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a b s t r a c t

There is currently limited experience on the introduction of new commercial crops as a source of raw
material for energy uses. The present paper analyses the introduction and development of commercial
willow plantations in Sweden during the period 1986e2005. A general framework is constructed in
order to identify all the factors and interrelations that can describe the introduction and expansion of
willow as an alternative crop for the production of raw material for energy. The factors are identified and
analysed based on a broad database of information from commercial plantations, covering almost all
existing plantations, and on documents referring to existing academic literature or official reports. The
analysis provides with lessons that can be useful for the introduction of new energy crops in other
countries and shows the possible contradictions in policy applications. The analysis confirms that stable
policies and long-term contracts reduce the uncertainties associated with the cultivation. The results of
this study can be of value for other countries aiming at the introduction of new crops for bioenergy.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction additional possibilities for environmental control and wastewater
Biomass from short rotation plantations with woody crops is an
important option for meeting renewable energy targets in the
expected shift towards a more sustainable energy supply
infrastructure. It has been speculated that a large amount of land
for fast growing wood species will be needed in order to accom-
plish the goals targeted in the energy policy [1,2]. Estimates by the
European Environmental Agency show that most of the potential
biomass production in the European Union will rely on energy
crops, which can account for more than half of the total biomass
supply in 2030 [3].

The estimates of the importance of short rotation woody crops
is based on its potential role in the reduction of the CO2 emissions
through the production of biomass for fossil substitution and
CO2 storage in vegetation and the soil (e.g. Ref. [4]). In addition,
the advantages they present are wide: for example, efficient
land use in combination with the increasing demand for renew-
able energy resources, potentially positive effects on rural econ-
omies as the result of the diversification of farm crops [5], and
.
il.com (B. Mola-Yudego).
treatment [6,7].
Today, out of the different fast-growing woody crop species

proposed for energy uses, willow (Salix) is one of the few planted
commercially to a significant extent in the EU [8]. Willow cultiva-
tion presents several characteristics that favour its use for energy
production: it is a high-yield species, providing large amounts of
lignocelluloses in a short interval after establishment, it has a broad
genetic base which allows potential for improved and adapted
varieties, it is easy to breed and to expand through vegetative
propagation, it has the ability of re-growth (coppice) after multiple
harvests, and it requires low economic investments after its
establishment [9]. Also, the energy efficiency of willow plantations
has been estimated to be higher than alternative crops. For
instance, the energy input needed in a willow production chain is
about 4% of their energy output, whereas the equivalent value for a
chain based on forest logging residues or straw is about 5%, and in
the case of cereals or oil seed plants, is estimated to be 15%e20%
[10]. In addition, among other fast growing species, willow has
shown better energy profiles than e.g. poplar in terms of energy
requirements, estimated about 11.3e17.4MJ ha�1 yr�1, compared to
poplar 12.8e15.5 MJ ha�1 yr�1 [10].

In Northern Europe, the cultivation of willow provides addi-
tional advantages: good yield performance even in cold conditions,
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management practices that are already familiar to most farmers
and winter harvests that reduce the impact on other agricultural
operations and minimise soil compaction resulting from the use of
heavy machinery, as the ground is invariably frozen during the
harvesting period [11].

The plantations are mainly established on agriculture land,
involving less intensive practices than most of the conventional
agricultural crops. However, the use of short rotations translates
into more intensive management practices than in conventional
forestry. The plants are usually cut back after the first growing
season in order to promote sprouting. Whole-shoot harvesting is
usually conducted every three to five years [8,12]. The plantations
are established between late April to early June, using one-year old
cuttings, and the most widely used current design in Sweden is the
double-row system, with distances between rows of 0.75 m and
1.5 m, which permits the use of machinery, and spacing between
cuttings, within the rows, of 0.6 m.

Currently, Sweden is the leader in short rotation plantations for
energy in Europe [13,14]. Since its introduction at a commercial
level in the mid-1980s, Sweden has planted about 14e16,000 ha
[8]. In this context, Sweden is a unique case in Europe for its
experience regarding the introduction, at a commercial level, of a
new energy crop on agricultural land, both concerning years of
research and area planted. The performance and expansion of the
Swedish willow plantations is, therefore, an invaluable precedent
and source of information for analysis, and dissemination to other
suitable countries. The present paper analyses the introduction and
development of commercial willow plantations in Sweden since
the first commercial plantations were established. In order to
achieve this, different aspects are examined, e.g.: the yield perfor-
mance of the plantations, the changes and trends of productivity,
the role of the policy framework and the different actors involved in
the development of the sector. Finally, the paper aims at drawing
concepts and lessons in a conceptual framework that can be useful
for the introduction of new energy crops in other areas.

2. Material and methods

A general framework was constructed to conceptualise and
analyse the introduction of willow cultivation in Sweden, based on
data analyses as well as on a review of existing literature. The
framework aims to identify all the factors and interrelations that can
describe the introduction and expansion of willow as an alternative
crop for the production of rawmaterial for energy. The identification
of the factors and the interrelations were based on a broad database
of information from commercial plantations (Table 1). Concerning
the details affecting the cultivation and the policy framework, the
data was based on documents referring to existing academic liter-
ature or official reports. Regarding the analysis of quantitative data
(e.g. the specific location of the plantations, yields and performance,
number of growers) the data was based on a series of datasets, the
most important one provided by Lantm€annen Agroenergi AB
Table 1
Sources of the main datasets used in the analysis.

Data Source

Size, yield, location of plantations Agrobr€ansle AB (1986e2005)
Ownership of the plantations Agrobr€ansle AB (1986e2005)
Consumption of wood chips and

location of district heating systems
Svensk Fj€arrv€arme AB

Location and establishment of
district heating systems

[15,16]

Land uses Corine land uses map [17]
Yield and release of commercial varieties [18]
Economics and cost reductions [19]
(formerly known as Agrobr€ansle AB), which manages planting and
administrates the harvesting of commercial willow plantations. The
data included, among others, the location of the plantations, the
harvest records from the first, second and third cutting cycles, as
well as data concerning the ownership of the plantations, the area
planted, and the establishment and harvesting dates, during the
period 1986e2005. Some human errors were detected resulting in
inconsistent records, and were excluded. In other cases, some in-
formation regarding the ownership, harvesting dates, total area
planted or the location of the plantation, was missing, resulting in
their exclusion from the calculations according to the needs of the
studies where they were used.

