to receive the EU payments for these fields. The avoided
emissions from the decomposition of grass in the field have been modelled as credit equaling the N2O
emissions that can be assumed due to the decomposition of the nitrogen (N) contained in the mulched
biomass (60 kg N/ha). An overview over the analyzed direct land-use change effects and associated
processes which were taken into account in the inventory analysis is provided with Table 1.
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Figure 1. System boundaries and processes under consideration for this study (solid arrows indicate
mass or energy flows, dashed arrows indicate additional data flow for life cycle assessment).

Table 1. Scenarios of land use in consequence of biogas production.

Initial Land Use Feedstock for
Biogas Production Direct Land-Use Change Induced Changes of GHG

Grassland
Grass No Credit for not mulching

Maize Grassland to cropland Credit for not mulching,
Soil carbon (reduced)

Cropland Grass Cropland to grassland Soil carbon (increased)
Maize No -

Even though the GHG mitigation effect is commonly expressed per energy units, the GHG
mitigation effect of energy crops per ha land use is an increasingly important characteristic to identify
efficient land-use options. Both indicators together provide a more comprehensive picture of the
impact of the use of energy crops [15]. This is important not only for comparison of different energy
cropping options but also for other GHG mitigation strategies, which require land, such as reduced
fertilizer input [18]. Thus, the functional units were electric energy (1 kWhel) and land used for energy
cropping (1 ha).
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2.2. Data and Assumptions Regarding the Bioenergy Production Systems

Data on inputs to the agricultural systems for producing the feedstock for anaerobic digestion and
associated crop and methane yields were taken from Hanff et al. [19] for three different yield classes for
silage maize (Maize I, Maize II, Maize III) and for grassland (Grassland I, Grassland II, Grassland III)
representative for the State of Brandenburg (Table 2), where yield class I has a higher crop yield
potential than yield class II and so forth. While, for maize, we modeled only one management system
for each yield class, we defined different cutting frequencies for the grassland systems. Furthermore,
we defined one low intensity grassland system (Grassland II with two cuts), which receives no fertilizer.
Fertilizer applications to the other systems were calculated according to the needs of the plants taking
into account the recycling nutrient credits as described in [11]. As a result, P and K fertilizer were
considered to be totally recycled with the digestate. In contrast, losses of N as leached nittrate or
volatized ammonium were calculated with typical losses as described in [11]. With the digestate, not
only nutrients but also carbon is turned back to the fields. We assumed a similar carbon cycling in
the grass-based systems and the silage maize-based systems, and no significant impact from carbon
cycling in the different systems on the GHG balance of both systems. Yield losses due to silage and
storage were assumed to be 9% for silage maize and 15% for grass feedstock according to [19].

Table 2. Investigated maize and grass production systems with crop yields and inputs in different
yield classes in Brandenburg and methane yields according to [19] (yield class I: high yielding zone;
yield class II: average yielding zone; yield class III: low yielding zone).

Maize Grassland

Yield class I II III I II II II III
No. of cuts a 4 4 3 2 2

Unit

Crop yield DM b (Mg/ha) 10.92 10.01 8.65 7.65 5.95 5.95 4.25 4.25
Methane yield (l kg/ODM c) 338 338 338 329 329 307 239 265

N Fertilizer N (kg/ha) 162 149 128 143 139 104 0 60
P Fertilizer P (kg/ha) 30 28 24 27 21 21 15 15
K Fertilizer K (kg/ha) 158 145 125 198 154 140 100

CaCO3 Ca (kg/ha) 320 280 220 0 0 0 0 0
Plant protection Ai d (kg/ha) 1.513 1.513 1.513 1.513 0.29 0.29 0.29 0.17

Fuel use (L/ha) 65.7 61.1 55.5 82.2 78.3 63.1 42.9 43.8
a Only for grassland systems; b DM: dry matter; c ODM: organic dry matter; d Ai: active ingredient.

For the biogas production system, we supposed a typical farm-based biogas plant in Brandenburg
with an installed electric capacity of 500 kWel, operated 8200 h full-load operating time per year.
We assumed an electric efficiency of 38% and a power consumption of 8% of the produced electricity,
a range that corresponds to the current status quo at German biogas plants [20]. Methane leakage was
estimated at 1% of the produced methane.

