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Abbreviations 

Abbreviation Explanation 

1,3-PDO 1,3-propanediol 

BEV Battery electric vehicle 

BtL Biomass-to-Liquid; thermochemical process yielding liquid biofuels from biomass 

CHP Combined heat and power (plant) 

CNG Compressed natural gas 

CO2  Carbon dioxide 

EIA Environmental Impact Assessment 

eq. Equivalent 

EtOH Ethanol; biofuel / biochemical made from sugar, starch or lignocellulosic crops 

EU27 All countries that are currently part of the European Union 

FAME Fatty Acid Methyl Ester; biodiesel 

FT (diesel) Fischer-Tropsch (diesel); chemical process yielding liquid biofuel from syngas  

GHG Greenhouse gas(es) 

GJ Gigajoule (109 Joule)  

ha Hectare (104 m2) 

HVO Hydrogenated Vegetable Oil; liquid biofuel made by hydrotreatment of vegetable oil 

ICE Internal combustion engine 

IE Inhabitant Equivalent, yearly environmental impact of an average European (EU27) 

LCA Life Cycle Analysis / Life Cycle Assessment 

LUC Land-use change 

Mha Megahectare (106 ha) 

PJ Petajoule (1015 Joule) 

RED Renewable Energy Directive; EU directive 2009/28/EC 

t (Metric) tonne (106 g) 

WP work package 

yr year 
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1 Introduction 

Background 

The production and use of biomass for non-food purposes plays an increasing role in the 
European Union. The Renewable Energy Directive (2009/28/EC) fosters the use of biomass 
for energy in order to reduce greenhouse gas emissions, to increase the security of energy 
supply and to provide opportunities for employment and regional development /CEC 2009/. 
In addition, the use of biomass for bio-based materials or chemicals will gain in importance. 
In the absence of a European regulation, Germany has recently launched a national action 
plan on the increased use of biomass for non-food-non-energy purposes /BMELV 2009/. 

However, the agricultural area within the European Union is limited. Therefore, an additional 
biomass production in order to meet the above mentioned goals puts more pressure on this 
limited area and increases the competition between the production of food, feed, fiber and 
fuel. In order to mitigate this competition and potential negative side-effects such as defores-
tation, land-use efficiency in the agricultural sector needs to be increased.  

On this background the EU-funded project „4F CROPS – Future Crops for Food, Feed, Fiber 
and Fuel” has been initiated. The overall goal of this project is to analyse parameters that 
play an important role in establishing successful non-food cropping systems in the EU27. 
Within the project, work package 4 (WP 4) focuses on environmental parameters by investi-
gating the environmental impacts associated with the production and use of future non-food 
crops. Two assessment techniques are applied: environmental impact assessment (EIA) and 
life cycle assessment (LCA). LCA is used to determine the environmental aspects and poten-
tial environmental impacts of products such as a car, a packaging or a biofuel. 

This deliverable (D 14) builds on the results of D 13 covering the screening life cycle analy-
ses (LCAs) and the modelling of dependencies and sensitivities /Rettenmaier et al. 2010/.  

 

Main results of the screening life cycle analyses (D 13) 

The objective of D 13 is to analyse by means of LCA the environmental impacts associated 
with the production and use of bioenergy and bio-based materials from 15 selected future 
crops and to compare these impacts to those of their fossil or conventional equivalents.  

The main outcome of D 13 is that the LCA results for all bioenergy and biomaterial paths 
under investigation show a distinct pattern: advantages in terms of energy and greenhouse 
gas savings and ambiguous results or even disadvantages regarding acidification, eutrophi-
cation, ozone depletion, summer smog, and human toxicity. 

Thus, from a scientific point of view an objective conclusion regarding the overall environ-
mental performance cannot be drawn. An overall conclusion rather has to be based on (sub-
jective) value-choices, e.g. by prioritising certain environmental impact categories. 

Quantitative results vary widely across environmental zones, depending on crop species, 
agricultural inputs and yield. Moreover, co-product accounting, co-product utilisation as well 
as the agricultural and fossil reference system play an important role. 
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Goal and scope 

The overall goal of this report is to determine a set of environmentally friendly options for the 
production and use of selected future energy and industrial crops and resulting products. The 
report mainly builds on the results of the screening life cycle analyses (LCAs) and the model-
ling of dependencies and sensitivities, both of which are covered in D 13. In contrast to D 13 
and for the sake of simplicity, the discussion regarding the most environmentally friendly op-
tions in this report only focuses on two out of the seven environmental impact categories. 
Using a multi-functional assessment tool, options with a high potential to save fossil energy 
and to mitigate greenhouse gas (GHG) emissions are identified1.  

The following key questions are answered in chapter  3.1 of this report: 

1. Which crops or which crop group (e.g. oil, fiber, lignocellulosic or sugar crops) are to be 
preferred from an energy saving and greenhouse gas (GHG) mitigation point of view? 

2. Which bioenergy and / or bio-based industrial product shall be produced from the crops if 
energy saving and mitigation of GHG emissions are given the highest priority?  

3. If several conversion technologies are available for producing a certain bio-based prod-
uct, which one should be chosen from an energy saving and GHG mitigation point of 
view? 

4. Which advantages and disadvantages do future crops show compared to traditional 
crops in terms of saving energy and mitigating GHG emissions? 

5. How do biofuels from future crops perform compared to other land-use options for re-
newable energy in the transport sector from an energy savings and climate protection 
point of view? 

 

Furthermore, the report explores possibilities for scenario-based calculations of energy and 
GHG saving potentials (chapter  3.1.6), taking into account on the results of the land-use 
modelling (D 4, /Ganko & Kopczynski 2010/) and the development of non-food crop rotations 
(/Zegada-Lizarazu & Monti 2009/). Finally, chapter  3.2 compares the outcomes of the envi-
ronmental analysis with those of the economic analysis (D 9, Soldatos et al. 2009b/ and 
D 10, /Soldatos et al. 2010/). 

For the conclusions and recommendations in chapter  4, the focus is broadened again to all 
environmental impact categories and the trade-offs required between them. Moreover, the 
results of the environmental impact assessment (EIA) under task 4.1 (D 12, /Fernando et al. 
2010/) as well as considerations regarding security of supply, land-use competition and tech-
nological / agronomic constraints are taken into account. 

                                                 
1 Yet, it has to be kept in mind that the results show a distinct pattern which means that advantages in 
terms of energy saving and greenhouse effect are mostly associated with disadvantages regarding 
other environmental impact categories. 
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2 Approach 

2.1 Multi-functional assessment tool 

Within WP 4, a multi-functional assessment tool was developed by IFEU to carry out all 
analyses to be done under tasks 4.2, 4.3 and 4.4. First of all, this custom-made Microsoft® 
Excel based software tool was used to perform the life cycle analyses (LCAs) under task 4.2 
(see grey box below). It is able to simultaneously handle the large number (227) of different 
bioenergy and biomaterial paths which resulted from the multitude of processing and utilisa-
tion options. The tool is linked to the continuously updated internal IFEU database /IFEU 
2010/ as well as commercial databases such as /ecoinvent 2010/ and /GEMIS 2010/. 

Life cycle analyses (LCAs) 

The life cycle analyses (LCAs) are carried out largely following the guidelines of the ISO 
standards 14040 and 14044 on product life cycle assessment /ISO 2006/. The analyses in 
this study are so-called screening LCAs which follow the ISO standards except for a) the 
level of detail of documentation, b) the quantity of sensitivity analyses and c) the mandatory 
critical review. Nevertheless, the results of these screening LCAs are quite reliable due to the 
close conformity with the standards. If necessary, they can be extended to a full LCA. Basi-
cally, the following aspects are covered by LCAs:  

 Inputs and outputs (biomass and other raw materials, energy and wastes, waste water, 
emissions etc.), which lead to 

 potential environmental impacts (e.g. use of resources and environmental conse-
quences of releases such as greenhouse effect or acidification),  

 throughout the product’s entire life cycle from raw material acquisition through pro-
duction (including co-products), use, end-of-life treatment, recycling and final disposal 
(‘cradle-to-grave’ approach).  

For an in-depth documentation of the system boundaries, specifications and data sources 
that are used in the screening LCAs, refer to D 13 /Rettenmaier et al. 2010/.  

 

The tool was also used for the modelling of dependencies and sensitivities under task 4.3. 
For this purpose, the basic scenarios of task 4.2 were transferred into so-called reference 
scenarios by varying a number of parameters along the entire life cycle. Dozens of variations 
and sensitivity analyses were performed in order to identify multi-functional dependencies as 
well as opportunities to improve the environmental performance of products.  

Finally, the multi-functional assessment tool served the basis for the identification of best 
options under task 4.4, for which the reference scenarios were combined. In addition, the tool 
was linked to selected results of WP 1 (land-use modelling), WP 2 (non-food crop rotations) 
and WP 3 (economic analyses) which then allowed for scenario analyses and comparisons. 
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2.2 Life cycle analyses 

In literature, hundreds of LCA studies on bioenergy and bio-based products can be found, 
covering a wide range of products. Rarely, a multitude of crops and products is investigated 
at the same time. Moreover, the results of different LCA studies for the same product are 
known to vary quite substantially, among others due to differences in accounting for co-
products, in system boundaries or in basic data /Gnansounou et al. 2009/, /Cherubini et al. 
2009/. Therefore, the assessment in WP 4 could not be based on a literature review but re-
quired own calculations in order to ensure unbiased comparisons.  

The aim was to perform the assessment for a representative selection of future crops which 
are covering different crop groups and different environmental zones throughout Europe 
combined with a representative selection of different energy and material uses of biomass. 

