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ADVANCEFUEL at a glance 
 
ADVANCEFUEL (www.ADVANCEFUEL.eu) aims to facilitate the commercialisation of renewable 

transport fuels by providing market stakeholders with new knowledge, tools, standards and 

recommendations, to help remove barriers to their  market uptake. The project will look into 

liquid advanced biofuels – defined as liquid fuels produced from lignocellulosic feedstocks from 

agriculture, forestry and waste – and liquid renewable alternative fuels produced from renewa-

ble hydrogen and CO2 streams. 

 

In order to support commercial development of these fuels, the project will start by developing 

a framework to monitor the current status and future perspectives of renewable fuels in Europe 

in order to better understand how to overcome barriers to their market roll-out. Following this, 

it will investigate individual barriers and advance new solutions for overcoming them. 

 

The project will examine the challenges of biomass availability for second-generation biofuels, 

looking at non-food crops and residues regarding how to improve supply chains from providers 

to converters. New and innovative conversion technologies will also be explored in order to see 

how they can be integrated into energy infrastructure. 

 

Sustainability is key to ensure the development of renewable fuels and ADVANCEFUEL will look 

at socio-economic and environmental sustainability across the entire value chains. Ultimately, 

ADVANCEFUEL aims at providing sustainability criteria and policy-recommendations to ensure 

that renewable fuels are truly sustainable fuels. A decision support tool will be created for policy 

makers to enable a full value chain assessment of renewable fuels, as well as useful scenarios 

and sensitivity analyses on the future of these fuels. 

 

Stakeholders will be addressed throughout the project to involve them in a dialogue concerning 

the future of renewable fuels and receive feedback on ADVANCEFUEL developments in order 

to ensure applicability to the end audience, validate results and ensure successful transfer and 

uptake of the project results. In this way, ADVANCEFUEL will contribute to the development of 

new transport fuel value chains that can contribute to the achievement of the EU’s renewable 

energy targets and reduce carbon emissions in the transport sector to 2030 and beyond. 

 

To stay up to date with ADVANCEFUEL’s stakeholder activities, sign up at: 

www.ADVANCEFUEL.eu/en/stakeholders 
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Executive Summary 
Biomass production in the EU will have to comply with sustainability criteria from the recently 

adopted EU Renewable Energy Directive on the production and promotion of energy from re-

newable sources (RED II).The use of marginal lands to produce lignocellulosic energy crops has 

emerged as a valuable strategy to deliver biomass for energy purposes while minimising com-

petition for land and negative environmental impacts. The potential of the bioenergy sector to 

reduce GHG emissions without causing negative environmental impacts relies primarily on the 

land availability and sustainable land use for dedicated biomass production.  

 

A spatial explicit approach was used to assess the current and future potential and environmen-

tal impacts of lignocellulosic energy crops cultivated on marginal lands in Europe. Restrictions 

related to the sustainability criteria of the RED II were applied and the biomass potential and 

environmental impacts were assessed for 2020, 2030, 2040 and 2050. Four key environmental 

impact categories were included: LUC-related GHG emissions, erosion risk, water consumption 

and biodiversity. Eight of the most representative second-generation energy crop sin Europe 

were considered.  

 

A three-step aggregate approach was applied to determine the potential available land, bio-

mass potentials and LUC‐related environmental impacts of lignocellulosic energy crops produc-

tion at marginal lands. Land availability for lignocellulosic energy crop production was mapped 

based on land marginality and RED II sustainability criteria. Crop-specific biomass potentials 

were calculated considering the phenological requirements of each crop and location-specific 

biophysical conditions. LUC-related GHG emissions were assessed, following the methods in 

the IPCC guidelines. Impacts on soil erosion were quantified with the Revised Universal Soil Loss 

Equation. A water balance approach was used to determine the impacts on local water quantity. 

Biodiversity was considered in an indirect manner and addressed within the land availability 

assessment. 

 

The total available marginal land that meets RED II sustainability criteria is projected to vary 

between 208 thousand km2 in 2020 to 210 thousand km2 in 2050. However, approximately only 

one third (± 75 thousand km2) of the available land area is projected to be suitable for ligno-

cellulosic energy crop production. Biomass potentials (Figure 1) are estimated to vary between 

1385 PJ/year in 2020 and 1610 PJ/year in 2050; considering for each plot of available land the 

crop with the highest yield. A large variability in magnitude and direction (i.e. positive and neg-

ative) was found for all LUC related environmental impacts of lignocellulosic energy crop pro-

duction. The average carbon sequestration varies between -7.1 t CO2/ha year and -0.23 t CO2/ha 

depending on crop type. However, there are also locations where LUC-related CO2 emissions 



 

5 
 

are projected to occur. The production of all types of lignocellulosic energy crops results in a 

water deficit ranging from 327 mm/year to 1071 mm/year. In general, there is an increase in 

potential soil loss when marginal land is converted to lignocellulosic energy crops. The average 

change in soil loss varies between 4.5 t/ha year and 7.5 t/ha year.  

 

 
Figure 1 Biomass potentials for each lignocellulosic energy crop (i.e. all available land is allocated to one 
crop) and yield efficient biomass potential (for each location the crop with highest potential biomass yield 
is selected) in Europe for 2020, 2030, 2040 and 2050. 

The biomass potentials and environmental impacts strongly depend on location specific bio-

physical conditions, land use/cover prior to conversion, and feedstock type. The potential pro-

duction of lignocellulosic energy crops on marginal lands can cover to some extent future bio-

energy demand. However, the deployment of such potential should be done with care. Despite 

that it can contribute to EU GHG emissions reduction targets it can also generate considerable 

impacts in other areas. The implementation of lignocellulosic energy crop production on mar-

ginal land will require demanding location specific measures that promote an efficient use of 

water and include support practices targeted to reduce soil loss. This study shows that smart 

choices on location and crop type for lignocellulosic energy crop production can be made to 

enable sustainable biomass production in Europe under RED II sustainability criteria and over-

come challenges of biomass availability. 
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1. Introduction 
In line with the Paris Agreement, the European Union (EU) has set ambitious targets to reduce 

anthropogenic greenhouse gas emissions (GHG) by substituting the use of fossil fuels with re-

newable energy sources. Meeting a 95% reduction in GHG emissions by 2050 (compared to 

pre-industrial levels) will require a substantial deployment of  various renewable energy sources 

(UNFCCC 2015). Biomass is expected to play a vital role in the decarbonisation of the energy 

system, and meeting strict GHG emissions reduction targets (Rogelj et al. 2018). However, cur-

rent biomass production volumes are limited and far from meeting current and future bioen-

ergy requirements, (Junginger et al. 2019).  Although a large increase in bioenergy production 

is projected to be required to meet GHG emission targets, there are many sustainability con-

cerns regarding large-scale biomass deployment for bioenergy. The majority of these concerns 

are related with (in)direct Land Use Change (LUC) (Van Der Hilst et al. 2018), such as LUC related 

GHG emissions (IPCC 2006), and the impacts on water, biodiversity (Creutzig et al. 2015; Milner 

et al. 2016) and soils (Vogel et al. 2016).   

 

The sustainability of the bioenergy sector has been the subject of extensive debate (Mbow et 

al. 2017). However, recently adopted regulatory measures include strict biomass -sustainability 

criteria. For example, the new EU Renewable Energy Directive on the production and promotion 

of energy from renewable sources (RED II) has set strict limitations regarding the blending share 

of biofuels at maximum 7% of final energy use in transport up to 2030. It also includes  land-

related sustainability criteria in regard to dedicated biomass production in the EU (European 

Parlament 2018).  For example, it is strongly encouraged that biomass for energy production 

should not compete with food and feed production. In addition, unsustainable land-use prac-

tices should be avoided; e.g. biomass should not be produced on land with a high biodiversity 

value (European Parlament 2018).  

 

The potential of the bioenergy sector to reduce GHG emissions without causing negative envi-

ronmental impacts will rely primarily on the land availability and sustainable land use for dedi-

cated biomass production (Haberl et al. 2010). Several studies have quantified land availability 

and biomass potentials under different sustainability criteria (Allen et al. 2014; Creutzig et al. 

2015; Fischer et al. 2010; De Wit and Faaij 2010). However, most of these projections on land 

availability and biomass potentials include a limited number of sustainability issues (e.g. only 

estimate GHG emissions). Therefore, a more integrated approach that includes several/addi-

tional sustainability impact categories and constraints is required to estimate the sustainable 

biomass potential in Europe  (Kluts et al. 2017). Allocating marginal lands for dedicated biomass 

production has been identified as a promising option for sustainable bioenergy production, 

especially if these are used for the production of perennial lignocellulosic energy crops 
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(Mehmood et al. 2017). Cultivating perennial lignocellulosic energy crops on low productive 

(marginal) land can derive potential advantages compared to the cultivation of first-generation 

energy crops on high productive agricultural land. In these conditions, there is a lower risk of 

competing with food production. In addition, perennial lignocellulosic energy crops have lower 

crop requirements and can therefore obtain higher yields than first generation energy crops in 

less favourable conditions. Furthermore, lignocellulosic energy crop production could contrib-

ute to carbon sequestration (biomass and soil organic carbon accumulation), land restoration, 

limiting soil erosion  and to rural development, (Nsanganwimana et al. 2014; Richter et al. 2015; 

Valentine et al. 2012).  Consequently, the use of marginal land for lignocellulosic energy crop 

production is considered a valuable strategy to produce biomass for energy purposes while 

minimising negative environmental impacts and potentially inducing positive ones. 

