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Abstract: The main objective of the cultivation of energy crops is the production of renewable energy,
the substitution of fossil energy resources, and a substantial contribution to energy supply. Thus,
energy yield and energy efficiency are the most important criteria for the assessment of energy crops
and biomass-based renewable energy chains. Maize is the energy crop with the highest cultivation
acreage in Germany because of its high energy yields, but is the subject of controversial debate because
of possible detrimental effects on agro-ecosystems. This raises the question as to which energy crops
and production systems could be used instead of maize, in order to increase crop diversity and lower
environmental impacts. We examined yields, energy inputs, energy outputs, and energy efficiency
of alternative energy crops (combinations of catch crops and main crops) compared to maize in
four-year field experiments at three southern German sites by means of process analyses. Maize
showed moderate energy inputs (11.3–13.2 GJ ha−1), with catch crops ranging from 6.2 to 10.7 GJ ha−1

and main crops ranging from 7.6 to 24.8 GJ ha−1. At all three sites, maize had the highest net energy
output compared to the other crops (x = 354–493 GJ ha−1), but was surpassed by combinations
of catch and main crops at some sites (winter rye/maize: x = 389–538 GJ ha−1). Although some
combinations yielded higher net energy outputs than maize, no other crop or combination of crops
outperformed maize regarding energy use efficiency (energy output/energy input: x = 32–45).

Keywords: crop yield; biomass; energy input; net energy output; energy use efficiency; field experiment

1. Introduction

Modern plant production systems depend on fossil energy use in the form of direct
energy input (fuel and electricity used on the farm) and indirect energy input (energy
required for the manufacture of fertilisers, plant protection agents, and machines) [1–4].
Along the production process, nearly all field operations (soil tillage, sowing, fertilising,
crop protection, harvest, transport) require fossil energy. The energy input in agricultural
production systems is therefore an indicator for production intensity [1,5].

In spite of a significant potential for fossil fuel substitution by bioenergy [6–8], the
production of bioenergy is linked to the use of fossil energy as well as the emission of green-
house gases [9]. Consequently, energy input, energy balance, and energy-use efficiency
are commonly used as indicators to describe the ecological sustainability of agricultural
production processes [3,10–13]. The importance of energy balances for the sustainability
assessment of crop production systems is the result of the complex interactions of fossil
energy input, crop yield as well as economic and environmental effects.

In order to analyse, evaluate, and optimise the energy efficiency of plant production
systems, methods of energy balancing have been developed and applied [1,14,15]. An ener-
getic process analysis is a mechanistic approach, attempting to trace all fossil energy inputs
into an agricultural system based on physical matter flows. It is suitable for calculating en-
ergy balances, analysing energy-use efficiency, and improving farming systems [1,3,16,17].
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There are several energy indicators of plant production systems such as (a) fossil energy
input, (b) energy output, (c) net energy output (output-input), and (d) energy-use efficiency
(output/input). These indicators can be used to examine the energy balance of different
crop production systems, scaling from crop and crop rotation level [3,13,18] to farm, value
chain (food production) [19], and process chain (bioenergy production) [10,12,20] levels. In
order to conserve finite resources and decrease greenhouse gas emissions, lower energy
consumptions and higher energy-use efficiencies are necessary in all agricultural systems.

The main objective of the cultivation of energy crops is the production of renewable
energy (e.g., electric power, fuel, heat, biomethane), the substitution of fossil energy
resources, and a substantial contribution to energy supply [21,22]. The energy-use efficiency
of biomass production exerts a decisive influence on the energy-use efficiency of the whole
bioenergy value chain [15,23]. Depending on the cultivated crops, production systems, site
and climatic conditions, and yield potential, the energy-use efficiency of bioenergy crops
ranges from 2 to 45 [5,15,24–30] and can be even higher in agroforestry systems [31].

Differing energy crops and site-specific yield potentials have a vast influence on energy
balances of biomass production. There is still dissent regarding the favourability of energy
crops produced in intensive systems as opposed to extensive systems. Some authors argue
that extensive low-input systems (e.g., extensive grassland) can achieve high energy-use
efficiencies, albeit with low energy outputs [32,33].

Currently, maize is the most important energy crop for the global biofuel produc-
tion [34]. Furthermore, maize is the most important crop for biomethane production in
Germany based on its high yield potential, high fermentability, storability, perfected tech-
nology, and low production cost [35]. However, there is concern regarding the possibly
negative effects of an increase in energy maize production area on soil erosion [36], soil
organic carbon stocks [37], biodiversity [38], nitrogen losses (e.g., nitrate leaching, nitrous
oxide emissions) [39], and landscape aesthetics [40]. This raises the question of whether
there are alternative crops that achieve net energy outputs and energy-use efficiencies
comparable to maize under varying site conditions.

Previous studies of energy crops in Germany focused on comparisons of yield levels
of bioenergy crops and crop rotations [41]. So far, there have been few studies conducting
systematic analyses of the energy-use efficiency and net energy output of energy crops
under differentiated site conditions. For this paper, we assessed the detailed energy bal-
ances of maize (reference crop) and five other annual energy crops and crop combinations
(consisting of catch crops and main crops) based on four-year experimental data obtained
in field experiments at three sites in southern Germany (Bavaria) with differing soil and
climate conditions.

The energy balances were conducted as process analyses. The indicators used for the
assessment of energy crops, crop combinations, and crop management were energy input,
energy output, net energy output, and energy-use efficiency. Based on these data, the
following research questions were addressed: (A) Are there crops and crop combinations
with a higher net energy output and/or energy-use efficiency compared to maize? (B) What
is the impact of differentiated soil and climate conditions on energy-use efficiency and the
ranking of crops/crop combinations? (C) What are causes of differences in crop energy-use
efficiency and which factors influence energy input and output? (D) How can energy-use
efficiency be improved further?

The results of this paper will contribute to a better understanding of the energy-use
efficiency of energy cropping systems by supplying an extensive database (three sites ×
four years × six varieties) and an exhaustive and detailed energy balance based on a
process analysis, allowing for the examination and evaluation of biomass production
systems. In addition, the results of this paper aim to support recommendations for farmers
and political decision-makers regarding the improvement in energy crop production.
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2. Material and Methods
2.1. Site and Weather Conditions

The field experiments were conducted between 2006 and 2010 at three research farms
located near the cities of Freising (48◦25′59.0′′ N, 11◦42′29.6′′ E), Straubing (48◦51′32.3′′ N,
12◦36′35.5′′ E), and Ansbach (49◦12′10.8′′ N, 10◦39′41.9′′ E) in southern Germany. These
experimental sites were chosen because of their different soil and climate conditions and
yield potentials (Table 1). Freising represents a relatively cool and humid climate, Straubing
being warmer and less humid on average, and Ansbach showing the least amount of
precipitation of the three experimental sites (Appendix A, Tables A1 and A2). At the
Freising and Straubing sites, a sandy or silty loam texture (see Table 1) provides for a high
usable field capacity.

Table 1. Site and soil conditions (at 0–30 cm depth) of the three field experiments.

