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Preface
This study is part of the REFUEL (www.REFUEL.eu) project funded by European Commission
under the Intelligent Energy - Europe programme. It is designed to encourage a greater market
penetration of bio-fuels. To help achieve this goal, a bio-fuels road map is developed that is
consistent with EU bio-fuel policies and supported by stakeholders in the bio-fuels field. The
project involves seven partners and had a running time of two years until begin of 2008.
The land use scenarios and the bio-fuel feedstock potentials presented in this study are closely
interlinked with research of other working groups in the REFUEL consortium. Their main
application is in the full-chain analyses of work package 4 and the energy system analysis of work
package 5. Related reports can be found at the REFUEL web site.
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Executive summary
Introduction
This report is part of the REFUEL project, in which a road map for biofuels in the EU27 up to 2030
is developed. It is one of in total nine reports, eight describing the different work packages and one
final report, summarizing and drawing general conclusions. This report describes the methodology
followed to estimate the European domestic biomass resource potential and related costs. It does so
for three projection estimates concerning agricultural food production, a lower, base and higher
estimate. Furthermore the concrete results include spatial cost and dedicated bioenergy production
potential overview for Europe (EU-27, Norway, Switzerland and Ukraine).
Methodology
The general approach comprises an estimation of future arable and pasture land area requirements
for food and livestock sectors, the surplus being potentially available for bioenergy production
while accounting for agricultural land converted to built-up land and land for nature conservation
areas. Both cultivated arable land and pasture are potentially considered as areas for growing
dedicated bioenergy crops. The assessed time frame starts from the current situation up to 2030.
This specific timeframe is expected to be an important transition phase in the light of (possibly
large scale) introduction of bio-fuels in Europe. The time frame allows for incorporating current
policy and future outlooks, while assessing the impact of different policy choices by means of
scenarios.
An important assumption is that Europe will maintain its current (period 2000-02) level of selfsufficiency for food and feed crops as well as for livestock products. Thus the land becoming
available for bio-fuel production is a result of future consumption and technological progress, e.g.
through yield increases and improved feed conversion efficiencies. The resulting estimate can be
interpreted as the land that becomes available without compromising food and feed production.
Also explicitly taken into account is the area reserved for nature conservation areas, complying
with the Pan European Ecological Networks (PEEN).
A bottom up costs analysis is executed, considering 13 dedicated bioenergy crops. The calculation
of the cost per unit of output of the agricultural production system requires quantification of
physical inputs and related unit costs into the system. Total costs comprise variable and fixed costs.
The total costs are calculated, by summarizing the respective cost for capital goods, land, labour
and fertilizer. Input data are obtained from a broad literature study and European (online)
databases.
Main results and findings
Thirteen dedicated bioenergy crops are considered to cover the range of energy crops suited for the
European context and are assessed in five crop groups. The crop groups are wood, grass, oil, starch
and sugar. The former two are considered 2nd generation feedstocks the latter three 1st generation
feedstocks. In Figure 1 an overview for the baseline estimate for 2030 indicates how the five crop
groups perform on the same amount of land (66 Mha arable land). Although feedstock potential
and cost do not necessarily reflect the bio-fuel potential and cost, the graph clearly shows that
potential and cost differ greatly between the crop groups assessed. Grass crops show to give the
highest production potential followed by wood crops. Following from the three applied estimates a
range (indicated in grey areas around the cost-supply curves) for the years 2010, 2020 and 2030 for
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all crop groups is presented in paragraph 3.1.1.. This clearly illustrates the variation based on the
assumed parameter values based on the three projection estimate rationales (as described in the
methodology).
The maps in Figure 2 show the potential
supply (left) and related costs (right) for
dedicated bioenergy crops in Europe for over
270 (NUTS2) regions. What stands out is the
rather sharp line on the German-Polish (and
further on the Austrian-Czech) border,
dividing Eastern Europe with a high supply
potential (per unit of land) to low cost and
Western Europe having relatively lower
supply (per unit of land) to higher cost.

Figure 1 Cost-Supply curve for the five
assessed crop groups on 66 Mha in
Europe. Dashed line indicates additional
potential on 24 Mha.

Figure 2
Spatial supply
(left) in percent
of a region that
is available for
dedicated
bioenergy
production by
2030 and costs
(right) in € GJ-1
for grassy crops

Conclusions and discussion
 Depending on the chosen projection estimates between 3,3 EJ yr-1 (oil crops) and 12,2 EJ yr-1
(grassy crops following the high estimate projection) of raw feedstock from dedicated
bioenergy crops can be produced by 2030. Second generation feedstocks (woody and grassy
crops) perform much better than first generation feedstocks (oil, starch and sugar crops) in
terms of productivity. Note, however, that conversion costs are not included in the analysis.
 The transition to large scale production of second generation feedstocks will require large
efforts and radical changes in the agricultural system. This is in (sharp) contrast to the first
generation feedstocks which are already being produced on a large scale as food crops.
 Independent of the choice of feedstock is the result that, based on land requirements for food
production and nature conservation, the availability of land for non-food production in Europe
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is large at 90 Mha (on a total of 158 Mha arable land and 77 Mha pasture; overall share 38%)
by 2030.
The spatial distribution of production potential between the WEC and the CEEC is asymmetric.
Although large countries in the WEC, such as France, Germany and Spain, have a high
production potential this is no comparison in relative terms to countries as Poland, Bulgaria,
Romania and Ukraine, where the highest production potentials can be found.
Agricultural residues – lignocellulosic waste viz. parts of the plant not considered primary
product – form a significant biomass resource potential in Europe. Although agricultural
practice requires some share of the rest material being applied back on the land (e.g. to
maintain a healthy soil structure), the rest can be available. Under assumptions made about the
food production projections agricultural residues amount 3,9 EJ yr-1 in 2010 to 3,1 EJ yr-1 in
2030.
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1

Introduction
Ambitious targets are set by the European Union to drastically reduce green house gas emissions.
Population and economic growth are responsible for an ever increasing (fossil) energy demand. In
recent decades measures have been taken to reduce industry and household energy use and related
emissions. The transport sector has until recently been left out of specific policy steering actions.
The high ambition level to curb green house gas emissions does, however, require in addition a
transport focused policy approach without which the overall targets will be hard to meet.
Transport related (primary) energy demand is projected to increase substantially in the coming
years from 11,7 EJ in 2000, by 38% to 16,1 EJ in 2030. Considering the total European energy
demand, transport is responsible for over 32% of that total (of which 16% is aviation related)
(Commission of the European Communities 2003), making it a very considerable contributor.
The European Union has set targets for the European transport sector to reduce GHG emissions
while allowing mobility to increase. In the bio-fuel directive a first target is set to blend 5,75% of
bio-based fuels with conventional gasoline and diesel for road transport by 2010. The minimum
target for 2020 was announced at 10%, and is proposed to be legally binding (Commission of the
European Communities 2006). Reviewing the ambitious reduction targets on the one hand and the
European transportation fuel volumes on the other, it is clear that a major challenge lies ahead. This
challenge for a great part lays in the premise that biomass production, apart from waste streams,
depends on the availability of land. The competition for land stems from a variety of land
utilisations, making this availability for land a possible limiting factor to the supply of dedicated
biomass resources. To assess how demand volumes relate to land claim, under different feedstock,
conversion and end use applications is of key interest. It provides indications for the upper and
lower limit of supply and can give direction to possible future spatial planning and landscape
design from regional to pan European level.
A number of studies have focused on global biomass potentials, of which a review study by
Dornburg and Faaij (2007) provides a comprehensive overview e.g. (Fischer et al. 2005, Hoogwijk
et al. 2004, Obersteiner et al. 2006, Perlack 2005, Rokityanski et al. 2006, Smeets et al. 2007, Wolf
et al. 2003). These (top down) studies provide estimates on total global biomass potentials, mostly
following different scenarios with respect to economic strategy (i.e. local versus global) and
(forecasted) agricultural production efficiencies. Dornburg et al remark “The scope in terms of
biomass resources included varies between the different studies as well as the scenario
assumptions. As a consequence, global biomass potentials vary widely”. The range derived from
this overview indicates that the biomass production potential globally lays between 0 EJ/year and
1500 EJ/year. We do not elaborate on these studies further but rather zoom in on studies aimed at
more detailed estimates for the European situation.
Studies aimed specifically at the European biomass resource potential are numerous (e.g. (EEA
2006, Ericsson and Nilsson 2006, van Dam et al. 2007)). The studies differ in scope, methodology
and key assumptions hence yielding broad ranges. The European Environmental Agency (EEA
2006) has estimated the European biomass resource potential for a wide range of feedstocks , e.g.
dedicated bioenergy crops, bio-waste and agricultural residues. The focus of their study is on
sustainability, of which the preservation of biodiversity is the key indicator. To secure the
biodiversity value, a broad set of – rather arbitrary – assumptions is applied. For instance 30% of
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the farmland should comply with the ‘environmentally-orientated farming’ practice by 2030. The
VIEWLS study, e.g. van Dam et al.(2007) assess the cost-supply potential for seven Central and
Eastern European Countries (CEEC), under five scenarios, with key assumptions on consumption
patterns, trade, agricultural and livestock production efficiencies and land allocation, a broad range
of potential is assessed. A study by Ericsson and Nilsson (2006) assesses the physical biomass
resource potential according to five scenarios over three time periods. They do so by a top-down
analysis using mainly national level statistics.
The studies carried out until now, as is clear from the above overview, each have their subject of
focus, however lacking a comprehensive and coherent assessment. The top down approach based
on national (average) statistics limits the possibility to gain insight in the (large) spatial differences
between regions, especially within larger countries (i.e. Poland, France, Germany et cetera). The
assessment of resource potentials without assessing the costs proofs to be of limited value, since
only the supply in relation to its cost provides the knowledge required to e.g. estimate competition
with other emission reducing alternative energy technologies. Hence the cost-supply combination
can be considered a minimal requirement for these data to be of value to policy analysis.
This study is carried out as part of the REFUEL project. The objective of this report is to evaluate
the cost-supply potential of domestic European (EU-27 and Norway, Switzerland and Ukraine)
biomass resources, including; dedicated bioenergy plants, agricultural residues and forest residues.
It does so for three projection estimates with a rationale complying with current policies (i.e. the
Common Agricultural Policy) and possible future policy transition paths, to reach (ambitious yet)
realistic bio-fuel targets.
Three steps can be distinguished in the methodology, yielding independent results. The first two
steps in the analysis are carried out in cooperation with IIASA, encompassing a calculation of the
land balance and from this the surplus land area potentially available for dedicated bioenergy crop
production. These data are available on national level differentiated between arable land and
pasture. Second, at IIASA, a detailed parametrisation for 13 bioenergy crops is coupled with the
Agro Ecological Zoning (AEZ) database yielding spatially explicit productivity data for the
analysed crops. For detailed information on these steps of the analysis please see Fischer et al.
(2007). Third, a detailed bottom up economic analysis is carried out, calculating the production
cost for the 13 assessed bioenergy crops. The cost calculation is based on a broad range of
reference data concerning capital and miscellaneous, land, labour and fertilizer costs. Finally,
combining the spatial cost and supply data enables the construction of cost supply curves for five
crop groups. Furthermore the spatial information allows presentation of the results on maps of
Europe, providing a clear overview of how cost and supply potential is distributed over more than
280 regions in Europe. This, among others, enables identification of promising regions, based on
their combined cost and supply information.
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2

Methodology and input parameters

This chapter is divided in six sections outlining the methodology applied. First (2.1), the potential
of the available arable land and grassland in Europe is calculated by means of a (top-down)
scenario analysis based primarily on country level statistics. Second, the productivity of 13
bioenergy plants is determined by a bottom-up analysis combining a detailed agro-ecological
zoning (AEZ) database and agro-ecological dependant productivity parameterizations of the
assessed bioenergy crops (2.2). Thirdly, the results of the scenario analysis, (i.e. the area potentially
available for bioenergy plants) and the spatial AEZ bioenergy crop yield analysis are coupled.
These steps are described in detail by Fischer et al. (2007). Section 2.3 describes a detailed bottom
up economic analysis to estimate production costs of dedicated bioenergy crop production. In
addition country specific biomass availability from forest and agricultural residuals as described in
literature are included in the analysis (2.4 and 2.5).

