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Abstract

The role of energy crops in reducing fossil energy use and greenhouse gas emission is much de-
bated. To improve decision making on the use of crops for producing bioenergy, a tool (Energy
Crop Simulation Model or E-CROP) has been developed to calculate 1) sustainable crop dry matter
yield levels as function of agricultural inputs, and 2) gross and net energy yield and greenhouse
gas emission reduction, covering the entire bioenergy production chain from sowing to distribu-
tion of bioenergy. E-CROP can be applied to a wide range of crops, soils, climatic conditions, man-
agement choices, and conversion technologies. This paper describes E-CROP and focuses on its ap-
plication on four arable crops, as cultivated on two contrasting sites in the Netherlands (potato
and sugar beet for bioethanol, winter oilseed rape for biodiesel and silage maize for bioelectricity)
and on the effect of crop management (viz. irrigation and nitrogen fertilisation). In all situations,
gross energy output exceeded total energy input. Calculated for an average situation, net energy
yield ranged from 45 to 140 G]J-ha-1. Lowering irrigation and/or fertilisation input levels generally
resulted in a reduction of net energy yields. The net reduction of greenhouse gas emissions in the
average situation ranged from 0.60 to 6.5 t COz-eq-ha-1. In general, N,O emission from nitrogen
fertiliser caused large variations in the net reduction of greenhouse gas emission, which even be-
came negative in some situations. Lowering nitrogen fertilisation to levels that are suboptimal for
net energy yields enhanced the net reduction in greenhouse gas emission, implicating that both
goals cannot be optimised simultaneously. Agricultural knowledge is important for optimising the
outputs of bioenergy production chains.
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1. Introduction

Human energy consumption largely depends on fossil sources; in the EU, e.g., nearly 80% of total energy con-
sumption in 2003 was of fossil origin [1]. This situation is undesirable in view of the large CO, emissions from
burning fossil fuels causing global warming. Moreover, fossil energy is not renewable and will become ex-
hausted in the future. Consequently, possibilities of replacing fossil energy by alternative energy sources are in-
vestigated and developed. This is not a new phenomenon; “alternative energy” was already prominent on policy
and research agendas in the 20™ century [2] but the interest declined at the end of that century. Recent increases
in oil prices, instability of major oil producing regions, and growing concern about extent and risks of global
warming, however, have refuelled the attention for alternative energy sources. This interest is further intensified
by national and international policies, such as the EU Biofuels Directive of 2003 and the EU Renewable Energy
Directive of 2009 imposing future targets for the use of renewable energy in the EU and sustainability criteria
for the production of renewable energy [3] [4].

Biomass is one of the sources that can replace fossil energy. This all-round substitute for fossil energy can be
converted into transportation fuel (biofuel), bioelectricity and heat, all using easily available technologies. Ex-
amples are cars running on fuel mixtures with ethanol or biodiesel and farmer’s installations generating electric-
ity from biogas, produced by anaerobic digestion of manure and/or biomass. Biomass for energy production can
be obtained from waste of food production and consumption as well as from landscape and nature management.
However, a substantial increase of the contribution of bioenergy requires dedicated production of woods or
crops. Crops can be especially interesting for energy production, as they are suitable for production of biofuels,
e.g. bioethanol from sugar or starch and biodiesel from vegetable oil, but they can also serve other goals, such as
the use of part of the crop as food or feed, while the remainder is used for energy production. This paper focuses
on bioenergy production chains that are based on crop biomass.

Many countries stimulate the use of (arable) crops for energy production to reduce fossil energy consumption.
However, a number of questions still require attention.

One key issue is how much fossil energy can be replaced by energy crops. Debate on this question is still con-
tinuing, mostly focusing on ethanol production from maize; see, e.g., the review by Hammerschlag [5] and the
discussion in [6]. It is therefore necessary to determine net energy yields of bioenergy production chains, ex-
pressed in amount of replaced fossil energy, covering all inputs and outputs, and perform this analysis in a con-
sistent way to compare various crops and technologies.

