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3. Spatially explicit 
modelling of biofuel 
crops in Europe
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Abstract

This paper describes a methodology to explore the (future) spatial distribution of 
biofuel crops in Europe. Two main types of biofuel crops are distinguished: biofuel 
crops used for the production of biodiesel or bioethanol, and second-generation bi-
ofuel crops. A multi-scale, multi-model approach is used in which biofuel crops are 
allocated over the period 2000-2030. The area of biofuel crops at the national level 
is determined by a macro-economic model. A spatially explicit land use model is 
used to allocate the biofuel crops within the countries. Four scenarios have been 
prepared based on storylines influencing the extent and spatial distribution of 
biofuel crop cultivation. The allocation algorithm consists of two steps. In the first 
step, processing plants are allocated based on location factors that are dependent 
on the type of biofuel crop processed and scenario conditions. In the second step, 
biofuel crops are allocated accounting for the transportation costs to the process-
ing plants. Both types of biofuel crops are allocated separately based on different 
location factors. Despite differences between the scenarios, mostly the same areas 
are showing growth in biofuel crop cultivation in all scenarios. These areas stand 
out because they have a combination of well-developed infrastructural and indus-
trial facilities and large areas of suitable arable land. The spatially explicit results 
allow an assessment of the potential consequences of large-scale biofuel crop culti-
vation for ecology and environment.

With Peter Verburg. Biomass & Bioenergy, doi:1 0.1016/j.biombioe.2008.09.003
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3.1 Introduction

The European Union aims to raise the amount of renewable energy in its total en-
ergy consumption to reduce greenhouse gas emissions (Faaij, 2006). Ambitious 
goals have been set, which require that 10% of the EU’s energy consumption must 
be derived from biomass in the year 2010 (Faaij, 2006). Equally ambitious goals 
have been set in the transport sector: the minimum share of biomass or other 
renewable transport fuels must be 2% in 2005 and 5.75% in 2010 (Murphy and 
McCarthy, 2005). A number of crops can be grown as sources of biomass or other 
transport fuels. Agricultural production of these ‘bioenergy crops’ in Europe will 
be necessary to meet the ambitious bioenergy goals of the European Union (Faaij, 
2006). Because bioenergy crops have relatively low energy yields per unit weight 
compared to fossil fuels, large areas will be needed to meet the European bioenergy 
goals (Anderson and Fergusson, 2006). Large-scale agricultural production of dedi-
cated bioenergy crops can have important environmental side-effects (Anderson 
et al., 2004; Anderson and Fergusson, 2006; EEA, 2006). Research should provide 
more insights into the potential environmental side-effects of large-scale produc-
tion of bioenergy crops.

A number of studies have addressed bioenergy crops in a spatial context. Strengers 
et al. (2004) used the IMAGE-model to make land use projections in 17 world re-
gions for different land use types, including bioenergy crops. De La Torre Ugarte 
& Ray (2000) used the POLYSYS modelling framework to simulate competition 
between bioenergy crops and other agricultural crops in the US based on their 
economic performance at the level of agricultural statistics districts. Smeets et al. 
(2007) developed the Quickscan-model to determine the availability of bioenergy 
crops on a global scale given certain sustainability criteria, while the European 
Environmental Agency (2006) made a similar analysis on a European scale. In ad-
dition, Wakker et al. (2005) used the BIOTRANS-model and the ChalmersVIEWLS-
model to determine prices, distribution and trade of bioenergy crops within Europe 
given the European bioenergy goals. Although these studies have given valuable 
results, the spatial distribution of bioenergy crops has only been addressed at a 
highly aggregate level. A spatially more detailed assessment can be very useful 
because the geographical location and spatial pattern of bioenergy crop cultivation 
are important factors that determine the environmental effects (Anderson and Fer-
gusson, 2006).

A number of studies provide information on the environmental effects of bioenergy 
crop production at the plot-level, e.g. (Nyakatawa et al., 2006; Sage et al., 2006). 
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However, these studies do not capture the landscape-scale effects of bioenergy 
crops (Anderson and Fergusson, 2006).

This paper proposes a methodology to address the spatial distribution of bioenergy 
crops in a spatially explicit manner using a grid-based simulation approach. This 
methodology can provide insights both into which land use types are likely to be 
replaced by bioenergy crop production, and the geographical location and spatial 
pattern of bioenergy crop cultivation. The current approach limits itself to bioen-
ergy crops used for the production of transport fuels (i.e., ‘biofuel crops’).

3.2 Methods

Overview of methodology
The methodology has been developed as part of the EUruralis project that aims 
at providing multi-scale scenarios of land use change and its impacts for the EU 
(Verburg et al., 2008). The EUruralis project addresses four scenarios of land use 
change for the period 2000-2030, as well as a number of policy variants for each 
scenario (Westhoek et al., 2006). A multi-scale, multi-model approach has been 
used to address the processes driving land use change over scales ranging from 
the global to the landscape level. The Global Trade Analysis Project (GTAP) and the 
Integrated Model to Assess the Global Environment (IMAGE) are combined to cal-
culate at national level the changes in land area of different agricultural land cover 
types (Van Meijl et al., 2006) (figure 3.1). A spatially explicit land use change model 
(Dyna-CLUE) is used to downscale these land use changes to a spatial resolution of 
1 km2 (Verburg et al., 2006).