2.1 Potential land area for bioenergy crop production
Figure 3 provides an overview of the variables included in the estimation of land available for
bioenergy production. The general approach comprises an estimation of future land area
requirements for food and livestock sectors, the surplus being potentially available for bioenergy
production while accounting for some agricultural land that will be converted to built-up and land
for nature conservation area’s. Presented here is a short overview of the methodology applied,
which is described in proper detail in the REFUEL report of Work Package 2 Fischer et al. (2007).
Key factors driving changes in food and livestock sector land area requirements include; food
demand (Determined by population size and dietary habits), production intensity (crop yields and
efficiency in livestock production) and agricultural trade balance between Europe and the rest of
Total land
Agricultural prod.
Population
Food consumption
Food use per capita
Livestock intensity

Land claim
- Arable
- Permanent
- pasture

Land available for
bio-energy crop
production

Self sufficiency ratio
Built +

Input variables

Calculated result

Scenario variable

the world.
Figure 3 Modeling structure includes three types of variables, input variables (light grey),
calculated results (striped) and (input) variables that are subject to scenarios.

Both cultivated land and pasture are potentially considered as areas for growing bio-fuel
feedstocks, although more restrictions apply to the latter. The assessed time frame is from the
current situation towards 2030. This specific timeframe is expected to be an important transition
phase, however, allowing to overlook and make concrete suggestions to spatial possibilities, costs
and supply potentials.
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An important assumption is that Europe will maintain its current (period 2000-02) level of selfsufficiency for food and feed crops as well as for livestock products. Thus the land becoming
available for bio-fuel production is a result of future consumption and technological progress, e.g.
through yield increases and improved feed conversion efficiencies. The resulting estimate can be
interpreted as the land that becomes available without compromising food and feed production.
Also explicitly taken into account is the area reserved for nature conservation areas, complying
with the Pan European Ecological Networks (PEEN) (Bouwma et al. 2002).

2.2 Agricultural productivity development
The productivity of food crop production has shown a significant increase over the last three
decades. The magnitude of this increase differs (sharply) between the Western European Countries
(WEC) and Central and Eastern European Countries (CEEC). In the WEC increasing fertilizer and
pesticide use and improving farming practices, have led to significant yield increases since the
1960s and 1970s. While in some world regions yield increase is basic requirement to provide a
minimal availability of food, in Europe yield increases together with production incentives, e.g.
agricultural commodity subsidies, have led to a high rate of self sufficiency (Matson et al. 1997),
exports and even overproduction in some sectors (Lang et al. 2001).
2.2.1 Future yields: projection estimates
As illustrated above the global trend is that of increasing yield levels (FAO 2006). Drivers
underlying these increases are diverse, ranging from average farm size increases to pest and weed
control to optimizing fertilizer use. For projecting European yields, three projection estimates are
developed, see Figure 4. The rationale for the three scenarios is diverse and ranges from describing
Yield

Observed yields

Transition phase

WEC

CEEC
1961

2004

2030

Figure 4 Three scenarios for agricultural productivity development in the Western European
Countries (WEC) and the Central and Eastern European Countries (CEEC).

business as usual projections in line with current developments to more speculative projections
seeking to explore the limits (e.g. by wide scale adoption of organic farming or use of high
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production bred species). Because of significant differences in the observed developments in the
agricultural practice between the WEC and CEEC, we differentiate between these two regions in
the future yield development estimates. Figure 4 provides a schematic overview of the three
projection estimates per region.
Table 1 short descriptive overview of the projection estimate rationales, differentiated between
WEC and CEEC.
WEC scenarios

For the lower estimate scenario, in terms of average land productivity, an increased share of
organic farming is assumed. To make the decline of average yield operational a trend of the share
of organic farming per WEC is linearly projected [EUROSTAT]. Furthermore an average yield
limiting ratio is taken from UN-ECE and FAO (2000) of 20%.

The baseline scenario for the WEC is set as the prolonged linear extrapolated trend into the
future.

The higher estimate scenario considers a broader adoption of intensified agricultural
management.
CEEC scenarios

Since it is expected that the land productivity will have an increase it is assumed that at least the
current trend is prolonged into the future, providing the lower estimate

Because financial means and policy setting will come in line with the WEC it can be expected that
productivity figures will converge towards WEC standards. For the baseline it assumed that the
CEEC yields will reach the WEC yield level of 2004 in 2030

For the higher estimate this convergence time is shorter and expected to be reached in 2030.

Baseline scenario
The baseline scenario for the WEC assumes that the historic trend, of observed yields, will be
continued into the future. Yield development in the WEC has shown a stable linear increase in time
over the last 40 years for most agricultural commodities (FAO 2006)
For the CEEC the baseline trend is estimated to deviate upwards compared to the linear
continuation of the observed trend, based a on 44 (1961 – 2004) year time series of statistical
agricultural productivity (ratio of production volume and agricultural land). The rationale to
postulate this upward trend is, essentially, twofold.
Firstly, the collapse of a large scale an input intensive agricultural farming practice, in the
transition to market economies in the early 1990s in the CEEC, has induced a significant decrease
of yield levels (Turnock 1996), obvious in hectare based production figures. Average yield
development derived from the observed linear trend over 44 years therefore underestimates the
current rate at which productivity figures are changing.
Secondly, the assession of 12 CEEC to the EU will likely affect, amongst others, the agricultural
sector and possibly rural development at large. Currently the CEEC’s agricultural practice is
characterised by a relatively small farm sizes, low inputs and poor management. Furthermore
demographics show that a relative large share of the population is employed in the agricultural
sector1. The economic support be it in the form of structural funds or general agricultural support
schemes, can induce reforms in the sector.
Both arguments mentioned support the rationale to let the current agricultural productivity level
rise faster than those in the WEC and than you would expect based on historic observations. In the

1

For example the agricultural labour force as share of the total labour force in Ukraine is
13% and in Poland even 20% versus 3% in the Netherlands and 2% in Belgium, 2004
figures (United nations Food and Agricultural Organisation (FAO) 2006)
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relatively modest baseline scenario we hence postulate that the productivity levels of the CEEC, by
2030 meet the current (2005) WEC level. In the high scenario we develop this even further.
Low estimate scenario
The lower projection scenario for the WEC is based on an assumed increase in the share of arable
land under organic farming management. A trend towards increase, starting in the early 1990’s, can
be observed induced by increased attention in public debate and politics. Numerous studies
emphasize the importance to take renewable criteria into account in agricultural production, e.g. the
before mentioned study by the EEA (2006) and others, e.g. Hole et al. (2005). Future projections
for a country specific share of organic farming is based on linear extrapolation of historic
(EUROSTAT 2006) data, see table 2. A study by the FAO (2006) estimates that organic farming
reduces average yields between 10% and 30% compared to conventional intensive farming. In this
study it is assumed that the average organic farming yield penalty is 20%.
Table 2 Share of land under organic farming practice, as percentage of the total arable land.
2005 data are based on references, for France and Germany (EUROSTAT 2006) all other
countries based on Willer and Yuseffi (2001). The values for 2030 are based on assumptions.
Austria
Belgium
Denmark
Finland
France
Germany
Greece
Irish Republic
Italy
The Netherlands
Norway
Portugal
Spain
Sweden
United Kingdom
Switzerland

2005
10
2
6
7
2
5
3
1
6
2
4
6
2
7
5
7

2010
12
2
7
8
3
7
4
1
7
3
5
7
3
8
6
9

2020
16
3
9
11
6
12
5
1
10
4
6
9
4
11
8
12

2030
20
3
12
14
9
18
6
2
12
5
8
11
5
14
10
15

High estimate scenario
The high estimate scenario assumes higher yields compared to the baseline scenario due to an
intensified production system. Therefore less land will be required for food and feed production
and consequently additional land becomes potentially available for bioenergy production.
The rational for this scenario stems from intensification of agricultural production which enables
higher productivity per unit of land. A wide range of measures is available to establish higher
productivity schemes. Intensified production agriculture is considered in this study to meet
sustainability criteria. The claim of sustainability assumes that at least, no degradation of land or
depletion of nutrients occurs and water resources should not deplete or deteriorate in quality (FAO
2003). Two types of measures can be distinguished; ones that aim to increase efficiency by more
adequate management and ones that intervene in the plant’s characteristics by breeding
optimization or genetic modifications. The former type includes among others; Integrated Pest
Management (IPM) and Integrated Plant Nutrient Systems (IPNSs). Wide scale adoption of
fertilizer and irrigation optimization by farmer education could increase overall production
significantly. Measures belonging to this category can also include policy aimed at farm size
enlargement and crop specialisation.
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The latter includes; High Yielding Varieties (HYVs) breeding and possibly Genetic Modified
Organism (GMOs) engineering. In particular the use of GMOs is much disputed, mainly for
proliferation risk with indigenous and non GMO crops. The increase in the application of GMOs
globally in modern agriculture justifies the elaboration on possible favourable productivity effects
in this study. In 2006 the global land under production with GMO crops breached 100 million
hectares (ISAAA 2007).
From whatever measure productivity gains stem, the major advantage is that less land is required to
meet (the same) production demand (Rounsevell et al. 2006). The available surplus land can hence
be allocated to other activities, being; nature conservation areas, recreational, and one of which is
bioenergy crop production.

2.3 Bio-fuel feedstock potential
In the REFUEL report by Fischer et al. (2007) a comprehensive methodological description is
explained on how the physical productivity for the assessed bioenergy crops is calculated. In the
methodology site specific agro ecological parameters (i.e. evaporation, irradiation) are coupled to
crop specific growth parameterisations, yielding a spatial distribution of physical production
estimates for 13 assessed crops. The spatial resolution obtained from the model runs is one by one
kilometre, however, aggregated to NUTS 22 level to suit the analysis in this report.
It provides a database with physical quantities per land unit and by land suitability class. Data is
aggregated to NUTS 2 level. From the scenario projections outlined in the previous paragraph the
total land available for bioenergy crop production is estimated on a country level. The combined
data of the land availability and the potential yield provide the total physical supply potential of the
bioenergy crops. Within each crop group the best yielding feedstock type is selected to calculate
the total potential yield in physical quantities for the EU-27 and Ukraine of a crop group. Using the
(lower) heating values of the different feedstocks, a total energy supply potential is calculated.
Results from the crop potential modeling are; the area available for production of a certain crop and
the average yield on that area. Both parameters are given for five suitability classes and five land
utilisation classes (LUCs), being; natural grassland (2), arable land (5), permanent crops (6),
heterogeneous agriculture (7) and pastures (8). Data are available on NUTS 2 level. The physical
production potential is calculated separately for arable land and grassland. To calculate the total
physical production (PP) potential (tonne) in a (NUTS2) region the average yield (tonne/ha) Yi for
a land suitability i (from VS to vmS) and a land cover class l are multiplied by the land area Ai of
the same suitability i and land cover class l, added up for al suitability classes and land cover
classes this gives the total potential. Both the PP for arable land and for pasture includes all
suitability classes. For the PP on pasture land the land cover classes natural grassland and pasture
are included. For the PP on arable land, the LUCs arable land, permanent crops and heterogeneous
agriculture are included.

2

NUTS stands for Nomenclature des Unités Territoriales Statistiques (or in English: The Nomenclature of
Territorial Units for Statistics), established by Eurostat in order to provide a single uniform breakdown of
territorial units for the production of regional statistics for the European Union. The NUTS is a three-level
hierarchical classification which subdivides each Member State into a whole number of NUTS 1 regions, each
of which is in turn subdivided into a whole number of NUTS 2 regions and so on. The NUTS regulation lays
down the following minimum and maximum thresholds for the average size of the NUTS regions, NUTS 1; 3
– 7 million, NUTS 2; 0,8 – 3 million and NUTS 3; 0,15 – 0,8 million (EUROSTAT 2008).
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PP pasture   Yi ,l  Ai , l
PParable   Yi ,l  Ai , l

i  1, 2,3, 4,5

l  2,8

i  1, 2,3, 4,5

l  5,6,7

The physical production (PP) in the above equation is calculated for the whole (in this case
NUTS2) region. To account for the fact that only part of the region is available for bioenergy crop
production the physical production (PP) is multiplied by the regions estimation of the share of land
(SAL) that is available for bioenergy crop production. The SAL follows from the (top-down
statistical) land balance analysis, described in the previous paragraph, also differentiated between
arable land and pasture. Hence obtaining SALpasture and SALarable. Because of the scenario approach
applied to the agricultural production and livestock intensity (see Figure 4), three values for SAL
are obtained. In addition a caloric value (CV), based on lower heating values, is introduced to
convert physical production quantities to the energy of the crop group. For the crop groups, oil
crops and sugar crops the physical production is also divided by respectively the extraction rate and
the sugar content of dry matter. For sunflower this is 44% for rapeseed 40%. The sugar content in
dry matter sugar beet is 60% as follows from Table 3. By this exercise we obtain the region
(NUTS2) specific energy production potential (EPP) in J. The added subscript N1 and N2 denote if
applicable to a NUTS1 or NUTS2 administrative region.