Experimental Station

Parameter Unit Freising Straubing Ansbach

Location 48◦25′59.0′′ N,
11◦42′29.6′′ E

48◦51′32.3′′ N,
12◦36′35.5′′ E

49◦12′10.8′′ N,
10◦19′41.9′′ E

Region Upper Bavaria Lower Bavaria Middle Franconia

Soil-climate-area see
[roßberg]

Bavarian tertiary
molasse hills

Gäu, Danube, and Inn
Valley

Northwest
Bavaria–Franconia

Altitude m ASL 460 345 440

Mean precipitation (mm a−1) 887 757 714

Mean temperature (◦C) 8.3 8.4 8.5

Usable field capacity mm 150 220 80

Soil type (WRB) Luvisol Luvisol Cambisol

Soil texture

Clay % 9.0 20.4 8.7

Silt % 27.3 73.6 14.9

Sand % 63.7 6.1 76.4

pH value 6.2 6.9 6.4

P2O5 mg 100 g−1 10 21 14

K2O mg 100 g−1 21 19 18

During the experimental years, significant deviations of mean temperatures and
precipitation occurred at each of the sites, with the largest deviation across all sites occurring
in 2007, when the mean temperature at all sites was at least 1.6 ◦C higher with higher
precipitation at all sites.

2.2. Experimental Design

The goal of the field experiments was to analyse different energy crop combinations
in field experiments at different sites regarding their energy inputs, dry matter yields, net
energy output, and energy efficiency.

The field experiments were realised in a one-factorial block design with three replica-
tions. Each of the plots had a size of 1.5 m × 10 m. In order to reduce the boundary effects,
only the centre of the plots with a size of 1.4 m × 8.5 m was harvested. Experimental
variants consisted of 28 combinations of winter catch crops with different harvest dates
and main crops. In order to focus on the main results of our work, six crops and crop
combinations were selected in this paper (Table A3)—winter barley/sorghum; winter
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barley/maize; winter rye/undersown ryegrass; winter rye/maize; and winter triticale.
Maize without a catch crop was used as a reference.

Harvest dates were adapted to crop-specific requirements. In this paper, we used the
BBCH scale to characterise the growth stages of crops [42].

The production processes were adjusted to site-specific conditions. The nitrogen
fertilisation was determined by crop and site-specific target yields, previous crops, and soil
mineral N content. Due to different fertiliser application times, the high precision of mineral
fertilisation application, and to minimise ammonia N losses and ensure high comparability
of variants, all crops were fertilised with mineral fertiliser; no biogas digestates were used.
P and K fertilisation were carried out regularly in 5-year periods, the last one in the year
before the start of the field experiment at all sites. Crop protection and pesticide use was
adjusted to disease threshold (integrated crop protection), varying by crop, site, and year.
The field operations differed between experimental farms and were modelled based on
generalised assumptions [43] (e.g., tillage, machinery, pesticide use), taking the need for
site-specific management into account. Exemplary field operation data with machinery
and diesel consumption used in our calculations are available in Table A4.

2.3. Energy Balancing

The method for the energy balancing used in this study corresponds to the process
analysis as described by [1,14] without considering human labour or solar energy. Contrary
to the actual experimental conditions, we assumed an average field size of 20 ha and an
average transport distance of 2 km for energy balancing purposes. The machinery assumed
in the energy balances was representative of commercial farms in Southern Germany. Fossil
fuel inputs were considered either as direct energy (i.e., to be used on-farm in the form of
fuel and electricity) or indirect energy (i.e., used beyond the farm for the production of
operating resources). We considered all relevant energy inputs from tillage to harvest and
transport (Figures 1 and 2). Energy inputs for drying, storage, and transport off-farm were
not taken into account. In this study, we used energy equivalents representative of modern
production processes found in Western Europe (Table 2). Energy outputs were calculated
from the calorific value of the harvested biomass. Based on the energy balance, net energy
output (energy output minus energy input), and energy efficiency (energy output divided
by energy input) were calculated [26]. The equations for all energy balance components
are shown in Table 3, with detailed information on assumed parameters being available in
Tables A5–A7.

Table 2. Energy equivalents for fossil fuel based resources.

Resource Unit Energy Equivalent (MJ Unit−1) References

Machines kg 108.0 [17,44]
Diesel L 39.6 [17,45]

Mineral nitrogen kg 35.3 [1,17,46]
Herbicides kg 259 [47,48]
Insecticides kg 237 [47,49]
Fungicides kg 177 [47,48]

Growth regulators kg 196 [47,49]
Winter barley seed kg 5.5 Own calculations

Winter rye seed kg 6.6 Own calculations
Winter triticale seed kg 6.2 Own calculations

Ryegrass seed kg 14.1 Own calculations
Sorghum seed kg 50.5 Own calculations

Maize seed kg 14.6 Own calculations
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Table 3. Net energy output and energy efficiency were calculated based on Equations (1)–(6).

Equation

Ei = ES + EMF + EP + EM (1)

E = Ed + Ei (2)

Ed = ∑n
i=1(VFO·EEFU) (3)

EO = EC − ECs (4)

EOn = EO − E (5)

EUE = EO E−1 (6)

Symbol Unit Explanation

E GJ ha−1 Energy input

Ed GJ ha−1 Direct energy use

Ei GJ ha−1 Indirect energy use

VFO L ha−1 Fuels use of field operation

EEFU GJ L−1 Energy equivalent of fuel

ES GJ ha−1 Energy use of seed supply

EMF GJ ha−1 Energy use of mineral fertiliser supply

EP GJ ha−1 Energy use of pesticide supply

EM GJ ha−1 Energy use of machine supply

EO GJ ha−1 Energy output

EC GJ ha−1 Calorific value of harvested biomass

ECS GJ ha−1 Calorific value of seeds

EOn GJ ha−1 Net energy output

EUE GJ ha−1 Energy use efficiency
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undersown ryegrass. Schematic following [50]. N-Appl: mineral nitrogen application.

2.4. Statistical Analysis

ANOVA was used to analyse differences between variants regarding dry matter
yields, net energy outputs, and energy use efficiencies using R [51]. The variant means
were compared using the Tukey test at the p = 0.05 level.

3. Results
3.1. Energy Input

Figures 1 and 2 show on the basis of maize and winter rye with undersown ryegrass,

• the production processes and vegetation periods;
• the field operations and resource use; and
• the energy inputs.

The energy crops examined in this study were distinguished by vastly different
energy inputs, relating to site conditions (yield potential) and production processes (tillage,
fertilisation, pesticide use) (Table 4). The energy inputs of energy crops at the three
field experiments differed due to site-specific management. Nitrogen and energy inputs
reflect characteristic production intensities for each crop, aiming to realise site-specific
yield potentials.
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Table 4. Mean energy input at the experimental sites. Minimum and maximum values across trial years in parentheses.

