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Abstract 

Development of biomass energy plantations is one approach to mitigate and adapt to climate 

change and the energy challenges related to it; however, climate change will affect the climate 

conditions and in turn the selection of crops and trees suitable for renewable energy sources. 

In Estonia, electricity is mainly based on oil shale but since their integration in the European 

Union they are required to increase the share of energy from renewable sources. In this study, 

the possible changes of suitable species are assessed by examining the current and the future 

prospects and potentials with biomass energy derived from energy plantations in Estonia, 

taking climate change into consideration. The biomass energy potentials for the species that 

are climate suitable in current and future time are manually estimated, using a case study 

approach when determining the yields. The study result suggests that biomass energy from 

crops and trees have great development possibilities and that climate is not a key limitation 

for the selection of suitable species; in addition, the energy crops and trees appear to suit the 

future climate conditions better than the current. The results indicate that the established 

national target of 25% of energy from renewable sources in gross final consumption of energy 

by 2020 could be achieved to a large extent by putting energy plantations into practice.   

 

KEYWORDS: Energy crops; Biomass energy; Scenarios; Climate Change; Estonia 

 

1. Introduction 

Climate change and the many effects it entails is a critical challenge that must be dealt with 

today and continuously into the future. General guidelines for mitigating and adapting climate 

change related challenges have been produced both internationally and nationally (IPCC 

2007b). To cope with these challenges it is necessary to have implementation strategies on 

local and regional scale. The local and regional level lack support, resources, knowledge and 

experience on how to handle climate change in the context of sustainable development (Baltic 

Sea Region Programme 2007). Baltic Challenges and Chances for local and regional 

development generated by Climate Change (BalticClimate
1
) is a project that aims to work 

with this issue. BalticClimate gives local and regional support in how to implement and 

respond the global climate change. The challenges but also the chances with climate change, 

in context of sustainable development, will be identified for seven specific ‗Target Areas‘ in 

the Baltic Sea region. Further, implementation cases for these target areas will be carried out 

for at least two of the subsequent sectors – energy, housing, transport and agriculture, in each 

area (Baltic Sea Region Programme 2007).  

 

This thesis was performed in relation to the BalticClimate project and aimed to contribute to 

the Estonian target area within its energy implementation case. Estonia has an intensive oil 

shale mining industry which supplies the oil shale-based electricity production in Estonia. The 

oil shale power plant stations contribute to more than 90% of the Estonian electricity (Koskela 

et al. 2007). The oil shale power has resulted in low energy prices and has made it hard for 

new technologies and renewable energy to be feasible in Estonia (Lund et al. 2000). However, 

as Estonia became a member state of the European Union (EU) in 2004 it is required to 

increase its share of energy from renewable energy sources. The EU energy policy has a 

mandatory target of a 20% share of energy from renewable energy sources by 2020 but 

Estonia has set a national target of 25% of energy from renewable sources in gross final 

consumption of energy by 2020 (EU 2009).  

                                                 
1
 BalticClimate is a project partly financed by EU under the Baltic Sea Region Programme 2007-2013 
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Bioenergy is material which is directly or indirectly produced by photosynthesis and which is 

utilized as a feedstock in the manufacture of fuels and substitutes for petrochemical and other 

energy intensive products (IEA Bioenergy 2009). Biomass can produce energy carriers such 

as solid fuels, liquid fuels, gaseous fuels, electricity and heat. These types of modern energy 

carriers result in bioenergy to be classified as a renewable energy source (IPCC 2007a). Heat 

and power generated from modern biomass is today around 6-9 EJ yr
-1

 (IPCC 2007a, 

Hoogwijk et al. 2009). Estonia has considerable resources for bioenergy, for example, 

different types of waste from the forestry-, agricultural- and industry sector but also forests 

and fallow arable land for energy plantations (Baltic Sea Region Programme 2010, Tullus et 

al. 2009). Energy crops are plants grown for the purpose of producing bioenergy at low cost 

and maintenance harvest. The use of energy crops are projected to grow the next few decades, 

however, they contribute little to the current overall bioenergy supply (Sims et al. 2006). 

 

Climate change is one of the main reasons for a transition to renewable energy from fossil 

fuels (e.g. EU 2009, IPCC 2007a, Sims 2004); although, the projected future climate could 

both have positive or negative impacts on the renewable energy sources (Moriarty and 

Honnery 2009, de Lucena et al. 2009). All climatic aspects are interesting when evaluating the 

climate change effect on agriculture, although, some parameters are of greater interest; 

vegetation period, summer drought, precipitation, insolation (cloudiness), winter temperature, 

soil moisture, atmospheric carbon dioxide concentration (Persson and Rummukainen 2010). 

On the whole, the Northern Europe agricultural systems will possibly increase productivity 

since warming will give more favorable conditions for crop production. Moreover, an 

increased carbon dioxide (CO2) concentration influences the productivity directly by plant 

photosynthesis. The plant responds to increased CO2 concentration differently depending on 

photosynthetic pathway; the response is smaller in C4 plants than C3 plants
2
. CO2 enrichment 

does also cause reduced stomatal conductance, transpiration and dark respiration. The 

resulting effect is increased resource use efficiencies for radiation, water and nitrogen (ibid).  

 

This thesis focused on bioenergy from energy crops and short rotation forest plantations. The 

aim was to investigate the current and the future prospects and potentials of biomass energy 

from energy plantations in the Estonian BalticClimate target area, when taking climate change 

into consideration. Hypothetically, climate change will lead to a larger selection of possible 

energy crops and tree species, in the target area, until year 2100.  In addition, this will affect 

the biomass energy potentials. The following will be investigated to fulfill the aim of the 

thesis: 

 What energy crop and short rotation tree species are suitable for the target area now 

and in the future? 

 How much land is available for energy plantations in the target area? 

 What are the yields and energy content of the suitable species? 

 How much biomass energy could potentially be produced in the target area? 

 

This study intends to give an overview of the possibilities of energy plantations in the target 

area; a guideline for future in-depth studies or directions in the decision making process.  

                                                 
2
 C4 and C3 are metabolic pathways for carbon fixation in photosynthesis 
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2. Materials and Methods 

2.1 Target Area 

The target area, Figure 1, with the local municipalities of Saku, Kohila, Rapla and Kehtna 

parishes in the counties of Harju and Rapla constitutes 115 000 ha. The municipalities are 

located in the north-western parts of Estonia. In one aspect, the target area does not reflect 

Estonia since only 2 of 13 power plants in the area use shale oil sources for energy 

production. Other types of fuel used as sources of energy in the target area are natural gas, 

light fuel oil, liquefied gas and straw – with natural gas being the most common (Baltic Sea 

Region Programme 2010). The majority of the boiler houses in Estonia use different kinds of 

non-renewable fuels, however, BalticClimate plan to study the possibilities to convert existing 

non-renewable fuelled boilers into biomass fuelled ones (Kuldna 2010).  

 

The soil types and qualities are essential information when planning development of energy 

crops; however it is not taken into account in this thesis‘ analysis. The Estonian soils have a 

great variability. The soils in Estonia are described as having an extensive range of calcareous 

soils, a big part of the soils has excessive moisture and there is occurrence of limestone rock 

in the soil profile (Estonian Environment Information Centre 2010).  

 

 
Figure 1: BalticClimate target area in Estonia. Source: Baltic Sea Region Programme 2010 

 

2.2 Energy Crops 

A selection of energy crop species was carried out as potential target crops by using 

information from previous studies (Tullus et al. 2009, Tuck et al. 2006, Lewandowski et al. 

2003, Uri et al. 2002, Gruenewald et al. 2007, Vande Walle et al. 2007). Species that already 

are grown in Europe or may have the potential to function as bioenergy crops were chosen. 

Forty species were selected and divided into four groups, in line with the grouping in Sims et 

al. (2006), see Appendix 1. The crops can be converted into different kinds of energy carriers. 

Many of the species products can be used for more than one type of fuel, e.g. the grain of a 

crop could be used to produce ethanol and while the straw could produce heat and electricity 

by combustion. The energy conversion routs, however, are not included in this potential 

biomass energy assessment. 

 

2.2.1 Solid Energy Crops 

Through combustion, solid energy crops can be used as they are to produce heat and power. 

They could also be converted to bioenergy fuels (Sims et al. 2006). These are the selected 

solid energy crops: maize, reed canary grass, switchgrass, giant reed, miscanthus, eucalyptus, 

grey alder, hybrid poplars, black locust, birch, maple, willow, meadow foxtail, big bluestem, 
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galingale, cocksfoot grass, tall fescue, raygras, napier grass, timothy, common reed, alfalfa, 

cardoon, sorghum and kenaf.   

 

Some of these species have a current distribution in the Mediterranean region or non-

temperate area (cardoon, sorghum, kenaf) (Tuck et al. 2006). They are included in the species 

selection to investigate their potential to grow in a future Estonian climate. For simplicity, this 

selection of solid energy crops will be labeled Group 1 in the analysis and result. 

 

2.2.2 Oil Crops 

The oil given from the oil crops could be directly combusted for heating purposes but can also 

be refined to transport fuels (Sims et al. 2006). The oil crops selected for this study are oilseed 

rape, linseed, field mustard, hemp, safflower, sunflower and castor; labeled Group 2 in this 

study. The current distribution of the three latter species is the Mediterranean region (Tuck et 

al. 2006). Like the last three solid energy crops, these were included to investigate their future 

climatic potential in Estonia. 

 

2.2.3 Cereals 

Cereal crops can be used as feedstock in biogas production in addition to use the straw of 

cereals as solid bioenergy fuel and to produce ethanol from the grain (Sims et al. 2006). 

Barley, wheat, oats and rye (Group 3) were the cereal species selected for this study.  

 

2.2.4 Sugar and Starch 

Potatoes, sugar beet, jerusalem artichoke and sugar cane were the selected sugar and starch 

species, Group 4. By fermentation, sugar and starch can be used to produce ethanol which in 

turn can be used directly as a fuel or blended with gasoline (Sims et al. 2006).  