Maize silage and grass silage were assumed to be digested together with cattle manure under
mesophilic conditions (38 ˝C). Even though anaerobic digestion of cattle manure may affect net
GHG emissions and the availability of plant nutrients when applied on the fields as digestate, GHG
emissions and credits due to digestion of the cattle manure were not taken into account here because
the focus of the paper is on the relative contribution of silage maize and grass as renewable energy
source. The biogas is assumed to be converted into electric and thermal energy in a combined heat
and power unit. Electric energy is fed into the public grid. Thermal energy heats the digester in order
to maintain the anaerobic process. An additional use of 20% of the excess heat has been taken into
account as heat that can be used in adjacent municipal households during the winter months and
substitutes natural gas according to Vogt [21].

The different crop yields per ha and methane yields per kg feedstock result in a different acreage
needed to yield the same amount of energy as the functional unit (Table 3). To convert the emission
and mitigation potentials to the agricultural acreage (ha), the total emissions were divided by the area
needed to produce the same amount of electric energy (4.2 million kWhel).
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Table 3. Acreage needed and mean distance of field to biogas plant according to different crop yield
classes and methane yields of the feedstock (electric energy 4.2 MWh/year).

Crop Yield Class No. of Cuts
(Grassland)

Acreage
(ha)

Mean Distance
(km)

Maize
I 277 4.2
II 303 4.4
III 350 4.7

Grassland

I 4 430 5.2
II 4 553 5.9
II 3 591 6.1
II 2 1066 8.2
III 2 960 7.8

To appropriately account for the GHG emissions associated with the transport of the feedstock,
average transport distances (d) were calculated for each feedstock and yield class as a function of
the acreage (A) feedstock needed to produce the same amount of energy (Equation (1)). According
to calculations made by Toews [22], it was assumed that 10% of the surrounding area was available
for energy cropping and to spread the digestate after fermentation. To account for the availability of
roads to access the fields, the average field to farm distance was assumed to be twice the average linear
distance according to Equation (1):

drms “ 2

d

Arm2s

2ˆ π
(1)

2.3. Estimation of GHG Emissions

The supply and conversion of energy crops to electric energy via biogas results in GHG emissions,
which originate from cropping, manufacturing of inputs, biomass transport, N2O emissions from
the soil and emissions due to the digestion of the feedstock. The key greenhouse gases of concern in
agriculture are CO2, CH4 and N2O [23]. The global warming potential (GWP) of these gases for a time
horizon of 100 years was taken into account according to the 5th Assessment Report of the International
Panel on Climate Change [23] and is expressed in CO2 equivalents (CO2eq). GHG emissions due to
the production of biogas were compared with three reference energy supply systems according to LCA
standards following Cherubini [15]. The reference systems were (1) brown coal; (2) natural gas and
(3) the current energy mix in Germany, based on brown coal, black coal and natural gas.

All emissions due to the energy crop production including input of seeds, machinery, fuel, fertilizer
and pesticides as well as the manufacturing and supply of these inputs were taken into account (Table 4).
Direct and indirect N2O emissions were taken into account according to the Intergovernmental Panel
on Climate Change (IPCC) Guidelines for National Greenhouse Gas Inventories [24].

All GHG emissions for the production of the biogas including the emissions due to cultivation of
the energy crops and methane leakages were calculated according to the emission factors as described
in Meyer-Aurich et al. [11], where best available technology was assumed. Emissions and credits were
calculated for silage maize and grass feedstock on three different sites with different management
options for grassland (Table 2), taking into account the credits for nutrient cycling with the digestate
(see Section 2.2). The GHG mitigation effects were calculated as the difference between the reference
value of the fossil feedstock and the GHG emissions due to biogas based electric energy from grass or
silage maize.
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Table 4. Greenhouse gas (GHG) emissions due manufacturing and supply of inputs.