Another key issue is related to the net reduction of greenhouse gas (GHG) emissions. This reduction is not
proportional to the net replacement of fossil energy mostly because N,O emissions occur during the production
and application of nitrogen (N) fertilisers used in crop production. This N,O effect may enhance instead of re-
duce GHG emissions, even in situations where net energy yields are positive. The main question here is how
much emission of CO, equivalents can be avoided by replacing fossil energy by bioenergy from energy crops.
Evaluation of bioenergy production chains should therefore include a calculation of the net reduction of GHG
emissions, as this is one of the main reasons for using non-fossil energy sources. Some authors have included
this aspect in their analysis of bioenergy crop production [7] [8] whereas others do not [9] [10] and in the EU
action was taken to introduce limits to the minimum GHG emission reduction to be reached by the use of biofu-
els produced from crops [4]. Much debated is the effect of (direct and indirect) Land Use Change (LUC) on the
GHG emission reduction of replacing fossil fuels by fuels made from crops. LUC usually has a strong negative
impact on the storage of carbon in vegetation and soil and therefore counteracts the GHG emission reduction
[11]. EU policy [4] [12] acknowledges the importance of taking LUC into account but has not yet included it in
the sustainability criteria for renewable energy from agricultural products, due to the large uncertainties in its
quantification.

Finally, crop and soil management affects not only crop production level and thus gross energy yield, but also
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energy use and GHG emissions of the crop production system. This management is also strongly related to sus-
tainability issues, like avoiding depletion of soil organic matter and maintaining soil fertility. Therefore, crop
and soil management is an important factor determining net energy yield and net GHG emission reduction of
sustainable bioenergy production chains. Management can also be used to enhance net energy output and net
reduction of GHG emission, e.g. by optimising agricultural input levels, such as irrigation and N fertilisation. So,
one of the questions is how crops and soils should be managed, e.g., which levels of irrigation and N fertilisation
should be used for a sustainable maximisation of net outputs of bioenergy production chains (energy, GHG
emission reduction). Despite its significance for bioenergy production chains, knowledge of optimal manage-
ment strategies to achieve these goals is still lacking.

To address these issues, a tool (Energy Crop Simulation Model or E-CROP) has been developed to calculate
gross and net energy yield, bioenergy production and GHG emission reduction in a consistent way for various
crops, soil types, climatic conditions, agricultural input levels, and energy conversion technologies using a
“Well-to-Tank” analysis. This paper describes E-CROP and gives an example of its application by focusing on
arable cropping systems in the Netherlands. In this application, the impact of LUC on net GHG emission reduc-
tion has not been taken into account.

2. Methodology
2.1. Outline

In this study guidelines of 1ISO 14040/44 for Life Cycle Assessment (LCA) have been followed [13] [14]. The
goal of the analysis is the evaluation of the effects of different land use and agricultural management options
with respect to the potential of energy crops to replace non-renewable (fossil) energy and to reduce GHG emis-
sions. Other environmental impacts, e.g., eutrophication or acidification, have not been assessed. Bioenergy
chains based on different cropping systems are compared in a “Well to Tank™ analysis with their appropriate
fossil reference chains (bioethanol —> gasoline from crude oil, biodiesel —> diesel from crude oil, bio-electricity
—> power production from a mix of fuels and heat —> heat production from natural gas). Co-products from the
cropping systems and from the biofuel production were either incorporated into the soil following current agri-
cultural practices or converted into additional energy, e.g., electricity, of which the benefits were added to the
energy and GHG emission balances. One hectare is chosen as functional unit because agricultural land is one of
the limiting resources for crop production, so the output is expressed in either GJ-ha >y * (replaced energy) or t
CO,-eq-ha -y * (GHG emission reduction). The production of seeds for the energy crops also occupies land and
this has been included by allocating a part of the functional unit to the production of seeds (with crop-specific
allocation factors) and using the remaining part (‘net hectare’) for energy crop production.

The calculations in E-CROP comprise two steps. First, crop yields are simulated as a function of irrigation
and N fertilisation (see 2.2 for a more detailed description). Other inputs, i.e. other nutrients, pesticides and fuel
use for farming, are assumed to be either constant or proportional to the calculated crop yields, irrigation and N
input levels. In the second step inputs and outputs of energy and corresponding GHG emissions are calculated
for each process (crop production, transport, conversion and distribution; see 2.3 & 2.4), resulting in an impact
assessment on the net reduction in primary (fossil) energy use and GHG emissions. N,O emissions were in-
cluded, but methane (CH,4) emissions have not been taken into account because its contribution to total GHG
emission is usually very small (up to only 2% in crop production [15]). Due to the regional and timely charac-
teristic of used input data, results of this study are only valid for the Netherlands in the period 2001-2005. How-
ever, the methodology is wider applicable through the use of a crop/soil simulation model in E-CROP.