Energy Input of Crops

Energy Input Fuel Mineral Fertiliser Seeds Pesticides Machines

Crop (GJ ha−1) (L ha−1) (GJ ha−1) (kg ha−1) (GJ ha−1) (GJ ha−1) (GJ ha−1) (GJ ha−1)

Fr
ei

si
ng

Winter barley 10.7 (10.3–11.3) 92 (89–92) 3.7 (3.5–3.7) 113 (100–130) 4.0 (3.0–4.6) 0.8 (0.8–0.8) 1.5 (1.5–1.5) 0.8 (0.7–0.8)

Sorghum 8.4 (8.1–8.6) 59 (59–59) 2.3 (2.3–2.3) 100 (100–100) 3.5 (3.5–3.5) 0.6 (0.6–0.6) 1.1 (1.1–1.1) 0.7 (0.5–0.9)

Winter rye 7.1 (5.6–8.2) 82 (76–88) 3.3 (3.0–3.5) 67 (40–90) 2.4 (1.4–3.2) 0.8 (0.4–1.1) 0.0 (0.0–0.0) 0.7 (0.6–0.8)

Ryegrass 24.8 (23.6–25.5) 135 (118–141) 5.4 (4.7–5.6) 343 (340–350) 12.1 (12.0–12.4) 0.8 (0.8–0.8) 0.0 (0.0–0.0) 5.7 (4.8–5.9)

Winter triticale 11.6 (11.4–12.1) 92 (91–92) 3.7 (3.6–3.7) 137 (130–150) 4.8 (4.6–5.3) 0.9 (0.9–0.9) 1.5 (1.5–1.5) 0.8 (0.8–0.8)

Maize 12.4 (10.0–13.3) 91 (74–112) 3.6 (2.9–4.4) 168 (130–180) 5.9 (4.6–6.4) 0.6 (0.6–0.6) 1.1 (1.1–1.1) 0.9 (0.8–1.1)

St
ra

ub
in

g

Winter barley 9.9 (8.8–10.9) 88 (88–88) 3.5 (3.5–3.5) 103 (70–130) 3.6 (2.5–4.6) 0.8 (0.8–0.8) 1.3 (1.3–1.3) 0.7 (0.7–0.7)

Sorghum 7.6 (7.3–8.2) 68 (57–88) 2.7 (2.3–3.5) 107 (100–120) 3.8 (3.5–4.2) 0.5 (0.5–0.5) 0.0 (0.0–0.0) 0.6 (0.6–0.7)

Winter rye 7.8 (5.8–9.8) 80 (70–86) 3.2 (2.8–3.4) 93 (60–130) 3.3 (2.1–4.6) 0.8 (0.4–1.1) 0.0 (0.0–0.0) 0.6 (0.5–0.7)

Ryegrass 23.9 (19.8–31.9) 117 (93–141) 4.6 (3.7–5.6) 353 (260–500) 12.5 (9.2–17.7) 0.7 (0.7–0.7) 0.0 (0.0–0.0) 4.8 (3.7–5.9)

Winter triticale 10.0 (8.8–11.0) 88 (88–88) 3.5 (3.5–3.5) 103 (70–130) 3.6 (2.5–4.6) 0.9 (0.9–0.9) 1.3 (1.3–1.3) 0.7 (0.7–0.8)

Maize 10.1 (8.9–11.6) 91 (70–109) 3.5 (2.5–4.3) 134 (100–155) 4.7 (3.5–5.5) 0.4 (0.4–0.4) 0.8 (0.5–1.0) 0.7 (0.5–0.9)

A
ns

ba
ch

Winter barley 8.5 (8.3–8.7) 70 (66–70) 2.8 (2.6–2.8) 118 (110–120) 4.1 (3.9–4.2) 0.8 (0.8–0.8) 0.2 (0.2–0.2) 0.6 (0.5–0.6)

Sorghum 8.2 (8.2–8.3) 59 (59–59) 2.3 (2.3–2.3) 100 (100–100) 3.5 (3.5–3.5) 0.6 (0.6–0.6) 0.9 (0.9–0.9) 0.7 (0.7–0.8)

Winter rye 7.6 (5.3–9.4) 63 (54–68) 2.5 (2.1–2.7) 106 (60–140) 3.7 (2.1–4.9) 0.8 (0.4–1.1) 0.0 (0.0–0.0) 0.6 (0.5–0.7)

Ryegrass 14.8 (11.6–17.1) 97 (87–114) 3.8 (3.5–4.5) 167 (100–200) 5.6 (3.5–7.1) 0.8 (0.8–0.8) 0.0 (0.0–0.0) 3.8 (3.6–4.1)

Winter triticale 8.9 (8.7–9.4) 70 (70–70) 2.8 (2.8–2.8) 125 (120–140) 4.4 (4.2–4.9) 0.9 (0.9–0.9) 0.2 (0.2–0.2) 0.6 (0.6–0.7)

Maize 11.3 (9.71–12.1) 77 (61–91) 3.1 (2.4–3.6) 147 (120–160) 5.2 (4.2–5.7) 0.7 (0.7–0.7) 0.9 (0.9–0.9) 0.9 (0.7–1.0)
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The reference crop maize (without catch crop) is characterised by a relatively low
number of field operations in the spring and one harvest in the autumn (Figure 1). The use
of plant protection agents was low, consisting of only one herbicide application. Mineral
nitrogen was used moderately (134–168 kg ha−1). This resulted in an energy input of only
10.1–12.4 GJ ha−1 (Table 4).

In contrast, the combination of winter rye (catch crop) and undersown ryegrass (main
crop) led to a continued soil cover and biomass formation in the autumn and winter months
(Figure 2). Field operations started in September and ended in October of the following
year. All in all, five mineral nitrogen applications (167–343 kg ha−1) and six harvests were
performed. This resulted in an extremely high energy input (14.8–24.8 GJ ha−1).

In general, the energy input was substantially increased by the addition of catch crops
(additional field operations, additional resource inputs), amounting to an additional fossil
energy use of 5.3–11.3 GJ ha−1. The energy input of the catch crops also increased with
longer vegetation periods and biomass production, requiring higher N inputs. The energy
input of some catch crops surpassed the energy input of main crops (e.g., winter barley
(8.5–10.7 GJ ha−1)/sorghum (7.6–8.4 GJ ha−1)).

The energy input of maize (reference crop) was equal or higher compared to the
energy input of maize as the main crop with a previous catch crop (Table 4) because of their
different yield potential and fertilisation levels. Sorghum as the main crop required a lower
energy input (7.3–8.6 GJ ha−1) compared to maize (with previous catch crop) because of
the lower nitrogen fertilisation (100–120 kg ha−1) and the lower yield potential.

Across all sites and crops, mineral fertiliser had the highest share of total energy input
(34–50%, x = 44%), followed by fuel (direct energy, 19–41%, x = 32%). Compared to these
two parameters, seeds, machines, and pesticides (where used) amounted to only a small
share of the total energy input each (except for winter rye, where the energy input for the
supply of machines reached or surpassed the direct energy), totalling 15–31% of the total
energy input with a mean of 23%.