In a separate module, biofuel crops are spatially allocated based on area demands 
from GTAP-IMAGE and the arable land distribution from Dyna-CLUE. Assessments 
are made for a period of thirty years (2000-2030) with yearly time steps. We have 
classified the total array of possible biofuel crops (Wakker et al., 2005; Tuck et al., 
2006) into two classes to facilitate the analysis:
Biodiesel/bioethanol crops include all crops used to produce biodiesel and bioeth-
anol (i.e. excluding ligno-cellulosic crops), which means oilseed crops, cereals 
and starch crops. Most of these crops are also cultivated as food crops, and fit into 
a “normal”, arable crop rotation. Rapeseed is currently the dominant biodiesel/
bioethanol crop in the EU (Faaij, 2006). Ligno-cellulosic crops include all crops 
harvested for their biomass, i.e. willow, poplar, miscanthus, etc. Ligno-cellulosic 
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crops are perennials and do not fit into the “normal”, arable crop rotation. As wil-
low, poplar, and miscanthus are generally regarded as the most promising ligno-
cellulosic crops in the EU (Faaij, 2006), there is a focus on the characteristics of 
these crops in the allocation of ligno-cellulosic crops as a whole.

Scenario

Global macro-economic modelling 
(GTAP-IMAGE)

Spatial allocation of land cover change 
(Dyna-CLUE)

Bioenergy crops allocation module

Land cover map

Land area of land cover types

Policies & preferences
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Figure 3.1 General overview of the modelling chain that was used in this study.

GTAP-IMAGE
GTAP is a computable general equilibrium model consisting of multiple (world) 
regions and industries (Van Meijl et al., 2006). These are linked through regional 
and national input-output tables, which describe the different production chains 
from primary goods to final products. Biodiesel and bioethanol are separately 
placed in the GTAP input-output structure of the petroleum industry, which means 
that the petroleum industry can choose between using oil, ‘regular’ petroleum 
products, biodiesel or bioethanol as inputs for fuel (Woltjer et al., 2007). The model 
maximizes the profit of each industry in each region based on the idea of a ‘repre-
sentative’ producer, and makes decisions about the use of resources in each sector 
(Van Meijl et al., 2006). Based on scenario descriptions, the macro-economic driv-
ers are determined and a “solution” is calculated (Van Meijl et al., 2006). Trading 
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policies, taxes, subsidies and other policies are taken into account by the model. 
Using these parameters and policies, the economic consequences of each scenario 
on the agricultural sector are calculated (Van Meijl et al., 2006). The changes in 
land use calculated by GTAP are used by the integrated assessment model IMAGE 
to calculate the impact of land use change and climate change on land productivity 
(Van Meijl et al., 2006). The modified changes in land productivity are fed back to 
GTAP, which updates its calculations with this new land productivity. The iteration 
is continued until a consistent output is attained. More details about this iterative 
procedure are found in (Van Meijl et al., 2006; Eickhout et al., 2007). In the version 
of GTAP reported in this paper only biodiesel/bioethanol crops are addressed. In 
the spatial allocation of ligno-cellulosic crops, acreages of ligno-cellulosic crops 
have therefore been used which were purely based on scenario assumptions and 
not on GTAP calculations.

Dyna-CLUE
The Dyna-CLUE model dynamically simulates competition between land use 
types based on probability maps based on the variation in biophysical and socio-
economic conditions (Verburg et al., 2002). The allocation is done in iterative steps, 
during which the allocated areas are matched with predetermined claims of land 
use types.

In the EUruralis-project, Dyna-CLUE is used to allocate land use changes to a 1 km2 
raster based on the national level land demands calculated by GTAP/IMAGE (Ver-
burg et al., 2006). Land use change is simulated over the period 2000-2030 in time 
steps of 1 year. Eight land use types are actively simulated, and another eight land 
use types are considered static and do not change (e.g. bare rock). Dyna-CLUE does 
not have a separate class for biofuel crops. Instead, they are included in ‘normal’ 
arable land. It is assumed that agricultural land competes for locations with other 
land cover types rather than specific crop types. Therefore, the new methodology 
presented in this paper determines which locations within the arable land area will 
be allocated to biofuel crops.

Biofuel crops allocation
Relatively little energy can be produced from biofuel crops per unit weight as com-
pared to fossil fuels (Allen et al., 1998; RCEP, 2004; Caputo et al., 2005; Anderson 
and Fergusson, 2006). This means that not only large volumes of these crops need 
to be supplied to a processing plant, but also that transportation is relatively ex-
pensive (Allen et al., 1998; RCEP, 2004; Campens et al., 2005; Caputo et al., 2005; 
Anderson and Fergusson, 2006). Therefore, the economic performance of these 
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crops at a certain location will hinge on the distance to a processing plant (Ander-
son et al., 2004). Thus, a good approach in allocating biofuel crops is to determine 
first which sites are most likely as processing sites of biofuel crops, and account for 
the transport costs to these sites in determining potential production locations for 
biofuel crops (figure 3.2).

Allocation of processing plants
Processing plants for both biodiesel and ligno-cellulosic crops are allocated based 
on location factors specific for scenario and crop type. The main difference be-
tween the allocation of both types of plants is that ligno-cellulosic plants are as-
sumed to be placed closer to the potential production locations of the crops due to 
the higher bulk volume and associated transportation costs. 

In the allocation of processing plants, a minimum distance between plants is 
assumed. This is to account for a preference of plants for local feedstock. The 
minimum distance between plants is based on plant capacity and on the amount 
of land needed to supply enough products to the plant. Because plant capacities 
differ between the various EUruralis scenarios, the minimum distance between 
processing plants also differs between these scenarios.