EPP pasture , N 2  PPpasture , N 2  SAL pasture , N 1  CV
EPP arable , N 2  PParable , N 2  SALarable , N 1  CV
To compare total yields between crop groups these physical quantities for a selected part of the
plant are converted into energy content of the whole crop. Indicating the energy content for the
whole crop enables to leave assumptions of residue (or because of economic value, by product)
allocation to different optimizations. The part of the harvested crop included in these figures is
different between crop groups. Lignocellulosic and herbaceous lignocellulosic crops are in whole
plant yields in tonnes (dry), requiring only conversion to energy units by applying the caloric value
(see Table 3). Sugarbeet yields are given in kg sugar ha-1. Since only part of the sugar beet is sugar,
the whole sugar beet weight is calculated and converted to energy. Oil crops are stated in kg oil.
With an average extraction rate (of the seed to the oil) it can be calculated how much the seed
harvest amounts and hence what the energy yield is.
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Table 3 The caloric values (LHV) for the assessed crops and if required for calculation the crop
composition or extraction rate (ECN 2006).
Crop groups

Crops

Lignocellulosic crops

Poplar
Willow
Eucalyptus
Miscanthus
Switchgrass
Reed canary grass
Sunflower

Herbaceous
lignocellulosic crops
Oil crops

Rapeseed
Sugar crops

Sugar beet

Starch crops

Wheat
Rye
Triticale
Corn

a

Caloric valuea
GJLHV product-1
18,4
GJ (tonne of
crop)-1
17,8
GJ (tonne of
crop)-1
24,4
GJ (tonne of
oil)-1
17,3
GJ (tonne of
sugar)-1
16,3
GJ (tonne of
grain)-1

Composition
The harvest index does not
apply to (herbaceous)
lignocellulosic crops. The
whole crop is considered for
energy purposes.
44% Extraction rate (seed
to oil)
40% Extraction rate (seed
to oil)
75% moisture
15% sugar
10% rest of plant
A general harvest index for
grains (starch crops) of 0,31
is used, above ground
biomass to grain (Kemanian et
al. 2007).

Per crop group an average caloric value is used.

2.4 Cost of the agricultural production of bioenergy crops
Production cost analysis of the agricultural system for dedicated bioenergy crops is based on a
literature review of crop specific studies. Four major cost factors are distinguished in the applied
methodology, being land costs, labour costs, fertilizer costs and capital cost. Cost items that are
seemingly not included, e.g. herbicide and seeds, are accounted for under the capital cost data.
Three cost factors, capital, labour and land costs, are hectare based, meaning that they are
independent of management intensity (and related yield) levels. The fertilizer use is the only cost
factor directly linked to production figures, hence independent on the land surface.
Rationale
The choice for hectare related calculation of the major cost factor, land, labour and capital goods
may in some cases poorly reflect the actual situation in the field. The rationale for this approach
lies, however, in the desire to prioritise mutually coherency of results over adequate representation
of just some specific cases. Furthermore, varying input quantifications, derived from references,
according to assumptions introduces additional uncertainty in the results. However, applying the
hereafter described methodology allows comparison of results on equal merits. Possible variation
around these outcomes are covered for as far as variation stem from the key assumptions of
convergence of yield, wage and land cost from the CEEC to the WEC levels. This variation is
explained in the methodology and indicated in the results as a base line, low and high scenario.
Possible variations, not quantitatively specified, stemming from additional are elaborated upon
extensively in the discussion chapter.
In Figure 5 a schematic representation of the cost structure, and methodology is presented. The four
before mentioned cost factors are capital goods (CC), land (CL), labour (CLab) and fertilizer (CF),
all in € ha-1 yr-1.
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CT  CC  CL  CLab  CF
Agricultural
production
system
Level of
inputs
Required
labour hours

Variable Costs
Costs for
inputs
Costs for
labour
O&M costs

Fuel use &
machinery
Fuel costs

Land price
Land value

Crop price

Fixed Costs

Total
Costs

Investment
costs
Land rent

Seed price
Seed cost

Figure 5 Schematic overview of cost factors in the agricultural production system. Indicated in
light grey are input parameters that are assumed to be constant, indicated in darker grey are
variables that are assumed to be subject to change as described in the scenario development
(scheme derived from VIEWLS (van Dam et al. 2007)).

19

Table 4 Cost overview, based on LABORSTA (2006) and EUROSTAT (2006). For some countries
only scarce data were available, for these countries there is referred to comparable countries as
indicated below the table. Three fertilizer market prices are presented for Nitrogen (N),
Phosphor (P2O5) and Potassium (K2O). Three land quality land prices are shown for Very
Suitable (VS), Suitable (S) and Moderately Suitable (MS) land.

€ h-1

Fertilizer pricesb
N
P2O5
€ (102 kg)-1

Austria
Belgium
Bulgaria
Cyprus
Czech Republic
Denmark
Estonia
Finland
France
Germany
Greece
Hungary
Italy
Ireland
Latvia
Lithuania
Luxembourg
Malta
The Netherlands
Norway
Poland
Portugal
Romania
Spain
Slovakia
Slovenia
Sweden
Switzerland
Ukraine
United Kingdom

15,08
16,51
0,77
6,64
3,87
31,37
3,80
16,73
9,52
14,13
4,61
3,77
14,38
17,72
2,04
2,40
13,99
5,38
18,96
20,12
3,06
4,76
1,09
14,38
3,06
7,81
12,66
17,35
0,43
14,42

54
54
18
57
23
54
29
54
56
45
44
43
57
54
28
28
53
54
54
54
18
46
18
28
28
47
54
54
18
68

Average WEC
Average CEEC

15,10
2,92

52
27

Country

Wagesa

K2O

Land costsc
VS
S
€ ha-1 yr-1

MS

49
49
21
51
12
49
24
49
51
51
49
20
49
49
20
28
49
49
49
51
20
49
21
20
20
47
49
51
21
47

18
36
21
40
17
29
17
33
37
35
33
20
38
33
14
21
34
33
41
43
20
34
21
20
20
30
33
35
21
32

274
203
72
178
72
359
72
164
137
267
512
65
309
196
14
14
174
178
409
353
72
178
72
180
14
14
110
270
72
208

209
197
50
135
50
346
50
113
132
258
389
45
232
189
9
10
168
135
392
341
50
135
50
137
10
10
76
205
50
201

143
191
28
92
28
334
27
62
127
248
266
25
155
182
5
5
162
92
375
328
28
92
27
94
5
5
42
141
27
194

49
24

35
21

246
50

212
35

177
19

a

All data obtained from the LABORSTA (2006) database. Hourly wages are obtained as presented. If only
monthly wages were stated an average of 160 working hours per month is assumed to calculate hourly
wages. Wages stated are for labour in the agriculture, hunting and forestry sector.
b
Fertilizer prices are obtained from EUROSTAT (2006) data. For the countries Bulgaria, Romania and Ukraine
the price level of Poland is assumed since no data for these countries were found. For Switzerland the price
level of Austria is used. For Norway the price level of Sweden is used.
c
Land cost calculation is explained in more detail in the section land cost development (2.4.1). For the
countries Bulgaria, Estonia, Romania and Ukraine the price level of Poland is assumed. For Cyprus, Malta
and Portugal the price level of Spain is assumed. For Latvia the price level of Lithuania is assumed. For
Switzerland the price level of Austria is assumed.
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Agricultural production system inputs
An extensive literature review was conducted to obtain the hectare based capital expenditure and
the labour input for the 13 assessed crops, presented in Table 5. The costs given are for the base
year 2005. The capital expenditure (considered in a broad sense also including other non capital but
fixed costs, e.g. herbicides) distinguishes three categories establishment and planting, harvesting,
field transport and storage and miscellaneous. Important to note is that production costs here are
considered for crop production for food applications. The same crop produced with the specific aim
of energy applications, may alter input levels or practices affecting overall production costs.
Production costs are in the analysis assessed until 2030. To account for learning effects, responsible
for decreasing costs, the results of a statistical analysis (described in another REFUEL report (De
Wit et al. 2008)) are applied to overall calculated production costs. Average overall learning effects
on crop production cost over the assessed 25 year period are estimated tot amount between 16,3%,
and 37%3. The effect on production costs is most clearly illustrated in the result chapter of this
report in the cost supply curves, Figure 8.
Table 5 Cost factors of the agricultural production system of the 13 assessed bioenergy crops
(for more details, see footnotes).
Capital expenditure
Establishment
and planting

Lignocellulosic
crops
Poplara
Willowb
Eucalyptusc
Herbaceous
lignocellulosic
crops
Miscanthusd
Switchgrasse
Reed canary
grassf
Oil crops
Rapeseedg
Sunflowerh
Sugar crops
Sugar beeti
Starch cropsj
Wheat
Rye
Triticale
corn

94%
76%

Labour

Harvesting,
field transport
and storage

miscellaneous

total

5%
23%

0%
1%

143
156
172

5,11
5,11
5,11

€ ha-1 yr-1

Not specified

h ha-1 yr-1

36%
13%
36%

64%
84%
58%

0%
3%
6%

576
512
194

6,56
9,73
10,59

29%
35%

68%
65%

3%
0%

292
290

7,21
8,6

38%

59%

3%

839

8,81

47%
47%
47%
47%

42%
42%
42%
42%

11%
11%
11%
11%

356
356
356
356

4,41
4,41
4,41
4,41

a

The cost for willow cultivation is derived from Mitchell et al. (1999). The capital expenditure is dominated by
the expense for plants and plantings, 57 € ha-1 yr-1 and the stool removal at the end of the plantation life
time at 68,2 € ha-1 yr-1, together responsible for more than 88% of total costs. Furthermore soil cultivation