3.2. Crop Yields

The dry matter yields of the energy crops varied substantially, depending on the site
and weather conditions (Table 5). Maize (without previous catch crop, reference) mean dry
matter yield varied between 19.9 Mg ha−1 (Ansbach) and 27.5 Mg ha−1 (Straubing) across
all years. Dry matter yields differed significantly from year to year. In years with favourable
weather conditions, maize dry matter yields even surpassed 30 Mg ha−1 (Straubing). When
combined with a catch crop, maize yield was lower at all sites and in all years. Due to
different growing times of the catch crops, dry matter yield of maize after barley was
significantly higher than after rye. While maize was the highest-yielding main crop at all
sites, the dry matter yield of the other main crops varied strongly. At the Freising and
Ansbach sites, mean sorghum yield was significantly lower than maize yield even with the
same catch crop (9.5 Mg ha−1, 10.2 Mg ha−1, resp.), whereas at the Straubing site, sorghum
yield was at the same level with maize (13.2 Mg ha−1). Ryegrass was yielded highest
at the Freising site (14.4 Mg ha−1), followed by Straubing (10.2 Mg ha−1), and Ansbach
(6.6 Mg ha−1). Winter triticale yielded between 12.6 Mg ha−1 (Ansbach) and 15.6 Mg ha−1

(Freising), ranging slightly lower than maize except at the Straubing site, where yields
were comparable to maize with barley as the catch crop.
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Table 5. Dry matter yields at the experimental sites. Column-wise differences marked with letters. Values marked with * Could not be determined due to game browsing or technical
reasons.

Catch Crop Growth Stage Catch Crop [41] Main Crop
DM Yield of Catch Crop (Mg ha−1) DM Yield of Main Crop (Mg ha−1) ∑

2007 2008 2009 2010 x 2007 2008 2009 2010 x x

Fr
ei

si
ng

Winter barley 75 Sorghum 14.1 a 10.4 bc 9.0 cdef 9.7 bc 10.8 cd 14.0 de 12.7 efg 7.3 gh 4.0 g 9.5 hi 20.3 de

Winter barley 75 Maize 13.6 ab 10.5 bc 8.5 defg 9.5 bcd 10.5 d 20.1 c 17.6 cd 18.6 c 13.2 de 17.4 de 27.9 a

Winter rye 53 Ryegrass 7.9 ef 5.0 g 5.7 h 6.1 e 6.2 f 16.2 d 16.0 cde 15.2 cde 10.0 ef 14.4 efg 20.5 cde

Winter rye 55 Maize 9.9 cde 6.8 ef 7.1 fgh 5.8 e 7.4 ef 26.6 b 24.0 b 24.3 b 17.1 bc 23.0 bc 30.4 a

- - Winter triticale - - - - - 14.6 de 15.2 de 17.7 cd 14.9 cd 15.6 ef 15.6 ef

- - Maize - - - - - 29.9 a 25.1 b 28.2 ab 20.4 ab 25.9 ab 25.9 abc

St
ra

ub
in

g

Winter barley 75 Sorghum 11.6 bcd 9.5 cd 10.8 c 10.0 b 10.5 d * 14.5 def 12.8 ef 12.4 de 13.2 efgh 23.7 bcd

Winter barley 75 Maize 11.7 bc 9.7 cd 9.7 cd 9.8 b 10.2 d * 12.8 efg 16.1 cde 11.6 def 13.5 efgh 23.7 bcd

Winter rye 53 Ryegrass * 4.7 g 7.3 fgh 4.8 ef 5.6 f * 12.5 fg 6.3 h 11.7 def 10.2 ghi 15.8 ef

Winter rye 55 Maize * 6.2 fg 7.8 efg 5.2 ef 6.4 f * 23.5 b 24.6 b 18.2 bc 22.1 bc 28.5 a

- - Winter triticale - - - - - 13.9 de 11.6 fgh 14.8 cde 13.7 de 13.5 efgh 13.5 f

- - Maize - - - - - 26.3 b 30.9 a 30.5 a 22.4 a 27.5 a 27.5 ab

A
ns

ba
ch

Winter barley 75 Sorghum 9.5 de 10.3 bc 9.5 cde 8.1 cd 9.4 de 11.3 e 9.0 hi 10.4 fg * 10.2 ghi 19.6 de

Winter barley 75 Maize 8.7 e 10.6 bc 9.6 cde 8.0 d 9.2 de 15.0 d 10.2 gh 14.6 de 12.5 de 13.1 fgh 22.3 bcd

Winter rye 53 Ryegrass * 8.2 de 9.0 cdef 4.2 f 7.1 ef * 6.1 i 5.8 h 8.1 f 6.6 i 13.8 f

Winter rye 55 Maize 6.3 f 8.3 de 7.0 gh 6.3 e 7.0 f 15.6 d 13.6 efg 17.4 cd 15.1 cd 15.4 ef 22.4 bcd

- - Winter triticale - - - - - 13.2 de 10.9 gh 15.5 cde 10.9 ef 12.6 fgh 12.6 f

- - Maize - - - - - 23.6 b 19.2 b 18.5 cd 18.2 bc 19.9 cd 19.9 de
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The mean catch crop yield was lower than the mean main crop yield in all variants
except for sorghum (9.5 Mg ha−1) after winter barley (10.8 Mg ha−1) at the Freising site
and ryegrass (6.6 Mg ha−1) after winter rye (7.1 Mg ha−1) at the Straubing site. Catch crop
yield increased distinctly with later harvests, with winter barley yielding significantly more
than winter rye due to the longer growing time.

The combination of winter rye and maize outperformed maize without a catch crop
at every site. At the Ansbach site, the combination of winter barley and maize yielded
was higher than maize. The yields at the Ansbach site showed a preference of cereals with
low overall yields of ryegrass. In contrast, ryegrass yield was higher than sorghum at the
Freising site.

3.3. Net Energy Output

The highest net energy output of the main crops was found at all sites in maize without
a catch crop, ranging from 354.2 GJ ha−1 (Ansbach) to 493.4 GJ ha−1 (Straubing) (Table 6,
Figure 3). At the Freising site, sorghum (159.8 GJ ha−1) had the lowest net energy output
of all the main crops, while at the other sites, sorghum had moderate net energy outputs
(Ansbach, 176.1 GJ ha−1) or reached the level of maize after the catch crop (Straubing,
229.4 GJ ha−1). In contrast, ryegrass generated the lowest net energy output at the Straubing
(156.2 GJ ha−1) and Ansbach (104.9 GJ ha−1) sites. Winter triticale showed medium net
energy outputs at all sites.
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Table 6. Energy balance at the experimental sites (mean values across all experimental years). Column-wise differences marked with letters.