Selection of crops and environmental zones 

For the analysis of future non-food cropping systems, 15 crops were chosen in WP 2 cover-
ing five groups according to the main product to be used: oil, fiber, lignocellulose from woody 
and herbaceous biomass, and sugar. In order to cope with heterogeneous climatic and soil 
conditions throughout Europe, the division into environmental zones was adopted (following 
the approach of /Metzger et al. 2005/) and seven out of 13 were chosen for analysis: Atlantic 
Central (ATC), Atlantic North (ATN), Continental (CON), Lusitanian (LUS), Mediterranean 
North (MDN), Mediterranean South (MDS) and Nemoral (NEM). For each crop group and 
environmental zone, a representative future crop was selected. Table  2-1 gives an overview 
on the main products, the crops and the environmental zones which they are allocated to.  

Table  2-1 Investigated crops arranged by the main products and allocated to the environ-
mental zones in which they are cultivated: ATC=Atlantic Central, ATN=Atlantic 
North, CON=Continental, LUS=Lusitanian, MDN=Mediterranean North, 
MDS=Mediterranean South, NEM=Nemoral 

Common name Scientific name NEM ATN ATC CON LUS MDN MDS 

Oilseed rape Brassica napus L.        
Sunflower Helianthus annuus L.        
Ethiopian mustard Brassica carinata A. Braun        

Hemp Cannabis sativa L.        
Flax Linum usitatissimum L.        

Poplar Populus spp.        
Willow Salix humilis Marsh.        
Eucalyptus Eucalyptus spp.        

Reed canary grass Phalaris arundinacea L.        
Miscanthus Miscanthus × giganteus        
Switchgrass Panicum virgatum L.        
Giant reed Arundo donax L.        
Cardoon Cynara cardunculus L.        

Sugar beet Beta vulgaris L.        
Sweet sorghum Sorghum bicolor L. Moench        
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Basic scenarios: Combination of selected crops and products (conversion paths) 

In each crop group selected for assessment, a great range of different bioenergy and bioma-
terial use options are possible. In various studies assessing the energy and material use of 
biomass, relevant use options were identified, e.g. /Quirin et al. 2004/, /Werpy et al. 2004/, 
/Scheurlen et al. 2005/, /Patel et al. 2006/, /Bozell et al. 2007/, /Oertel 2007/, /Reinhardt et al. 
2007/, /van Beilen et al. 2007/ and /Carus et al. 2010/. Taking into account these findings, 
IFEU has selected representative conversion paths and products for each crop group. The 
chosen conversion paths and main products are presented in Table  2-2. In total, 227 basic 
scenarios were analysed (number of environmental zones times number of main products). 

Table  2-2 Overview of the conversion paths and main products selected for each crop group 

Crop group Conversion path Main product Use 

Heat and power  

Heat  

Direct combustion 

Power  

Transesterification Biodiesel (FAME) 

Hydrogenation HVO 

Bioenergy 

Refining Lubricant 

Oil crops 

Transesterification & 
hydrogenation 

Surfactant Biomaterial 

Fiber composite 
Fiber crops 

Fleece production 

Insulation mat 
Biomaterial 

Heat and power  

Heat  

Direct combustion 

Power  

FT diesel 

Bioenergy 

Gasification & synthesis 
(thermochemical route) Ethylene Biomaterial 

Fuel ethanol Bioenergy 

Chemical ethanol 

1,3-PDO 

Lignocellulosic crops 
(woody and herba-
ceous biomass) Hydrolysis & fermenta-

tion 
(biochemical route) 

Ethylene 

Biomaterial 

Fermentation 1,3-PDO Biomaterial 

Fuel ethanol Bioenergy 

Chemical ethanol 
Sugar crops  

Fermentation 

Ethylene 
Biomaterial 

 

Reference scenarios: Variations and sensitivity analyses 

In a second step, variations and sensitivity analyses were applied to the basic scenarios, 
transferring them into so-called ‘reference scenarios’. Each comparison of a bio-based prod-
uct versus its conventional counterpart (basic scenario) was transferred to one ore more ref-
erence scenarios, which incorporate correlations using functional dependencies (for instance 
GHG savings along the entire life cycles as a function of yields, co-product uses or substi-
tuted power mixes).  
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Identification of a set of environmentally friendly options 

For the identification of best options, all the reference scenarios were combined. Scenarios 
with a high potential to save fossil energy and to mitigate greenhouse gas (GHG) emissions 
are identified. This is in line with the European Renewable Energy Directive (RED, 
2009/28/EC) which aims at a reduction of greenhouse gas emissions and promotes security 
of energy supply, among others by saving energy. An attempt was made to evaluate the 
overall potential environmental impact of the investigated crops by combining the LCA results 
with the results of the land-use modelling in WP 1 and the non-food crop rotations developed 
in WP 2 (see grey box below).  

Excursus: Scenario-based energy and GHG savings potentials 

In order to evaluate the overall potential environmental impact of the investigated crops, sce-
nario analyses are performed. The aim is to quantify the overall environmental benefits and 
burdens of selected non-food cropping systems in Europe. 

The approach chosen combines the results of the screening LCAs (D 13) with results ob-
tained in other work packages. The basis for the scenario analyses is the amount of surplus 
land2 which is quantified in WP 1 by means of land-use modelling (/Ganko & Kopczynski 
2010/). Moreover, the non-food crop rotations as developed in WP 2 (/Zegada-Lizarazu & 
Monti 2009/) are taken into account. Together with the results of the screening LCAs (D 13), 
these data can be combined to calculate the overall energy savings and mitigation of GHG 
emissions, as depicted in Fig.  2-1.  

Surplus land

Crop 1
Crop 2
Crop 3

…

Rotation

-x t CO2 eq / (ha*yr)
-y t CO2 eq / (ha*yr)
-z t CO2 eq / (ha*yr)

…

GHG balance results GHG savings

t CO2 eq / yr

 

Fig.  2-1 Schematic approach used for the scenario analyses: Surplus land, crop rotations 
and the results of the GHG balances are combined to obtain the overall environ-
mental benefits and burdens, e.g. GHG savings 

Scenario analyses can be done for each of the environmental zones /Metzger et al. 2005/, 
which form the spatial resolution at which non-food crop rotations are developed and screen-
ing LCAs are performed within the 4F CROPS project. Only the amount of surplus land which 
is quantified at national level (different spatial resolution) needs to be converted to the envi-
ronmental zone level.  

This approach even allows for a comparison of different non-food crop rotations within the 
same environmental zone which helps to identify the most environmentally friendly options. 
Environmental performance is one of the key parameters determining the success of non-
food cropping systems in the EU27. 

 

                                                 
2 Agricultural land which is not needed to satisfy the demand for food and feed 
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2.3 Comparison of environmental and economic results 

In addition to the identification of the most environmentally friendly options, the environ-
mental results are also compared with economic results (chapter  3.2). For doing so, the re-
sults of the energy and greenhouse gas balances obtained from the screening life cycle as-
sessments are combined with the results of the economic analyses, namely profits from crop 
production. These profits include all activities and operations required for agricultural produc-
tion such as fixed and variable costs for land, labour and machinery as well as sale reve-
nues. For further methodological details on the economic analysis, please refer to /Soldatos 
et al 2009a/. 

For being able to compare environmental data with economic information, differences in the 
spatial reference need to be eliminated. Environmental analysis is based on spatial units 
which are homogenous in terms of climate and soil conditions (=environmental zones). In 
contrast to that, the economic analysis is focused on single countries, which are assumed to 
be homogenous in terms of production costs (e.g. land or labour costs). For making results 
comparable, for each environmental zone, one (or two) typical country is chosen as a case 
study. 

The allocation of crops, environmental zone and country is shown in Table  2-3. Since it is 
outside the scope of this study to compare the economic and environmental results for all 
case studies, only selected results are presented in chapter  3.2. The selections are marked 
in grey in Table  2-3.  

Table  2-3 Investigated crops arranged by the main products and allocated to the environ-
mental zones in which they are cultivated: ATC=Atlantic Central, ATN=Atlantic 
North, CON=Continental, LUS=Lusitanian, MDN=Mediterranean North, 
MDS=Mediterranean South, NEM=Nemoral 

Common name Scientific name NEM ATN ATC CON LUS MDN MDS 

Oilseed rape Brassica napus L.   DE DE FR   
Sunflower Helianthus annuus L.      GR  
Ethiopian mustard Brassica carinata A. Braun       IT 

Hemp Cannabis sativa L.        
Flax Linum usitatissimum L.   FR PL   IT 

Poplar Populus spp.        
Willow Salix humilis Marsh.        
Eucalyptus Eucalyptus spp.        

Reed canary grass Phalaris arundinacea L. SE       

Miscanthus Miscanthus × giganteus  
UK
NL 

UK
NL 

RO    

Switchgrass Panicum virgatum L.  
UK 
NL 

UK 
NL 

    

Giant reed Arundo donax L.      PT  
Cardoon Cynara cardunculus L.       ES 

Sugar beet Beta vulgaris L.   UK     

Sweet sorghum Sorghum bicolor L. Moench     PT 
GR 
IT 

GR 
IT 
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As described in chapter  2.1, LCAs used for environmental analyses take into account the 
entire life cycle of a product, starting from crop cultivation until to the use and final disposal of 
the product (‘cradle-to-grave’ approach). In contrast, the scope of the economic assessment 
within 4F CROPS is to calculate profits at farm level, which means that production costs only 
cover the biomass cultivation stage (‘cradle-to-farm gate’ approach). Both system boundaries 
are shown in Fig.  2-2.  