All plantations were geo-referenced to a 1 km precision,
covering the area from 55� 20' N to 61� 29' N and from 11� 33' E to
18� 56' E. The biomass production of the willow plantations was
calculated by dividing the total harvested biomass of the cutting
cycle by the planted area. The yield (mean annual growth) was
calculated by dividing the biomass production by the rotation
length of the cutting cycle (the number of years since the previous
harvest or cut back). The number of growers across time was also
derived from the datasets, as well as their experience in growing
willow (see Ref. [20]).

Additional datasets were also collected to analyse other factors
identified in the analysis. The consumption of wood chips by dis-
trict heating and power systems during the period studied was
based on records by Svensk Fj€arrv€arme AB. The release of willow
varieties to the market was based on [18]. The land uses were based
on the Corine land uses map 250 m [17].

3. Results

3.1. Conceptual framework for the introduction of a new crop

The resulting framework (Fig. 1) assumed that the area planted
with the crop is a result of the adoption of the crop by the local
farmers, subject to different incentives. One clear incentive is the
profitability of the cultivation, being a result of the cost and the
revenues, including incentives. Those are defined by the produc-
tivity, which is a result of a combination of local climatic and soil
factors and restrictions, management practices, and by the effects
of the economies of scale, as well as by the demand for the resulting
chips. The resulting level of productivity affects the profitability of
the plantations and the willingness of local farmers to plant willow,
and thus to expand the initial area planted. In addition, the exis-
tence of a local demand and market for willow chips, the local
perception of the cultivation and the costs of management signif-
icantly affect the adoption and therefore the expansion of the
cultivation. This amount of planted areawith willowwill determine
the development of an economy of scale, which will reduce costs,
release higher yielding varieties, and contribute to a better under-
standing of willowmanagement, which will in turn result in higher
yields.

The role of the policies implemented to develop the sector
directly affect adoption, e.g. through subsidies. In addition, policy
affects the market, e.g. through taxation of alternative energy
sources, subsidies on wood-fuelled district heating plants, pro-
moting a framework for long-term contracts between the farmers
and the wood-fuel consumers. Finally, the policies also affect the
yield performance, e.g. through investments on research of new
plant varieties and better management practices.

3.2. Changes in the policy framework

The introduction of willow cultivation in Sweden was stimu-
lated by the government through the implementation of different



Fig. 1. Factors affecting the development of energy plantations in Sweden, as a result of interactions between the policy framework, the yield levels and adoption and spread of the
cultivation by farmers.
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measures and policy incentives. According to the application and
effects of these measures, the spread and expansion of commercial
willow cultivation can be divided into three periods: start-up
period (1986e1991), expansion period (1991e1996), and stagna-
tion period (1996e2006).

The start-up period, or early adopters, started in the late 1980s.
The first commercial plantations were established in 1986, and the
number of farmers establishing willow plantations grew slowly
until 1990, especially in central Sweden (Fig. 2).

In 1991 there was an important change in the agricultural
policy in Sweden, with a set of incentives being introduced in
order to promote the establishment of willow plantations, which
lead to a significant expansion of the cultivated area. During the
period 1991e1996, a specific subsidy to establish willow planta-
tions of 10,000 SEK ha�1 was available (at 1991 exchange rates,
approximately 10 SEK ¼ 1.33 EUR). In addition, further subsidies
for fencing were also available in some cases [21]. Parallel to these
measures, taxes on sulphur and CO2 for fossil fuels for heat pro-
duction were introduced, and were progressively increased in
subsequent years: 0.25 SEK/kg CO2 in 1991, 0.32 SEK/kg CO2 in
1993, and 0.36 SEK/kg CO2 in 1996 [22,23]. Since biofuels were
exempted from these taxes, they became more competitive versus
fossil fuels. As a result of these changes, the planted area with
willow increased almost exponentially during this period in par-
allel with an increased demand for wood by district heat and
power plants (Fig. 3).
However, 1996 signalled a turning point in the willow expan-
sion. In that year, the planting subsidy was initially reduced to a
third of its previous amount (Fig. 3), and the number of new
plantations dropped significantly. This was in part as a result of the
inclusion of Sweden in the EU and the implementations of the
regulations of the Common Agriculture Policy (CAP), which stated,
among other regulations regarding set-aside land, that the
maximum level of the subsidy could not exceed 50% of the planting
cost [22], which triggered a reduction in the subsidies. The subsidy
for the establishment of willow plantations was raised again in
1999 to 5,000 SEK ha�1 (slightly over 50% of the pre-1996 value),
and new willow plantations were again established. During this
period, the taxes on CO2 increased again to 0.52 SEK/kg CO2 in 2001,
while energy taxeswere reduced [22]. Despite these conditions, the
total area planted in Sweden was more or less constant around
14,000 ha, due to the fact that many plantations that were poorly
established in the 1990s were removed at the same rate as for the
establishment of new plantations.

3.3. Expansion and location of willow plantations

Thewillow plantations in the start-up period (1986e1991) were
concentrated mainly around the area of €Orebro, in central Sweden,
and a less prominent concentration of plantations was identified in
the northernmost area of distribution of willow plantations. Plan-
tations established in the expansion period (1991e1996), were



Fig. 2. Development of commercial willow plantations for bioenergy established in Sweden during 1986e2006.
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concentrated around the areas of €Orebro, Enk€oping and Kristian-
stad, in central, east-central and southern parts of the country,
respectively (Fig. 2). In these cases, the area planted with willow
increased parallel to the establishment of a demand for wood chips
by the district heat and power plants (Fig. 4). In the case of €Orebro,
the plant was already using wood chips for energy since the 1980s,
and the progression of the area planted was steady. In the case of
Enk€oping and Kristianstad, the area planted with willow showed
important increments after the adaptation by the plants to use
wood chips as raw material. In the 1990s, in these three cases, the
level of concentration (density of plantations) was increasing with
the geographical proximity to the plants [24].