Catch Crop Main Crop ∑

Catch Crop
Growth Stage
Catch Crop
[42]

Main Crop
Energy Input Energy

Output
Net Energy
Output

Energy
Efficiency

Energy
Input

Energy
Output

Net Energy
Output

Energy
Efficiency

Net Energy
Output

Energy
Efficiency

(GJ ha−1) (GJ ha−1) (GJ ha−1) (Output/Input) (GJ ha−1) (GJ ha−1) (GJ ha−1) (Output/Input) (GJ ha−1) (Output/Input)

Fr
ei

si
ng

Winter barley 75 Sorghum 10.7 ab 194.6 cd 183.9 c 18.3 defg 8.4 fg 168.1 hi 159.8 gh 20.2 g 343.6 ef 19.1 f

Winter barley 75 Maize 10.7 b 189.9 d 179.2 c 17.9 defg 11.2 cde 322.1 de 310.9 de 28.9 def 490.1 abc 23.5 def

Winter rye 53 Ryegrass 6.2 f 110.0 g 103.8 e 18.0 defg 24.8 a 255.9 efg 231.1 fg 10.3 h 334.9 efg 11.8 g

Winter rye 55 Maize 7.9 de 133.3 efg 125.4 de 17.0 defg 12.4 cd 424.8 bc 412.4 bc 34.4 bcd 537.8 a 27.6 cd

- - Winter
triticale - - - - 11.6 cde 282.9 efg 271.3 ef 24.4 efg 271.3 fgh 24.4 def

- - Maize - - - - 13.2 bc 471.0 ab 457.8 ab 35.8 bc 457.8 abcd 35.8 b

St
ra

ub
in

g

Winter barley 75 Sorghum 9.9 b 188.1 d 178.2 c 19.3 cdef 7.6 g 237.0 fgh 229.4 fg 31.2 cde 407.6 cde 24.3 def

Winter barley 75 Maize 9.9 b 183.8 d 173.9 c 18.9 defg 10.2 def 249.4 efg 239.2 efg 24.4 efg 413.1 bcde 19.8 def

Winter rye 53 Ryegrass 7.1 ef 110.0 g 90.6 e 13.6 fg 23.9 a 180.1 ghi 156.2 gh 7.6 h 246.8 gh 9.1 g

Winter rye 55 Maize 8.5 cd 133.3 efg 107.8 e 13.6 g 10.1 def 404.0 bc 393.9 bc 39.7 ab 501.7 a 27.8 cd

- - Winter
triticale - - - - 10.0 def 245.1 efg 235.2 fg 24.9 efg 235.2 h 24.9 def

- - Maize - - - - 11.3 cde 504.7 a 493.4 a 44.7 a 493.4 ab 44.7 a

A
ns

ba
ch

Winter barley 75 Sorghum 8.5 cd 170.0 de 161.5 cd 19.9 bcde 8.2 fg 184.3 ghi 176.1 gh 22.4 fg 337.6 ef 21.2 ef

Winter barley 75 Maize 8.5 cd 167.9 def 159.3 cd 19.6 cde 9.6 efg 239.4 fgh 229.8 fg 24.9 efg 389.1 de 22.5 def

Winter rye 53 Ryegrass 6.4 f 128.6 fg 122.2 de 21.0 abcd 14.8 b 119.7 i 104.9 h 8.5 h 227.1 h 11.7 g

Winter rye 55 Maize 8.5 cd 126.9 g 118.3 e 15.0 efg 11.3 cde 281.6 ef 270.3 ef 25.0 efg 388.6 de 20.6 f

- - Winter
triticale - - - - 8.9 fg 231.1 fgh 222.2 fg 26.1 efg 222.2 h 26.1 de

- - Maize - - - - 11.3 cde 365.5 cd 354.2 cd 32.4 bcd 354.2 ef 32.4 bc
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The net energy output of the catch crops correlated with their dry matter yields,
winter barley (with longer growing time) generating higher net energy outputs compared
to winter rye. The highest total net energy output was generated by the combination
of maize with early harvested winter rye, ranging from 501.7 GJ ha−1 (Straubing) to
537.8 GJ ha−1 (Freising), except for Ansbach, where winter barley and maize achieved the
highest net energy output (389.1 GJ ha−1, without significant differences to winter rye and
maize). The results indicate large differences in energy binding potential depending on
crop and site.

3.4. Energy Efficiency

The highest energy efficiency of the analysed main crops was achieved by maize
without a catch crop, ranging from 32.4 (Ansbach) to 44.7 (Straubing) (Table 6, Figure 4). At
the Freising and Straubing sites, maize after winter rye or winter barley as the catch crop
had the second-highest energy efficiency (28.9–34.4 and 24.4–39.7, resp.); at the Ansbach
site, winter triticale (26.1) showed no significant differences in energy efficiency to a catch
crop maize combination (24.9–25.0). The lowest energy efficiency of the main crops was
found in ryegrass, with energy efficiencies between 7.6 (Straubing) and 10.3 (Freising).
Sorghum showed a strong site-dependency of energy efficiency, while at the Straubing
site, sorghum surpassed maize after winter barley in energy efficiency and was on the
same level at the Ansbach site, which showed the second-lowest energy efficiency at the
Freising site.
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At all sites, no combination of crops could surpass the energy efficiency of maize. Due
to the low energy efficiency of the ryegrass, the combination of winter rye and ryegrass
consistently showed the lowest energy efficiency across locations. Due to relatively high
energy output and moderate energy input, winter triticale showed energy efficiencies near
the combinations of the catch crop and maize or surpassed them.
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4. Discussion
4.1. Methodology

This paper was based on 4-year field experiments, conducted at three sites and
resulting in an extensive dataset consisting of catch crop/main crop combinations and
representing important energy crops for biomass production in Germany, Western, and
Central Europe. In this paper, the results of five catch crop/main crop combinations are
presented compared to the reference crop maize.

The field trials included 28 variants in total, consisting of the variants presented in
this paper as well as variants with other combinations of the examined crops with a wider
range of harvest dates and the crops sunflower, oats, and clover grass. A comprehensive
description of the variants is already available [30]. The complete dataset (experimental
data of all variants) will be published shortly in an appropriate repository.

For experimental reasons, the field trials were fertilised with mineral nitrogen. In
biogas systems, nutrients are mainly supplied by biogas slurry, supplemented by mineral
fertiliser. We used mineral nitrogen for a more precise nitrogen application in plot-scale
trials due to the high variability of nutrient content of biogas slurry and in order to reduce
ammonia losses [52,53]. Furthermore, due to the high number of nitrogen applications, we
ensured compliance with the scheduled application dates.

Thus, the impact of organic fertiliser use has to be considered when interpreting
energy input, energy output, and their derived parameters net energy output and energy
efficiency. In reality, the energy efficiencies would have been significantly higher. Nitrogen
applied via biogas slurry substitutes mineral nitrogen, leading to a reduction in energy
input (the production of mineral nitrogen requires high amounts of energy use [54]). On
the other hand, organic fertiliser application requires substantially more energy use than
mineral nitrogen application due to the higher mass of organic fertilisers (water content).
In addition, there are challenges in the quantification of the energy value of biogas slurry.
Energy equivalents for biogas slurry range from 0 (considering biogas slurry as undesirable
waste) to 48 MJ kg−1 (substitutional value considering nutrient contents and efficacy) [55].

The yields of field experiments tend to outperform the yields on-farm significantly [56,57],
restricting the transferability of our results to on-farm conditions somewhat. This difference
is caused by several interacting factors (e.g., use of specialised experimental technology or
use of separate harvest sub-plots).

In this study, we focused on energy crops cultivated large scale for in Germany. There
have been several studies analysing relatively “new” crops for biomass production in
recent years such as Silphium perfoliatum, Miscanthus, Agropyron elongatum, or perennial
wild crop mixtures [58]. Although there are potential advantages compared to established
crops such as continuous soil coverage, reduced tillage, and reduced pesticide use, the
disadvantages (e.g., more difficult cultivation, higher cost, lower yield stability) prevent
a widespread cultivation in practice. Due to higher lignin content, the fermentability of
biomass from wild crop mixtures is significantly lower compared to maize [58]. Thus, we
decided not to include these crops in our experiments.