Parameter Unit GHG Emissions Source

Nitrogen fertilizer: calcium
ammonium nitrate kg CO2eq/kg fertilizer 1.68 [25]

Phosphate fertilizer: triple
super phosphate kg CO2eq/kg fertilizer 0.69 [26]

Potassium fertilizer kg CO2eq/kg K2O 0.67 [27]

Calcium fertilizer kg CO2eq/kg CaO 0.97 [27]

Pesticides kg CO2eq/kg 5.38 [28]

Fuels kg CO2eq/L 2.90 [28]

Manufacturing and
repairing the machines a

kg CO2eq/kg of
machinery 8.00 [29,30]

Plastic film for bunker silo kg CO2eq/kg film 2.26 [31]

Maize seeds b kg CO2eq/kg 0.55 [19,28], own calculations
Grass seeds b kg CO2eq/kg 1.30 [19,28], own calculations

a The GHG emissions due to machinery use was calculated based on its expected service life during agricultural
production; b Sowing rates amount to 32 kg/ha for maize, 10 kg/ha for grassland with three or four cuts per
year and 5 kg/ha for grassland with only two cuts per year for the conditions in Brandenburg.

2.4. Uncertainty Analysis

An uncertainty analysis was performed for all GHG calculations considering the uncertainties
of the input parameters and the emission factors relevant for the N transformation processes in the
considered systems (Table 5). Unless noted otherwise all parameters were modelled in a Monte Carlo
simulation with a triangular distribution. The upper and lower bounds of crop and biogas yields were
estimated as ˘10% from the default value, which is in accordance with review results provided by
Prochnow et al. [6] for grass and Herrmann and Rath for silage maize [32]. Assumptions on methane
leakages, power consumption of the biogas plant and electric efficiency of the power unit were the same
as published in Meyer-Aurich et al. [11]. Uncertainties due to soil organic carbon change after land-use
change were taken into account according to the results from the meta-analysis of Poeplau et al. [17].
Both the initial carbon stock and the change in soil organic carbon, were modelled according to
the provided information on the data distribution as normal distributions with the moments of the
distributions provided by Poeplau et al. [17].

Table 5. Distribution functions and parameters for the Monte Carlo simulation.

Variable Distribution
Function Parameters Source

Crop yield Triangle Default (See Table 3: Crop yield),
Min 90%, Max 110% [6,32]

Methane yield Triangle Default (See Table 3: Methane yield),
Min 90%, Max 110% [6,32]

Methane leakage Triangle Default 1%, Min 0%, Max 2% [11]

Power consumption of the biogas
plant (% of gross electric energy
provided by CHP)

Triangle Default 8%, Min 5%, Max 12% [11]

Electric efficiency of the CHP Triangle Default 38%, Min 32%, Max 40% [11]

N2O-N emission factor from all N
inputs (EFN2O) Log Triangle Default 1%, Min 0.3%, Max 3% [24]
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Table 5. Cont.

Variable Distribution
Function Parameters Source

N2O-N emission factor from N
volatilization and re-deposition
(EFN2O_indirect_I)

Log Triangle Default 1%, Min 0.2%, Max 5% [24]

N2O-N emission factor from
leaching or runoff
(EFN2O_indirect_II)

Log Triangle Default 0.75%, Min 0.05%, Max 2.5% [24]

N losses by leaching/runoff
(FRACLeach) Log Triangle Default 30%, Min 10%, Max 80% [24]

Volatilization from synthetic
fertilizer (NH3-N/Fertilizer-N;
FRACGasF)

Log Triangle Default 10%, Min 3%, Max 30% [24]

Volatilization from digestate
(NH3-N/NH4-N; FRACGasD) Log Triangle Default 30%, Min 4%, Max 39% [33]

LUC Initial stock (Grassland) Normal Mean 46.2, Standard deviation 20.7 [17]

LUC Initial stock (Cropland) Normal Mean 115, Standard deviation 66.3 [17]

SOC change rate after LUC
(Grassland to Cropland) Normal Mean ´36, Standard deviation 11 [17]

SOC change rate after LUC
(Cropland to Grassland) Normal Mean 40, Standard deviation 4.6 [17]

CHP combined heat and power plant, LUC land-use change, SOC soil organic change.