Biomass
cultivation

Conversion

Transport

Crude oil
extraction

Refining

Transport

Bioenergy 
carrier

Foss. energy
carrier

UseUse

Energy crop

Alternative land 
use

Co-products
Equivalent
products

Product Reference systemProcess

Environmental analysis

Economic analysis

 

Fig.  2-2 System boundaries of the environmental and the economic analyses 

The ‘cradle-to-farm gate’ approach used for the economic analyses is adequate within the 
4F CROPS project, as the farmer’s profit certainly is one of the key parameters for the suc-
cessful establishment of non-food cropping systems. Being the first actor within the value 
chain, the farmer has to make sure that his profit obtained from on a new crop at least equals 
or even exceeds the profit he would make growing a conventional crop – not to mention 
other obstacles which have to be overcome. If a new crop – which might or might not be po-
litically prioritised – accounts for fewer profits than alternative choices, these losses of in-
come would have to be compensated at farm level. Otherwise, there would be no incentive 
for the farmer to establish the new crop.  

The environmental results in terms of life-cycle energy and greenhouse gas savings might be 
used as a basis for decision-making on which new cropping systems should be implemented. 
The combination of these savings with economic results clarifies whether and to what extent 
incentives are needed to stimulate the most environmentally friendly crop choices by farm-
ers. Yet, it has to be kept in mind that the most profitable options from a farmer’s point of 
view does not necessarily coincide with the most economic option from a life cycle point of 
view: Further analyses using life cycle costing (LCC) methodology would be required to an-
swer questions related to (final) product costs or CO2 abatement costs. 
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3 Results: Set of environmentally friendly options 

The following chapters aim at determining a set of environmentally friendly options for the 
production and use of selected future energy and industrial crops and resulting products. In 
chapter  3.1, the results of the screening life cycle analyses (D 13) are combined and com-
pared. When identifying the best options, the focus is on energy savings and greenhouse 
effect. Chapter  3.1.6 explores possibilities for scenario-based calculations of energy and 
GHG saving potentials, taking into account on the outcomes of the land-use modelling in 
WP 1 (D 4, /Ganko & Kopczynski 2010/). Finally, chapter  3.2 compares the greenhouse gas 
balances of selected crops with the outcomes of their economic performance investigated in 
WP 3 (D 9, Soldatos et al. 2009b/ and D 10, /Soldatos et al. 2010/). 

3.1 Results based on the screening life cycle analyses (LCA) 

The first sub-chapter ( 3.1.1) compares biogenous paths and fossil or conventional paths, 
whereas the following sub-chapters compare different biogenous paths among each other. 

3.1.1 Biogenous paths versus fossil or conventional paths (D 13) 

Exemplification of results 

Fig.  3-1 shall serve as an example to explain how the graphs in the following chapters are 
generated. It displays the results of the life cycle comparison between bioethanol produced 
from sugar beet and conventional gasoline. In the upper part, details are given for the credits 
and expenditures for sugar beet ethanol production as well as for the conventional gasoline 
being replaced. In the lower part, the resulting balances are shown, indicating whether bio-
ethanol is disadvantageous or advantageous compared to conventional gasoline. 

The first detailed bars in the upper right part of the figure show all expenditures necessary for 
the production of bioethanol (e.g. cultivation, conversion of the juice into bioethanol). To the 
left, all credits are depicted which are obtained from the use of co-products (here: vinasse). 
The second bars in each category show the credits related to the avoided production and 
use of the conventional gasoline which is replaced by bioethanol.  

The lower part of the graph depicts the balances for each environmental impact category. To 
obtain the balance bar, all expenditures and credits throughout the life cycle are summed up. 
The balances thus quantify for instance the net primary energy or greenhouse gas savings 
due to the use of bioethanol instead of conventional gasoline. In the following chapters, only 
these balances will be depicted. 
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Expenditures →←Credits

Balances

 

Fig.  3-1 Results of the life cycle comparison between bioethanol produced from sugar beet 
and conventional gasoline. 

Reading the diagram – exemplification for the first bars ‘energy savings’ 

The first bar in the upper part of the graph shows that the energy needed for the production 
of bioethanol from 100 hectares of sugar beet equals the yearly energy demand of 147 in-
habitants. The amount of energy credited due to the use of the co-product vinasse equals the 
yearly energy demand of about 20 inhabitants. The second bar shows the amount of energy 
that can be saved by replacing conventional fuel with bioethanol (equivalent to the yearly 
energy demand of 241 Europeans).  
In the balances section below all credits and expenditures are set off against each other. As 
a result, if conventional fuel is replaced by bioethanol produced from sugar beet, the energy 
savings per 100 hectares equal the yearly energy demand of 114 inhabitants.  

 

Balances are produced for each combination of crop, target product and conversion option. 
For putting focus on the research questions stated in chapter  1, several detailed results are 
aggregated into ranges. Depending on the question to be answered in the following chapters, 
different elements may be contained in the ranges. These elements are listed in the subtitle 
of each figure. The derivation of ranges is exemplified in Fig.  3-2: the energy and green-
house gas ranges for fuel ethanol include two different sugar crops cultivated in five different 
environmental zones.  
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←Advantages

 

Fig.  3-2 Results of the life cycle comparison between fuel ethanol produced from two sugar 
crops and conventional gasoline in five different European environmental zones.  

Results for the basic scenarios 

The remaining future crops were assessed in analogy to sugar beet. The semi-quantitative 
results by crop group are compiled in Table  3-1. Looking at the results in Table  3-1, a distinct 
pattern becomes obvious: the energy and industrial crops show environmental advantages in 
terms of energy and greenhouse gas savings and ambiguous results or even disadvantages 
regarding acidification, eutrophication, ozone depletion, summer smog, and human toxicity. 
With that, from a scientific point of view, an objective conclusion regarding the overall envi-
ronmental performance of biofuels, bioenergy and biomaterials produced from the investi-
gated crops cannot be drawn. An overall conclusion has to be based on (subjective) value-
choices, e.g. by ranking the impact categories in a given hierarchy.  

The European Renewable Energy Directive (RED, 2009/28/EC) may serve as a guideline for 
ranking the results in a given hierarchy and thus come to an overall conclusion. The RED 
specifically aims at a reduction of greenhouse gas emissions and promotes security of en-
ergy supply, among others by saving energy. If – based on this directive – energy saving and 
mitigation of greenhouse gas emissions are subjectively given the highest priority, all bio-
energy carriers and biomaterials assessed are superior to their fossil equivalent. However, it 
has to be noted that different individuals, organisations and societies may have different 
preferences; therefore different rankings may be derived based on the same objectively ob-
tained results. 
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Table  3-1 Environmental performance of different crops used for non-food purposes;  
‘++’: < –100; ‘+’: < –25; ‘o’: –25 to +25; ‘-‘: > 25; ‘--': > 100; all values in IE / 100 ha 

  Energy
savings

Green-
house 
effect 

Acidi- 
fication 

Eutro- 
phica-
tion 

Sum-
mer 
smog 

Ozone 
deple-
tion 

Human
toxicity 

Biodiesel (FAME) + o o - o -- o 
HVO + o o - o -- - 

Power + o - - o -- - 
Heat & power + o - - o -- - 
Heat + o - - o -- - 

Lubricant + o o - o -- o 

O
il 

cr
op

s 

Surfactant + o o - o -- o 
Composite ++ ++ o - o - o 

F
ib

er
 

cr
op

s 

Insulation  
material 

+ + - - o - - 

Fuel ethanol + + o o o o o 

FT diesel + o o o o o o 
Power + o o o o o o 
Heat & power + + o o o o o 

Heat + + o o o o o 
1,3-PDO ++ + o o o o o 
Chemical ethanol + + o o o o o 

Ethylene (biochem.) + + o o o o o 

W
o

od
y 

cr
op

s 

Ethylene (thermoc.) + o o o o o - 

Fuel ethanol ++ ++ - - + - - 

FT diesel ++ + o - o - o 
Power ++ + o - o - - 
Heat & power ++ ++ o - o - o 

Heat ++ ++ - - o - - 
1,3-PDO ++ ++ + o + - + 
Chemical ethanol ++ ++ o o o - o 

Ethylene (biochem.) ++ ++ - - o - - H
er

ba
ce

ou
s 

cr
op

s 

Ethylene (thermoc.) ++ + - - o - - 

Fuel ethanol ++ + - - o - - 

1,3-PDO ++ ++ + - + -- + 
Chemical ethanol ++ ++ o - o - + 
1,3-PDO & Ethanol ++ ++ o o o - + 

S
ug

ar
 c

ro
ps

 

1,3-PDO & Ethylene ++ ++ o - o - o 

 

Modelling of dependencies and sensitivities 

When performing a LCA, a number of choices regarding methods and data have to be made. 
A number of them are commonly known to be decisive (/Gnansounou et al 2009/, /Cherubini 
et al. 2009/), e.g. whether renewable or fossil fuels are used in the conversion process 
(/Farrel et al 2006/, /Börjesson 2009/), or which emission factors for nitrogen fertiliser-related 
emissions are applied (/Crutzen et al. 2007/, /Dallemand et al. 2009/, Erisman et al. 2010/). 
In the following, the most important parameters are summarised: 
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The choice of method used to account for co-products has a significant impact on the quanti-
tative results of the life cycle assessments. Despite multiple options regarding the use of co-
products and potentially larger variations in results, the substitution method (system expan-
sion) reflects reality more adequately and should therefore be preferred over allocation for 
the purpose of policy analysis. Yet, regarding the choice of method there is no right or wrong.  

