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Abstract

Bioenergy crops are expected to play an important role in reducing CO,
emission, in energy supply and in European energy policy. However, a
sustainable bioenergy supply must be resilient to climate change and the
impacts on agriculture at both global and regional scale. The purpose of
this study was to forecast the potential distribution of several bioenergy
crops based on agronomic and environmental constrains under current
conditions and future scenarios (2020 and 2030) in European Union.
Potential biomass yield, according to the category end use product
achievable in each environmental zone of Europe at present and in the
future available land have been also studied. Future yields were assessed
according to two factors: technological development and climate change:
the former was based on prospect of DG-Agriculture for conventional
crops and expert judgments for bioenergy crops, while the latter based on
relevant research papers and literature reviews which used site-specific
crop growth models. Yields are expected to increase in northern Europe
due to climate change and technological development, while in southern-
eastern Europe the negative effect of climate change will be mitigated by
the technological development. The estimated total biomass production
in Europe, on the basis of future yields and surplus land made available
for energy crops, may not be sufficient to meet the needs of bioenergy
supply as claimed in the European directive 2009/28/EC.
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Introduction

In the last 50 years, the European agricultural land has decreased by
about 15% in front of an increase of 14% in European population and
food demand (FAOSTAT, http:/faostat.fao.org/site/291/default.aspx).
This was possible thanks to the advances in agricultural technologies
and breeding programs that allowed a huge increase in crop productiv-
ity. The reduction of agricultural land associated with the reduction of
conventional crop land due to the effect of crop yield increase, may pro-
vide new challenges for the introduction of non conventional crops,
such as bioenergy crops.

In this regard, it should be reminded that between 17.5 and 21.1 mil-
lion hectares of arable land need to be cultivated with dedicated ener-
gy crops in order to achieve the European renewable energy targets,
which imposes an obligation to increase the amount of the renewable
energy in the EU to 20% of the total energy consumption by 2020, with
10% biofuels in the transport sector in order to reduce the CO, emis-
sions by 20% compared to 2005 (European Commission, 2009).
Accordingly, bioenergy crops are expected to play an important role in
achieving long-term goals for energy policy in cutting CO, emissions
and contribute to the maintenance of energy supplies. However, great
concerns have been expressed over the competition for land use
between food and non-food cropping systems. It was considered that
only if biomass is produced without encroaching on productive agricul-
tural lands or displacing natural forests, it has the potential to reduce
greenhouse gas (GHG) emissions while providing an alternative to
fossil fuels (Tilman et al., 2009). In the frame of 4F CROPS project
(Alexopoulou, 2010), which was funded by the EU in order to survey
and analyse all the parameters for a successful introduction of non-
food cropping systems along with food and fiber ones in EU-27, the
total area potentially available for non-food crops in the EU-27 (exclud-
ing Cyprus and Malta) was estimated to be 13.2 million ha in the cur-
rent situation (2003-2007), 20.5 million in 2020 and 26.2 million ha in
2030 (Krasuska et al., 2010). However, a sustainable energy supply
must be resilient to climate change in which bioenergy crops are like-
ly to play an important role.

Uncertainties in regional precipitation patterns, agricultural sensi-
tivity to climate and crop response to rising atmospheric CO, concen-
tration and temperature affects our ability to project climate impacts
on agriculture at both global and regional scale. Most of global climat-
ic models (GCMs) are able to provide information on main climatic
variables (e.g. air temperature, precipitation, humidity, radiation and
wind speed), however, much effort has been paid in downscaling the
horizontal spatial scale to 50 km or less using regional climatic models
(RCMs) to better predict those variables (Olesen et al., 2007). Several
studies on future crop yield and distribution indicate that different cli-
matic models produce different regional patterns (Audsley et al., 2006;
Tuck et al., 2006; Olesen et al., 2007; Rotter ez al., 2011). One common
approach is making projections on future yields using past trends in
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Table 1. Climatic characteristics of the European environmental zones.

NEM 24 93 309.8 310.8 4.6 2717 196
CON 42 13.1 380.9 393.4 4.1 3294 227
ATN 45 112 760.7 4379 1.9 3198 255
ATC 6.2 13.6 563.5 349.4 0.2 3849 296
LUS 84 174 851.5 3217 0.0 4749 353
PAN 6.1 15.6 211.1 2919 2.6 4099 250
MDN 8.2 18.1 477.8 2181 04 5104 335
MDS 112 211 470.1 114.4 0.0 6021 363

NEM, Nemoral; CON, Continental; ATN, Atlantic north; ATC, Atlantic central; LUS, Lusitanian; PAN, Pannonia; MDN, Mediterranean north; MDS, Mediterranean south.

yield development. It was used in REFUEL project (Fischer et al., 2007)
and the European Environmental Agency study on bioenergy potentials
(EEA, 2007). In other studies, future yields growth rates are based on
expert judgments (Ericsson and Nilsson, 2006; Kunikowski et al.,
2006).