Finally, the willow expansion in southern Sweden took place
later than in central Sweden, parallel to changes in wood fuel con-
sumption of the district heat and power plants that were con-
structed or converted to use wood biomass during the mid-1990s.
This distribution was similar during the final period studied
(1997e2005). In these cases, the concentration of plantations was
also increasing with the proximity, and moderate concentrations
around the heat andpower plants of themunicipalities of Eskilstuna
and Sala were identified. The shares of plantations established
during the threeperiodswere 13%, 70%,17%of the total number [24].

3.4. Yield improvements

The initial yields of the first plantations were significantly lower
than expectations, with averages close to 2 odt ha�1 yr�1 during the
initial period in the first cutting cycle (Fig. 5, Fig. 6). There were,
however, constant improvements in the average yields with time,
and several new varieties were released to the market, resulting in
yield increases of over 100%. In addition, there was evidence of
higher yields during the second and third cutting cycles as the
annual average yield for that period was 2.63, 4.19 and
4.47 odt ha�1 yr�1 for the first to third cutting cycles, respectively
[8]. The estimated willow yield at the first cutting cycle during
1986e2000 increased from 1.0 to 2.5 odt ha�1 yr�1, in the areas of
low productivity, and from 1.3 to 5.4 odt ha�1 yr�1, in the areas of
high productivity in the southern part of Sweden [20]. In general,
yields increased an annual average of 0.206 odt ha�1 yr�1.

In addition to overall increases in productivity, an effect due to
the growers' increasing experience with the cultivation was
noticed. In general, growers with at least 2 years experience in
growing willow achieved higher yields, with an average of
0.34 odt ha�1 yr�1 increase over inexperienced growers [20].

3.5. Changes in the cultivation practices

During the two decades studied there were changes in the
management of the plantations. For instance, while the average
length of the cutting cycles for the whole period were 6.0, 4.5 and
4.2 years for the first, second and third cutting cycles, respectively
[8], there was a reduction of the length with time [20], with initial
rotations for the cutting cycle of around 8 years in the early 1990s,
and an average of 5.38 years in 2000s.
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The planting densities were also reduced over time, starting
from 20,000 at the beginning of the 1990s, to approximately 13,000
cuttings per hectare of the most recent plantations [14]. Addition-
ally, the fertilisation recommendations were changed: for a stan-
dard cutting cycle, the recommendations (in kg N ha�1) in 1996
were 60, 100 and 60 for the first, second and third year after harvest
[15] respectively. In 2007, the respective recommendations were
100e150,100 and 0 [25]. It was, however, estimated that only about
25% of the plantations follow the fertilisation recommendations
[18], resulting in much lower yields [26].

Finally, these changes and the development of the sector
resulted in important cost reductions. For instance, the planting
costs by the end of the start-up period in 1992 were about 65%
lower than in 1988 [27]. Rosenqvist et al. [19] estimated that the
total cost of willow production is reduced by 10% when the scale
effects of expanded willow area are considered, and by 35% when
also the learning effects of the farmers are included. In 2009, the
gross margin of willow plantations excluding subsidies was esti-
mated to be positive above 9 odt ha�1 yr�1 [28] corresponding to a
total production cost of about 5 EUR GJ�1. However, it was also
estimated that alternative cultivation practices, e.g. applying
sewage sludge, would reduce the profitability threshold to
8 odt ha�1 yr�1 [28].

4. Discussion

4.1. Market forces and policies

The framework presented in this study reflects the complexities
of the introduction of a new cultivation for energy purposes and
helps at the same time the understanding of the different mecha-
nisms and stakeholders involved, as well as the inter-connected
effects of their actions. Introducing a new energy crop is a com-
plex task, with many factors determining its success or failure. It is
clear that if a new crop is to be adopted by local farmers, the
decisive factor will be the profitability of the crop.

Compared to other promising energy crops (e.g. miscanthus,
reed canary grass and triticale), willow shows the lowest produc-
tion costs [29]. Concerning alternatives for the farmer such as grain
production, a study in Northern Ireland showed similar gross
margins, assuming average yields in both cases [27]. In Poland, the
profitability was estimated to be similar to barley and lower than
wheat at current wood chip prices [30], although the gross margins
were higher than alternative energy crops like miscanthus and
triticale [31]. Comparisons with cereals, however, must be cautious
as their price has been during the 2000s highly volatile, providing
large uncertainity in economic evaluations [29].

Among the factors that could affect profitability, the planting
subsidies during the period 1991 to 1996 had an important effect on
the farmers' motivation to plant willow [32]. However, there are
other variables that must be also analysed. For instance, during the
period studied, the obtained experience to optimize management
practices, as well as the development of a market for improve-
ments, resulted in lower plantation costs compared to the pioneer
growers. In fact, the new establishment methods developed during
recent years seem to decrease the costs even further [19]. The lower
establishment costs were mainly due to large-scale rationalisation,
and a similar reduction can be expected in other countries when
significant areas are planted [33].

For instance, the cultivation costs were estimated to be
4e5 EUR GJ�1 in the 2000s, and to be reduced to 3e4 EUR GJ�1 by
2020 [29]. In fact, when the estimates include large scale utilization
and yield increases, the costs of willow plantations can be 40e50%
the costs alternatives in almost all Europe [29] However, in general
the prospects of cost reduction for perennial crops such willow are
estimated to be substantially larger than conventional annual crops
[19], and it must be taken into account, that the production costs
per unit of energy are already much lower than those of annual
crops [11]. As shown by the Swedish experience, the paradox is that
the cost reductions due to economies of scale are subject to the
development of the sector itself, and some authors have shown the
difficulties and needs of policy incentives during the early stages of
development, before a critical mass is reached and the sector de-
velops its own momentum (e.g. Ref. [34]).