2.2. Cropping Systems

Four arable crops were selected for the analysis: potato, sugarbeet, winter oilseed rape and silage maize, each
cultivated on two contrasting soil types: a deep rootable clay soil, as commonly found in the northern part of the
Netherlands, and a sandy soil with a shallow rootable layer, more typical of the southern part of the Netherlands
(Table 1). Maximum rooted depth of the clay soil was a function of the rooting pattern of the crop and ranged
from 0.6 to 1.2 m, whereas that of the sandy soil was limited by soil characteristics, and set at 0.4 m for all crops.
It was assumed that maize is grown on the same fieldeach year and that the other bioenergy crops are grown in
rotation with common food crops. Calculations for maize on sandy soils further included cultivation of a catch
crop during winter, as imposed by regulations on N management in the Netherlands.
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Table 1. Input choices on crops and soils used in the analysis (N: nitrogen, DM: dry matter).

Crops? Growth period C‘Qﬁgﬁ;ﬁ?ﬁ% Maxim(lerg.Il\]\l.lilr;gll;t level® (t.gﬁ!g:,l)
(z?;?rg) April - September 17712 250 199'25
Su(gr;gcr)tz)eet April - October 37415 150 121
Wintel&soeiellzesd rape September - July 37519 200 g?
(?/\i/ lﬁg.i '::I‘;i rfte) May - October 27817 180 123

®Note that the harvested part is not the same for the different crops and that silage maize was harvested excluding roots and a short aboveground stub-
ble. "Water storage capacity was defined by the maximum amount of water that can be stored in the rooted zone between field capacity and permanent
wilting point. First value of each crop refers to the sandy soil (71 mm) and second value to the clay soil (172 - 359 mm). “Effective N application from
mineral fertilisers and manures as proposed for 2007/2009 according to Dutch legislation in 2006, averaged for clay and sandy soils (differences in
the values between both soil types do not exceed 10 kg-N-ha %) “Average farmer’s yields in the southern (first value) and northern (second value) part
of the Netherlands according to national (fresh) yield statistics from 2001-2005 [20] and the following DM percentages: 20% (potato), 23% (sugar
beet) and 91% (oilseed rape). Silage maize yields were reported in dry matter units.

Water and N availability to the crops were varied to simulate a number of alternative production scenarios for
each combination of crop and soil type. Three irrigation levels were defined: high (HI), medium (M), arbitrarily
set at approximately 50% of HI, and zero irrigation (ZI). The amount of irrigation water supplied at HI was cal-
culated by a dynamic crop growth model which is part of E-CROP and differed among crops and soils (see ex-
planation below). For every combination of crop, soil and irrigation nine N input scenarios were defined for
which two types of N input sources were used: pig manure (the most probable option in the Netherlands) and
mineral fertiliser. Three manure input levels were selected and each level was supplemented with three mineral
fertiliser levels. All N input scenarios comply with Dutch regulations in 2006 concerning the use of animal ma-
nure and the application of total effective N [16].

The relation between irrigation and crop dry matter (DM) yield was determined by using the ROTASK crop
growth model [17], as function of daily weather data, soil and crop characteristics with other growth-affecting
factors assumed non-limiting. The weather data were obtained from a weather station in the centre of the Neth-
erlands (period: 1985-1999). The model was run for each year and average values from the calculations were
used to determine arelation between irrigation and crop DM yield (see Figure 1(a) for a schematic illustration).

Next, empirical response curves [18] were used to calculate crop DM vyields for the selected N input levels
(Figure 1(b)) under the condition that N inputs (deposition and fertilisation) and outputs (harvest and losses) of
the crop/soil system were matched, in order to maintain soil N fertility [19]. [18] contains N response curves for
all selected crops, except winter oilseed rape. For this crop, the winter wheat curve was used, as growth period
and fertilisation practices of both crops are similar, after adjusting the yield levels.

Finally, calculated crop DM vyields were calibrated with Dutch yield statistics [20] to represent average yields
from Dutch farms (Table 1). For each combination of crop and soil type one calibration factor was determined
by taking the ratio of reported yield from Table 1 to the calculated yield at the same fertilization level and ap-
plied to all calculated DM yields of this combination. This resulted in decreases ranging from 1% to 25% for the
crops and soil types used in this analysis, which is similar to differences usually found in the Netherlands be-
tween average Yield levels of commercial farming and those obtained from well-managed experimental fields
under good growing conditions. It was assumed that maize was stored on-farm (see 2.3), causing a 5% loss in
gross maize DM vyield.

2.3. Energy Balance

Biofuel production was chosen as the basic conversion process for potato, sugar beet and oilseed rape, whereas
maize was supposed to be used for the production of electricity through on-farm anaerobic digestion. Further-
more, extra energy production from the process residues of biofuel production was calculated, using anaerobic
digestion for moist products (residues from bioethanol production) and co-combustion for dry products (residues
from biodiesel production). Crop by-products, like sugar beet leaves and oilseed rape straw, were not included in
the energy production in this analysis, because in (Dutch) practise they are mostly left at the field for soil incor-

poration.
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Figure 1. Hllustration of the calculation method: (a) Selection of three points from the relationship between irrigation
and crop DM yield under conditions of ample nutrient supply, and (b) Using the selected DM yields as maximum
yield levels in the relationship that defines the response of crop DM yield to N fertilisation (HI: high irrigation, MI:
medium irrigation and ZI: zero irrigation level).

