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Abstract
Environmental issues surrounding conventional annual biogas crops have led to 
growing interest in alternative crops, such as miscanthus. In addition to the better 
environmental performance, miscanthus can be grown on marginal land where no 
competition with feed and food crops is anticipated. On marginal land however, bio-
mass yields are significantly lower than on good agricultural land. This raises the 
question of the economic and environmental sustainability of miscanthus cultivated 
on marginal land for biogas production. This study assessed the environmental and 
economic performance of miscanthus cultivated on marginal land for biogas produc-
tion by conducting a Life-Cycle Assessment and complementary Life-Cycle Cost 
analysis. The functional unit chosen was 1 GJ of electricity (GJel.). The substitution 
of a fossil reference was included using a system expansion approach. Electricity 
generated by the combustion of miscanthus-based biogas in a combined heat and 
power has considerably lower impacts on the environment than the fossil reference 
in most of the categories assessed. In the impact category “climate change”, the sub-
stitution of the marginal German electricity mix leads to a carbon mitigation poten-
tial of 256 kg CO2e/GJel.. At 45.12 €/GJel., the costs of miscanthus-based biogas 
generation and utilization are considerably lower than those of maize (61.30 €/GJel.). 
The results of this study clearly show that it can make economic and environmental 
sense to cultivate miscanthus on marginal land as a substrate for biogas production. 
The economic sustainability is however limited by the biomass yield. By contrast, 
there are no clear thresholds limiting the environmental performance. The decision 
needs to be made on a case-by-case basis depending on site-specific conditions such 
as local biodiversity.
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1  |   INTRODUCTION

Climate change is one of the most pressing environmental 
issues of our time. According to the IPCC’s Fifth Assessment 
Report (AR5), the 30-year period from 1983 to 2012 was 
probably the warmest in the Northern Hemisphere in the 
last 1,400 years (IPCC, 2014). A large part of the emissions 
responsible for climate change are released from industrial 
processes in the form of fossil CO2 emissions. The combus-
tion of fossil fuels in particular plays a major role in these 
processes (IPCC, 2014). A promising option to reduce these 
negative impacts is the substitution of fossil with biobased 
energy sources (McKendry, 2002).

One example of biobased energy sources is biogas, which 
is produced by the anaerobic digestion of dedicated energy 
crops, manure or waste (Weiland, 2010). Various studies have 
shown that the production and subsequent combustion of bio-
gas for heat and electricity generation has a significant car-
bon mitigation potential when substituting a fossil reference 
(Kiesel, Wagner, & Lewandowski, 2016; Lansche & Müller, 
2012; Rehl, Lansche, & Müller, 2012). In 2016, over 18 mil-
lion tonnes of GHGs were avoided through the use of biogas 
in Germany alone (FNR, 2017), with dedicated energy crops 
being the main input substrate. Their share of total substrate 
use (based on mass) was 51.2%, of which 73% was maize 
silage (FNR, 2017). However the cultivation of maize is as-
sociated with several environmental pressures including the 
risk of soil erosion and compaction, nitrate leaching and high 
pesticide use (European Environment Agency, 2006).

For this reason, there is growing interest in alternative 
biogas crops, such as miscanthus (Kiesel & Lewandowski, 
2017; Kiesel et al., 2017; Mayer et al., 2014). Miscanthus is a 
perennial rhizomatous C4 grass which originates from South 
East Asia (Clifton-Brown, Schwarz, & Hastings, 2015). It 
is a low-input crop with high nitrogen, land-use and energy 
efficiency (Lewandowski & Schmidt, 2006). After a 2-year 
establishment phase, it can be harvested annually over a 
cultivation period of up to 20 years (Lewandowski, Clifton-
Brown, Scurlock, & Huisman, 2000). The long-term soil 
rest and the input of biogenic carbon to the soil, for exam-
ple, through harvest residues, leads to soil carbon accumula-
tion and soil fertility improvement (Dondini, Hastings, Saiz, 
Jones, & Smith, 2009; Lal, 2016; McCalmont et al., 2017). 
In addition to its favourable environmental performance, 
miscanthus has the major advantage over conventional an-
nual biogas crops that it can be cultivated on marginal land, 
where no competition with feed and food crop cultivation is 
anticipated (Lewandowski et al., 2016). In Europe, the gen-
otype Miscanthus × giganteus is predominantly cultivated. 
However, much breeding effort is currently being directed at 
developing new genotypes with higher abiotic stress toler-
ance, for example to salinity or drought (Lewandowski et al., 
2016). Stress-tolerant genotypes are required in particular for 

the production of miscanthus biomass on marginal land with 
bio-physical constraints to crop production (Lewandowski 
et al., 2016).

Besides biogas production, miscanthus biomass can also 
be used in a number of other biobased value chains such as 
the production of bioethanol (Lee & Kuan, 2015), heat and 
power via combustion (Baxter et al., 2014), building materials 
(Uihlein, Ehrenberger, & Schebek, 2008) and bio-composites 
(Ogunsona, Misra, & Mohanty, 2017). For these purposes, 
miscanthus biomass is harvested when senescent and dry. By 
contrast, for use as a biogas substrate, a green harvest is con-
ducted in late autumn. On good agricultural land in temperate 
regions, yields of around 26 t DM ha−1 year−1 are achievable 
(Kiesel & Lewandowski, 2017). This corresponds to a meth-
ane yield of about 4,500–5,000 m3 CH4 year−1 ha−1, which is 
comparable to maize (Kiesel et al., 2016).

The environmental performance of the use of miscanthus 
as a biogas substrate has been comprehensively analysed 
in several different impact categories for various genotypes 
and climatic conditions (Kiesel et al., 2016; Wagner, Kiesel, 
Hastings, Iqbal, & Lewandowski, 2017). However the eco-
nomic performance of miscanthus-based biogas production 
has not yet been holistically assessed. Most studies focus 
on the costs of miscanthus production and do not assess the 
whole value chain (Khanna, Dhungana, & Clifton-Brown, 
2008; Wang, Wang, Hastings, Pogson, & Smith, 2012; Witzel 
& Finger, 2016). For other biogas crops that have been as-
sessed, the biomass supply—including biomass cultivation, 
harvesting and transport—had a huge influence on the costs 
of biogas production (Stürmer, Schmid, & Eder, 2011). Walla 
and Schneeberger (2008) assessed the costs of electricity pro-
duction from biogas based on the fermentation of maize si-
lage. In their study, they demonstrated that, depending on the 
scenario analysed, the biomass supply costs can account for 
up to 50% of total costs (Walla & Schneeberger, 2008).

Miscanthus production costs are strongly influenced by 
the biomass yield (Wang et al., 2012). In addition, variations 
in yield have been shown to have a significant impact on 
the environmental performance of miscanthus-based value 
chains (Meyer, Wagner, & Lewandowski, 2017). It has been 
shown that, when miscanthus biomass is used for combus-
tion in a combined heat and power plant, a dry matter yield 
increase of 1 t leads to a carbon mitigation potential increase 
of around 1.5 t CO2e (Meyer et al., 2017). Therefore, biomass 
yield is a key factor for both the economic and environmental 
performance. However, on marginal sites, achievable yields 
are often lower than on good agricultural land (Dauber et al., 
2012). There may be a critical yield level below which en-
vironmental benefits, for example, GHG reduction, become 
negligible or even negative. At this point, the benefits of bio-
mass production need to be considered. This consideration 
is also relevant in the light of other environmental aspects 
of biomass production on marginal land, such as the impact 
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on biodiversity. Thus, the question arises whether miscanthus 
cultivation on marginal land and the subsequent utilization in 
a biogas plant to generate heat and electricity is sustainable in 
economic and environmental terms.

To answer this question and assess the environmen-
tal performance of miscanthus-based biogas production, a 
Life-Cycle Assessment (LCA) was conducted according to 
the ISO standards 14040 and 14040 (ISO, 2006a,b). The 
economic performance was analysed in a complementary 
Life-Cycle Cost (LCC) assessment in accordance with Swarr 
et al. (2011). The data for the miscanthus cultivation were 
based on a field trial with different miscanthus genotypes on 
a marginal site at Unterer Lindenhof, a research farm of the 
University of Hohenheim. The specific methane yield of the 
miscanthus biomass was assessed in the laboratory. The data 
for investment and operational costs as well as the technical 
characteristics of the farm’s biogas plant were drawn from the 
literature. Background data on emissions and costs associated 
with input substrates (e.g., fertilizer), machine use and trans-
port processes were taken from the ecoinvent database 3.4 
(Wernet et al., 2016) and from the KTBL database (KTBL, 
2018).

2  |   MATERIALS AND METHODS

2.1  |  Goal and scope
The scope of this study is a cradle-to-grave analysis of the 
environmental and economic performance of miscanthus cul-
tivation on marginal land and subsequent fermentation of the 
biomass in an anaerobic digestion plant. The biogas gener-
ated in the plant is used in a combined heat and power (CHP) 
unit with the generation of electricity as its main product and 
heat as a by-product. The functional unit chosen was 1 GJ of 
electricity (GJel.). The environmental and economic perfor-
mance was then compared with a fossil reference using a sys-
tem expansion approach. The fossil reference chosen was the 
“marginal” German electricity mix. “Marginal” technology 
is defined according to Rehl et al. (2012) as the “technology 
or the technology mix, which is substituted by a new technol-
ogy under consideration of market aspects and technology 
specific availability”.