2a: Allocation of biodiesel &  
bioethanol crops

1a: Allocation of processing plants 
biodiesel & bioethanol crops

1b: Allocation of processing plants 
ligno-cellulosic crops

2b: Allocation of ligno-cellulosic  
crops

Figure 3.2 General overview of the biofuels allocation procedure with the two different mod-

ules; i.e. first module allocates the biofuels processing plants and the second module allocates 

the biofuel crops around these processing plants.

The allocation of processing plants is based on a suitability map derived through a 
Multi-Criteria Evaluation (MCE) for both classes of biofuel crops (figure 3.3).  
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MCE is a tool that has been developed for complex multi criteria problem(s) within 
decision making (Malczewski, 1999). This MCE considers four criteria (factors):  
potential availability of feedstock, infrastructure, location of petrochemical indus-
try and industrial sites in general. The MCE combines these criteria following:

(Winfrastructure* Finfrastructure + Wpetrochemical industry * Fpetrochemical industry + Windustry 

* Findustry + Wfeedstock * Ffeedstock) / ∑W      

  (1)

Where: F indicates the factor which is quantified by a value between 0 and 1, and 
W is the weight of each factor. The weights are scenario-specific to account for dif-
ferences in preferences and technology between the scenarios.

In addition, a random component is added to the suitability of the 25% most suit-
able locations. This random component is incorporated in the allocation of pro-
cessing plants to account for chance events in location selection; i.e. the location 
of (new) industries cannot be entirely predicted by rational arguments, as chance 
events also influence this process (Arthur, 1994; Weterings, 2001).

1. Availability of feedstock 
Proportion suitable land is  
determined based on:

•	 temperature	&	rainfall
•	 yield
•	 slope

3. Petrochemical industry:
Distance to nearest petro-
chemical industry.

4. Industry:
Distance to nearest petro-
chemical industry.

5. Random factor:
Location receives a  
generated random number.

2. Infrastructure:
•	 Within	15	km	of	seaport
•	 Within	3	km	of	railway
•	 Within	2	km	of	river

Multi-criteria Evaluation

Figure 3.3 Overview of the allocation of processing plants.
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One of the main variables for allocating processing plants is infrastructure. Spatial-
economic theories (i.e., neo-classical location theory and the Von Thünen model) 
assume that transportation costs play an important role in the location of industry 
(Harrington and Warf, 1995). Although such a significant role of transportation 
costs is questioned (Weterings, 2001), it is realistic to assume that transportation 
costs play a role in the biofuel sector because the large bulk of the crops involved 
can lead to high transportation costs (Bridgwater, 2006). A way to reduce transpor-
tation costs is to place processing plants close to railways or rivers, as transport of 
biofuel crops by train or ship is cheaper than transport by truck (Börjesson, 1996; 
RCEP, 2004; Campens et al., 2005). Security of feedstock supply could also make 
locations along transport routes more preferred. Processing plants have a very sea-
sonal supply of feedstock because their feedstock is usually harvested once a year 
(Monier and Lanneree, 2000; Bridgwater, 2006) and by locating plants at logistical 
hubs (sea harbour, river or railway) feedstock can be used from a wider area. Our 
analysis of current plant locations showed that most biodiesel/ bioethanol plants 
in France and Germany are located near large harbours, rivers or railways. 

The choice for including the vicinity of petrochemical industry as a location vari-
able is also based on neo-classical location theories. It is considered favourable if 
a number of similar companies are located together due to benefits such as shared 
infrastructure, local knowledge spill-overs, sufficient supplies, and capital (Weter-
ings, 2001; Boschma and Weterings, 2005). Although there are differences between 
the biofuel-sector and the ‘regular’ petrochemical industry, there is also overlap 
as both sectors produce energy/fuels. The petrochemical industry currently plays 
a very active role in the biofuel sector in France and has invested in bioethanol 
plants (Monier and Lanneree, 2000; Van den Broek et al., 2003). Moreover, biodies-
el and bioethanol are blended with regular fuel in most European countries (En-
guidanos et al., 2002; Van den Broek et al., 2003; Wakker et al., 2005). As blending 
is most practical at either refineries or storage depots (Van den Broek et al., 2003), 
nearby petrochemical industry could be a benefit for a biodiesel or bioethanol 
plant. Benefits can also arise from the vicinity of non-similar industries (Krugman, 
1999; Boschma and Weterings, 2005): e.g. through the availability of supporting/
facilitating companies, labour, knowledge, capital, infrastructure, and processing 
capacity of by-products.

Placing processing plants close to production sites is a good way to reduce trans-
portation distances and costs. Locations with large areas of suitable arable land in 
the direct vicinity can thus be attractive sites for processing plants. Therefore, the 
total area of suitable arable land is calculated at each location within a radius of 80 
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km and is included in the MCE as the factor ‘feedstock’. The following criteria were 
used to determine which arable land is suitable for respectively biodiesel/bioetha-
nol and ligno-cellulosic crops: rainfall and temperature (derived from Tuck et al. 
(2006)), yield (derived from Elbersen et al. (2006)), and slope.

