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ABSTRACT 
 
 

Lignocellulosic energy crops can produce substantial amounts of biomass for energy 

purposes, but their introduction implies land-use changes as they are mainly cultivated in 

agriculturally dominated landscapes. This thesis presents a land-use analysis of 

lignocellulosic energy crops in the agricultural landscape in Sweden, specifically aiming to 

i) assess different energy crops’ regarding production, location and climatic profiles, ii) 

characterise and define the surrounding agricultural landscape, and iii) study the overall land-

use changes derived from the establishment of energy crops in the country. The analysis is 

based on empirical data from commercial fast-growing tree plantations (willow, poplar, and 

hybrid aspen) and energy grasses (reed canary grass) at multiple spatial scales from field to 

landscape level, during the period 1986-2018. At field level, there is a trend for smaller and 

more regular fields dedicated to energy crops, with cultivation patterns moving towards more 

productive lands, reflecting an intensification in the land-use management. Willow was 

initially established mainly on fallow lands, but many plantations were subsequently replaced 

by cereals due to changes in global cereal prices. In the case of grasses, this pattern was 

similar, although changes appeared later and not so markedly. At landscape level, energy 

crops significantly diversify the agricultural landscape, as fast-growing tree plantations are 

largely introduced in cereal areas and grasses in forest-dominated landscapes. The methods 

and analysis of this thesis contribute to a better understanding of land-use changes associated 

to energy crops, and help define their contribution to diversifying the agricultural landscape. 

 

Keywords: bioenergy, biomass production system, fast-growing plantations, land-use 

change, lignocellulosic biomass   
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INTRODUCTION  
 
 
Producing biomass for energy purposes 

 

Lignocellulosic energy crops offer an alternative source of biomass for traditional and 

emerging bioeconomic uses (Brown et al. 2014). These are non-food crops often established 

on agricultural land for the production of biomass for energy and include fast-growing tree 

species in short rotations as well as perennial grasses (Dimitriou et al. 2018; Cronin et al. 

2020). Historically, these plants have played an important role in the production of biomass 

for energy, as there are records concerning the use of coppice for the production of firewood 

since medieval times (Evans 1992). In Europe, their industrial use of energy traces back to 

the 1960s (Venendaal 1997). Concerning woody plants, willow (Salix sp.), poplar (Populus 

sp.) and eucalypt (Eucalyptus sp.) have been the most broadly planted, and among grasses, 

miscanthus (Miscanthus spp.) and reed canary grass (Phalaris arundinacea L.) (RCG) were 

among the most cultivated (Venendaal 1997).  

In recent years, the role of energy crops as a solution for mitigating climate change, 

combined with the contribution from other renewable energy alternatives, have attracted 

attention. Lignocellulosic biomass production for energy purposes contributes to reducing 

net carbon dioxide (CO2) emissions when compared to fossil fuel consumption (European 

Commission, EC 2016). In this sense, the European Union (EU) has set several goals related 

to the drastic reduction of greenhouse gas emissions, such as expanding the use of renewable 

energy (EC 2018) and the carbon-neutrality goal by 2050. The EU’s effort to combat climate 

change and increase the share of renewable energy resulted in the Renewable Energy 

Directives (REDs). In the most recent EU RED, the renewable energy target has been 

increased to 40% by 2030 (EC 2021). Therefore, developing domestic bioenergy production, 

in alignment to other renewable energy alternatives, is perceived as an essential and urgent 

step to cope with the imminent needs. Arguably, the recent geopolitical developments 

affecting energy markets are not but accelerating this trend. 

In addition, modern technologies enable biomass to be applied to different energy 

purposes, including generating electricity and heat, and producing vehicle fuels (Slade et al. 

2014). Based on the origin of biomass, it can be transformed into i) biofuels which are directly 

burnt biomass for heating and power generation (e.g., wood pellets, wood chips, and 

lignocellulosic biomass residues), and ii) biofuels which are processed biomass in the form 

of bioethanol and biodiesel (Anderson and Fergusson 2006; Dragone et al. 2010). These 

modern technologies enable processing several sources of agricultural and forest biomass (as 

well as wastes, and residues) enlarging the uses of biomass for energy and thus the demand 

(Slade et al. 2014; Magazzino et al. 2021).   

Planting lignocellulosic energy crops on agricultural land presents several advantages. 

For example, their management is less intensive than traditional agricultural crops, and 

requires fewer management practices (Rytter et al. 2011; Johansson and Hjelm 2012) and 

lower production costs (Rosenqvist et al. 2013). In fact, already over 3 million hectares (Mha) 

of cropland have been converted to bioenergy production in the EU (Gabrielle et al. 2014), 

and about 17–21 Mha of additional land are expected to be converted to energy crop 

cultivation in order to achieve the bioenergy goals of the EU policies (Don et al. 2012). At 

least 25 Mha of arable land are estimated to be available for energy crops by 2030 in the EU 

(Swedish Bioenergy Association, Svebio 2022) and it is forecasted that the increasing 
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demand for biomass will result in a share of this available land to be effectively converted to 

energy crops before 2050 (Perpiña Castillo et al. 2015). 

Domestic bioenergy production could nearly meet the national energy demand (EC 2019), 

particularly in Northern Europe. There, many countries have already shown a preference to 

develop biomass production for energy purposes, and present a large potential for perennial 

lignocellulosic energy crops (Stolarski et al. 2020). In that region, fast-growing tree species 

have been cultivated to a certain extent in Denmark, Latvia, Lithuania, Poland, and Sweden, 

and energy grasses in Germany and Finland (Stolarski et al. 2020). 

 

 

Lignocellulosic energy crops in Sweden 

 

Sweden is one of the leading countries in Europe concerning biomass share in the total energy 

production (Stolarski et al. 2020). Nearly 40% of Swedish energy use comes directly or 

indirectly from bioenergy, up to 140 TWh (Svebio 2020). To explain this success, three main 

factors have been proposed: the availability of raw biomass, a good tax system e.g., carbon 

tax on fossil fuels to encourage using biofuels (McCormick and Kåberger 2005), and the 

general use of district heating systems in the main urban areas (Parikka 2004; Amiandamhen 

et al. 2020). 