2.2  |  Methods
The environmental performance of miscanthus cultivation 
was assessed by conducting a LCA according to the ISO 
standards 14040 and 14040 (ISO, 2006a,b), using the life-
cycle impact assessment methodology ReCiPe (Huijbregts 
et al., 2017). The selection of the relevant impact catego-
ries was based on Wagner et al. (2017). They analysed the 
relevance of various impact categories in the assessment 
of miscanthus-based value chains and recommended the 

inclusion of climate change (CC)—which corresponds to 
global warming potential—agricultural land occupation 
(ALO), human toxicity (HT), marine (MET) and freshwa-
ter ecotoxicity (FET), as well as marine (ME) and freshwa-
ter eutrophication (FE) (Wagner et al., 2017).

To calculate the biomass supply costs, all costs incurred 
over the entire 20-year cultivation period were included. 
To take the time factor into account, the costs of each year 
were discounted to their present value separately applying a 
discount rate of 6%. These included all costs related to the 
production and transport of input substrates (e.g., fertilizer), 
the agricultural management of the miscanthus and the trans-
port from the field to the biogas plant. The total discounted 
costs were used to calculate the corresponding annual costs. 
These were divided by the average annual biomass yield (see 
Table 2) to give the biomass supply costs per tonne of bio-
mass produced.

All investment, operational and capital costs for the bio-
gas production and subsequent utilization in a combined 
heat and power plant were taken into account. The lifetime 
of the biogas plant was assumed to be 20 years, the life-
time of the installations and machinery 8 years (Leible, 
Kälber, Kappler, Oechsner, & Mönch-Tegeder, 2015). In 
addition, constant costs for the replacement of installations 
and machinery within the lifetime of the biogas plant were 
assumed. For the capital costs, an annual interest rate of 6% 
was applied.

2.3  |  System boundaries
The system assessed in this study is displayed in Figure 1. 
The system boundaries include the production and transport 
of input substrates, such as herbicides, propagation mate-
rial and fertilizer, and the agricultural management over the 
crop’s entire 20-year lifetime. In the first year, miscanthus 
is mulched and then, from the second year onwards, it can 
be harvested annually. The recultivation of the site at the 
end of the cultivation period was included in the study. 
After harvest with a self-propelled forage harvester, the bio-
mass is transported to the biogas plant and ensiled there for 
storage. The silage is subsequently fermented in an anaero-
bic digestion plant to biogas, which is combusted in a CHP 
to produce electricity and heat. The fermentation residues 
contain a considerable amount of nutrients and can be used 
to substitute mineral fertilizer, which is also considered in 
this study.

2.4  |  Life-cycle inventory

2.4.1  |  Agricultural system
The data for the miscanthus cultivation were based on a field 
trial described in detail by Mangold et al. (2018a). The trial 
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was performed at the Unterer Lindenhof, a research station of 
the University of Hohenheim. Here, miscanthus is cultivated 
on a marginal site to be used as biogas substrate in the farm’s 
biogas plant. This site is considered marginal in bio-physical 
terms because of a high clay and stone content, as well as wa-
terlogged soils. These bio-physical constraints lead to a poor 
workability and trafficability of the soil and therefore favour 
the cultivation of perennial crops as here planting and soil 
cultivation is only necessary in the first year. Before plant-
ing the miscanthus rhizomes, soil preparation was carried out 
twice with a rotary harrow and once with a plough. The rhi-
zomes were planted at the beginning of May with a planting 
density of two rhizomes per m².

Data for herbicide application were taken from Wagner 
et al. (2017). Herbicide application is usually only necessary 
in the first 2 years and in the recultivation process. A typical 
application regime over the whole cultivation period can be 
described as follows: 10 L/ha Round up (Monsanto, active in-
gredient 360 g/L glyphosate); 3.5 L/ha Stomp Aqua (BASF, 
active ingredient 455 g/L pendimethalin); 1.5 L/ha Calisto 
(Syngenta, active ingredient 100 g/L mesotrione); 0.2 L/ha 
Arrat (BASF, active ingredient 100 g/L tritosulfuron and 
500 g/L dicamba); and 1 L/ha Dash, (BASF, an emulsifiable 
concentrate) (Wagner et al., 2017). Based on a cultivation 
period of 20 years, this corresponds to an average of 0.81 L 
herbicides per hectare and year.

The fertilization rate was calculated based on the nu-
trient removal rate of the harvested biomass to avoid soil 
depletion. The nutrient content of the biomass harvested 
green in autumn as a percentage of dry matter yield was 
as follows: 0.42% nitrogen (N), 0.45% potassium (K) and 
0.04% phosphorus (P), based on the field trial described 

in Mangold et al. (2018a). This corresponds to a fertilizer 
demand of 76 kg N ha−1 year−1, 81 kg K ha−1 year−1 and 
7 kg P ha−1 year−1. It was assumed that all input substrates 
are transported 150 km from their production sites to the 
farm by truck. The yield data used were based on the whole 
cultivation period including the establishment phase where 
the biomass is not harvested but mulched. This calculation is 
described in more detail in Wagner et al. (2017). The meth-
ane yield was measured based on the approach described in 
Kiesel and Lewandowski (2017). Table 1 summarizes the ag-
ricultural operations, including frequency, which were used 
in this study during the entire miscanthus cultivation period. 
Table 2 shows the main inputs and outputs of miscanthus 
cultivation.

It was assumed that, after harvest, the biomass is trans-
ported over a distance of 5 km by tractor to the biogas plant. 
This transport distance is in line with other studies (Bacenetti, 

T A B L E   1   Summary of agricultural operations during a 20-year 
miscanthus cultivation period

Agricultural operation
Frequency per 
cultivation period

Rotary harrow 2

Plough 1

Planting 1

Mulching-first year 1

Herbicide spraying 5

Fertilizing 19

Harvest 19

Mulching-final year 1

Chisel plough 1

F I G U R E   1   System description and 
boundaries for miscanthus cultivation, 
fermentation to biogas and subsequent 
utilization in a combined heat and power to 
generate heat and electricity
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Fusi, Negri, Guidetti, & Fiala, 2014; Kiesel et al., 2016; 
Walla & Schneeberger, 2008). However, the use of marginal 
land for the cultivation of biogas crops could lead to higher 
transport distances in future (Liu et al., 2011). For this rea-
son, a sensitivity analysis was conducted to assess the influ-
ence of this assumption on the final result. It was assumed 
that the biomass is ensiled at the biogas plant with dry matter 
losses of 12% (KTBL, 2013).

Fertilizer-induced emissions during cultivation were esti-
mated as follows. Direct N2O and NO emissions from nitro-
gen fertilizer were calculated based on Bouwman, Boumans, 
and Batjes (2002). Indirect N2O emissions from nitrogen 
fertilizer and N2O emissions from harvest residues were 
estimated according to IPCC (2006). Nitrogen fertilizer-
induced ammonia emissions were calculated based on emis-
sion factors from EMEP/CORINAIR (2001). Phosphate and 
phosphorus emissions to surface and groundwater as well as 
heavy metal emissions to agricultural soils were calculated 
according to Nemecek and Kägi (2007). The heavy metals 
contained in the harvested biomass were not included in the 
calculation, as they are later returned to the soil in the diges-
tate used as fertilizer. Nitrate leaching to groundwater was 
estimated based on the SQCB-NO3 model described in Faist 
Emmenegger, Reinhard, and Zah (2009). All pesticides ap-
plied were modelled completely as emissions to agricultural 
soil according to Nemecek and Schnetzer (2011). The respec-
tive ecotoxicity values are taken from the ecoinvent database 
(Wernet et al., 2016).

The costs of machinery and diesel used in the agricul-
tural operations were taken from the KTBL database (KTBL, 
2018). Labour costs for the agricultural system were based 
on the working time requirements for each agricultural oper-
ation as specified by KTBL (2018). Labour costs of 17 € per 
working hour were assumed based on the German agricul-
tural labour agreement and calculations by the North Rhine-
Westphalia chamber of agriculture (Landwirtschaftskammer 
Nordrhein-Westfalen & RLV e.V., 2017). These 17 € also in-
clude incidental wage costs. The annual land rent per hectare 
of 328 € was based on the average cost of agricultural land in 
Germany in the year 2016 (Statistisches Bundesamt, 2017b). 

This is a conservative assumption as the land rent for mar-
ginal land is probably lower. Land opportunity costs of 322 € 
per hectare were assumed. The opportunity costs are based on 
the contribution margin of an average crop rotation in Baden-
Württemberg (LEL, 2016). Background data on costs associ-
ated with the production and the transport of input substrates 
(e.g., fertilizer) were taken from the ecoinvent database 3.4 
(Wernet et al., 2016). The costs of biomass transport were 
assumed to be 0.1 € t−1 km−1 based on Hastings et al. (2017).

2.4.2  |  Anaerobic digestion
It was assumed that the miscanthus silage is mechanically 
pretreated with a cross-flow grinder before fermentation. It 
has been shown that such pretreatment increases the meth-
ane yield of lignocellulosic substrates such as miscanthus 
(Frydendal-Nielsen et al., 2016; Mönch-Tegeder, Lemmer, 
Jungbluth, & Oechsner, 2014). The cross-flow grinder has an 
energy consumption of 12 kWhel. per tonne of fresh matter 
(Mönch-Tegeder et al., 2014).

The biogas plant assessed in this study was based on 
Lansche and Müller (2012). The main characteristics of the 
plant are summarized in Table 3. The proportions (based on 
mass) of the biogas substrates were 90% miscanthus silage 
and 10% liquid cattle manure (Lansche & Müller, 2012). It 
was assumed that the necessary amount of liquid cattle ma-
nure is available on-farm without any costs or additional en-
vironmental burden. Further, it was assumed that 1.73% of 
the methane produced is emitted as diffuse methane emis-
sions, mainly in the exhaust air from the combustion systems 
(Liebetrau et al., 2010). This assumption is in line with other 
studies assessing the environmental performance of biogas 
production and utilization in a CHP (Rehl & Müller, 2013).