 

2.3 Climate Scenarios and Modeling 

Climate modeling together with two IPCC (Intergovernmental Panel on Climate Change) 

emission scenarios, SRES (Special Report on Emission Scenarios) A2 and SRES B2 (IPCC 

2000), was carried out by the Swedish Meteorological and Hydrological Institute (SMHI) and 

provided supporting material in the BalticClimate project. Parts of these results were used as 

the basis for the analysis in this thesis. The IPCC emission scenarios give alternative images 

of how the future might unfold and illustrate relationships between emission driving forces 

and world development. The A2 scenario describes a heterogeneous world with rapid increase 

of global population and high energy use. Self reliance and preservation of local identities are 

important for this scenario. The other emission scenario used for this study, B2, represents a 

world where local solutions to sustainability issues have high importance. Population growth 

and energy use are lower for B2 than for A2 (IPCC 2000). Climate models represent 

atmosphere, land, ocean, lakes and ice. The atmosphere is divided into a grid for which the 

model calculates different meteorological and hydrological parameters for every cell of the 

grid in time. In this case, the result from one global climate model, ECHAM4, and two 

emission scenarios where downscaled with a regional model.  This model used by SMHI is 

called RCA3 and is developed by the Rossby Centre in Sweden (SMHI 2009). The model 

covers Europe and has a resolution of 50 km. The result from the model calculations and the 

emission scenarios covers the period 1961-2100. The period 1961-1990 was used for 

comparison with future climate data, the baseline, but also for validation; measured data for 

this period where compared with the modeled data.  
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The results of the modeled climate parameters for the target area were analyzed for all grids 

that cover the area. The average value for those grids was taken for every point in time and 

resulted in one time series for the target area. The data were smoothed with a 10 year running 

mean to show an explicit trend. To illustrate the variation in time, the span of the year to year 

variation was included in the data (Strandberg and Hjerpe 2009). The baseline and the 

modeled result for 2100 were used in this study to assess suitable energy crops for the current 

and future period. The reason not to include the near future, such as 2050, in the analysis was 

the small difference between 2050 and 2100 when looking at possible ranges of the 

temperature and precipitation for the two scenarios. The small change would possibly not 

affect the selection of suitable crops to a large extent. Average modeled values of temperature 

and precipitation for the baseline (1961-1990) were used in the selection of suitable crops for 

the present condition. The suitable crops for the future (2100) were determined making use of 

the span of the modeled A2 and B2 scenarios.  

 

2.4 Environmental Requirements 

The climatic constrains, in terms of temperature and precipitation, were mapped out for 

almost all of the selected energy crops through a literature review. The two parameters, 

temperature and precipitation, were the only parameters used to make the estimation of 

suitable energy crops for Estonia. No account was taken of elevation, cloudiness, carbon 

dioxide concentration, soil type or any other possible limitation. The climate data, current and 

future, was then manually compared with the suitable climate conditions mapped out for the 

selected energy crops. All the species were assumed to be rain fed in the analysis of suitable 

crops in for the target area. It would be necessary to make use of models and GIS 

(Geographical Information System) if more parameters than temperature and precipitation 

would be taken into account. Studies that have taken into account more parameters are 

Hoogwijk et al. (2005) and Fischer et al. (2005). Hoogwijk et al. (2005) used an integrated 

model (IMAGE 2.2) to assess the global environment. Fischer et al. (2005) analyzed in a 

similar way, they used Land Utilization Type catalogue containing information about crops 

and trees and their rotation length, vegetation period, photosynthetic pathway, photosynthesis 

temperature relationships, maximum leaf area index, partitioning coefficients and parameters 

describing ecological requirements. This was combined with climate databases, climate 

scenarios, land characteristics, a soil association composition database, a land resources 

database etc. This type of research could not be performed in this analysis since the required 

information was not available for the target area or for the selected species. 

 

Analysis in GIS with the same data as in the manual analysis would not have given a better or 

a more comprehensive result due to the low resolution of climate data. The target area only 

has one figure of climate data in time for each parameter from the model conducted by SMHI; 

the average of all grids covering the target area. Hence, it would not be possible to see any 

differences in species suitability and biomass production in context of climate limitations 

within the target area using GIS. 

 

For some tree species that are potential energy crops (hybrid poplars, birch and maple), 

temperature and precipitation requirements were not available in previous studies and 

literature. Some clones of these species grow in Estonia today (Tullus et al. 2009, Rosenvald 

2008, Estonian Environment Information Centre 2010) and are in this study assumed to 

function in a future climate as well. Climate requirements and the biotic names for all of the 

selected energy crops and trees are listed in Appendix 1.  
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Soil type was not included in the analysis of suitable crops and yields; however, an overview 

of the soil characteristics in the target area was obtained to give an overview of to what extent 

soil types could affect the selection of suitable crops. The Estonian Environmental Review 

2009 (Estonian Environment Information Centre 2010) includes a soil map of the whole 

country based on a 1:1 000 000 Estonian soil map, the four target area parishes were mapped 

out in the soil map. 

 

2.5 Distribution of Crops 

Slightly above 50% of the target area is farmland according to the CORINE (Coordination of 

Information on the Environment classification) (EEA 1994) and about 40% of the farmland is 

non-irrigated arable land (Baltic Sea Region Programme 2010). There has been a rapid 

decline of agricultural land in Estonia since 1991 with the restoration of independence. It is 

now essential for Estonia to conduct a planning of the abandoned agricultural land, and 

energy plantations are one possible solution (Kukk et al. 2010). To be able to analyze the 

potential biomass production from energy crops in the target area, the amount of available 

land had to be estimated. In the Hoogwijk et al. (2005) study available land was divided into 

three groups with abandoned agriculture land, low-productivity land and rest land
3
. The 

developments of these land types were predicted by using different land use patterns 

developed in the special report on emission scenarios (IPCC 2000). The land use changes 

caused by climate change are argued by IPCC to be very complex (IPCC 2000). This, together 

with the fact that the current figures of abandoned agriculture, low productivity land and rest 

land were not known for the target area, made Hoogwijk et al.‘s (2005) method a poor choice 

for this study. The land of interest in the target area (farmland) has been divided into three 

land use types; ‗land principally occupied by agriculture with significant areas of natural 

vegetation‘, ‗non-irrigated arable land‘ and ‗complex cultivation patterns‘ in the target area 

assessment (Baltic Sea Region Programme 2010). Abandoned agricultural land is included in 

the ‗non-irrigated arable‘ land use type according to the CORINE classification. Since the part 

of abandoned agricultural land is not known for the target area another method had to be 

conducted to estimate the available land for energy crops in the target area.  

 

Three alternative scenarios of available land for energy crops were created. Two of these 

scenarios were adapted from Ericsson and Nilsson (2006) who investigated the potential 

biomass supply in Europe. The reason to use the same scenarios that Ericsson and Nilsson 

(2006) drew their study upon was, firstly, the lack of detailed information regarding 

abandoned and fallow agricultural land in the Estonian target area. Secondly, by making use 

of the same scenarios the result could be compared to some extent to Ericsson and Nilsson‘s 

(2006) research. The first scenario was grounded in the set-aside of agricultural land. EU 

introduced the set-aside to limit initiative production of cereals in its territory. Set-aside was 

on a voluntary basis from 1988/89 but after the 1992 reform it became obligatory (EU 2008). 

Producers under the general scheme had to set-aside a defined percentage of their land in 

order to be eligible for direct payments. Although there is no longer a compulsory set-aside 

rate in the European Union and Estonian farmers were not obligated to set-aside any land after 

joining EU, the most recent rate of 10% (EU 2008) will be used for the first scenario.  The 

set-aside was intended for non-food purposes; hence, the first scenario assumes that all 10% 

will be used for energy crop plantations.  

 

                                                 
3
 The remaining area corrected for abandoned agriculture land, low productivity land, the grassland, forests, 

urban areas and bioreserves;  includes mainly savannah, shrubland and grassland/steppe (Hoogwijk et al. 2005). 
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In the second scenario it was assumed that energy crops would be grown on all agricultural 

land that is not required for food production, i.e. surplus agricultural land. This was calculated 

by subtracting the amount of land (hectare/capita) required for food production from available 

agricultural land. Ericsson and Nilsson (2006) did an assumption of the required land for food 

production based on data from Gerbens-Leenes and Nonhebel (2002). The data in that study 

are estimations of the per capita consumption of 20 domestic and imported commodities in 

EU, 1995. Ericsson and Nilsson (2006) multiplied the data of per capita consumption with 

each of the commodity‘s claim on land and they got an EU mean of 0.24 ha/capita. Estonia 

was not an EU member in 1995; hence, the calculation of required land for food production 

could not be done for Estonia with the data from Gerbens-Leenes and Nonhebel (2002). 

Therefore, the European mean of 0.24 ha/capita was used to conduct an estimation of 

available arable land for the target area. The total amount of farmland in the target area is 

36 433 ha and the population of the target area local municipalities year 2009 was 30 179 

(Baltic Sea Region Programme 2010) according to Statistics Estonia. This information was 

used to calculate the available land for energy plantations in the target area for scenarios 1 and 

2.  

 

The third scenario was based on information from the Statistical Office of Estonia. The 

agricultural data was apportioned by counties but there was no available statistics at parish 

level. Therefore, no information was available for only the target area. Land use of 

agricultural holdings
4
, 2001, divided into agricultural land and unutilized agricultural land for 

Harju and Rapla County was collected from the Statistics Estonian database. Agricultural land 

is land under crops which are grown and harvested and it also includes fallow land. Unutilized 

agricultural land is temporarily not farmed for different reasons; these are definitions used by 

Statistics Estonia. Approximatly 20%
5
 of the agricultrual land in Harju and Rapla county was 

unutilized in year 2001 (Statistics Estonia 2002). This percentage was used to calculate the 

amount of unutilized agriculture land in the target area for secnario 3.  

 

2.6 Potential Biomass Supply 

This study applies a resource-focused approach defined as ―research focusing on the total 

bioenergy resource base and the competition between different uses of the resources (supply 

side)‖ (Berndes et al. 2003). In this part of the analysis it was assessed how much biomass 

that potentially can be produced from the climate suitable energy crops. According to 

Hoogwijk et al. (2005) the geographical potential is the amount of primary biomass that can 

be produced for energy purposes at available land areas. They define available land as ―land 

remaining after satisfying regular demand for food and forestry products, corrected for 

biodiversity losses, for nature development and land required for animal grazing or physically 

not suitable for energy crops‖. As described in section 2.5, the available land for the target 

area in this study was estimated by the utilization of three land availability scenarios. 

Hoogwijk et al. (2005) modeled the geographical potential for energy crops using a land cover 

model combined with land use patterns from the special report on emission scenarios (IPCC 

2000). They used equation [1] to calculate the geographical potential. 