Regarding energy crops, Sweden has established plantations of fast-growing tree species 

since the 1970s, being one of the pioneer countries in Europe (Helby et al. 2004), and several 

successful examples of using energy crops have been implemented (Wright 2006). This 

makes Sweden a suitable country to study questions related to the establishment of energy 

crops from different angles (Mola-Yudego 2010). At the same time, Svebio estimates that 

around 900 000 ha could be used for energy crops by 2050 (Andersson 2017), as they can be 

established not only on agricultural land but in surplus grassland, abandoned agricultural 

land, and degraded soil (Abreu et al. 2022). 

The main fast-growing tree species in Sweden are willow and poplar (Helby et al. 2004). 

Willow is one of the most widely cultivated lignocellulosic energy crops in Europe (Rowe et 

al. 2013), and it presents high productivity despite the adverse climatic conditions in Sweden 

(Mola-Yudego 2010). In Sweden, about 14% of arable land is suitable for willow cultivation 

(Börjesson 2001; Ericsson et al. 2004) and over 10 new varieties have been registered by 

2022 (SalixEnergi 2022). The first experimental plots for willow were established in the 

1970s and the commercial cultivation started in the early 1980s (Mola-Yudego and González-

Olabarria 2008) with financial support from the Swedish Government (Johansson and 

Karačić 2011). Willow cultivation can provide a maximum 25-year economic lifespan 

(Stolarski et al. 2019), and the rotation period is about 3-5 years (Aronsson et al. 2000). After 

harvesting, willow will usually be converted into wood chips for combustion (Helby et al. 

2006). 

Poplar has a high survival rate with considerable biomass production potential (Stanturf 

and van Oosten 2014; Nordborg et al. 2018). The rotation period of poplar is usually shorter 

than 20 years (Mc Carthy 2016). Poplar plantations have been established in the 1980s on 

set-aside agricultural land (Dimitriou and Mola-Yudego 2017). Although poplar cultivation 

was traditionally used for non-energetic uses, interest in bioenergy has increased in recent 

years (Nordborg et al. 2018). For instance, poplar presents several benefits, such as being 

more energy-efficient compared with willow (Nordborg et al. 2018). 

Hybrid aspen with the parental species of European aspen (P. tremula L.) and American 

aspen (tremuloides Michx.), grows fast and straight, providing biomass in a short period 
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(Rytter and Stener 2005; Hytönen et al. 2020). The cultivation of hybrid aspen has also been 

used in the match (Mc Carthy 2016) and pulp industries (Ericsson and Nilsson 2006). More 

recently, it has been identified as a biomass alternative for energy use (Rytter and Stener 

2005). Hybrid aspen has a rotation length of about 20-25 years (Rytter and Stener 2005), and 

commercial stands have been established since the 1990s (Mc Carthy and Rytter 2015).  

Finally, perennial energy grasses are considered for bioenergy production because of their 

high yield and low water content (Ustak et al. 2019). Several grass systems have been applied 

for biomass production, such as switchgrass (Panicum virgatum L.), RCG, and mixed prairie 

plantings (Werling et al. 2014). Among these, RCG is more suitable in cold climatic areas 

(Larsson 2003), and it is a native species in Sweden (Venendaal et al. 1997). Studies on RCG 

for energy purposes started in 1981 (Venendaal et al. 1997), and a steady increase in 

cultivation started shortly after due to the adjustment of the Swedish agricultural policy in 

1991 (Larsson 2006). RCG has been used in pellet production (Jasinskas et al. 2020) and 

biogas generation (Roj-Rojewski et al. 2019). It has been studied that the costs of RCG 

cultivation are lower than willow, which has already shown promising potential for 

commercial production in energy use (Venendaal et al. 1997). Other grasses may also be 

suitable for growing in Sweden’s climate for energy purposes, for instance, hemp (Cannabis 

sativa L.) (Andersson 2012; Prade et al. 2012). However, the cultivation has been limited, 

and the costs associated have been estimated to be higher, as it is not a perennial species 

(Andersson 2012). 

 

 

Landscape diversity and land-use changes 

 

The relatively large extent of energy crops and long period of experience in Sweden provides 

a basis for the study of the development of energy crops, particularly concerning their effects 

on the nearby agricultural landscape. Landscape can be defined as a spatial unit resulting 

from human practices and natural factors which has become more essential in spatial 

planning and management (Moss 2000; Vejre et al. 2007; Vallés-Planells et al. 2014; 

Englund et al. 2017). Visible and physical elements in the landscape, such as land uses, 

together with ecological function, economic contribution, social connection, and cultural-

historical value provision bring in different levels of landscape homogeneity (Englund et al. 

2017). Over the years, agricultural landscapes may be modified due to the introduction of 

energy crops. Studying the landscape surrounding the crops can provide information on land 

expansion, configuration, fragmentation, and diversity patterns (Dadashpoor et al. 2019; 

Wang and Wen 2021). In addition, studying energy crops in the context of their agricultural 

landscape can reveal the cultivation preferences for crop alternatives, such as between energy 

crops or between lignocellulosic energy crops and food crops (Ericsson et al. 2006; Vasile et 

al. 2016). 

Suitable methods based on landscape metrics provide precise details from aspects related 

to land area, edge, shape, patch density, and neighbour areas. These metrics enable the 

quantification of land transition and can also be used for analysing landscape structures. The 

selection of the methods and indicators to describe regional landscape patterns should be 

done according to the main research focus, as there is a large pool of indicators and metrics 

(see an example from southern Finland by Oksanen (2013)). In this sense, previous studies 

have applied shape-based metrics for Swedish energy crops, such as using indicators or 

regularity in field shapes in willow (Nilsson et al. 2015) and energy grass (Nilsson and 

Rosenqvist 2018), since these metrics act as proxy indicators of more complex activities 
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related to energy crops; for example, economic efficiency and management practices in 

individual fields. 

Additionally, fields are in a landscape, where land availability is limited, and its 

establishment is subject to several constraints (Bentsen and Felby 2012). Whereas the 

growing need for biomass encourages the establishment of energy crops, it is at the same 

time influenced by multiple factors, such as risk aversion, traditional practices, and the 

competing demand of other agricultural crops, among others (Ericsson et al. 2013). For 

example, the establishment of heating plants can increase the motivation of farmers to expand 

energy crops in the area, leading to significant land-use changes (LUCs) in the agricultural 

land (Mola-Yudego and Pelkonen 2011), which can lead to reduced production of other 

agricultural crops. In some cases, LUC occurs in non-agricultural land, when forest lands are 

being replaced by energy crops (Börjesson and Tufvesson 2011). But in other cases, 

increments in agricultural prices or the use of marginal lands (see a definition of “marginal 

lands” for bioenergy cropping by Arshad et al. 2021) can lead to the abandonment of energy 

crops in the area (Dimitriou et al. 2011). 