 

With the recent ratification of the RED II, a set of land-related sustainability criteria for biomass 

(including lignocellulosic biomass) production for energy purposes was adopted (European Par-

lament 2018) . However, the potential of lignocellulosic energy crop production on European 

marginal lands that meet RED II sustainability criteria is not quantified. In addition, the environ-

mental impacts of lignocellulosic energy crop production on marginal lands are unknown. Bio-

mass potentials and LUC-related impacts depend on location specific biophysical conditions 

such as soil type, climate and previous land use. Therefore, potentials and environmental im-

pacts of lignocellulosic energy crop production is spatially heterogeneous. Due to the spatial 

variability in biophysical conditions, the production of lignocellulosic energy crops could lead 

to negative environmental impacts in certain areas, despite meeting strict RED II sustainability 

criteria. Therefore, current and future biomass potentials and environmental impacts of ligno-

cellulosic energy crops production should be assessed considering the heterogeneity of bio-

physical conditions (van der Hilst 2018).   

 

The objective of this report is to assess the current and future potential and environmental 

impacts of lignocellulosic energy crops cultivated on marginal lands in Europe using a spatial 

explicit approach. Land-related sustainability criteria of the RED II will be applied and the po-

tential and impacts are assessed for 2020, 2030, 2040 and 2050. Four key environmental impact 

categories are included: LUC-related GHG emissions, erosion risk, water depletion and biodi-

versity. The assessment provides insights in:  

 

1)  Land availability: the amount and location of available land that is considered marginal and 

fulfils land related sustainability criteria of the RED II and therefore can be allocated to biomass 

production.  

 

2) Biomass potentials: the location-specific amount of lignocellulosic biomass that can be pro-

duced on the available land.  
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3) The potential environmental impacts of lignocellulosic energy crop cultivation at these loca-

tions.  

 

This report consists of five chapters. Chapter two describes the methods used to assess the 

biomass potentials and environmental impacts and is divided in three sections. The land avail-

ability section discusses how RED II l sustainability criteria as well as the requirement of marginal 

land affect land availability for energy crops. The section on biomass potentials describes how 

the potential yields of lignocellulosic energy crops are determined. The environmental impacts 

section discusses the methods to estimate location specific potential LUC-related environmen-

tal impacts of lignocellulosic energy crop production. Chapter three presents the location-spe-

cific results for Europe. Chapter four discusses the robustness of the results and conclusions of 

this study are presented.   
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2. Methods 
A three-step aggregate approach was applied to determine the potential available land, bio-

mass potentials and LUC‐related environmental impacts of lignocellulosic energy crops produc-

tion at marginal lands in the EU for 2020, 2030, 2040 and 2050. The assessment was conducted 

for several points in time to consider the time related LUC dynamics in the EU that result from 

economic, demographic and political drivers  (Baranzelli et al. 2015b). The geographical scope 

of the assessment was limited to 26 EU countries1, due to data availability.  The 8 most repre-

sentative second-generation feedstock types in Europe (Perpiña Castillo et al. 2015) were se-

lected for the assessment: Miscanthus, Switchgrass, Reed canary grass, Giant reed, Cardoon, 

Willow, Poplar and Eucalyptus. The assessment was carried out at a spatial resolution of 1 km2 

considering the heterogeneity of biophysical conditions. The assessment was conducted within 

a GIS-environment and included three complementary steps that are essential to determine 

biomass potential and LUC-related environmental impacts. (1) Land availability for lignocellu-

losic energy crops production was mapped based on land marginality and RED II sustainability 

criteria. (2) Crop-specific biomass potentials were calculated considering the phenological re-

quirements of each crop and location-specific biophysical conditions such as climate, soil and 

elevation. (3) LUC-related environmental impacts were calculated for GHG emissions, water de-

pletion and soil erosion risk. LUC-related GHG emissions were assessed, following the methods 

in the IPCC guidelines (IPCC 2006), given the changes in above and below ground biomass and 

Soil Organic Carbon (SOC) when land use is changed to lignocellulosic energy crops. Impacts 

on soil erosion were quantified with the Revised Universal Soil Loss Equation (RUSLE) (Renard 

et al. 1997).  A water balance approach (Brouwer and Heibloem 1986) was used to determine 

the impacts on local water quantity. Biodiversity was considered in an indirect manner and was 

addressed in the land availability section; high biodiverse areas such as protected areas, natural 

forest and natural grassland were excluded from available land for energy crops. The approach 

is depicted in Figure 2. The individual components of the approach are explained in the follow-

ing sections. 

 

 

 

 

 

                                            
1 France, Lithuania, Czech Republic, Germany, Estonia, Latvia, Sweden, Finland, Luxembourg, Belgium, Spain, 
Denmark, Romania, Hungary, Slovakia, Poland, Ireland, United Kingdom, Greece, Austria, Italy, Netherlands, Slove-
nia, Croatia, Bulgaria and Portugal 
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Figure 2. The three steps approach in this study to assess land availability, biomass potentials and envi-
ronmental impacts of lignocellulosic energy crop production on marginal lands in Europe for the production 
of advanced fuels.  
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2.1. Land availability 
 

The land availability for lignocellulosic energy crops was determined for each decade up until 

2050 at a spatial resolution of 1 km2 following a two-step approach. (1) Land use/cover projec-

tions for 2020, 2030, 2040 and 2050 were processed to determine the areas that are categorized 

as marginal under the H2020 project MAGIC2 definition; (2) from the marginal land selection, 

the land that does not meet the RED II sustainability criteria was filtered out and excluded. 

Therefore, only marginal land that meets RED II sustainability criteria was considered available 

for lignocellulosic energy crop production. In addition to the RED II sustainability criteria, it was 

considered that land use/cover with natural or artificial constrains such as water, urban areas 

and bare rock were not suitable for lignocellulosic energy crops production and are therefore 

also excluded from the assessment. The extent of marginal land, protected areas and High Na-

ture Value (HNV) is assumed to remain constant over time. Consistent with Article 29 in the RED 

II directive (European Parlament 2018), land with the following constraints are excluded: 

Land dedicated to food, feed and fibre production 3  

 National protected areas, e.g.  Natura 2000 

 Land categorized as HNV farmland  

 High carbon stock lands: 

- Forest 

- Peatland 

- Wetlands 

 Land with a high biodiversity value: 

- Forest 

- Natural grassland 

 

Figure 3 displays the location and extent of the criteria applied to determine land availability 

for lignocellulosic energy crops.   

                                            
2 MAGIC defines marginal lands as: “lands having limitations which in aggregate are severe for sustained application 
of a given use and/or are sensitive to land degradation, as a result of inappropriate human intervention, and/or have 
lost already part or all of their productive capacity” (Elbersen et al., 2017) 
3 This minimizes the effect of Indirect Land Use Change (ILUC), i.e. the displacement of food, feed and fibre crops 
from the production of lignocellulosic energy crops 
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Figure 3. RED II land-related sustainability criteria and marginal land area. the extent of marginal land, 
protected areas and HNV is assumed to remain constant over time. The extent of the rest of the variables 
vary over time as a function of land use/cover change 

Spatially explicit land-use projections are crucial to determine land availability and derived en-

vironmental impacts from lignocellulosic energy crop production. The amount of marginal land 

that meets the RED II sustainability criteria varies over time in line with LUC dynamics. Land 

use/cover projections were obtained from the Land-Use-based Integrated Sustainability As-

sessment modelling platform (LUISA) (Lavalle 2014) 4. This dataset provides spatially explicit 

land use/cover projections on an European level considering economic, demographic and po-

litical drivers (Baranzelli et al. 2015b). However, the land use/cover classification5 from the LUISA 

dataset can hamper an accurate estimation of land availability and environmental impacts, due 

to the aggregation of land use/cover categories. For example, LUISA land use/cover category 

‘Forest/Transitional woodland-shrubland’ integrates several lands use/covers. From this cate-

gory, forest land is to be excluded in line with the RED II criteria. However, from the same land 

use/cover category, shrubland is assumed to be available for lignocellulosic energy crop pro-

duction. In addition, GHG emissions (net carbon fluxes) due to changes in above and below 

ground biomass can vary considerably between forest or shrubland (IPCC 2006). Therefore, for 

this research several land use/cover categories from LUISA projections were disaggregated/ag-

gregated into a new land use/cover classification to allow for a more accurate assessment of 

                                            
4 For a complete description of the LUISA land use/cover projections and land allocation please see (Baranzelli et al. 
2015b; Baranzelli et al. 2015a) 
5 See Table 1  of the Annex 
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the land availability and environmental impacts from lignocellulosic energy crop production. 