The most important single factor influencing the LCA results, however, is the choice of agri-
cultural reference system including land-use changes. If energy crops are not cultivated on 
surplus land but on agricultural land currently used for food and feed production, these food 
and feed crops are displaced causing direct and indirect land-use changes. In some cases, 
more greenhouse gas emissions would be caused than by using fossil energy carriers 
(Fig.  3-3). However, research concerning indirect land-use changes (iLUC) is still in its in-
fancy. Despite all efforts, to date there is no commonly accepted method on how to quantify 
iLUC effects, let alone integrate iLUC in LCA (/Kløverpris et al. 2008/, /Liska & Perrin 2009/). 
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←Advantages Disadvantages→

Balances

 

Fig.  3-3 Results of the life cycle comparison for ethanol from sugar beet with fossil gasoline 
taking into account direct and indirect land-use changes. * Default agricultural ref-
erence system in basic scenarios. 

Note: 

The scenarios regarding direct and indirect land-use change are subjectively chosen and not 
based on an analysis of land-use dynamics using e.g. general or partial equilibrium models. 
Therefore, the results are only exemplary, indicating the order of magnitude of these effects. 
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3.1.2 Biogenous paths in comparison: best crop group and product 

Despite the subjective trade-offs required between the environmental impacts, the non-food 
paths can still be compared among each other. For the sake of simplicity, the discussion re-
garding the most environmentally friendly options in this report only focuses on energy sav-
ings and greenhouse effect. For identifying best options in terms of crop groups and main 
products, the energy and greenhouse gas balances for all crop groups and products are pre-
sented in Fig.  3-4. The ranges cover all crops within one crop group as well as all environ-
mental zones (for their derivation, see chapter  3.1.1). For the allocation of the crops to differ-
ent environmental zones, refer to Table  2-1. Note that fiber crops are not used for bioenergy 
production but only their use as biomaterials is regarded.  

Results – Best crop group 

 Within and across all environmental zones, herbaceous lignocellulosic crops show the 
highest potentials in saving energy and greenhouse gases, followed by fiber and sugar 
crops. In contrast, oil crops achieve the lowest energy and greenhouse gas savings. The 
good performance of herbaceous crops is due to both high biomass yields (especially re-
garding the share of the crop which is actually used for non-food purposes) and efficient 
biomass conversion technologies. 

Results – Best product 

 Within each crop group, the results for the products show great ranges resulting from 
different crops and environmental zones, i.e. from yield differences. The ranges partly 
overlap which means that products that potentially show great potentials of energy and 
greenhouse gas savings might perform similar to less advantageous products in case a 
lower yielding crop is chosen and / or if a crop is produced in an environmental zone in 
which lower yields are achieved.  

 The comparison of bioenergy and biomaterial use does not suggest a clear tendency 
towards one or the other, if the whole range of results is regarded. Both bioenergy and 
biomaterial paths can lead to similarly high savings of energy and greenhouse gases. 

 Within the bioenergy paths, stationary heat and power production leads to higher energy 
and greenhouse gas savings than the use as transport fuel (‘mobile use’). One of the 
reasons is that the production of transport fuel requires much higher energy inputs than 
the production of heat and power, i.e. the conversion efficiency is much lower. 

 The quantitative results of the stationary use of biomass for energy depend on the 
case-specific conditions, e.g. on the composition of the substituted conventional power 
mix. The higher its specific non-renewable energy demand and specific emissions are, 
the better the results upon replacement. 

 Within the transport biofuels, bioethanol as a gasoline substitute shows better results 
than all diesel substitutes (FAME, HVO and FT diesel) when compared within each 
crop category. 
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 Within the biomaterial paths, fiber crops show a remarkable potential to save energy and 
to mitigate GHG emissions which is comparable to the potential of herbaceous lignocellu-
losic crops. The latter lead to the highest savings if converted into biochemicals.  

 Regarding biochemicals, there are two fundamentally different approaches to convert 
biomass into products: the biochemical route (extraction of complex compounds syn-
thesised by nature) and the thermochemical route (gasification, i.e. breakdown to C1 
units, and subsequent chemical synthesis). The specific savings potentials differ con-
siderably (relatively low for syngas-based chemicals; relatively high for complex com-
pounds) as do the potential markets (large quantities of syngas-based chemicals 
needed; low quantities of for complex compounds) /Reinhardt et al. 2007/. Within the 
4F CROPS project, however, no clear tendency can be found whether biochemical or 
thermochemical routes perform best due to the limited number of paths investigated. 

Conclusions 

From an energy saving and climate protection point of view, high yielding crops should be 
strived for in order to maximise land-use efficiency. However, it has to be kept in mind that 
there are agronomic restrictions regarding perennial crops (often, woody or herbaceous lig-
nocellulosic crops are perennial) as they cannot be included into existing crop rotations.  

However, the large and partly overlapping results ranges indicate that high yielding crops 
show less advantages if certain conversion paths and products are chosen. Therefore, in 
order to maximise environmental benefits it is not sufficient to choose the crop and environ-
mental zone achieving highest crop yields but also to make sure that the biomass is con-
verted and used in a very efficient way. In other words: for a meaningful comparison of future 
crops, it is essential to assess their entire life cycle, as the overall environmental impact 
largely depends on what the biomass is used for, how efficiently it is converted and which 
fossil fuel or energy carrier it substitutes. Besides crop yields, the target product produced 
from crops significantly influences a crop’s environmental performance. However, for specific 
questions related to agriculture, e.g. to point out opportunities for improvement, a cradle-to-
farm gate approach as applied by /Monti et al. 2009/ might be sufficient. 

Generally, both bioenergy and biomaterial paths can lead to similarly high savings of energy 
and greenhouse gases, i.e. the results not suggest a clear tendency towards material or en-
ergy use. Within the bioenergy paths, the direct use for heat and power production should be 
preferred over a use as transport fuels. However, the exact quantitative results depend on 
the case-specific conditions, e.g. on the composition of the substituted conventional power 
mix (see D 13). Within the biomaterial paths, both fiber crops and herbaceous lignocellulosic 
crops show a remarkable potential. Regarding biochemicals, however, no clear tendency 
could be found whether biochemical or thermochemical routes perform best. 

 

Reading the diagram – exemplification of 1st bar ‘energy savings’ for FAME 

If oil crops are used to produce FAME (biodiesel), the energy savings per 100 hectares are 
equivalent to the yearly energy demand of about 20 to 63 inhabitants. 



IFEU Heidelberg 4F CROPS – D 14: Set of environmentally friendly options 17 

 

-800 -700 -600 -500 -400 -300 -200 -100 0

  FAME (biofuel) 

  HVO (biofuel)

  Heat & power  

  Lubricant

  Surfactant

  Fiber composite

  Insulation mat

  Fuel EtOH (bioref.)

  FT diesel (gasif.)

  Heat & power (CHP)

  Chem. EtOH

  1,3-PDO

  Ethylene

  Fuel EtOH (bioref.)      

  FT diesel (gasif.)

  Heat & power (CHP)

  Chem. EtOH

  1,3-PDO

  Ethylene

  Fuel EtOH 

  Chem. EtOH

  1,3-PDO

  Ethylene

IE / 100 ha

 Energy savings

 Greenhouse effect

←Advantages Oil crops

Woody  crops

Herb. crops

Sugar crops

Fiber crops

Bioenergy

Biomaterials

Biomaterials

Bioenergy

Biomaterials

Bioenergy

Biomaterials

Bioenergy

Biomaterials

 

Fig.  3-4 Energy and greenhouse gas balances for all crop groups and types of bioenergy 
and biomaterials; ranges cover different energy crops and environmental zones 
within each crop group; FAME = fatty acid methyl ester, HVO = hydrogenated 
vegetable oil, EtOH = ethanol, FT = Fischer-Tropsch, 1,3-PDO = 1,3-propanediol. 
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3.1.3 Biogenous paths in comparison: best conversion path 

Some of the biofuels and biochemicals assessed in this study can be produced with different 
conversion technologies. For instance, ethanol can be produced via fermentation of sugar 
crops (1st generation) or via enzymatic hydrolysis and fermentation of lignocellulosic feed-
stocks (2nd generation). In most cases, the comparison of different conversion technologies 
implies the comparison of different crop groups since both elements are linked. For identify-
ing the most efficient conversion path, the respective energy and greenhouse gas balances 
are shown in Fig.  3-5. The ranges cover different crops and different environmental zones.  

Results – Biofuels 

 Regarding diesel substitutes, the production of Fischer-Tropsch diesel via biomass 
gasification and subsequent FT synthesis (2nd generation) shows by far the best results in 
terms of energy and greenhouse gas savings. Although chemically different, FAME and 
HVO show about the same results, but lead to much less savings of energy and green-
house gases than FT diesel.  

 As far as gasoline substitutes are concerned, only ethanol from sugar crops (1st gen-
eration) and lignocellulosic crops (2nd generation) is investigated. 2nd generation ethanol 
tends to better results, but is not superior per se: 1st generation ethanol from sugar beet, 
for example, is only surpassed by lignocellulosic ethanol from herbaceous crops. 

Results – Biochemicals 

 Concerning the investigated biochemicals, no clear tendency can be found towards one 
or the other. Ethanol, 1,3-PDO and ethylene lead to rather similar results in terms of en-
ergy and greenhouse gas savings. 