LUCs derived from lignocellulosic energy crop cultivation bring both negative and 

positive impacts (Langeveld et al. 2012). Regarding negative effects, the increasing demand 

for bioenergy from lignocellulosic energy crops can result in land-use pressure on agricultural 

land (Zscheischler et al. 2016), particularly when cultivating the crops on a large scale 

(Vepsäläinen 2010). On the other hand, LUCs of lignocellulosic energy crops can enhance 

local land-use diversity, leading to higher biodiversity clusters (Immerzeel et al. 2013). For 

instance, species richness is higher in willow or poplar plantations on agricultural land than 

in areas dominated by cereal or even in many forest lands (Berg 2002; Weih et al. 2003; 

Baum et al. 2009; Baum et al. 2012).  

Knowing the spatial distribution of lignocellulosic energy crops and the land-use 

replacement patterns could facilitate the integration of biomass production systems with other 

land uses and provide an environmentally beneficial system to reduce other negative impacts 

(Englund et al. 2020a; Englund et al. 2020b). Besides, the analysis of LUC can provide 

references to environmental assessment, such as Life Cycle Assessment, providing a realistic 

status-quo scenario prior to the energy crops for effective comparisons (Jungk et al. 2002). 

Finally, assessing the spatial patterns of energy crops can also deliver economic assessments 

in the local agricultural markets and have policy implications for their sustainable 

development.  

 

 

Aims of the study 

 

The establishment of energy crops supposes changes in the local agricultural land use. At the 

same time, previous agricultural practices and land use are important references which have 

an effect on the farmers’ decisions concerning energy crops. There is a need to define and 

characterise those areas where energy crops are located and to profile previous land uses and 

ongoing trends in LUCs. It is also important to identify relevant climatic and economic 

variables and estimate the interactions of energy crops with the existing agricultural 

landscape from different angles. 

This thesis presents a spatial analysis of lignocellulosic energy crops in Sweden, using 

empirical data from commercial plantations, grasses, and agricultural crops. Different 

approaches are taken to assess their interactions. The research addresses the following aims, 

from the field level to larger spatial scales: 
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i) to assess the energy crops’ fields regarding production, location and climatic profiles; 

 

ii) to characterise and define the agricultural landscape surrounding energy crops; 

 

iii) to study the overall LUCs derived from the establishment of energy crops in the 

country. 
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MATERIAL AND METHODS 
 
 
Data sources 

 

Data concerning willow plantations was collected from previous studies, with records during 

the period 1986-2004 (Mola-Yudego and Aronsson 2008), concerning location and field area. 

Data concerning willow, poplar, hybrid aspen, RCG, as well as other agricultural crops used 

for references was retrieved from the Swedish land register for the period 2001–2018 (Figure 

1). This data is based on the Integrated Administration and Control System maintained by 

the Jordbruksverket (2019), and includes detailed records concerning land uses, locations and 

spatial features of agricultural fields presented as individual polygons (1:10 000). The 

information about cultivated crops is registered in a uniform land area, which is called a block 

in the dataset (see definition of block in Owen et al. 2016).  Each block contains agricultural 

field details regarding locations, areas, and cultivated crops. 

Additional land-use data was retrieved from the Copernicus land datasets, supported by 

the Copernicus Land Monitoring Service. The specific layers used were the CORINE Land 

Cover 2006 and 2018 (EEA 2006; EEA 2018). The CORINE datasets allowed for land use 

comparison between 2006 and 2018, and provided further information concerning non-

agricultural land uses, such as forest lands or urban areas, not included in the land register. 

This part was especially used for landscape-level analysis around energy crops. 

Historical monthly climatic data were retrieved from the WorldClim database (Fick and 

Hijmans 2017). This dataset contained a 1 km2 spatial resolution with global records from 

the most recent available climate normal period (1960–1990) including minimum, maximum, 

and average values of the monthly temperature, precipitation, solar radiation, and other 

climatic information (Fick and Hijmans 2017). 

 

 

 
 

Figure 1. Locations of willow, poplar, hybrid aspen, and reed canary grass (RCG) in 

Sweden in 2018. 
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Yields of energy crops 

 

Energy crops present a large variability in biomass yields because of the species and growing 

conditions (Gabrielle et al. 2014). The estimation of the yields was based on experimental 

plots and commercial plantations. The data included public sources and prior studies. The 

annual commercial yields of RCG were accessed from the Eurostat database (Eurostat 2021) 

for Sweden and LUKE (2021) for Finland. In addition, the RCG yields from experimental 

plots were retrieved from Landström et al. (1996), Lindvall (2012), Lindvall et al. (2012), 

Lindvall et al. (2015), and Nilsson et al. (2015), including 201 plots. Willow yields were 

retrieved from Mola-Yudego et al. (2015), including 290 plots in total. Poplar and hybrid 

aspen yields were retrieved from Dimitriou and Mola-Yudego (2017) including 58 plots. The 

average standard yields of barley from 2003 to 2017 were accessed from the Swedish Official 

Statistics (SCB 2017) to provide a reference for land productivity where energy crops were 

mostly cultivated. Besides this, the prices of wheat, barley, and oats were accessed from 

FAOSTAT (2019). 

 

 

Analysis of spatial features 

 

The thesis studied the total cultivated area, average field size, and core cultivation area for 

energy crops. Identifying the core area of energy crop distributions was based on kernel 

density estimation (Worton 1989). Kernel density estimation is a way to create a continuous 

density surface for a service area (Lewis 2015). The algorithms of this research were derived 

from the study of Mola-Yudego and González-Olabarria (2010). This research transformed 

the discrete distribution of the plantation locations (coordinates) into continuous areas. The 

core areas of cultivated energy crops were identified by two fixed contour levels, the smallest 

possible area and almost the total area. The percentages indicated the number of plantations 

inside the kernel boundaries. For instance, 50% meant that it contained 50% of the studied 

plantations and 90% represented that it involved 90% of the plantations. These two density 

levels presented the smallest concentration share of total cultivated areas and nearly all of the 

planting areas for willow, poplar, hybrid aspen, and RCG. Besides this, cereal prices were 

used as an economic indicator to reveal the agricultural market’s effect on energy crop 

alternatives. 