In addition, we have assumed that it is unattractive to cultivate biofuel crops on 
locations with relatively very high yields of cereals and root crops due to economic 
competition; i.e. high value cereals and root crops will probably be economically 
more competitive than ligno-cellulosic crops on the best soils (Elbersen et al., 2006), 
and the economic competitiveness of biodiesel crops can also be questioned as the 
main biodiesel crop rapeseed already receives considerable subsidies but is not an 
attractive land use option in high-yielding areas (Janssens et al., 2005). Although 
some biodiesel/bioethanol crops are also used as food crops and are as such culti-
vated in high-yielding areas (i.e. wheat and sugar beet), these crops are currently 
less important biofuel crops than rapeseed. Moreover, agriculture in the EU is (still) 
heavily influenced by subsidies and this is unlikely to create a situation in which 
fuel production is the most attractive option on the best soils. Therefore, it is as-
sumed that large-scale biofuel crop cultivation will not take place on the best soils.

Allocating arable biofuels
The total area of biodiesel/bioethanol crops that is allocated is determined by the 
output of GTAP/IMAGE at the national level and allocated using yearly time steps 
at a spatial resolution of 1 km2.

The allocation of biodiesel/bioethanol crops begins by selecting the first process-
ing plant allocated. Based on the capacity of the plant, the appropriate number of 
hectares is allocated to provide this plant with enough feedstock. The actual allo-
cation of biodiesel/bioethanol crops is based on a suitability map derived through 
a Multi-Criteria Evaluation. After allocating enough biodiesel/bioethanol crops to 
match the capacity of the plant, a next processing plant is selected and biodiesel/
bioethanol crops are allocated to supply this plant. The process continues in con-
secutive steps until the total demand has been met.

In the allocation of biodiesel/bioethanol crops, an important factor is the capacity 
of the processing plants, i.e. how many hectares of biodiesel/bioethanol crops are 
needed to provide enough feedstock for a plant based on average crop yield and 
energy yield. Differences in yields and conversion efficiencies between biodiesel 
and bioethanol crops were taken into account. On average, 0.58 ha of biodiesel/
bioethanol crops is needed to produce 1 ton of biodiesel/bioethanol. Based on the 
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plant capacities as defined by the scenario conditions, feedstock areas are calcu-
lated. Imports of feedstock are also taken into account and based on the scenario 
definitions given in paragraph 3.

The actual allocation of biodiesel/bioethanol crops is based on a suitability map 
derived through a MCE (figure 3.4). The MCE is based on three criteria: transporta-
tion costs of crops to the processing plant, biophysical suitability, and a rotation 
factor. Because the transportation costs are based on the distance to the processing 
plant, they are recalculated by the model for each new processing plant. The MCE 
is based on equation 2: 

( Wtransportation costs * Ftransportation costs + Wbiophysical suitability * Fbiophysical suitability + 

Wrotation * Frotation) / ∑W        

        (2)

Where: F indicates the factor, and W indicates the weight of each factor. The weights 
are scenario-specific.

The cheapest route to the nearest processing plant is calculated at each location 
taking into account the costs of transportation by truck, rail and ship. Because the 
costs of transporting biodiesel/bioethanol crops could not be retrieved from lit-
erature, the transportation costs given for ligno-cellulosic crops were used (RCEP, 
2004) (see table 3.1). As the relative costs for truck, train and ship transport will be 
similar for different types of biofuel crops, these values can be considered a reason-
able proxy. Locations with low transportation costs have been given a high suit-
ability in the MCE. Handling costs are not considered in the cost-distance analysis 
because reliable information was not available.

In the MCE, the biophysical suitability of a location for biodiesel/bioethanol crops 
is also considered and is determined based on: rainfall and temperature (Tuck et 
al., 2006), yield (Elbersen et al., 2006), and slope.

Both areas with low as well as areas with high yields of cereals and root crops are 
considered unlikely production sites of biodiesel/bioethanol crops. Locations with 
a low yield of biodiesel/bioethanol crops were given a low suitability because these 
marginal soils would generate small yields and small profit margins. Cultivation of 
biodiesel/bioethanol crops on very good soils was also assumed unlikely because 
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high value cereals and root crops are probably economically more competitive on 
these soils (Elbersen et al., 2006). However, because under European set-aside poli-
cy no crops other than energy crops may be grown on set-aside land, many farmers 
grow them (temporarily) on set-aside lands –including high yield lands (Janssens 
et al., 2005). Thus, we assumed that around 5% of the high yield lands are set-aside 
and still available for biodiesel/bioethanol crops. This issue does not concern EU 
new member states, as set-aside policies do not apply to them.

Biodiesel/bioethanol crops are arable crops cultivated in a rotational system to 
avoid diseases (Janssens et al., 2005; Annevelink et al., 2006). There is no reason to 
assume this rotational system will change if these crops are cultivated as industri-
al/biofuel crops. This rotational system will probably prevent monocultures of bio-
diesel/bioethanol crops and will produce a mosaic pattern of biodiesel/bioethanol 
crops and other arable crops. A random factor has been included in the MCE (equa-
tion 2) to capture the effect of this rotational system on the spatial pattern of crop 
allocation. Low values of the random factor are intended to indicate locations of 
which the suitability for biodiesel/bioethanol crops is low due to the crop rotation.

T 3.1 Transportation costs (in £/dry tonnes/km) of two ligno-cellulosic crops based on different 

types of transport for the UK (source: Royal Commission on Environmental Pollution, 2004).

Transportation cost: truck rail ship

Willow 0.08 0.04 0.012

Miscanthus 0.07 0.028 0.01

Average 0.075 0.034 0.011

Allocating ligno-cellulosic biofuels
The allocation of ligno-cellulosic crops is very similar to the allocation of biodiesel/
bioethanol crops. However, a number of differences between both allocation proce-
dures can be found in the (1) translation of plant capacities into required hectares 
of biofuel crops and (2) the MCE.