3

The learning rates that are applied assume that the key driver for cost decreases is
productivity increase. It hence follows the oversimplification that inputs remain constant
even when productivity rises. Although this is true for some inputs and partly true for
some others there are inputs that increase in the same fashion as the productivity does.
Furthermore the assumption is applied that learning is independent of volumes produced
but rather that it changes over time. For both lignocellulose and herbaceous lignocellulose
groups a learning rate of 20% is assumed, while some references indicate rate’s of up to
37%, e.g. Wyman (1999) is assumed over 25 years. For the three other crop groups
statistical analysis and trend extrapolation provides the following learning rates for the 25
year period: starch 23,8%, oil 16,3% and sugar beet 16,5%.
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at 9,5 € ha-1 yr-1 and thinnings (cut back) at 6,8 € ha-1 yr-1 provide a significant contribution to overall
costs. Other cost factors are loading, storage and transport (only local transport is considered here) only
contributes marginally. Calculations consider a plantation rotation of 22 years (first year plantation set up
and 21 years of production with 7 harvests) with a harvest every 3 years. For labour force estimate, see
willow under b.
b
The cost estimate for willow production is derived from Hagstrom (2006). Capital expenditures are
dominated by the agriculture expenses at 134,15 € ha-1 yr-1, comprising expendables (i.e. plants) and
capital investment (farm equipment). The harvesting is the next large contribution with 19,52 € ha-1 yr-1
solely expenses for equipment and labour (as indicated below). Local transport at 2,20 € ha-1 yr-1 and
communittion at 0,42 € ha-1 yr-1 only contributes little. Labour hours required are stated in h ha-1 yr-1. The
labour build up for willow plantings comprises; agriculture (3,03 h ha-1 yr-1), harvesting and field transport
(1,36 h ha-1 yr-1), road transport (0,58 h ha-1 yr-1) and communition (0,14 h ha-1 yr-1).
c
The cost for Eucalyptus production is derived from Bueren and Vincent (2003). After detailed discussion of
plantation design and related cost factors they conclude with an average on farm production cost of 17,9 €
tonne-1 and an average yield of 12,6 tonne-1. The labour intensity (again) is taken from Hagstrom (2006),
amounting 5,11 h ha-1 yr-1. To compensate for the cost for labour included in the on farm production cost
the labour intensity assumed to an average wage (average US wage in agricultural sector 2005) at 10,57 €
h-1 is subtracted.
d
(Smeets 2006)
e
Cost for switchgrass are derived from a study by Monti et al. (2007). Monti et al. differentiate production
cost according to three intensity scenarios; high, mild and low input and between two regions; north and
south Italy. We assumed the mild scenario for Northern Italy to be comparable with other studies most. The
study presents a very detailed overview of the cost aspects taken into account, differentiating between the
establishment year and production years. The plantation useful lifetime is 15 years with production every
year. For the establishment the labour input is 13,0 h ha-1 yr-1 and 9,5 h ha-1 yr-1 in the production years,
with an average of 9,7 h ha-1 yr-1. For the establishment year capital expenses are formed by fuel costs
(69%), tractor cost (7%) and seed cost (5%) and other mostly farming equipment costs. Total cost for the
establishment year amount 1418,60 € h-1. For the production years the distribution is somewhat different;
fuels (63%), tractor (14%), herbicides (4%) and the rest made up by farming equipment. Total expenses in
the production years is 447,32 € h-1 yr-1.
f
Reed canary grass cost and labour input is derived from Hagstrom (2006). Capital expenses 194,16 € h-1 yr1
. (Major) contributor to the expenses is baling, field transport and storage (52%), agriculture (36%),
harvesting and field transport (6%), road transport (4%) and communnition (2%). Labour input is high
(compared to other crops) at 10,59 h ha-1 yr-1 with the following distribution; baling, field transport and
storage (55%), agriculture (26%), harvesting (9%), road transport (7%) and communition (3%).
g
Rapeseed cost are derived from KTBL (2006). Capital expenses amount 292 € ha-1 yr-1. Distribution of cost;
(variable) machinery costs (51%), herbicide (21%), seeds (12%), fungizide (7%) and other cost factors (<
5%). Labour input is estimated at 7,2 h ha-1 yr-1.
h
Sunflower cost are derived from Pimental and Patzek (2005). The capital expenses amount 290 € ha-1 yr-1.
The distribution of the capital expenses includes; machinery (40%), (diesel) fuel (25%), transport (22%)
and seeds (13%). The labour input is 8,6 h ha-1 yr-1 and is not specified further.
i
The capital cost estimate and labour force requirements are derived from a study by Ali (2004). The capital
costs, which represent the highest capital expenditures per hectare per year for all crops considered in this
study, are dominated by Machinery and related cost aspect expenditures. The capital recovery amounts
288,19 € ha-1 yr-1, related O&M costs are 84,94 € ha-1 yr-1 and the required fuel, lube and electricity cost
amount 114,75 € ha-1 yr-1; added up it is responsible for over 58% of total CAPEX. Additional costs
comprise seed 86,02 € ha-1 yr-1, custom operations 74,30 € ha-1 yr-1,
j
The capital expenditures estimates for starch crops are based on one study for corn by the USDA (2006a).
Expenses are dominated by the cost for seed 73 € ha-1 yr-1 , machinery and operating cost 121,43 € ha-1
yr-1; repairs 30,43 € ha-1 yr-1 and fuel, lube and electricity 58,07 € ha-1 yr-1. Labour contribution is not
specified per specific task, at 4,41 (derived from cost for labour and average wage).
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2.4.1 Land costs
The costs for land are a significant factor in overall production of agricultural products. Both within
countries, between regions, as between European countries large differences exist between land
rent levels. Several factors influence the cost for land, such as the fertility (or as named in this
study, suitability defined as the level of agro-ecological attainable yields) and scarcity of the land.
The agro-ecological attainable yield level that can (under rain fed conditions) be reached, depend
both on soil characteristics and climatic conditions, e.g. precipitation, irradiation, et cetera. The
scarcity of the land is more regionally determined, steered by e.g. population density and economic
activity.
To account for differences in the quality of land a distribution for the land suitability is introduced.
The crop specific agro-ecological attainable yield forms the criterion for this categorisation. In the
AEZ methodology and hence in this study the pan-European land surface is categorized according
to five land suitability classes, very suitable (VS), suitable (S), moderately suitable (MS),
marginally suitable (mS) and very marginally suitable (vmS). The surface (A) of land of a certain
suitability class (i) is denoted by Ai.
Also for cost levels a distinction is made between different types of land, based predominantly on
the type of land, e.g. distinguishing arable, pasture, et cetera. In total three different types of cost
levels are distinguished for land rents. The cost (P), or price because it is formed under market
conditions, for a type (i) of land is denoted by Pi.
Although these categorisations, for suitability and cost of the land, refer to different aspects of the
land, they are coupled in the analysis. In total five classes are defined for the land suitability and
three for the price level of the land. The highest price level is coupled to the best suitable (VS)
land, the second highest price level to the suitable (S) land and the lowest price level is coupled the
three lowest suitable land types (MS, mS and vmS).
The approach explained in paragraph 2.2.1 asserts that, induced by the assession of the CEEC to
the EU, the agricultural productivity will rise and to a certain degree, depending on the scenario,
will converge to WEC levels. This of course has its consequence for land prices in the CEEC, since
it is induced by economic growth. To account for this effect we introduce a time dependant land
cost multiplier (LCM) that lets the land price rise, according to the underlying scenario. In the next
section this methodology is explained further.
Based on the explained approach the following equation describes this calculation. The total land
cost, denoted CL, is stated in € ha-1 yr-1.

CL  LCM

PA ,
i

A

i

i  1,3

Development of land cost
The land rent differences are not only apparent between different types of land but even more so
between countries. Especially between CEEC and WEC major differences do exist, both in the
actual yearly land rent levels as in the variation between the highest and lowest land rent levels, for
different types of land. This variation stems from the degree of scarcity, or pressure on the land,
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mainly. When land is particularly scarce, even the less suitable land has a higher price and hence
the distribution of rents is smaller.
The rationale for increasing yields in the CEEC was induced by increased access to economic
support and restructuring of the agricultural management practice. Given this cause, a similar
rationale can be followed, assuming that land prices will increase accordingly. To account for this
effect and analyse what the effect of overall production cost in the CEEC will be, with (sharp)
increasing cost for land in the CEEC, a land cost multiplier is introduced. In the base year the cost
difference between land cost between the CEEC and the WEC is significant. Average land cost in
the WEC is 253 € ha-1 compared to 52 € ha-1 in the CEEC. Results will indicate production cost
levels for both scenarios, shedding light on the impact of changing land prices and wages.
:

 CLCEEC ,0 
 CL
LCM   WEC , 0
  t  CLCEEC ,0 ,
T



t  0, T

Table 6 Multiplier land costs in € ha-1 yr-1 and between brackets the average multiplier
percentage per region per year. The average WEC land cost are assumed to stay constant at
253 € ha-1 yr-1.

CEEC – high, baseline
CEEC – low

2005
52
(100%)
52
(100%)

2010
92
(178%)
52
(100%)

2020
172
(333%)
52
(100%)

2030
253
(489%)
52
(100%)

The yearly increase per year for the CEEC (as indicated by the first term in the equation) is 6,70 €
ha-1 yr-1.
2.4.2 Fertilizer input costs
Fertilizer costs are estimated by means of a nutrient balance methodology. The approach assumes
that, nutrients taken up by the crop during its growth, including losses, must be replenished by
fertilizers to maintain the soil’s nutrient composition. Although this is an oversimplification
compared to the actual practice, where over or under fertilisation is common, it enables fair
comparison of fertilizer requirement between crops and regions. In the analysis both annual and
perennial cropping systems are compared with significantly different fertilizer requirements
(Boehmel et al.) and consequently costs.
The biomass yield (HC, harvested crop in tonnesdry ha-1) is taken as a starting point for the analysis.
To this figure the crop specific nutrient compositions, for the three compounds Nitrogen, Phosphor
and Potassium (USDA 2006b), are applied, providing the estimated nutrient quantities withdrawn
from the soil during growth and harvest. The crop nutrient composition (CC), indicates the quantity
of the compound in the harvested crop (in kg compound per ton harvested crop, Appendix table
11). It is assumed that the nutrient composition of the harvested plant equals the nutrient uptake
during its growth. The amount, corrected for other natural supplied nutrient sources (notably
natural nitrogen deposition), has to be applied to the field after harvest to account for the uptake.
Because of natural deposition (DN in kg N ha-1 yr-1), of which statistics are available on a country
specific level (Delbaere and Serradilla 2004), the required nitrogen fertilizer application is less than
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follows from the above gross calculations. Furthermore a nitrogen uptake factor (α) of 70% is
applied to account for leakage (Biewinga and Bijl (1996) and Raun and Johnson (1999)), the
remainder being actually sequestered by the soil. After correction for natural deposition and
allowing for nutrient losses, the net input requirement of compounds is determined, for the
compounds Nitrogen (N), Phosphor (P) and Potassium (K). For this the fertilizer factor (FF, the
ratio of fertilizer that has to be applied to compensate for the uptake of a certain compound) is
taken from USDA (2006b), the factors being for nitrogen 1 kg N (kg N)-1, for Potassium 1,21 kg
K2O (kg K)-1 and for Phosphor 2,29 kg P 2O5 (kg P)-1. All Phosphor and Potassium supplied to the
soil is considered to be taken up by the soil and by the plant during growth eventually4. To
calculate overall fertilizer cost, the physical input levels have to be coupled to fertilizer market
prices (PN, PK and PP in € (100 kg)-1, see Table 4), including respectively nitrogen (N), dipotassium-oxide (K2O) and di-phosphor-pentoxide (P2O5) (EUROSTAT 2006).The described
methodology is summarized in the equation below.

CF  HC PN  FF N  CC N    D N   PK  FF K  CC K  PP  FF P  CC P 
2.4.3 Labour costs
Labour costs are determined by crop-wise physical labour input requirements (h ha-1 yr-1) and by
the hourly labour cost (wage, € h-1) with country-specific values. The labour inputs are derived
from various references (Bueren and Vincent 2003, Hagstrom 2006, KTBL 2006, Mitchell et al.
1999, Monti et al. 2007, Pimentel and Patzek 2005, Smeets 2006, USDA 2006a). The labour input
intensity is steered by a number of factors, e.g. suitability of the soil (correlates to the yield),
management regime, level of mechanisation et cetera. Although these factors can vary significantly
between countries, actual farms and so on it is not explicitly taken into account in the analysis. The
rationale for this is that quantification of the variation is difficult. Furthermore, the final results are
presented for average costs of regions, comprising a variety of management intensities and soil
qualities, ensuring comparability of results between regions. The country specific labour costs for
the agricultural sector are derived from LABORSTA (2006).

CL  LI i  W j  LM

j ,t

,

Where LIi is the crop i specific labour input in h ha-1 yr-1, Wj is the country specific, j, wage in the
agricultural sector in € h-1. The agricultural wage multiplier LM introduced in the scenario
calculations is country specific and time dependant. The rationale and the values of the labour
multiplier (LM) are explained below.
Table 7 Multiplier values for labour costs in the CEEC. The labour costs are in € h-1, the
percentage between brackets indicates the multiplier value. The WEC labour cost is assumed
constant at 14,42 € h-1.
CEEC – baseline,
high
CEEC – low

2005
2,92
(100%)
2,92
(100%)

2010
5,35
(183%)
2,92
(100%)

2020
10,23
(350%)
2,92
(100%)

2030
15,10
(517%)
2,92
(100%)

4

It could be argued that not all but only a fraction of the (Phosphor and Potassium)
fertilizer applied to the field is taken up by the plant, the remainder leaches to and
dissolved in the groundwater or left in the soil, possibly available for successive rotations.
Further elaboration on fertilizer use efficiency can be found in MNP (2006).
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Because of changes in the economic situation due to the joining of the EU by the CEEC, wage
levels will ‘catch up’ with WEC levels (European Commission (DG AGRI & DG EAE) 2006). The
degree of this catching up is difficult to quantify. The wages are assumed to change in accordance
with the overall agricultural production management system as proposed in the scenarios in the last
paragraph. The LM remains constant, valued 1, for all the WEC for all years and estimates. The
LM remains 1 for the low estimate for the CEEC. For the baseline and higher estimate the for the
CEEC the LM is time dependant, see table 7. The average wage in the CEEC increases from 2,92
€ h-1 in 2005 to 14,42 € h-1 in 2010 (average for the WEC). Because of the linear development this
corresponds to LMj,t= 0,38t + Wj,0.
2.4.4 Capital costs and miscellaneous
The capital costs comprise primarily expenses for machinery and maintenance. The actual expenses
depend on the type of feedstock being produced and some regional differences may occur. Based
on a literature review values for the capital expenses (CAPEX) are determined per crop in € ha-1
yr1. Because of the rather limited number of suitable references, the overview is restricted to one or
only a few case descriptions per crop. Regional differences in the cost are taken into account for
labour, land and fertilizers. For the CAPEX however this may not be appropriate, firstly, because
the production of bioenergy crops will require massive new investments. From this perspective it is
likely that the use and regional differences in existing capital goods (e.g. machinery) is of little
importance. Second, it is assumed that the European market for state of the art agricultural
machinery is open and therefore comparable, except for differences in tax regimes (e.g. VAT).