 Products obtained via enzymatic hydrolysis and fermentation of lignocellulosic feedstock 
(2nd generation technology, e.g. applied in future biorefineries) show better results than 
products obtained via fermentation of sugar crops using 1st generation technology. 

 Regarding the production of ethylene, the advanced biochemical route (biorefinery) 
shows advantages over the thermochemical route (gasification) in terms of energy and 
greenhouse gas savings. The classical biochemical route via ethanol produced from 
sugar crops leads to intermediate results. 

Conclusions 

The choice of the conversion technology significantly influences the results. However, it is 
not possible to derive a general recommendation regarding conversion technologies, as they 
are most often implicitly linked to certain crops or crop groups. Therefore, it is essential to 
assess the environmental impacts along the entire life cycle. Except for specific questions, it 
is not sufficient to focus on single life cycle stages only (e.g. crop cultivation), as the extent to 
which each stage contributes to the overall environmental impact differs between paths. 

The comparison of 1st and 2nd generation technologies suggests that the latter might achieve 
better results from an energy saving and GHG mitigation point of view, especially if bio-
chemicals are produced in future biorefineries using 2nd generation technology. 
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Fig.  3-5 Results of the life cycle comparison for all main products that can be produced with 
different conversion paths; ranges cover all crops and environmental zones; 
FAME = fatty acid methyl ester, HVO = hydrogenated vegetable oil, FT = Fischer- 
Tropsch, EtOH = ethanol, 1,3-PDO = 1,3-propanediol. 

Reading the diagram – exemplification of 2nd bar ‘greenhouse effect’ for FAME 

If oil crops are used to produce FAME (biodiesel), per 100 hectares about the same amount 
of greenhouse gases can be saved that is yearly emitted by 5 to 28 inhabitants.   
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3.1.4 Bioenergy paths in comparison: traditional versus future crops 

The main objective of the 4F CROPS project is to analyse future non-food cropping systems 
for the production of either bioenergy or biomaterials. However, already today there are well 
established cropping systems providing bioenergy and biomaterials.  

Taking bioenergy (both transport fuels and stationary use) as an example, Fig.  3-6 compares 
traditional crops and future crops in terms of energy and greenhouse gas savings. The 
ranges of the traditional crops (wheat and corn; in addition to the crops listed in Table  2-1) 
cover different cultivation and conversion conditions, whereas those for the crops assessed 
in this study cover different environmental zones. Sunflower, rapeseed and sugar beet have 
an intermediate status since they are considered future crops within this study – at least for 
some environmental zones – although they have traditionally been cultivated in other zones.  

Results 

 Both within biofuels and stationary bioenergy, future herbaceous lignocellulosic crops 
lead to higher energy and greenhouse gas savings than traditional crops. In contrast to 
heat and power generation, for which lignocellulosic crops can be used already today, 
these crops can only be used in the transport sector if future 2nd generation technologies 
are in place. Therefore, both promising traditional (sugar beet) and future sugar crops 
(sweet sorghum) using 1st generation technology should not be neglected.  

 All other future crops are similar to traditional crops with Ethiopian mustard being at the 
lower end and sweet sorghum at the higher end of the ranges. If used for bioenergy, 
woody lignocellulosic crops lead to energy and greenhouse gas savings which are com-
parable to today’s biogas paths. 

Conclusions 

When comparing traditional and future crops, some future crops show clear advantages from 
an energy and greenhouse gas saving point of view: high savings can be achieved with the 
implementation of herbaceous lignocellulosic crops – provided they are used in the most effi-
cient way. However, their use in the transport sector as liquid biofuels is restricted since re-
spective technologies are still under development. In the stationary bioenergy production 
there is no such bottleneck. 

Apart from herbaceous lignocellulosic crops, the other future crops show a tendency towards 
better results, but they are not per se superior to traditional crops, taking Ethiopian mustard 
as an example. Therefore, promising traditional crops should not be neglected, as the crops 
can be easily integrated into existing crop rotations and as mature industrial-scale conversion 
technology is used. 

 

 

Reading the diagram – exemplification of 1st bar ‘energy savings’ for wheat ethanol 

If wheat is used to produce ethanol, the energy savings per 100 hectares are equivalent to 
the yearly energy demand of about 9 to 48 inhabitants.   
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Fig.  3-6 Results of the life cycle comparison for traditional and future crops in biofuel and 
bioenergy application; for ranges see introduction of this chapter; EtOH = ethanol, 
FAME = fatty acid methyl ester, CNG = compressed natural gas.  
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3.1.5 Biofuel paths versus other renewable energies in the transport sector 

One of the main drivers behind dedicated energy crop cultivation in Europe is the Renewable 
Energy Directive (2009/28/EC) which fosters the use of biomass for energy in order to re-
duce greenhouse gas emissions. The directive sets a sectoral target of at least 10 % of en-
ergy from renewable sources to be used in the transport sector by 2020 /CEC 2009/. This 
target can be met either by (liquid or gaseous) biofuels or by electric vehicles powered by 
renewable energy. The latter can be generated from various renewable sources, among oth-
ers from biomass, wind power or solar energy (photovoltaics). 

Electric vehicles such as battery electric vehicles (BEV) might replace conventional cars with 
internal combustion engines (ICE) which can be fuelled with either fossil or bio-based fuels. 
Fig.  3-7 shows the greenhouse gas and energy balances for wind power, solar energy and 
biomass used in the transport sector – the latter both as green power in electric vehicles and 
as liquid biofuels. 

The ranges of wind and solar energy cover different plant / panel configurations and efficien-
cies. Ranges of biomass use in electric vehicles cover different conversion paths as well as 
different co-product uses. The ranges of the liquid biofuels cover the 4F crops in the respec-
tive crop groups (e.g. all oil crops for biodiesel production) as well as all environmental 
zones. 

Results 

 The use of power generated by wind turbines or solar panels in the transport sector 
shows by far the highest land-use efficiency in terms of energy and greenhouse gas sav-
ings. Also in the worst cases, results are still better than the best results from other bio-
mass applications. 

 Also among biomass applications in the transport sector, power generation and its use 
for electric propulsion shows more savings than traditional liquid biofuels like bioethanol 
or biodiesel and even second generation biofuels such as lignocellulosic ethanol. How-
ever, this is only the case if electricity is produced in a CHP and if the waste heat is used. 

 Among the liquid biofuels, second generation ethanol production from herbaceous bio-
mass shows the best results in terms of energy and greenhouse gas savings. This is due 
to the high biomass efficiency both due to high yields per hectare and due to the fact that 
the whole crop can be converted into a biofuel.  

Conclusions 

From a land use point of view, there are more efficient options to implement renewable en-
ergy carriers in the transport sector than liquid biofuels: by far the highest energy and green-
house gas savings can be achieved with solar energy or wind power which are used in elec-
tric vehicles. Also the use of biomass for power in electric propulsion performs much better 
than liquid biofuels. Therefore, and in view of the increasing shortage of the resource land 
the implementation of electric propulsion in transportation should be strived for with all ef-
forts. Even though electric propulsion is not a feasible solution for the transport sector as a 
whole, at least passenger traffic could be electrified.  
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The land-use efficiency of wind power even can be increased since it allows for the use of 
the subjacent area for crop cultivation. In wind farms, only a small part of the area is actually 
needed for the foundation of the wind turbine. The remaining area could be used for non-
food crops production or for feed and food production. The latter option would contribute to 
the mitigation of the competition between food and fuel production. 

In contrast to wind turbines, open-field solar panels cannot be combined with crop cultivation 
on the same area – they are mutually exclusive. With respect to the increasing pressure on 
agricultural land, large-scale open-field photovoltaic systems should only use areas which 
cannot be used for food or feed production (e.g. contaminated soils). Preferably, roofs and 
façades should used for the establishment of solar panels. 
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Fig.  3-7 Results of the life cycle comparison of wind power, photovoltaic as well as biomass 
applications in the transport sector; for ranges see introduction of this chapter; 
BEV = battery electric vehicle, ICE = internal combustion engine, FAME = fatty 
acid methyl ester, FT = Fischer-Tropsch, EtOH = ethanol. 

Reading the diagram – exemplification of 9th bar ‘energy savings’ for biodiesel 

If oil crops are used to produce biodiesel (HVO or FAME), the energy savings per 100 hec-
tares are equivalent to the yearly energy demand of about 14 to 63 inhabitants.   
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3.1.6 Excursus: Scenario-based energy and GHG savings potentials 

The scenario analyses presented in this chapter are performed in order to quantify the over-
all environmental benefits and burdens of selected non-food cropping systems in Europe. 

3.1.6.1 Surplus land 

The basis for the scenario analyses is the amount of surplus land which is quantified in WP 1 
by means of land-use modelling /Ganko & Kopczynski 2010/. As it is quantified at national 
level, it needed to be converted to the environmental zone level at which non-food crop rota-
tions are developed and screening LCAs are performed. This was kindly done by EC BREC 
/EC BREC 2010/ using GIS software by intersecting their results at national level with 
Metzger’s map of the environmental zones /Metzger et al. 2005/. The latter was kindly pro-
vided by A&F. The results are displayed in Table  3-2. 