The procedure for aggregation/disaggregation of land use/cover categories is covered in the 

next sub-section. 

 

Land use/cover classification 

The disaggregation/aggregation process of the land categories from the LUISA land use/cover 

projections6 was performed using the most recent version (2018) of the Corine Land Cover (CLC) 

classification7 (EEA 2018). The CLC data set was selected for this process as (1) several of LUISA 

land cover/use categories have a direct correspondence with the CLC classification; (2) CLC has 

more detailed land use/cover categories which allows for disaggregation of the LUISA classifi-

cation. Based on this aggregation/disaggregation process of the LUISA classification, 11 land 

use/cover categories are distinguished in this report: (1) Artificial, (2) Agriculture, (3) Forest, (4) 

Natural grassland, (5) Established dedicated crops, (6) Wetlands, (7) Water bodies, (8) Shrub-

lands, (9) Open space not suitable (10) Open space suitable and (11) Abandoned land. Table 1  

from the Annex explains the diseggregation process of the LUISA land use/cover classification 

into the new land use/cover classification used in this report, making use of the CLC classifica-

tion. 

 

2.2. Biomass potentials 
 

Biomass potentials were quantified for each lignocellulosic energy crop under a three-step ap-

proach:  

(1)  Water is commonly the key limiting factor for biomass production (Doorenbos and 

Kassam 1979). The water constrained theoretical biomass potential is the maximum 

amount of biomass that can be produced annually given the water use efficiency of 

biomass production in relation to water loss from evapotranspiration. This was calcu-

lated spatially explicitly based on the spatial variation in evapotranspiration rates of the 

lignocellulosic energy crops given climate conditions. 

 

(2) However, there are other location specific biophysical conditions, such as soil charac-

teristics and slope that affect crop growth. Therefore, crop specific suitability maps were 

employed to include the effect of other biophysical characteristics on potential biomass 

yield.  

                                            
6 For a complete description of the LUISA land use/cover categories please see (Baranzelli et al. 2015b; Baranzelli 
et al. 2015a) 
7 CLC 2018 identifies 44 different types of verified land use/cover categories in Europe, a complete description of 
each category please see (EEA 2018) 
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(3) Furthermore, crop-specific harvest indices were applied to calculate the biomass that 

could be harvested from the total location specific biomass potential.  

 

Due to the spatial variation in biophysical conditions and crop-specific requirements, not all 

available land areas are (equally) suitable for each crop.  Therefore, the spatial variability in yield 

levels varies across the various lignocellulosic energy crops. In addition to crop-specific biomass 

potentials (i.e. the biomass potential given all available land would be used for a single crop), a 

yield efficient biomass potential was estimated. The yield-efficient biomass potential is quanti-

fied by evaluating and selecting for each location the lignocellulosic energy crop with the high-

est attainable yield. The crop-specific and yield-efficient biomass potentials are quantified for 

each point in time and expressed in PJ biomass. 

2.2.1. Water-constrained biomass potential 
The AquaCrop crop productivity water model developed by the FAO  (Doorenbos and Kassam 

1979)  was used to estimate the biomass potentials for the 8 lignocellulosic energy crop types. 

The AquaCrop model consists of a simple equation to estimate potential biomass production 

and therefore it has been widely applied in various studies such as  the H2020-project S2Biom 

on sustainable biomass deployment in Europe (Dees et al. 2017). Equation 1 is derived from 

AquaCrop and represents the relation between crop specific phenological characteristics and 

climate conditions on the one hand and the biomass potential on the other. Daily evapotran-

spiration was calculated spatially explicitly for various points in time (2020, 2030, 2040, 2050) 

using the Penman–Monteith equation (Monteith 1965).  Climatic parameters were derived from 

the HadGEM2-ES global climatic model under the Representative Concentration Pathway 4.5 

(RCP 4.5) scenario. The RCP 4.5 scenario was selected as it is the most widely applied climate 

scenario given that is characterized as moderate within RCP’s (Panagos et al. 2017), and it in-

cludes mitigation policies (e.g. Paris agreement), in line with recent developments, to reduce 

GHG emissions and stabilize radiative forcing in 2100 (Thomson et al. 2011).  Spatially explicit 

projections on temperature, precipitation, relative humidity, shortwave radiation and wind 

speed for the various points in time were collected from the Inter-Sectoral Impact Model Inter-

comparison Project (ISIMIP2b) database (Warszawski et al. 2014). Crop-specific parameters 

were used to estimate the length of the growing season and each crop growing stage, cumu-

lative evapotranspiration for each crop growing stage and corresponding biomass production. 

These parameters (Table 1) are obtained from data from the S2Biom project (Dees et al. 2017), 

which was built upon an extensive literature review. Each crop specific growing season consists 

of 4 stages (initial, development, mid and late), with stage-specific crop evapotranspiration co-

efficients. The location specific reference evapotranspiration is multiplied by the crop specific 

stage coefficient (Kc) to obtain a crop-stage specific evapotranspiration. The location-and crop-

specific cumulative evapotranspiration is multiplied by the crop-specific water use efficiency to 

obtain the above ground biomass potential (ABpotential), see Equation 1.  
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Equation 1 

𝐴𝐵 , = 𝐸𝑇 ∗ 𝐾𝑐 , ∗ 𝑊𝑃  

Where: 
ABpotential = Cumulative above ground biomass in, 𝑡 ℎ𝑎 𝑦𝑒𝑎𝑟⁄ , 

i= Crop type, 

j = Crop growing stage, 

ET = Reference evapotranspiration, in 𝑚 𝑦𝑒𝑎𝑟,⁄  

Kc = Crop coefficient (dimensionless), 

WP = Water use efficiency in  𝑡  𝑚 ℎ𝑎⁄ , 

 
Table 1 Crop specific phenological characteristics used as input for the calculation of the water con-

strained biomass potential, Data is derived from the S2Biom project (Dees et al. 2017) 

 

Crop 

Length 

season 
(days) 

Start 

day 
(day) 

Cumulative growing season stage 
(Fraction of length of season) 

Crop coefficient per growing stage 
 (Kc) 

Water use 

efficiency 
(tdry/m3 ha) 

Harvest 

index 

(%)  

Initial 

(i) 

 

Development 

(i) 

 

Mid 

(i) 

 

Late 

(i) 

 

Initial 

(i) 

 

Development 

(i) 

 

Mid 

(i) 

 

Late 

(i) 

Miscanthus 210 80 0.21 0.34 0.84 1 0.48 1.05 1.41 0.95 33 0.7 

Switchgrass 210 80 0.18 0.31 0.80 1 0.50 0.99 1.30 0.80 30 0.6 

Giant reed 220 90 0.21 0.32 0.78 1 0.54 1.01 1.74 1.10 31 0.7 

Reed canary grass 190 80 0.20 0.30 0.80 1 0.50 1.00 1.40 1.00 22 0.6 

Cardoon 250 90 0.10 0.20 0.80 1 0.50 0.70 1.00 0.95 31.3 0.6 

Willow 300 80 0.16 0.39 0.84 1 0.40 1.00 1.50 0.50 30 0.65 

Poplar 300 80 0.16 0.39 0.84 1 0.40 1.00 1.50 0.40 29 0.6 

Eucalyptus 300 90 0.16 0.39 0.84 1 0.40 1.00 1.50 0.40 27 0.65 

 

2.2.2. Biomass potential based on agro-ecological suitability 
The effect of location specific biophysical conditions on crop growth is determined using crop-

specific agro-ecological suitability maps (FAO 1996). The crop-specific agro-ecological suitabil-

ity maps are based on 10 biophysical parameters such as temperature, precipitation and soil 

type (Perpiña Castillo et al. 2015). The agro-ecological suitability is expressed as a percentage 

of the water constrained theoretical maximum obtainable yield, ranging from 0 (unsuitable con-

ditions) to 100 (highly suitable conditions), see Equation 2.  The suitability maps were generated 

for each crop and point in time following the methods from Perpiña Castillo et al. (2015)8. Soil 

pH, soil texture, soil depth, soil type, soil drainage and slope are considered to be constant in 

time while temperature, precipitation, Frost Free Days (FFD) and Temperature growing periods 

(LGPt) vary in accordance to the RCP 4.5 projections. It was assumed that ABpotential was the 

                                            
8  For more information about the methods to calculate each crop specific suitability maps please see (Perpiña 
Castillo et al. 2015) 
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maximum water-constrained biomass potential. The technical potential (ABs) was obtained by 

multiplying the crop specific ABpotential with the corresponding location and crop-specific suita-

bility index.  
Equation 2 

𝐴𝐵 , =  𝐴𝐵 ,  ∗ 𝑆  

Where: 
ABs = Above ground biomass considering biophysical factors, 𝑡 ℎ𝑎 𝑦𝑒𝑎𝑟⁄ , 

i= Crop type,  

ABpotential = Above ground biomass, 𝑡 ℎ𝑎 𝑦𝑒𝑎𝑟⁄ , 

S = Suitability index for specific location, %, 

 

2.2.3. Harvestable biomass yields 
Crop-specific harvest indices are applied to calculate the location specific harvestable yields for 

each lignocellulosic energy crop (Equation 3).  