                                                 
4
 ―Agricultural holding — a production unit which has a single management, both technically and 

economically, the main activity of which is agriculture and where there is at least one hectare of agricultural or 

forest land or at least 0.3 hectare of fish ponds or there is less than one hectare of agricultural or forest land or 

less than 0.3 hectare of fish ponds or there is no agricultural or forest land or fish ponds and where agricultural 

products are produced mainly (more than one-half) for sale. Holdings are divided into operating and non-

operating holdings.―(Statistics Estonia 2002) 
5
 19.04%: Calculated from the data given by Statistics Estonia. 
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      [1] 

 

where the Gi is the geographical potential at a grid cell i, (EJ yr
-1

) Ai is the area of the grid cell 

(km
2
), ai is the grid cell‘s land claim exclusion factor which accounts for competing land use 

options (-), Yi is the rain fed yield of the grid cell (GJ ha
-1

yr
-1

) and MF is the management 

factor which represents the development of the management and technology (-) (Hoogwijk et 

al. 2005).  

 

This study only had one grid cell to calculate the geographical potential for; the target area. 

Any land claim exclusion factor for the target area was unknown and therefore excluded from 

the calculations. The land availability scenarios, however, probably account for some of the 

issues with competing agricultural land area. In Hoogwijk et al. (2005) paper, MF represents 

―the gap between the theoretically feasible crop yields simulated by a terrestrial vegetation 

model, and the actual crop yield which is limited by less than optimal management practices, 

technology and know-how‖. MF was not included in the calculations in this study due to lack 

of available information. Consequently, the remaining formula used to calculate the 

geographical potential for every suitable energy crops in the target area was  

 

            [2] 

 

Where G is the annual geographical potential (GJ yr
-1

), A is the available land estimated from 

the two scenarios (ha), Y is the mean annual biomass yield (t ha
-1

 yr
-1

) and C is the calorific 

value (GJ t
-1

).  The calorific value, or heating value, is the conversion factor which expresses 

the heat obtained from the fuel; hence a quantity of fuels from natural units or some 

intermediate unit is converted into energy units. This study used the term calorific value but 

heating value is also used widespread (OECD/IEA 2005). The calorific value of a fuel is 

expressed as gross or net value. When the hydrogen in the fuel combines with fuel during 

combustion water vapor is formed and the water is often carried away with the exhaust gases 

in the combustion equipment. Latent heat is therefore wasted when the exhaust gases cool and 

the water condenses to liquid. The gross value includes all of the heat released from the fuel 

but the net value excludes the latent heat of the water formed during combustion. The solid 

fuels have differences of about 5% between gross and net calorific values (OECD/IEA 2005). 

The geographical potential was calculated for each of the species completely suitable, 

according to all sources of requirement information, today and in the future. It was assumed 

that one species will grow on all the available land for energy plantation.  

 

Different methods have been used in biomass potential assessments to estimate energy crop 

yields. The methods can be categorized into two groups; either model based estimated or case 

study estimated (Berndes et al. 2003). The first approach models the yield potentials with 

regard to climatologically conditions, although, this approach requires information about crop 

characteristics such as length of growth cycle, length of yield formation period, leaf area 

index at maximum growth rate, harvest index, crop adaptability group etc. (Fischer et al. 

2005). The climate related crop yields could also be adjusted for soil quality, nutrient 

availability, level of salinity, alkalinity, toxicity and rooting conditions for plants (Hoogwijk 

et al. 2005). Since modeling was not performed in this study and the required information was 

not available, this way of determining the energy crop yields was not a feasible option.  

 

The second approach bases the yield levels on case studies, i.e. present experiences of 

biomass plantations are used. This method was a more viable option and hence, implemented 
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in the analysis. The yield figures were chosen in regard to the location where they were 

obtained. If no Estonian, or near Estonian, yield information could be found for the specific 

crops, other available yield values were chosen. Several of the yield figures, obtained from 

previous studies, consist of a range of lower to higher estimations or measurements of yields. 

In the cases where a range of yields were obtained the geographical potential was calculated 

by the means of the lower value to produce a worst-case scenario and the higher value to 

produce a best-case scenario. The yield unit for the solid energy crops was in most cases t DM 

ha
-1 

yr
-1 

(ton dry mass per hectare and year). However, the yield figures for cereals, oil crops 

and sugar and starch were most often a mean in t DM ha
-1

. To be able to compile these figures 

and use them in the same manner, it was assumed that all crops will be harvested only once a 

year. Hoogwijk et al. (2005) used a factor MF to represent the gap between the theoretically 

feasible crop yields simulated in their model and the actual crop yield which is limited by 

management practices, technology and know-how. A factor like this was not included in this 

study.  However, their calculations and this study‘s calculations could not be directly 

compared since different methodologies were used. It should specifically be stressed that this 

thesis results are based on yield values available from studies which calculate potential yield 

values rather than actual.  

 

The calorific values for the energy crops were determined from available literature and on-

line databases. Calorific values could not be found for the specific species in all of the cases. 

For a few species, available calorific values for the nearest related crop were used in the 

analysis. The different steps of this study‘s process are demonstrated in Figure 2 to present an 

overview of what has been done in this thesis. 

 

A comparison of the different calculated geographical bioenergy potentials and the energy 

consumed in the target area was performed to get an overview of how much energy 

plantations could contribute to the energy supply needed for the target area. Statistics Estonia 

did not have any useful data on energy consumption for parishes. The Gross Inland 

Consumption is the quantity of energy consumed within the borders of a country
6
. The gross 

inland consumption in Estonia 2007 was about 254 PJ
7
 (European Commission 2010). The 

population in Estonia 2007 was 1 340 675 (Statistics Estonia 2009) and 30 179 in the target 

area 2009 (Baltic Sea Region Programme 2010); about 2.25% of the Estonian population lives 

in the target area. This analysis assumed that 2.25% of the energy also is consumed in the 

target area, about 5 720 740 GJ yr
-1

, to get an assumption of how much energy that is 

consumed throughout a year in the target area. 

 

                                                 
6
 It is calculated using the formula: primary production + recovered products + imports + stock changes - exports 

- bunkers (i.e. quantities supplied to sea-going ships) (European Commission 2010) 
7
 254 138 760 GJ 
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Figure 2: Flow chart of the study process. 

 

3. Results 

3.1 Climate Suitable Energy Crops 

The modeled summer season (June-Aug) average minimum and maximum temperature-

ranges for 2050 were 13-14 C° and 16.5-18.5 C°, respectively. Due to the inclusion of both 

the A2 and B2 scenario there is a range in temperature, thus, there is not a mean value of the 

two scenarios only a mean of the minimum and maximum temperatures for a time period. The 

precipitation was modeled to be 800-1050 mm yr
-1

 counting for both A2 and B2. Table 1 and 

Table 2 contain the specific figures utilized in the analysis of suitable crops. The approximate 

average maximum/minimum values were rounded to the closest 0.5 degree Celsius and 

precipitation to 50 mm yr-1. 

 

Table 1: Temperature and precipitation annual data for 1961-1990 and 2100 for the target 

area. 
Annual Mean 

Temperature (°C) Precipitation (mm yr-1) 

1961-1990  2100 (A2 and B2) 1961-1990 (A2 and B2) 2100 (A2 and B2) 

Min  Max Min Max    

3 7 7–9 10.5–12.5 700–900 900–1150 

  
  

Mapping of energy crops and trees

Selection of crops and trees that grow in Estonia or Europe that could 
have potential to function as energy crops

Temperature and precipitation requirements 
for the selected species

Modeled temperature and precipitation 
data for the target area

Species divided into: suitable’ not 
suitable and border limit case for 

all climate data and species 
requirement data

Species not suitable or border limit 
case for at least one data value 

Species completely suitable today and in 
the future, together with their yield and 

calorific values

Available land for energy plantations

Biomass energy geographical potential in 
the target area  
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Table 2: Temperature summer season data for 1961-1990 and 2100 for the target area.  
Average maximum/minimum (June, July, August) 

Temperature (°C)  

1961-1990 2100 (A2 and B2) 

Min Max Min Max 

11.5 15.5 14.5–16.5 17.5–20.5 

 

  
The analysis of temperature and precipitation requirements for different crops compared with 

the modeled current (1961-1990) and future (2100) climates resulted in twenty-four out of 

forty species being suitable in both periods for all data gathered. Table 3 shows these twenty-

four species and their temperature and precipitation requirements.  
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Table 3: Energy crops of which the current (1961-1990) and the future (2100) climates are 

within the species requirements for all data values. 
  Temperature 

(° C) 
 Precipitation 

(mm yr-1) 
 

Common name Group 
 

Period Lower 
limit 

Upper 
limit 

 Lower 
limit 

Upper 
limit 

Source 

Reed canary grass 1 may-
sep 

3 38  600 2000 1 

GS
a 2 38  200 2600 2 

Switchgrass 1 GS 6 36  350 2700 2 

Eucalyptus 1 GS 7 40  250 2500 2 

may-
sep 

10 36  400 2500 1 

Grey alder 1 GS  18    3 

annual – 18 38  600 3000 4 

Hybrid Poplar  1  ―
b ―

 
  400 ― 5 

Black locust  1 annual – 35 40  400 1500 4 

Birch 1  ― ―  ― ―  

Maple 1  ― ―  ―   

Willow 1 annual 2 15  553 1680 4 

Meadow Foxtail 1 GS 2 32  200 1800 2 

Big Bluestem 1 GS 3 28  350 2800 2 

Cocksfoot grass 1 GS 5 31  300 1700 2 

Tall Fescue 1 GS 5 30  400 1500 2 

Raygras  1 GS 4 35  500 2300 2 

Timothy 1 GS 2 26  300 1800 2 

Alfalfa 1 GS 5 45  350 2700 2 

Oilseed rape 2 GS 5 41  400 2800 2 

apr-july 6 40  400 1500 1 

Linseed 2 apr-sep 5 32  250 1300 1 

GS 5 30  250 1300 2 

Field mustard 2 GS 5 30  500 1300 2 

apr-aug 7 27  600 1200 1 

Barley 3 may-
sep 

8 35  250 2000 1 

GS 2 40  200 2000 2 

Oats 3 GS 5 30  250 1500 2 

apr-aug 6 25  400 1200 1 

Rye 3 GS 3 31  400 2000 2 

Potato 4 may-
sep 

8 25  500 1500 1 

Jerusalem Artichoke 4 GS 7 30  300 2000 2 

may-
sep 

8 25  500 1600 1 

a Growing season 
b

 No information available 

1: (Tuck et al. 2006), 2:(FAO 2007), 3:(Tallantire 1974), 4:(World Agroforestry Centre 
2010), 5:(Agriculture and Agri-Food Canada 2007)  
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When excluding the assumed suitable species (hybrid poplars, birch and maple), the result 

showed that twenty-one energy crops and trees can grow in the current (1961-1990) climate 

whereas twenty-four can grow in the future (2100) climate. 