2.5 Forestry residues
The estimation of the cost and supply data for the European forest sector are entirely based on
references.
2.5.1 Forestry residue costs
The costs for forest (felling residue) biomass are dominated by the transport distance from the
forest collection site to the plant (or another end or intermediate use site). The average biomass
availability in relation to the distance between collection site and end use site is a function of the
average forest density. Also the plant size is of influence on the required supply distance. With all
the above variables taken into account, Karjalainen derives a cost-supply curve for four countries;
Poland, Finland, France and the Netherlands. Karjailainen indicates on the cost-supply curve the
supply that can be ‘harvested’ to what cost within a range of 100 km and 200 km.
To obtain a cost level for all countries as an estimate for the cost of the forest felling residue
resources, the marginal cost of chips for the four assessed countries are determined for a distance of
100 km. These data for four countries are assumed to be more or less representative for the variety
of European countries. The cost level for Finland is applied to Sweden and Norway. The cost level
of Poland is applied to Latvia, Lithuania, Czech Republic, Hungary, Slovakia, Slovenia, Estonia,
Ukraine, Romania, and Bulgaria. The cost level of the Netherlands is applied to Belgium,
Denmark, Ireland, Norway, Switzerland, and Greece. The cost level of France is applied to Austria,
Germany, UK, Portugal, Spain, and Italy. Although the application of these four data to thirty
countries is – rather arbitrary – chosen by the authors, it roughly reflects the actual production cost
distribution found (also) for dedicated bioenergy crops (see Figure 14).
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2.5.2 Forestry residue supply
Country specific data on the forest residues for Europe are obtained from literature, mainly from
FAO (UN-ECE and FAO 2000) and references based thereon, e.g. (Smeets and Faaij 2007) and
(Karjalainen et al.). Included in the overview are forest felling residues and the potentially
sustainable harvestable amount of wood. Also included in the forest fellings overview are stems,
not commonly assumed to be a feedstock for fuel but rather for the wood and the pulp and paper
industry. Even more so, the current quantity of fellings and consequently forest felling residues are
driven by the demand from these sectors. There is however no principle economic consideration
why the use of stem wood should not be considered for fuel purposes. Although there are of course
more considerations, than strictly economic, to be taken into account why stems should or should
not be used for energy purposes. In terms of value, stem wood can be considered to represent the
highest value wood can have, diminishing with every successive cascading step in the chain (for
example, from stems to construction wood and saw dust to waste). So even if it becomes
economically viable to use stems for energy purposes it can be more appropriate to use further
cascaded wood streams.
The sustainable potential comprises the difference between the actual fellings (stems) and felling
residues (branches, leaves and other material) and the Net Annual Increment (NAI, an indicator for
the yearly physical quantity of forest growth). Physical quantities are converted to energy quantities
with fixed generic conversion factors (average wood density, 0,40 tonne m-3 and caloric value, 18
GJ tonne-1).

2.6 Agricultural residues
Supply
A detailed methodological description of the agricultural residue calculation is described by Fischer
et al. (2007). Essentially, two ratios are applied to annual country average commodity statistics,
yielding the net supply potential for agricultural residues.
The gross supply of agricultural residues stems from all residual streams (e.g. straw) obtained
during production of food or feed (considered here to be the primary product). Primary product
statistics are derived from the FAOSTAT database, for national average annual production.
Residue figures are obtained by applying a crop specific ratio of crop residue to crop main produce
(RPR)5. Subsequently, a general residue use factor of 50% is applied to the food and feed
production data, to calculate net availability. This means that half of the residue material (e.g.
straw, stover et cetera) that becomes available during production is potentially available as a
resource and the other, remaining half, is considered to be used for soil structure enhancement.
Practically this entails, ploughing the residues (back) into the soil. This has favourable effects on
the functional stability of the soil and i.e. enhances mineralization kinetics (Griffiths et al. 2001).
After applying both the RPR and the use factor the net supply of agricultural residues is obtained.
Although a fixed ratio is applied, many considerations can higher or lower this number (Wilhelm et
al. 2004), i.e. determined by soil and crop type.

5

The ratio of the crop residue to primary produce, RPR, differs strongly per crop and per
yield level (e.g. depending on soil suitability and agro-ecological conditions). RPR values at
high yields typically lie between 0,4 (sugarbeets) and 2,0 (rapeseed) and for lower yields
between 0,7 (sugar beets) and 4,0 (e.g. sorghum). For details see Fischer et al. (2007).
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In this study, due to its scope, the residue streams are considered to be potentially available for
energy purposes. In practice residues are currently mainly used for animal compound feed
(Nonhebel 2007). This is essentially the case because no transport fuels are produced from
lignocellulose resources on a large scale (yet). Some relatively minor quantities of agricultural
residues are currently co-fired in coal fired power plants.
Costs
The production cost for agricultural residues stem from collection on the field, field transport and
transport to an intermediate or end use site. Given that agricultural residues are considered a
secondary product, no costs for production (capital, land, labour and fertilizer) are allocated to the
(production of) agricultural residues.
A study by Allen et al. (1996) estimates the total cost for straw (at plant gate) at between 2,09 –
3,29 € GJ-1 (28 – 44 £1996 tonne-1). Of these costs, transport contributes most at 31%, Harvesting,
chipping and baling accounts for another 24%, together more than half of the cost. Handling of the
biomass is still significant at 13%, while storage only contributes little, 4% (Allen et al. 1996). A
study by the JRC (Edwards et al. 2005) estimate the costs6 (at plant gate) at 2,74 € GJ-1, not further
subdivided. This figure lies conveniently within the range specified by Allen et al.
Aricultural cost data used in this study to construct cost supply curves are derived from a report by
Deurwaarder (2004), see Table 8. These cost data stem from two different approaches. For the
CEEC a case study analysis was executed in the VIEWLS study (van Dam et al. 2007). For the
WEC actual market prices were considered. Although the extremes of these cost figures lie outside
the range specified by Allen et al. (1996), the distribution of cost levels is more scattered, the
average coincides with these values.
Table 8 Cost for agricultural residues, taken from VIEWLS (Deurwaarder 2004).
Country
Austria
Belgium
Bulgaria
Cyprus
Czech Republic
Denmark
Estonia
Finland
France
Germany
Greece
Hungary
Italy
Ireland
Latvia
a
b
c

€ GJ-1
4,9
3,9
1,1
1,5a
1,1
3,5
1,1
2,4
3,8
3,4
1,5
1,1
2,0
6,5
1,1

Country
Lithuania
Luxembourg
Malta
The Netherlands
Norway
Poland
Portugal
Romania
Spain
Slovakia
Slovenia
Sweden
Switzerland
Ukraine
United Kingdom

€ GJ-1
1,1
3,9
1,4b
3,9
3,5
1,1
0,0
1,1
1,4
1,1
1,5
3,5
3,4
1,1c
2,2

value from Greece taken
value from Spain taken
value from Poland taken

6

An average cost of 43,5 € tonne-1 at 16% moisture content. A typical caloric value for
wheat straw of 18,9 GJ tonne-1.
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3

Results
In this chapter the key results are presented. Firstly, the results for the land available for bioenergy
crop production are presented (3.1), following the methodology and results from Fischer (2007). In
the second paragraph (3.2) the biomass resource potential and the related cost are presented in the
form of cost-supply curves, distinguishing the resource groups dedicated bioenergy crops, forest
felling and agricultural residues. Also a summary of the countries’ total biomass resources is
shown. Lastly, the spatial distribution of supply and cost levels is presented (3.3).

3.1 Available land for bioenergy crop production
The land available for bioenergy production follows from the routine explained briefly in
paragraph 2.2 and by Fischer (2007). The presented results are differentiated between three
regions; the Western European Countries (WEC, EU-10 and Norway and Switzerland), the Central
and Eastern European Countries (CEEC, the 12 accession countries and Ukraine).
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3.1.1 Potential land availability for dedicated bioenergy
production
For all three regions the land balance is presented for four years; 2005, 2010, 2020 and 2030. For
every year, the variation bars indicate values corresponding to the three scenarios applied: lower
estimate, baseline estimate and higher estimate. The two percentages at the end of the bar columns
represent the percentage of arable land (upper) and pasture (lower) that is potentially available for
bioenergy crop production under the assumptions of the baseline scenario.
WEC

CEEC
24%
19%

2030
17%
11%

2020

0

10

29%
12%

2010

8%
0,4%

2005

44%
34%

2020

11%
4%

2010

54%
56%

2030

16%
1%

2005
20
Mha

30

40

0

20
Mha

30

40

Total

Ukraine
70%
70%

2030

2030

59%
43%

2020

10

68

41

2010

26%
2%

2005

90

2020

42%
16%

2010

0

10

2005
20
Mha

30

40

23
0

20

40

60
Mha

80

100

120

Figure 6 Includes three figures indicating the land availability for the three regions and a
summary figure of the total land availability. The figures show the land availability of the
Western European Countries (upper left), the Central and Eastern European Countries (upper
right) and Ukraine (lower left). The summary for the year 2030 shows the total of the three
regions for the three scenarios. Dark grey indicates the arable land and lighter grey the pasture
land. The percentages indicate the share of land available for (dedicated) bioenergy crop
production as ratio of the whole arable (upper) or pasture (lower) land, indicated for the
baseline scenario. Error bars indicate the range between the low and high estimates.
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Table 9 Presents the same results as in figure 2. The land availability potentials are indicated
for the WEC, CEEC and Ukraine and are differentiated for the low, baseline and high estimate.

Mha
Arable
land
WEC
CEEC
Ukraine
Subtota
l
Pastur
e land
WEC
CEEC
Ukraine
Subtota
l
total

Low estimate
200
201
202
5
0
0

203
0

Base line estimate
200
201
202
5
0
0

203
0

High estimate
200
201
202
5
0
0

2030

5,7
7,0
8,6

8,4
12,6
13,9

12,8
19,2
16,6

17,3
23,4
23,1

6,4
7,0
8,6

9,4
12,6
13,9

14,4
19,2
19,6

19,6
23,4
23,1

7,3
9,7
11,0

11,5
17,1
17,4

17,8
24,3
22,9

23,7
28,3
25,8

21,4

35,0

51,6

63,8

22,0

35,9

53,2

66,1

28,0

45,9

65,0

77,9

0,2
0,2
0,2

1,9
1,8
1,2

5,8
5,1
3,4

10,2
8,4
5,5

0,2
0,2
0,2
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1,8
1,2
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5,1
3,4
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5,5

0,2
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0,2
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1,2

5,8
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10,2
8,4
5,5
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0,6

5,0
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21,
9
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0
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9
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9