The purpose of this study was to forecast the potential distribution of
several bioenergy crops based on agronomic and environmental con-
strains under current conditions and future scenarios (2020 and 2030)
in European Union. Potential biomass yield, according to the category
end use product achievable in each environmental zone of Europe at
present and in the future available land have been also studied.

Materials and methods

Analyzed area

As climatic conditions do not follow national boundaries and the
choice of a dedicated crop depends, primarily, upon its suitability to the
climatic conditions of a specific country or region, it was decided to use
the climatic stratification proposed by Metzger et al. (2005) and
Jongman et al. (2006). In their work, Europe was divided into 13 envi-
ronmental zones of homogenous bioclimatic conditions as a conse-
quence of main meteorological parameters (e.g. maximum and mini-
mum temperature, rainfalls, months of temperature below 0°C), as
shown in Table 1. From an agronomic point of view, we focus on eight
environmental zones to indicate possible energy cropping choices:
Nemoral, Continental, Pannonian, Atlantic north, Atlantic central,
Lusitanian, Mediterranean north and Mediterranean south. Alpine
north, Alpine south, Mediterranean Mountain and Boreal were not
included because of severe climatic and landscape constrains, while
Anatolian because out of European boundaries.

Nemoral (NEM) covers the lowlands and undulating plains of South
Scandinavia and the North-West of the Russian Plain including the Baltic
countries. Continental (CON) is mostly on the plains and lowlands of cen-
tral and eastern Europe, uplands and low mountains of the Balkan penin-
sula; it is situated from the Ardennes in the west to the Ukraine in the
east. Pannonian (PAN) lies on lowlands valleys and mountain peripheries
on the middle-lower Danube and on plainsand of Black-Sea. Atlantic north
(ATN) covers uplands and low mountains in central and northern Britain,
northern Ireland and western coast of Scandinavia, lowlands and plains of
Jutland and north Germany. Atlantic central (ATC) is situated in Ireland,
south Britain, north and central France, Belgium, The Netherlands and
west Germany. Lusitanian (LUS) lies from west Atlantic coast of France to
north Atlantic cost of Spain and north-central Atlantic cost of Portugal.
Mediterranean north (MDN) occupies lowlands in northern Italy, Spain,
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Table 2. Surplus land from the land allocation model.

NEM 470,200 1,006,530 1,328,800
ATN 867,000 1,298,520 1,610,400
ATC 1,444,300 2,106,850 2,549,000
CON-W 1,586,100 2,204,800 2,651,700
CON-E 1,656,700 4,181,300 5,926,800
LUS 562,400 718,770 838,100

PAN 1,255,200 3,340,400 5,205,600
MDN 2,063,300 2,164,420 2,306,400
MDS 2,454,900 2,476,580 2,512,300
TOT 12,360,100 19,498,160 24,929,600

NEM, Nemoral; ATN, Atlantic north; ATC, Atlantic central; CON-W, Continental west; CON-E, Continental
east; LUS, Lusitanian; PAN, Pannonian; MDN, Mediterranean north; MDS, Mediterranean south.
Processing of data from Krasuska et al., 2010.

Greece, southern France and Portugal, uplands and low mountains in
southern Mediterranean. Mediterranean south (MDS) occupies plains
and uplands in southern Mediterranean (ltaly, Spain, Portugal and
Greece) and some lowlands in the northern (EBONE, 2010).

Available land in the environmental zones

In this study, surplus land was defined as the potential available land
for non-food crops after the allocation of available land resources for the
production of different food and feed crops. Values of surplus land were
those reported by Krasuska et a/. (2010), in which the major drivers in the
scenarios established were the expected growth in crop production inten-
sity and change in food demand. The work was based on the
Nomenclature of Territorial Units for Statistics (NUTS). The estimations
were performed for NUTS-2 regions for all countries, except for Germany
and the UK, for which NUTS-1 level was considered. For Denmark,
Estonia, Lithuania and Luxemburg NUTS-2 regions are equal to national
NUTS-0 levels. In order to cope with the aim of this work, countries
belonging to a specific environmental zone were summed up in order to
estimate the available land in the analysed environmental zone. Available
land (ha) in the current situation (2003-2007), and future scenario (2020
and 2030) is reported in Table 2. CON environmental zone covers a high
number of countries with different socio-economic and technological
level. In order to analyse the environmental zones as homogeneous as
possible, CON was split into CON-West and CON-East; in the former
belongs the countries of the western part, while in the latter the eastern
countries of CON environmental zone, respectively.
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Table 3. Constrains of the selected bioenergy crops.
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B. napus >5 6-30 Fall/Summer 0-800 Medium High Medium
B. carinata >5 7-35 Fall/Summer 0-1000 Low Low High