 
Equation 3 

𝑌 =  𝐴𝐵 ,  ∗ 𝐻𝐼  

Where: 
Y = Yield, 𝑡 ℎ𝑎 𝑦𝑒𝑎𝑟⁄ , 

i= Crop type, 

ABs = Above ground biomass considering biophysical factors, 𝑡 ℎ𝑎 𝑦𝑒𝑎𝑟⁄ , 

HI = Harvest index, %, 

 

Biomass potentials are calculated with RCP 4,5 projections for the various points in time. Besides 

a 1% annual yield increase of the theoretical water constrained biomass potential was consid-

ered for all energy crops. The yield increase was considered to reflect yield improvements from 

crop management practices in line with Baranzelli et al. (2015a,b);   
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2.3. LUC-related environmental impacts 
2.3.1. LUC-related GHG emissions 

LUC-related GHG emissions are the result of carbon stock changes in biomass, dead organic 

matter, litter, harvested wood products and soils (IPCC 2006). Carbon stocks are potentially 

altered when land use is changed. The IPCC Guidelines for National Greenhouse Gas Inventories 

Volume 4 (IPCC 2006) were applied to assess the potential GHG emissions from the production 

of lignocellulosic energy crops on the available marginal land.  Dead organic matter, litter and 

harvested wood products are primarily relevant when land is converted to/from forest (IPCC 

2006).  Therefore, in this assessment only the biomass and Soil Organic Carbon (SOC) pools are 

considered. The change in carbon stocks when land is converted to lignocellulosic energy crops 

was assessed with the stock difference method using the Tier 2 approach for the biomass car-

bon pool (given the level of detail in country specific data) and the Tier 1 approach for the SOC 

pool. Equation 4 presents the stock difference method. C1 corresponds to the carbon stock of 

the available marginal land in each reference year (2020, 2030, 2040 and 2050) and C2 corre-

sponds to the potential carbon stock if lignocellulosic energy crops would be produced on that 

land. In line with the IPCC guidelines, an amortization period of 20 years is assumed for carbon 

pools to reach equilibrium (i.e. it will take 20 years to increase/decrease from SOC at time 0 to 

SOC at time 1). Therefore, effects on the carbon pools from the change in land use towards 

lignocellulosic energy crops are calculated over a 20-year time horizon and are presented on 

an annual basis. The CO2 emissions are calculated based on ∆C, and the ratio of molecular 

weights (C * 44/12). The LUC-related GHG emissions are expressed t CO2/ha year. The change 

in carbon stock and subsequent GHG emissions are calculated for each energy crop. In addition, 

a maximum carbon sequestration potential was estimated. The maximum carbon sequestration 

potential was estimated by evaluating and selecting for each location the crop with the lowest 

LUC-related CO2 emissions / highest carbon sequestration. 

  
Equation 4 

𝐺𝐻𝐺 , =
𝐶 − 𝐶

𝑇
∙ 44/12 

Where: 
GHGLUC,i = LUC related GHG emissions for energy crop i, 𝑡 𝐶𝑂 ℎ𝑎 𝑦𝑒𝑎𝑟⁄ , 

C1 =  Carbon stock on marginal land,  𝑡 𝐶/ℎ𝑎, 

C2i = potential carbon stock if marginal land is used for production of energy crop i, 𝑡 𝐶/ℎ𝑎, 

T = amortization period, years, 

44/12 = conversion factor to convert C to CO2, 
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Biomass carbon stocks 

To determine the GHG emissions from changes in biomass carbon spatially explicitly, the spa-

tially explicit biomass carbon stock was calculated for each lignocellulosic energy crop and for 

land the cover/use of the available marginal land. The method to assess the above ground 

biomass potentials of lignocellulosic energy crops was already described in the section on the 

biomass potentials. The total amount of biomass for each lignocellulosic energy crop was cal-

culated using the crop-specific root-to-shoot ratios obtained from a literature review (Table 2). 

In addition, the harvest period (numbers of years before harvest) was considered for all ligno-

cellulosic energy crops. Willow Poplar and Eucalyptus are not harvested annually. For these 

crops it is assumed that the average biomass carbon accumulates for 3 to 7 years (Dees et al. 

2017). For the land cover of available marginal land prior to conversion, the spatially explicit 

above and below ground biomass was calculated with a similar method as for the energy crops. 

The above ground biomass of available marginal land was quantified making use of the land-

use and climate-zone specific default values of the IPCC on maximum amount of above ground 

biomass and the spatially explicit data on soil productivity (the degree to which the soil carries 

out its biomass production service)9 (Tóth et al. 2013). The productivity index of the soil produc-

tivity maps ranges from 0 (unproductive conditions) to 10 (excellent productivity conditions). 

Below ground biomass was estimated as a function of above ground biomass using the climate-

dependent root to shoot ratios of the IPCC (IPCC (2006). The carbon fractions (0.47 for grassy 

biomass and 0.50 for woody biomass) were employed to obtain crop specific biomass carbon 

stock. For a more detailed description of the spatially explicit calculation of biomass volumes 

of each land use/cover category please see Table 2 from the annex. 

 
Table 2 Crops specific root-to-shoot ratios  

Crop Root-to-shoot ratio (BGr) 

Miscanthus 0.49A 

Switchgrass 0.48B 

Giant reed 0.56C 

Reed canary grass 0.48D 

Cardoon 0.80E 

Willow 0.48F 

Poplar 0.30G 

Eucalyptus For ABs < 50, then BGr 0.44. For ABs > 50, then BGr 

0.28H 

A (Dohleman et al. 2012; Kahle et al. 2001; MIGUEZ et al. 2009; Strullu et al. 2011) 
B(Bolinder et al. 2002; Bowden et al. 2010; Dohleman et al. 2012; Frank et al. 2004) 

C(Nassi o Di Nasso et al. 2013; NASSO et al. 2009; Proietti et al. 2017) 

D(Kätterer and Andrén 1999) 

E(Marin et al. 2002; Raccuia and Melilli 2004) 

                                            
9 For a complete description of the soil productivity map please see (Tóth et al. 2013) 
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F(Dias et al. 2017; Dušek and Květ 2006; Heller et al. 2003; Pacaldo et al. 2013) 

G(Heilman et al. 1994; Oliveira et al. 2018) 

H(IPCC 2006) 

 
Equation 5 

𝑇𝐵 = 𝐴𝐵 ,  ∗ 𝐵𝐺 , +  𝐴𝐵 ,   

Where: 
TB = Total biomass production considering biophysical factors, 𝑡 ℎ𝑎 𝑦𝑒𝑎𝑟⁄ , 

i= Crop type,  

ABs  = Above ground biomass considering biophysical factors, 𝑡 ℎ𝑎 𝑦𝑒𝑎𝑟⁄ , 

𝐵𝐺  = Above to below ground biomass ratio, 

 
Soil organic carbon stocks 

The changes in soil organic carbon were assessed by comparing the SOC levels of the land 

cover/use category of the available marginal land with the potential SOC levels of the lignocel-

lulosic energy crops. The IPCC default values for reference SOC levels for mineral soils were 

assigned to each land cover/use category while considering soil type and climate zones strati-

fication. IPCC SOC stock change factors were employed to consider the effect of land use, man-

agement regime and input of organic amendments (Equation 6). These factors are applied for 

each land use/cover category based on the description in the IPCC guidelines. The description 

of the assigned stock change factors for each category are presented in Table 3 from the annex. 

 
Equation 6 

𝑆𝑂𝐶   = 𝑆𝑂𝐶 ∗ 𝐹 ∗ 𝐹 ∗ 𝐹  
 
Where: 
SOCx or i= Soil organic carbon stock for marginal land under land use/cover type x or soil organic 

carbon stock if marginal land is used for production of energy crop i, 𝑡 𝐶/ℎ𝑎, 

SOCref= The reference carbon stock, 𝑡 𝐶/ℎ𝑎, 

FLU = Stock change factor for land use system,  
FMG = Stock change factor for management regime, 
FI = Stock change factor for input of organic matter, 
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2.3.2. Water depletion 
Water availability is strongly linked with LUC dynamics. These dynamics, mainly through 

changes in evapotranspiration rates, can affect directly the water balance of a region (Sterling 

et al. 2012). In addition, water supply for irrigation can induce additional disturbances in the 

water cycle and result in water scarcity (Abrahão et al. 2015). The water balance approach from 

Brouwer and Heibloem (1986) was used to determine the water requirements of each feedstock 

type and the potential local water deficits given the spatial heterogeneity in climatic conditions. 