Table  3-2 Surplus land [ha] available for non-food crops in 2008, 2020 and 2030 in different 
environmental zones. Based on /Ganko & Kopczynski 2010/ 

  Base case 2008 Scenario 2020 Scenario 2030 
NEM Nemoral 470,228 1,006,528 1,328,802
ATN Atlantic North 866,989 1,298,516 1,610,392
ATC Atlantic Central 1,444,336 2,106,845 2,549,045
CON Continental 3,242,824 6,386,087 8,578,507
LUS Lusitanian 562,404 718,766 838,096
MDN Mediterranean North 2,063,309 2,164,425 2,306,439
MDS Mediterranean South 2,454,887 2,476,579 2,512,830

 TOTAL 11,104,976 16,157,747 19,724,112

 

Results 

 In 2008, approximately 11.1 Mha of surplus land were available for the production of non-
food crops in the environmental zones covered within the 4F CROPS project. Almost one 
third of the surplus land is located in the Continental zone. It roughly equals the current 
total arable land in Germany. 

 The amount of surplus land increases to 16.2 Mha in 2020 and 19.7 Mha in 2030, re-
spectively. 

 

It has to be kept in mind that the model applied in WP 1 is based on land allocation and bal-
ancing procedures. Surplus land, which is potentially available for non-food crops, is calcu-
lated after the allocation of available land resources for the production of different food and 
feed crops. The major drivers in the scenarios established are the expected growth in crop 
production intensity and changes in food demand. As land quality is not analysed in the 
model, the amount of surplus land has to be considered as a theoretical potential which does 
not take into account the suitability (e.g. in terms of climate and soil) for specific crops. As a 
consequence, the amount of surplus land suitable for a specific crop cannot be calculated. 
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3.1.6.2 Annual crops 

The second step towards scenario-based energy and greenhouse gas savings potentials 
involves the combination of surplus land (irrespective of its quality) with the non-food crop-
ping systems as developed in WP 2 /Zegada-Lizarazu & Monti 2009/. Table  3-3 shows rota-
tion possibilities for seven environmental zones. 

Table  3-3 Environmental zones and rotation possibilities in an hypothetical scenario where all 
crops are exclusively dedicated to bioenergy production /Zegada-Lizarazu & Monti 
2009/ 

Environmental zone Hypothetical suggested crop rotations Product 
NEM Nemoral Rapeseed – Flax – Safflower Vegetable oil 
ATN Atlantic North Rapeseed – Flax – Safflower Vegetable oil 
ATC Atlantic Central Rapeseed – Flax – Safflower Vegetable oil 
CON Continental Maize – Sugar beet – Sorghum Ethanol 

  Rapeseed – Flax – Safflower Vegetable oil 
LUS Lusitanian Maize – Sugar beet – Sorghum Ethanol 

  Soybean – Ethiopian mustard – Sunflower Vegetable oil 
  Rapeseed – Flax – Safflower Vegetable oil 

MDN Mediterranean North Maize – Sugar beet – Sorghum Ethanol 
  Soybean – Ethiopian mustard – Sunflower Vegetable oil 
  Rapeseed – Flax – Safflower Vegetable oil 

MDS Mediterranean South* Maize – Sugar beet – Sorghum Ethanol 
  Soybean – Ethiopian mustard – Sunflower Vegetable oil 

* Some crops such as maize and sugar beet may require supplemental irrigation 

Results 

 The non-food crop rotations displayed in Table  3-3 only cover oil crops and sugar / starch 
crops leading to vegetable oil and ethanol. Fiber crops and annual (herbaceous) lignocel-
lulosic crops are not included. 

 Moreover, the suggested crop rotations in Table  3-3 contain additional crops such as flax 
(for energy), safflower, maize and soybean which are not included in the list of selected 
crops in Table  2-1. According to the latter table, sugar beet and sweet sorghum are mu-
tually exclusive in the same environmental zone (within the 4F CROPS project). 

 

In the third step, the non-food crop rotations are combined with the results of the screening 
LCAs (D 13) in order to calculate for example the overall energy and GHG savings potential. 
This step could not be performed due to incompatible non-food crop rotations (see above). 

Conclusions 

The approach chosen to calculate the overall energy and GHG savings potential did not lead 
to the desired results for annual crops, as the suggested non-food crop rotations contained 
additional crops as well as crop combinations which were incompatible with the list of se-
lected crops on which the environmental assessment is based. 
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3.1.6.3 Perennial crops 

In contrast to annual crops, perennial crops by definition are not a constituent part of crop 
rotations. Therefore, the scenario-based energy and greenhouse gas savings potentials can 
be calculated by combining – for each environmental zone – the amount surplus land (disre-
garding its quality) with the LCA results for the respective perennial crops listed in Table  2-1 
(poplar, willow, eucalyptus, reed canary grass, Miscanthus, switchgrass and giant reed). 

Results 

 Depending on the combination of perennial crop and product, the energy saving poten-
tials range from 300 – 3,910 PJ/yr which roughly equals 0.8 – 9.7% of EU’s yearly energy 
demand. The higher end of the range is achieved with herbaceous perennial crops. 

 The greenhouse gas savings potentials amount to 20 – 230 Mt CO2eq/yr (0.2 – 4.4%). 

Conclusions 

A considerable amount of energy and greenhouse gases could be saved if 11.1 Mha of sur-
plus land were used to grow perennial crops. However, these potentials are theoretical, as 
the quality of surplus land has not been taken into account. 
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Fig.  3-8 Energy and greenhouse gas savings potentials for different bioenergy carriers and 
biomaterials produced from perennial crops grown on 11.1 Mha of surplus land. 

Reading the diagram – exemplification of 9th bar ‘energy savings’ for 1,3-PDO 

If 11.1 Mha of surplus land were used to grow perennial crops for the production of 1,3-PDO, 
the energy savings amount to 840 – 3,910 PJ/yr. 
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3.2 Comparison of environmental and economic results 

When implementing new cropping systems, besides environmental aspects also their eco-
nomic viability plays an important role. This chapter highlights the relation between the two 
aspects by combining the outcomes of the environmental analysis (i.e. energy and green-
house gas balances) with those of the economic analysis (i.e. profits). The latter has been 
part of WP 3 within the 4F CROPS project. Results are presented in D 9 /Soldatos et al. 
2009b/ and D 10 /Soldatos et al. 2010/, respectively. For details regarding differences in sys-
tem boundaries, see chapter  2.3. 

Fig.  3-9 and Fig.  3-10 show the combination of profits with energy and greenhouse gas sav-
ings for selected crops, environmental zones and countries. For each crop, one environ-
mental zone and one representative country have been selected as an example. The combi-
nations are listed in Table  2-3. The upper part of the figures shows an overview on all crops 
selected, the lower part zooms into the results for a selection of crops. 

The ranges of energy and greenhouse gas balances include all use options (bioenergy and 
biomaterial) of the selected crops (see Table  2-2). Also economic results show a great vari-
ability in different countries. For reasons of clarity, only Miscanthus (dark blue square) is 
taken as an example to show these ranges in the lower part of the figures: the light blue cir-
cle indicates the results for different countries. 

3.2.1 Results for the comparison of energy savings and profits 

Results 

 The environmental and economic results do not run parallel, i.e. higher energy savings 
not always come along with high profits and – vice versa – crops accounting for high prof-
its do not always result in high energy savings. For example, giant reed leads to average 
energy savings of about 403 GJ primary energy per hectare and does not account for any 
profit. In contrast, with rapeseed oil 27 € can be gained per hectare, however, only 38 GJ 
primary energy can be saved on average (see Fig.  3-9). 

 The large ranges of energy savings result from different conversion and use paths. This 
means that if crops with high potentials of saving energy are not used in an optimal way, 
savings can drop considerably and reach the same range as less promising crops. Also 
the economic results show great ranges depending on the country the crops are culti-
vated in.  

 

Reading the diagram – exemplification of sunflower (pink square) 

With the production of sunflower oil, 0.3 € can be gained per hectare. At the same time, its 
use can lead to energy savings of 42 to 89 GJ primary energy per hectare – depending on 
whether the oil is used for bioenergy production (stationary or transport fuel use) or as bio-
material. 
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Rapeseed (CON, DE) Sunflower (MDN, GR) Ethiopian mustard (MDS, IT)
Reed canary grass (NEM, SE) Miscanthus (ATN, UK) Switchgrass (ATN, UK)
Giant reed (MDN, PT) Cardoon (MDS, ES) Sugar beet (ATC, UK)
Sweet sorghum (MDN, GR) Flax (CON, PL)

Rapeseed (27 €; 38 GJ)   Eth. mustard (-30 €; 18 GJ) 

 

Fig.  3-9 Comparison of energy savings and profits for selected crops, environmental zones 
and countries; upper figure: complete overview, lower figure: partial view for eco-
nomic results; ranges for energy savings cover different conversion and use path-
ways (bioenergy and biomaterials); blue circle in lower figure indicates country-
specific economic variability for Miscanthus (dark blue square). 
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3.2.2 Results for the comparison of GHG savings and profits 
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Rapeseed (CON, DE) Sunflower (MDN, GR) Ethiopian mustard (MDS, IT)
Reed canary grass (NEM, SE) Miscanthus (ATN, UK) Switchgrass (ATN, UK)
Giant reed (MDN, PT) Cardoon (MDS, ES) Sugar beet (ATC, UK)
Sweet sorghum (MDN, GR) Flax (CON, PL)

Rapeseed (27 €; 2 t CO2eq)   Eth. mustard (-30 €; 1 t CO2eq) 

 

Fig.  3-10 Comparison of greenhouse gas savings and profits for selected crops, environ-
mental zones and countries; upper figure: complete overview, lower figure: partial 
view for economic results; ranges for greenhouse gas savings cover different con-
version and use pathways (bioenergy and biomaterials); blue circle in lower figure 
indicates country-specific economic variability for Miscanthus (dark blue square). 
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Reading the diagram – exemplification of Miscanthus (dark blue square) 

Miscanthus cultivation causes losses of 4 € / hectare. At the same time, its use can lead to 
greenhouse gas savings of 3 to 13 CO2 equivalents per hectare – depending on whether it is 
used for bioenergy production (stationary or transport fuel use) or as biomaterial.  