 

 

Agro-climatic profiles 

 

Climatic indices regarding monthly temperature and precipitation of the agricultural lands 

where crops are growing were analysed in the thesis to depict agro-climatic profiles for the 

biomass production systems. Besides this, an estimation of the land productivity range was 

conducted to describe the average agricultural productivity for each studied crop. The annual 

average barley yield was used as an indicator for calculating land productivity over the 

research years since it is a typical cereal in Sweden, widely cultivated in the studied areas. 

The barley yields were collected at the district level, and the analysis of land productivity 

only included field numbers with over 100 blocks to get a representative estimation (SCB 

2017). 
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Surrounding landscape 

 

This part of the analysis focused on the field and landscape levels. At field level, the analysis 

selected common and effective landscape metrics to describe the geometrical complexity of 

field borders and shapes for energy crop planting in a concise way. Landscape metrics have 

been classified at three levels, patch, class, and landscape level for different analysis purposes 

(Khan et al. 2021). This thesis uses landscape metrics at the patch level for individual 

plantations of fast-growing tree species, RCG land, and agricultural fields cultivated for 

wheat and barley. At the landscape level, the analysis focused on the surrounding land-use 

identification. The overall landscape analysis used 2006 and 2018 as two reference years, 

representing the initial and last land-use situation. Data from Jordbruksverket was used for 

the field and landscape level, and data from CORINE Land Cover 2006 and 2018 was for the 

landscape level.  

At the field level, landscape metrics related to land shape diversity and land aggregation 

were chosen to analyse the land complexity of energy crops from the geometrical perspective 

(McGarigal et al. 2012; Lausch and Herzog 2002). These metrics are the Number of Shape 

Characterising Points (NSCP), Shape Index (SI), and Rectangularity Ratio (RR) (Eq1, Eq2, 

Eq3). The NSCP, SI, and RR were applied in previous studies related to species richness 

(Moser et al. 2002), landscape ecology (Forman and Godron 1986; McGarigal et al. 2012), 

and land management profits (Oksanen 2013). In this research, the NSCP, SI, and RR explain 

the edge and shape diversity of the lands. Among these, the NSCP was to explain the 

boundary’s complexity; the larger the values of NSCP per ha, the more land borders. The SI 

was to analyse the shape complex. When the SI value is close to 1, the shape is close to a 

square; when the value is smaller, the land shape is more random. The RR was based on the 

minimum bounding area. When the RR value is close to 100%, the land is close to a rectangle; 

when the value is smaller, the land shape is more random. Software and analysing tools were 

developed to calculate the values of these metrics using digitised materials. For instance, 

using raster files in the Fragstats software enables calculating the metrics at three levels: 

patch, class, and landscape (McGarigal et al. 2012). The R package landscapemetrics 

(Hesselbarth et al. 2019) and the ArcGIS tool PolyFrag (MacLean and Congalton 2013) also 

provide similar algorithms to compute the metrics’ values. In this research, the overall data 

were analysed through ArcGIS v10.5 (ESRI 2016) and R v4.0.4 (R core team 2020). 

 

 
𝑁𝑆𝐶𝑃𝑖 = 𝑁𝑖                                                                                                                                (Eq1) 

 

𝑆𝐼𝑖 =
0.25∗𝑃𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟𝑖

√𝐴𝑟𝑒𝑎𝑖
                                                                                                                 (Eq2) 

 

𝑅𝑅𝑖  =  
𝐴𝑟𝑒𝑎𝑖

𝑚𝑖𝑛.𝐴𝑟𝑒𝑎𝑖
                                                                                                                      (Eq3) 

 

Where 𝑖 is the ID of the plantation (block ID); 𝑁 is the number of vertices of the plantation 

(e.g., triangle: NSCP=3-gon; rectangle: NSCP=4-gon; pentagon: NSCP=5-gon); 𝑃𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟 

is the length of the perimeter of the plantation; 𝐴𝑟𝑒𝑎 is the area of the plantation; and 

𝑚𝑖𝑛. 𝐴𝑟𝑒𝑎 is the minimum bounding area in a rectangle (algorithm sources: McGarigal et al. 

2012; Moser et al. 2002; Lombardo 2014). 
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At the landscape level, the surrounding land-use identification of energy crop plantations 

and energy grassland were also analysed to determine the surrounding changes over the years. 

The land use in this part focused not only on the energy crops on agricultural land (including 

grassland) but also on forests, water bodies, artificial land (e.g., urban areas, industrial areas, 

and transport infrastructures), and wetlands. The research areas are the surrounding buffers 

of the energy crops, with a radius of 500 m, 1000 m, 2000 m, and 5000 m, respectively. First, 

the dominant types of land use were analysed to know which energy crops are mainly located 

in which type of landscape. Second, the dominant land use proportions were analysed to 

know which proportions are more common. 

 

 

Land-use changes 

 

This part aimed to analyse land-use replacement patterns of energy crops during the research 

period. The replacement patterns include which types of land use replaced the energy crop 

fields and which types of land use were replaced by the energy crop fields. Besides land use 

for energy crops, other types of land use were grouped into three categories in order to 

classify the LUC patterns: cereal land, meadow, and fallow.  

The land-use replacement was analysed annually during the research period and specific 

field locations for crops were studied. Some blocks had more than one crop cultivated in the 

registered uniform land area, and this research only considered the major cultivation in the 

block according to the land size. 
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RESULTS 
 

 

Yield performance 

 

Estimated yields from experimental plots of RCG, willow, and poplar/hybrid aspen had 

extensive ranges (Figure 2). RCG and poplar/hybrid aspen showed their largest yields of 

nearly 15 odt ha-1 year-1; the maximum yield of willow was larger than RCG and 

poplar/hybrid aspen, over 20 odt ha-1 year-1. Willow and poplar/hybrid aspen also had a few 

plantations with low yields, around 4 odt ha-1 year-1. Despite this, the annual yields of RCG 

were mostly between 7–9 odt ha-1 year-1, which was similar to the average yields of willow 

and poplar/hybrid aspen. This average yield of RCG from experimental plots (estimated as 6 

odt ha-1 year-1) had a large chance to overestimate the commercial yields plots (estimated as 

3.5 odt ha-1 year-1), particularly when compared with the official records in Finland at 3.1 odt 

ha−1 year−1. Willow had a similar overestimation referring to its commercial yields.  