As a system expansion approach was applied, it was as-
sumed that the electricity generated in the CHP substitutes 
the marginal German electricity mix. With respect to the by-
product, 18% of the total heat produced is used internally to 
heat the fermenter (Lansche & Müller, 2012). It was assumed 
that 50% of the remaining heat (which corresponds to 41% of 
the total heat produced) is used to heat nearby buildings and 
thus substitute the marginal German heat mix (see Table 4). 
These are the fossil fuels which, according to the German 
Federal Environmental Agency, are most likely to be substi-
tuted through an increase in energy generated from biogas 
plants (UBA, 2017). In the environmental and the economic 
assessment, credits are given for the amount of fossil-based 
heat which is substituted. These credits represent the environ-
mental burden and economic costs associated with the gener-
ation of the marginal German electricity mix.

The fermentation residues are rich in nutrients and can be 
used to substitute mineral fertilizer. However, here only the nu-
trients from the miscanthus biomass were taken into account. 
The nutrients brought into the system through the liquid cattle 

T A B L E   2   Summary of main inputs and outputs of miscanthus 
cultivation per year

Input/output Amount Unit

N 76 kg year−1 ha−1

P 7 kg year−1 ha−1

K 81 kg year−1 ha−1

Herbicide 0.81 l year−1 ha−1

Dry matter yield 18,034 kg year−1 ha−1

Dry matter content 43.4 %

Methane yield 4,704 m3 CH4 year−1 ha−1
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manure were not included, as they will be applied as fertilizer 
to the feed crops for the cattle. The phosphorus and potassium 
contained in the miscanthus biomass can be fully recovered 
through the use of the fermentation residues as fertilizer. 
However, only 70% of the nitrogen compounds contained 
in the fermentation residues is plant-available (Börjesson & 
Berglund, 2007; Kiesel et al., 2016; Lansche & Müller, 2012); 
thus, only 70% were taken into account. In accordance with 
Lansche and Müller (2012), it was assumed that the mineral 
fertilizers with the highest domestic sales in Germany are 
substituted. In 2016, these were calcium ammonium nitrate 
for N, super phosphate for P and potassium chloride for K 
(Statistisches Bundesamt, 2017a). In the environmental and 
the economic assessment, credits are given for the mineral 
fertilizers which are substituted. These credits represent the 
environmental burden and economic costs associated with the 
production of the respective amount of mineral fertilizers.

All cost data for the pretreatment of the biomass (in-
cluding investment, operational and labour costs) are based 
on an existing cross-flow grinder used by the University of 
Hohenheim’s research biogas plant at the Unterer Lindenhof 
for the pretreatment of lignocellulosic biomass (Leible et al., 
2015). The costs of the biogas plant and the CHP are based 
on the 500 kWhel. plant described in Leible et al. (2015).

2.5  |  Sensitivity analysis

Three sensitivity analyses were conducted to assess the in-
fluence of important parameters on the final results. Both 

changes in transport distance and changes in biomass yield 
were assessed. As it has been found that the utilization of 
heat has a significant impact on the final results (Kiesel et al., 
2016), a sensitivity analysis was also conducted to assess the 
influence of different heat utilization options on the environ-
mental and economic performance of miscanthus-based bi-
ogas production and utilization.

3  |   RESULTS

The results of the life-cycle impact assessment are presented 
first, followed by the LifeCycle Cost analysis and finally 
those of the three sensitivity analyses.

3.1  |  Life-cycle impact assessment
For the seven impact categories assessed, the environmen-
tal impacts are given per GJ electricity generated, including 
the substitution of the fossil reference. Thus negative values 
are net benefits, whereas positive values are net-negative 
impacts caused by the substitution of the fossil reference 
through the biobased alternative. The value chain assessed 
in this study was divided into six process steps. The process 
step Agricultural production includes the production and 
transport of input substrates such as fertilizer, as well as 
all agricultural operations including harvest of the biomass. 
Transport biomass comprises the transport of the biomass 
from the field to the biogas plant. The process step Biogas 
plant operations includes the ensiling of the biomass, pre-
treatment with a cross-flow grinder, anaerobic digestion and 
combustion of the biogas in a CHP. Substitution fertilizer 
encompasses the credits given for the substitution of mineral 
fertilizers through the nutrients contained in the fermenta-
tion residues. Substitution heat refers to the substitution of 
the marginal German heat mix, Substitution electricity the 
substitution of the marginal German electricity mix.

Figure 2a shows the results for the impact category “agri-
cultural land occupation” (ALO) in m²*year. The main impact 
stems from the cultivation of miscanthus on marginal land.

Figure 2b shows the results for the impact category “cli-
mate change” (CC) in kg CO2eq. The results are dominated 
by the credits given for the substitution of the marginal 
German electricity mix. Main emission sources are fertilizer 
production and fertilizer-induced emissions in the process 
step Agricultural production and diffuse methane emissions 
in Biogas plant operations.

The results for the impact category “freshwater ecotoxicity” 
(FET) are presented in Figure 2c, for “human toxicity” (HT) in 
Figure 2d and for “marine ecotoxicity” (MET) in Figure 2e. The 
cultivation of miscanthus and the subsequent utilization in a biogas 
plant leads to a net benefit in all three impact categories, mainly 
due to the substitution of the marginal German electricity mix.

T A B L E   3   Main technical characteristics of the biogas plant

Technical characteristic Value Unit

Full load hours 7,800 hr/year

Plant output, electrical 500 kWhel.

Plant output, total 1,219 kWh

Electrical efficiency 40 % of plant total 
output

Thermal efficiency 43 % of plant total 
output

Inherent heat demand 18 % of total heat 
production

Inherent power consumption 10 % of total power 
production

T A B L E   4   Marginal German heat and electricity mix (UBA, 
2017)

Fossil fuel
Marginal German 
heat mix in %

Marginal German 
electricity mix in %

Oil 56.3 0

Gas 43.3 35

Hard coal 1.3 65
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Figure 2f shows the results for the impact category 
“freshwater eutrophication” (FE). In this category, the 
substitution of fossil energy through the utilization of mis-
canthus biomass in a biogas plant leads to a net benefit. 
The impacts in the step Agricultural production are mainly 
caused by phosphate and phosphorus emissions to surface 
and groundwater through the use of P fertilizer.

The results for the impact category “marine eutrophication” 
(ME) are given in Figure 2g. The emissions responsible for the 
impact in the process step Agricultural production are mainly 
nitrate emissions caused by the use of mineral nitrogen fertilizer.

3.2  |  Life-Cycle Cost analysis
The Life-Cycle Costs per GJ electricity generated are dis-
played in Figure 3. The costs of biomass supply comprise 
costs for production and transport of input substrates (e.g., 
fertilizer), for all agricultural operations including harvest 
and for transport to the biogas plant. The establishment phase 
of the miscanthus is responsible for the largest share of these 
costs. The costs of the pretreatment are mainly caused by 
the investment and operating costs of the cross-flow grinder. 
The biogas plant operation costs are, for the most part, in-
vestment costs. In total, it costs 50.95 € to generate 1 GJ of 
electricity. Inclusion of the substitution of mineral fertilizers 

and of the marginal German heat mix leads to a decrease in 
total costs down to 45.12 €/GJel. (see Figure 3).

3.3  |  Sensitivity analysis
Three sensitivity analyses were conducted to assess the influ-
ence of changes in key parameters (biomass yield, transport 
distance and heat utilization rate) on the economic and envi-
ronmental performance.

3.3.1  |  Biomass yield
The annual biomass yield of around 18 t dry matter per hec-
tare used in the assessment was based on measured yields 
from a field trial on marginal land (Mangold et al., 2018a). 
However, other studies have shown that miscanthus yields 
can be significantly lower depending on the site conditions 
and the genotype cultivated (Iqbal & Lewandowski, 2014; 
Meyer et al., 2017). Therefore, the sensitivity analysis as-
sessed how the economic and environmental performance 
changes when the biomass yield decreases. Figure 4 shows 
how the results in the assessed impact categories increase 
when the annual biomass yield decreases to 15, 12, 9 and 6 t 
dry matter per hectare. If the substitution of fertilizer, heat 
and electricity is included, the influence of these changes 

F I G U R E   2   (a) Agricultural land 
occupation, (b) climate change potential, (c) 
freshwater ecotoxicity, (d) human toxicity 
and (e) marine ecotoxicity potential, (f) 
freshwater eutrophication and (g) marine 
eutrophication potential per functional 
unit of the cultivation of miscanthus and 
subsequent utilization in a biogas plant 
generating heat and electricity. The results 
shown include the substitution of the fossil 
reference
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is pronounced, especially for the impact categories agri-
cultural land occupation, freshwater eutrophication and 
marine eutrophication. As these three impact categories 
are mainly dominated by the agricultural system, changes 
in the biomass yield have a profound effect. For example, 
when the dry matter yield decreases to 6 t per hectare, the 
ALO potential increases by more than 200% (from 180.9 to 
549.2 m3/GJ). However, it should be noted that the effects 
of variations in biomass yield do not change an impact into 
a benefit or vice versa, except in the impact category fresh-
water eutrophication. From a yield level of 9 t or lower, the 
substitution of the fossil reference leads to a net impact on 
the environment in the respective category. In the impact 
categories climate change, freshwater and marine ecotoxic-
ity as well as human toxicity a decrease in the yield level 
leads to a lower benefit when the substitution of a fossil 
reference is included.

The influence of changes in biomass yield on economic 
performance is displayed in Figure 5. The costs per GJ 
electricity increase significantly with lower biomass yield.