These policy incentives can be implemented through different
actions. For instance, one approach is introducing an establishment
subsidy for willow plantations, as they correspond to a significant
part of the total investment during the lifespan of the plantations.
Since the first cutting cycle means lower yields and incomes, an
establishment subsidy can help to reduce the initial investments,
reducing the risks taken by the farmer [22], and making the option
of planting willow more appealing. The use of establishment sub-
sidies was one of the options taken in Sweden, and it clearly helped
the promotion of willow after its introduction in 1991 [32]; in fact,
the subsequent reduction of the subsidy in 1996 had drastic effects
in the sector.

However, the results also reveal the fundamental role of wood-
fuel demand as a driving force to spread willow cultivation. In this
respect, no policies other than taxation on fossil fuels were spe-
cifically implemented in order to ensure a demand for energy crops
in Sweden [11]. In general, the demand for willow chips was left to
market forces. Nevertheless, during the 1990s oil and electricity
prices were quite low, impacting on demand for willow chips, and
as for many other biomass sources, the willow plantations were not
competitive against fossil fuels [11]. This was despite the fact that
biomass prices were declining in real terms over most of the decade
[22]. In addition, the use of fixed establishment subsidies (i.e. not
linked to plantation's productivity) as a main tool to promote wil-
low cultivation affected the motivation and commitment of the
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farmers, did not contribute to farmers' incentive to produce
biomass, and did not necessarily promoted proper management
practices. Subsidies were a very important tool for rapidly
increasing the areas, but it many cases it led to plantations with low
productivity, established in remote fields, far from the end users.

One proposed measure that can also promote the expansion of
willow is the establishment of long-term contracts between
district-heating companies and farmers, with the state as facilitator
and sponsor [11]. This would contribute to the reduction of risks
taken by the farmer and therefore would promote adoption. This
has been one of the characteristics of the model followed in
Enk€oping, central Sweden, based on agreements between the main
actors involved in the biomass supply and demand [35,36]. The
mutual agreements include the obligation of the district power
plant to buy the harvested willow at the current market price, with
the farmer being expected to sell their willow chips to the plant. In
addition, the plant is encouraged to recycle the wood ash back to
the plantation, and there are some other rather informal agree-
ments between the power plant and the sewage plant operators
[37].

Another approach could include a long-term stable EU agricul-
tural policy, which promotes cultivation systems with environ-
mental benefits. This could be a very important factor for
encouraging the expansion of perennial energy crop cultivation. In
general, the use of wood for heating can be considered a pre-
requisite for the expansion of energy plantations, as it develops
the infrastructure and network for the process and distribution of
wood fuels to the district heating plants [22]. This also implies
additional pressure on the wood stocks that can provide impetus
for the search of new raw material sources [38] including willow
plantations. Therefore, the establishment of large areas of planta-
tions in countries such as Denmark and Finland can theoretically be
easily implemented, since thewood-fuelled district heat and power
plants already play a very important role, as it covers around 60%
and 50% of the market share, respectively [39], the proximity to
Sweden can facilitate the inter-change of technology and experi-
ence, and the expected productivity would be high in broad areas
[40].

4.2. Crop productivity as a key factor

High yielding crops at a lower cost than conventional alterna-
tives directly affect the final profitability, and thus the expansion of
the crop. The Swedish experience shows that the initial yields of the
plantations were significantly lower than earlier predictions
(mostly based in process models and simulations, or resulting from
pilot trials and laboratory tests). For instance, in the 1980s, pre-
dictions of yields above 10 odt ha�1 yr�1 were expected on several



Fig. 5. Yield and location of the plantations by agronomic districts. a) Area planted with willow. b) Average for the 1st cutting cycle (districts over 50 ha planted). c) Average for the
2nd cutting cycle (districts over 50 ha planted). d) Upper 25% for the 1st cutting cycle. e) Upper 25% for the 2nd cutting cycle. f) Modelled averages for the period 1986e2005, 5
cutting cycles (21 years). g) Modelled upper 25% for the period 1986e2005, 5 cutting cycles (21 years).
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studies in Sweden based on process models [41,42] or showed
production potentials ranging from 8 to 9 odt ha�1 yr�1 in the
north-east of Sweden, to 16 to 17 odt ha�1 yr�1 along thewest coast
[43]. Ericsson and Nilsson [44] presented average projected yields
from 9 to 12 odt ha�1 yr�1 for the whole country.

One of the main limitations of these estimations was the diffi-
culty to predict the many and various factors that can affect pro-
ductivity, other than general site conditions and climate. The
overall experience from the Swedish case reveals a wide spatial
variation [45] and determines the influence that management has
on the performance and success of the plantations [8,20]. The se-
lection of the site and clone, sufficient weed control, proper fer-
tilisation and water availability are variables difficult to model, but
these must be considered in the estimations of productivity in or-
der to have reliable data. The support schemes introduced in 1991
led to the planting of large low-productive areas rather than
smaller high productivity areas, among other effects [11,14]. The
reduction of the subsidies in 1997 implied that farmers had to
invest a significant amount of their own capital, and thus would
encourage better management, in order to increase the produc-
tivity and success of their own plantations [11].
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Initial yield predictions have therefore to be cautious and real-
istic in order to avoid future overestimations. However, it must be
also taken into account that short rotation willow is a fairly new
cropping system (compared with most other agricultural crops).
The Swedish experience also shows that the yield can be increased
at a good rate, starting with very poor results from early planta-
tions, but achieving significantly higher production levels in
recently established plantations. In the period 1995e2005 several
new willow varieties have been released in the Swedish market, in
parallel with the establishment of new plantations. Early clones
used in the Swedish commercial plantations were mostly domi-
nated by old, non-bred willow varieties and particularly affected by
infections and frost damage [46]. More recent plantings included
new varieties more vigorous than the older clones, which resulted
in shorter rotations, greater resistance to frost, pests and diseases,
and higher productivity. These new varieties have increased the
relative yields on trials by 60% compared to the levels reached in
the early 1990s [18].