 

 

Location patterns 

 

Plantations of fast-growing tree species expanded from eastern and central Sweden to 

southern areas (Figure 3). Poplar plantations were mainly located in the east and the south, 

with a few changes during the studied years. Hybrid aspen plantations were distributed more 

northwards than willow plantations and closer to poplar plantations. RCG lands were 

distributed more widely in the country than others, which could be found in the northeast.  

The total agricultural area cultivated with plantations of fast-growing tree species showed 

a decreasing trend throughout the years, meanwhile, cereal prices were rising. The area of 

the willow plantation dropped from 14 000 ha to 7785 ha from 2001 to 2017. However, poplar 

and hybrid aspen increased slightly, covering 1738 ha and 676 ha in 2017, respectively. The 

total area of RCG land rapidly increased from 675 ha to 800 ha from 2005 to 2009, then 

declined to 550 ha in 2013.  
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Figure 2. Annual yields for reed canary grass (RCG), willow, and poplar/hybrid aspen. The 

x-axis is the estimated distribution of yields (odt ha−1 year−1), and the y-axis is the density of 

the yields. 

 

 

 
 

Figure 3. Locations of the main areas of reed canary grass (RCG), willow, poplar/hybrid aspen 

(1986-2018). Shade colours represent the areas including 90% (fair) and 50% (dark) of the 

planted area.  
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In recent years, the average land size for energy crops was about 4 ha. For the individual 

plantation area of willow, smaller size (less than 1 ha) was more prevalent than larger size 

(over 10 ha). Poplar plantations had a similar trend to willow in recent years. The average 

size of poplar plantations reduced from 2.5 ha to around 2 ha, and 50% of the plantations 

were less than 1 ha. The average plantation size of hybrid aspen was around 2.2 ha and 

recently increased to 3 ha. Sizes of RCG land presented a similar trend to the plantations. 

The RCG was more common in smaller sizes (around 2 ha) than in larger sizes (over 5 ha). 

 

 

Climatic and land productivity profiles  

 

The climatic profiles presented the growing conditions of willow, poplar/hybrid aspen, and 

RCG. In general, RCG was cultivated in less favourable climatic areas than the other studied 

crops (Figure 4). Concerning the mean annual temperature, RCG was cultivated in colder 

areas than other energy crops, with annual temperatures from −0.4°C to 7.6 °C. The annual 

temperature range for willow was 2.8 °C to 10.0 °C and for poplar/hybrid aspen was 3.2 °C 

to 10.1 °C. RCG fields had lower average annual precipitation, at around 582 mm. For willow 

and poplar, the precipitation was about 606 mm and 655 mm, respectively. 

The studied energy crops were cultivated in different land productivity areas. The 

plantations were mainly established on the more productive lands, estimated with the 

standard barley yield, was 4500 kg ha−1 yr−1, 4100 kg ha−1 yr−1 and 3800 kg ha−1 yr−1 for 

willow, poplar and hybrid aspen, respectively. RCG was planted mainly on lands with lower 

productivity, which was lower than 2500 kg ha−1 yr−1
. 

 

 

 
 

Figure 4. Agro-climatic profiles of reed canary grass (RCG) fields compared with plantations 

of fast-growing tree species. 
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Diversity in the surrounding landscape 

 

In the 2006 dataset, 1560 fields with energy crops and 58 246 fields with cereal crops were 

analysed; in the 2018 dataset, 3416 fields with energy crops and 131 354 fields with cereal 

crops were analysed, which included winter wheat, spring wheat, winter barley, and spring 

barley. At the field level, the NSCP per ha, SI, and RR of energy crops showed a distinct 

spatial pattern, especially in willow (Figure 5). In general, the geometric edges of the fields 

showed a decreasing trend for both energy crops and cereals between 2006 and 2018. The 

values of the NSCP per ha of energy crops decreased between 2006 and 2018, although they 

were higher than the cereals. Concerning the SI, a high proportion of regular shapes for 

energy crop lands were observed, which concentrated around a value of 1, particularly for 

willow, with around 30% plantations. The RR showed that energy crops were mainly 

distributed between 63% to 70%, which was a high ratio of the minimum bounding area in a 

rectangular shape. 

The surrounding landscape of energy crops was identified by different buffer scales with 

radius 500 m, 1000 m, 2000 m, and 5000 m, respectively (Figure 6). Willow had more stable 

adjacent land uses between 2006 and 2018 compared with other crops. In 2006, willow and 

poplar were mainly dedicated to agricultural land (around 65%) regarding the four buffer 

scales; hybrid aspen and RCG were mainly located in the forest-dominated landscape. The 

share of agricultural land around energy crops decreased within the buffers in 2018 except 

for willow. Agricultural areas around poplar, hybrid aspen, and RCG dropped to around 40%, 

particularly on the larger buffer scales (2000 m and 5000 m). In 2018, the forest share had 

increased, particularly around poplar, hybrid aspen, and RCG; water bodies, artificial areas, 

and wetlands generally rose around poplar and RCG, although the share was still small.  

When the buffer radius increased to a larger scale, the distribution trends of land uses 

were more evident. A clear tendency of agricultural areas was observed, particularly when 

the radius reached 5000 m (Figure 7). The agricultural land percentage in the buffer area of 

a willow plantation mainly concentrated around 40% in 2006, then reduced to 35% in 2018 

when the buffer radii were 2000 m and 5000 m. Poplar had more plantations with about 70–

80% of the agricultural land share in 2006 but rapidly dropped to 20% in 2018. Similar share 

distributions were observed for hybrid aspen and RCG in 2018. However, hybrid aspen and 

RCG did not present a clear trend for the agricultural land percentage in 2006.  
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Figure 5. Distribution of plantation area, Number of Shape Characterising Points (NSCP) 

per ha, Shape Index (SI), Rectangularity Ratio (RR) of willow and winter wheat in 2006 and 

2018. The x-axis is the metric value, and the y-axis is the proportion of the value. 
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Figure 6. Surrounding land-use (Agricultural lands, Forest lands, Water bodies, Artificial 

lands, and Wetlands) patterns in mean proportions from energy crop lands in 2006 and 

2018. Buffer areas are with a radius of 500 m (R1), 1000 m (R2), 2000 m (R3), and 5000 m 

(R4), respectively.  