22,
5

40,
9
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5

90,
2

28,
6

50,
9
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3

102,
0

Projected land availability for non food and feed production increases significantly over the coming
25 years. The increases describes a nearly lineair development path, since the underlying
parameters are projected linearly. We observe that the spatial distribution of available land is
roughly equally spread between the three distinguished regions, each having one third of the land
available. Looking into the figures we see that the WEC has about 29,8 Mha, the CEEC 31,8 Mha
and Ukraine 28,6 Mha. Of the total available land approximately 75% is arable land and 25% is
pasture. The details in absolute figures and relative shares of land availability show large
differences however.
Arable
The land availability for non food and feed production in the WEC (19,6 Mha) and the CEEC (23,4
Mha) roughly equals in absolute figures. The share of arable land in the CEEC (54%), however, is
more than twice as high as the share in the WEC (24%) to reach this equal available land. Also
Ukraine has vast amounts of arable land available at 23,1 Mha, even more than the whole of the
WEC, although over 70% has to be utilised for non food production.
Pasture
The total pasture (and other natural grasslands) surface in the WEC is far greater than that in the
CEEC. With a relative modest share of 19% the WEC has potentially 10,2 Mha available by 2030
(note that only grassy crops are considered to be produced on this potentially available grassland).
With a share of 56% of the pasture being available for non food production only 8,4 Mha is
available. To very high pasture land utilisation for non food production only a modest 5,5 Mha is
available.
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3.1.2 Land suitability distribution
The land suitability is a normative measure determined to indicate the suitability to grow a certain
crop given the agro-ecological conditions. The distribution of the suitability differs between crops
and hence between crop groups. The average caloric (lower heating value) raw feedstock yield per
suitability class is indicated in Figure 7 next to the distribution bars below.
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Figure 7 Land suitability distributions per crop group. Indicated next to the distribution bars is
the average yield (GJ ha-1 yr-1) of the specified crop group for the corresponding suitability.
Note: yield figures shown for raw feedstock.
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3.2 Biomass resource cost-supply potential
The biomass resources potential comprise three categories; dedicated bioenergy crops, agricultural
residues and forest felling residues. The presented results are calculated using the methodology
made clear in paragraph 2 of this report.
3.2.1 Dedicated bioenergy crop potential
Shown in Figure 8 are six cost-supply curve graphs, five for each crop group considered and one
summary figure for 2030. The cost-supply potential for the dedicated bioenergy crops is based on
the available land, the crop specific agro-ecological attainable yield and the related crop specific
production cost. The cost-supply curves are constructed for 3 reference years 2010, 2020 and 2030.
The curves (the lines within the grey areas) indicate the baseline scenario for both the supply and
the production cost estimates. The curves indicate the raw feedstock potential produced on 36 Mha
(2010), 53 Mha (2020) and 66 Mha (2030) arable land respectively and on 5 Mha (2010), 14 Mha
(2020) and 24 Mha (2030) grass land (pasture and natural grassland) only considered for
lignocellulose (grassy and woody) crops7, indicated with a dashed line. Around the curves the grey
areas indicate the variation around the curves based on the low and high scenario on arable land.
Furthermore there is a decrease visible in the production cost for successive years, these stem from
learning in the agricultural production system, which induces production cost decreases. The cost
decrease is assessed for the period 2005 to 2030.
Woody crops
The total supply potential for woody crops (poplar, willow and eucalyptus) on arable land for the
years 2010, 2020 and 2030 amounts 4,4 EJ yr-1 (4,2 – 5,6), 7,2 EJ yr-1 (7,0 – 8,7) and 9,5 EJ yr-1
(9,1 – 11,0) respectively. Production on grassland provides an additional supply (indicated with the
dashed line) so that the total supply potential amounts 5,9 EJ yr-1 (5,7 – 7,6), 9,7 EJ yr-1 (9,4 – 11,7)
and 12,8 EJ yr-1 (12,3 – 14,9), only baseline is shown in the graph. The curve shows a large initial
supply potential (~ 60% of total supply) to relatively low cost, under 2,5 € GJ-1, mostly
concentrated in Central and Eastern Europe, dominated by willow cultivation, and some low cost
production area’s in Southern Europe, dominated by Eucalyptus cultivation. In addition to the low
cost large supply regions some moderate regions supply (~ 30% of total supply) to moderate costs
between 2,5 € GJ-1 and 4 € GJ-1. At production costs higher than 4 € GJ-1 only a marginal supply (~
10% of total supply) is available characterised by regions with high input costs or low productivity,
and most often a combination of both. An overall, learning induced production cost reduction of
20,0% (between 2005 and 2030) is applied.
Grassy crops
The total supply potential for grassy crops (miscanthus, switchgrass and reed canary grass) on
arable land for the years 2010, 2020 and 2030 amounts 5,8 EJ yr-1 (5,7 – 7,6), 9,3 EJ yr-1 (9,1 –
11,3) and 12,2 EJ yr-1 (11,8 – 14,1) respectively. Grassland provides an additional potential so that
the total of arable and grassland utilised amounts 7,4 EJ yr-1 (7,2 – 9,6), 12,1 EJ yr-1 (11,8 – 14,7)
and 15,8 EJ yr-1 (15,3 – 18,4). The curve shows a steady increase of supply (~ 40% of total supply)

7

An important consideration in the application of grassland (natural or cultivated
grassland) for dedicated bioenergy crops is whether it requires operation (most notably
ploughing) to make planting possible. Operation could induce (large) initial emissions of
greenhouse gasses. Especially for some grassy crops that require only sowing – not
planting – this negative effect could be limited or be avoided.
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Figure 8 Cost-supply curves for the five assessed crop groups, wood crops, grass crops, oil
crops, starch crops and sugar crops. Lower right is a summary figure for all crop groups for the
2030 curves for the baseline scenario. Indicated is the annual supply potential (in Exa Joule) of
the whole crop produced on arable land and additional grassland (dashed line).
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towards a cost level of 3,5 € GJ-1. At relative moderate production costs levels between 3,5 € GJ-1
and 4,5 € GJ-1 a significant supply potential (~ 30% of total supply) is available. At cost higher than
4,5 € GJ-1, which can be considered very high, a large additional supply is available (~ 30% of total
supply). A 20,0% production cost decrease is observed due to learning.
Oil crops
The total supply potential for oil crops in energy content oil (rapeseed and sunflower) for the years
2010, 2020 and 2030 amounts 1,7 EJ yr-1 (1,6 – 2,2), 2,6 EJ yr-1 (2,5 – 3,2) and 3,3 EJ yr-1 (3,2 –
4,0) respectively. A considerable supply potential (~ 45% of total supply) is available for under 6 €
GJ-1. From 6 € GJ-1 cost increase sharply to stall at around 10 € GJ-1, representing a moderate
supply potential (~ 30% of total supply). Only a small fraction of the supply potential (~ 15% of
total supply) is available with production costs exceeding 10 € GJ-1. Note that fertilizer cost are
only allocated to the (mass) fraction of the seed produced, excluding that of straw and other waste
streams, however, including that of seedcake (since it is a rest stream of the pressing process of the
seeds). Production costs reduce by 16,3% over the assessed period (2005 - 2030).
Sugar crops
The total supply potential for sugar crops in energy content of sugar (only considering sugarbeet)
for the years 2010, 2020 and 2030 amounts 2,9 EJ yr-1 (2,8 – 3,8), 4,6 EJ yr-1 (4,4 – 5,7) and 6,0 EJ
yr-1 (5,7 – 7,1) respectively. The cost supply path shows a steady increase. A large supply potential
is available (~ 60% of total supply) for production costs under 6 € GJ-1. Between production cost of
6 € GJ-1 and 7,5 € GJ-1 a modest supply potential (~ 30% of total supply) is available. Above 7,5 €
GJ-1 a marginal supply (~ 10% of total supply) is available. Learning induced production cost
decrease amounts 16,5%.
Starch crops
The total supply potential for starch crops in energy content of the starch crop (included in the
analysis are wheat, barley, rye, maize and sorghum). Wheat is by far dominant in terms of energy
output per unit of land) for the years 2010, 2020 and 2030 amounts 2,4 EJ yr-1 (2,3 – 3,1), 3,7 EJ yr1
(3,6 – 4,6) and 4,7 EJ yr-1 (4,5 – 5,6) respectively. Under 7 € GJ-1 a large supply potential (~ 60%
of total supply) is available. Between the 7 € GJ-1 and 8,5 € GJ-1 a moderate supply is available (~
20% of total supply). The remaining supply potential (~ 10% of total supply) increases in
production costs rapidly. Production cost decrease with 24,7% over a 25 period.
Summary baseline 2030
First, note that the supply potentials, although, all denoted in energy terms are not comparable to
one another in terms of possible (bio)fuel output. The same goes for the possible production costs
of biofuels. This limits the power of the figure to provide insight in the mutual cost supply potential
of the biofuel that can potentially be produced. On the other hand it provides clear insight in cost
supply levels for the whole spectrum of (raw) feedstocks that are currently or will in the future be
used for biofuel production. In the conversion routes from raw feedstock to the biofuel exist a lot of
uncertainties with respect to key, steering, parameters, e.g. process efficiencies, installation cost
and related to this installation scales (and more importantly so, installation cost reduction potentials
in time, strongly related to scale), optimal conversion routes. Please note that different routes and a
sensitivity analysis on the above described steering parameters are covered in Work package 4 of
the REFUEL project, for which the results of this study form the basis.
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3.2.2 Agricultural and forestry residues
Agricultural and forestry residues form a substantial supply potential in Europe. In the figure
residue streams are differentiated for agricultural residues (left) and forestry residues (right). For
the agricultural residues three cost-supply curves are shown. The left cost supply curve, for the year
2010 shows to have the highest supply potential and in 2030 the lowest supply potential.
Agricultural residues
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Figure 9 Cost-supply curves for agricultural and forestry residues. Forestry residues estimates
are derived from Karjalainene et al., (2005) and FAO. The agricultural cost estimates from
VIEWLS (2005).

Agricultural residues
The total supply potential for the agricultural residues for the years 2010, 2020 and 2030 is 3,9 EJ,
3,5 EJ and 3,1 EJ respectively. Supply potentials of agricultural residues decrease in time because
lower production quantities are projected for agricultural food commodities. Cost levels range from
more than 1 € GJ-1 to 6,5 € GJ-1.
Forestry residues
Total wood resources potential depend on which fractions of actual production or possible
sustainable production potential are allocated to bio-fuel production. Felling residues are a waste
stream from fellings (whole stems) for the wood and paper and pulp sector, this is hence driven by
the demand in those sectors. The felling residue quantity amounts 1,4 EJ annually. In addition, the
balance between the Net Annual Increment (NAI) and the actual fellings plus felling residues, adds
1,3 EJ yr-1 to a total of 2,7 EJ yr-1. This balance is the threshold considered to be sustainable
harvestable because it does not lower the standing stock of forest. The harvested stems for the
wood and paper and pulp industry represent a large quantity with 2,7 EJ yr-1.
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3.2.3 Total European biomass resource potentials
The total biomass resource supply potential is the summed total of dedicated bioenergy crops,
agricultural residues and forestry residues. In Figure 10 the annual biomass supply potential per
country is presented. The supply potential figures for dedicated bioenergy crops are differentiated
between arable land and pasture. The bar columns present the average supply potential for the
specific biomass resource. The variation bars indicate the ranges of the ultimate extremes. The
lower end of the range represents the least yielding crop (oil crops) produced on the most modest
land availability estimation. The high end of the bandwidth represents the best performing crop
(grassy crops) produced on the most optimistic land availability estimation.

6
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Figure 10 Summary of the total annual European (EU27, Norway, Switzerland and Ukraine. In
this figure Malta and Cyprus are excluded) biomass resource supply potential, indicated per
country.

The total annual European (EU-27, Norway, Switzerland and Ukraine) biomass resource supply
potential is estimated to amount 16,5 EJ yr-1 (8,0 – 24,6, or a variation of ± 51,5% around the
average). The variation, as indicated, is significant and strongly steered by the choice of dedicated
bioenergy crops (e.g. wide scale use of woody – high yielding – versus oily – low yielding – crops)
and the degree to which residues can be exploited specifically for fuel use. The distribution of
country specific supply potential is roughly following the country surfaces, although some
significant differences exist with respect to the degree to which arable land can be allocated to
dedicated bioenergy production (see Figure 13 for more detail).
In Figure 11 the relative shares of the four biomass resource categories are presented. Dedicated
bioenergy crop production is differentiated between arable and pasture land. Furthermore residues

38

from wood fellings and from agricultural (stemming from food and feed production) residues are
included.
Figure 11 illustrates the overall biomass resource supply availability following the low, baseline
and high scenario. For the average8 dedicated bioenergy crops produced on arable land the overall
supply amounts 14,7 EJ yr-1, with a corresponding share of 66%, the supply on pasture amounts 2,0
EJ yr-1, at a share of 10%. The agricultural and wood felling residues contribute to the total for 18%
and 6% respectively. In the case of the application of low yielding (oil) crops the relative figure for
the share of arable and pasture decreases to 36% and 22% respectively. And consequently the share
for felling residues and agricultural residues increase to 5% and 37%.
Total biomass resource potential under different crop choices
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Figure 11 Overview of the total European (EU27, Bulgaria, Romania and Ukraine) potential
under three different crop schemes. The ‘low yielding crops’ variant assumes all arable land
available planted with oil crops. The ‘high yielding crops’ variant assumes all arable land planted
with grass crops. The ‘average’ is the average of the two variants.

Application of high yielding bioenergy crops result in a share of 77% and 6% share for arable and
pasture. Agricultural residues and forestry residues represent a share of only 12% and 5%.