 

Sixteen species of the potential energy crops are not suitable today, in the future, or in either 

of the time periods, see Table 4. Table 4 includes species that have at least one data value of 

temperature or precipitation requirements that is outside the current or future climate 

conditions. Some of the species had two sources of requirement information on temperature 

and precipitation. The species constraints‘ could therefore be on the limit or outside the 

modeled climate for one information source but completely suitable both today and the future 

according to another information source. Hemp, safflower, sunflower and wheat are examples 

of such cases. 

 

Many of the species in the non-suitable selection, cardoon, kenaf, maize, giant reed, 

miscanthus, napier grass, hemp, sunflower, wheat, sugarcane, appear to suit the future climate 

better than the current climate, Table 4. Maize, miscanthus, hemp and wheat will suit future 

conditions, but not the current, in temperature and precipitation limits according to the 

requirement and climate data. On the other hand, the future conditions appear to be poorer for 

common reed and sugar beet. The future climate does not suit sorghum, galingale, and 

safflower either better or worse compared to the current; they stay on the same suitability 

level now and as in the future, not suitable, border limit case, not suitable, respectively.  
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Table 4: Energy crops of which the current (1961-1990) and the future (2100) climates are 

outside, or at the border limit of, the species requirement for at least one data value. Species 

in bold are not suitable today but appear to be suitable in the future, the species in italics is 

suitable today but not in a future climate.   
  Temp (C°) Check  Precipitation 

(mm yr -1) 
Check  

Common 
Name 

Group Period Lower 
limit 

Upper 
limit 

1961-
1990 

2100  Lower 
limit 

Upper 
limit 

1961-
1990 

2100 Source 

Cardoon 1 mar-aug 12 37 NOT
a OK

b  400 900 OK BLC
c 1 

GS 7 38 OK OK  450 1000 OK BLC 2 

Sorghum 1 apr-aug 16 40 NOT BLC  300 700 BLC NOT 1 

GS 8 40 OK OK  300 700 BLC NOT 2 

Kenaf 1 june-sep 16 33 NOT BLC  500 1100 OK OK 1 

GS 10 35 BLC OK  450 3000 OK OK 2 

Maize 1 june-sep 11 40 BLC OK  450 1500 OK OK 1 

GS 10 47 BLC OK  400 1800 OK OK 2 

Giant reed 1 annual 9 28,5 NOT BLC  300 4000 OK OK 3 

Miscanthus 1 apr-sep 11 40 BLC OK  600 1500 OK OK 1 

Galingale 1 GS 10 45 BLC OK  100 1000 OK BLC 2 

Napier 
grass 

1 GS 15 45 NOT BLC  850 4000 NOT OK 2 

Common 
reed 

1 GS 5 38 OK OK  300 700 BLC NOT 2 

Hemp 2 may-sep 13 28 NOT OK  600 1500 OK OK 1 

GS 6 32 OK OK  350 4000 OK OK 2 

Sunflower 2 GS 5 45 OK OK  300 1600 OK OK 2 

apr-sep 15 39 NOT BLC  350 1500 OK OK 1 

Safflower 2 GS 5 45 OK OK  300 1400 OK OK 2 

apr-sep 20 45 NOT NOT  400 1300 OK OK 1 

Castor 2 GS 15 39 NOT BLC  400 2000 OK OK 2 

apr-aug 17 38 NOT NOT  500 2000 OK OK 1 

Wheat 3 GS 5 27 OK OK  300 1600 OK OK 2 

may-sep 11 32 BLC OK  400 1600 OK OK 1 

Sugar beet 4 GS 4 35 OK OK  500 1000 OK BLC 2 

Sugar cane 4 GS 15 41 NOT BLC  1000 5000 NOT OK 2 

mar-sep 16 41 NOT BLC  1000   NOT OK 1 

a
  Outside the climatic requirements 

b
 Within the climatic requirements

 

c
 Border Limit Case 

1: (Tuck et al. 2006), 2: (FAO 2007), 3: (World Agroforestry Centre 2010)  

  
The mapping of soil types showed that Gleysols

8
, cambisols

9
 are the most common soils in 

the target area, the pattern also showed some sectors of calcaric regosols
10

, bog soils, rendzic 

                                                 
8
 ―Soils having either a vitric or an andic horizon starting within 25 cm from the soil surface; and having no 

diagnostic horizons (unless buried deeper than 50 cm) other than a histic, fulvic, melanic, mollic, umbric, ochric, 

duric or cambic horizon‖ (FAO 1998) 
9
  Soils having ―a texture which is loamy sand or coarser either to a depth of at least 100 cm from the soil 

surface, or to a plinthic, petroplinthic or salic horizon between 50 and 100 cm from the soil surface; and 
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leptosols
11

 and histosols
12

. Gleysols, which constitutes most of the area in Kethna parish, is 

described as temporary or permanent wet soils near the surface (FAO 2003). Cambisols are 

weakly to moderately developed soils (FAO 2003) and it constitutes big parts of the Rapla 

and Kohila parishes. 

 

3.2 Biomass Energy Geographical Potential 

The results of the three available land scenarios, used in the calculations of biomass energy 

geographical potential, are listed in Table 5.  

 

Table 5: Available land for energy crops based on three scenarios. 
Scenario Available land (ha) 

1: 10% of agricultural land 3 643 

2: Agricultural land left if food production accounts for 0.24 ha/capita 29 190 

3: 20% of agricultural land 7 287 

  
 

The yields and calorific values for the crop and tree species that are suitable in current and 

future climates are shown in Table 6. Moreover, Table 6 gives some supplementary 

information concerning the gathered data, i.e. for which region they were determined, time 

after establishment and comments about calorific value. The variation in calorific values is 

not large among the different suitable crops. The oily crops and the tree plants have the 

highest calorific values according to this data. Timothy has the lowest calorific value, 16.7 GJ 

t
-1 

(Naik et al.), whereas oilseed rape has the highest, 20.1 GJ t
-1

 (ECN 2009). In addition, it 

should be noticed that the calorific value for timothy is a net value but the oilseed rape value 

is a gross calorific value; no gross calorific value could be found for timothy. For comparison, 

natural gas, the most common fuel in the target area, has a calorific value of about 50GJ t
-1

 

(OECD/IEA 2005). 

 

  

                                                                                                                                                         
less than 35 percent (by volume) of rock fragments or other coarse fragments within 100 cm from the soil 

surface; and no diagnostic horizons other than an ochric, yermic or albic horizon, or a plinthic, petroplinthic or 

salic horizon below 50 cm from the soil surface, or an argic or spodic horizon below 200 cm depth.‖ (FAO 

1998) 
10

 Regosols are soils with very limited soil development (FAO 2003) 
11

 Leptosols are soils having ―a vertic horizon within 100 cm from the soil surface; and after the upper 20 cm 

have been mixed, 30 percent or more clay in all horizons to a depth of 100 cm or more, or to a contrasting layer 

(lithic or paralithic contact, petrocalcic, petroduric or petrogypsic horizons, sedimentary discontinuity, etc.) 

between 50 and 100 cm; and cracks which open and close periodically.‖ (FAO 1998) 
12

  ―Other Soils having one or more cryic horizons within 100 cm from the soil surface.‖ (FAO 1998) 
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Table 6: Yield and calorific values for the climate suitable energy crops.  
Common name  Mean 

yield   
(t DM ha

-1
) 

Gross 
calorific 
value 
(GJ t

-1
) 

Comment Source 

Reed canary 
grass 

8 18.4 Yield value used for Estonia in previous 
studies. 

1 , 2 

Switchgrass 7 – 23 18 Yield for Europe 3, 2 

Eucalyptus gunni 12.6 17.1 Yield  for Ireland 4, 4 

Grey alder 6.4 18.6
a Mean annual production after 5 yr 

establishment 
5, 1 

Hybrid Poplar  5 19 Mean annual production after four yr 
rotation. Germany 

6, 2 

Black locust  3.3 – 8 19.7  6, 6 

Birch 4.7  20.1 Mean annual production of 7 yr old stand. 
Estonia 

7, 2 

Maple 1.2 20 Mean annual production after 4 years 
establishment. Belgium 

8, 2 

Willow 5.2 19.6 Mean annual yield, third cutting cycle. 
Sweden 

9, 10 

Meadow Foxtail 6 – 13 18.1 Yield for Germany. Intensive grass calorific 
rules 

3, 11 

Big Bluestem 8 – 15 18.7 Yield for Europe. Bluegrass calorific rules  3, 2 

Cocksfoot grass 8 – 10 18.1 Yield for Germany. Intensive grass calorific 
rules  

3, 11 

Tall Fescue 8 – 14 18 Yield for Germany 3, 10 

Raygras  9 – 12 18.5 Yield for Germany 3, 10 

Timothy 9 – 18 16.7
a Yield for Germany 3, 12 

Alfalfa 9 – 14 18.2 Yield for Germany 6, 2 

Oilseed rape 1.6 20.6 Yield mean 2007-2009 13, 2 

Linseed 1 19 Yield mean 2007-2009 13, 10 

Field mustard 0.6 – 1 19 Linseed calorific rules 14, 10 

Barley 2.8 18.8 Yield mean 2007-2009 including winter 
and spring barley 

13, 2 

Oats 2.5 18.1 Yield mean 2007-2009 13, 2 

Rye 3 18.8 Yield mean 2007-2009 13, 2 

Potato 3.5 17.2
b Yield mean 2007-2009, calculated dry 

matter (22 % dry matter in potato). Potato 
peel calorific rules.  

13, 15 

Jerusalem 
Artichoke 

6 – 30 18.1 Sunflower calorific rules 15, 10 

a – It is not known if it is a gross or net calorific value  
b

 – Net calorific value  

1:(Kukk et al. 2010),2:(ECN 2009), 3:(Lewandowski et al. 2003), 4:(Forrest, Moore 2008), 5:(Uri, 
Tullus & Lõhmus 2002), 6:(Gruenewald et al. 2007), 7:(Uri et al. 2007), 8:(Vande Walle et al. 2007), 
9:(Heinsoo, Sild & Koppel 2002) , 10:(IEA 2010),11:(Reisinger et al. 1996), 12:(Naik et al. ), 
13:(Statistics Estonia 2010), 14:(IENICA 2002), 15:(Erol, Haykiri-Acma & Küçükbayrak 2010), 15: 
(Denoroy 1996)  

 

The geographical potential for each of the species and for each land use scenario was 

calculated using the figures of available land in Table 5 and the information about harvest 

yields and calorific values in Table 6. Table 7 shows the worst- and best case situation of the 
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biomass energy geographical potential for the climate suitable species with yield ranges. 