In this sense, willow has easy vegetative propagation and the
genus Salix is one of the largest among the tree genera; therefore
rapid yield improvements through breeding programmes can be
expected. For most of the tree species, typical gains for first and
second generation breeding programmes are around 10e20% and
20e30%, respectively [47]. Also, improvements on planning and
management of plantations would explain the yield increases on
two levels: on a general level, the various studies carried out during
that time (e.g. Refs. [48,49]) would contribute to a better under-
standing of the appropriate practices and cultivation treatments,
and the spread of these practices would improve the productivity of
the plantations; on the individual farmer level, the grower's atti-
tude and experience in growing willow (learning-by-doing) con-
tributes to yield improvement [20].

The genetic improvements of breed varieties during recent
years would only show their full potential in properly estab-
lished and managed plantations, whose owner is willing to
adopt them. Therefore management, together with genetic im-
provements, are decisive factors in the success of commercial
plantations. It is expected that more experience among farmers,
better advisory service as well as improvements of the varieties
will result in a significant increase of the mean yields during the
next few years. Hence, the importance of breeding programmes
together with training for growers is stressed, as well as mech-
anisms to encourage best practices in order to reduce the gap
between actual and potential yield in commercial willow
plantations.

4.3. Future trends and recommendations

Sir�en [50] listed as pre-requisites for the successful develop-
ment of short rotation cultivation schemes the spread of know-how
based on research, skilled growers, existence of an infrastructure
and favourable policies. The overall analysis of the Swedish expe-
rience largely confirms these conditions as being fundamental for
the expansion and development of the sector. Concerning the
policy framework, the role of the CAP will play a key role in the
development of energy crops, as it has amajor impact on farm-level
economics [29]. Some latest developments have increased the ap-
peal of energy crops e.g. the new subsidy schemes in 2000 and
2003 [29]. On the other hand, sudden changes e.g. in the set-aside
schemes in recent years due to the volatility of the cereal prices [29]
suppose a risk for the farmer that has to plan the cultivation for a
period of about 20 years. It is therefore difficult to foresee new CAP
regulations and their direct influence in the establishment of new
plantations, but it must be taken into account as an additional risk
factor.
Concerning present yields and trends, future analysis must take
into account more detailed variables regarding the actual man-
agement and clones used. In Sweden, the European Environment
Agency [51] estimates about 212,300 ha available for energy crops
(about 8% of the total arable land [52]). Current plantation schemes,
such as the case of Poland, where c 170,000 ha are expected to be
planted with energy crops [53], or in UK, planning c 350,000 ha by
2020 [54], must consider the needs for developing realistic models
at a regional or local scale, also considering the regional trends in
wood demand and supply, the role of the local district heat and
power plants, and alternative uses as raw material, e.g. pellets [55].

In addition, positive externalities provided by willow planta-
tions must be taken into account in the future development of the
areas planted. There are many positive effects derived fromwillow
cultivation, as the plantations can be also used as vegetation filters
to treat and utilisemunicipal and industrial wastewaters, municipal
sludge and landfill leachate [7,56,57], or for phytoremediation of
soils [58].

Furthermore, willow cultivation has positive effects on water
[59] and soil quality [60] when compared to traditional agricultural
crops, can be used as shelter belts in order to prevent soil erosion
[61], and provides space for fauna diversity and hunting opportu-
nities increasing biodiversity when planted in open spaces [62]. In
general, the Swedish plantations are energetically efficient and
present mostly positive effects from an environmental point of
view [63], especially when compared to conventional farm crops
[64]. However, technological advances are required in order to
enhance the overall performance of these bioenergy systems,
mainly in terms of bioethanol production [63,65].

In this sense, B€orjesson [61] estimated that up to 19 TWh could
be produced in Sweden from perennial crops at 50% lower costs
when all the multi-functional potential of the cultivations are fully
utilised. Economic estimations have already showed the higher
profitability of the crop when, for instance, sewage sludge and
wastewater fertilisation is used [28]. However, future research
should focus on developing economic systems where willow
cultivation can take full advantage of these externalities in a way
that make its expansion more appealing to the farmers. In this
sense, efforts must be placed into a more coordinated mapping of
the potential crop area for willow plantations prior to the estab-
lishment of the first fields, based on the existing models developed
with the commercial experience in Sweden (e.g. GIS mapping,
feasibility analysis, market studies, as well as locations with more
promising additional environmental services).

Although there is currently already a high level of understand-
ing of the management requirements of willow cultivation, and the
crop is to a large extent technically developed, farmers' perceptions
can be a major barrier to wider expansion that must be considered
and analysed [66]. This requires a deeper understanding of the
motivations and attitudes of farmers towards adaptation (e.g.
Refs. [14,21]), including marketing and sociological studies at
regional and national levels.

As many previous studies have concluded, there are no signifi-
cant climatic, technical or environmental constraints for the rapid
development of energy crops in Northern Europe, but the main
barriers for large plantation schemes are socio-political, including
agricultural and energy policies, market developments and public
perceptions and attitudes [67,68]. The Swedish development dur-
ing the last years provides an invaluable experience to make this
expansion a reality, and shows the possible contradictions of policy
implementation. One of the main conclusions is that stable policies
and long-term contracts between the different actors can reduce
the uncertainties associated with the cultivation [69]. In this
respect, the development of new financial models, oriented to
reduce the risks taken by the farmers and to encourage the
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adoption of short rotation plantations with woody crops, require
further exploration.

Acknowledgements

The authors would like to thank the Finnish Cultural Foundation
(“Kalle and Dagmar V€alimaa”), for their funding. We wish to thank
Gustav Melin and Stig Larsson at Lantm€annen Agroenergi AB, for
providing the data for the willow plantations, and to Charlotta
Abrahamsson at Svensk Fj€arrv€arme AB. Our gratitude is also to Prof
Paavo Pelkonen and all the members of the corridor for all their
valuable cooperation and assistance, as well as to the valuable
suggestions by the anonymous reviewers.