Gross energy yield was defined as the amount of primary fossil energy that can be replaced by the bioenergy
produced and was calculated from crop DM vyield using standard values for energy content of the different agri-
cultural products, conversion efficiencies and data on the (in)direct energy content of fossil-based energy carri-
ers (Table 2 & Table 3). Bioenergy was assumed to replace fossil net energy on an equal energy basis (1 MJ
MJ ™) and gross energy yield also includes the difference between gross and net energy in Table 3 which re-
flects the energy use in the fossil reference chain from “Well to Tank”. The conversion efficiency for calculating
residual heat from anaerobic digestion (Table 2) is excluding the heat used to optimise the temperature of the
digestion process (residual heat equals 60% of total heat produced).The residual heat from the anaerobic diges-
tion of the residues of bioethanol production was included in the gross energy yield, because it can be used effi-
ciently in the bioethanol distillation process. Contrary, it was excluded from the gross energy yield in the situa-
tion of maize, because maize was assumed to be digested in a small on-farm installation where normally only a
small part of the residual heat can be used. Residues of biodiesel production were assumed to be burnt in a large
co-combustion installation, which produces electricity in the most efficient way, but the residual heat produced
is normally not used and was therefore also not taken into account in the gross energy yield.

Net energy Yyield was defined as the difference between gross energy yield and the sum of direct and indirect
energy use from each process in the bioenergy production chain. Energy use in crop production was partly con-
sidered to be a standard value determined by crop and soil type, e.g. related to seed production, soil tillage, pes-
ticide production and spraying, etc., and partly proportional to fertiliser and water input levels, and to crop DM
yield, e.g. for on-farm drying and storage. Parameters used are mainly from Dalgaard et al. [21] and Dutch sta-
tistical data on direct energy use in Dutch agriculture [22]. Energy use during crop transport was calculated from
harvested crop biomass and transport distances, which were set at 50 km for potato, sugar beet and oilseed rape
(distance between farm and biofuel industry) and 0 km for maize, because maize was supposed to be digested
on-farm. Parameters for energy use during conversion processes were derived from [23] and [24], while energy
use during distribution was calculated as in [25]. For potato no references are available and the conversion effi-
ciency was estimated on the basis of an average starch content and the energy use during the conversion process
was estimated to be comparable with sugar beet. Conversion efficiencies of anaerobic digestion were taken from
[26].

It was assumed that application of pig manure to energy crops competes with application to other (non-energy)
crops elsewhere. Hence, energy use and GHG emissions of equivalent amounts of a mineral fertiliser were at-
tributed to manure. Usually, manure will not be produced on the farm where the energy crops are grown and
thus requires transport to this farm. Because most pig farms are located in the South of the Netherlands, the
transport distance was set at 10 km for the South and at 200 km for the North of the Netherlands. It was assumed
that the effluent of anaerobic digestion was used to replace manure and/or mineral fertiliser on the same farm.
The mineral fertiliser equivalent of the effluent, the weight transported and the distance between digestion
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Table 2. Energy contents of different agricultural products, energy use and conversion efficiencies of energy conversion
processes.

MJ energy/MJ agricultural product

Product MJ-kg DM Process - —
Energy use Conversion efficiency

Bioethanol production 0.22 0.61 0.065"

Potato tubers 17.0 Anaerobic digestion® 0.019 0.094° 0.58

Bioethanol production 0.21 0.056" 0.08°

Sugar beet roots 17.0 Anaerobic digestion® 0.016 0.550.135"
. Biodiesel production 0.16 0.168°
Oilseed rape seeds 216 Co-combustion® 0025 025"
Silage maize 17.0 Anaerobic digestion 0.073 0.36°

3Anaerobic digestion and co-combustion of residues of the biofuel production. "Electricity. ‘Residual heat.

Table 3. Energy contents of energy carriers and GHG emission factors.