Results 

 As for energy savings, also the outcomes of the greenhouse gas balances strongly differ 
from the economic results: high greenhouse gas savings might come along with small or 
no profits and – vice versa – crops accounting for high profits might result in low green-
house gas savings. Giant reed again shows the highest average greenhouse gas savings 
of about 24 t CO2 equivalents per hectare but at the same time does not account for any 
profit. Highest profits can be made with rapeseed oil (27 € / hectare), however, only 
2 t CO2 equivalent can be saved (see Fig.  3-10).  

 Again, greenhouse gas savings and the economic results show large ranges. The envi-
ronmental performance depends on the conversion and use paths the crops are allocated 
to. This means that if crops with high potentials of saving greenhouse gases are not used 
in an optimal way, savings can drop considerably and reach the same range as less 
promising crops. The economic results differ depending on the countries the crops are 
produced in. 

3.2.3 Conclusions 

The comparison of energy and greenhouse balances with economic data both show that the 
environmental and economic point of views might lead to different conclusions. The best crop 
choice from an environmental point of view is not always the best choice from an economic 
point of view and vice versa. This means that if from a political point of view new cropping 
systems are to be implemented that lead to high energy and / or greenhouse gas savings, it 
might become necessary to compensate farmers for the loss of income compared to more 
profitable choices.  

However, the great ranges in the environmental results indicate that just cultivating certain 
promising crops is not sufficient. Rather, the whole life cycle needs to be taken into account, 
i.e. it has to be guaranteed that the crop is used in an optimal way. If this is not the case, in 
the worst case, energy and greenhouse gas savings could drop to the same range as sav-
ings of crops which could be implemented using much less (or even no) subsidies.  

Since both environmental and economic performances strongly differ between countries and 
with different framework conditions, no general decision can be drawn here on which crop 
should be implemented at what costs. This needs to be decided for each single case taking 
into account the whole life cycle as well as the specific circumstances. 
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4 Summary, conclusions and recommendations 

4.1 Summary 

The overall goal of this report is to determine a set of environmentally friendly options for the 
production and use of selected future energy and industrial crops and resulting products. The 
report mainly builds on a preceding study on life cycle analyses (D 13, /Rettenmaier et al. 
2009/) which investigated the environmental impacts associated with the production and use 
of bioenergy and bio-based materials from 15 selected future crops and compared these 
impacts to those of their fossil or conventional equivalents. The crops under investigation 
cover different crop groups (oil, fiber, woody and herbaceous lignocellulosic, sugar) and are 
cultivated in seven environmental zones within Europe. The analysis is based on the as-
sumption that only surplus land – as identified in WP 1 – is used for future non-food crop cul-
tivation. Thus, no competition with food and feed production occurs, which might result in 
direct and indirect land-use changes. This is a key assumption, as several studies have 
pointed out the negative impact of such direct and indirect land-use changes, among others 
in terms of biodiversity loss and greenhouse gas emissions /Searchinger et al. 2008/, 
/Fargione et al. 2008/, Gibbs et al 2008/, /Gallagher et al. 2008/. 

The main result of the present study (D 14) is that it is not possible to identify a single crop, 
product or conversion technology which is to be preferred from an energy savings and cli-
mate protection point of view. For a meaningful comparison of future non-food crops, it is 
essential to assess their entire life cycle (i.e. cradle-to-grave), as the overall environmental 
impact largely depends on what the biomass is used for, how efficiently it is converted and 
which fossil or conventional product it substitutes. Keeping this in mind, the following an-
swers can be given to the key questions in chapter  1: 

 Within and across all environmental zones, herbaceous lignocellulosic crops show the 
highest potentials in saving energy and greenhouse gases, followed by fiber and sugar 
crops. In contrast, oil crops achieve the lowest energy and greenhouse gas savings. The 
good performance of herbaceous crops is due to both high biomass yields (especially re-
garding the share of the crop which is actually used for non-food purposes) and efficient 
biomass conversion technologies. The good environmental performance of lignocellulosic 
crops is also described by /Delucchi 2010/ and /Larson 2006/. The first points out advan-
tages due to a lower fertilizer need and high carbon storage whereas the latter stresses 
the fact that the whole crop and not only part of it can be used for energy purposes.  

 In terms of energy and greenhouse gas savings, the results cover a wide range and do 
not suggest a clear tendency towards material or energy use. Generally, only few studies 
are available which compare material and energy use of biomass in terms of energy and 
greenhouse gas savings. /Dornburg et al. 2003/ compare different bio-based polymers 
with bioenergy production and concluded that the biomaterials mostly score comparably 
or even better than bioenergy production. Within the bioenergy paths, the stationary use 
of biomass for heat and power generation usually outperforms the mobile use as a trans-
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port biofuel. This result is supported by /Cherubini et al. 2009/ who give an overview on 
LCA results of different biofuel and bioenergy systems from 1st and 2nd generation crops. 
However, the quantitative results of the stationary use of biomass for energy depend on 
the case-specific conditions, e.g. on the composition of the substituted conventional 
power mix (see D 13). The higher its specific non-renewable energy demand and specific 
emissions are, the better the results upon replacement. /Cherubini et al. 2009/ arrive at 
the same result comparing energy and GHG savings per hectare and year for fuels, elec-
tricity and heat generation from biomass depending on whether inefficient coal or efficient 
natural gas is replaced. 

 Regarding conversion technology for biofuels, 2nd generation biofuels tend to better re-
sults, but are not superior per se: 1st generation ethanol from sugar beet, for example, is 
only surpassed by lignocellulosic ethanol from herbaceous crops. Slightly better results 
for 2nd generation biofuels are also described in literature reviews by /Menichetti & Otto 
2009/ and /von Blottnitz & Curran 2007/. /Jungbluth et al. 2008/, however, who compare 
biomass-to-liquid (BtL) fuels from woody feedstocks with other biofuels, did not find a 
general advantage of BtL fuels. Biochemicals obtained via enzymatic hydrolysis and fer-
mentation of lignocellulosic feedstock (2nd generation technology, e.g. applied in future 
biorefineries) may lead to higher energy and greenhouse gas savings, but given the large 
range of results only optimised conversion paths outperform existing ones. 

 The investigated future crops might lead to higher energy and greenhouse gas savings 
than traditional ones, but their potential can only be tapped if appropriate technologies 
are in place. Future lignocellulosic bioethanol from herbaceous crops might outperform 
conventional bioethanol from sugar beet, but the technology required is still in its infancy. 

 As far as the transport sector is concerned, the use of biomass power in an electric vehi-
cle leads to higher energy and greenhouse gas savings than liquid biofuels in a conven-
tional vehicle. Wind or solar power would even be more land-use efficient. Examples for a 
comparison of solar power and biomass energy in terms of net energy yields can be 
found in /Reijnders 2008/. /Helms et al. 2010/ compare the environmental impacts of 
electric vehicles with liquid transport fuels and conclude that battery electric vehicles 
charged with renewable electricity show by far the best environmental performance. 

 

Besides assessing the best options from an environmental point of view, this study also com-
pares the outcomes of the environmental assessment with economic results, more exactly 
with the profits at farm gate for each crop. The comparison shows that energy and green-
house gas balances do not correlate with the economic profits. This means that crops show-
ing e.g. high greenhouse gas savings along their entire life cycle do not necessarily account 
for high profits at farm gate and vice versa. Therefore, if certain cropping systems are to be 
preferred from a greenhouse gas mitigation or energy saving point of view, it might become 
necessary to incentivise those cropping systems at farm level to compensate for lower profits 
compared to crops which are less favourable from an environmental point of view.  
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4.2 Conclusions and recommendations 

Biomass for fiber or fuel? 

The two main drivers for the European wide expansion of renewable energy use are climate 
protection and an increased supply security. Objectives have already been set throughout 
Europe. By 2020 the use of renewable energy sources should be 20% in energy consump-
tion and 10% in the transport sector. Greenhouse gas emissions should be decreased by 
20% as well as a 20% savings of primary energy should be realised through enhanced en-
ergy efficiency /CEC 2009/. Biomass, especially energy and industry crops, plays an impor-
tant role in achieving these objectives. Despite being renewable biomass is a scarce good 
itself due to the fact that agricultural area is limited. This scarcity requires biomass to be used 
as efficiently as possible. 

In this study two of the „4F“ uses are analysed, ‘fiber’ (i.e. bio-based materials) and ‘fuel’ (i.e. 
bioenergy). The results indicate that the material and energy use of biomass may lead to 
similarly advantageous results in climate protection (i.e. mitigation of greenhouse gas emis-
sions). The large range of results, however, do not allow for a general statement. Instead 
each single pathway has to be assessed within the context of all use options and while taking 
into account specific (national) framework conditions. Only a specific assessment allows for 
the development of optimal strategies for a biomass allocation between all consuming sec-
tors (industry and energy). In this context, possibilities for a cascade use, i.e. the sequential / 
successive use of biomass for bio-based products and bioenergy, should be explored, as a 
cascade use of biomass might considerably improve the environmental performance com-
pared to a singular energy use. 