Raygras and jerusalem artichoke have the highest biomass energy geographical potential in 

the worst and best case yield harvest, respectively. Field mustard emerged to have the lowest 

biomass energy geographical potential in both the worst and best case of yield harvest.  

 

Table 7: The worst and best-case geographical potential for each “land availability 

scenario” for the species with yield ranges.  
 Worst-Case   Best-Case  

 Available land (ha)      

 Scenario 1  Scenario 2 Scenario 3  Scenario 1  Scenario 2 Scenario 3 

 
3 643 29 190 7 287 

 
3 643 29 190 7 287 

Common name Geographical potential (GJ yr-1) Common name Geographical potential (GJ yr-1) 

Raygras  606 613 4 860 178 1 213 226 Jerusalem 
artichoke 

1 978 324 15 850 311 3 956 646 

Alfalfa 596 776 4 781 365 1 193 552 Switchgrass 1 508 335 12 084 768 3 016 669 

Timothy 547 591 4 387 296 1 095 183 Timothy 1 095 183 8 774 592 2 190 364 

Big Bluestem 545 041 4 366 863 1 090 082 Big Bluestem 1 021 952 8 187 868 2 043 903 

Cocksfoot grass 527 553 4 226 750 1 055 106 Alfalfa 928 318 7 437 678 1 856 636 

Tall Fescue 524 639 4 203 397 1 049 277 Tall Fescue 918 117 7 355 946 1 836 233 

Switchgrass 459 059 3 677 973 918 117 Meadow Foxtail 857 274 6 868 468 1 714 546 

Meadow Foxtail 395 665 3 170 062 791 330 Raygras  808 818 6 480 238 1 617 634 

Jerusalem 
artichoke 

395 665 3 170 062 791 330 Cocksfoot grass 659 441 5 283 437 1 318 882 

Birch 344 185 2 757 604 688 369 Black locust  574 188 4 600 385 1 148 374 

Black locust  236 852 1 897 659 473 705 Birch 395 446 3 168 311 790 892 

Field mustard 41 534 332 769 83 068 Field mustard 65 762 526 884 131 524 

  
 

Table 8 shows the biomass energy geographical potential for the climate suitable species for 

which no yield range were obtained. Of those, eucalyptus has highest potential whereas 

linseed has the lowest. The eucalyptus potential is about 40% of the potential provided by 

jerusalem artichoke in the best case of yield harvest and about 30% more than the raygras 

potential in the worst case of yield harvest. 
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Table 8: The geographical potential for each “land availability scenario” for the species with 

one yield value.  
  Available land (ha) 

 Scenario 1 Scenario 2 Scenario 3 

  3 643 29 190 7 287 

Common name Geographical potential (GJ yr-1) 

Eucalyptus 784 990 6 289 333 1 569 979 

Reed canary grass 536 297 4 296 806 1 072 593 

Grey alder 433 701 3 474 809 867 402 

Willow 371 327 2 975 071 742 654 

Hybrid Poplar  346 116 2 773 075 692 231 

Potato 219 328 1 757 254 438 656 

Rye 205 483 1 646 331 410 967 

Barley 191 785 1 536 575 383 569 

Oats 164 860 1 320 859 329 721 

Oilseed rape 120 084 962 111 240 168 

Maple 87 440 700 566 174 880 

Linseed 66 454 532 430 132 908 

  
 

The comparison of the annual biomass energy geographical potential for the target area with 

the estimated yearly energy consumption of the target area resulted in (depending on the 

energy plantation species, the land availability scenarios and the yield range) the biomass 

energy geographical potential to range from approximately 1% to more than 200% of the 

estimated target area consumption. When specifically studying scenario 3 including both 

worst- and best case, eucalyptus, jerusalem artichoke and raygras resulted in having a 

geographical potential 27%, 21-28% and 14-70% of the estimated target area consumption, 

respectively. The mean of all species‘ potential biomass energy share of estimated 

consumption for all scenarios, worst-case, best-case and the species with no yield range are 

shown in Table 9. A list of all species, best- and worst case bioenergy geographical potential 

share of estimated target area consumption is presented in Appendix 2.  
 

Table 9: The mean of all species’ potential biomass energy share of estimated target area 

consumption. 
 Crops with yield range  Crops with no yield 

range 
 Worst-Case Best-Case   

Scenario 1 2 3 1 2 3  1 2 3 

Mean Biomass 
Energy Share of 
Consumption 
(%) 

8 61 15 16 126 32  5 41 10 

   
 

The estimated biomass energy geographical potential in terms of GJ/capita for the target area 

ranged from 10 to 240 GJ/capita when studying the mean of the crops potential. The mean 

biomass energy potentials of every crop for all scenarios, worst-case, best-case and for the 

species with no yield range are shown in Table 10. In Appendix 3 the biomass energy 

geographical potential in GJ/capita for all the crops and scenarios are listed.  
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Table 10: Mean values of biomass energy geographical potential in GJ/capita. 
 Crops with yield range  Crops with no yield 

range 
 Worst-Case Best-Case   

Scenario 1 2 3 1 2 3  1 2 3 

Mean Biomass 
Energy 
(GJ/capita) 

14 116 29 30 240 60  10 78 19 

  

4. Discussion 

4.1 Strengths and Limitations 

4.1.1 Climate Modeling 

The climate scenario data used in this study was calculated with one global model ECHAM4 

driven by two of the SERS scenarios, A2 and B2, downscaled with one regional climate 

model RCA3. The future temperature and precipitation values used in this study only include 

two of many possible climate simulations. The uncertainties with climate modeling can be 

described by the span of results given from an ensemble of models. If several models indicate 

the same thing, the probability of that being the true direction increases. Examples of global 

climate models, other than the one used for this study, are ECHAM5
13

, HADCM3
14

, BCM
15

, 

CCSM3
16

, CNRM
17

 and IPSL
18

. A paper by SMHI showed the differences among these 

global models downscaled with the RCA3 model and driven by SRES A1B emission 

scenario. The annual average temperature anomalies of the baseline period (1961-1990) were 

compared with period 2071-2100. The ECHAM5 model indicated an 3-4 °C increase in the 

region of Estonia, the HADCM3 an 3-4 °C increase, BCM an 3-4 °C increase, CCSM3 an 2-3 

°C increase, the CNRM an 2-3 °C increase and the IPSL an 4-5 °C increase (Persson and 

Rummukainen 2010). The average of these six global climate models indicate that the 

temperature will increase 3-4 °C in the 2071-2100 period compared to the baseline period. 

When comparing the average annual temperature for same periods with the data used for this 

study the SRES A2 gave an increase of 4.6 °C and the B2 an increase of 3.7 °C. The 

ECHAM4 model has shown to give temperature and precipitation changes during winter in 

the northern Europe that is larger than for several other models (Strandberg and Hjerpe 2009). 

This might have influenced the result somewhat; some of the future suitable crops could 

possibly not have been deemed suitable according to another model.  

 

Emission scenarios are used to describe the anthropogenic affects on the climate but in 

addition to anthropogenic uncertainty there is natural variation in the climate system which 

creates uncertainty as well. The natural variation in climate from year to year or decade to 

decade makes it hard to perform climate scenarios (Persson and Rummukainen 2010). A 

model of good quality should, however, provide average values and characteristic variability 

that are right for a period but it would be acceptable if the modeled variability occur in 

another order than the observed climate (Strandberg and Hjerpe 2009). 

 

                                                 
13

 Developed at Max Planck Institute for Meteorology in Germany 
14

 Developed at Hadley Centre in UK 
15

 Developed at the University of Bergen 
16

 Developed at Climate and Global Dynamics Division at the National Center for Atmospheric Research in US 
17

 Centre National de Recherches Météorologiques by Meteo France 
18

 Developed by Institut Pierre Simon Laplace in France 
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4.1.2 Investigation of Suitable Energy Crops and Trees 

There were only two parameters taken into account when studying the suitable crops for the 

target area; temperature and precipitation. This is obviously a very coarse assumption since 

there are other limitations such as soil type and quality, elevation, cloudiness, vegetation 

period, carbon dioxide concentration, etc.  

 

Soil conditions were not taken into account when doing the analysis of suitable crops due to a 

number of reasons. Different crops prefer different soil conditions such as soil depth, texture, 

fertility, salinity and soil drainage (FAO 2007). Optimal or limiting soil conditions for many 

of the species studied for this thesis were found in literature or on-line databases. The 

information, though, was very varying and soil limitations could not be found for a number of 

the selected species. Some information sources of species soil requirements were very 

detailed (FAO 2007), however, for other species the information were very poor e.g. ―tolerate 

most soil types, prefers light warm soil‖ (IENICA 2002). This non-transparency of 

information made it hard to include soil types in the analysis. In addition, analysis in GIS 

would probably have been needed if including soil types in the analysis (Kukk et al. 2010). 

An on-line GIS soil layer was available (Estonian Land Board Geoportal 2009) but the soil 

information in that layer was very detailed and could therefore not be correlated with the 

information about the species requirements.  

 

High fertility cambisols are stated to be one of the most suitable soil conditions for Grey alder 

and Hybrid poplars; although, they could have satisfactory production in other soil types as 

well (Kukk et al. 2010). Gleysols and histosols are two of the suitable soil characteristics for 

growing willow. Black locust could be found on a wide range of soils but does well on 

calcareous, well-drained loams (World Agroforestry Centre 2010). Perennial grasses, for 

instance reed canary grass and switchgrass, grow in a wide range of soils (Lewandowski et al. 

2003). The soil type and quality, optimal and absolute, limits for several of the climate 

suitable energy crops are listed in Appendix 4. To assume that the energy crops and trees can 

grow on all available land, as in this case, probably results in excessively high values of the 

biomass energy potential (Kukk et al. 2010). On the other hand, many of the energy crop and 

tree species can grow on a wide range of soils (Venendaal et al. 1997), hence, taking account 

soil types in the selection of suitable species might possibly not affect the selection to a very 

large extent but rather the yield values.  