3.3.2  |  Transport distance
In the baseline scenario, an average transport distance of 
5 km from the field to the biogas plant was assumed. A 
sensitivity analysis was conducted to assess the influence 
of this assumption on the final results. Figure 6 shows 
the effect of longer transport distances (10, 20, 30, 40, 
50 km) on the impact categories assessed in this study. 
When substitution of the fossil reference is included, 
the influence on the results is significant, particularly in 
the impact categories freshwater and marine ecotoxicity, 
human toxicity and freshwater eutrophication (Figure 6). 
However, it should be noted that the effects of variations 
in biomass yield do not change an impact into a benefit 
or vice versa.

Figure 7 shows the influence of longer transport dis-
tances (10–50 km) on the costs per GJ electricity generated. 
In this transport distance range, the impact of the increased 
transport costs on the total production costs is compara-
tively small.

F I G U R E   3   Life-Cycle Costs per GJel. of miscanthus cultivation and subsequent utilization in a biogas plant generating heat and electricity

F I G U R E   4   Sensitivity analysis—
Effect of changes in biomass yield 
(presented in t DM ha−1 year−1) on 
environmental performance
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3.3.3  |  Heat utilization rate
It was assumed in the assessment that 50% of the available 
heat is used to heat nearby buildings, substituting the marginal 
German heat mix. A sensitivity analysis assessed the influence 
of a change in heat utilization rate on the final results. Thus in ad-
dition to 50%, heat utilization rates of 0%, 25%, 75% and 100% 
were also analysed (Figure 8). An increase in the heat utilization 
rate leads to a decrease in the analysed impact categories and 
thus to a better environmental performance.

The influence of changes in the heat utilization rate on the 
costs per GJ electricity generated is shown in Figure 9. An 
increase in heat utilization rate leads to a significant decrease 
in the total costs per GJ electricity generated.

4  |   DISCUSSION

This section begins with a critical analysis of the environmen-
tal and economic performance of miscanthus-based biogas 

production and the subsequent combustion in a CHP. The 
results of the current study are also compared with both the 
standard biogas crop maize and a fossil reference. In addition, 
possible trade-offs between environmental impact catego-
ries as well as between environmental impacts and costs are 
discussed and the main hotspots and potential improvements 
highlighted. The second part of the discussion focuses on the 
question under which conditions biogas from miscanthus 
grown on marginal land makes sense from an environmental 
and economic point of view. Here, also other aspects such as 
biodiversity are included, as these need to be considered in the 
decision to cultivate biomass crops on marginal land.

4.1  |  Environmental and economic 
performance of miscanthus-based electricity 
production compared to alternatives
Electricity generated by the combustion of miscanthus-
based biogas in a CHP has considerably lower impacts on 
the environment than the fossil reference in most categories 

F I G U R E   5   Sensitivity analysis—
Effect of changes in biomass yield on 
economic performance

F I G U R E   6   Sensitivity analysis—
Effect of changes in transport distance on 
environmental performance
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assessed in this study. The substitution of the marginal 
German electricity mix leads to substantial net benefits 
in the impact categories HT, MET, FET, FE and CC. In 
two categories, marine eutrophication and agricultural land 

occupation, the impact of the miscanthus-based biogas 
production is significantly higher than the fossil refer-
ence (see Figure 2). Thus there is a clear trade-off between 
different environmental impact categories. The marine 

F I G U R E   7   Sensitivity analysis—
Effect of changes in transport distance on 
economic performance

F I G U R E   8   Sensitivity analysis—Effect of changes in heat utilization rate on environmental performance

F I G U R E   9   Sensitivity Analysis—
Effect of changes in heat utilization rate on 
economic performance



44  |      WAGNER et al.

eutrophication potential is mainly caused by nitrate leach-
ing through the use of nitrogen fertilizers. The amount of 
nitrogen fertilizer applied in the system under study was 
based on the nutrient removal by the harvested biomass. 
Therefore a further reduction should not be considered 
in the LCA in order to not increase the risk of depleting 
nitrogen levels in the soil. However, miscanthus requires 
much less nitrogen fertilizer than annual crops including 
the standard biogas crop maize (Kiesel et al., 2016). As 
a result, the nitrate leaching under miscanthus is signifi-
cantly lower in comparison to annual crops such as maize 
(Christian & Riche, 2006; Davis et al., 2012; Lesur et al., 
2014). Also, there are several reports that nitrogen fertiliza-
tion does not increase miscanthus yields (Christian, Riche, 
& Yates, 2008; Himken, Lammel, Neukirchen, Czypionka-
Krause, & Olfs, 1997), which is probably an effect of nutri-
ent recycling within the crop and the good nitrogen uptake 
from the soil by the perennial crop. Consequently a change 
from annual to perennial biogas crops would considerably 
decrease the environmental impact in the category marine 
eutrophication.

The impact category agricultural land occupation indi-
cates the area of land required for the cultivation of mis-
canthus in order to produce 1 GJ of electricity. As virtually 
no agricultural land is required for the fossil reference, there 
is a clear negative impact on the environment when the mar-
ginal German electricity mix is substituted by electricity 
generated through combustion of miscanthus-based biogas 
in a CHP. This also applies to other biogas crops such as 
maize. There is a strong negative correlation between the im-
pact category agricultural land occupation and the biomass 
yield. The agricultural land occupation increases with a de-
crease in biomass yield, as it is the case with marginal land 
where biomass yields are low. Consequently, in comparison 
to good agricultural land, a larger marginal site is necessary 
to support a biogas plant of the same size. However, in the 
impact category agricultural land occupation no distinction 
is made on the quality of the land used. Thus a direct com-
parison between the use of good agricultural land, on which 
food crops could also be cultivated, and marginal land, with 
possibly no other economically viable utilization option, is 
not possible. For this reason, it may still be beneficial to use 
marginal land for the cultivation of perennial biogas crops, 
even if more land is required in comparison to annual biogas 
crops cultivated on good agricultural land, as there is no risk 
of displacing food or feed crops.

The establishment of perennial grasses such as miscanthus 
can have tremendous effects on the soil organic carbon (SOC) 
content and thus also on the global warming potential. These 
changes are strongly dependant on the former land-use type 
(Harris, Spake, & Taylor, 2015). It was shown that there are 
no effects on the SOC when miscanthus is established on 
former grassland (Don et al., 2012; Zatta, Clifton-Brown, 

Robson, Hastings, & Monti, 2014). If former arable land 
is used, there is a 0.7–2.2 t C ha−1 year−1 increase in SOC 
content (McCalmont et al., 2017). This corresponds to 2.6–
8.1 t CO2 ha−1 year−1. As marginal land is highly diverse, the 
influence of changes in SOC was not included in this paper 
due to the high uncertainties associated. However, as mis-
canthus establishment in most cases has either no effect or a 
positive effect on the SOC content, this can be considered a 
worst-case assumption.

In general it can be said that, to improve the environmen-
tal performance of miscanthus-based biogas production and 
subsequent combustion in a CHP, the focus should be put on 
high biomass yields. An increase in yield significantly de-
creases the impact of biomass production on the environment 
and therefore improves the environmental performance of the 
whole biobased value chain (Meyer et al., 2017). The geno-
type Miscanthus × giganteus is only partially suitable for the 
cultivation on marginal land due to its low cold and drought 
stress tolerance. New, recently developed genotypes with 
higher abiotic stress tolerance should come onto the market 
in the coming years. These offer a promising opportunity to 
increase biomass yield on marginal land and subsequently 
decrease the impact on the environment (Lewandowski et al., 
2016). In addition, a huge potential for improvement lies in 
the diffuse methane emissions during the biogas plant oper-
ations, where methane is mainly emitted in the exhaust air 
from the combustion system. More frequent maintenance, 
the use of a catalytic converter and the afterburning of the 
exhaust could considerably reduce these methane emissions 
and thus reduce the greenhouse gas emissions of the whole 
process (Liebetrau et al., 2010).

The baseline scenario with a dry matter yield of 18 t re-
sults in farm-gate production costs for miscanthus biomass of 
55.79 € per t DM, which is in line with other studies (Wang 
et al., 2012b). The electricity produced through the combus-
tion of miscanthus-derived methane is with 45.12 €/GJel. 
slightly more expensive than other renewable energy sources 
such as photovoltaic systems and onshore wind power (ISE, 
2018). However the main advantage of biogas-based electric-
ity is that, in contrast to the other more fluctuating renewable 
energy sources, it can function as a base load provider. One 
promising option for the use of miscanthus is the substitution 
of maize as a substrate in existing biogas plants. It has already 
been shown that miscanthus’ environmental performance as 
a biogas crop is more favourable than that of maize (Kiesel 
et al., 2016). However, for the farmer or biogas plant operator, 
the economic performance plays a major role in the decision 
which biogas substrate to use. Estimated electricity genera-
tion costs using maize as biogas substrate are 56.57 €/GJel.. 
This figure is based on average substrate costs of 42.20 € 
per tonne of fresh matter (Agostini et al., 2016), which is in 
line with other studies (Gebrezgabher, Meuwissen, Prins, 
& Lansink, 2010), a methane hectare yield of 5,594 m3 
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CH4 year−1 ha−1 (Kiesel et al., 2016), and a biogas plant with 
the same technical characteristics as in the current study. In 
this calculation, pretreatment with a cross-flow grinder is 
not included as this is not necessary for maize. In addition, 
the credits given for the substitution of fertilizer are slightly 
higher as maize-based fermentation residues have a higher 
nutrient content than miscanthus-based ones. However, the 
biomass supply costs are considerably higher for maize in 
comparison to miscanthus. As the result, at 45.12 €/GJel., the 
costs determined in this study using miscanthus as a biogas 
substrate are significantly lower than for the scenario using 
maize. In the scenario described above, it was assumed that 
maize is cultivated on good agricultural land. This setting was 
chosen as in Germany energy maize is mostly cultivated on 
such sites. If maize is cultivated on marginal land, the yield 
is significantly lower and shows higher fluctuations than on 
good agricultural land (Ehmann, Thumm, & Lewandowski, 
2018). In this case, the cost advantage of miscanthus would 
be much more pronounced.