3. Results and Discussion

3.1. GHG Emissions Due to the Production of Biogas from Silage Maize and Grass without Land-Use
Change Effects

The range of per unit electric energy emitted GHGs due to the biogas production from silage
maize and grass is shown in Figure 2 along with the standard deviation of the data generated by the
Monte Carlo simulation as a function of following processes: (1) cropping, which contains all emissions
related to crop production, including direct and indirect emissions; (2) transportation, which includes
all emissions due to transporting of the necessary feedstock amount to the biogas plant and of digested
crop residues back to the field and (3) digestion, which includes emissions due to losses of methane
from the biogas plant and depreciated emissions due to the construction of the plant. While the
emissions from the silage maize production are about the same irrespective to different yield classes,
the emissions due to the grass supply vary substantially for the various production systems. The
results for silage maize correspond well to the findings of Grassini and Cassmann [34], who found that
high inputs and low GHG emissions are not conflicting goals. However, for grassland management
this thesis is not supported. In grassland management the lowest emissions were found with the
system with low intensity (Grass II, 2 cuts), while all other grassland management systems had higher
GHG emissions compared to silage maize. Grassland management systems with the same cutting
frequency showed higher GHG emissions on sites with lower crop yield potential. The same grassland
management system on sites with different crop yield potential showed higher GHG emissions per
unit kWhel on sites with lower crop yield potential (Grass II), compared to those on sites with higher
crop yield potential (Grass I), while the GHG emissions per hectare were lower on sites with lower
crop yield potential (Grass II) compared to those on sites with higher crop yield potential (Grass I).
This is due to the fact that energy efforts for mowing and harvesting of the grass are quite high, which
are counterbalanced better with higher crop yields when the electric energy is used as a reference. The
emissions for transportation increase with lower crop yield potential, since more biomass needs to
be transported to produce the same amount of energy. In addition, the feedstock with low methane
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yield potential, like grass, managed at low fertilizer intensity, requires even more input to produce
the same amount of energy use. In any case, this effect is small against the effects due to cropping.
In the silage maize production systems, the different transportation distances due to the different yield
potentials affect the net GHG emissions by less than 1% of the total emissions. The relative advantage
of grass and silage maize as feedstock for biogas production has also been investigated for example
by Rösch et al. [35]. Similar to our findings, they found higher per ha GHG emissions of silage maize
production compared to grass production, while the GHG emissions per unit electric energy were
lower based on silage maize compared to grass. The relative GHG emissions of grass-based biogas
compared to silage maize-based biogas production could change if the silage maize-based system was
included in a “double cropping” system. Graß et al. [36] have shown that “double cropping” systems
can have higher biomass yields than sole crop systems. However, in their study, the dry matter yield
of the best double cropping system was only about 10% higher compared to the sole silage maize
system. Taking into account additional efforts for seeding and harvesting would counterbalance the
GHG emissions to some extent so that the overall net effect would be small.

Sustainability 2016, 8, 617 8 of 14 

any case, this effect is small against the effects due to cropping. In the silage maize production 

systems, the different transportation distances due to the different yield potentials affect the net 

GHG emissions by less than 1% of the total emissions. The relative advantage of grass and silage 

maize as feedstock for biogas production has also been investigated for example by Rösch et al. [35]. 

Similar to our findings, they found higher per ha GHG emissions of silage maize production 

compared to grass production, while the GHG emissions per unit electric energy were lower based 

on silage maize compared to grass. The relative GHG emissions of grass-based biogas compared to 

silage maize-based biogas production could change if the silage maize-based system was included in 

a “double cropping” system. Graß et al. [36] have shown that “double cropping” systems can have 

higher biomass yields than sole crop systems. However, in their study, the dry matter yield of the 

best double cropping system was only about 10% higher compared to the sole silage maize system. 

Taking into account additional efforts for seeding and harvesting would counterbalance the GHG 

emissions to some extent so that the overall net effect would be small. 

 

Figure 2. GHG emissions and credits due to the biogas production from grass and maize without 

land-use change effects (yield classes and management systems according to Table 3, net effects as 

numbers above columns, standard deviation of Monte Carlo simulations in brackets). 

GHG credits for the substitution of fossil thermal energy and for the savings of emissions from 

mineralized mulched biomass have been taken into account (Figure 2). The credit for heat use as 

well as the fermentation emissions stays constant through all variants owing to the model 

assumptions as described in Section 2.2. The credit for not mulching the grassland in the case of 

bioenergy use varies according to the land acreage needed to produce a unit of electric energy (Table 

3). 

The netting out of the GHG emissions and the GHG credits varies from 0.16 to 0.35 kg 

CO2eq/kWhel depending on feedstock, site conditions and cutting frequency of the grass (Figure 2). 