 

The Estonian mainland is flat with the highest point at Suur Munamagi with an elevation of 

318 meters (CIA 2010). The limits of maximum elevation for the species listed in Tuck et al. 

(2006) ranged between 500 m to 2 000 m. Hence, elevation does not affect the selection of 

species from this point of view. The limit of lowest elevation for the species, on the other 

hand, could have some effect on jerusalem artichoke and castor which require a minimum 

elevation of 100 meters (Tuck et al. 2006). Another source states that Jerusalem artichoke do 

best between 300 and 750 meters altitude (EcoPort 2006). Except from castor and jerusalem 

artichoke, no other species motioned by Tuck et al. (2006) have any minimum elevation limit. 

Jerusalem artichoke is one of the suitable crops in the results of this study but should probably 

fail to be if elevation should be taken into account. Except for jerusalem artichoke, the 

exclusion of elevation did probably not influence the result to a large extent. In addition, 

jerusalem artichoke might grow in Estonia since different clones of the species have been 

cultivated in Denmark (Kays and Nottingham 2008) and Denmark‘s highest point is 173 

meters (CIA 2010). 
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Cloudiness could affect the selection of suitable crops. Many of the selected suitable species, 

e.g. Reed canary grass, Eucalyptus and Jerusalem artichoke, prefer clear to very bright skies 

but they also grow when the skies are cloudy (FAO 2007). Therefore, to include cloudiness, 

and the same with vegetation period and carbon dioxide concentration parameters, could 

possibly have some affect on the selection of suitable crops, if it adds up to over- or 

underestimation of suitable energy crops for the target area is not easy to state. These 

parameters would probably have a have a greater effect on the result in terms of their 

influences on the yield than the result of suitable crops. 

 

When analysis of suitable energy crop and tree species was conducted by comparing the 

modeled climate data, current and for the future, with the suitable climate conditions mapped 

out for the studied energy crops, there is one essential source of error. Different types of 

modeled temperature data were used depending on what kind of climate requirement 

information that was available for the species. Average minimum and average maximum 

temperatures within the growing season was one of the most common limitation data for the 

species (FAO 2007). The other common source of temperature limits for the species ―were 

based on minimum and maximum monthly temperatures at various times of the year‖ (Tuck 

et al. 2006) (Mar-Aug, Apr-Aug, June-Sep, May-Sep, Apr-Sep, Apr-July etc.). The modeled 

average maximum and average minimum temperature at 2 m level used in the evaluation of 

these two types of temperature requirement information, however, were divided into seasons
19

 

or annually. Therefore, the summer season (June-August) data was used. The growing season 

in Estonia is about 6 months, from middle of April to the end of October (Ahas et al. 2000). 

The average minimum and maximum requirement temperatures for the crops are 

consequently for a longer time period than the modeled temperature data used for the 

evaluation. Climate data with the average maximum and minimum temperatures for a longer 

time period should have provided lower values. As a result, some of the species that are 

included in the climate suitable selection may not at all grow in the target area; their average 

lower temperature limit for a specific period could be higher than the actual average minimum 

temperature of the region. This may have caused both over- and under estimations of suitable 

energy crops depending on the specific species. The analysis of precipitation data did not 

cause this sort of issue because the requirement and modeled climate data used both was 

annual. 

 

The sources of information available have greatly influenced the selection of suitable species 

for this study. Wheat is not suitable today according to one source of temperature limitations; 

however, both triticale and spring-wheat are commercially sown in Estonia (Viikna and 

Kikkas 2004). One source of information states that the limit temperatures, the average 

maximum and minimum for May-September are 32 °C and 11 °C, respectively, (Tuck et al. 

2006) another source states that the temperature limits are 27 °C and 5 °C for the growing 

season (FAO 2007). Therefore, wheat could be climate suitable depending on what source to 

rely on. Since this study only finds a crop or tree to be climate suitable if it is implied by all 

utilized data wheat is not recorded as suitable. This type of issue could be true for other crops 

as well. This issue appears to provide fewer suitable energy crops than what is actually true; 

leastways it acts underestimating for wheat.  

 

Hybrid poplars, birch and maple were assumed to grow in a future Estonian climate. Although 

no temperature and precipitation requirements could be found for those species. Different 

clones of the species currently grow in Estonia (Tullus et al. 2009, Rosenvald 2008, Estonian 
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Environment Information Centre 2010). In addition, the results of this study indicate that the 

species will fit the future climate conditions better rather than worse compared with the 

present. Hence, the assumption does probably not affect the results of the climate suitable 

species. 

 

It was shown that the species with non-temperate requirements which were included in the 

analysis are not suitable in both present and future climate. Neither did any of those species 

result to be suitable for all the sources of requirement information in the future. Cardoon, 

kenaf, castor and sunflower will head to more of the requirement data being suitable for the 

climate conditions in the future, however, the evaluation of sorghum and safflower shows no 

considerable change to better or worse conditions in the future.  

 

4.1.4 Land Available for Energy Plantations 

The use of three land scenarios to illustrate the available land for energy plantations in the 

target area was a way to cover different possibilities of available agricultural land. By 

assuming that all available agricultural land could be used for energy plantation, is an 

excessive overestimation but a good way to understand the biomass energy potential. A more 

comprehensive analysis of bioenergy potential and available land should include other aspects 

as well, e.g. technical and economical barriers, other environmental restrictions, policy 

impulses, ethical values, psychological barriers etc. (Kukk et al. 2010). Some of these 

questions, for example economic barriers, could be limited by EU structural funds which 

subsidizes energy production from renewable energy sources (Streimikiene and Klevas 2007). 

In addition, the government of Estonia has agreed to legislative interventions that support 

bioenergy implementations (Kukk et al. 2010). Nevertheless, none of these features have been 

taken into account in the available land and suitability analysis. 

 

4.1.3 Yield 

The yields provided by crops or short rotation forest are dependent on the climate, weather, 

location, soil characteristics, water supply, nutrients etc. The yield figures in this analysis 

were based on former case studies or reviews of different plant yields. These yield figures are 

often based on individual plantations or field trials. In this study they were utilized as a basis 

for large scale estimations. This is an essential weak point of this methodology and it brings 

some uncertainty to the results (Berndes et al. 2003). The results of this study should therefore 

be interpreted together with the fact that the yield values are potential rather than actual. 

Widely accepted crop models are often used when estimating yields. Modeling has, however, 

uncertainties as well. One aspect similar to the shortcoming in the case study approach is the 

fact that the model includes parameters that separate the potential and actual yields; it is 

uncertain how those types of parameters will evolve in the future. Another weak point is the 

quality and reliability of the environmental input data and how it varies across regions 

(Nonhebel 2005). The case study method was the best choice for this thesis study and the 

problems with the method were taken into consideration when choosing the applied yield 

data; yield figures for Estonian and near Estonian conditions were chosen as far as possible to 

be able to limit the faults in the result related to the yield. Though, using the case study results 

and extrapolating possibly have caused overestimated values of the resulted biomass energy 

potentials.  

 

Even though the best possible yield data was utilized in this analysis some issues related to 

the yield have to be emphasized. As previously mentioned, soil characteristics were not 

included in the assortment of suitable energy crops. Moreover, the characteristics were not 

taken into account to affect the yield figures either. Many of the energy crops and trees might 
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grow in a wide range of different soils, however, the yields will differ according to soils and 

with or without fertilization. An evaluation of commercial energy plantations has shown that 

organic soils have provided the highest yields. In addition, the yields decreased with about 

20% when the plantations were fertilized below recommended level (Venendaal et al. 1997). 

 

This thesis study assumed that the yields attained by the present-day crops will be the same in 

the future; this will most certainly not be the case. The yields do not only differ among crops 

and trees but change with time as well. Photosynthetic efficiency, improvement of leaf area 

index, improvement of agricultural organization and technology are examples of how 

productivity can be improved. The global average annual yields for wheat and rice increased 

2.26% and 1.82% from 1961 to 2002, respectively (Hoogwijk et al. 2005). The global average 

yields are estimated to increase 1.1-2.6% for a time frame up to 2020 (Hoogwijk et al. 2005). 

Another feature that possibly will have effect on yields in time is the changes in temperature, 

precipitation and vegetation period related to climate change. Agriculture will be affected by 

climate change differently around the world depending on the current soil and climate 

conditions, although, the effects of global change are likely to increase productivity of 

European agricultural systems (Olesen and Bindi 2002). The Northern Europe agricultural 

systems will possibly increase productivity since warming will give more favorable 

conditions for crop production (Olesen and Bindi 2002). This means that the future yield 

values from this point of view could be underestimated, but on the other hand the yield values 

used possibly are overestimated because they illustrate the potential yield more than the actual 

yield.  

 

The vegetation period
20

, or growing season, is a typical limitation for crop productivity in 

northern countries and is therefore also a limiting factor for yields (ibid). The vegetation 

period is estimated to increase 127-145 days (SRES A2 and B2) by 2100 compared to 1961-

1990 in the Estonian target area (SMHI 2009). As a result, the yields will possibly be greater 

due to this. However, light is another limiting factor to productivity with longer vegetation 

period (Svensson et al. 2007). The crops can make use of the prolonged vegetation period 

differently. Grasses are crops that can take advantage of the prolonged vegetation period, 

although, light can be a limiting factor in the autumn for grass as well (ibid).  

 

The effects of how yield will change in time and space (within the target area), were not taken 

into account in the analysis of this study. Estimations of how much the yields could increase 

in the future could have been made to produce future yield scenario, but since yield values 

already contain a large uncertainty and variety it was not done. To use them as a basis for 

future values by simply adding a percentage would increase the uncertainty even more and 

would possibly give unreliable results. The results of this study should not be taken as true 

values but as guidelines for the opportunities within biomass energy plantations.  

 

4.2 Relation to Other Studies 

The reviewed studies for this thesis that have assessed the potential biomass energy have not 

combined that with suitable energy crops or trees. One exception is Fischer et al. (2005) 

which focused on the suitability of energy crops and further calculated the biomass energy 

potential was limited only to mischantus, willow and poplar species. Two other studies have 

not specified the species but instead focused on the biomass potential for one or several 

groups of crops, e.g. herbaceous and woody crops (Hoogwijk et al. 2005, Ericsson and 

                                                 
20

 Number of days with an average temperature above 5°C 



24 

 

Nilsson 2006). The fact that this thesis investigates all possible energy crops and trees for the 

target area together with the biomass energy potential makes it unique. Since the reviewed 

studies are narrower and focus on suitability, yield or biomass energy potential their result 

might be more accurate for the specific topic, but on the other hand they do not give the broad 

overview which was the aim of this thesis. 