When it comes to enhancing the supply security, material and energy biomass uses have 
different prerequisites: for energy production there are alternative renewable sources to bio-
mass namely wind, solar and hydropower, despite the fact that today the largest share of 
biomass is used for this purpose. In contrast, the chemical industry depends on biomass as 
renewable carbon-containing feedstock as it is the only renewable alternative to fossil 
sources. Sun, wind and water produce energy but no biomaterials or renewable raw materi-
als for industrial uses. However, there are neither quantitative political goals nor financial 
support schemes for the material use of biomass. Though there are strategic commitments, 
action plans and initiatives, the material use is not actively promoted or supported. The es-
tablishment of adequate funding instruments is necessary to counter this imbalance. 

 

 In terms of energy and greenhouse gas savings, the results cover a wide range and do 
not suggest a clear tendency towards material or energy use. In many cases, biomaterial 
paths match up to or even surpass biofuels / bioenergy paths. 

 From a supply security point of view, the material use of biomass should be encouraged 
or even preferred over energy use. Biomass is the only renewable resource for sectors 
depending on carbon-containing feedstocks such as the chemical industry. In this con-
text, possibilities for a cascade use, i.e. the sequential / successive use of biomass for 
bio-based products and bioenergy, should be explored. 



34 4F CROPS – D 14: Set of environmentally friendly options IFEU Heidelberg 

 

Biofuels – a land-use efficient option? 

Besides an efficient use of biomass itself, the efficient use of agricultural land is particularly 
important. In this study the assumption is made that all crops under investigation are pro-
duced on surplus land. This helps avoid competition with feed and food production, although 
even surplus land is not always readily available. 

It has already been shown that material and energy biomass uses may lead to similar results 
in terms of climate protection (i.e. mitigation of greenhouse gas emissions) as other renew-
able energy sources. Thus biomass (and therefore agricultural land) will most likely continue 
to be used for energy production rather than as biomaterials, despite the higher advantages 
in energy security of biomaterials. This is mainly due to the fact that biomass can usually be 
stored quite easily and can be provided year-round. The availability of other renewable en-
ergy sources such as wind or solar power shows a large spatial and temporal variation. 

Biomass can be used for power and heat production (stationary use) as well as a liquid or 
gaseous biofuel in the transport sector. This study shows that the combined heat and power 
production in stationary use leads to far higher energy and greenhouse gas savings than use 
for transportation. This is because in stationary use biomass can be converted with far higher 
efficiency and that the replaced power and heat mixes have higher CO2 loads than replaced 
conventional fossil fuels in the transport sector. 

In the short and medium term (until 2020) the use of liquid and gaseous biofuels is the only 
way to implement renewable energy in the transport sector. In the long run, electric propul-
sion could open up new perspectives both for the use of biomass electricity (which is more 
advantageous than liquid or gaseous biofuels) and other renewable electricity sources. It 
would allow the use of solar, wind and hydropower in the transport sector. However, only 
motorized private transport can be electrified, not air, or ship traffic and freight transport by 
road for which the only renewable option will be liquid and gaseous biofuels. From a land use 
efficiency point of view, biofuels made from herbaceous lignocellulosic crops show the great-
est potential of saving energy and greenhouse gases and should therefore be implemented 
as soon as second generation technologies become available. 

In terms of land use efficiency electricity produced from biomass is clearly inferior to wind 
and solar power. Wind power especially shows great advantages since it occupies only small 
areas while the remaining area can be used for agriculture. Solar power also shows better 
results than bioenergy. With solar power, mainly roof areas and facades should be used in 
order to save the limited agricultural area. Bioenergy can only be compared with wind and 
solar power to a limited extent due to differences regarding the spatial and temporal availabil-
ity of these systems. These differences do not allow for an unlimited substitution of systems. 

 

 Renewable energy can be generated from a number of sources, among others biomass. 
The results indicate that biomass is not per se the most land-use efficient option. 

 Nevertheless, biomass for energy will play an important role due to its advantages in 
terms of storability and year-round availability. The most efficient option is the stationary 
use of biomass for heat and/or power generation which outperforms the mobile use as a 
biofuel for transportation. 
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There is more than carbon footprint: other environmental impacts 

If no clear decision can be drawn from the energy and greenhouse gas balances of different 
systems then other environmental impact categories should be drawn on as the basis for a  
decision. However, even if energy and greenhouse gas balances show clear advantages for 
a certain option, it should be kept in mind that other environmental impact categories might 
be disadvantageous. Often advantages regarding energy and greenhouse gases come along 
with considerable disadvantages regarding other environmental impact categories, e.g. an 
increase in emissions of acidifying and eutrophying pollutants. 

Being generic, an LCA can be applied to any system, but it also has some limitations, as it 
was developed to compare products. Still, an LCA cannot address site-specific environ-
mental impacts only occurring at some of the life cycles stages, which cannot be averaged 
without losing their significance. Examples are impacts on biodiversity and soil as well as 
impacts from pesticide use. These impacts should be taken into account at all costs espe-
cially prior to political strategy decisions and the planning of large scale biomass production 
projects. For the time being the environmental impact assessment (EIA) is the only instru-
ment available for this. For example, the EIA conducted within the 4F CROPS project 
showed that perennial crops show less harming environmental impacts than annual crops 
(D 12, /Fernando et al. 2010/). 

 

 For a comprehensive environmental assessment, the results of the other environmental 
impact categories should be considered as well, especially if no decision can be made 
based on the results of the energy and greenhouse gas balances. 

 Site-specific environmental impacts such as impacts on biodiversity and soil still cannot 
be addressed by an LCA. For those impacts, it is necessary to undertake an environ-
mental impact assessment (EIA) prior to a project, e.g. a large-scale non-food cropping 
system. 
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Risks of increased pressure on land: land-use competition and land-use changes 

This study is based on the assumption that the crops under investigation are produced only 
on surplus land. This is agricultural land which is not needed for food or feed production and 
thus, in theory, is available for the cultivation of renewable raw materials. 

While working towards a bio-based economy it has to be kept in mind that modern society 
has multiple claims to land area which have to be weighed against each other. There are 
several sustainability goals not only in terms of climate protection but also regarding the pro-
tection of nature, soil and water. All these goals can only be implemented if enough area is 
available. Examples are the protection of biological diversity, the creation of connected bio-
tope areas or the expansion of organic farming. For biological diversity, areas that are set-
aside play an important role. However, recently there has been clear evidence that such ar-
eas are again taken into production and that agricultural environmental programs become 
less attractive due to the ambitious renewable energy expansion objectives. There is a risk 
that the implementation of the above mentioned sustainability goals might fall behind which 
in certain cases might lead to a irreversible loss of an ecosystems goods and services. To 
avoid such losses, obligatory and effective safety measures should be established for agri-
cultural land use as a whole (not only for energy and industrial crop cultivation) and based on 
a society wide consensus. 

Whether and to what extent surplus land will be available in the future for the production of 
renewable raw materials depends on many factors: food and feed demand (which in turn 
depends on population development and consumption patterns), how efficiently it can be 
produced (depending on cultivation and livestock farming systems as well as on technical 
and breeding progress), and on climate change. Such complex interrelations can best be 
assessed by a combination of econometric and biophysical models. However, if biomass is 
not produced on surplus land but instead competes with food and feed production indirect 
land use changes would occur. The inclusion of the change in carbon stocks into the green-
house gas balances has a clear disadvantageous impact on the results. In the worst case 
biomass use could even show more greenhouse gas emissions than fossil or conventional 
equivalent products (see Fig.  3-3).  

 

 There are a number of area-demanding sustainability goals in place concerning nature, 
soil and water conservation. In order to safeguard their implementation, effective safety 
measures are urgently needed to confine agricultural land use to a sustainable level. 
Therefore, only a certain share of the surplus land should be used for non-food crops. 

 If non-food crops are not cultivated on surplus land but displace food and feed crops, 
indirect land use changes are caused. The latter might lead to unfavourable greenhouse 
gas balances, i.e. the bio-based product leads to higher emissions than its fossil or con-
ventional equivalent. 
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Back to the future? Traditional versus future crops 

The analysis shows that future crops are not necessarily superior to existing traditional crops. 
Traditional crops, for which there are already mature and efficient technologies, should be 
preferred over new crops and biofuels for which technologies might still be immature. In par-
ticular for the conversion of herbaceous lignocellulosic crops, which are especially climate 
friendly, there are still considerable technological difficulties. Difficulties concern the gasifica-
tion as well as the enzymatic decomposition and fermentation of lignocellulosic biomass for 
ethanol production. Such crops should be produced at a large scale only after these techno-
logical difficulties have been solved. Until then existing and mature traditional biomass use 
systems can be drawn on. 

Besides the technological difficulties, the perennial lignocellulosic crops cannot be integrated 
into existing annual crop rotation systems. Therefore, the area available for such crops is 
further limited. 

The most advantageous crops from an environmental point of view do not necessarily show 
the best economic results. Economic incentives could become necessary at a farm level if 
the cultivation of the most environmentally efficient crops is expanded. However, since the 
combination of environmental and economic results in this study is based on different system 
boundaries, no statements can be made on the macroeconomic costs of additional CO2 sav-
ings via the support of especially climate friendly renewable raw materials. 

 

 As far as future crops are concerned, there are still considerable challenges in terms of 
production, harvesting and conversion technology as well as in terms of integration into 
crop rotations. For traditional crops mature industrial-scale technology is applied. Some 
of them are competitive to future crops regarding their environmental performance. 

 Environmental and economic analysis of future non-food crops often lead to contradictory 
results, i.e. the most environmentally friendly crop is not necessarily the most profitable 
one from a farmer’s point of view. However, the economic analysis should cover the en-
tire life cycle (as for the environmental analysis) in order to evaluate the societal costs 
and benefits, too. 
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