When conducting energy balance studies, utmost care has to go toward the definition
of production processes such as intensity of tillage, number of harvests (e.g., for ryegrass),
and other management parameters because of the strong influence on the energy input
(and thus net energy output and energy efficiency). In this study, we attempted to simu-
late common practice for all of the crops and crop combinations represented in the field
experiments. Thus, for the purpose of energy balancing, all management was calculated as
if conducted on-farm with customary machines and equipment, even if plot-sized equip-
ment was used in the trials. We tried to compromise between practicability in the field
experiments and energy balances more appropriate to on-farm conditions.

The fundamental methodology for assessing the energy balance of crop production
systems was developed decades ago [59], but is subject to constant advancement (e.g.,
adjustment of energy equivalents to technical innovations and new processes) [14,15,60–62].
In this study, we used the approach of a process analysis that has been widely utilised for
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the quantification of energy parameters in crop production systems [1]. It is important
that energy equivalents for direct (use of fossil energy on farm) and indirect (use of fossil
energy for the supply of resources such as mineral fertiliser, seeds, pesticides, machines,
and equipment [44]) energy inputs are representative of industry standards in the trial
area. As such, we chose energy equivalents representing relatively efficient production
processes likely encountered in Western Europe [47,49,54,63]. The production of resources
such as mineral fertilisers and plant protection agents is subject to efficiency improvements
(changing energy mix, more renewable energies, more efficient production processes), so
that continuous adjustments to energy equivalents used in agricultural energy balance
studies are necessary in order to provide accurate results. This implies that the energy
efficiency of energy crops will rise, even if yields stagnate or farming systems stay at
the same level of efficiency as they are now, due only to higher efficiencies earlier in the
production chain, especially the mineral fertiliser production.

4.2. Results

The parameters net energy output and energy efficiency are among the most important
criteria for the assessment of bioenergy crops and bioenergy systems, serving as measures
for the use efficiency of fossil fuel resources [5,26]. Thus, an energy balance can help to
identify the optimisation potential of management and crop rotation design. A high net
energy output at the crop production level is of extraordinary importance for the energy
efficiency of the whole bioenergy process chain because of efficiency losses at every step
along the production chain (e.g., energy efficiency of 20:1 at the crop production (field level)
descending to 7:1 at the biogas plant level, [15]).

However, since arable land is finite, the potential for the production of bioenergy
is limited, possibly resulting in competition between energy and food production [6,7].
Because of the finite arable land and high associated costs (lease rents), an important target
of bioenergy production is the maximising of energy recovery per hectare, expressed as
high net energy output of the plant biomass. With respect to different cultivated crops,
production systems, site conditions, and yield potential, net energy outputs of bioenergy
crops range from 50 to 450 GJ ha−1 [5,15,24–30], potentially exceeding 500 GJ ha−1 under
optimal experimental conditions. This means that energy efficiency and net energy output
are essential target criteria of biomass production systems.

The energy input into a crop production system is an important indicator not only as a
basis for derived parameters such as net energy output or energy efficiency, but it can also
serve as a measure for the fossil fuel needed for crop production [59]. Because the energy
input determines the CO2 emissions of a production system, it also has a fundamental
impact on the greenhouse gas balance of a farming system.

At all experimental sites, ryegrass demanded the highest energy input (Freising:
24.8 GJ ha−1, Straubing: 23.9 GJ ha−1, Ansbach: 14.8 GJ ha−1) due to the high number of
field operations as well as the highest nitrogen fertiliser input. The energy input of maize
was less than half of that of ryegrass at the Freising and Straubing sites.

The energy input is defined mainly by the mineral fertiliser input and the number
of field operations necessary for the cultivation of a specific crop. Less labour intensive
crops tend to require lower energy inputs. For example, maize can be grown in southern
Germany with relatively low effort (seven field operations in the production process in our
experiment, Figure 1). In contrast, a combination of winter rye with undersown ryegrass
(Figure 2) required 13 field operations, with higher mineral nitrogen input (see Table A3
for details on field operations).

Overall, the crops and crop combinations presented in this paper achieved different
rankings depending on the results of energy balancing. Using the means of all years across
all sites, the rankings were:

Energy input: winter rye/ryegrass > winter barley/maize > winter rye/maize >
winter barley/sorghum > maize > winter triticale.
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Yields: winter rye/maize > winter barley/maize > maize > winter barley/sorghum >
winter rye/ryegrass > winter triticale.

Net energy output: winter rye/maize > maize > winter barley/maize > winter bar-
ley/sorghum > winter rye/ryegrass > winter triticale.

Energy efficiency: maize > winter rye/maize > winter triticale > winter barley/maize
> winter barley/sorghum > winter rye/ryegrass.

Although there have been distinct site-dependent differences in the performance of
energy crops, the best energy crops and crop combinations (maize, winter triticale, and
sorghum) showed the best energy efficiencies as well as the highest net energy outputs.

When analysing bioenergy production systems, it is not yet completely understood
whether biomass is better produced intensively or extensively. While some authors favour
low-input extensive production systems [32,33], others have concluded that the use of
high-yielding crops for the generation of bioenergy can result in high land-use efficiencies
and energy efficiencies along the whole supply chain [12,15,64]. Our results show that
high-input cropping systems can achieve high energy use efficiencies as well as net energy
output, provided that site-adapted crops are chosen. The results of the energy balance
suggest a high favourability of maize as a bioenergy crop when a high energy efficiency of
the bioenergy process is desired, with energy efficiencies outperforming every other crop
or combination of crops and reaching values of up to 45.

5. Conclusions

The results of this work show a high potential for energy efficient bioenergy production
in southern Germany. While maize had the highest single-crop net energy output as well
as the best energy efficiency of all crops, there were crops or crop combinations that
performed better at a certain site, highlighting the importance of site-specific crop rotation
management. Still, farmers who choose maize for the production of bioenergy can regularly
achieve high energy efficiency, in compliance with the results of this paper.

In this paper, the assessment of energy crop focused on energy input, dry matter yields,
energy output, and energy efficiency. In addition, technological aspects and management of
the production processes were taken into account due to the energy balance methodology
(process analysis, see Figures 1 and 2). Further criteria are significant for farmers when
weighing management decisions such as suitability of biomass for ensiling and fermenting,
or economic aspects. Regarding the environmental impacts of the energy crops, even
more criteria have to be considered (e.g., biodiversity and soil erosion risk), where crops
such as ryegrass could perform better than maize, possibly shifting rankings in integrated
assessments. Ultimately, even energy crop rotations have to be designed in such a way
that a sufficient crop diversity is ensured in order to avoid higher disease risk and further
potential complications.