H. annuus >10 15-39 Spring/Fall 0-950 Medium Low Medium

S. bicolor 12 13-40 Spring/Fall 0-1100 Medium Low High
Salix spp. >1 1-38 Spring/Winter 0-1100 High High Low
Populus spp. >5 3-38 Spring/Winter 0-1100 Medium Medium Medium
Eucalyptus spp. >T7 5-36 Spring/Winter 0-1500 High Low High

P arundinacea >T7 1-30 Spring/Spring 0-1100 High High Low

P virgatum >10 10-35 Spring/Spring 0-1100 Medium High Medium/High
Miscanthus spp. >9 11-40 Spring/Spring 0-950 High Medium Low

A donax >5 5-38 Spring/Spring 0-800 Medium Low Medium/High
C. cardunculus >5 1-35 Fall/Summer 0-500 Low Low High

Choice of the bioenergy crop

The traditional food or feed crops and the so-called dedicated bioen-
ergy crops (never or rarely cultivated) under study were categorized
according to their end use product: oil, sugar/starch, short rotation cop-
pice (SRC) and herbaceous lignocellulosic crops. The length of growing
season, temperature, water requirement, drought and frost resistance
are the main factors imposing the use of different energy crops for the
selected environmental zones (Table 3). No accounts were taken of
photoperiodic response, nutrients requirements, soil type, slope or
other potential limitations.

Assessment of future crop yield

A methodological issue has regarded the choice of the crop and the
prevision on future crop yields. In the frame of 4F CROPS project, the
work on future crop yields was approached using existing models. At
the beginning of the project, experts belonging to the 4FCROPS consor-
tium used WOFOST crop growth model to forecast crop yields and crops
development in Europe.

Long-term series of simulated water limited yields (1993-2007) for
the main arable crops derived from Crop Growth Monitoring System
(CGMS) database were used in the 4F CROPS project and were com-
pared to statistical yields from EUROSTAT (http:/epp.eurostat.ec.
europa.ew/portal/page/portal/statistics/themes). In some cases the crop
growth model strongly overestimates the simulated water-limited yields
in years with serious drought stress and in countries where water is
considered a limiting factor (e.g. countries belonging to Mediterranean
environments), as well as in countries with elevated rainfall or lower
technological development (e.g. countries belonging to central-north or
north-east Europe). Underestimations, on the other hand, were
observed with spring-summer crops, such as sunflower and maize in
countries belonging to Mediterranean environments. Crop simulation
studies are often limited with respect to the number and kind of crops,
spatial coverage and daily meteorological dataset recovery. Moreover,
phenological, biological and physiological processes linked to dedicated
bioenergy crops are poorly understood to date.

In the present study, in order to assess future crop yields two differ-
ent factors were taken into account: technological developments (crop
management, breeding, efc.) and climate change (CO,, temperature,
precipitation, efc.). Future yields were assumed without taking into
account the irrigation practice, with the exception of sorghum in South
Mediterranean environment. Technological developments are based on
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Table 4. Annual growth rate based on technological developments.

 FU-
Traditional (e.g. Maize)® +0.25 +0.55 DG Agriculture
Crops of new introduction” +1.1 +0.8 Expert judgement

°EU-15, central-west European countries; ‘EU-12, new member States (east Europe); SBrassica napus,
Beta vulgaris, Zea mais, Helianthus annuus; “Phalaris arundinacea, Panicum virgatum, Miscanthus spp.,
Arundo donax, Cynara cardunculus, Brassica carinata, Sorghum bicolor, SRC (Populus spp., Salix spp.,
Eucalyptus spp.).

prospects for agriculture, agricultural markets and income in the EU
elaborated by the European Commission’s Directorate-General for
Agriculture and Rural Development (2007). It was estimated that with-
in a 10-year period starting from 2007 maize yields in the EU-27 (old
and new member States) will grow at an average rate of 0.4% per
annum, which would stand at 0.55 % in the EU-12 (new member
States) and 0.25 % in the EU-15 (old member States) (Table 4)
(Krasuska et al., 2010). However, the yield increase rates have slowed
down considerably over the last decade, which could suggest that the
production is close to the technological frontier, especially in the EU-15
countries, as have been also reported by Olesen et al. (2011). The DG
Agriculture (European Commission Directorate-General for
Agriculture and Rural Development, 2007) assumes higher yield
increase for the EU-12 compared to the EU-15, since significant gains
in yields can still be achieved there by the introduction of more produc-
tive varieties and higher production standards. Therefore, taking into
account the time horizon investigated in this study (2020 and 2030),
we made an expert assumption that the technological annual growth
rate of the conventional or much studied crops would show 0.25 and
0.55% of technological development in EU-15 and EU-12, respectively.
On the other hand, dedicated bioenergy crops are rarely or never culti-
vated, with high possibility of improvements; in this case experts
assumption stated that technological annual growth rate for those
crops would show 0.8 and 1.1% of annual growth rate in EU-12 and EU-
15, respectively, as was the case of cereal yields in the past decades
(European Commission Directorate-General for Agriculture and Rural
Development, 2007). Regarding climate change for each future crop
scenario different coefficients were carried out, according to published
studies and relevant research works which used crop models calibrated
to the environment under study, literature reviews and expert judg-
ments (Tables 5 and 6). In order to compare different future crop yields,
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A2 scenario (IPCC - Special Report on Emissions Scenarios, 2000) or
double CO, level was used from those studies and simulated in our
analysis in a time horizon starting from base case (average value 2003-
2007) to 2020 and 2030. However, technological and climatic variations
have been usually reported at national or macroarea level (e.g. north,
south, west or east Europe). In these cases, for the need to match liter-
ature data with our analysis, the coefficients, both technological and
climatic, have been adapted from the nation or macroarea to the stud-
ied environmental area that fell in the surplus land, and subsequently
summed up to obtain a single factor to be used as annual growth rate
to assess 2020 and 2030 crop yields.