Because plant capacities for ligno-cellulosic crops are typically described in MWth, 
we have calculated how many hectares of ligno-cellulosic crops are needed to 
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produce 1 MWth based on average crop yield and energy yield. 117 ha is needed to 
produce 1 MWth according to our calculations based on an average yield of ligno-
cellulosic crops of 12 tonnes/ha, a conversion efficiency of 40%, and a lower heat-
ing value of 18 GJ/ton. Imports and use of by-products as defined by the scenario 
conditions are taken into account.

Also the allocation of ligno-cellulosic crops is based on a suitability map derived 
through a MCE (figure 3.4). The MCE is based on three criteria: transportation costs of 
crops to the processing plant, biophysical suitability, and the distance to settlements:

(Wtransportation costs * Ftransportation costs + Wbiophysical suitability * Fbiophysical suitability + 

Wdistance to settlements * Fdistance to settlements) / ∑W     

             (3)

Biophysical suitability:

•	 Temperature & rainfall
•	 Yield
•	 Slope

•	 Distance to nearest settle  - 
ment (only in allocation of  
ligno-cellulosic crops)

Allocation of crop area  
matching plant demand

Transportation cost:

•	 Calculate cheapest route to plant
•	 Low transportation costs w high 

suitability

Select plant biodiesel/bioethanol 
crops

Loop continues until the national demand is allocated.

Multi-Criteria Evaluation

Figure 3.4 General overview of the allocation procedure of biodiesel/bioethanol and ligno-

cellulosic crops.
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Where: F is the factor, and W is the weight of each factor. The weights are scenario-
specific.

Similar to the allocation of biodiesel/bioethanol crops, a role of transportation 
costs and biophysical suitability for ligno-cellulosic crops cultivation was assumed 
in the allocation of ligno-cellulosic crops. Biophysical suitability was determined 
based on the same factors as in the case of biodiesel/bioethanol crops. Similarly, 
low and high yield soils were both given a low suitability; i.e. cultivation of ligno-
cellulosic crops on very good soils was assumed unlikely because high value 
(food) crops are probably economically more competitive on these soils (Elbersen 
et al., 2006), and low yield soils would generate too small yields and small profit 
margins. Therefore, locations with a high yield of high value food crops or a low 
yield of ligno-cellulosic crops were given a low suitability in the allocation of ligno-
cellulosic crops. 

As cultivation of ligno-cellulosic crops requires investments (e.g. herbicides, in-
frastructure improvements or special machinery), larger plantations are generally 
preferred (DEFRA, 2004). In addition, the high bulk volume of these crops and 
transportation costs favour concentration of ligno-cellulosic crops around process-
ing plants (Anderson and Fergusson, 2006). Such large-scale monocultures of lig-
no-cellulosic crops are less likely around cities were the landscape is interspersed 
with roads and other non-agricultural land uses. Moreover, ligno-cellulosic crops 
can have a considerable impact on the landscape (DEFRA, 2001; DEFRA, 2004). 
As rural land surrounding cities and larger settlements often also has recreational 
functions, cultivation of ligno-cellulosic crops might be discouraged in such envi-
ronments. Therefore, locations in large-scale agricultural areas with relatively few 
settlements have been given a higher suitability in the MCE.

3.3 Scenarios

Four contrasting scenarios are considered based on the IPCC SRES scenarios: 
‘Global Economy’, ‘Continental Market’, ‘Global Cooperation’, and ‘Regional Com-
munities’ (Westhoek et al., 2006). These scenarios are different in a number of 
aspects, which influences the extent and spatial distribution of biofuel crops. Table 
3.2 gives an overview of the assumptions made in each scenario regarding the spa-
tial distribution of biofuel crops. The capacities of biodiesel/bioethanol plants are 
based on an analysis of the capacities of 21 processing plants in France and Ger-
many. In scenarios with large-scale plants, plant capacities are in the upper range 
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T 3.2 Scenario assumptions regarding the spatial distribution of bioenergy crops.

Global 
economy

Global 
cooperation

Continental 
markets

Regional 
communities

Globalization Strong Strong Low Low

CAP subsidies Abolished Abolished Maintained Maintained

Environmental 
awareness

Low High Low High

Capacity of 
biodiesel/bio-
ethanol plants

Large plants Large and 
small plants

Large and 
small plants

Small plants

Biodiesel/
bio-ethanol 
plant capacity 
(tonnes/year)

210,000-
310,000

40,000-
240,000

40,000-
240,000

45,000-85,000

Ligno- 
cellulosic 
plant capacity 
(MWth)

1,500-2,000 - - 75-125

Import  
feedstock 

30% 20% 10% 0%

Location plants Close to main 
international 
infrastructure 
(harbours)

Close to main 
international 
infrastructure 
(harbours) OR 
close to feed-
stock areas

Close to main 
international 
infrastructure 
(harbours) OR 
close to feed-
stock areas

Close to feed-
stock areas

Allocation of 
biofuel crops 
in relation to 
infrastructure

Focused on 
production 
characteristics 
with limited 
influence of 
infrastructure 
and accessibil-
ity of plants

Close to inter-
national infra-
structure and 
easy access 
to plants to 
minimize road 
transport and 
CO

2 
emission

Focused on 
production 
characteristics 
with limited 
influence of 
infrastructure 
and accessibil-
ity of plants

Close to inter-
national infra-
structure and 
easy access 
to plants to 
minimize road 
transport and 
CO

2
 emission

Biofuel crops 
in NATURA- 
2000 areas

Yes No Yes No
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of these 21 capacities. Plant capacities are in the lower range in scenarios with 
small-scale plants, and in the intermediate range in scenarios with both large-scale 
and small-scale plants.