The coefficient of variance ranges from 27% to 44%, with the highest coefficient of variance in the 

grass-based biogas systems (data not shown). This is mainly due to lower crop yields and lower 

methane yields resulting in the necessity to produce grass on more hectares of land with more N 

fertilizer being involved, which is the main driver for the variance of the results. The emission levels 

are within the range of other studies on GHG emissions due to biogas production [37–39]. The great 

range of calculated emissions between the systems illustrates the potential and the importance of 

adequate design and accounting of different management systems especially in the grassland 

system. Using silage maize as feedstock resulted in 0.26 kg CO2eq/kWhel for all silage maize 

production systems (Figure 2), even though crop yields and necessary transports differ substantially 

(Table 3, Table 6). This value is higher than the emission calculations which can be found for 

example in Pucker et al. [39] for energy crops, who did not consider indirect emissions in their 

inventory, or in Dressler et al. [40], who assumed higher silage maize yields and higher thermal use 

of 30%–60%. 

Figure 2. GHG emissions and credits due to the biogas production from grass and maize without
land-use change effects (yield classes and management systems according to Table 3, net effects as
numbers above columns, standard deviation of Monte Carlo simulations in brackets).

GHG credits for the substitution of fossil thermal energy and for the savings of emissions from
mineralized mulched biomass have been taken into account (Figure 2). The credit for heat use as well
as the fermentation emissions stays constant through all variants owing to the model assumptions as
described in Section 2.2. The credit for not mulching the grassland in the case of bioenergy use varies
according to the land acreage needed to produce a unit of electric energy (Table 3).

The netting out of the GHG emissions and the GHG credits varies from 0.16 to 0.35 kg
CO2eq/kWhel depending on feedstock, site conditions and cutting frequency of the grass (Figure 2).
The coefficient of variance ranges from 27% to 44%, with the highest coefficient of variance in the
grass-based biogas systems (data not shown). This is mainly due to lower crop yields and lower
methane yields resulting in the necessity to produce grass on more hectares of land with more N
fertilizer being involved, which is the main driver for the variance of the results. The emission levels are
within the range of other studies on GHG emissions due to biogas production [37–39]. The great range
of calculated emissions between the systems illustrates the potential and the importance of adequate
design and accounting of different management systems especially in the grassland system. Using
silage maize as feedstock resulted in 0.26 kg CO2eq/kWhel for all silage maize production systems
(Figure 2), even though crop yields and necessary transports differ substantially (Table 3, Table 6). This
value is higher than the emission calculations which can be found for example in Pucker et al. [39] for
energy crops, who did not consider indirect emissions in their inventory, or in Dressler et al. [40], who
assumed higher silage maize yields and higher thermal use of 30%–60%.
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Table 6. Regression coefficiencts of uncertainty variables from stepwise multivariate regression analysis for different maize and grass production systems.

Variable
Maize I on
Crop-Land

Maize I on
Grass-Land

Maize III on
Crop-Land

Maize III on
Grass-Land

Grass I, 4 Cuts,
on Crop-Land

Grass I, 4 Cuts,
on Grass-Land

Grass II, Low
Intensity on
Crop-Land

Grass II, Low
Intensity on
Grass-Land

r2 = 0.93 r2 = 0.99 r2 = 0.93 r2 = 0.93 r2 = 0.97 r2 = 0.92 r2 = 0.97 r2 = 0.93

Crop yield ´0.147 ´0.095 ´0.140 ´0.073 0.031 ´0.107 ´0.085 ´0.067

Methane yield ´0.161 ´0.097 ´0.156 ´0.079 0.023 ´0.120 ´0.068 0.083

Methane leakage 0.346 0.073 0.341 0.053 0.103 0.270 ´0.041 ´0.453

Power consumption
of the biogas plant 0.057 0.035 0.061 0.035 ´0.007 0.049 0.029 ´0.029