Consequently, from an economic point of view, it would 
make sense to use miscanthus in place of maize as a biogas 
substrate. However, the area under miscanthus cultivation 
is still relatively low. One important barrier to the imple-
mentation of miscanthus can be seen in the high initial 
investment costs for farmers associated with the establish-
ment phase.

The establishment costs are mainly caused by the costs 
of the rhizomes. These rhizomes cost around 0.175 € each 
(Wernet et al., 2016) which corresponds to 3,500 € per hect-
are with a planting density of 2 plants per m². Currently, the 
sole commercially available genotype Miscanthus × gigan-
teus can only be propagated via rhizomes. However, in re-
cent years, breeding research has focused on the development 
of novel seed-based genotypes (Clifton-Brown et al., 2017; 
Iris Lewandowski et al., 2016). Through the use of these 
new seed-based hybrids, it would be possible to reduce es-
tablishment costs significantly (Clifton-Brown et al., 2017; 
Hastings et al., 2017).

In the current study, pretreatment using a cross-flow 
grinder was included. It was shown that nearly 60% of the 
costs associated with the pretreatment of the miscanthus 
biomass using a cross-flow grinder are labour costs. A de-
crease in labour requirements, for example, through fur-
ther automation of the pretreatment system, could reduce 
pretreatment costs significantly. In addition, Mangold et al. 
(2018b) showed that the ensiling of miscanthus biomass 
reduces the necessary intensity of pretreatment. Besides 
the economic performance, this would also improve the 
environmental performance of miscanthus-based biogas 
production.

The current study demonstrated that miscanthus has a 
favourable environmental performance and that its substi-
tution of the marginal German electricity mix leads to net 

benefits in several impact categories. The use of miscanthus 
as a biogas substrate is also less expensive in comparison to 
the standard biogas crop maize. Therefore improvements in 
economic and environmental performances are not contradic-
tory. Increasing the yield or decreasing the intensity of the 
pretreatment, for example, reduces costs and at the same time 
improves the environmental performance of the whole value 
chain. The results shown are based on field trials where mis-
canthus was cultivated on marginal land. However, depend-
ing on the type of marginal land used, the achievable biomass 
yield is often lower (Iris Lewandowski et al., 2016; Meyer 
et al., 2017) and the transport distance longer (Dauber et al., 
2012) than those used in the current study. The results of the 
sensitivity analysis showed that changes in transport distance 
and especially in biomass yield have a significant influence 
on the environmental and economic performance. Therefore 
the question arises under which conditions biogas production 
using miscanthus cultivated on marginal land is economically 
and environmentally sustainable.

4.2  |  Preconditions for an economically and 
environmentally sustainable biogas production 
using miscanthus cultivated on marginal land
As shown above, electricity generation costs using mis-
canthus as biogas substrate are 45.12 €/GJel., compared to 
61.30 €/GJel. for maize. This cost advantage for miscanthus 
decreases with decreasing yields. A miscanthus yield of 
around 11 t DM/ha gives electricity generation costs com-
parable to those of maize. If the yields were even lower, it 
would be more economical to use maize as biogas substrate. 
However, it has to be kept in mind that if miscanthus is culti-
vated on such marginal land, the land rent and the opportunity 
costs for foregone profit would also be lower. The influence 
of transport distance and heat utilization rate and thus loca-
tion of the biogas plant are of lesser importance.

The substitution of the marginal German electricity 
mix through electricity generated by the combustion of 
miscanthus-based biogas in a CHP leads to net benefits in the 
impact categories HT, MET, FET, FE and CC. This is still the 
case when the biomass is transported over longer distances, 
the yields are lower, or a lower heat utilization rate is applied. 
Except for freshwater eutrophication, none of the impact cat-
egories that were positive for miscanthus-derived electricity 
became negative with decreasing biomass yield or increas-
ing transport distance. Therefore, no yield threshold could be 
derived from this study below which it does not make sense 
from an environmental point of view to produce miscanthus 
on marginal land.

In addition, the decision whether the utilization of mar-
ginal land for biogas production makes environmental sense 
ultimately depends on the reasons why the land is deemed 
marginal. “Marginal land” is often used as an umbrella term 
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for a wide range of different land types including abandoned, 
degraded and reclaimed land (Dauber et al., 2012). According 
to Dauber et al. (2012), degraded land is defined by a consid-
erable loss of soil fertility and productivity. On such sites, 
miscanthus could play a vital role in restoring the soil quality 
as its cultivation has a positive effect on the composition of 
soil organic matter (Kahle, Beuch, Boelcke, Leinweber, & 
Schulten, 2001) and leads to an increase in soil organic con-
tent (McCalmont et al., 2017). In addition, it reduces the bulk 
density and improves the microbial activity and soil porosity 
(Holland et al., 2015). In summary, it would make sense from 
an environmental point of view to cultivate miscanthus on 
land with low soil organic matter content, which is suscepti-
ble to erosion or contaminated by heavy metals. This offers 
the opportunity of restoring the land and at the same time 
using it for biomass production.

On the other hand, marginal land often harbours a high 
degree of biodiversity in comparison to intensively used ag-
ricultural land (Dauber & Miyake, 2016). Changes in spe-
cies abundance and loss of habitats through the cultivation 
of marginal sites for biomass can have negative effects on 
biodiversity (Dauber et al., 2015; Foley, 2005; Immerzeel, 
Verweij, van der Hilst, & Faaij, 2014). Miscanthus cultiva-
tion could, for example, have a negative impact on bird spe-
cies typically found on open fields (Bellamy et al., 2009). For 
this reason, areas with high biodiversity or marginal sites that 
provide habitats for species worthy of protection should be 
excluded from biomass cultivation. However, it should be 
noted that, under certain conditions, miscanthus cultivation 
has a positive impact on biodiversity, especially when grown 
in intensive agricultural landscapes (Bellamy et al., 2009; 
Jørgensen, 2011; Petrovan, Dixie, Yapp, & Wheeler, 2017).

The results of this study clearly show that it can make 
economic and environmental sense to cultivate miscanthus 
on marginal land as a substrate for biogas production. The 
economic sustainability is however limited by the biomass 
yield. A sharp decline in biomass yield to under 11 t DM/ha 
can render miscanthus cultivation uneconomic. By contrast, 
there are no clear thresholds limiting the environmental per-
formance. A decision has to be made on a case-by-case basis, 
as the environmental sustainability of using marginal land is 
strongly dependant on site-specific conditions such as soil, 
topography and local biodiversity.

ACKNOWLEDGEMENTS

This study was partly supported by the Bio-Based Industries 
Joint Undertaking under the European Union’s Horizon 2020 
Research and Innovation Programme under grant agreement 
No 745012 and by the German Federal Ministry of Education 
and Research within the framework of the FACCE SURPLUS 
CALL (funding code: 031B0163). The authors are grateful to 
Nicole Gaudet for proofreading the manuscript.

ORCID

Moritz Wagner   http://orcid.org/0000-0001-7426-9887 
Anja Mangold   http://orcid.org/0000-0002-6231-1563 
Jan Lask   http://orcid.org/0000-0002-9356-8505 
Eckart Petig   http://orcid.org/0000-0002-6216-919X 
Andreas Kiesel   http://orcid.org/0000-0003-0806-2532 
Iris Lewandowski   http://orcid.org/0000-0002-0388-4521   

REFERENCES

Agostini, A., Battini, F., Padella, M., Giuntoli, J., Baxter, D., Marelli, 
L., & Amaducci, S. (2016). Economics of GHG emissions mitiga-
tion via biogas production from Sorghum, maize and dairy farm ma-
nure digestion in the Po valley. Biomass and Bioenergy, 89, 58–66. 
https://doi.org/10.1016/j.biombioe.2016.02.022

Bacenetti, J., Fusi, A., Negri, M., Guidetti, R., & Fiala, M. (2014). 
Environmental assessment of two different crop systems in terms of 
biomethane potential production. Science of the Total Environment, 
466–467, 1066–1077. https://doi.org/10.1016/j.scitotenv.2013.07.109

Baxter, X. C., Darvell, L. I., Jones, J. M., Barraclough, T., Yates, N. E., 
& Shield, I. (2014). Miscanthus combustion properties and varia-
tions with Miscanthus agronomy. Fuel, 117, 851–869. https://doi.
org/10.1016/j.fuel.2013.09.003

Bellamy, P. E., Croxton, P. J., Heard, M. S., Hinsley, S. A., Hulmes, 
L., Hulmes, S., … Rothery, P. (2009). The impact of growing 
miscanthus for biomass on farmland bird populations. Biomass 
and Bioenergy, 33(2), 191–199. https://doi.org/10.1016/j.
biombioe.2008.07.001

Börjesson, P., & Berglund, M. (2007). Environmental systems analysis 
of biogas systems—Part II: The environmental impact of replacing 
various reference systems. Biomass and Bioenergy, 31(5), 326–344. 
https://doi.org/10.1016/j.biombioe.2007.01.004

Bouwman, A. F., Boumans, L. J. M., & Batjes, N. H. (2002). Modeling 
global annual N2O and NO emissions from fertilized fields: N2O 
and no emissions from fertilizers. Global Biogeochemical Cycles, 
16(4), 28-1–28-29. https://doi.org/10.1029/2001gb001812

Christian, D. G., & Riche, A. B. (2006). Nitrate leaching losses 
under Miscanthus grass planted on a silty clay loam soil. 
Soil Use and Management, 14(3), 131–135. https://doi.
org/10.1111/j.1475-2743.1998.tb00136.x