The results of future crop yield under each environmental zone have
been multiplied by the potential available land to assess the total bio-
mass achievable in EU-27 (less Cyprus and Malta), under current situ-
ation, in 2020 and in 2030.

Yields

In the present study, current yields for the conventional crops were
assessed according to statistical data derived from EUROSTAT and
FAOSTAT database (average value 2003-2007), while the yields of ded-
icated bioenergy crops from research papers, literature reviews and
expert judgments (Table 7). Yields have been reported as minimum,
average and maximum achievable, hypothesizing two types of soils
(agricultural and marginal) and two types of energy level (optimal and
low input).

Agricultural land refers to a flat soil, characterized by physical and
chemical composition at optimal ranges (e.g. absence of rocks and
stones, good mineral ratio, pH, organic matter, depth, salinity, cation
exchange capacity, exchangeable sodium percentage, rich in micro,
meso and macro soil biota, efc.). Marginal land is a very wide concept
that could include several types and categories of soil and the margin-
ality of soil could be ascribed when one or some of the aforementioned
parameters are out of the optimal range, like for example soil with
mechanical limitations because of stones, steep slopes, shallow or
weathered, low organic matter content, high salinity, etc. Optimal input
is based on the use of the present conventional resources (economic
and energetic). Fertilizers, chemical weed and pest control are used to
achieve maximal yields or economic returns, as well as modern mech-
anization methods with use of high yielding varieties and hybrids. Low
input level refers to no significant or very low level of input, such as
artificial pesticides, fertilizers and machinery used.

In our assumption, average yields correspond to marginal land with
optimal input or agricultural land with low input supply. Maximum yield
is referred to agricultural land with optimal input, while minimum yield
is referred to marginal land with low input supply.

When possible, maximum and minimum yields were taken up by the
literature, while when one or some values were not reported, an
assumption, depending by the crop response to energetic input in sim-
ilar environments, was made: minimum yield (from -10 to -60% respect
to the average yields); maximum yield (from +10 to +50% respect to
the average yields).

Results

Annual growth rate of energy crops

Annual growth rate caused by climate change shows a general
increase for all bioenergy crops under study and for the northern and
central environmental zones, while it generally decrease for MDN,
MDS and PAN environmental zones (Table 6). However, the negative
effect of the above mentioned environmental zones is mitigated by the
technological development as shown in Table 6. Among oil crops, sun-
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Table 6. Annual growth rate (in percentage) of the selected bioenergy crops based on the climatic change and technological development achieved in each environmental zone.

105 105 105 135 081 145 -0.19

1.22

065 09 053 100 0.03
0.03
0.35
-0.05
-0.22

0.65

082 0.65

-0.22
0.22
-0.29
-0.30
047

0.28 045

040 040

040 040

0.40

B.napus

-0.19 -0.63

049 0.06

-0.19

-0.44

B.carinata
Buoulgaris
H.annuus

Z. mais

0.87
-1.79
281

087 117
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-1.79
281

056 0.52

-0.77 025

0.86
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0.56
-0.77

0.56

0.31 -0.03
-1.02 -0.30
1.28 -0.32

0.31
-1.02
1.28

0.31

0.31
-1.02
1.28
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O_) Eucaliptus spp.

3.66

3.66

041 0.55°

2.38
NEM, Nemoral; ATN, Atlantic north, ATC, Atlantic central; CON-W, Continental west; CON-E, Continental east; LUS, Lusitanian; PAN, Pannonian; MDN, Mediterranean north; MDS, Mediterranean south. °Growth using irrigation practice.
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flower shows negative trends in almost all its environment of cultiva-
tion (from -0.05 to -0.77) except for PAN where it will grow at annual
rate of 0.25%. Rapeseed is present in all environmental zones except in
MDS; in this last environment ethiopian mustard was chosen as crop
for oil production due to its drought resistance compared to rapeseed.
However, ethiopian mustard shows negative trend in MDS (-0.19%)
and almost stationary annual growth rate in MDN; vice versa, rapeseed
shows annual growth rates ranging from 0.03% of MDN to 1.0% of PAN.