References

[1] Kuiper LC, Sikkema R, Stolp JAN. Establishment needs for short rotation
forestry in the EU to meet the goals of the commission's white paper on
renewable energy (November, 1997). Biomass Bioenergy 1998;15:451e6.

[2] Graham-Rowe D. Beyond food versus fuel. Nature 2011;474:6e8.
[3] EEA (European Environmental Agency). How much biomass can Europe use

without harming the environment?. EEA report 7; 2006.
[4] Cannell MGR. Carbon sequestration and biomass energy offset: theoretical,

potential and achievable capacities globally, in Europe and the UK. Biomass
Bioenergy 2003;24:97e116.

[5] B€orjesson P, Berndes G. The Prospects for willow plantations for wastewater
treatment in Sweden. Biomass Bioenergy 2006;30:428e38.

[6] Dimitriou I, Aronsson P. Willows for energy and phytoremediation in Sweden.
Unasylva 2005;221:46e50.

[7] Dimitriou I, Baum C, Baum S, Busch G, Schulz U, K€ohn J, et al. The impact of
short rotation coppice (SRC) cultivation on the environment. Landbauforsch
vTI Agric For Res 2009;3:159e62.

[8] Mola-Yudego B, Aronsson P. Yield models from commercial willow planta-
tions in Sweden. Biomass Bioenergy 2008;32:829e37.

[9] Ledin S, Willebrand E. Handbook on how to grow short rotation forests.
Sweden: Swedish University of Agricultural Sciences, Dep. of Short Rotation
Forestry; 1996.

[10] Gonz�alez-García S, Moreira MT, Dias AC, Mola-Yudego B. Cradle-to-gate life
cycle assessment of forest operations in Europe: environmental and energy
profiles. J Clean Prod 2014;66:188e98.

[11] Helby P, B€orjesson P, Hansen AC, Roos A, Rosenqvist H, Takeuchi L. Market
development problems for sustainable bio-energy systems in Sweden (The
BIOMARK project). IMES/EESS, report 38, Lund, Sweden; 2004.

[12] Nordh NE. Long term changes in stand structure and biomass production in
short rotation willow coppice. Uppsala, Sweden: Fac. of Natural Resources and
Agricultural Sciences, SLU; 2005.

[13] Wright L. Worldwide commercial development of bioenergy with a focus on
energy crop-based projects. Biomass Bioenergy 2006;30:706e14.

[14] Dimitriou I, Rosenqvist H, Berndes G. Slow expansion and low yields of willow
short rotation coppice in Sweden; implications for future strategies. Biomass
Bioenergy 2011;35:4613e8.

[15] Junginger M, de Visser E, Gregersen KH, Koornneef J, Ravenc R, Faaij A, et al.
Technological learning in bioenergy systems. Energy Policy 2006;34:
4024e41.

[16] Evald A, Witt J. Biomass CHP best practice guide. Performance comparison and
recommendations for future CHP systems utilising biomass fuels. Results from
the activities of the Altener project “Bio-CHP European Biomass CHP in
practice”; 2006. Altener contract no. 4.1030/Z/02-150/2002.

[17] EEA (European Environmental Agency). Environment image & Corine land
cover 2000 for Sweden. http://dataservice.eea.eu.int/dataservice/. [Retrieved
11/2005].

[18] Larsson S, Dobrzeniecki P. Agrobr€ansle AB e the worlds leading authority on
commercial short rotation willow (salix) coppice (SRC). In: Proceedings from
the conference “Rozw�oj energii odnawialna na Pomorzu Zachodnim”. Fun-
dacja Rozwoju Pomorza Zachodniego; 2004. http://www.fundacjarozwoju.
szczecin.pl [Retrieved 06/2008].

[19] Rosenqvist H, Berndes G, B€orjesson P. The prospects of cost reductions in
willow production in Sweden. Biomass Bioenergy 2013;48:139e47.

[20] Mola-Yudego B. Trends and improvements of the yields from commercial
willow plantations in Sweden during the period 1986e2000. Biomass Bio-
energy 2011;35:446e53.

[21] Rosenqvist H, Roos A, Ling E, Hektor B. Willow growers in Sweden. Biomass
Bioenergy 2000;18:137e45.

[22] Johansson B, B€orjesson P, Ericsson K, Nilsson LJ, Svenningsson P. The use of
biomass for energy in Sweden - critical factors and lessons learned, IMES/
EESS report 35. Lund, Sweden: Energy Environmental System Studies;
2002.

[23] Ericsson K, Huttunen S, Nilsson LJ, Svenningsson P. Bioenergy policy and
market development in Finland and Sweden. Energy Policy 2004;32:
1707e21.
[24] Mola-Yudego B, Gonz�alez-Olabarria JR. Mapping the expansion and distri-
bution of willow plantations in Sweden: lessons to be learned about the
spread of energy crops. Biomass Bioenergy 2010;34:442e8.

[25] Gustafsson J, Larsson S, Nordh N-E. Manual f€or Salixodlare. €Orebro, Sweden:
Lantm€annen Agroenergi; 2007.

[26] Gonzalez-Garcia S, Mola-Yudego B, Dimitriou I, Aronsson P, Murphy RJ.
Environmental assessment of energy production based on long term com-
mercial willow plantations in Sweden. Sci Tot Environ 2012;421:210e9.

[27] Rosenqvist H, Dawson M. Economics of willow growing in Northern Ireland.
Biomass Bioenergy 2005;28:7e14.

[28] Dimitriou I, Rosenqvist H. Sewage sludge and wastewater fertilisation of short
rotation coppice (SRC) for increased bioenergy productiondbiological and
economic potential. Biomass Bioenergy 2011;35:835e42.

[29] Ericsson K, Rosenqvist H, Nilsson LJ. Energy crop production costs in the EU.
Biomass Bioenergy 2009;33:1577e86.

[30] Ericsson K, Rosenqvist H, Ganko E, Pisarek M, Nilsson L. An agro-economic
analysis of willow cultivation in Poland. Biomass Bioenergy 2006;30:16e27.