 

One analysis of suitable energy crops similar to what was performed in this study has been 

done by Tuck et al. (2006). In that case temperature, precipitation and elevation were taken 

into account when creating suitability maps for 26 different energy crops in Europe. Their 

results indicate that the potential distribution of temperate oilseeds, cereals, starch crops and 

solid energy crops will increase in northern Europe by the 2080s. This is in line with what 

was found in this study; miscanthus, hemp and wheat were not suitable for the baseline 

conditions but suitable for the conditions 2100. In addition, many of the species in the non-

suitable selection showed to be heading for conditions closer to their requirements in the 

future even if they will not be completely suitable in 2100. In our result sunflower was not 

one of the completely suitable energy crops. Sunflower is not suitable in the baseline but on 

the border limit for 2100 when using the same climate limitations as used by Tuck et al. 

(2006). The result of Tuck et al. (2006) indicate that sunflower is not suitable in the region of 

Estonia year 2080 for either the A2 or B2 scenario using the HadCM3 global model. The 

modeled climate data used for this study results in sunflower being on the border limit and not 

suitable when looking at A2 and B2 for 2080 respectively. Hence, the small difference 

between the two results is probably caused by the global models giving slightly different 

outputs. In addition, it is unclear what Tuck et al. (2006) define as suitable and not-suitable. 

Our results include a third group, Border Limit Case. There are therefore some restrictions in 

comparing the results for this study and Tuck et al. (2006) directly. The study performed by 

Tuck et al. (2006) did not include soil type, slope, economics etc. in their suitability study, the 

same as with this study, and they did not discuss how the exclusion of the parameters affected 

their result.  

 

Several studies investigating the biomass energy potential, called geographical biomass 

energy potential in this study, have been examined during this thesis work. Ericsson and 

Nilsson (2006) analyzed the potential biomass recourses available for energy in the EU 

countries. They created five different scenarios depending on time frame, available land, and 

yield improvement. For the time frame 10-20 yr, assuming energy crops on 10% of the arable 

land, the biomass energy potential for Estonia was estimated to about 10 PJ yr
-1

. The scenario 

with energy crops on 25% of the arable land was studied for a 20-40 yrs future. The result 

ranged around 70 PJ yr 
-1

 depending on yield scenario. The third land scenario, surplus 

agricultural land when assuming food production accounts for 0.24 ha/capita, was studied for 

the future more than 40 yrs forward. They estimated the biomass energy potential, for that 

scenario, to range around 130 PJ yr
-1

 depending on the development of the yield.  

 

Almost the same land availability scenarios used by Ericsson and Nilsson (2006) were used in 

this study, although, there are some important differences between the two methodologies. 

The first difference, touched upon already, is that they did not specify the crops; they asserted 

that they assumed a selection of woody and herbaceous crops. The second difference which 

greatly affects their result is their way of estimating the yield. They argue that there are no 

reliable statistics on yields available due to lack of commercial experience. Therefore, they 

use wheat as a national agro-climate indicator. They state that national wheat yield also 

reflects the socio-economic conditions. They assumed that energy crop yields are 50% higher 

than wheat yields. They also took into account the fact that the yield probably will increase by 
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time by assuming an annual increase of 1%. It should be noticed that Ericsson and Nilsson 

(2006) did their estimations on the whole area of Estonia whereas this thesis only studied a 

2.5%
21

 of Estonia. This thesis result could be compared with Ericsson and Nilsson's (2006) 

result if extrapolating the average bioenergy potential for the woody and herbaceous crops 

(using the lowest yield values for the ones with range) to the total area of Estonia.  This kind 

of comparison illustrates that the biomass energy estimations in this study are about 55% 

higher than the estimations done by Ericsson and Nilsson (2006). This is for the current and 

near-future situation; the results would be different if comparing with the future values since 

Ericsson and Nilsson (2006) calculates with yield values of 2.9 t ha
-1

 yr
-1

 in the near-future 

and values of 5.8-7.5 t ha
-1

 yr
-1

 for the medium-long term future. This study used the same 

yield values for current and future situation and the values ranged from 0.6 to 30 t ha
-1

 yr
-1

 

depending on crop type and best or worst case yield situation. It is difficult to know if this 

study overestimates the potentials or if Ericsson and Nilsson (2006) underestimate the 

potentials, or possibly is a combination of both. 

 

Another recent study (Kukk et al. 2010) has investigated the agronomic potential for 

bioenergy production in Tartu County in Estonia. They investigated and quantified abandoned 

agricultural areas. To study suitable areas for a selection of five solid energy crops, GIS was 

used. They stress the importance of a more detailed research on bioenergy potentials on the 

spatial scale. Contrary to this thesis Kukk et al. (2010) based their available land for energy 

crops on soil type and quality. They used a large-scale soil map with the combination of soil 

crop suitability models. On the other hand, they used the same type of methodology to 

calculate the biomass energy potential. The agricultural land analyzed for Tartu County was 

111 143 ha of which 26 351 ha was evaluated to be entirely and partially abandoned. After 

evaluating the soils of the abandoned agricultural land of Tartu County it was affirmed that 

Reed canary grass can grow on about 85% of the entirely and partially abandoned agricultural 

fields. Further on, grey alder, hybrid aspen, and willow were affirmed to grow on 79%, 66% 

and 56% of the entirely and partially abandoned agricultural fields, respectively.  

 

Their result included potential annual biomass energy production from suitable abandoned 

areas in Tartu County using separate plant plantations in GigaWattHours. Their results 

showed about the same energy values as this thesis if transferring the energy to GJ ha
-1

 yr
-1

. 

Reed canary grass, grey alder, hybrid aspen and willow in their study gave 133, 119, 112 and 

90 GJ ha
-1

 yr
-1

, respectively. In this thesis the plants gave 147, 119, 95 and 102 GJ ha
-1

 yr
-1

, 

respectively, however, the same yield values for reed canary grass and the same calorific 

value for grey alder were used for both studies. Kukk et al. (2010) calculated that a combined 

land-use strategy
22

 potential bioenergy production could cover approximately 20-25% of total 

energy consumption in the study area. This is comparable to the results of this study‘s third 

land availability scenario were the potential bioenergy production of reed canary grass, grey 

alder, hybrid poplar is calculated to cover about 19%, 15%, 12% and 13% of the energy 

consumption in the target area.  

 

The strength of the study performed by Kukk et al. (2010) is the detailed spatial information 

and use of GIS; however, that also requires a large amount of input data. In addition, this 

thesis third scenario appeared to give estimation similar to their result. The methodology to 

utilize therefore depends on the purpose of the study. This thesis gives a broad overview of 
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natural conditions [biomass yield for natural grassland 2.0 t dry matter (DM)/ha] and 70% for energy grasses and 

short-rotation forestry‖. 
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the climate suitable energy crops and their biomass energy potentials, the methodology used 

provide the ranges of possibilities. Although when it comes to detailed sustainable bioenergy 

planning proposals and related land use decisions I agree with Kukk et al. (2010) that these 

are required to be made on as detailed scale as possible. 

 

Using the modeling approach to assess biomass energy potentials is more detailed and 

complex than the case study approach. A study performed by Fisher el al. (2005) used the 

agro-ecological zone methodology combined with the latest digital geographical databases to 

assess the potential productivity of solid energy crop species. Their study was performed on 

‗all suitable areas‘ and for ‗suitable areas excluding forests, urban areas and areas very 

suitable for cereals‘, studying Eastern Europe, Northern- and Central Asia.  7.9% of the 

Estonian area is termed in Fisher et al.‘s paper to be ‗very suitable‘, ‗suitable‘ and 

‗moderately suitable‘ for willow, poplar and mischantus plantations. Their result shows that 

plantations on this land could generate 49 PJ, this is further stated by them to be a 21% share 

of the commercial energy use 1997. Land availability scenario 3 in this study provides the 

most similar results compared with scenario 1 and 2. The mean biomass energy geographical 

potential share of estimated target area consumption were 15%, 31% and 10% for the worst 

case, the best case and for the crops with only one yield value, respectively for scenario 3. 

Fisher et al. (2005) assessed that Estonia is one of their studied countries having the highest 

biomass energy potential with 140 GJ/capita. This is, on the other hand, not similar to the 

results of land availability scenario 3 of this study which conducted mean values of 29, 60 and 

19 GJ/capita for worst case, best case and crops with only one yield value, respectively. 

Hoogwijk et al. (2005) conducted the same kind of research methodology assessing the 

energy crop potential. They analyzed the geographical and the technical
23

 potential of energy 

crops for the future with the four IPCC SRES scenarios using the modeling approach. 

Hoogwijk et al.‘s (2005) result was in line with Fisher et al.‘s (2005) result. Former USSR 

(Union of Soviet Socialist Republics) was one of the regions having significant potential 

together with East Asia and South America. However, their results of potential biomass 

energy where for the whole region of former USSR and is therefore not comparable with the 

result of this study.     

 

5. Conclusion 

This thesis contributes to knowledge and provides an overview of energy crops and their 

climate suitability potentials and biomass energy potentials in the BalticClimate Estonian 

target area. The study indicates that biomass energy from crops could have great possibilities 

to be developed and implemented in the target area if making use of the ―right‖ crops and 

available land. The national target of 25% of energy from renewable sources in gross final 

consumption of energy by 2020 could be achieved to a great extent by putting energy 

plantations into practice, according to the result of this study. The most important conclusions 

are: 

 Climate is not a key limit for the selection of suitable energy crops in the target area; 

in addition, the energy crops appear to suit the future climate conditions better than the 

current. However, even if species are climate suitable in the target area some might 

not function well as energy crops due to low yields caused by, for example, the 

climate.    
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 Data on available land for energy plantations is a necessity to be able to conduct a 

more precise assessment of the target area biomass energy potentials from energy 

crops. Nevertheless, creating scenarios was a solid way to cover possible current 

and/or future states of available land.  

 One of the main uncertainties of when assessing the biomass energy potentials is the 

yield. This study illustrates that the case study approach can give results in the same 

order as the modeling approach. Even though the case study approach possibly 

overestimates the potentials since the yield values are rather potential than actual, this 

study confirms that this approach is appropriate when wanting guiding results of 

biomass energy potentials and not having available models and data. 

 The results of this study show that the biomass energy geographical potential varies to 

a large extent depending the factors yield and available land. The energy crop 

potentials for the third land availability scenario compared with the estimated target 

area consumption were most alike other research result. Therefore, it is likely that the 

third land availability scenario is the most reliable of the three scenarios.  