Among sugar/starch crops, highest annual growth rates were
observed for sorghum (2.38% in central and west Europe) because of
the high possibility of improvements of this crop compared to sugar-
beet and maize. However, an annual decrease (-0.41%) is expected in
MDN due to the possible reduction of spring-summer rainfall. In MDS
its cultivation will be possible only using irrigation practice. Among the
herbaceous, perennial, lignocellulosic energy crops, according to the
temperature and water requirements, reed canary grass and switch-
grass were found to be most suitable for environment of northern
Europe, such as NEM, ATN and ATC, respectively, while miscanthus
could be suitable for all environment except for the coldest (NEM) and
lowest latitudes such as MDN and MDS due to its low drought resist-
ance and high water demand. For those last environments giant reed
and cardoon were considered as the best choose thanks to their medi-
um/high drought resistance and medium to low water demand (Table 3).
For short rotation woody crops (SRC) a north to south gradient, based
on crop constrains offered by the environment, see willow more adapt-
ed to colder environments such as NEM and ATN since it has a relative-
ly high resistance to frost, while poplar for a wide range of environment
as ATC, CON-W, CON-E, PAN and MDN, however, often water availabil-
ity is a limiting factor for its production. Eucalyptus finds its best allo-
cation at lower latitude environments such as LUS, MDN, and MDS.
The effects of technological development achievable will assure posi-
tive annual growth rates for those perennial bioenergy crops as shown
in Table 6.

Future crop yields

Rapeseed is the most represented oil crop in the European environ-
ments. Yields, in the base case, are between 1.40 t ha! in PAN and
CON-E to a maximum of 4.26 t ha-! in ATC (Figure 1). The projections
for 2020 and 2030 foreseen a minimum value of 1.48 t ha! in MDN in
2020 and 2030 and a maximum of 4.6 in the ATC, in the case of cultiva-
tion in soils with high optimal agronomic inputs. Considering the aver-
age output for climate zone, the minimum yields are expected in MDN
for 2020 scenario (2.25 t ha!) followed by NEM, CON-E and PAN (2.28,
2.31 and 2.38 t ha'l, respectively), while the highest are foreseen in
ATC for 2020 to 2030 scenarios (4.08 and 4.36 t hal, respectively). By
analyzing the yields recorded in CON-W and CON-E it is possible to
point out that, in the average, yields are very different between the two
areas (3.32 and 2.12 t ha!) which are characterized by the same cli-
mate but composed of countries at different stages of technology devel-
opment. The forecasts for 2020 and 2030 provide a gradual reduction of
the gap between the two CON environmental zones mainly due to the
possible technological transference to the east part.

Ethiopian mustard has been allocated to Mediterranean basin (MDN
and MDS, respectively); medium productions detected in MDN and
MDS are respectively equal to 3.15 and 2.22 t ha! in the base case; pro-
jection shows an almost constant trend in MDN (3.17 t ha! under 2030
scenario) and a slightly decrease in MDS 2030 scenario (2.13 t ha™).
In this case, the decrease of annual growth rate caused by climate
change was mitigated by technological development.

Analyzing the average yields of sunflower in the different environ-
ments, minimum values are obtained in LUS (1.47 t ha™!) and maxi-
mum in CON-W (2.81 t ha!) (Figure 1). In the long term scenario it is
expected a gap reduction between the yields of sunflower in EU-15 and
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EU-12 countries, as evidenced by the reduction of the gap between
CON-W and CON-E (from 0.96 in the base case to 0.70 t ha™! in 2030
scenario). Sunflower generally shows a different response to increased
temperature than winter crops and spring-summer C4 crops. Indeed,
our estimation is in accordance to the findings of Harrison and
Butterfield (1996), accounting for this to the fact that higher tempera-
tures cause, in sunflower crop, increase in developmental rate, shorter
growing season length, less time to accumulate biomass and, thus,
lower yields. In winter crops, the raise of temperatures cause increase
in developmental rate too, however, temperatures approach the opti-
mum for physiological activities (i.e. photosynthesis and photosyn-
thetate translocation) which counterweight the shorter biomass accu-
mulation period due to shorter growing cycle. Moreover, C4 spring-
summer crops (e.g. sorghum and maize) are not affected by photores-
piration as C3 spring-summer crops, and maintain high level of net
photosynthesis at high temperatures. Even for sugar/starch crops, in
the average yields, differences were observed between the yields in the
different climatic zones. For sugarbeet lowest yields were observed in
CON-E 8.45 t ha! while highest in LUS, with 16.06 t ha! (Figure 2). In
maize both minimum and maximum yields have been observed in
CON. The former in CON-E (3.65 t ha-!) while the latter in CON-W
(7.44 t ha'1) (Figure 2). Forecasts to 2030 include increases of more
than 2 t ha! in both areas. Almost constant growth are expected in PAN
(4.15 to 4.36 in 2030 scenario), while slight decreases in MDN (6.44 to
6.13 t ha'l, respectively).