[31] Krasuska E, Rosenqvist H. Economics of energy crops in Poland today and in
the future. Biomass Bioenergy 2012;38:23e33.

[32] Mola-Yudego B, Pelkonen P. The effects of policy incentives in the adoption of
willow short rotation coppice for bioenergy in Sweden. Energy Policy
2008;36:3062e8.

[33] Venendaal R, Jørgensen U, Foster CA. European energy crops: a synthesis.
Biomass Bioenergy 1997;13:147e85.

[34] Roos A, Graham RL, Hektor B, Rakos C. Critical factors to bioenergy imple-
mentation. Biomass Bioenergy 1999;17:113e26.

[35] McCormick K, Kåberger T. Exploring a pioneering bioenergy system: the case
of enk€oping in Sweden. J Clean Prod 2005;13:1003e14.

[36] Mola-Yudego B, Pelkonen P. Pulling effects of district heating plants on the
adoption and spread of willow plantations for biomass: the power plant in
Enk€oping (Sweden). Biomass Bioenergy 2011;35:2986e92.

[37] Dimitriou I, Aronsson P, Weih M. Stress tolerance of five willow clones after
irrigation with different amounts of landfill leachate. Bioresour Technol
2006;97:150e7.

[38] Ranta T, Lahtinen P, Elo J, Laitila J. The effect of CO2 emission trade on the
wood fuel market in Finland. Biomass Bioenergy 2007;31:535e42.

[39] Nordv€arme. Nordic heat statistics; 2004. http://www.nordvarme.org
[Retrieved 5/2006].

[40] Mola-Yudego B. Regional potential yields of short rotation willow plantations
on agricultural land in Northern Europe. Silva Fenn 2010;44:63e76.

[41] Nilson LJ, Eckersten H. Willow production as a function of radiation and
temperature. Agric Meteorol 1983;30:49e57.

[42] Perttu K, Eckersten H, Kowalik P, Nilsson LO. Modelling potential energy forest
production. In: Perttu K, editor. Ecology and management of forest biomass
production systems, Swedish University of Agricultural Sciences, report 15,
Uppsala; 1984. p. 607.

[43] Lindroth A, Båth A. Assessment of regional willow coppice yield in Sweden on
basis of water availability. For Ecol Manage 1999;121:57e65.

[44] Ericsson K, Nilsson LJ. Assessment of the potential biomass supply in
Europe using a resource-focused approach. Biomass Bioenergy 2006;30:
1e15.

[45] Mola-Yudego B. Predicting and mapping productivity of short rotation willow
plantations in Sweden based on climatic data using a non-parametric method.
Agric For Meteorol 2011;151:875e81.

[46] Larsson S. Genetic improvement of willow for short-rotation coppice. Biomass
Bioenergy 1998;15:23e6.

[47] Mead DJ. Opportunities for improving plantation productivity. How much?
How quickly? How realistic? Biomass Bioenergy 2005;28:249e466.

[48] Verwijst T, Lundkvist A, Edelfeldt S, Forkman J, Nordh NE. Effects of clone and
cutting traits on shoot emergence and early growth of willow. Biomass Bio-
energy 2012;37:257e64.

[49] Aronsson P, Rosenqvist H, Dimitriou I. Impact of nitrogen fertilization to
short-rotation willow coppice plantations grown in Sweden on yield and
economy. Bioenergy Res 2014:1e9. http://dx.doi.org/10.1007/s12155-014-
9435-7.

[50] Sir�en G. Energy plantation schemes in Sweden. In: Strub AS, Chartier P,
Schleser G, editors. Energy from biomass: 2nd E. C: conference. Proceedings of
the International Conference on Biomass. Applied Science; 1983.

[51] EEA (European Environmental Agency), Estimating the environmentally
compatible bioenergy potential from agriculture, EEA Technical report No 12/
2007. p. 134, DOI: 10.2800/13734.

[52] Statistics Sweden. Total arable land in Sweden. Swedish Board of Agriculture;
2007. http://www.scb.se/ [Retrieved at 3/2014].

[53] Kunikowski G, Ga�nko E, Pisarek M, Nilsson LJ, Ericsson K, Witt J, et al. Review
e regional energy crops experience. RENEW Renewable fuels for advanced
powertrains; 2005. p. 63. SES6-CT-2003-502705.

[54] DEFRA. UK biomass strategy 48. Department for Environment, Food and
Rural Affairs; 2007. http://www.defra.gov.uk/Environment/climatechange/
uk/energy/renewablefuel/pdf/ukbiomassstrategy-0507.pdf [Retrieved 3/
2008].

[55] Selkim€aki M, Mola-Yudego B, R€oser D, Prinz R, Sikanen L. Present and future
trends in pellet markets, raw materials, and supply logistics in Sweden and
Finland. Renewable Sustainable Energy Rev 2010;14:3068e75.

[56] Aronsson P, Perttu K.Willow vegetation filters forwastewater treatment and soil
remediation combinedwithbiomassproduction. ForestryChron2001;77:293e9.