8

The term ‘average’ is introduced here for the first time and may be confusing because of
the use of ‘baseline’ in other results. The average here is, however, the mathematical
average between the high yielding crops produced on the highest land availability estimate
and the lowest yielding crops produced on the least available land estimate. Whereas the
baseline has its rationale on which a set of coherent assumptions is based.
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3.3 Spatial cost and supply
This paragraph presents results on the built up of the dedicated bioenergy crop production cost,
furthermore the spatial distribution in Europe for cost and supply is presented. The availability of
arable (and pasture) land as a ratio of the total land in a (NUTS2) region is presented, providing
insight in promising regions in terms of biomass production potential. The significant initial
production cost differences become apparent in a spatial production cost overview for Europe.
3.3.1 Bioenergy crop production cost
The costs per energy output depend on the total costs per hectare and the yield. This is clearly
illustrated by the overview graph (lower right). For example grass crops have a high cost level per
hectare but due to a high productivity a relatively low cost per energy yield. The opposite is true for
oil crops with relatively low per hectare costs with the highest cost per gigajoule.
The crop group graphs differentiate between three land suitability (VS, S and MS) and between the
two regions WEC and CEEC. Clear differences exist both between regions, crop groups and
obviously land suitability’s.
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3.3.2 Impact hectare based support schemes
The most commonly cited scheme in place in Europe to support energy crops is the ‘energy crop
support scheme’. Although directed solely to the stimulation of energy crops, its impact is rather
limited. The broader applied single farm payment may have far more impact on stimulation of bio
energy crop production because, depending on the farm history in terms of produced commodity
and size, its spending is quite considerable.
Set aside obligation and energy crop premium
Two policy instruments are in place, in the EU, that may stimulate bioenergy crop production
(although aimed at non-food production in general). A set aside measure is in place that obliges
farmers to keep a fixed share of their land fallow. Objective of the set aside policy is to control the
production of cereals, to prevent overproduction and hence control grain commodity prices.
Furthermore it stimulates non-food production and promotes extensive farming (CRER 2001). In
September 2007, however, it was proposed (and effectuated) that the set aside obligation was
adjourned (Commission of the European Communities 2007), at least for autumn 2007 and spring
2008, due to increasing global grain prices induced by shortage in supplies, mainly caused by a
sharp increase in demand. Bioenergy crop production is particularly stimulated by a premium; the
energy crop support scheme. This energy crop support scheme amounts 45 € ha-1 yr-1 (the support
scheme is maximized to a total of 2 Mha per year; 90 M€ per year). In Table 10 the effect of the
energy support scheme premium on the cost per unit of feedstock (€ GJ-1) is calculated, giving
ranges for all crop types, again distinguishing between the WEC and the CEEC. Furthermore it is
determined at what premium levels a relief of 25% is reached. Although this provides little extra
information it indicates the order of the magnitude of premiums to support 25%.
Table 10 Set aside premium impact on overall dedicated bioenergy crop production cost.
Crop group

WEC
Wood
Grass
Oil
Starch
Sugar
CEEC
Wood
Grass
Oil
Starch
Sugar

Cost effect
(at a set aside premium of 45 €
ha-1 yr-1)
%

Energy crop support premium
to provide 25% feedstock
cost relief
€ ha-1 yr-1

9%
4%
8%
6%
6%

129
313
150
203
191

(5%
(2%
(5%
(4%
(4%

- 19%)
- 7%)
- 13%)
– 10%)
- 10%)

14% (12% - 18%)
4% (3% - 7%)
13% (11% - 15%)
7 (5% – 8%)
9% (8% - 10%)

78
260
89
165
130

The premium provides a relief of between 4% and 9% in the WEC and between 4% and 14% in the
CEEC, for the baseline. Not surprisingly the low overall production cost in the CEEC can benefit
most in relative terms.
Although this analysis may provide some indication of to what extent relief can be provided by the
set aside legislation it needs broader discussion. Two aspects are important to consider; other,
competing, non food options and the effect on the whole bio-fuel production chain. Competition
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will strongly depend on (regional or global) commodity prices, for the bioenergy crop and possible
competing crops (e.g. fibre crops), steered by supply and demand.
The extent to which feedstock subsidy may influence overall bio-fuel production cost is determined
by the relative contributions of transport, conversion and end use costs, which differs per feedstock
and produced fuel. We note that additional supply chain cost (conversion, transport and end-use)
are relatively large for second generation feedstocks (if converted to biofuels), hence limiting the
impact of feedstock production stimulation schemes in general for 2nd generation applications.
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3.3.3 Spatial bioenergy crop production potential and related
cost
The potential for growing bioenergy crops follows from the available land and the average site
specific yields. In Figure 13 the land availability is presented as a share of the total land surface in a
certain administrative region. The map shows 300 NUTS2 regions with the respective categorized
percentage of land available for bioenergy crop production. The percentage indicates the share of
the land as a part of the total land including build up land, forest etcetera.
Potential
The dedicated bioenergy crop production potential is presented here (Figure 13) as the share of
arable land available of the total land surface (this thus includes build up, forest, nature
conservation et cetera). Given the applied methodology the indicator is steered by a regions food
demand and the available arable land. Both these factors are in turn strongly influenced by the
population density in a region. Demand for resources (or commodities for that matter) are high in a
region with a high population density. This results in a high demand for arable land for food and
feed demand, assuming a relatively high level of regional equilibrium between supply and demand.
To the other end a high population density results in a relative high share of land required for builtup area (housing), infrastructure et cetera.
The BeNeLux (Belgium, the Netherlands and Luxembourg) has a low share of its arable land (and
pasture) available for dedicated bio energy production, caused by a (very) high population and
infrastructure density. Northern Scandinavia has little (high productive) arable land all together,
because of its geographic position (vast land mass on high latitudes). Switzerland and Austria have
a high level of height gradients because of the Alps region. Large area’s of countries as France,
Germany, Spain, England and Italy have a moderate density resulting in moderate opportunities of
between 6,5% and 17% of their land available for dedicated bio energy crop production. Further
east in the CEEC countries like Poland, Czech Republic, Hungary, Slovenia, Slovakia have a
higher production potential. At the top of land availability lies the whole of Ukraine, large parts of
Romania and Bulgaria with shares of more than 31% of the land available, depending on the
region, for dedicated bioenergy crop production.
Costs
The costs presented (Figure 14) are the production cost (in € GJ-1) for woody crops for 2005.
Production cost differences for 2005 show the largest difference between regions. Actual
production costs are steered by the price of land and wage level and by the yield levels. Countries
with the highest wage and land cost levels are The Netherlands, Denmark, Switzerland and Austria.
Despite relative high production levels production cost are among the highest in Europe, above 4,5
€ GJ-1. Countries with more moderate cost levels are France, Spain, Italy and to a lesser extent
Germany. Some very low production costs in Spain and Portugal emerge because of the possibility
for Eucalyptus production (which have relatively lower costs for cultivation than poplar and
willow). A sharp contrast in costs is observed between the WEC and the CEEC, with levels being
significantly lower in the CEEC, at least in 2005, converging towards WEC levels over time. Large
parts of Ukraine, Bulgaria, Romania show production cost of under 2 € GJ-1.
Combined
When both the production potential and production cost levels are observed a clear message stands
out: Roughly, wherever the productions potential is high production cost are low and vice versa.
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Figure 13 Land potentially available for dedicated bioenergy crop production by 2030.
Indicated is the land available for bioenergy crop production as a ratio of the total
administrative unit its land surface, presented for over 280 European NUTS-2 regions.

Figure 14 Spatial cost distribution for woody crops in 2005. Differentiated into five cost
categories in € GJ-1
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4

Discussion
The applied methodology requires a multitude of input parameters. The diverse origin of references
consulted to cover all required input data form an uncertainty in itself. The different levels of
spatial detail required were not always met with the available data. This required making a number
of assumptions. The assumptions are grouped to describe a rationale that is mutual coherent. These
storylines form the basis for the three projection estimates. Firstly, a number of key assumptions
and data and result limitations will be highlighted. Secondly, our key findings will be compared
with other recent authoritative studies, most notably a study performed by the EEA. Lastly,
suggestions for further research are done.

4.1 Reflection on data input quality
The following aspects of the analysis deserve more thorough reflection with respect to their
influence on the overall results. Some aspects concern uncertainty due to modifications made by
the authors and others point out mere lacks of knowledge, which highlight possible directions for
further research.






Spatial detail of data – The statistical (top down) land availability analysis was executed
using National level data averages (i.e. NUTS1). Because of this it can be assumed that the data
between countries is highly consistent. Regional differences however, especially in larger
countries, are not possible to assess because of this. To obtain data on this regional level of
detail general land categorization data shares are applied to national level averages to obtain an
estimate for the more spatially explicit administrative regions, such as NUTS2.
Yield levels – Yield levels used in the (bottom up) bioenergy crop productivity analysis
assume maximum attainable yields based on the agro-ecological inputs. Depending on the level
of management and agricultural practice intensity, actual yields may differ (strongly) from
these estimated maximum attainable yields. Furthermore the traditional food crop groups (oil,
starch and sugar), considered in the analysis for energy applications, are optimised for there
output of food stuff. If considered with the specific purpose of energy production different,
higher, yields (and lower costs for that matter) may be obtained. Suggestions are made in the
‘suggestions for further research’ on how to extend the analysis to establish ratio’s for different
regions between actual and maximum attainable yields. This way the model can be ‘calibrated’
to estimate the established outputs to have more bearing with actual productivity levels.
Competition for land – The production of agricultural crops for energy production in
general, whether directly or indirectly competing with food resources, is under fierce debate
under the general public as within the scientific community. Therefore this assessment
accounts for all factors which should, according to broad consensus, precede bioenergy crop
production (i.e. food production, nature conservation, et cetera) in the competition for land.
However even if all essential land allocations are met there is discussion over how the surplus
area should be allocated. In this study all surplus land is accounted to be potentially available
for bioenergy crop production.
In addition to the above, the allocation of surplus grassland to bioenergy crop production is
even under more debate. Firstly, the surplus grassland that becomes available is to a large
extent the effect of increased efficiency in livestock production. Landless livestock production
(in stables) in this respect is an ongoing trend, which is qualified by different parties
differently. Land use change from grassland to arable land necessitates ploughing, except if
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herbaceous plants (grasses) are produced, which causes high initial emissions of CO2. The
extent to which this carbon release occurs is highly disputed and literature ranges are broad.
Furthermore a large (initial) release of carbon is seen as contradictory to the aim of reducing
emissions by the use of biomass for energy.
Dedicated bioenergy production cost – A wide range of references is referred to and
data extracted from. Because of the inherent inconsistency in approach between this multitude
of sources the comparability of production may at least be hard verifiable. In the detailed
approaches of the references a lot of effort is contributed to make comparability as reliable as
possible. This is mainly reached by going through the extensive list of cost contributing factors,
and then select only those cost contributing aspects that were included in all references.
Sustainability and biodiversity – Sustainability is increasingly becoming part of fuel
production in all aspects of the chain. Especially for bio-fuels, sustainability should be one of
the premises; considering that (part of) the incentive for introducing bio-based fuels is to curb
emissions and pollution. Specific emphasize on sustainability of production is increasingly
being included in analysis and its impact on potential and costs evaluated. The EEA in its study
applies ratios of land that should produce under an extensive agricultural practice or fixed
shares that are obliged to be ‘set aside’. These generic percentages, of course, decrease physical
supply potentials while allowing more space for extensive (food) production. These
percentages may however seem as arbitrary as some other approaches without giving any
concrete direction for sustainable production. In this study we hence follow the approach to
calculate potentials and cost without introducing such limiting factors.

4.2 Comparison of key results with other studies
In the study by the European Energy Agency (EEA, 2006) the biomass potential for the EU-22 is
assessed with special emphasize on environmental impacts. This premise of following strict
practices not “harming” the environmental values implies that stringent judgment is applied to
environment related topics. In Figure 15 the results for the EU-22 – the scope of the EEA (2006)
study – are compared with our results, indicated in the darker grey. The variation bars indicate the
variation in this study for the EU-22. In lighter grey the potential for the land availability and the
bioenergy potential is indicated for the countries assessed in this study that were not included in the
EEA study (most notably Romania, Bulgaria and Ukraine).
The land available for dedicated bioenergy crop production in the EU-22 in the EEA study is
estimated to be 25 Mha (including grassland) compared to 34 Mha (32 Mha – 42 Mha) in our
study. Major underlying factor responsible for the significant difference might be the reserved
assumptions applied to food crop production by the EEA. A 3% set aside of intensive arable land
is considered; furthermore a 30% target of environmental oriented farming increases the land
requirement for food production (due to lower yields).
The potential energy production by dedicated bioenergy crops for the EU-22 is by EEA estimated
for 2030 at 3,4 EJ yr-1 (143 Mtoe) compared to 5,3 EJ yr-1 (2,3 EJ yr-1 – 8,3 EJ yr-1) in our study.
EEA’s 3,4 EJ yr-1 in 2030 is differentiated between; crops for ligno-cellulosic ethanol (21 Mtoe,
15%), crops for biogas (53 Mtoe, 37%) and short rotation forestry and perennial grasses (69 Mtoe,
48%). The amount of 5,3 EJ for the EU-22 in 2030 in our study is the average of the lowest
estimate of the lowest yielding crops (oil crops) at 2,3 EJ and the high estimate of the highest
yielding crops (herbaceous lignocellulosic crops) at 8,3, as indicated by the variation bar.
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Figure 15 Overview of key results from the EEA (2006) study compared to results of this study.
In dark grey the results are presented for the EU-22. The variation bars indicate the variation in
the outcomes of this study for the EU-22. In lighter grey the added potential for the other five
assessed countries is given.

The figure furthermore shows that Romania and Bulgaria and Ukraine have a large added potential,
indicated by the lighter grey columns, both in land availability and in bioenergy potential. The
variation bar in the bioenergy potential graph indicates that depending on the chosen dedicated
bioenergy crop the potential output of the same arable land used can differ significantly, by as
much as a factor three and a half.
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5

Conclusions and considerations
The aim of this WP3 report, in the broader frame of the REFUEL project, is to assess the costsupply potential of (domestic) European biomass resources. To make the outcomes of use for
policy development, different projection estimates are used with respect to key steering parameters.
As a consequence al key results have ranges complying with the input parameter variation and the
underlying rationale.