On the other hand, substantial yield increases are expected for
sorghum (Figure 2); LUS will see the highest growth ranging from, in
the case of average yields, 17 t ha-! of the current to 28.5 t ha! under
2030 scenario. This will be possible by using of early sowings and by the
introduction of late maturity varieties. The lowest yields are observed
in ATC (8.5 t ha') which will get similar production in 2030 as the one
of the current case in MDN (14.2 t ha™!). In this last, due to the expect-
ed reduction in annual rainfall in the whole Mediterranean basin,
yields are subjected to reduction. Therefore, in MDS sorghum cultiva-
tion will be possible only by using the irrigation practice for the whole
crop cycle and, in this case, slight increase could happen.

Perennial, herbaceous, lignocellulosic crops, as well as short rotation
coppicing are species which are under deep investigation worldwide as
dedicated energy crops. As was for maize in the past decades, countries
with higher technological background will put their effort to reduce the
current bottlenecks of perennial, herbaceous, lignocellulosic crops and
short rotation coppicing such as propagation, mechanization and other
agronomic practices, in order to deliver genotypes, hybrids and high
yielding varieties. For these reasons we believe that these two crop cat-
egories will grow at faster rates than the above mentioned crops for oil
and sugar/starch. Reed canary grass is a species with high frost toler-
ance (Figure 3); in NEM its yield will grow, in the average, from 8.5 to
13.7 t ha!, while in ATN from 8.7 to 14.7 t ha! in 2030 scenario.
However, as for the following crops of new introduction, minimum and
maximum values are reported since yields come mainly from experi-
mental trials. In the minimum assumption 8 t ha-! will be reached in
2030 in both environments, while 19 and 20 t ha! in NEM and ATN,
respectively in the maximum one. Switchgrass is known as a temper-
ate species with high tolerance to severe water stress conditions. In
our choice it is allocated in ATN and ATC. Yields are 4.5 (minimum),
7.4 (average) and 10 t ha-! (maximum) in the current case to 7.6, 12.4
and 16.8 (2030 scenario) in both environments and in the minimum,
average and maximum assumption, respectively (Figure 3).
Miscanthus has a broad range of genotypes able to grow in different
environmental sites of Europe. Highest yield, in the average assump-
tion and in the current case, were reported in LUS (20 t ha™!) followed
by CON-W (17.7 t ha'1), while lowest in CON-E and PAN (10 t hal)
(Figure 3). However, 4 t ha™! are reported in ATN and ATC in the min-
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imum assumption and until 26 t ha-! in LUS in the maximum assump-
tion. In 2030 miscanthus yield will grow in all environment of cultiva-
tion; the best environment will be LUS (ranging from a minimum of 20
to a maximum of 43 t ha'), mainly due to increase in rainfall, while
the worst, PAN (from a minimum of 7.8 to a maximum of 22.2 t ha™1),
due to the extreme temperatures during winter and summer period.
Giant reed is well adapted to warm-temperate or subtropical growing
conditions. Its yield ranges from 3 to 37 t ha-! (minimum and maxi-
mum value, respectively) in MDN at current case and from 7 to 40 t
ha™! in MDS (Figure 3). In 2030 almost close production will be
observed in both environments for the maximum assumption (42 t
ha1), while in the average 18 and 24 t ha-, respectively in MDN and
MDS. Cardoon, as well as giant reed, is very suitable to the drought
conditions of the central and southern Mediterranean area where its
growing season lasts from autumn/winter to late summer. Yield
increases will be expected both in MDN (from 12 to 15 t ha! in the
average) and MDS (from 22 to 26 t ha™! in the average), in 2030 sce-
nario (Figure 3). As for reed canary grass, willow has a relatively high
resistance to frost, so among short rotation coppice it is well adapted
to colder climate as NEM and ATN. In the average assumption yields
will grown from the actual 8.2 to 13 t ha™! in NEM (2030) and from 10.8
to 18 t ha~! in ATN (2030) (Figure 4). In the maximum assumption wil-
low could reach 26 t ha™! in ATN in 2030. Poplar can be grown in
warmer areas than willow, with highest yield in MDN followed by ATC
(13 and 10.7 t ha ! in the current case and in the average); however in
2030 ATC will be the most productive environment (18 t ha™! in the

average assumption) followed by CON-W and MDN (16.3 and 15.2 t
ha1), while PAN and CON-E the most unproductive ones (Figure 4).
Highest yields of eucalyptus in 2030 scenario are foreseen in LUS (min
13.4, average 16.2, max 30.2 t ha™!), while in MDN and MDS are lower
and very close between them (18.9 and 20.6 in the maximum assump-
tion, respectively) (Figure 4).