Christian, D. G., Riche, A. B., & Yates, N. E. (2008). Growth, yield and 
mineral content of Miscanthus × giganteus grown as a biofuel for 14 
successive harvests. Industrial Crops and Products, 28(3), 320–327. 
https://doi.org/10.1016/j.indcrop.2008.02.009

Clifton-Brown, J., Hastings, A., Mos, M., McCalmont, J. P., Ashman, 
C., Awty-Carroll, D., … Flavell, R. (2017). Progress in upscaling 
Miscanthus biomass production for the European bio-economy 
with seed-based hybrids. GCB Bioenergy, 9(1), 6–17. https://doi.
org/10.1111/gcbb.12357

Clifton-Brown, J., Schwarz, K. U., & Hastings, A. (2015). History of 
the development of Miscanthus as a bioenergy crop: From small 
beginnings to potential realisation. Biology and Environment: 
Proceedings of the Royal Irish Academy, 115B(1), 45. https://doi.
org/10.3318/bioe.2015.05

Dauber, J., Brown, C., Fernando, A. L., Finnan, J., Krasuska, E., 
Ponitka, J., … Zah, R. (2012). Bioenergy from “surplus” land: 

http://orcid.org/0000-0001-7426-9887
http://orcid.org/0000-0001-7426-9887
http://orcid.org/0000-0002-6231-1563
http://orcid.org/0000-0002-6231-1563
http://orcid.org/0000-0002-9356-8505
http://orcid.org/0000-0002-9356-8505
http://orcid.org/0000-0002-6216-919X
http://orcid.org/0000-0002-6216-919X
http://orcid.org/0000-0003-0806-2532
http://orcid.org/0000-0003-0806-2532
http://orcid.org/0000-0002-0388-4521
http://orcid.org/0000-0002-0388-4521
https://doi.org/10.1016/j.biombioe.2016.02.022
https://doi.org/10.1016/j.scitotenv.2013.07.109
https://doi.org/10.1016/j.fuel.2013.09.003
https://doi.org/10.1016/j.fuel.2013.09.003
https://doi.org/10.1016/j.biombioe.2008.07.001
https://doi.org/10.1016/j.biombioe.2008.07.001
https://doi.org/10.1016/j.biombioe.2007.01.004
https://doi.org/10.1029/2001gb001812
https://doi.org/10.1111/j.1475-2743.1998.tb00136.x
https://doi.org/10.1111/j.1475-2743.1998.tb00136.x
https://doi.org/10.1016/j.indcrop.2008.02.009
https://doi.org/10.1111/gcbb.12357
https://doi.org/10.1111/gcbb.12357
https://doi.org/10.3318/bioe.2015.05
https://doi.org/10.3318/bioe.2015.05


      |  47WAGNER et al.

Environmental and socio-economic implications. Biodiversity 
and Ecosystem Risk Assessment, 7, 5–50. https://doi.org/10.3897/
biorisk.7.3036

Dauber, J., Cass, S., Gabriel, D., Harte, K., Åström, S., O’Rourke, E., 
& Stout, J. C. (2015). Yield-biodiversity trade-off in patchy fields 
of Miscanthus × giganteus. GCB Bioenergy, 7(3), 455–467. https://
doi.org/10.1111/gcbb.12167

Dauber, J., & Miyake, S. (2016). To integrate or to segregate food crop 
and energy crop cultivation at the landscape scale? Perspectives 
on biodiversity conservation in agriculture in Europe Energy, 
Sustainability and Society, 6(1), 25. https://doi.org/10.1186/
s13705-016-0089-5

Davis, S. C., Parton, W. J., Grosso, S. J. D., Keough, C., Marx, E., Adler, 
P. R., & DeLucia, E. H. (2012). Impact of second-generation bio-
fuel agriculture on greenhouse-gas emissions in the corn-growing 
regions of the US. Frontiers in Ecology and the Environment, 10(2), 
69–74. https://doi.org/10.1890/110003

Don, A., Osborne, B., Hastings, A., Skiba, U., Carter, M. S., Drewer, 
J., … Zenone, T. (2012). Land-use change to bioenergy pro-
duction in Europe: Implications for the greenhouse gas balance 
and soil carbon. GCB Bioenergy, 4(4), 372–391. https://doi.
org/10.1111/j.1757-1707.2011.01116.x

Dondini, M., Hastings, A., Saiz, G., Jones, M. B., & Smith, P. 
(2009). The potential of Miscanthus to sequester carbon in 
soils: Comparing field measurements in Carlow, Ireland to 
model predictions. GCB Bioenergy, 1(6), 413–425. https://doi.
org/10.1111/j.1757-1707.2010.01033.x

Ehmann, A., Thumm, U., & Lewandowski, I. (2018). Fertilizing poten-
tial of separated biogas digestates in annual and perennial biomass 
production systems. Frontiers in Sustainable Food Systems, 2, 12. 
https://doi.org/10.3389/fsufs.2018.00012

EMEP/CORINAIR (2001). Joint EMEP/CORINAIR atmospheric 
emission inventory guidebook (3rd ed.). Copenhagen, Denmark: 
European Environment Agency.

European Environment Agency (2006). How much bioenergy can 
Europe produce without harming the environment? Luxembourg, 
UK: European Environment Agency.

Faist Emmenegger, M., Reinhard, J., & Zah, R. (2009). Sustainability 
quick check for biofuels – Intermediate background report. 
Dübendorf, Switzerland: Agroscope Reckenholz-Tänikon.

FNR (2017). Basisdaten Bioenergie Deutschland 2017: Festbrennstoffe, 
Biokraftstoffe, Biogas. Gülzow, Germany: FNR.

Foley, J. A. (2005). Global consequences of land use. Science, 
309(5734), 570–574. https://doi.org/10.1126/science.1111772

Frydendal-Nielsen, S., Hjorth, M., Baby, S., Felby, C., Jørgensen, U., 
& Gislum, R. (2016). The effect of harvest time, dry matter content 
and mechanical pretreatments on anaerobic digestion and enzymatic 
hydrolysis of miscanthus. Bioresource Technology, 218, 1008–1015. 
https://doi.org/10.1016/j.biortech.2016.07.046

Gebrezgabher, S. A., Meuwissen, M. P. M., Prins, B. A. M., & Lansink, 
A. G. J. M. O. (2010). Economic analysis of anaerobic digestion—A 
case of Green power biogas plant in The Netherlands. NJAS – 
Wageningen Journal of Life Sciences, 57(2), 109–115. https://doi.
org/10.1016/j.njas.2009.07.006

Harris, Z. M., Spake, R., & Taylor, G. (2015). Land use change to 
bioenergy: A meta-analysis of soil carbon and GHG emissions. 
Biomass and Bioenergy, 82, 27–39. https://doi.org/10.1016/j.
biombioe.2015.05.008

Hastings, A., Mos, M., Yesufu, J. A., McCalmont, J., Schwarz, K.-U., 
Shafei, R., … Clifton-Brown, J. (2017). Economic and environmen-
tal assessment of seed and rhizome propagated Miscanthus in the 
UK. Frontiers in Plant Science, 8, 1058. https://doi.org/10.3389/
fpls.2017.01058

Himken, M., Lammel, J., Neukirchen, D., Czypionka-Krause, U., & 
Olfs, H.-W. (1997). Cultivation of Miscanthus under West European 
conditions: Seasonal changes in dry matter production, nutrient up-
take and remobilization. Plant and Soil, 189(1), 117–126.

Holland, R. A., Eigenbrod, F., Muggeridge, A., Brown, G., Clarke, D., 
& Taylor, G. (2015). A synthesis of the ecosystem services impact 
of second generation bioenergy crop production. Renewable and 
Sustainable Energy Reviews, 46, 30–40. https://doi.org/10.1016/j.
rser.2015.02.003

Huijbregts, M. A. J., Steinmann, Z. J. N., Elshout, P. M. F., Stam, G., 
Verones, F., Vieira, M., … van Zelm, R. (2017). ReCiPe2016: A 
harmonised life cycle impact assessment method at midpoint and 
endpoint level. The International Journal of Life Cycle Assessment, 
22(2), 138–147. https://doi.org/10.1007/s11367-016-1246-y

Immerzeel, D. J., Verweij, P. A., van der Hilst, F., & Faaij, A. P. C. 
(2014). Biodiversity impacts of bioenergy crop production: A 
state-of-the-art review. GCB Bioenergy, 6(3), 183–209. https://doi.
org/10.1111/gcbb.12067

IPCC (2006). 2006 IPCC guidelines for national greenhouse gas in-
ventories, Prepared by the National Greenhouse Gas Inventories 
Programme. (H. S. Eggleston, Intergovernmental Panel on Climate 
Change, National Greenhouse Gas Inventories Programme, & 
Chikyū Kankyō Senryaku Kenkyū Kikan, Eds.). Retrieved from 
http://www.ipcc-nggip.iges.or.jp/public/2006gl/index.htm

IPCC (2014). Climate change 2014: Synthesis report. (R. K. Pachauri, 
L. Mayer& Intergovernmental Panel on Climate Change, Eds.). 
Geneva, Switzerland: Intergovernmental Panel on Climate Change.

Iqbal, Y., & Lewandowski, I. (2014). Inter-annual variation in biomass 
combustion quality traits over five years in fifteen Miscanthus gen-
otypes in south Germany. Fuel Processing Technology, 121, 47–55. 
https://doi.org/10.1016/j.fuproc.2014.01.003

ISE (2018). Stromgestehungskosten Erneuerbare Energien. Freiburg: 
Fraunhofer-Insitut für Solare Energiesysteme.

ISO (2006a). Environmental management – Life cycle assessment – 
Principles and framework: ISO 14040:2006.

ISO (2006b). Environmental management – Life cycle assessment – 
Requirements and guidelines: ISO 14044:2006.