Net energy? Gross energy? CO, emission” N,O emission
content content (kg:GI™) (kg COz-eq-kg™N)
Diesel 43.3 50.2 86.1
Gasoline 43.7 53.3 87.8
Electricity 3.6 9.5 156
Natural gas 31.65 32.0 56.6
Biodiesel 37.0
Bioethanol 26.8
Fertiliser
Direct soil emission 4.87
Indirect soil emission 1.58
Production emission 2.11° 3.18
Crop residues
Direct soil emission 4.87
Indirect soil emission 1.09

*Energy content of (bio)diesel, gasoline and bioethanol in MJ-kg %, electricity in MJ-kWh™ and natural gas in MJ-m™%; gross energy content includes
indirect energy. "Sum of combustion emission and indirect emissions per GJ net energy content. °kg COkg N.

installation and farm (50 km for potato and sugar beet, and 0 km for maize) were used to calculate its contribu-
tion to the energy and GHG emission balances.

2.4. GHG Emissions

The calculation of the GHG balance takes three steps. First, a reduction in CO, emission was assessed by the
amounts of fossil energy that can be replaced by the produced bioenergy and specific CO, emission factors [23]
[27] (see Table 3). Second, this reduction was corrected for the CO, emissions due to the total energy use during
crop production, transport, conversion and distribution of bioenergy. Here, the combustion emission factor of
diesel (74.3 kg-CO,-GJ ™) was used as a reasonable average for the variable mix of actually used energy sources.
An exception was made for the CO, emission in fertiliser production, for which a lower emission factor was
used [28] (see Table 3). Third, the reduction in GHG emission was calculated from the net reduction in CO,
emission minus the direct and indirect emissions of N,O due to use of N fertiliser, following IPCC-2006 guide-
lines [29]. N,O emission from N fertiliser use in the production of seed for the energy crops has been taken into
account as well.

3. Results

The results of the calculations are presented in detail in Tables 4-6 for a standard situation, whereas for the
wider spectrum of growth conditions results are summarised in Figures 2-4. The standard situation for all crops
was the sandy soil in the South of the Netherlands, in combination with the maximum allowed N input from fer-
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tilisation and the medium irrigation level (MI). For potato, sugar beet and silage maize the maximum allowed
amount of manure was used, for oilseed rape no manure was used. These situations generally comply with the
average agricultural practice in the South of the Netherlands during 2001-2005.

3.1. Gross and Net Energy Yield in the Standard Situation

The calculated gross energy yield (Table 4) was highest for sugar beet and lowest for oilseed rape with a sig-
nificant contribution from the energy of the process residues, ranging from 25% (sugar beet) to 35% (oilseed
rape). Especially in the case of silage maize, the calculated gross energy yield was relatively low compared to its
crop DM vyield due to the exclusion of the residual heat.

For calculating the net energy yield, the use of energy in the four main processes of the bioenergy production
chains has been determined (Table 5). Energy use in crop production was relatively high for potato due to in-
tensive soil tillage, frequent application of agro-chemicals, high N fertilisation, and high energy use in harvest-
ing. Irrigation in the standard situation (M1 irrigation level) amounted to about 10% to 20% of the total agricul-
tural energy use, whereas N fertilisation accounted for about 50% to 60%. Highest transport energy use was
found for potato and sugar beet due to their high DM vyields and water contents in the crop product. Energy use
in the conversion processes of potato and sugar beet was higher compared to the other two crops because etha-
nol distillation requires much energy. Total energy use equalled 20% (maize) to 43% (potato and oilseed rape)
of the gross energy yield. Net energy yield in the standard situation (Table 6) was lowest for oilseed rape due to
its relatively low DM yield and highest for sugar beet (high gross energy yield) and maize (low energy use).

Table 4. Bioenergy production and gross energy yield, i.e. amount of replaced fossil energy, by energy crops in the standard

situation.
Crop Bioethia\lnol Biodigfel Electricigll Heatf’i1 Gross energX yield
(tha?) (tha?) (MWhha?) (GIha?) (GJha?)
Potato 4.09 3.25 16.7 183°
Sugar beet 4.99 3.65 18.8 219°
Oilseed rape 1.20 3.01 14.6 80°
Silage maize 15.9 81.5 151°

*Residual heat from electricity production. *Residual heat included, where the amount of replaced fossil energy was estimated by assuming that natu-
ral gas is used in producing heat with an efficiency of 90%. °Residual heat excluded.

Table 5. Energy use in the bioenergy production chains in the standard situation.

Crop Crop prodylc:tion Transpgrt Conversj1(>n Distributjf)na Totalﬁ1
(GJha™) (GJha™) (GJha™) (GJha™) (GJha™)
Potato 25.9 7.4 42.8 20 78
Sugar beet 222 8.3 46.6 25 80
Oilseed rape 17.0 0.7 15.8 1.2 35
Silage maize 13.3 0 16.3 - 30

#Calculated for biofuels only, electricity was supposed to be delivered directly to the existing distribution grid.