The increase in biomass yield of these two energy crop categories is
supported by the fact that in the near future, breeding programs and
crop management will be the major drivers for the development and
introduction of these species in the ordinary cropping systems.
Moreover, an increase in crop growing cycle is expected due to the
increase in temperatures in those environments where water is not a
limiting factor.

Total biomass achievable in Europe

The total area potentially available for non-food crops in the studied
environmental zones (NEM, ATN, ATC, CON-W, CON-E, LUS, PAN,
MDN and MDS) was estimated to be 12.36 million ha (Mha) in the cur-
rent situation (2003-2007), 19.5 Mha in 2020 and 24.9 Mha in 2030.
Table 2 gives an overview of the surplus land in the selected environ-
mental zones. As it can be seen, the surplus land will tend to increase
in all environmental zones. The minor increases of surplus land will be
in the Mediterranean regions because of the expected reductions in
food crops yield in these areas. By splitting the surplus land between
climate zones falling in the EU-15 and EU-12 countries, it can be
observed that in the base case most of the surplus land falls in the EU-
15 area, being equal to 74.5% (9.2 Mha) of the total (Table 8). This dif-
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ference will tend to decrease and will be equal to 11.5 Mha in the EU-
15 and 8.0 Mha in the EU-12 (2020 forecast); the abovementioned dif-
ference will tend to further decrease in 2030 with 13.1 Mha (52.7%) vs
11.8 Mha (47.3%), respectively for the EU-15 and EU-12. This greater
increase of surplus land in the future projections observed in the EU-
12 countries can be ascribed to the expected yield increases of food
crops in these areas mainly due to the introduction of new varieties,
higher crop mechanization and improvement of agricultural practices.

Using the average values of projections of future yields (2020 and
2030) and the surplus lands obtained in different climatic zones, it is
possible to hypothesize the future production of biomass in all
European surplus lands. If we assume to cultivate all the surplus land
with oil crops, and choosing the best crop for each environmental zone,
it is possible to increase the production from 31.7 million tons (Mt)
obtained in the base case to 72.9 Mt in 2030 (Figure 5). Analyzing only
sugar/starch crops we could obtain from 151.2 Mt in the base case to
301 Mt in 2030. Assuming to cultivate only herbaceous lignocellulosic
crops we can get from a production of 192.8 Mt to 471.1 Mt, while from
129.4 to 326.8 Mt if only SRC are cultivated.

Discussion

The general climatic constrains on agriculture production are main-
ly the length of growing season, precipitations, temperature, early and
late frost risk of the different European environmental zones. In north-
ern countries (NEM and ATN) the length of growing season, solar radi-
ation, late spring and early autumn frost are typically climatic con-
strains which limit the productivity of crops. Abundant precipitations
and satisfactory length of the growing season favour agricultural pro-
duction and yields in central-western part of Europe (ATC and LUS). In
southern regions (MDN and MDS), water availability increases risk of
drought stress and crop evapotranspiration, however, the longer grow-
ing season, favourable temperatures and free frost risk enable a large
choice of energy crops. The use of irrigation or drought resistant
species and varieties for these environmental conditions are predomi-
nant strategies for spring sown crops. In the CON and most eastern
part of Europe (PAN), with their amplitude of annual temperature
cycle, dry summer conditions and high frost risk in autumn or late
spring causes a limiting factor in the energy crop choice and crop yield.
The most productive regions in these environments are located in
CON-W and lowland regions of Hungarian plains (Maracchi ef al.,
2005). Our analysis of the only climatic change on agricultural produc-
tivity leads to a general yield reduction in most southern and eastern
environmental zones and a general increase in the central-northern
ones. At middle and higher latitudes, global warming will lead to less
severe winters, extending the length of growing season and allowing
early planting in the spring and early maturation and harvesting of
annual and perennial crops. Vice versa, the general annual temperature
raise will decrease the length of growing season resulting in accelerat-
ing development, higher evatranspiration and hastened maturation
(Olesen and Bindi, 2002), while reduction in annual precipitation will
cause severe water deficits which may lead to lower yields in southern.

The expected increase in atmospheric CO. concentration will, in
part, mitigate these negative effects. It has been proved that C3 crops
positively respond to increased atmospheric CO, concentration,
increasing net photosynthesis (Ainsworth and Ort, 2010), reducing
transpiration and stomatal conductance due to reduced stomatal aper-
ture and density (Drake et al., 1997), reducing the dark transpiration
due to a reduction in activity of respiratory enzymes (Ogren, 1984;
Bunce, 1994) and increasing water use efficiency, both in C3 and C4
species (Olesen and Bindi, 2002). On the other hand, rise in atmos-
pheric CO; concentration will lead to higher greenhouse effects and
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Table 8. Surplus land in EU-15 and EU-12 and allocation of the
total estimated production according to crop cateiory end use
(oil, sugar/starch, herbaceous lignocellulosic and short rotation

coppice).