Electric efficiency ´0.193 ´0.102 ´0.196 ´0.087 0.012 ´0.151 ´0.063 0.131

EFN2O 0.630 0.119 0.629 0.084 0.234 0.395 ´0.074 0

EFN2O_indirect_I 0.113 0.024 0.110 0.015 0.059 0.144 ´0.014 ´0.155

EFN2O_indirect_II 0.160 0.032 0.158 0.023 0.079 0.189 ´0.036 ´0.351

FRACLeach 0.494 0.095 0.497 0.065 0.289 0.703 ´0.073 ´0.702

FRACGasF 0.029 0.005 0.023 0 0.008 0.020 0.004 0

FRACGasD 0.218 0.042 0.213 0.028 0.140 0.337 ´0.025 ´0.242

LUC Initial stock n/a 0.955 n/a 0.839 ´0.864 n/a 0.931 n/a

SOC change rate
after dLUC n/a ´0.104 n/a ´0.449 ´0.221 n/a 0.283 n/a

EFN2O: N2O-N emission factor from all N inputs; EFN2O_indirect_I: N2O-N emission factor from N volatilization and redeposition; EFN2O_indirect_II: N2O-N emission factor from leaching
or runoff; FRACLeach: N losses by leaching/runoff; FRACGasF: Volatilization for synthetic fertilizer; FRACGasD: Volatilization from digestate (NH3-N/NH4-N); LUC Initial stock: Initial
carbon stock before land-use change; SOC: Soil organic carbon; dLUC: Direct land-use change, variables with highest three regression coefficients in italics.
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3.2. GHG Emissions Due to the Biogas Production from Silage Maize and Grass of Energy Cropping Including
Direct Land-Use Change Effects

Including direct land-use change effects influences significantly the range of GHG emitted during
the biogas production from silage maize and grass. Direct land-use change has a dramatic effect on the
total GHG emissions of silage maize, which more than double or even triple, if silage maize is cultivated
on former grassland (Figures 3 and 4 per kWhel and per ha, respectively). By grass-based biogas
production direct land-use change leads to the transformation of GHG emissions into GHG savings due
to carbon sequestration. The figures further provide information regarding the distributions of the data
produced by the Monte Carlo simulation. Systems with direct land-use change show a much higher
standard deviation than biogas systems without direct land-use change. This is not surprising, since
an additional source of variance has been added. However, the analysis of the regression coefficients
of the multivariate regression analysis shows that the variance of the direct land-use change variables
determine the variance of the overall emissions to a greater extent than most other variables (Table 6).
The uncertainty of the initial carbon stock has a higher impact on the uncertainty of the overall GHG
emissions due to biogas production than the uncertainty of the change rate of the carbon stock after
land-use change. In absence of direct land-use change, N2O emissions from N fertilizer use (EFN2O)
and variables related to N transformation processes had the highest impact on the variance of GHG
emissions related to biogas production. While uncertainties of methane leakages had a moderate
impact on the variance of GHG emissions, the variability of crop yields and methane yields had a
minor importance for the variability of GHG emissions.
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Figure 3. Energy related GHG emissions of utilization of grass and maize for biogas production
including land-use change effects (yield classes and management systems according to Table 3, bars
indicate standard deviations of the Monte Carlo simulations).

Figure 3 includes three reference GHG emissions from brown coal, natural gas and the current
energy mix in Germany. The production of electric energy from biogas production based on silage
maize from arable land (without land-use change) and from biogas based on all considered grass
systems results in less GHG emissions than the production of electric energy from natural gas, which is
regarded as the fossil energy source with the lowest GHG emissions. The production of electric energy
based on silage maize from converted grassland, however, emits almost as many GHGs as power
generation with brown coal. With lower crop yield potential (Maize I to Maize III) GHG emissions per
kWh increase because the production of silage maize on land with a lower crop yield potential requires
more land with more direct land-use change related emissions to achieve the same amount of electric
energy produced. On cropland, though, the GHG emissions per unit of electric energy produced are
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the same for all silage maize production systems because crop yield proportionally increases with N
fertilizer input. The area related GHG emissions show a similar pattern as the energy related emissions,
but they decrease with lower crop yield potential because of reduced input of N fertilizer (Figure 4).
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with direct land-use change effects (yield classes and management systems according to Table 3, bars
indicate standard deviations of Monte Carlo simulations).