http://refhub.elsevier.com/S0960-1481(14)00352-8/sref1
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref1
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref1
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref1
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref2
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref2
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref3
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref3
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref4
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref4
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref4
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref4
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref5
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref5
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref5
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref5
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref6
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref6
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref6
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref7
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref7
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref7
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref7
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref7
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref8
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref8
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref8
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref9
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref9
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref9
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref10
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref10
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref10
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref10
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref10
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref11
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref11
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref11
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref11
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref12
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref12
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref12
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref13
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref13
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref13
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref14
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref14
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref14
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref14
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref15
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref15
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref15
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref15
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref16
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref16
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref16
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref16
http://dataservice.eea.eu.int/dataservice/
http://www.fundacjarozwoju.szczecin.pl
http://www.fundacjarozwoju.szczecin.pl
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref18
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref18
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref18
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref18
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref19
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref19
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref19
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref19
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref19
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref20
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref20
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref20
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref21
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref21
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref21
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref21
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref21
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref22
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref22
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref22
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref22
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref23
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref23
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref23
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref23
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref23
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref24
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref24
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref24
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref24
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref24
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref25
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref25
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref25
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref25
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref26
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref26
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref26
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref27
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref27
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref27
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref27
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref27
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref28
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref28
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref28
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref29
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref29
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref29
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref30
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref30
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref30
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref31
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref31
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref31
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref31
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref32
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref32
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref32
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref32
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref33
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref33
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref33
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref34
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref34
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref34
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref34
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref35
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref35
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref35
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref35
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref35
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref36
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref36
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref36
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref36
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref37
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref37
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref37
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref37
http://www.nordvarme.org
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref39
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref39
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref39
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref40
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref40
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref40
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref41
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref41
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref41
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref41
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref42
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref42
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref42
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref43
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref43
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref43
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref43
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref44
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref44
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref44
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref44
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref45
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref45
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref45
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref46
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref46
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref46
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref47
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref47
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref47
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref47
http://dx.doi.org/10.1007/s12155-014-9435-7
http://dx.doi.org/10.1007/s12155-014-9435-7
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref49
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref49
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref49
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref49
http://www.scb.se/
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref52
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref52
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref52
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref52
http://www.defra.gov.uk/Environment/climatechange/uk/energy/renewablefuel/pdf/ukbiomassstrategy-0507.pdf
http://www.defra.gov.uk/Environment/climatechange/uk/energy/renewablefuel/pdf/ukbiomassstrategy-0507.pdf
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref54
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref54
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref54
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref54
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref54
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref54
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref55
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref55
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref55


B. Mola-Yudego et al. / Renewable Energy 72 (2014) 29e3838
[57] Aronsson P, Dahlin T, Dimitriou I. Treatment of landfill leachate by irrigation
of willow coppice e plant response and treatment efficiency. Environ Pollut
2010;158:795e804.

[58] Baum C, Leinweber P, Weih M, Lamersdorf N, Dimitriou I. Effects of short
rotation coppice with willows and poplar on soil ecology. Landbauforsch e vTI
Agric For Res 2009;3:183e96.

[59] Dimitriou I, Mola-Yudego B, Aronsson P. Impact of willow short rotation
coppice on water quality. Bioenergy Res 2012;5:537e45.

[60] Dimitriou I, Mola-Yudego B, Aronsson P, Eriksson J. Changes in organic carbon
and trace elements in the soil of willow short-rotation coppice plantations.
Bioenerg Res 2012;5:563e72.

[61] B€orjesson P. Environmental effects of energy crop cultivation in Sweden - part
II: economic valuation. Biomass Bioenergy 1999;16:155e70.

[62] Baum S, Bolte A, Weih M. High value of short rotation coppice plantations for
phytodiversity in rural landscapes. Glob Change Biol Bioenergy 2012;4:728e38.

[63] Gonzalez-Garcia S, Mola-Yudego B, Murphy RJ. Life cycle assessment of po-
tential energy uses for short rotation willow (salix spp.) biomass in Sweden.
Int J Life Cycle Assess 2012;18:783e95.
[64] Langeveld H, Quist-Wessel F, Dimitriou I, Aronsson P, Baum C, Schulz U,
et al. Assessing environmental impacts of short rotation coppice (SRC)
expansion: model definition and preliminary results. Bioenergy Res 2012;5:
621e35.

[65] Gonz�alez-García S, Iribarren D, Susmozas A, Dufour J, Murphy RJ. Life cycle
assessment of two alternative bioenergy systems involving salix spp.
Biomass: bioethanol production and power generation. App Energy
2012;95:111e22.

[66] Paulrud S, Laitila T. Farmers' attitudes about growing energy crops: a choice
experiment approach. Biomass Bioenergy 2010;34:1770e9.

[67] Weih M. Intensive short rotation forestry in boreal climates: present and
future perspectives. Can J For Res 2004;34:1369e78.

[68] Augustenborg CA, Finnan J, McBennett L, Connolly V, Priegnitz U, Müller C.
Farmers' perspectives for the development of a bioenergy industry in Ireland.
Glob Chang Biol Bioenergy 2012;4:597e610.

[69] Helby P, Rosenqvist H, Roos A. Retreat from Salix-Swedish experience with
energy crops in the 1990s. Biomass Bioenergy 2006;30:422e7.

http://refhub.elsevier.com/S0960-1481(14)00352-8/sref56
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref56
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref56
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref56
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref56
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref57
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref57
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref57
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref57
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref57
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref58
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref58
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref58
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref59
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref59
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref59
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref59
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref60
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref60
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref60
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref60
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref61
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref61
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref61
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref62
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref62
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref62
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref62
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref63
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref63
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref63
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref63
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref63
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref64
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref64
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref64
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref64
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref64
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref64
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref65
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref65
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref65
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref66
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref66
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref66
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref67
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref67
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref67
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref67
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref68
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref68
http://refhub.elsevier.com/S0960-1481(14)00352-8/sref68

	A conceptual framework for the introduction of energy crops
	1 Introduction
	2 Material and methods
	3 Results
	3.1 Conceptual framework for the introduction of a new crop
	3.2 Changes in the policy framework
	3.3 Expansion and location of willow plantations
	3.4 Yield improvements
	3.5 Changes in the cultivation practices

	4 Discussion
	4.1 Market forces and policies
	4.2 Crop productivity as a key factor
	4.3 Future trends and recommendations

	Acknowledgements
	References