Despite that this method lacks a direct indicator to determine the potential water depletion in 

the crop production area, it provides an adequate estimate of the amount of additional water 

(irrigation) each feedstock type requires to obtain the estimated potential biomass yields. Equa-

tion 7 represents the water balance approach in which crop Water Shortage (WS) is determined 

for each crop by comparing crop evapotranspiration rates during the length of its growing cycle 

with the effective precipitation during the same period. Effective precipitation is the share of 

precipitation that is stored in the soil and is available for the crop and is derived from actual 

precipitation (Equation 8) (Brouwer and Heibloem 1986). The method to determine daily evap-

otranspiration from lignocellulosic energy crops was already covered in the section on biomass 

potentials.  In addition to each crop water shortage, a least-water-deficit potential was esti-

mated. The least water deficit potential is quantified by evaluating and selecting for each loca-

tion the lignocellulosic energy crop with the least water deficit (regardless of other parameters 

such as yield). Water shortage is expressed in mm/year (growing cycle).  

  
Equation 7 

𝑊𝑆 =    𝐸𝑇 ∗ 𝐾𝑐 , − 𝐸𝑃 

Where: 
WS = Water shortage, 𝑚𝑚/𝑦𝑒𝑎𝑟, 
GC= Grow cycle,  

i= Crop type,  

j = Crop growing stage,  

ET0 = Evapotranspiration, 𝑚𝑚 𝑑𝑎𝑦⁄ , 

Kc = Crop coefficient, 

EP = Effective precipitation, 𝑚𝑚 𝑑𝑎𝑦⁄ , 

 

Equation 8 

𝐸𝑃 =  𝑃 ∗
125 − 0.2 ∗ 𝑃

125
 𝑓𝑜𝑟 𝑃  < 250 𝑚𝑚 

 
Or 

 
𝐸𝑃 = 125 +  0.1 ∗ 𝑃  𝑓𝑜𝑟 𝑃  > 250 𝑚𝑚 
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Where: 
EP = Effective precipitation, 𝑚𝑚 𝑑𝑎𝑦⁄ , 

P= Precipitation, 𝑚𝑚 𝑑𝑎𝑦⁄ , 

2.3.3. Soil erosion risk 
LUC dynamics can alter the physical and chemical properties of the soil and can potentially 

result in soil degradation (Smith et al. 2016). Soil erosion, which is considered the main driver 

of soil degradation, reduces SOC and limits the soil’s capacity to sustain plant growth (Paul 

2014). The Revised Universal Soil Loss Equation (RUSLE) (Renard et al. 1997) was applied to 

determine the change in potential soil loss when land is converted to lignocellulosic energy 

crops. The RUSLE method (Equation 9) considers 5 major factors: rainfall erosivity, soil erodibil-

ity, topography, cover management practices, and soil prevention management practices. The 

rainfall erosivity factor (R) is defined as the aggressiveness of the rain to generate erosion 

(Wischmeier and Smith 1978). The soil erodibility factor (K) is related to the susceptibility of the 

soil to erode and it is defined by soil physical properties (Panagos et al. 2014). The combined 

topography factors (LS) are determined by the effect of slope length (L) and influence of slope 

gradient on erosion (S) (Panagos et al. 2015a). The cover management factor (C) quantifies the 

effect of land cover on soil loss (Kinnell 2010) and the conservation support practice factor (P) 

reflects the effect of management practices to prevent soil erosion (mainly applicable to arable 

land). For each point in time for all available marginal land, the potential soil loss of cultivating 

lignocellulosic energy crops is compared to potential soil loss of the reference land use. The 

change in potential soil loss is expressed in t/ ha year.  
 

Equation 9 

𝐴 = 𝑅 ∗ 𝐾 ∗ 𝐿𝑆 ∗ 𝐶 ∗ 𝑃 
Where: 

A = Soil loss for each land use/cover, 𝑡/ℎ𝑎 𝑦𝑒𝑎𝑟, 
R = Rainfall-runoff erosivity factor, 𝑀𝐽 𝑚𝑚/ℎ𝑎 ℎ 𝑦𝑒𝑎𝑟, 
K = Soil erodibility factor, 𝑡 ℎ𝑎 ℎ /ℎ𝑎 𝑀𝐽 𝑚𝑚 , 
L = Slope-length factor,  
S = Slope steepness factor,  
C = Cover management factor,  
P = Conservation support practice factor,  
 

The R factor is generally calculated by adding for each rainstorm the product of total storm 

energy and the maximum 30-min intensity (Wischmeier and Smith 1978). However, this method 

requires precipitation data with a high temporal resolution which is not available for future 

climate projections. Other studies approximate R values with equations based on monthly data. 

These equations are suitable for local/regional conditions but less accurate for large scale as-

sessments (Panagos et al. 2017). To estimate the R factor for several points in time, data from 

Panagos et al. (2017) was used. Panagos et al. (2017) projected the R factor for Europe in 2050 

spatially explicitly. For these projections the RCP 4.5 scenario is considered, and data is collected 
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from the HadGEM2-ES global climate model (in line with this report). The R factors are also 

assessed for 2010, and the difference in R-factor between 2010 and 2050 projections was quan-

tified. A linear change between the location specific R values of 2010 and 2050 was considered. 

Following this approach, the R factors were estimated for 2020, 2030 and 2040. The K and LS 

factors for Europe were obtained from the European Soil Data Centre (ESDAC). The Cover-man-

agement factor is assigned to each land use /cover category based on Panagos et al (2015b)  

(Table 3). The C factor values are time dependent e.g. it changes during the growing stages of 

the lignocellulosic energy crops. However, in this report it is assumed that these values remain 

constant over time. The P (the conservation support) factor is not considered in this assessment 

given that P factor values (1) are highly uncertain (Morgan and Nearing 2016), (2)  can be com-

monly ignored in soil erosion studies (Benavidez et al. 2018), and (3) are difficult to quantify on 

large scale areas (Benavidez et al. 2018) . The R factor varies over space and time according to 

changes in precipitation conditions. The C factor are constant in time for each land use/cover 

category and vary according to land use dynamics. The K and LS factors are constant in time 

and vary spatially according to soil type and morphology.  In addition to the change in potential 

soil loss for each crop a least soil loss potential was estimated. The least soil loss potential is 

quantified by evaluating and selecting for each location the lignocellulosic energy crop with the 

least potential soil loss (regardless of other parameters such as yield). The change in potential 

Soil loss is expressed in t/ha year. 

 
Table 3 Cover management factor for the relevant land use/cover categories and lignocellulosic energy 

crops based on Panagos et al (2015b) 

Land use/cover C factor 

5. Established dedicated crops -A 

8. Shrublands 0.0219B 

10. Open space suitable 0.1058C 

11. Abandoned land 0.5D 

Lignocellulosic energy crops (grasses) 0.0903E 

Lignocellulosic energy crops (woody) 0.0881F 

A No soil loss is assumed when land is covered with already established dedicated crops 
B Value from category “Transitional woodland-shrub” is assumed.  
C Average value from categories “Moors and heathland”, “Sclerophyllous vegetation”, “Sparsely 

vegetated areas” and “Burnt areas” (Panagos et al. 2015b)(Panagos et al. 2015b)(Panagos et al. 

2015b) 
D Value assumed from category “fallow land”  
E Value assumed from category “pastures”  
FValue assumed from category “agroforestry”  
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3. Results 
3.1. Land availability 

 

Figure 4 displays the amount of marginal land available for lignocellulosic energy crops in Eu-

rope that meets RED II sustainability criteria for various points in time. Available marginal land 

for lignocellulosic energy crops varies from approximately 208 thousand km2 in 2020 to 210 

thousand km2 in 2050. There is little variation in the total amount of available land over time, 

with the lowest amount of available land projected for 2030 (205 thousand km2). The largest 

share of available land corresponds to shrubland followed by the land category ‘Open space 

suitable’. The available area of shrubland reduces by approximately 5.6 thousand km2 between 

2020 and 2030 and remains roughly constant between 2030 and 2050. Conversely, the amount 

of available land from the ‘Established dedicated crops’ land use/cover category increases over 

time, starting from (close to) zero in 2020 and reaching approximately 14 thousand km2 in 2050. 

The small variation over time in land availability for lignocellulosic energy crops is party at-

tributed to the boundary imposed by land marginality which remains equal over time: i.e, the 

projections of LUC dynamics, and related land availability for lignocellulosic energy is always 

limited to the location of marginal areas. 