3.3. GHG Mitigation Potential of Using Grass and Silage Maize as Feedstock for Biogas

The generation and use of electric power from biogas in a combined heat and power unit results
in GHG mitigation unless the emissions of biogas production are higher than the emissions from
a reference system. Figure 3 shows the three reference GHG emissions and the range of possible
GHG mitigation with the use of these energy crops as feedstock. Table 7 provides the values of GHG
mitigation potentials per ha land use for the three reference systems as a result of the difference of
the GHG emissions of the biogas system and the reference system. The GHG mitigation potentials
vary considerably from ´5765 to 10,027 kg CO2eq/ha, where negative mitigation rates indicate net
GHG emission and positive mitigation rates indicate net GHG mitigation. This range of possible
effects on GHG mitigation exceeds the range found by others. For example, Rösch et al. [35] found
area related GHG mitigations with wet fermentation of silage maize and grass between 4000 and
7000 kg CO2eq/ha, where area-related GHG mitigation potentials based on wet fermentation of silage
maize were higher than the mitigation levels based on wet fermentation of grass. However, they did
not account for possible land-use change effects associated with the use of silage maize.

Table 7. GHG mitigation potential (kg CO2eq/ha) of different feedstock with reference to natural
gas, energy mix and brown coal (numbers in intalics indicate cropping option with highest
mitigation potential).

Crop Yield
Class

No. of
Cuts

Natural Gas Energy Mix Brown Coal

On Arable
Land

On
Grass-Land

On Arable
Land

On
Grass-Land

On Arable
Land

On
Grass-Land

Maize I 1993 ´5368 4074 ´3287 10,027 2666
II 1827 ´5534 3735 ´3626 9192 1830
III 1596 ´5765 3243 ´4118 7956 595

Grassland I 4 4187 1066 5530 2409 9371 6250
II 4 3530 409 4574 1453 7562 4441
II 3 3671 550 4648 1527 7443 4322

(low intensity) II 2 3978 857 4520 1399 6069 2947
III 2 3583 462 4184 1063 5905 2784
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Our results show that the conversion of grassland to arable land for growing silage maize for
biogas production leads to a remarkable additional net release of GHG, which are not compensated
by substituting electric energy based on natural gas or the current energy mix (Table 7). For biogas
production based on silage maize on former grassland, a net mitigation effect occurs only if brown
coal is assumed as reference for electric energy production. Even on arable land, the production and
anaerobic digestion of grass results in higher GHG mitigation potentials per ha than considering
silage maize as an energy crop unless brown coal is considered as reference. Cropping of silage maize
only in this case achieves higher GHG mitigation potentials than cropping of grass. Within the yield
class II, low intensity grass has a slightly higher GHG mitigation potential than the use of intensive
grass with natural gas as reference. With the current energy mix and brown coal as reference, the
mitigation potential of intensive grassland use is higher compared to the low intensive grassland
use. This indicates that assumptions regarding the reference systems have a major impact on GHG
mitigation potentials, which need to be taken into account carefully. In any case, the mitigation of
GHGs with biogas based on grass from grassland is higher than biogas production based on silage
maize on those fields.

4. Conclusions

Silage maize as a feedstock for biogas production results in lower GHG emissions per kWhel
than grass unless grass is used at a low level of intensity without use of mineral fertilizer. Without
land-use change, biogas production from silage maize as co-substrate can contribute to higher GHG
mitigation potential than grassland based biogas. This result is consistent over various silage maize
and grass production systems with different crop yield potentials in Brandenburg. The use of grass
from arable land as co-substrate to biogas production results in higher GHG mitigation than the use
of silage maize taking changes in soil organic matter into account. However, converting cropland to
permanent grassland is not likely to happen without regulation or compensation, since farmers may
not be allowed to use the land as cropland after using the land as grassland for some years. Even
though the specific GHG emissions per unit of electric energy are lower for silage maize than for
grass, the net mitigation effect is higher in the grass systems due to carbon sequestration in the soil.
If grassland is converted to arable land to produce silage maize for biogas production, no net GHG
mitigation effect can be detected taking the current energy mix as the reference system. The most
effective mitigation potential is subject to the fossil reference system, which is to be substituted. With
the shift towards more climate friendly fossil energy production systems, the mitigation efficiency of
using grasslands as a resource for bioenergy production will increase further relative to silage maize.
These results are subject to uncertainties, especially with the GHG fluxes associated with land-use
change. Besides land-use change, uncertainties regarding the N2O emission factor and leaching of
N strongly determine the variance of GHG emissions due to biogas production from silage maize
and grass.
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