Table 6. Net energy yield and net GHG emission reduction from energy crops in the standard situation.

N T ield Net reduction in Increase in Net reduction in GHG
Crop (G.]Ahg;%l CO; emission N,O emission emission
(tCOyha) (t COz-eq-ha ) (t COz-eq-ha )
Potato 105 6.01 2.53 3.48
Sugar beet 139 9.01 2.48 6.53
Oilseed rape 45 2.89 2.33 0.56
Silage maize 121 6.27 1.64 4.63
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Figure 4. Calculated net reduction in GHG emission as a function of N fertilisation for differ-
ent soils and irrigation levels, based on the crop DM vyields from Figure 2 (see legend Figure 2
for further clarification).

3.2. GHG Emission Reduction in the Standard Situation

Net reductions in CO, emission were roughly proportional to net energy yields (Table 6). Only small differ-
ences in the ratio of net CO, emission reduction to net energy yield were calculated between bioenergy produc-
tion chains due to different proportions of electricity and utilised heat in the energy yields Fossil-based electric-
ity and heat emit relatively low amounts of CO, per unit of fossil energy used [27], resulting in a lower CO,
emission reduction of electricity or heat produced from biomass. Besides CO, emissions, energy crop produc-
tion causes N,O emissions through the use of N fertiliser and the incorporation of N with crop residues in the
soil. Lowest N,O emissions were calculated for maize due to relatively low N inputs with fertiliser and crop
residues associated with recycling of the effluent and whole crop harvesting. Cultivation of the other crops re-
sulted in higher N,O emissions due to high fertiliser N application level (potato and oilseed rape) and high crop
residue N content (sugar beet). The N,O emission had a large impact on the resulting net GHG emission reduc-
tions. The ratio of net reduction in GHG emission to net reduction in CO, emission ranged from 19% (oilseed
rape) to 58% (potato), 73% (sugarbeet) and 74% (maize).

3.3. Response of Crop DM Yield to N Fertilisation and Irrigation

In general calculated crop DM vyield responded positively to N fertilisation up to a certain plateau and also irri-
gation had a positive effect on crop DM vyields, except on the clay soil for sugar beet, oilseed rape and maize
where the irrigation effect was nil. Yield of irrigated potato on the clay soil was increased (due to its shallow
rooting depth), but for reasons of similarity with the other three crops, only non-irrigated yields on the clay soil
are presented in this paper (Figure 2). There was a positive interaction between both inputs, as in most situa-
tions the input use efficiency of an input (kg DM vyield increase per extra kg input) was larger at higher levels of

the other input.
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3.4. Effects of N Fertilisation and Irrigationon Net Energy Yields and GHG Emission
Reduction

Net energy yield was also positively correlated to N fertilisation, but unlike the response of DM yield a decline
occurred in some situations at higher N input levels because the extra energy use was no longer compensated by
the extra energy production from crop biomass (especially for oilseed rape and at low irrigation levels; Figure
3). For the net GHG emission reduction this effect was even more pronounced (Figure 4), due to the N,O emis-
sion of fertilizer use. The N fertilisation needed to realise maximum results was therefore lower for net GHG
emission reduction than for net energy yield and dry matter yield, respectively. Especially in potato and oilseed
rape, i.e. the crops with lowest net energy yields but highest N input levels, the difference in optimum N fertili-
sation was large.

Irrigation resulted in higher net energy yield and net GHG emission reduction, due to the favourable ratio
between energy used for irrigation and associated dry matter increase, except for the lowest N fertilisation levels
on the sandy soil (Figure 3).

4. Discussion
4.1. Crop DM Yield Levels

The maximum crop DM yields in our analysis are similar to those from other studies investigating the use of
crops for energy production (e.g. [23]), but higher yield shave also been frequently reported in literature. How-
ever, in most situations these higher yields either refer to experimental field conditions (e.g. winter oilseed rape:
4.5 t-DM-ha * [30]; silage maize: more than 20 t:DM-ha " [31]), where on average higher yields can be obtained
than in commercial farming, or to expectations of future developments of crop yield and management (e.g. sugar
beet: 20 tDM-ha* [10]; winter oilseed rape: 5.3 tDM-ha* [8]). In our analysis average crop DM Yyields of
Dutch farms were chosen as maximum output of the agricultural system, including the N use restrictions from
environmental legislation. Likewise, only efficiencies of readily available energy conversion routes were used
(Table 2) and future improvements in the conversion of biomass into energy were not included. This means that
our results refer to current conditions and should be valued as conservative estimates for the future, where im-
provements in both cropping systems and process technologies may enhance net output e.g. [32]. However,
stagnation in crop yield development, possibly caused by e.g. more stringent environmental legislation on N use
(e.g. EU Water Framework Directive [33]) or adverse weather conditions for crop growth due to climate change
(such as more frequent periods of drought or rain storms) cannot be ruled out. For estimating future yield levels
of energy crops a number of issues should simultaneously be taken into account, ranging from crop genetic im-
provements, effects of expected climate change, adapted agricultural management and future environmental
constraints. Integration of these issues is necessary and crop growth models, as applied in E-CROP, can be used
to explore scenarios and investigate the conditions for possible yield improvements.