Ligno-cellulosic crops are currently not yet considered in the EUruralis-project. To 
illustrate the spatial allocation of ligno-cellulosic crops, two additional scenarios 
are introduced: ‘Global Economy with ligno-cellulosic crops’ and ‘Regional com-
munities with ligno-cellulosic crops’. These latter scenarios are similar to the 
equivalent EUruralis-scenarios; with the exception that half of the required acreage 
of biofuel crops is assumed to consist of ligno-cellulosic crops. This study will as-
sume that in ‘Global economy with ligno-cellulosic crops’ ligno-cellulosic plants 
will have a scale at the upper end of the range of capacities given by Hoogwijk et 
al. (Hoogwijk et al., 2000), whereas in ‘Regional communities with ligno-cellulosic 
crops’ ligno-cellulosic plant capacities are assumed to be at the lower end of this 
range. Ligno-cellulosic plants are assumed to derive 5% of their feedstock from 
forestry by- products in the ‘Global economy with ligno-cellulosic crops’ scenario, 
and 10% of their feedstock from by-products in the ‘Regional communities with 
ligno-cellulosic crops’ scenario.

3.4 Results

Scenario results
Figure 3.5 gives the area of biofuels aggregated by EU administrative regions 
(NUTS2 level) in 2030 as a percentage of the total land area for each EUruralis sce-
nario. There are substantial differences in the share of biofuels between the four 
scenarios. In the ‘Global economy’ and ‘Continental markets’ scenarios the share 
of biofuels is smaller than in the ‘Global cooperation’ and ‘Regional communities’ 
scenarios. The latter scenarios assume strong government regulation. In these 
scenarios, EU regulations are assumed to require member states to include a sig-
nificant share of biofuels in their total transport fuel consumption (5.75%) (Woltjer 
et al., 2007), which results in a large area of biofuels. A large part of the additional 
cultivation due to this regulation is allocated in Western and Eastern-Europe.

Despite (important) differences in spatial pattern between the scenarios, similar 
areas are showing most growth in biodiesel/bioethanol crops in all baseline sce-
narios. This is well illustrated by figure 3.6, which shows the locations where bio-
diesel/bioethanol crops were allocated in all four baseline scenarios. Apparently, 
these locations are more suitable for biofuels than others as these areas stand out 
because of a combination of well-developed infrastructural and industrial facilities 
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and large areas of suitable arable land. Examples include NE-Germany, parts of 
Poland, Lithuania, the agricultural regions around Paris, and regions of Slovakia, 
Hungary and Austria. 

Figure 3.5 Biodiesel/bioethanol crops in each NUTS2-region in 2030 (given as percentage of 

total land area) according to the different EUruralis-scenarios.
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The scenario ‘Global economy with ligno-cellulosic crops’ showed that ligno-cellu-
losic crops are allocated at almost the same locations as biodiesel/bioethanol crops 
in the four scenarios; i.e. the ‘hotspots’ of ligno-cellulosic crops clearly overlap 
with the ‘hotspots’ of biodiesel/bioethanol crops. This overlap between biodiesel/
bioethanol crops and ligno-cellulosic crops is less pronounced in the ‘Regional 
communities with ligno-cellulosic crops’ scenario, which assumed very small-scale 
and local production of biofuels leading to a more dispersed spatial pattern than 
large scale production systems. 

Figure 3.6 Hotspots of biodiesel/bioethanol crops in Europe: i.e. locations where biodiesel/ 

bioethanol crops are allocated by the EUruralis biofuels model in all 4 scenarios.

Figure 3.7 shows the spatial pattern of the allocated biodiesel/bioethanol crops  
at a much higher spatial resolution in NW-Spain in 2030 for the four EUruralis  
scenarios. The location of biodiesel/bioethanol processing plants in the area is  
also indicated. In ‘Global economy’, a very large plant is located at the coast  
(i.e. sea-harbour) and a large hinterland area caters feedstock for this plant. In the  
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‘Regional communities’ scenario, many small plants are found while biodiesel/
bioethanol crops are cultivated in the direct vicinity of these plants. In the ‘Conti-
nental markets’ and ‘Global cooperation’ scenarios, a spatial pattern is observed 
that can be considered an intermediate between ‘Global economy’ and ‘Regional 
communities’. These simulation results are consistent with the scenario assump-
tions, i.e. the ‘Global economy’ scenario assumes industrialized production of 
biofuels (large plants located at logistical ‘hubs’ which import feedstock from a 
wide area), whereas the ‘Regional communities’ scenario assumes small-scale, 
environment-friendly biodiesel/bioethanol production (plants supplied with local 
feedstock to avoid long-distance road transport and subsequent CO2-emissions). 
The ‘Continental markets’ and ‘Global cooperation’ scenarios have an intermediate 
position and assume that some plants will be located at logistical ‘hubs’ to process 
feedstock from a wider area, and that other plants will be located close to feedstock 
areas to process local feedstock.