Available land

Surplus land (Mha) 921 1147 1313 315 8.03 11.80

Surplus land (%) 745 588 527 255 412 4713
Biomass yield partitioning

Oil (%) 785 633 566 215 367 434

Sugar/starch (%) 869 745 686 131 255 314

Herbaceous lignocellulosic (%) 82:0 68:6 63.6 180 314 364
Short rotation coppice (%) 8.0 70.1 652 170 299 348

water shortage, especially in southern Europe, which in turn will neg-
atively affect the crop productivity. Whether and to what extent the rise
in CO, will offset the more severe drought conditions is still a contro-
versial matter. Recent studies reported that the average crop yield
across Europe will change from -3% to 1% due to climate change, from
11% to 32% due to the increase in atmospheric CO; concentration, from
25% to 136% due to the advances in technology (Ewert et al., 2005;
Rounsevell et al., 2005, 2006). Accordingly, in our study the technolog-
ical development has been the factor with the higher impact on future
crop yield in the different environmental zones. Efficient informatics
inclusion and seasonal forecast on agriculture, crop breeding to over-
come specific environmental constrains and crop management, includ-
ing cultivation timing, tillage practices, fertilization practices, new
genotypes and varieties introduction, crop protection and assurance
will play a key role in strategies of adaption and mitigations to climate
change (Olesen et al., 2011). The European Commission has planned
to strongly increase the investment on bioenergy crops in short term as
important renewable alternatives to replace fossil fuels. Therefore,
energy crops in general and perennial no-food ones in particular will
enjoy substantial financial support in terms of research, development,
crop adaptability and tolerance, as in the case of the Seventh European
Framework Programs. Overall, our results, based on literature reviews,
relevant research papers and expert judgments, show that the possibil-
ities to successfully grow crops for oilseeds, sugar/starch and solid bio-
fuels are expected to strongly increase in northern Europe, mostly due
to higher summer temperatures, and moderately increase in southern
Europe due to water shortage mitigated by technological development.
This trend is initially slightly visible (2020) and then it becomes much
more pronounced (2030 scenarios). At the same time, while we are
reporting the optimal allocation among a crop category (oil,
sugar/starch and soild biofuel) in the selected environment, a wider
window in the choice of bioenergy crop could be possible. Therefore,
even though the choice of bioenergy crops in our analysis is restricted
to a very small number of crops, with alternative agronomy strategies
(e.g. earlier sowing) or selection programs, new genotypes with higher
drought, frost or other climatic constrains adaptability could be intro-
duced in southern and northern environments, respectively. The esti-
mated total biomass production in Europe, on the basis of future yields
and surplus land made available for energy crops, may not be sufficient
to meet the needs of bioenergy supply as claimed in the European
directive 2009/28/EC (European Commission, 2009), which imposes an
obligation to increase the amount of the renewable energy in the EU to
20% of the total energy consumption by 2020, with 10% biofuels in the
transport sector in order to reduce the CO, emissions by 20% compared
to 2005. The EU has estimated that 30.8 million tons of oil equivalent
(Mtoe) will be needed to satisfy the obligation of 10% of biofuel shar-
ing in 2020; this would stand at 48 million tons (Mt) of bioethanol or 35
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Mt of biodiesel (considering that 1 toe correspond to 1.56 t of
bioethanol or 1.14 t of biodiesel) (Eurobserver, 2009). However, the gap
of bioethanol or biodiesel production could be reduced through the
introduction of high yielding genotypes selected for improved oil or
sugar/starch content and/or through the development of high efficient
technologies for second generation biofuel (Scordia et al., 2010), as
claimed by the European Commission.

Conclusions

Future yields of energy crops will increase, especially in areas of cen-
tral and northern Europe, due to climate change. The increase in CO,
concentration will lead to greater efficiency of use of resources, while
the temperature increase will provide more favourable conditions for
the production and introduction of new species. On the other hand, in
areas of southern and eastern Europe, climate change will have a neg-
ative effect on crops, mainly due to possible water deficits and the pos-
sible extreme weather events (e.g. prolonged heat waves, hail, storms)
that will increase the variability of annual production and lead to a con-
traction of surfaces suitable for the cultivation of traditional species.

Technological development could however mitigate these negative
effects through the introduction of new varieties and improved crop
management. The estimated total biomass production in Europe, on
the basis of future yields and surplus land made available for energy
crops, may not be sufficient to meet the needs of bioenergy supply as
claimed in the European directive 2009/28/EC. The introduction of high
yielding genotypes selected for improved oil or sugar/starch content
and/or through the development of high efficient technologies for sec-
ond generation biofuel production could reduce this gap.
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