4.2. Net Energy Yield

With proper crop management, positive net energy yields were calculated for all bioenergy production chains
(Figure 3), which implies that fossil energy can be replaced by growing arable crops for energy production. This
is in agreement with work by others [7] [23] [34], although the net results in the various publications, including
this one, differ slightly due to a variety of reasons.These reasons range from differences in crop DM vyield, N
input use, agricultural energy use, transport distances to energy conversion factors and the use of by-products,
but all papers conclude that a significant positive energy balance is possible.

In our analysis the energy production from the process residues of potato, sugar beet and oilseed rape signifi-
cantly contributed to the results.Net energy yield gained 50, 52 and 26 GJ-ha* from potato, sugar beet and oil-
seed rape residues, respectively, equal to 48%, 37% and 58% of net energy yield of Table 6. The effluent from
the anaerobic digestion process replaced manure and/or mineral fertiliser input to the crop in our analysis of
which the energy savings outweighed the energy use from transporting and applying the effluent. The largest
contribution from recycling the effluent was calculated for silage maize, where net energy yield was increased
by 10 GJ-ha ™.

In literature the value of residues (e.g. process residues) for the net energy balance is treated in different ways.
One is allocating part of the energy use to the residues, by using the economic value or the caloric energy value
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of the various products in the chain as weighing factor e.g. [23] [24]. With this method the focus is on the main
product of the bioenergy chain for which a (partial) energy balance is determined by excluding the residues. In
fact, the residues are treated as part of other (non-energy) chains (e.g. feed for animal production) in which the
allocated energy use from the bioenergy chain and possible extra processing to make the residue suitable should
be taken into account. Therefore, this method does not give the total effect of growing bioenergy crops on the
replacement of fossil energy, because the total effect of residues is not determined. A principle better way is the
system expansion approach as used in LCA [13] [14], in which the net energy value of a residue is valued by
assessing the net energy value of another product that can be replaced by the residue. Then, the amount of en-
ergy saved by this replacement is added as a credit to the total energy balance of the bioenergy chain and an al-
location of energy use among the various products is no longer needed. For the system expansion approach
choices on the use of the residues are still required. E.g. in [7] one of the residues was used as animal feed and
thus replaced the production of an equivalent amount of a specified other crop used for animal feeding. They
have based their choices with respect to the use of the residues and the alternative systems on current practices
in their region. In our work, in which we also applied the system expansion approach, the residues were used to
produce energy with alternative systems of fossil-based electricity and heat production under current Dutch con-
ditions. We realise that this choice does not reflect the actual practice of today, but assume that it gives a good
estimate of the total potential replacement of fossil energy by bioenergy crops which was one of the goals of our
analysis.

Net energy yields of potato, sugar beet and oilseed rape would have been higher if crop by-products (leaves
and straw) were used for energy production. However, these by-products were assumed to be incorporated into
the soil and contribute to maintaining the organic matter level in the soil. We have not calculated the soil carbon
dynamics in this analysis, because this would require information about the management of other crops besides
the three crops which we have investigated (potato, sugar beet and oilseed rape). These other crops are necessary
to complete a whole rotation at which the soil carbon balance should be investigated. Any differences in the soil
carbon storage due to growing the energy crops are thus not taken into account. Changes in soil carbon storage
may alter the net GHG emission reduction, although only temporarily until a new equilibrium in carbon storage
has been reached. Beside this effect of carbon storage, the level of soil organic matter can also affect soil man-
agement and/or crop growth. If all aboveground biomass of an energy crop would be harvested to maximise en-
ergy yield, soil organic matter levels will stabilise at a lower level, which may have negative consequences for
crop DM vield levels as function of agricultural inputs, such as irrigation and N fertilisation. More inputs will
probably be needed to achieve the same crop yields or the same input level will probably result in lower crop
yields, as compared to the situation with a higher soil organic matter level. Depending on local weather condi-
tions and soil characteristics, this feedback may continue to affect the input-output relations of crop production
in the future contrary to the carbon storage after reaching equilibrium.