 In future research it is crucial to map out the land available for energy plantations and 

further perform detailed economic, environmental and social, evaluations for the 

locations and crops that the target area and Estonia chose to proceed with.  
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Appendices 

Appendix 1 

  Temperature  
(C°) 

Precipitation  
(mm -1yr) 

 

Common 
name 

Biotic name period lower 
limit 

upper 
limit 

lower 
limit 

upper 
limit 

Source 

Cardoon Cynara 
cardunculus 

mar-aug 12 37 400 900 1 

GS
a 7 38 450 1000 2 

Sorghum Sorghum bicolor apr-aug 16 40 300 700 1 

GS 8 40 300 700 2 

Kenaf Hibiscus 
cannabinus 

june-sep 16 33 500 1100 1 

GS 10 35 450 3000 2 

Maize Zea mays june-sep 11 40 450 1500 1 

GS 10 47 400 1800 2 

Reed canary 
grass 

Phalaris 
arundinacea 

may-sep 3 38 600 2000 1 

GS 2 38 200 2600 2 

Switchgrass Panicum 
virgatum L. 

GS 6 36 350 2700 2 

Giant Reed Arundo donax L. Annual 9 28,5 300 4000 3 

Miscanthus Miscanthus spp apr-sep 11 40 600 1500 1 

Eucalyptus E. dalrympleana  GS 4 34 700 2200 2 

Grey alder Alnus rubra Annual -18 38 600 3000 4 

Alnus incana (L.) 
Moench 

GS  18   5 

Hybrid 
Poplar  

P. maximowicii 
Henry×P. 
trichocarpa 
Torr. et Gray 
(Androscoggin), 
P. maximowicii 
Henry×P. 
trichocarpa 
Torr. et Gray 
(Hybride 275), P. 
tremula L. x P. 
tremuloides 
Michx. 

 ―
b ― 400 ― 6 

Black locust  R. pseudoacacia 
L. 

Annual -35 40 400 1500 4 

Birch Betula pendula 
Roth. 

 ― ― ― ―  

Maple Acer sp.  ― ― ― ―  

Willow S. babylonica, S. 
viminalis L. 
(Carmen) 

Annual 2 15 553 1680 4 

Meadow 
Foxtail 

Alopecurus 
pratensis L. 

GS 2 32 200 1800 2 

Big Bluestem Andropogon 
gerardii Vitman 

GS 3 28 350 2800 2 
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Galingale Cyperus longus 
L. 

GS 10 45 100 1000 2 

Cocksfoot 
grass 

Dactylis 
glomerata L. 

GS 5 31 300 1700 2 

Tall Fescue Festuca 
arundinacea 
Schreb. 

GS 5 30 400 1500 2 

Raygras  Lolium perenne GS 4 35 500 2
3
0
0 

2 

Napier grass Pennisetum 
purpureum 
Schum 

GS 15 45 850 4000 2 

Timothy Phleum 
pratense L. 

GS 2 26 300 1800 2 

Common 
reed 

Phragmites 
communis Trin. 

GS 5 38 300 700 2 

Alfalfa Medicago. 
sativa L. 

GS 5 45 350 2700 2 

Oilseed rape Brassica napus GS 5 41 400 2800 2 

apr-july 6 40 400 1500 1 

Linseed Linum 
usitatissimum 

apr-sep 5 32 250 1300 1 

GS 5 30 250 1300 2 

Field 
mustard 

Sinapis alba GS 5 30 500 1300 2 

apr-aug 7 27 600 1200 1 

Hemp Cannabis sativa may-sep 13 28 600 1500 1 

GS 6 32 350 4000 2 

Sunflower Helianthus 
annuus 

GS 5 45 300 1600 2 

apr-sep 15 39 350 1500 1 

Safflower Carthamus 
tinctorius 

GS 5 45 300 1400 2 

apr-sep 20 45 400 1300 1 

Castor Ricinus 
communis 

GS 15 39 400 2000 2 

apr-aug 17 38 500 2000 1 

Barley Hordeum 
vulgare 

may-sep 8 35 250 2000 1 

GS 2 40 200 2000 2 

Wheat Triticum 
aestivum 

GS 5 27 300 1600 2 

may-sep 11 32 400 1600 1 

Oats Avena sativa GS 5 30 250 1500 2 

apr-aug 6 25 400 1200 1 

Rye Secale cereale GS 3 31 400 2000 2 

Potato Solanun 
tuberosum 

may-sep 8 25 500 1500 1 
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Sugar beet Beta vulgaris GS 4 35 500 1000 2 

Jerusalem 
Artichoke 

Helianthus 
tuberosus 

GS 7 30 300 2000 2 

may-sep 8 25 500 1600 1 

Sugar cane Saccharum 
officinarum 

GS 15 41 1000 5000 2 

mar-sep 16 41 1000   1 

a
 Growing season 

b
 No information available 

1:(Tuck et al. 2006), 2:(FAO 2007), 3:(Purdue University 2008), 4:(World Agroforestry Centre 
2010), 5:(Tallantire 1974), 6:(Agriculture and Agri-Food Canada 2007) 
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Appendix 2 

 Energy crop geographical potential, percentage of estimated consumed 
energy in target area (%) 

 Worst Case Best Case 

Available land scenario  1 2 3 1 2 3 

Common Name  

Reed canary grass* 9,37 75,11 18,75 9,37 75,11 18,75 

Switchgrass 8,02 64,29 16,05 26,37 211,24 52,73 

Eucalyptus* 13,72 109,94 27,44 13,72 109,94 27,44 

Grey alder* 7,58 60,74 15,16 7,58 60,74 15,16 

Hybrid Poplar*  6,05 48,47 12,10 6,05 48,47 12,10 

Black locust  4,14 33,17 8,28 10,04 80,42 20,07 

Birch 6,02 48,20 12,03 6,91 55,38 13,82 

Maple* 1,53 12,25 3,06 1,53 12,25 3,06 

Willow* 6,49 52,01 12,98 6,49 52,01 12,98 

Meadow Foxtail 6,92 55,41 13,83 14,99 120,06 29,97 

Big Bluestem 9,53 76,33 19,05 17,86 143,13 35,73 

Cocksfoot grass 9,22 73,88 18,44 11,53 92,36 23,05 

Tall Fescue 9,17 73,48 18,34 16,05 128,58 32,10 

Raygras  10,60 84,96 21,21 14,14 113,28 28,28 

Timothy 9,57 76,69 19,14 19,14 153,38 38,29 

Alfalfa 10,43 83,58 20,86 16,23 130,01 32,45 

Oilseed rape* 2,10 16,82 4,20 2,10 16,82 4,20 

Linseed* 1,16 9,31 2,32 1,16 9,31 2,32 

Field mustard 0,73 5,82 1,45 1,15 9,21 2,30 

Barley* 3,35 26,86 6,70 3,35 26,86 6,70 

Oats* 2,88 23,09 5,76 2,88 23,09 5,76 

Rye* 3,59 28,78 7,18 3,59 28,78 7,18 

Potato* 3,83 30,72 7,67 3,83 30,72 7,67 

Jerusalem Artichoke 6,92 55,41 13,83 34,58 277,07 69,16 
* 

No yield range; worst and best case have the same values  
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Appendix 3 

 
Worst-Case  Best-Case 

 
Land availability scenario 

 
1 2 3  1 2 3 

Common name Biomass Energy Geographical Potential (GJ/capita) 

Reed canary grass* 18 142 36  18 142 36 

Switchgrass 15 122 30  50 400 100 

Eucalyptus* 26 208 52  26 208 52 

Grey alder* 14 115 29  14 115 29 

Hybrid Poplar * 11 92 23  11 92 23 

Black locust  8 63 16  19 152 38 

Birch 11 91 23  13 105 26 

Maple* 3 23 6  3 23 6 

Willow* 12 99 25  12 99 25 

Meadow Foxtail 13 105 26  28 228 57 

Big Bluestem 18 145 36  34 271 68 

Cocksfoot grass 17 140 35  22 175 44 

Tall Fescue 17 139 35  30 244 61 

Raygras  20 161 40  27 215 54 

Timothy 18 145 36  36 291 73 

Alfalfa 20 158 40  31 246 62 

Oilseed rape* 4 32 8  4 32 8 

Linseed* 2 18 4  2 18 4 

Field mustard 1 11 3  2 17 4 

Barley* 6 51 13  6 51 13 

Oats* 5 44 11  5 44 11 

Rye* 7 55 14  7 55 14 

Potato* 7 58 15  7 58 15 

Jerusalem Artichoke 13 105 26  66 525 131 
* No yield range; worst and best case have the same values 
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Appendix 4 

 Soil characteristics (optimum) Soil characteristics  (absolute) 

Common 
Name 

Texture Fertility Salinity Texture Fertility Salinity 

Reed canary 
grass 

Heavy, medium, 
light 

High Low Heavy, 
medium, light 

Moderate Low 

Switchgrass Light  Moderate Low Light Low Low 

Eucalyptus Medium, light High Low Heavy, 
medium, light 

Low Low 

Meadow 
foxtail 

Medium High Low Heavy, 
medium 

Moderate Low 

Big Bluestem Medium Moderate Low Medium Moderate Low 

Cocksfoot 
grass 

Heavy, medium High Low Heavy, 
medium, light 

Moderate Medium 

Tall fescue Heavy, medium Moderate Low Heavy, 
medium, light 

Low Medium 

Raygras Heavy, medium High Low Heavy, 
medium 

Moderate Medium 

Napier grass Medium High Low Heavy, 
medium, light 

Low High 

Timothy  Heavy, medium, 
light, organic 

High Low Heavy, 
medium, light, 
organic 

Moderate Medium 

Alfalfa Medium, light High Low Medium, light Low Medium 

Oilseed rape Medium, light High Low Heavy, 
medium, light 

Moderate Medium 

Linseed Heavy, medium High low Heavy, 
medium 

High Low 

Field mustard Medium Moderate Low Heavy, 
medium, light  

Low Medium 

Barley Medium Moderate Low Heavy, 
medium, light 

Low High 

Oats Heavy, medium, 
light 

High Low Heavy, 
medium, light 

Moderate Low 

Rye Heavy, medium, 
light 

Moderate Low Heavy, 
medium, light 

Low High 

Jerusalem 
artichoke 

Medium, organic Moderate Low Heavy, 
medium, light 

― Low 

Adapted from (FAO 2007)     
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