The energy efficiency of energy crops presented in this paper might improve soon
because of further breeding progress (causing higher yields without higher energy inputs)
and more energy efficient production processes for operating resources (fertiliser, plant
protection, machinery, equipment) caused by more intensive use of regenerative energy
sources in industrial processes (highlighting the need for continued adjustment of energy
equivalents). This will lead to a rise in the energy efficiency of biomass and bioenergy
production and increase the competitiveness of bioenergy.

We aim to publish nitrogen, carbon, and greenhouse gas balances based on the ex-
perimental data in the near future, allowing for an overall evaluation of the energy crops
presented in this paper.

Author Contributions: Conceptualization, R.O.S. and K.-J.H.; methodology, R.O.S. and K.-J.H.;
investigation, R.O.S.; data curation, R.O.S.; formal analysis, R.O.S., validation, R.O.S. and K.-J.H.; re-
sources, R.O.S. and K.-J.H.; writing—original draft preparation, R.O.S.; writing—review and editing,
R.O.S. and K.-J.H.; visualization, R.O.S.; supervision, K.-J.H.; project administration, K.-J.H.; funding
acquisition, K.-J.H. All authors have read and agreed to the published version of the manuscript.



Agronomy 2021, 11, 1835 16 of 22

Funding: This work was supported by the Bavarian State Ministry of Food, Agriculture, and Forestry.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data will be published in a publicly accessible repository in the future.

Acknowledgments: The authors would like to thank E. Sticksel and D. Hofmann of the Bavarian
State Research Centre for Agriculture for the design and execution of the field experiments and the
provision of the dataset.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

Table A1. Mean trial year precipitation at the experimental sites.

Experimental Station

Mean Precipitation (mm a−1)

Year Quarter Freising Straubing Ansbach

2007

January–March 44 66 56

April–June 78 73 101

July–September 120 96 88

October–December 52 55 44

∑ 886 870 868

2008

January–March 49 55 52

April–June 105 68 59

July–September 91 93 59

October–December 46 50 39

∑ 876 800 627

2009

January–March 44 55 43

April–June 89 86 71

July–September 79 72 55

October–December 61 71 62

∑ 820 853 689

2010

January–March 30 30 26

April–June 93 56 53

July–September 99 94 87

October–December 62 50 65

∑ 850 690 694

30-year mean (1981–2010) 887 757 714

Table A2. Mean trial year temperature at the experimental sites.

Experimental Station

Mean Temperature (◦C)

Year Quarter Freising Straubing Ansbach

2007

January–March 4.3 4.7 4.0

April–June 14.6 15.6 14.3

July–September 15.2 15.9 15.3

October–December 3.0 3.4 3.3

x 9.3 9.9 9.3
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Table A2. Cont.

Experimental Station

Mean Temperature (◦C)

Year Quarter Freising Straubing Ansbach

2008

January–March 2.9 2.7 2.9

April–June 13.3 11.4 13.1

July–September 15.6 16.2 15.5

October–December 2.7 4.6 4.0

x 9.0 8.7 8.9

2009

January–March −0.5 −0.1 −0.6

April–June 13.8 14.8 13.2

July–September 17.0 18.0 16.7

October–December 4.5 4.2 4.4

x 8.7 9.2 8.5

2010

January–March −0.1 0.2 −0.4

April–June 12.0 13.6 11.5

July–September 15.8 17.1 15.5

October–December 2.9 3.3 2.6

x 7.7 8.5 7.3

30-year mean (1981–2010) 8.3 8.4 8.5

Table A3. Full overview of crops and growth stages (BBCH, [42]) examined in the field experiments.

# Catch Crop
Common

Catch Crop
Scientific BBCH Growth Stage

Description
Main Crop
Common Main Crop Scientific

1 Winter barley Hordeum vulgare L.
‘Merlot’ 75 Medium milk Rye grass Lolium multiflorum Lam. ‘Mendoza’

2 Winter barley Hordeum vulgare L.
‘Merlot’ 75 Medium milk Oat Avena sativa L. ‘Aragon’

3 Winter barley Hordeum vulgare L.
‘Merlot’ 75 Medium milk Sorghum Sorghum x drummondii (Steud.) Millsp. & Chase

‘Sucrosorgho’

4 Winter barley Hordeum vulgare L.
‘Merlot’ 75 Medium milk Sunflower Helianthus annuus L. ‘Sanluca RM’ in 2007 und

2008, ‘NK Singi’ in 2009 und 2010

5 Winter barley Hordeum vulgare L.
‘Merlot’ 75 Medium milk Maize Zea mays L. ‘Salgado’, ‘Magitop’ or ‘Franki’

6 Winter barley Hordeum vulgare L.
‘Merlot’ 77 Late milk Rye grass Lolium multiflorum Lam. ‘Mendoza’

7 Winter barley Hordeum vulgare L.
‘Merlot’ 77 Late milk Oat Avena sativa L. ‘Aragon’

8 Winter barley Hordeum vulgare L.
‘Merlot’ 77 Late milk Sorghum Sorghum x drummondii (Steud.) Millsp. & Chase

‘Sucrosorgho’

9 Winter barley Hordeum vulgare L.
‘Merlot’ 77 Late milk Sunflower Helianthus annuus L. ‘Sanluca RM’ in 2007 und

2008, ‘NK Singi’ in 2009 und 2010

10 Winter barley Hordeum vulgare L.
‘Merlot’ 77 Late milk Maize Zea mays L. ‘Salgado’, ‘Magitop’ or ‘Franki’

11 Winter barley Hordeum vulgare L.
‘Merlot’ 85 Soft dough -

12 Winter rye Secale cereale L.
‘Vitello’ 55 Middle of heading Rye grass

(undersown)

Lolium multiflorum Lam. ‘Taurus’ in 2007 and
mixtures of ‘Tarandus’ und ‘Alligator’ in
2008–2010

13 Winter rye Secale cereale L.
‘Vitello’ 55 Middle of heading Clover grass

(undersown)

Mixture of Trifolium pratense L., Medicago sativa
L., Trifolium repens L., Festuca pratensis Huds.,
Arrhenatherum elatius (L.) P. Beauv. ex J. Pres l &
C. Presl and Phleum pratense L. ‘BQSM-FM3′
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Table A3. Cont.