Jørgensen, U. (2011). Benefits versus risks of growing biofuel crops: 
The case of Miscanthus. Current Opinion in Environmental 
Sustainability, 3(1–2), 24–30. https://doi.org/10.1016/j.
cosust.2010.12.003

Kahle, P., Beuch, S., Boelcke, B., Leinweber, P., & Schulten, H.-R. 
(2001). Cropping of Miscanthus in Central Europe: Biomass pro-
duction and influence on nutrients and soil organic matter. European 
Journal of Agronomy, 15(3), 171–184. https://doi.org/10.1016/
S1161-0301(01)00102-2

Khanna, M., Dhungana, B., & Clifton-Brown, J. (2008). Costs of 
producing miscanthus and switchgrass for bioenergy in Illinois. 
Biomass and Bioenergy, 32(6), 482–493. https://doi.org/10.1016/j.
biombioe.2007.11.003

Kiesel, A., & Lewandowski, I. (2017). Miscanthus as biogas substrate 
– Cutting tolerance and potential for anaerobic digestion. GCB 
Bioenergy, 9(1), 153–167. https://doi.org/10.1111/gcbb.12330

https://doi.org/10.3897/biorisk.7.3036
https://doi.org/10.3897/biorisk.7.3036
https://doi.org/10.1111/gcbb.12167
https://doi.org/10.1111/gcbb.12167
https://doi.org/10.1186/s13705-016-0089-5
https://doi.org/10.1186/s13705-016-0089-5
https://doi.org/10.1890/110003
https://doi.org/10.1111/j.1757-1707.2011.01116.x
https://doi.org/10.1111/j.1757-1707.2011.01116.x
https://doi.org/10.1111/j.1757-1707.2010.01033.x
https://doi.org/10.1111/j.1757-1707.2010.01033.x
https://doi.org/10.3389/fsufs.2018.00012
https://doi.org/10.1126/science.1111772
https://doi.org/10.1016/j.biortech.2016.07.046
https://doi.org/10.1016/j.njas.2009.07.006
https://doi.org/10.1016/j.njas.2009.07.006
https://doi.org/10.1016/j.biombioe.2015.05.008
https://doi.org/10.1016/j.biombioe.2015.05.008
https://doi.org/10.3389/fpls.2017.01058
https://doi.org/10.3389/fpls.2017.01058
https://doi.org/10.1016/j.rser.2015.02.003
https://doi.org/10.1016/j.rser.2015.02.003
https://doi.org/10.1007/s11367-016-1246-y
https://doi.org/10.1111/gcbb.12067
https://doi.org/10.1111/gcbb.12067
http://www.ipcc-nggip.iges.or.jp/public/2006gl/index.htm
https://doi.org/10.1016/j.fuproc.2014.01.003
https://doi.org/10.1016/j.cosust.2010.12.003
https://doi.org/10.1016/j.cosust.2010.12.003
https://doi.org/10.1016/S1161-0301(01)00102-2
https://doi.org/10.1016/S1161-0301(01)00102-2
https://doi.org/10.1016/j.biombioe.2007.11.003
https://doi.org/10.1016/j.biombioe.2007.11.003
https://doi.org/10.1111/gcbb.12330


48  |      WAGNER et al.

Kiesel, A., Nunn, C., Iqbal, Y., Van der Weijde, T., Wagner, M., 
Özgüven, M., … Lewandowski, I. (2017). Site-specific management 
of miscanthus genotypes for combustion and anaerobic digestion: 
A comparison of energy yields. Frontiers in Plant Science, 8, 347. 
https://doi.org/10.3389/fpls.2017.00347

Kiesel, A., Wagner, M., & Lewandowski, I. (2016). Environmental per-
formance of miscanthus, switchgrass and maize: Can C4 perenni-
als increase the sustainability of biogas production? Sustainability, 
9(12), 5. https://doi.org/10.3390/su9010005

KTBL (2013). Faustzahlen Biogas: 3. Ausgabe. Darmstadt, Germany: 
Kuratorium für Technik und Bauwesen in der Landwirtschaft.

KTBL (2018). KTBL-Feldarbeitsrechner. Darmstadt, Germany: 
Kuratorium für Technik und Bauwesen in der Landwirtschaft e. V. 
(KTBL).

Lal, R. (2016). Soil health and carbon management. Food and Energy 
Security, 5(4), 212–222. https://doi.org/10.1002/fes3.96

Landwirtschaftskammer Nordrhein-Westfalen, & RLV e.V. (2017). 
Erfahrungssätze für überbetriebliche Maschinenarbeiten im Rheinland 
2017. Retreived from https://www.landwirtschaftskammer.de/land 
wirtschaft/beratung/pdf/erfahrungssaetze-rh.pdf

Lansche, J., & Müller, J. (2012). Life cycle assessment of energy gener-
ation of biogas fed combined heat and power plants: Environmental 
impact of different agricultural substrates: Life cycle assessment of 
energy generation from biogas. Engineering in Life Sciences, 12(3), 
313–320. https://doi.org/10.1002/elsc.201100061

Lee, W.-C., & Kuan, W.-C. (2015). Miscanthus as cellulosic biomass 
for bioethanol production. Biotechnology Journal, 10(6), 840–854. 
https://doi.org/10.1002/biot.201400704

Leible, L., Kälber, S., Kappler, G., Oechsner, H., & Mönch-Tegeder, 
M. (2015). Biogas aus Landschaftspflegegras: Möglichkeiten 
und Grenzen (KIT Scientific Reports; 7691) (p.). KIT Scientific 
Publishing. https://doi.org/10.5445/ksp/1000045983

LEL (2016). Kalkulationsdaten Marktfrüchte. Landesanstalt für 
Entwicklung der Landwirtschaft und der ländlichen Räume, Ed.

Lesur, C., Bazot, M., Bio-Beri, F., Mary, B., Jeuffroy, M.-H., & 
Loyce, C. (2014). Assessing nitrate leaching during the three-
first years of Miscanthus × giganteus from on-farm measure-
ments and modeling. GCB Bioenergy, 6(4), 439–449. https://doi.
org/10.1111/gcbb.12066

Lewandowski, I., Clifton-Brown, J. C., Scurlock, J. M. O., & Huisman, 
W. (2000). Miscanthus: European experience with a novel en-
ergy crop. Biomass and Bioenergy, 19(4), 209–227. https://doi.
org/10.1016/S0961-9534(00)00032-5

Lewandowski, I., Clifton-Brown, J., Trindade, L. M., van der Linden, 
G. C., Schwarz, K.-U., Müller-Sämann, K., … Kalinina, O. (2016). 
Progress on optimizing miscanthus biomass production for the 
European bioeconomy: Results of the EU FP7 project OPTIMISC. 
Frontiers in Plant Science, 7, 1620. https://doi.org/10.3389/
fpls.2016.01620

Lewandowski, I., & Schmidt, U. (2006). Nitrogen, energy and land use 
efficiencies of miscanthus, reed canary grass and triticale as de-
termined by the boundary line approach. Agriculture, Ecosystems 
and Environment, 112(4), 335–346. https://doi.org/10.1016/j.
agee.2005.08.003

Liebetrau, J., Clemens, J., Cuhls, C., Hafermann, C., Friehe, J., Weiland, 
P., & Daniel-Gromke, J. (2010). Methane emissions from biogas-
producing facilities within the agricultural sector. Engineering in Life 
Sciences, 10(6), 595–599. https://doi.org/10.1002/elsc.201000070

Liu, T. T., McConkey, B. G., Ma, Z. Y., Liu, Z. G., Li, X., & Cheng, L. 
L. (2011). Strengths, weaknessness, opportunities and threats anal-
ysis of bioenergy production on marginal land. Energy Procedia, 5, 
2378–2386. https://doi.org/10.1016/j.egypro.2011.03.409

Mangold, A., Lewandowski, I., Möhring, J., Clifton-Brown, J., Krzyzak, 
J., McCalmont, J., … Kiesel, A. (2018a). Harvest date and leaf:stem 
ratio determine methane hectare yield of miscanthus biomass. GCB 
Bioenergy, 1–13.

Mangold, A., Lewandowski, I., Möhring, J., Clifton-Brown, J., Krzyzak, 
J., McCalmont, J., … Kiesel, A. (2018b). Miscanthus for biogas pro-
duction: Influence of harvest date and ensiling on digestibility and 
methane hectare yield. GCB Bioenergy. under review.

Mayer, F., Gerin, P. A., Noo, A., Lemaigre, S., Stilmant, D., Schmit, 
T., … Delfosse, P. (2014). Assessment of energy crops alter-
native to maize for biogas production in the Greater Region. 
Bioresource Technology, 166, 358–367. https://doi.org/10.1016/j.
biortech.2014.05.054

McCalmont, J. P., Hastings, A., McNamara, N. P., Richter, G. M., Robson, 
P., Donnison, I. S., & Clifton-Brown, J. (2017). Environmental costs 
and benefits of growing Miscanthus for bioenergy in the UK. GCB 
Bioenergy, 9(3), 489–507. https://doi.org/10.1111/gcbb.12294

McKendry, P. (2002). Energy production from biomass (part 1): 
Overview of biomass. Bioresource Technology, 83(1), 37–46. 
https://doi.org/10.1016/S0960-8524(01)00118-3

Meyer, F., Wagner, M., & Lewandowski, I. (2017). Optimizing GHG 
emission and energy-saving performance of miscanthus-based value 
chains. Biomass Conversion and Biorefinery, 7(2), 139–152. https://
doi.org/10.1007/s13399-016-0219-5

Mönch-Tegeder, M., Lemmer, A., Jungbluth, H., & Oechsner, H. (2014). 
Effects of full-scale substrate pretreatment with a cross-flow grinder 
on biogas production. Agricultural Engineering International: 
CIGR Journal, 16, 138–147.