Figure 3.8 shows the spatial pattern of the allocated ligno-cellulosic crops in more 
detail for SW-France in 2030 for the two additional scenarios. Clear differences 
in the spatial pattern between ligno-cellulosic crops and biodiesel/bioethanol 
crops can be observed. The spatial pattern of ligno-cellulosic crops is much less 
dispersed than the pattern of biodiesel/bioethanol crops because ligno-cellulosic 
crops are ‘perennials’ that do not need to be cultivated in a rotational system. 
Ligno-cellulosic crops are also allocated much closer to the processing plant than 
biodiesel/bioethanol crops because of the higher transportation costs (due to their 
large bulk) of ligno-cellulosic crops.

In the ‘Global economy with ligno-cellulosic crops’ scenario, a very large plant is 
located at a central location (i.e. sea-harbour) and ligno-cellulosic crops are allo-
cated around this plant in a relatively wide area. In ‘Regional communities’, there 
are many small, local plants and the ligno-cellulosic crops are allocated around 
these plants in a relatively small area. These differences are consistent with the 
EUruralis baseline scenarios from which these additional scenarios were derived.
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Figure 3.7 Biodiesel/bioethanol crops in NW-Spain in 2030 in the different EUruralis-scenarios.
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Figure 3.8 Allocation of ligno-cellulosic and biodiesel/bioethanol crops in SW-France in the two 

scenarios with ligno-cellulosic crops. 

Sensitivity analysis
A random factor was included in the allocation of biofuel processing plants as a 
means to incorporate chance events into the allocation procedure. An analysis was 
made to determine the impact of this random factor on the allocation procedure. 
This analysis was done for biodiesel/bioethanol plants. Four runs were made in 
which 20 biodiesel/bioethanol plants were allocated with each time a different, 
newly generated random factor. In a second analysis, different runs were made 
in which 20 biodiesel/bioethanol plants were allocated with each time the same 
random factor but with a different weight. Figure 3.9 shows that –despite varia-
tions in the random factor- plants are allocated at more or less the same locations. 
Although some plants are allocated in new locations, most plants emerge around 
a few preferred locations and the random factor mainly causes redistribution be-
tween these preferred locations. The second analysis gave similar results; the re-
sults were not very sensitive to the weight assigned to the random factor.
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Figure 3.9 Sensitivity analysis of the random factor included in the allocation of biodiesel/ 

bioethanol plants; i.e. four runs were made in which 20 biodiesel/bioethanol plants were  

allocated with each time a different, newly generated random factor (‘random seed’).
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Validation
Biodiesel/bioethanol plants
Validation of the allocation of biodiesel/bioethanol plants was performed based 
on the current distribution of biodiesel/bioethanol plants in Germany. According 
to this data, 25 biodiesel and 2 bioethanol plants are located in Germany in four 
clusters (figure 3.10). For each EUruralis scenario, a run was made in which 27 bio-
diesel/bioethanol plants were allocated in Germany based on the settings of the 
scenario. The results were visually compared (table 3.3).

The locations of plants were adequately modelled, but there was a systematic 
underestimation of the number plants in the Ruhr-area and around Frankfurt. As 
both areas are rich in petrochemical industry, this factor could have more influence 
on the location of plants than expected. Systematically more plants were allocated 
in NW-Germany in comparison to the current situation. Because NW-Germany 
contains important harbours, this could indicate that too much weight has been 
assigned to harbours and international trade.

NE-Germany

Current situation Global economy Regional communities

Leipzig
Ruhr-area

 

 

Figure 3.10 Location of the 27 biodiesel/bioethanol plants in Germany (based on Verband der 

Deutschen Biokraftstoffindustrie e.V.) in the current situation (left) and the location of the simu-

lated 27 biodiesel/ bioethanol plants in Germany for the Global economy scenario (middle), 

and Regional communities scenario (right).
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T 3.3 Clusters of biodiesel/bioethanol plants in which the number of plants has been adequately 

modelled and in which the number of plants was over- or underestimated in the validation runs 

in comparison to the current situation.
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Biodiesel/bioethanol crops
A validation of the allocation of biodiesel/bioethanol crops was performed based 
on the current distribution of rapeseed in Germany. Germany currently produces 
almost exclusively biodiesel, which is dominantly derived from rapeseed (Van 
den Broek et al., 2003). The total acreage of rapeseed in Germany was respectively 
752.000 ha in 2000 and 812.000 ha in 2003 (Britz, 2005). A third of all German rape-
seed is used for biodiesel production (Van den Broek et al., 2003).

The biodiesel/bioethanol crops allocation module was run for the years 2000-2003 
based on the acreages derived from the Capri-database (Britz, 2005). Four different 
runs were made, for each of the four EUruralis-scenarios. The allocated acreages of 
biodiesel/bioethanol in the outputs were aggregated at the NUTS2-level. These allo-
cated, aggregated acreages were compared to the agricultural statistics. Because a 
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third of the German rapeseed is used for biodiesel production (Van den Broek et al., 
2003), the acreage of rapeseed used for biodiesel production in each NUTS2-region 
was assumed to be a third of the total acreage given in the statistics. Obviously, the 
assumption is being made that there are no regional differences in the proportions 
of rapeseed used for biodiesel and food production in Germany, which is unlikely 
given the specialized processing. However, such a generalization is necessary as 
data is not available on the actual end-use of produced rapeseed.