# Catch Crop
Common

Catch Crop
Scientific BBCH Growth Stage

Description
Main Crop
Common Main Crop Scientific

14 Winter rye Secale cereale L.
‘Vitello’ 55 Middle of heading Maize Zea mays L. ‘Salgado’, ‘Magitop’ or ‘Franki’

15 Winter rye Secale cereale L.
‘Matador’ 71 Watery ripe Rye grass

(undersown)

Lolium multiflorum Lam. ‘Taurus’ in 2007 and
mixtures of ‘Tarandus’ und ‘Alligator’ in
2008–2010

16 Winter rye Secale cereale L.
‘Matador’ 71 Watery ripe Clover grass

(undersown)

Mixture of Trifolium pratense L., Medicago sativa
L., Trifolium repens L., Festuca pratensis Huds.,
Arrhenatherum elatius (L.) P. Beauv. ex J. Pres l &
C. Presl and Phleum pratense L. ‘BQSM-FM3′

17 Winter rye Secale cereale L.
‘Matador’ 75 Medium milk -

18 Winter rye Secale cereale L.
‘Matador’ 77 Late milk Rye grass Lolium multiflorum Lam. ‘Mendoza’

19 Winter rye Secale cereale L.
‘Matador’ 77 Late milk Oat Avena sativa L. ‘Aragon’ Avena sativa L. ‘Aragon’

20 Winter rye Secale cereale L.
‘Matador’ 77 Late milk Sorghum Sorghum x drummondii (Steud.) Millsp. & Chase

‘Sucrosorgho’

21 Winter rye Secale cereale L.
‘Matador’ 85 Soft dough Rye grass Lolium multiflorum Lam. ‘Mendoza’

22 Winter rye Secale cereale L.
‘Matador’ 85 Soft dough Oat Avena sativa L. ‘Aragon’

23 Winter rye Secale cereale L.
‘Matador’ 85 Soft dough Sorghum Sorghum x drummondii (Steud.) Millsp. & Chase

‘Sucrosorgho’

24 Winter triticale
xTriticale
Tscherm.-Seys. ex
Müntzing ‘Benetto’

77 Late milk -

25 Winter triticale
xTriticale
Tscherm.-Seys. ex
Müntzing ‘Benetto’

85 Soft dough Rye grass Lolium multiflorum Lam. ‘Mendoza’

26 Winter triticale
xTriticale
Tscherm.-Seys. ex
Müntzing ‘Benetto’

85 Soft dough Oat Avena sativa L. ‘Aragon’

27 Winter triticale
xTriticale
Tscherm.-Seys. ex
Müntzing ‘Benetto’

85 Soft dough Sorghum Sorghum x drummondii (Steud.) Millsp. & Chase
‘Sucrosorgho’

28 - - Maize Zea mays L. ‘Salgado’, ‘Magitop’ or ‘Franki’

Table A4. Field operation data of winter triticale, winter rye with undersown ryegrass and maize at the Freising site in the
experimental year 2006/07. Values for diesel consumption adjusted for farm-to-field distance (2 km) and transported mass.

Winter Triticale Winter Rye–Ryegrass Maize

Date Operation Machinery Diesel
(L ha−1) Date Operation Machinery Diesel

(L ha−1) Date Operation Machinery Diesel
(L ha−1)

21.09. Tillage

4-furrow
reversible

plow
(1.4 m,
67 kW)

23.0 21.09. Tillage
4-furrow

reversible plow
(1.4 m, 67 kW)

23.0 21.04. Tillage

4-furrow
reversible

plow
(1.4 m,
67 kW)

23.0

24.09. Tillage
Cultivator

(4.0 m,
67 kW)

6.0 24.09. Tillage Cultivator (4.0 m,
67 kW) 6.0 25.04. Tillage

Cultivator
(4.0 m,
67 kW)

6.0

24.09. Sowing
Seed drill

(3.0 m,
45 kW)

4.9 24.09. Sowing Harrow seeder
(2.5 m, 67 kW) 6.3 25.04. Sowing

Precision
seeder
(3.0 m,
45 kW)

3.4

05.11. Herbicide
use

Crop
protection

sprayer
(15.0 m,
45 kW)

1.0 28.02. Fertilisation
Fertiliser

spreader (0.8 m3,
45 kW)

1.1 26.04. Fertilisation

Fertiliser
spreader
(0.8 m3,
45 kW)

1.0
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Table A4. Cont.

Winter Triticale Winter Rye–Ryegrass Maize

Date Operation Machinery Diesel
(L ha−1) Date Operation Machinery Diesel

(L ha−1) Date Operation Machinery Diesel
(L ha−1)

28.02. Fertilisation

Fertiliser
spreader
(0.8 m3,
45 kW)

1.1 05.05. Harvest Forage harvester
(4.0 m, 250 kW) 14.0 15.05. Fertilisation

Fertiliser
spreader
(0.8 m3,
45 kW)

0.9

21.04. Fertilisation

Fertiliser
spreader
(0.8 m3,
45 kW)

0.9 15.05. Fertilisation
Fertiliser

spreader (0.8 m3,
45 kW)

1.0 29.05. Herbicide
use

Crop
protection

sprayer
(15.0 m,
45 kW)

1.0

28.04.
Growth

regulator
use

Crop
protection

sprayer
(15.0 m,
45 kW)

1.0 10.06. Harvest and
recovery

Mower (2.4 m),
tedder (4.5 m),
rake (3.5 m),

45 kW

11.6 12.06. Fertilisation

Fertiliser
spreader
(0.8 m3,
45 kW)

0.9

23.06. Harvest

Forage
harvester

(4.0 m,
250 kW)

14.0 12.06. Fertilisation
Fertiliser

spreader (0.8 m3,
45 kW)

1.0 23.09. Harvest

Forage
harvester

(4.0 m,
250 kW)

23.7

24.06. Tillage

Stubble
cultivator

(2.5 m,
67 kW)

8.4 10.07. Harvest and
recovery

Mower (2.4 m),
tedder (4.5 m),
rake (3.5 m),

45 kW

10.7 24.09. Tillage

Stubble
cultivator

(2.5 m,
67 kW)

8.4

10.07. Fertilisation
Fertiliser

spreader (0.8 m3,
45 kW)

0.9

05.08. Harvest and
recovery

Mower (2.4 m),
tedder (4.5 m),
rake (3.5 m),

45 kW

10.7

11.08. Fertilisation
Fertiliser

spreader (0.8 m3,
45 kW)

0.8

10.09. Harvest and
recovery

Mower (2.4 m),
tedder (4.5 m),
rake (3.5 m),

45 kW

10.3

12.09. Fertilisation
Fertiliser

spreader (0.8 m3,
45 kW)

0.7

21.10. Harvest and
recovery

Mower (2.4 m),
tedder (4.5 m),
rake (3.5 m),

45 kW

10.3

22.10. Tillage
Stubble

cultivator (2.5 m,
67 kW)

8.4

Table A5. The energy content (calorific value) of plant biomass has been determined with Equation (A1).

Equation

Hs = XP * EXP + XL * EXL + XF * EXF + XX * EXX (A1)

Symbol Unit Explanation

Hs kJ kg−1 DM Calorific value of biomass

XP g kg−1 DM Crude protein

EXP kJ g−1 Calorific value of crude protein

XL g kg−1 DM Crude fat

EXL kJ g−1 Calorific value of crude fat

XF g kg−1 DM Crude fibre

EXF kJ g−1 Calorific value of crude fibre

XX g kg−1 DM N-free extractives

EXX kJ g−1 Calorific value of N-free extractives
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Table A6. Calorific value of biomass content.

Symbol Unit Explanation Value

EXP kJ g−1 Calorific value of crude protein 23.9

EXL kJ g−1 Calorific value of crude fat 39.8

EXF kJ g−1 Calorific value of crude fibre 20.1

EXX kJ g−1 Calorific value of N-free extractives 17.5

Table A7. Calorific value of crops across sites and trial years.

Crop Calorific Value
(MJ kg−1)

Winter barley 18.0

Winter rye 18.1

Winter triticale 18.1

Ryegrass 17.4

Sorghum 17.8

Maize 18.4
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