 

 

 
 

Figure 7. Agricultural land shares in the buffer areas (radius: 500 m, 1000 m, 2000 m, and 

5000 m) of willow, poplar, hybrid aspen, and reed canary grass (RCG). 
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Land-use transition 

 

The land use of the energy crops changed during the research period and several new 

plantations on agricultural land have been established recently. For instance, over 90% of 

current poplar and hybrid aspen plantations were newly established compared with the land 

use in 2001. In the case of willow, around 50% of the current plantations were newly 

established when compared with the situation in 2001. 

Distinct LUC patterns were observed in willow and RCG; however, poplar and hybrid 

aspen did not represent similar dynamics in LUCs. In the case of willow plantations, the 

newly established plantations were mainly on former cereal lands. The replaced lands were 

mainly for cultivating spring barley, winter wheat, and oats (Figure 8). This trend changed 

after 2007, and willow plantations were progressively established in meadow and fallow 

lands. Similar replacement patterns were observed in RCG lands, which were mainly 

established on former cereal lands and meadowlands. To a lesser extent, RCG was also 

replacing fallow lands after 2005.  

 

 

 
 

Figure 8. Land-use replacement of willow and reed canary grass (RCG). > refers to the 

land-use transition (e.g., willow>cereal, willow plantation replaced by cereal lands). 
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DISCUSSION 
 
 
The establishment of lignocellulosic biomass production on agricultural land could reflect 

interactions between natural conditions and human agricultural practices, providing 

references for future land-use management to stakeholders. The focus of this thesis was to 

address both the characteristics of energy crops, including yield performance, overall agro-

climatic profiles, and location factors, as well as the land-use patterns resulting in the 

agricultural landscape where energy crops are grown. 

The cultivation of energy crops is a rather new practice in the European agricultural 

landscape, and Sweden is an interesting case for studying long-term dynamics due to its long 

experience in the cultivation of fast-growing woody and herbaceous plants. It provides the 

necessary land data, in the land registry as well as from the European CORINE land-cover 

maps, which conform two data both reliable and extensive sources for analysis. There are, 

however, limitations in the use of these data sources: the Swedish land registry used in the 

study does not have information on other land uses other than agriculture, earlier records of 

the land register have a lack of records concerning cultivated crops, the CORINE land-cover 

presents different spatial resolution and land-use categories, and there is limited information, 

all together, concerning the management uses and yield levels of the plots at such a detail 

level. Other sources, such as the Swedish national land-cover data, was only available for 

2018, which made the dataset unsuitable for temporal comparisons. Despite these limitations, 

the timeframe, number of fields and level of spatial detail included in the study was 

quantitatively large, providing a solid basis for the analysis presented. 

 

 

Energy crops fields 

 

The spatial analysis combined multiple approaches to evaluate the biomass production 

system from the land-use aspect. The patterns and dynamics of these features reflect 

somehow the farmers’ decision-making on the adoption and management of biomass 

plantations. The average size of willow plantations was 3.7 ha during the studied period, 

which differs from some other studies. Rosenqvist et al. (2000) estimated the average size of 

willow farm was 11.5 ha, with most of the plantations being larger than 10 ha; this 

disagreement might be because of the different research period, as the study by Rosenqvist 

et al. (2000) focused on a single year (studying in 1995), as well as the definitions of farm 

versus field used. However, beyond the individual size of the energy crop fields, there were 

obvious trends towards smaller fields, which may reflect important changes in plantation 

management. Previous research demonstrated that smaller plantations presented higher 

yields (discussed by Mola-Yudego et al. 2015), and this trend was parallel to the reduction 

of planting subsidies. A possible explanation could be that, because of the subsidy schemes, 

farmers aimed to have larger fields on low-productive land (Helby et al. 2004; Mola-Yudego 

and Aronsson 2008). In this line, the reduction of field size could indicate overall 

management intensification and productivity-oriented agriculture, as it would agree with the 

overall yield trends observed in the country (Mola-Yudego 2011). The reasons might be that 

farmers also cultivated energy crops on marginal lands, such as surplus lands (Miyake et al. 

2012). However, this could be disputed as it could also mean farmers are no longer interested 

in investing large land areas, using only small fields or spare land. In either case, the results 
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indicate changes in the profile and goals of energy crop farmers, confirmed in previous 

studies (Roos et al. 2000; Rosenqvist et al. 2000; Lindegaard et al. 2016). 

The thesis also analysed the locations where energy crops were established, and the main 

trends linked to this. The overall land quality was established using cereal yield as a proxy, 

assuming high-yield areas reflect higher quality land and more intensive farming. This is a 

simple way to define the agro-climatic conditions of energy crops (Mola-Yudego and 

Aronsson 2008), socio-economic situations, and local policy implementations (Mola-Yudego 

2010). All indicators suggested that wiilow and hybrid aspen in Sweden are moving towards 

more productive areas, which was also reflected in the results concerning the shape 

complexity of energy crops, presenting more regular shapes along time, suggesting a trend 

towards more cost-efficient management (Nilsson and Rosenqvist 2018), in line with the 

previous conclusions, and converging to a certain extent, to other agricultural crops features. 

At field level, regular land edges and shapes could reduce input costs, maximise the 

economic benefits, and increase biomass yields. Spatially coherent field shapes are more 

efficient from the management point of view as the regular shape of the plantation could save 

machinery time and enhance machinery performance when harvesting (Nilsson et al. 2015). 

By studying energy crop cultivation on marginal lands in Sweden, Nilsson and Rosenqvist 

(2018) revealed that irregular plantation shapes could lead to lower economic profits. In 

general, the results showed that energy crop lands have started to become less complex in 

their borders and shapes, which was in line with the Swedish agricultural policies on 

restructuring farms resulting in more efficient cultivation (Marquardt et al. 2022; Griffel et 

al. 2020). It can also be an effect that willow farmers who gain more experience have realised 

that a way to reduce management costs from planting or harvesting is to have long rectangular 

fields. 

Compared with cereal lands, energy crops had more irregular fields presented by larger 

variances in their NSCP values than cereals, which might be because energy crops have large 

differences in their areas (Moser et al. 2002). In the case of the SI and RR, greater values 

indicated lower machinery operation efficiency (Nilsson et al. 2015). From this perspective, 

perimeter-based financial support was suggested to be applied by Nilsson and Rosenqvist 

(2021) in order to compensate for the difficulties when harvesting biomass, especially for 

small areas. 