Table 3.4 shows the coefficient of determination (r2) for each of the runs. The r2 
varies between 0.37 and 0.52. Although not extremely accurate, the model appar-
ently has added value in explaining the current situation. This is promising as the 
parameter settings were derived from future scenarios, indicating that the scenario 
settings are realistic. Calibration of the parameter settings for the current situa-
tion is not possible given the limited data to perform such a calibration. As soon as 
longer time series and data for more countries are available a thorough calibration 
is possible.

T 3.4 The coefficient of determination (r2) for each of the scenario-runs for the years 2000 and 

2003 as compared to actual production data for Germany.

Scenario: A1 A2 B1 B2

Year: 2000 2003 2000 2003 2000 2003 2000 2003

R2: 0.49 0.51 0.39 0.34 0.37 0.38 0.52 0.58

Ligno-cellulosic crops
As commercial production of biofuels from ligno-cellulosic crops does not yet oc-
cur (Faaij, 2006), a validation or calibration of the allocation of ligno-cellulosic 
crops is impossible.

3.5 Discussion and conclusions

The presented methodology successfully allocated biofuel crops by making best use 
of location theory. However, little empirical evidence regarding the cultivation and 
production of biofuels could be used to further calibrate and validate the methodol-
ogy due to the limited production and use of biofuels in Europe today. Additional 
empirical input could therefore improve the presented methodology considerably.
The allocation of processing plants is sensitive to changes in plant capacities and 
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minimum distance between plants. A number of assumptions were made in the 
estimation of these parameters based on scarce empirical evidence, and uncer-
tainty was also added in the anticipated technological developments regarding 
the capacity of future processing industries. An up-scaling of the biofuel produc-
tion seems likely as processing plants become more profitable with increasing size 
(Friedrich, 2004; Campens et al., 2005; Caputo et al., 2005; Murphy and McCarthy, 
2005). Especially in the case of ligno-cellulosic crops, the future scale of production 
is difficult to determine as these biofuel crops can be processed through different 
techniques (Faaij, 2006). However, none of these techniques are yet available and 
substantial differences exist in the estimated future scale of these plants. Hoogwijk 
et al. (2000) assume in a scenario-study ligno-cellulosic plants of 100-2000 MWth. 
Faaij (2006) assumes that ligno-cellulosic plants will have capacities of 400 MWth 
in the short term and 1000 MWth on longer term. However, some authors question 
the calculations showing the benefits of large-scale ligno-cellulosic plants and 
consider the optimal scale still uncertain (Jenkins, 1997). Others question whether 
large-scale plants are possible considering the logistic issues (i.e. transportation 
costs) and the large area needed to provide enough feedstock (Bridgwater, 2006). 
These issues make it difficult to give realistic plant capacities and minimum dis-
tances between plants for the simulated period.

Another methodological issue is that local subsidies made it difficult to discern 
consistent patterns in the allocation of biofuel plants as they make biofuel produc-
tion attractive in otherwise unattractive locations. Many European countries have 
subsidies to promote the production of biofuels and view the production of biofu-
els as a tool for rural development (Faaij, 2006; Bomb et al., 2007). This means that 
the current locations of biofuel plants are not always based on economic grounds. 
A random factor was included in the allocation of processing plants to take this 
unpredictability into account. Although such a factor makes the model less deter-
ministic, it is common to include this type of aspect in studies of location choice for 
industries and services (Weterings, 2001; Verburg et al., 2004). Other factors that 
are not considered in this study, such as water availability for processing, may be-
come important location factors for biofuel plants in the future. The current study 
has only included location factors that are reported in the reviewed literature.

Despite the methodological issues described above, the model has some clear ben-
efits. To our knowledge, the presented methodology is the first model to spatially 
allocate the biofuels industry in Europe. Existing studies give an overview of the 
biofuels sector or focus on the techno-economic aspects of the biofuels industry 
(Hamelinck and Faaij, 2006), but none consider the geographical aspects of the 
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biofuels industry. The presented methodology provides such a framework, which 
makes it possible to explore the impact of policies on the development and location 
of the biofuel industry. By spatially allocating the biofuels industry, it becomes also 
possible to study the trade-off between locating production in main agricultural 
areas with a large feedstock potential versus locating production in industrial areas 
to profit from the vicinity of end-users (e.g. petrochemical industry). Moreover, the 
results can be considered robust as biofuel crops are consistently allocated in the 
same areas and evident ‘hotspots’ of biofuels appear.

The presented methodology makes a spatially more detailed assessment of the 
consequences of biofuel crop cultivation possible, which has an added-value as 
location and spatial pattern greatly determine the environmental impact of biofuel 
crop cultivation (Anderson and Fergusson, 2006); i.e. the large bulk of most biofuel 
crops could favour a concentration of biofuel crops, leading to landscape simplifi-
cation and land use intensification. The presented methodology makes it possible 
to identify in which ecologically vulnerable regions biofuels are likely to play a role 
in the future. This is important as biofuel crop cultivation is likely to have more 
impact in small-scale, extensively used agricultural systems (such as High Nature 
Value farmland: Andersen, 2003) than in already intensively managed agricultural 
systems. This is especially true for ligno-cellulosic crops, which can have both 
negative and positive environmental impacts depending on which land use types 
they will replace (Anderson and Fergusson, 2006). Their introduction can have a 
large impact on a landscape structure. Moreover, incorporating and quantifying 
the spatial aspects of biofuel crop cultivation in ecological indicators of farmland 
quality will be essential to impact assessments of biofuel crop cultivation. The 
presented methodology provides a framework to incorporate the spatial aspects of 
biofuel cultivation in ecological indicators, and allows impact assessments at the 
landscape scale.
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