 

 
Figure 4. Available marginal land for lignocellulosic energy crops in Europe under RED II sustainability 
criteria for 2020, 2030, 2040 and 2050 
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Figure 5 shows the spatial distribution of available land for lignocellulosic energy crop produc-

tion in 2050.  There is a strong variability between and within countries in the categories of 

available land. For example, in the Iberian Peninsula there are several areas of available land 

especially in the north and northeast that are categorized as ‘Shrubland’, while in the centre 

and south ‘Open space suitable’ and ‘Established dedicated crops’ prevail. In countries such as 

Spain, France, Germany and Romania there is strong spatial variation in land use/cover catego-

ries of the available land for lignocellulosic energy crops: all land use/cover types are found in 

relatively small areas distributed over the country. Little available land can be seen in areas with 

natural constrains such as the Alps and the Pyrenees. For countries such as Sweden and Finland, 

most of the land is categorised as marginal. In addition, most of the marginal land in Sweden 

and Finland are covered by forest and to a lesser extent by shrubland. Therefore, these two 

countries have a considerable amount of marginal land that meets RED II criteria (without con-

sidering the land dedicated for forest). Other countries such as France have less available land 

for the potential production of lignocellulosic energy crops. Little land is available in France 

given that most of the land is already dedicated to agriculture. For several countries located in 

Eastern Europe such as Poland and Hungary, there are extensive marginal land areas that in 

2040 are projected to be used for agricultural production, and in 2050 are projected to be 

available under RED II criteria. In the Iberian Peninsula, there are several areas, mainly in the 

north east region that are considered marginal but fail to meet RED II sustainability criteria  
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Figure 5.  Availability of marginal land for energy crops in Europe for 2050 under RED II sustainability 
criteria.  
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3.2. Biomass potentials 
 

Figure 6 shows the development in biomass potentials for the 8 lignocellulosic energy crops 

and the yield efficient biomass potential (i.e. selecting the highest yielding lignocellulosic en-

ergy crop (in MJ/ha) for each location of available land) over time. The biomass potentials have 

a similar pattern for each point in time. The yield efficient biomass potential shows an increment 

of 225 PJ over time; increasing from 1385 PJ in 2020 to 1610 PJ in 2050. The highest biomass 

potentials are projected for Miscanthus, Reed canary grass and Switchgrass, followed by Euca-

lyptus and Cardoon. The higher potential of these crops is the result of relatively high potential 

yield as well as relative high suitability for various biophysical conditions. Reed canary grass has 

one of the lowest potential yields. However, the high tolerance of Reed canary grass allows for 

the production of this feedstock in locations that are not suitable for any other lignocellulosic 

crop.  Giant reed, Willow and Poplar show the lowest biomass potential. Despite that Giant Reed 

has the highest potential yield among all lignocellulosic energy crops, the biophysical charac-

teristics required for Giant Reed production are limited to a few areas in Europe. Willow and 

Poplar report similar biomass potentials: while Willow has a higher potential yield, most of the 

available marginal land is more suitable for Poplar.   

 

Biomass potentials are projected to increase over time as a result of LUC dynamics, variation in 

climate conditions and the assumed 1% annual yield increase. The LUC dynamics determine the 

availability of marginal land under RED II sustainability criteria. Climate variations, mainly tem-

perature and precipitation, dictate the extent to which a crop is constrained to grow in a specific 

location. For example, the increment in Eucalyptus biomass potential between 2030 and 2040 

is attributed largely by the increase in frost free days. Such climatic changes allow for the pro-

duction of Eucalyptus in locations that were unsuitable before. This also applies to Giant reed: 

the projected increase in biomass potentials of Giant Reed between 2040 and 2050 is due to 

an increase in projected annual precipitation in the south of Europe. 

 

As shown in Figure 7 ,the main contribution to the yield efficient biomass potential comes from 

Miscanthus and Giant reed followed by Reed canary grass, Eucalyptus and Willow. Despite that 

Reed canary grass has one of the highest potential yields among the selected lignocellulosic 

energy crops, higher yields are obtained by other feedstock types for several of the locations 

where Reed canary grass can potentially be cultivated, due to the different tolerance for bio-

physical conditions. Therefore, the contribution of Reed canary grass to the yield efficient bio-

mass potential is limited to areas that are not suitable for other feedstock types. Giant reed and 

Miscanthus share the highest water use efficiency ratios. In addition, Giant reed delivers more 

biomass per hectare than any other feedstock type under the mid and late growing stages. 

These characteristics results in higher biomass yields for Giant reed and therefore, Giant reed is 
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selected over any other feedstock for the locations where different lignocellulosic energy crops 

can potentially be produced. The contribution of Switchgrass, Cardoon and Poplar to the yield 

efficient biomass potential is insignificant. Switchgrass and Miscanthus share similar phenolog-

ical characteristics. However, as Miscanthus has higher potential yields, Miscanthus is selected 

over Switchgrass when considering the most efficient feedstock. The same applies to Willow 

and Poplar; at several locations, Willow is preferred over Poplar because it has slightly higher 

potential yields. Eucalyptus is one of the feedstock types better adapted to dry conditions and 

can potentially be produced in several areas that are less suitable for other crops.  

 

 
Figure 6 Biomass potentials for each lignocellulosic energy crop (i.e. all available land is allocated to one 
crop) and yield efficient biomass potential (for each location the crop with highest potential biomass yield 
is selected) in Europe for 2020, 2030, 2040 and 2050. 

Figure 8 shows the spatial variation of the feedstock types contributing to the yield efficient 

biomass potential in Europe in 2050. There is substantial spatial variation in the selection of 

crops for the yield efficient biomass potential. The difference in phenological characteristic of 

the 8 lignocellulosic energy crops and the spatial heterogeneity of biophysical conditions across 

Europe determine the regional crop variability. In the northern areas of Europe such as in the 

Scandinavian countries and the Baltic states, the yield efficient biomass potential is mainly dom-

inated by Willow, Miscanthus and Reed canary grass. These feedstock types are better adapted 

to these regions’ biophysical conditions in comparison to other feedstock types. In the Iberian 

Peninsula there is a large variation in the most suitable feedstock types. The north is dominated 

by Reed canary grass and Miscanthus, while in the center and south Giant Reed and Eucalyptus 

prevail. In the centre of the Iberian Peninsula there are small areas where Cardoon shows the 

highest potential; and in the south Eucalyptus and Reed canary grass are most suitable. In the 

UK, the yield efficient biomass potential comes mainly from Miscanthus and Giant Reed and to 
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a lesser extent from Willow. There are countries, such as Poland, where the potential is domi-

nated mainly by only one crop (i.e. Miscanthus). In the south of France, Germany, Italy and 

Austria various feedstock types contribute to the yield efficient biomass potential. 

 

 
Figure 7: Crop composition of the yield efficient biomass potential (at each location of available land, the 
crop with the  highest attainable biomass yield is selected) in Europe for 2020, 2030, 2040 and 2050 

As shown in Figure 9, the lowest biomass yields (GJ/ha year) are in the most northern parts of 

Europe (Sweden and Finland), the north of the Iberian peninsula and areas located in the vicinity 

of the Alps. The biophysical conditions in these areas limit biomass production to a large extent 

and allows only for the potential production of Reed canary grass (the feedstock type with a 

high tolerance for various biophysical conditions but with lowest potential yield). Therefore, on 

average, many of those areas can only potentially deliver 0 - 100 GJ/ha year. In the south of 

Europe, especially the Iberian Peninsula and Greece are characterized by high temperatures and 

relatively low precipitation; these biophysical conditions limit the biomass production from sev-

eral feedstock types. However, Giant reed and Eucalyptus are adapted to such conditions and 

can potentially deliver relatively high yields in these locations (200 -350 GJ/ha year). Although 

some lignocellulosic energy crop types can grow in high northern latitude areas, the extreme 

biophysical conditions in these regions limits biomass production, i.e. yields are generally < 100 

GJ/ha year. The areas with the highest biomass potentials are in some areas of Spain, Greece 

and Hungary. These areas feature favourable biophysical conditions for Giant Reed production, 

which result in potential biomass yields of 350-450 GJ/ha year. In Germany, Central and Eastern 

Europe, biomass yields range on average between 200 to 300 GJ/ha year. For whole Europe, 

the average yield is reported to be 212 GJ/ha year, this corresponds to approximately 11 t/ha 

year. 
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Figure 8 Crops composition of the yield efficient biomass potential (for each location, the crop with the 
highest potential biomass yield is selected) in Europe for 2050 
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Figure 9 Yield efficient biomass potential (at each location of available land, the crop with the highest 
attainable biomass yield is selected) in Europe for 2050 
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3.3. Environmental impacts 
3.3.1. LUC-related GHG emissions 