The different core locations of the four crops analysed, ranging from north to south, did 

not significantly affect the biomass yields. Willow and poplar plantations concentrated more 

on higher productivity in southern Sweden, particularly in recent years (see land productivity 

in Sweden by Mola-Yudego 2011) whereas RCG was more widely cultivated in different 

areas of Sweden, particularly in northern areas where willow is not suitable for growing 

(Andersson 2012). Despite the different plantation locations and varied climatic profiles of 

the growing areas, the four crops were similar in terms of yield levels. However, it must be 

noted that the research also had overestimations in the yields from the experimental plots. 

These overestimations could result from optimal management of the plots, the edge effect, 

the harvesting ages of the crops, and experimental designs (see a yield divergence analysis 

in Mola-Yudego et al. 2015). 

 

 

Energy crops expansion 

 

Several factors impact farmers’ decision-making regarding biomass production (Convery et 

al. 2012). Among the factors, financial support from the government can help to compensate 
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for the cost and encourage farmers to participate in the production. Biomass production 

requires financial investment in plantation management, transportation, and storage. The 

results showed that the studied biomass production systems were sensitive to policy 

incentives. A case study in the UK also agreed that financial support could help to engage 

farmers in the medium-term biomass production of energy crops (Convery et al. 2012). The 

support in Sweden has been implemented in several energy production fields, such as 

combined heat and power, district heating, and research projects (Mahapatra et al. 2007). 

Sweden had the first energy programme to support biomass and other renewable energies in 

1975 (Ericsson et al. 2004). Since then, financial support has also been applied for the 

production facility investment and pilot project implementation related to electricity 

production from biofuels (Hillring 1998). Over the years, the Swedish government has 

applied different tax exemptions to the different types of biofuels to encourage their 

consumption (Amiandamhen et al. 2020). Besides this, introducing a CO2 tax has helped the 

prices of biofuels to be more competitive with fossil fuels (Hillring 1998; Mahapatra et al. 

2007).  

In the results, a clear increasing trend was observed concerning the total area of willow 

plantations after planting subsidies were introduced. Farmers received subsidies for energy 

crops established in the early 1990s to encourage cultivation (Hadders and Olssen 1996), 

which was 10 000 SEK ha−1 for a new willow plantation (Helby et al. 2006). During this 

period, the number of farmers growing willow increased around 70% (Mola-Yudego and 

Pelkonen 2008). However, after 1996 subsidies were reduced to 3300 SEK ha−1, and the 

expansion of willow plantations started to slow down (Helby et al. 2006; Mola-Yudego and 

González-Olabarria 2010, Dimitriou et al. 2011). During the late 1990s, subsidies were 

increased again, and so did the area planted with willow, although at lower levels than in the 

1990s. In 2007, another turning point was identified, as cereal prices peaked. 

Notwithstanding, the willow area was larger than poplar and hybrid aspen. This situation 

indicated willow cultivation was more resilient to changes in the policy framework than other 

energy crops, and a share of farmers demonstrated long-term interest in willow cultivation, 

due to a higher net income and yield in relation to management and investment, compared to 

other energy crops (Paulrud and Laitila 2010). The differing trend of poplar and hybrid aspen 

during this period is explained because they are often used for other purposes besides energy, 

such as the pulp industry (Christersson 2008), and therefore react to other economic factors.  

While nowadays biomass production mainly relies on woody crops, herbaceous crops 

also provide a complementary option for biomass production as solid fuels or for generating 

biogas according to previous studies (Heinsoo et al. 2011; Melts et al. 2013). A series of 

policies encouraged the development of RCG: the early expansion of RCG was a result of 

financial support to replace food crops with non-food crops in the 1990s (Larsson 2006). But 

the lack of an established energy market for grass combustion precluded further development 

of the sector (Venendaal et al. 1997). Another main reason for not reaching the goals in RCG 

cultivation was the early disruption of support policies (Finell 2003; Olsson et al. 2008). For 

instance, the EU removed the requirement for farmers to set aside land for industrial crops 

(non-food crops) in 2009 (Official Journal of the European Union 2008), and the results 

showed that RCG areas started to reduce in the same year. This was confirmed partially in 

Finland as well, since the total land area dedicated to RCG was also reduced due to drastic 

changes in the policy framework and support schemes (LUKE 2021). The decreasing effects 

in the land area indicated that RCG cultivation was very sensitive to energy policy, in relative 

terms, more than short-rotation plantations. 



28 

Besides the effects of energy policy, the agricultural market and the farmers’ cultivation 

experience also play important roles in biomass production. A study by Mola-Yudego and 

González-Olabarria (2010) showed that establishing successful willow plantations is 

associated with local energy demand and market development. Concerning the fuel market 

in Sweden, the low price of wood chips would reduce the motivation of farmers towards 

willow growing (Helby et al. 2006). Besides this, the personal cultivation experience with 

different plants affects farmers’ attitudes towards cultivating energy crops (Roos et al. 2000). 

A study in Sweden showed that landowners with large forests (over 25 ha) had a higher 

chance of planting willow, while grassland owners had a negative attitude towards the 

cultivation (Roos et al. 2000), although the results indicate that this profile may have been 

substantially different in recent years. A survey in Sweden (Paulrud and Laitila 2010) 

indicated that the planting characteristics relating to the rotation length of the crops, 

machinery requirements in the fields, and surrounding landscape impact could also influence 

farmers’ decisions on crop adoption. 

 

 

Energy crops in the landscape 

 

At landscape level, energy crops can increase the surrounding landscape diversity (Berndes 

et al. 2008; Rakovic et al. 2020). Furthermore, spatial heterogeneity could contribute to more 

sustainable agricultural systems (Dale et al. 2013). The results show that energy crops mainly 

replaced agricultural land use; in particular, willow and RCG replaced cereal crops primarily, 

and to a lesser extent, meadows or fallow land, and create more diverse landscape units in 

areas previously dominated by cereal, which has an overall positive effect on biodiversity as 

well as on multiple ecosystem services. 