5.1 Overall conclusions
Supply
Three biomass resource categories are assessed in this analysis; dedicated bioenergy crops, wood
(and felling) residues and agricultural residues. From the results it can be concluded that dedicated
bioenergy crop production holds the highest supply potential. This is, however, strongly dependant
on which energy crop is produced on the available land. Depending on the chosen projection
estimates between 2,9 EJ yr-1 (oil crops only produced on arable land) and 20,4 EJ yr-1 (grassy
crops following the high estimate projection produced on both arable land and pasture) of raw
feedstock can be produced by 2030. Second generation feedstocks (woody and grassy crops)
perform much better than first generation feedstocks (oil, starch and sugar crops) in terms of
physical (or energy) productivity per unit of land. We emphasize in this context, however, that
between this large potential and the practical exploitation, of such vast amounts of biomass from
second generation resources, lays a great challenge. Furthermore the transition to large scale
production of these resources will demand extensive efforts and changes to and developments of
(new) supply chains. This is in (sharp) contrast to the first generation feedstocks which are already
being produced on a large scale as food crops. Independent of the choice of feedstock is the result
that based on land requirements for food production and nature conservation, the availability of
land for non-food production in Europe is large, even following the variability scenarios with
modest projections (e.g. induced by increased organic food production) for agricultural food
production. The total land available by 2030 for non-food production can amount up to 90 Mha
according to calculations (on a total of 158 Mha arable land and 77 Mha pasture; overall share
38%), this explicitly takes into account the non EU member state Ukraine.
Another clear result of this analysis is the asymmetric spatial distribution of production potential
between the WEC and the CEEC. Although large countries in the WEC, such as France, Germany
and Spain, have a high production potential this makes little comparison in relative terms to
countries as Poland, Bulgaria, Romania and Ukraine. The average estimated bioenergy crop share
(as a ratio with the food production) in the WEC will not exceed one-fourth, the CEEC in the high
estimates for 2030 will exceed more than half of the land being allocated to bioenergy crop
production. Especially Ukraine stands out in this respect with a projected share of more then 70%.
This result is strongly steered by the large available arable land and limited national food
requirements due to i.e. an already low and projected near term decreasing population (density).
We have to exercise caution however and judge these results in view of the applied approach.
The wood and felling residues show a steady supply potential in terms of availability. The
allocation of these resources to different end use applications can be an opportunity as well as a
threat. Especially high valued resources (e.g. whole trees; stems) in this sector are at present
predominantly allocated to the wood and the paper and pulp industry. Considering felling residues
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only the annual potential amounts 1,4 EJ yr-1. An extra 1,3 EJ yr-1 can be added by exploitation of
the sustainable harvestable (balance between the NAI and fellings plus felling residues).
Agricultural residues – lignocellulosic waste viz. parts of the plant not considered primary product
– form a significant biomass resource potential in Europe. Although agricultural practice requires
some share of the rest material being applied back on the land (e.g. to maintain a healthy soil
structure), the rest can be made available for other applications, one being conversion to transport
biofuels. Under assumptions on food production projections, agricultural residues can amount 3,9
EJ yr-1 in 2010 to 3,1 EJ yr-1 in 2030. This figure is decreasing over the years because of lower food
and feed production.
Costs
In terms of cost also a clear difference between first and second generation feedstocks is evident.
Production cost for second generation feedstocks (woody and grassy crops) are much lower than
first generation feedstocks. Two aspects underlie this low production cost level; high yields and a
relative extensive agriculture practice. Not only do woody and grassy crops have a high physical
yield, because of the application, – namely lignocelluloses to fuel or electricity generation – for
which the whole plant can be used. Furthermore perennials require little inputs, e.g. in terms of
labour input, into the production system relative to annual crops. These low cost for the raw
feedstock do however provide little information about the cost performance of the produced fuel,
reflecting the cost of the whole supply chain. Only based on the overall costs of fuel production,
including all steps of the chain, can a comparison between routes be judged on its true merits. At
present lignocellulose to biofuel production plants are just emerging from pilot scale to small
industrial scale, bringing along high costs. And although these are foreseen to show sharp decreases
(through up scaling and learning) in the (near) future, depending on the speed of implementation, at
present conversion cost are high. In contrast, conversion cost for first generation fuels
(esterification of vegetable oil to biodiesel or fermentation of sugars or starch to ethanol) are low
and hardly capable of showing significant cost reduction in the future. This is mainly caused by the
fact that these processes have been in practice for a long time. No significant scale increases are to
be expected and the learning potential is quite limited9.
As with the supply potential, the bioenergy crop production cost show a clear spatial distribution;
with a contrast between the CEEC and the WEC. The CEEC show much lower production cost
than the WEC. Deciding factors for this difference are lower wages (labour costs) and land rent
costs in the CEEC. This large difference with the WEC can (partly) be explained by the history of
the CEEC which can be expected and is hypothesized to change due to economic growth, induced
by the accession the EU.
For agricultural residues the cost are projected to be relatively low. Deciding factor in the costs for
agricultural residues is the allocation of costs. The term residue already implies that it is not the
primary product. For this reason costs of production can be allocated to the primary – agro
commodity – product fully. The cost for agricultural resides hence include collection on the land
and local transportation. From the results it shows that the costs for agricultural residues lies in the
same order as lignocellulosic energy crops do, between 1,5 € GJ-1 and 7 € GJ-1.

9

A more extensive discussion of and elaboration on this subject is given in other reports of
the REFUEL project.
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5.2 Policy considerations
Results indicate that a large share of land can become available in the near to longer term future for
other than food and feed production. Key factors that determine the magnitude of a surplus area are
the self sufficiency ratio and the agricultural productivity. This assumed surplus land that is freed
can be exploited for a range of purposes, one being bio energy production. One clear choice lies in
the utilisation of this land. If bio energy crop production is considered as an option, than the choice
emerges which crops and corresponding supply chain routes, from agriculture to end use, e.g.
electricity or transport fuel, are most suited. This choice in turn has clear implications for the
efficiency of fuel potential per unit of land, as may be clear from the results of this report.
Choice for ‘1st or 2nd generation’ supply chain routes
Given that surplus land is available on European arable land, for other than food and feed
production, bio energy crops are considered one of the key applications. The application of biomass
production for energy can take many forms, from extensive grass cutting to manage cultivated
nature to intensive production of monocultures.
If dedicated bioenergy crops are produced, a clear choice has to be made between the five
discussed crop groups. So called ‘second generation’ routes have clear advantages over ‘first
generation’ routes. Second generation dedicated bio energy crops comprise woody and grassy
crops which have significantly higher yields than do first generation crops, both in biomass on the
field as in biofuel potential. Average productivity ranges from 154 – 178 GJ ha-1 for ‘second
generation’ energy crops versus between 52 – 118 GJ ha-1 for ‘first generation’ energy crops. They
only compete with food crops through land requirements not directly. The overall supply chain
greenhouse gas emission (mainly CO2 and N2O – trace-gas) reduction potential is spectacularly
higher compared to fossil references (IEA 2004).
Food and feed production and self sufficiency
One decisive aspect to consider in self sufficiency is that of spatial demarcation. In short, for what
region do you consider demand and supply to be (to some degree) in equilibrium? The demarcation
can range from regional to global and everywhere in between. The recent expansion of the EU by
12 member states, the borders for self sufficiency have expanded accordingly. Although security of
food supply is an obvious argument for a high level of self sufficiency there may be reasons, both
economic and from a point of fair trade, why this may alter towards the future. Optimal production
regions, of bulk volume commodities, may be better of being produced in other (world) regions.
This may be driven by considerations of absolute least cost or from a competitive advantage
perspective. The distribution of (major) demand and supply regions for food are steered by
protective systems, notably in place in the EU and the US. Restructuring has opened up new
opportunities for shifts in production regions on the global market. Furthermore the focus of
maximisation of production has evolved in stimulating healthy rural development.
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Agricultural productivity
Key driver behind reaching a high level of self sufficiency has been significant increases in
agricultural productivity in the WEC over the last 50 years. Many drivers can be identified to be
responsible for these increases; increasing farm size, access to economic support, breeding (and
possibly genetic modification) of high productive varieties and more effective farm management.
The current level of agricultural productivity suffices the food and feed demand (to a large extent),
so that further productivity developments can induce the possibility to take land out of production
for food and feed production that is (,of which the set aside obligation that was in place until
recently is a clear illustration). This may be partly altered by the increasing trend, especially in the
WEC, of land under an organic farming practice. Especially in the CEEC lies an opportunity to
significantly increase overall agricultural productivity possibly in synergy with developing a
holistic rural and nature development vision. The CEEC, a region characterised by an extensive
agriculture practice, a low population density but fertile soils, could even under modest
productivity developments present a high supply potential. The challenge is to develop policy in a
way that facilitates favourable boundary conditions to stimulate agricultural productivity while
concurrently and jointly encourage that this is reached sustainably, both in terms of socialeconomic and environmental standards.
In this section we have reflected on possible choices and policy directions that arise from the key
results obtained in this study. In the synthesis report major attention is attributed to provide clear
policy recommendations based on a variety of policy variants covering the whole spectrum of
choices.

5.3 Suggestions for further research






Yield levels – The maximum attainable yields used in the calculations may have little
bearing with actual yields, depending on the region considered. For further research it would be
valuable to assess how maximum attainable yields relate to yields actually produced. Special
emphasis on regional differences, for instance between WEC and CEEC, may help to quantify
the effect agricultural management has on the yield levels. A couple of specific case studies
could help to establish generic ratios between actual yield and maximum attainable yield.
These ratios can then be applied to larger regions to estimate overall impacts.
Sustainability and biodiversity – On several levels of the analysis sustainability (and as
one of the indicators biodiversity) issues play a role in the assumptions made. The highest level
is that of spatial planning and land use. Which share of the arable and pasture land can be used
to produce bioenergy crops. And after allocation to bioenergy crops, which crop is best planted
and under what management intensity. Dilemma’s that touch upon these choices are, i.e.
monocultures versus diversified landscapes and large area’s under extensive management
versus smaller area’s under intense management. Also concerning the use of pesticide,
herbicide and fertilizer application sustainability related issues play an important role.
Land use (change) – Bioenergy crop production is strongly linked to the utilisation of
land. Increasing population requires more land for construction of houses and infrastructure.
Awareness of the necessity of nature conservation has led to Pan European policy to
significantly extent areas for nature conservation while restricting other regions to the
permitted farming practice intensity. Wider implications of the anticipated future spatial
planning policy for agriculture in general and bioenergy crop production in particular deserve
consideration and evaluation of opportunities and limitations to the potential biomass
production.
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Appendices

Table 11 Substrate uptake, taken from USDA (2006b).
Crop groups

Crops

Lignocellulosic crops

Poplar
Willow
Eucalyptus
Miscanthus
Switchgrass
Reed canary
grass
Sunflower
Rapeseed
Sugar beet
Wheat
Rye
Triticale
Corn

Herbaceous lignocellulosic crops

Oil crops
Sugar crops
Starch crops

Nutrient content in harvested plant
kg nutrient (dry ton plant)-1
N
4,7
5,9
0,8
5,1
5,4
150,6

P
0,9
0,6
0,1
0,7
1,0
15,3

K
2,5
2,0
0,5
3,2
12,9
0

46,1
22,8
15,8
18,0
21,4
24,4
16,4

5,9
4,9
2,1
3,7
3,8
3,4
3,1

104,0
14,3
22,9
4,9
5,2
5,7
3,4
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Table 12 Natural Nitrogen (N) deposition (kg ha-1 yr-1)
Country

Austria
Belgium
Bulgaria
Cyprus
Czech Republic
Denmark
Estonia
Finland
France
Germany
Greece
Hungary
Irish Republic
Italy
Latvia
Lithuania
Luxembourg
Malta
Norway
The Netherlands
Poland
Portugal
Romania
Slovakia
Slovenia
Spain
Sweden
Switzerland

Nitrogen (N)
deposition
Kg ha-1 yr-1
12,90
17,50
12,90
9,00
12,60
9,10
5,00
2,40
9,00
13,95
4,40
10,60
8,40
8,20
5,00
5,00
17,50
9,00
2,90
17,50
12,90
4,70
12,90
8,00
8,00
4,60
2,90
12,90

Ukraine

12,90

United Kingdom

8,10

Figures for Bulgaria, Romania and Ukraine after Poland. Figures for Cyprus after Malta. Figures for Norway
after Sweden. Figures for Switzerland after Austria.
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