As shown in Figure 10, the cultivation of all feedstock types results on average in carbon se-

questration for all points in time. CO2 emissions vary on average between -0.23 t CO2/ha year 

for Reed canary grass in 2030 to – 7.1 t CO2/ha year for Eucalyptus in 2040. The changes in 

carbon stocks are mostly the result of changes in biomass carbon and to a lesser extent of 

changes in the SOC. Generally, the conversion of land to grassy lignocellulosic energy crops 

results in the loss of soil organic carbon. Conversely, the change of land towards woody ligno-

cellulosic energy crops results in carbon accumulation in the soil. For all the feedstock types, 

most of the carbon accumulation occurs in the above ground biomass. However, a large share 

of this carbon is contained in the harvestable section of the plant. Despite that all feedstock 

types result in (average) carbon sequestration, there are locations where the production of 

some of the lignocellulosic energy crops results in LUC-related CO2 emissions. For example, 

there are location where the production of Reed canary grass can result in a potential release 

of 3.1 t CO2/ha year as a result of carbon losses from LUC. The same occurs occur for other 

lignocellulosic energy crops such as Miscanthus, Switchgrass and Cardoon. The CO2 emissions 

related from LUC occurs mainly in areas with low potential lignocellulosic energy crops yields 

when compared to the biomass volumes of the land use/cover type prior to conversion. The 

production of woody lignocellulosic energy crops results generally in the sequestration of car-

bon given that these crop types can store more carbon (in the biomass and SOC pools) in 

comparison to grassy lignocellulosic energy crops and in comparison to the land prior to con-

version.      
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Figure 10 Average LUC related GHG emissions with two standard deviations for the cultivation of each lignocellulosic energy crops on marginal land t in Europe for 2020, 
2030, 2040 and 2050 and for the max carbon sequestration potential. The ranges indicate the spatial variability of LUC GHG emissions due to the heterogeneity in 
biophysical conditions 
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Eucalyptus shows the lowest average CO2 emissions for all points in time. The high carbon se-

questration capacity from Eucalyptus in comparison to other feedstock types is attributed 

mainly to high yields and the carbon accumulation capacity that occurs for several years in the 

above and below ground biomass. This also occurs with Willow and Poplar. In some locations, 

the production of Eucalyptus result in the storage of approximately 10 t CO2/ha year. From the 

grassy lignocellulosic energy crops, Giant reed shows the highest average carbon sequestration. 

Giant reed has higher yields and stores more carbon in the below ground biomass than other 

grassy feedstock types. Conversely, Reed canary grass shows the lowest average carbon se-

questration. Reed canary grass biomass production is largely spread in areas where yields are 

highly constrained by biophysical conditions. As a result, the above ground biomass of reed 

canary grass is on average slightly above the volumes of biomass of the land use/cover of the 

available marginal land. Some feedstock types such as Cardoon, which has low yields, show 

similar CO2 emissions results to feedstock types that deliver high yields (Miscanthus). Cardoon 

has the highest above to below ground biomass ratio and therefore, accumulates more carbon 

in below ground biomass.  

 

Almost all feedstock types show a similar trend over time, with a slight decrease in average CO2 

sequestration between 2020 and 2030, followed by a slight increase between 2030-2040, and 

finally another slight increase between 2040 and 2050. The trend in average CO2 emissions is 

partly driven by the amount of abandoned land that becomes available. The production of lig-

nocellulosic energy crops on abandoned land often results in high CO2 sequestration. Therefore, 

the increase in average CO2 sequestration for almost all feedstock types coincides with the years 

(2020 and 2040) that show the highest amount of abandoned land becoming available. Yield 

increase and other land use/cover types becoming available over time also influences land re-

lated CO2 emissions. Yield increase reduces the range in CO2 emissions that can occur on a 

specific location over time. 
 

Besides the differences in the harvest index that determines the share of CO2 accumulated in 

the harvestable section, the differences in below ground biomass of the energy crops also affect 

the LUC related CO2 emissions. Among woody energy crops, Willow generally has higher yields 

than Poplar. In addition, the ratios of above-to-below ground biomass are larger for Willow and 

Eucalyptus than for Poplar. Therefore, like Cardoon, Willow can accumulate larger amounts of 

carbon in the below ground biomass per unit of above ground biomass. Accordingly, Willow 

shows on average a higher carbon sequestration potential than Poplar. At some locations, Wil-

low can store up to -6 t CO2/ha year. Also, the biophysical conditions that are favourable for 

relative high yields for energy crops are also favourable for biomass production from other land 
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use/cover categories such as Shrubland.  Similarly, areas with less favourable biophysical con-

ditions for energy crop production are also less favourable for biomass production of other 

land use/cover categories.   

 

As shown in Figure 11, the main share of the max carbon sequestration potential consists  

mainly to of Eucalyptus and Miscanthus, followed by Reed canary grass and to a lesser extent 

by Cardoon and Willow. The contribution of Poplar is minor and the of Switchgrass, Cardoon 

and Giant Reed is negligible. Different from the yield efficient biomass potential, Eucalyptus is 

widely more considered for the max carbon sequestration potential as it can store more carbon 

when compared to other feedstock types. Despite that Giant reed can store on average more 

carbon then the other grassy lignocellulosic energy crops, it has a similar suitability extent as 

Eucalyptus. Both crops are suitable for the conditions in south Europe. Therefore, for those 

locations, Eucalyptus is always preferred over Giant reed. The same occurs for Willow. Despite 

that Reed canary grass has on average the lowest carbon sequestration potential of all energy 

crops, it contributes approximately to 20-25% of the share from the max carbon sequestration 

potential. This is because Reed canary grass can potentially be grown in locations that are not 

suitable for other feedstock types.  

 

 

Figure 11.  Crop composition of the max carbon sequestration potential (for each location of available 
land, the energy crop with the highest carbon sequestration potential is selected)) in Europe for 2020, 
2030, 2040 and 2050 
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Figure 12 displays the spatial variation of the different feedstock types across Europe for the 

max carbon sequestration potential in 2050. There is a considerable spatial variation in crops 

allocation across Europe. In the north of Europe, Willow and Miscanthus are chosen for several 

locations. In Greece, the carbon sequestration is mainly covered by Eucalyptus and Reed canary 

grass. In addition, there is a small area in the north of the country dominated by Willow. In the 

north of Italy, Willow and Miscanthus are preferred over any other feedstock type while in the 

centre and south Willow and Eucalyptus are preferred. Similar to the yield efficient biomass 

potential, the sequestration of carbon in some countries such as Poland is dominated by a 

single crop (Miscanthus). For France, mainly in the south, Reed canary grass, Miscanthus and 

Eucalyptus are the crops that can potentially sequester most carbon. In the Iberian Peninsula 

various feedstock types contribute to the max carbon sequestration potential. Similar to the 

yield efficient biomass potential, the north is dominated by Reed canary grass. However, the 

areas that were dedicated to Miscanthus production in the yield efficient biomass potential 

(north of the Iberian Peninsula) are selected for Willow and Eucalyptus in the max carbon se-

questration potential. These feedstock types accumulate more carbon than Miscanthus for the 

mentioned locations. A similar trend is reported in the north of Portugal, where Willow is pre-

ferred over other feedstock types. In the centre and south of the Iberian Peninsula there are 

extensive areas where Eucalyptus shows the highest carbon sequestration. However, there are 

also some areas of the Iberian Peninsula where the potential production of Reed canary grass 

shows the highest carbon sequestration.   

 

Figure 13 shows the spatial variation in the max carbon sequestration potential from the pro-

duction of lignocellulosic energy crops in Europe. There is a strong variability in CO2 emissions 

across Europe, with almost all locations showing carbon sequestration. On average, -3.1 t 

CO2/ha year is sequestrated.  There are few locations that report CO2 emissions, mainly in the 

north of the UK. The CO2 emissions in these areas are associated to the production of Reed 

canary grass. Reed canary grass has on average the lowest yields. Therefore, the conversion to 

Reed canary grass in such extreme locations can result in CO2 emissions as high as 4 t CO2/ha 

year. Similarly, areas in Austria, France, Germany and Scandinavia that show CO2 emissions be-

tween 0 and 2 t CO2/ha year are related to potential production of Reed canary grass and to a 

lesser extent of Miscanthus. For Spain, Italy, Greece, the south of France, the south of Portugal 

and Hungary the highest carbon sequestration is projected, on average between -8 and -4 t 

CO2/ha year; mainly from the potential production of Eucalyptus. A similar trend is also reported 

in areas with Willow such as the North of Portugal. In these locations, CO2 sequestration ranges 

from -6 to – 4 t CO2/ha year 
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Figure 12 Crop composition of the max carbon sequestration (lowest CO2 emissions per hectare) in Eu-
rope for 2050 
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Figure 13 Spatial variation of max carbon sequestration potential (for each available location, the crop 
with highest carbon sequestration potential is selected)) in Europe for 2050 
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3.3.2. Water depletion 
Figure 14 shows the average water deficit from the production of lignocellulosic energy crops 

in Europe for different points in time and the least water deficit potential per unit of area 

dedicated to production. On average, the water deficit varies from 327 mm/year for Cardoon 

in 2020 to 1072 mm/year for Giant Reed in 2050. This signifies that on average, an additional 