Linking LUC due to energy crops with ecosystem services and environmental issues has 

been discussed in many studies (Metzger et al. 2006), but the capacity of these ecosystem 

services in the agricultural landscape is influenced by energy crop selection, land location 

and its nearby habitat, and local landscape (Werling et al. 2014). The generally longer 

rotation period of energy crops, especially plantations in cereal-dominated landscapes, 

contributes to higher diversity, compared with annual crops (Baum et al. 2012). In Sweden, 

a case study showed that willow on fallow land has a large positive effect on climate change 

mitigation (Hammar et al. 2017); in Estonia, an experimental study showed that planting 

RCG on abandoned peat extraction areas could significantly reduce greenhouse gas 

emissions (Shurpali et al. 2010; Mander et al. 2012; Järveoja et al. 2013). The results also 

indicated that several other land uses appeared in the landscape, which might link to the 

management of plantations and its association to phytoremediation practices (locating crops 

nearby lakes) or to facilitate transportation (locating crops nearby power plants and urban 

centres). Likely, more complex environmental benefits could be identified when exploring 

the effects of energy crops in the landscape context.  

The wide concept of LUC not only refers to energy crops growing on other former land 

uses but also refers to changes in land management, such as harvesting or rotations (Englund 

et al. 2020b). A study by Asbjornsen et al. (2014) proposed that the strategic integration of 

perennial vegetation in the agricultural landscape can enhance ecosystem services and 

Englund et al. (2020a) also indicated that perennial grass and fast-growing tree species could 

be used for purposes such as pest control, habitat provision, and erosion control. Spartz et al. 

(2015) proved that farmers were more concerned about environmental issues than having 

high economic profits when producing energy crops, which could be a basis for better 
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landscape planning of biomass production systems. In the future, planning energy crop 

cultivation could consider how to increase the capacity for ecosystem services in agricultural 

and nearby landscapes as a whole. 

 

 

Future perspectives 

 

The current geopolitical developments and energy shortages could alter the availability, 

demand, and price of both agricultural products (for an increasing demand of food) as well 

as energy crops (for an increasing demand of energy), leading to potential conflicts in the 

agricultural sector. This research indicated that biomass production is strongly linked to 

agricultural markets. Domestic cereal production is essential, and the increasing prices of 

cereals might lead to more land areas being used for cereal cultivation. Based on this, future 

analysis of land-use planning between lignocellulosic energy crops for energy purposes and 

food production crops should be discussed in detail, analysing the strategic deployment of 

energy crops in order to make it compatible with other agricultural produce.  

Uncertainty in the current Swedish energy market has brought several issues, such as 

tightening energy resource supply (e.g., natural gas, coal, and oil) and increasing electricity 

prices (Energimyndigheten 2022). Therefore, future analysis concerning energy sources from 

lignocellulosic biomass at the national and regional levels should be addressed to help to 

meet the self-sufficiency target in energy supply. Compared with other renewable energy 

alternatives (e.g., wind or hydro energy), establishing biomass plantations has the strengths 

of being cost- and time-saving when preparing the land and other facilities, so it could be 

interesting to continue analysis towards cost-efficient perspectives.  

Analysing the land-use distribution of energy crops and their spatial interactions with the 

surrounding landscape is complex, requiring research input into large-scale commercial 

production for energy use. Plantations for fast-growing tree species and energy grasses might 

contribute differently to their surrounding landscape structures, which should be assessed in 

future studies. For instance, details could be analysed concerning species richness and 

biological homogenisation in different dominated landscapes (Immerzeel et al. 2013). Yield 

variability should also be linked with landscape diversity in future research, in order to give 

a prediction for biomass production system design. 

According to the national goal, Sweden aims to achieve carbon neutrality by 2045 

(Regeringskansliet 2017). Involving environmental targets in policies which support biomass 

production could provide solutions to climate change and other environmental issues. The 

use of multifunctional biomass production system could be a solution in this direction 

(Englund et al. 2020b). Co-benefits from biomass production could be created if management 

schemes are designed properly, although the current share from agricultural land is still small 

(the Swedish annual biomass production for energy purposes was around 2.5 to 3 TWh, 

Svebio 2020). For instance, about 20 sites have used landfill leachate in willow irrigation in 

Sweden, and wastewater treatment through establishing plantations of fast-growing trees at 

Enköping has been successful (Zalesny et al. 2019), which would be an important line for 

further research.  
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CONCLUSIONS 
 
 
This thesis presented research on land-use patterns of energy crops, regarding core locations, 

LUCs over the years, and the surrounding agricultural landscape in Sweden from the field 

level to larger spatial scales. The research indicated that the total cultivation area of the 

energy crops decreased during the research period, particularly in willow plantations and 

RCG lands. This situation was compensated by a slight increase in poplar and hybrid aspen 

plantations, although the current shares are still small. At field level, the smaller size of 

plantations of fast-growing tree species and RCG lands are prevalent. Concerning the 

locations, new willow plantations were mainly established in the southern region with more 

productive land; poplar plantations were mainly established on less-productive land, often 

with hybrid aspen nearby. RCG lands were more widely located across the country compared 

with fast-growing tree species. 

Despite RCG being located in less favourable climatic areas with colder temperatures, 

less precipitation, and less-productive land compared with the plantations of fast-growing 

tree species, the biomass yields of RCG had a similar range to the fast-growing tree species. 

The compensatory geographical locations enable RCG to offer an alternative for producing 

biomass in harsh climatic regions.  

The energy crops generally showed a distinct spatial structure in the agricultural 

landscape. Willow plantations were mainly located in the agricultural-dominated landscape; 

poplar, hybrid aspen and RCG were mainly in the forestry-dominated landscape, particularly 

in 2018. This diversity of crop locations would be expected to contribute to the existing land-

use patterns with essential effects on different ecosystem services. The borders and shapes of 

the fields became more regular, indicating cost-efficient agricultural practices and land 

planning. 

LUCs occurred derived from cultivating energy crops, partially replacing cereal, meadow 

and fallow lands. Willow plantations were mainly established on former cereal lands, 

replacing spring barley and winter wheat. This LUC pattern was not presented in poplar and 

hybrid aspen plantations. RCG lands were mainly established on the former meadow and 

cereal lands; more RCG was replaced by cereals after 2009.  

Biomass production expansion showed sensitivity to agricultural policies and market 

prices, which could influence spatial patterns. Therefore, future biomass production system 

planning should take the policy impact and agricultural market into consideration. The 

overall thesis could be the basis for future discussion on the spatial distribution and structure 

of energy crops grown in the agricultural landscape. The research findings could also be 

translated into the planning of biomass production systems and relevant policy-making in 

Northern Europe or elsewhere. 
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