Nemecek, T., & Kägi, T. (2007). Life cycle inventories of Swiss and 
European agricultural production systems. Final report ecoin-
vent V2.0 No. 15a. Agroscope Reckenholz-Taenikon Research 
Station ART, Swiss Centre for Life Cycle Inventories, Zurich and 
Dübendorf, CH. Retrieved from www.ecoinvent.ch

Nemecek, T., & Schnetzer, J. (2011). Methods of assessment of direct 
field emissions for LCIs of agricultural production systems: Data 
v3.0. Zurich, Switzerland: Agroscope Reckenholz-Tänikon Research 
Station ART.

Ogunsona, E. O., Misra, M., & Mohanty, A. K. (2017). Sustainable 
biocomposites from biobased polyamide 6,10 and biocarbon from 
pyrolyzed miscanthus fibers. Journal of Applied Polymer Science, 
134(4), 44221. https://doi.org/10.1002/app.44221

Petrovan, S. O., Dixie, J., Yapp, E., & Wheeler, P. M. (2017). Bioenergy 
crops and farmland biodiversity: Benefits and limitations are scale-
dependant for a declining mammal, the brown hare. European 
Journal of Wildlife Research, 63(3), 49. https://doi.org/10.1007/
s10344-017-1106-5

Rehl, T., Lansche, J., & Müller, J. (2012). Life cycle assessment of en-
ergy generation from biogas—Attributional vs. consequential ap-
proach. Renewable and Sustainable Energy Reviews, 16(6), 3766–
3775. https://doi.org/10.1016/j.rser.2012.02.072

Rehl, T., & Müller, J. (2013). CO2 abatement costs of greenhouse 
gas (GHG) mitigation by different biogas conversion pathways. 
Journal of Environmental Management, 114, 13–25. https://doi.
org/10.1016/j.jenvman.2012.10.049

https://doi.org/10.3389/fpls.2017.00347
https://doi.org/10.3390/su9010005
https://doi.org/10.1002/fes3.96
https://www.landwirtschaftskammer.de/landwirtschaft/beratung/pdf/erfahrungssaetze-rh.pdf
https://www.landwirtschaftskammer.de/landwirtschaft/beratung/pdf/erfahrungssaetze-rh.pdf
https://doi.org/10.1002/elsc.201100061
https://doi.org/10.1002/biot.201400704
https://doi.org/10.5445/ksp/1000045983
https://doi.org/10.1111/gcbb.12066
https://doi.org/10.1111/gcbb.12066
https://doi.org/10.1016/S0961-9534(00)00032-5
https://doi.org/10.1016/S0961-9534(00)00032-5
https://doi.org/10.3389/fpls.2016.01620
https://doi.org/10.3389/fpls.2016.01620
https://doi.org/10.1016/j.agee.2005.08.003
https://doi.org/10.1016/j.agee.2005.08.003
https://doi.org/10.1002/elsc.201000070
https://doi.org/10.1016/j.egypro.2011.03.409
https://doi.org/10.1016/j.biortech.2014.05.054
https://doi.org/10.1016/j.biortech.2014.05.054
https://doi.org/10.1111/gcbb.12294
https://doi.org/10.1016/S0960-8524(01)00118-3
https://doi.org/10.1007/s13399-016-0219-5
https://doi.org/10.1007/s13399-016-0219-5
http://www.ecoinvent.ch
https://doi.org/10.1002/app.44221
https://doi.org/10.1007/s10344-017-1106-5
https://doi.org/10.1007/s10344-017-1106-5
https://doi.org/10.1016/j.rser.2012.02.072
https://doi.org/10.1016/j.jenvman.2012.10.049
https://doi.org/10.1016/j.jenvman.2012.10.049


      |  49WAGNER et al.

Statistisches Bundesamt (2017a). Düngemittelstatistik, Fachserie 
4, Reihe 8.2, 3. Retrieved from https://www.destatis.de/DE/
Publikationen/Thematisch/IndustrieVerarbeitendesGewerbe/
Fachstatistik/DuengemittelversorgungVj2040820173234.
pdf?__blob=publicationFil

Statistisches Bundesamt (2017b). Statistisches Jahrbuch 
Deutschland 2017. Retrieved from https://www.destatis.de/DE/
Publikationen/StatistischesJahrbuch/StatistischesJahrbuch2017.
pdf?__blob=publicationFile 

Stürmer, B., Schmid, E., & Eder, M. W. (2011). Impacts of biogas plant 
performance factors on total substrate costs. Biomass and Bioenergy, 
35(4), 1552–1560. https://doi.org/10.1016/j.biombioe.2010.12.030

Swarr, T. E., Hunkeler, D., Klopffer, W., Pesonen, H.-L., Ciroth, A., 
Brent, A. C., & Pagan, R. (2011). Environmental life cycle cost-
ing: A code of practice. Pensacola, FL: Society of Environmental 
Toxicology and Chemistry.

UBA (2017). Emissionsbilanz erneuerbarer Energieträger Bestimmung 
der vermiedenen Emissionen im Jahr 2016. Dessau-Roßlau, 
Germany: Umweltbundesamt.

Uihlein, A., Ehrenberger, S., & Schebek, L. (2008). Utilisation options 
of renewable resources: A life cycle assessment of selected prod-
ucts. Journal of Cleaner Production, 16(12), 1306–1320. https://
doi.org/10.1016/j.jclepro.2007.06.009

Wagner, M., Kiesel, A., Hastings, A., Iqbal, Y., & Lewandowski, I. 
(2017). Novel miscanthus germplasm-based value chains: A life 
cycle assessment. Frontiers in Plant Science, 8, 990. https://doi.
org/10.3389/fpls.2017.00990

Walla, C., & Schneeberger, W. (2008). The optimal size for biogas plants. 
Biomass and Bioenergy, 32(6), 551–557. https://doi.org/10.1016/j.
biombioe.2007.11.009

Wang, S., Wang, S., Hastings, A., Pogson, M., & Smith, P. (2012). 
Economic and greenhouse gas costs of Miscanthus supply chains 
in the United Kingdom. GCB Bioenergy, 4(3), 358–363. https://doi.
org/10.1111/j.1757-1707.2011.01125.x

Weiland, P. (2010). Biogas production: Current state and perspectives. 
Applied Microbiology and Biotechnology, 85(4), 849–860. https://
doi.org/10.1007/s00253-009-2246-7

Wernet, G., Bauer, C., Steubing, B., Reinhard, J., Moreno-Ruiz, E., & 
Weidema, B. (2016). The ecoinvent database version 3 (part I): Overview 
and methodology. The International Journal of Life Cycle Assessment, 
21(9), 1218–1230. https://doi.org/10.1007/s11367-016-1087-8

Witzel, C.-P., & Finger, R. (2016). Economic evaluation of Miscanthus 
production – A review. Renewable and Sustainable Energy Reviews, 
53, 681–696. https://doi.org/10.1016/j.rser.2015.08.063

Zatta, A., Clifton-Brown, J., Robson, P., Hastings, A., & Monti, A. 
(2014). Land use change from C3 grassland to C4 Miscanthus: 
Effects on soil carbon content and estimated mitigation benefit after 
six years. GCB Bioenergy, 6(4), 360–370. https://doi.org/10.1111/
gcbb.12054

How to cite this article: Wagner M, Mangold A, Lask 
J, Petig E, Kiesel A, Lewandowski I. Economic and 
environmental performance of miscanthus cultivated 
on marginal land for biogas production. GCB 
Bioenergy. 2019;11:34–49. https://doi.org/10.1111/
gcbb.12567

https://www.destatis.de/DE/Publikationen/Thematisch/IndustrieVerarbeitendesGewerbe/Fachstatistik/DuengemittelversorgungVj2040820173234.pdf?__blob=publicationFil
https://www.destatis.de/DE/Publikationen/Thematisch/IndustrieVerarbeitendesGewerbe/Fachstatistik/DuengemittelversorgungVj2040820173234.pdf?__blob=publicationFil
https://www.destatis.de/DE/Publikationen/Thematisch/IndustrieVerarbeitendesGewerbe/Fachstatistik/DuengemittelversorgungVj2040820173234.pdf?__blob=publicationFil
https://www.destatis.de/DE/Publikationen/Thematisch/IndustrieVerarbeitendesGewerbe/Fachstatistik/DuengemittelversorgungVj2040820173234.pdf?__blob=publicationFil
https://www.destatis.de/DE/Publikationen/StatistischesJahrbuch/StatistischesJahrbuch2017.pdf?__blob=publicationFile
https://www.destatis.de/DE/Publikationen/StatistischesJahrbuch/StatistischesJahrbuch2017.pdf?__blob=publicationFile
https://www.destatis.de/DE/Publikationen/StatistischesJahrbuch/StatistischesJahrbuch2017.pdf?__blob=publicationFile
https://doi.org/10.1016/j.biombioe.2010.12.030
https://doi.org/10.1016/j.jclepro.2007.06.009
https://doi.org/10.1016/j.jclepro.2007.06.009
https://doi.org/10.3389/fpls.2017.00990
https://doi.org/10.3389/fpls.2017.00990
https://doi.org/10.1016/j.biombioe.2007.11.009
https://doi.org/10.1016/j.biombioe.2007.11.009
https://doi.org/10.1111/j.1757-1707.2011.01125.x
https://doi.org/10.1111/j.1757-1707.2011.01125.x
https://doi.org/10.1007/s00253-009-2246-7
https://doi.org/10.1007/s00253-009-2246-7
https://doi.org/10.1007/s11367-016-1087-8
https://doi.org/10.1016/j.rser.2015.08.063
https://doi.org/10.1111/gcbb.12054
https://doi.org/10.1111/gcbb.12054
https://doi.org/10.1111/gcbb.12567
https://doi.org/10.1111/gcbb.12567