4.3. GHG Emission and Optimisation of N Fertiliser Input Level

The emission of N,O results in a substantially lower net to gross GHG emission reduction ratio compared to the
net to gross energy Yyield ratio and hence, bioenergy is more effective in avoiding fossil energy use than in miti-
gating GHG emission in our analysis. Sugar beet was the best performing bioenergy crop to reduce GHG emis-
sions, mainly due to its favourable ratio of crop DM yield vs. N input demand, whereas this is the opposite for
oilseed rape in which even an GHG emission increase was calculated in a number of situations. However, these
situations can be characterised as over-fertilised because the extra N input did not produced more crop dry mat-
ter (Figure 2) and as such should be viewed as non-proper N management.

Maximum allowed N fertilisation levels in this analysis were based on the economic optimum level for food
crop production in the Netherlands and were slightly reduced by environmental restrictions to comply with the
EU Nitrate Directive [35]. Application of these N fertilisation levels resulted in the maximum yields of our
analysis with respect to gross crop DM and gross energy. However, N fertilisation is also an important source of
energy use and GHG emission, and the optimal N fertilisation levels for maximum net energy yields and espe-
cially GHG emission reductions appeared to be lower than the maximum allowed N input levels for a number of
combinations of crop, soil and irrigation levels. In these situations the maximum values for net energy yield and
GHG emission reduction were thus already reached at sub-optimal gross energy yield levels. It is therefore im-
portant that targets of energy crop production in terms of either net energy yield or GHG emission reduction are
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defined beforehand with an appropriate adjustment of the N fertilisation level for optimising the result. Espe-
cially when net GHG emission reduction is set as main target, farmers should significantly reduce their fertilisa-
tion to levels that are sub-optimal for crop growth, which consequently leads to lower gross and net energy
yields. E.g. on the sandy soil with medium irrigation level, the N fertilization with the highest calculated net
GHG emission reduction ranges from circa 50% (oilseed rape, potato) to 74% (silage maize) and 79% (sugar
beet) of the maximum N input level from Table 1. These fertilisation levels may be increased through irrigation.
However, using sub-optimal fertilization levels leads to lower financial returns if farmers are paid proportional
to the amount of produced crop biomass. Thus, aiming for the highest GHG emission reduction would require a
payment scheme that links the financial returns to the achieved reduction level. Results of this analysis clearly
show the importance of crop and soil management, i.e., irrigation and N fertilisation, for optimising the outputs
of bioenergy production chains.

4.4. Use of E-CROP

In this analysis E-CROP is used for evaluating specific bioenergy production chains by comparing the results of
a number of crops, soil types, agricultural input levels, and energy conversion routes in a consistent way. Other
situations can easily be incorporated, and P demands can be determined as well. E-CROP is a flexible tool, es-
pecially useful for ex-ante evaluation of alternative options for energy production from crops and can be applied
to different growing conditions. Most other analyses or tools in this field either focus on a limited number of
crops (e.g. [7]) or have not incorporated the possibility of optimising agricultural management (e.g. [23] [36]).
Production sustainability of the used cropping systems has explicitly been treated in E-CROP, but so far only
with respect to the soil N balance. Other aspects of sustainable cropping systems should be addressed as well,
such as a soil organic matter balance. Cropping systems used for energy production can then be checked for
sustainability with respect to the soil carbon pool and if carbon loss from soil organic matter occurs, it can be
taken into account in determining the net GHG emission reduction of bioenergy production chains.

5. Conclusion

Arable crops can be grown in the Netherlands for energy production to reduce fossil energy use, because the en-
ergy balance can be positive (more energy produced than consumed in the whole process). Growing arable crops
for energy production can also reduce GHG emission in most situations. These conclusions are based on calcu-
lations for a variety of arable crops and energy carriers. Where arable crops are grown with the purpose of re-
placing fossil energy or reducing GHG emissions, crop management should be critically re-evaluated, because
goals have changed from food production to net energy production and/or GHG emission reduction. The analy-
sis of this paper made clear that the cropping conditions, resulting from crop choice, input use, soil type and also
climatic conditions, influence the performance of the whole system and that knowledge of agricultural systems
is needed for optimisation with respect to the “new” goals (net energy yield and GHG emission reduction). On
top of that, it became obvious that not all goals can be simultaneously optimised (e.g. using mineral N fertiliser
for stimulating crop production may increase net GHG emission), which means that choices should be made. In
this analysis E-CROP was found to be a useful tool for comparing crops and energy conversion routes and for
determining agricultural input levels to optimise net energy yield and GHG emission reduction. It was also con-
cluded that E-CROP should be improved with a soil carbon balance and feedback relations of soil organic matter
and crop production.
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