3270 m3 of water per hectare for Cardoon and 10720 m3 of water per hectare for Giant Reed 

are required during the crop growing cycle to deliver the estimated biomass potentials and 

obtain the projected yields. The projected water deficit from the lignocellulosic energy crops 

indicates that on average for all crops additional water is required. The supply of such water 

volumes can disturb water tables and result in potential local water depletion. Still, for almost 

all feedstock types, there are locations where the precipitation conditions supply suffcient water 

to produce biomass an obtined the estimated yields in previus sections without the need of 

additional water inputs. In this case, negative values for water deficit are reported. The large 

water deficit from Giant reed is caused by the high water requirmenst of Giant reed during the 

growing season; especially during the mid-season growth stage, Giant reed requires 

considerable more water than any other feedstock type. Cardoon has the lowest water 

requirements during the growing season. Consequently, the lowest average water deficit is 

projected for Cardoon. The trend in projected water deficits over time is similar for the various 

crops. The increase in water deficit is ascribed to the changes in climate conditions, mainly in 

precipitation and temperature. Over time, annual precipitation decreases while annual average 

temperature increases. Despite that Willow, Poplar and Eucalyptus have similar water 

requirements during the crop growth stages, Eucalyptus shows on average a considerable 

higher water deficit. Eucalyptus can potentially be produced in southern Europe such as Spain 

and Greece. These are commonly dry regions and are projected to get dryer over time.  

 

Crops types such as Miscanthus, Willow and Poplar that deliver relative high yields in 

comparison to Cardoon or Reed canary grass report similar results in water deficits over time. 

The crop characteristics of these crop types prevents them to grow in areas that are 

characterized by low precipitation. As a result, these feedstock types show a lower water deficit 

than crops such as Eucalyptus, Giant reed and Reed canary grass that can still potentially be 

produced to some extent in low precipitation conditions. Similarly, Cardoon can potentially be 

produced to some extent in low precipitation conditions. However, the water demand of the 

potential production of Cardoon is considerably lower when compared to other crops. Reed 

canary grass shows one if the highest water deficits. The suitability of Reed canary grass allows 

for the potential production of this crop in climate conditions that are not suitable for any other 
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crop type. The production of Reed canary grass in such conditions leads to low yields and high 

water deficits.  

 

 
Figure 14 Average water shortage with two standard deviations for the cultivation of lignocellulosic energy 
crops on marginal land in Europe for 2020, 2030, 2040 and 2050 and for the least water deficit potential. 
The ranges indicate the spatial variability of water shortage due to the heterogeneity in biophysical con-
ditions.  

The least water deficit potential was calcualted by selecting the crop with the lowest water 

deficit for each loaction of available marginal land. The least water deficit potential increases 

from 385 mm in 2020 to 517 mm in 2050. As shown in Figure 15, the main share of the least 

water deficit potential is composed of Cardoon, followed by Reed canary grass, Switchgrass and 

to a considerably lesser extent by Eucalyptus and Poplar. Miscanthus, Willow and Giant reed 

don’t contribute to the least water deficit potential. Despite that Switchgrass and Miscanthus 

share similar characteristics, Switchgrass is selected over Miscanthus given that Switchgrass 

requires less water per unit of area (but less biomass is produced). This characteristic leads to 

the opposite result as for the yield efficient biomass potential, as for the yield efficient biomass 

potential, Miscanthus is most often selected over Switchgrass as it delivers higher yields. The 

same applies to Poplar and Willow. The least water deficit potential is mainly composed of crops 

that achieve low yields, Cardoon, Reed canary grass and Switchgrass. The water requirements 

of Cardoon are considerably lower than of other feedstock types. Although Reed canary grass 

generally leads to high water deficits, it is part of the least water deficit potential as it is selected 

at locations that are not suitable for any other crop. The decrease in contribution from 

Eucalyptus over time is caused by the projected changes in climate conditions that allow for 

potential production of Cardoon in the areas that were previously not suitable for Cardoon. As 
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a result, at several locations in Spain and France where Eucalyptus was the crop with least water 

deficit in 2020,  Cardoon became the crop with least water deficit for the later points in time. 

 

 
Figure 15. Crop composition of the least water deficit potential (for each location the crop with the lowest 
water deficit is selected) in Europe for 2020, 2030, 2040 and 2050 

As shown in Figure 16, there is considerably less variation of feedstock types across Europe for 

the least water deficit potential when compared to the yield efficient biomass potentials or max 

carbon sequestration potentials. For several countries such as Italy, Poland and Czech Republic, 

the least water deficit potential is mainly composed of Cardoon. Switchgrass is preferred in 

areas such as the north of the Baltic States, Sweden and Finland. Germany is one the countries 

with more variation in feedstock types contributing to the least water deficit. In the north and 

the south of the country, Cardoon is often the crop with the lowest water deficit, while in the 

centre, Poplar and Reed canary grass cause the lowest water deficits. Close to the border with 

France, there is a small area where eucalyptus causes the lowest water deficit. In the Iberian 

Peninsula, the least water deficit potential is dominated by Cardoon and Reed canary grass. 

However, there are also areas in the north of Portugal where the production of Poplar results 

in lower water deficits. 

 

Figure 17 shows the spatial variation in crops contributing to the least water deficit potential in 

Europe for 2050. Despite that on average there is a water deficit of 520 mm/year for each plot 
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of lignocellulosic energy crop cultivation, there are areas that have negative values. i.e, in these 

locations the precipitation is sufficient for the crop biomass production and therefore, no 

additonal water is required. This occurs in areas such as the North of the UK, Austria and 

Germany. The North of the UK is characterized by a high precipitation. This region is one of the 

wettest in Europe and annual precipitation is projected to reach more than 2400 mm in 2050. 

For this region, the potential water deficit of mainly Poplar Cardoon and Switchgrass production 

is negative (between -20 to - 400 mm/year). The same applies to western Austria. In west 

Austria, where precipitation levels (which are even if lower than in the North of the UK), are 

adequate to produce Swhticgrass and Cardoon without the need of additional water. The 

highest water deficit of lignocellolusic energy crop production is projected to occur  in the 

South of Spain, Italy and Greece. These regions exhibit the driest conditions for Europe. In some 

of these locations, to obttain the estimated potential yields, more than 1000 mm/year of 

additional water is required for the production of Cardoon and Reed canary grass. 
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Figure 16 Crop composition of the least water deficit potential (for each location of available land, the crop 
with the lowest water deficit per unit of space is selected) in Europe for 2050 
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Figure 17. Spatial variation of the least water deficit potential (for each location of available land, the crop 
with the lowest water deficit per unit of space is selected) in Europe for 2050 
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3.3.3. Soil erosion risk 
As shown in Figure 18, on average the production of all feedstock types is projected to result 

in an increase in potential soil loss compared to the potential soil loss of the land use/cover of 

the marginal land. There is little difference in soil loss between the different feedstock types. 

Average increases in potential soil loss varies between 4.5 t/ha year for Eucalyptus in 2040 to 

7.5 t/ha year for Poplar in 2050. A large increase in soil erosion risk occurs when shrubland is 

converted to lignocellulosic energy crops, as shrubland provides a better year-round cover 

against rain impact. The change from ‘abandoned land’ and ‘open space suitable’ to lignocel-

lulosic energy crops results in negatives scores; i.e. the conversion to energy crops results in a 

decrease in erosion risk. However, most of the projected available land for lignocellulosic energy 

crop production is categorised as shrubland. The large ranges in changes in soil loss for all 

feedstock types is caused by the high spatial heterogeneity in biophysical conditions, mainly 

terrain conditions. The trend in soil loss over time is to some extent caused by the amount of 

abandoned land that is projected to become available for feedstock production. In 2020 and 

2040 the largest amount of abandoned land becomes available. Therefore, on average, slightly 

lower soil losses are projected for almost all lignocellulosic energy crops in those years. Of all 

feedstock types, Poplar is projected to result in the highest soil losses. This is because the land 

suitable for Poplar production contains a larger share of shrubland in comparison to the other 

feedstock types.  

 

Figure 18 Average change in potential soil loss with two standard deviations for the cultivation of each 
lignocellulosic energy crops on marginal land in Europe for 2020, 2030, 2040 and 2050. The ranges indi-
cate the spatial variability of LUC soil loss due to the heterogeneity in biophysical conditions the least soil 
loss potential is the biomass potential when for each location the energy crop with the lowest erosion risk 
is selected.  
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There is a strong spatial variability in the change in potential soil loss from the potential pro-

duction of lignocellulosic energy crops across Europe in 2050 (Figure 19). The areas that shows 

the highest potential LUC-related soil loss from lignocellulosic energy crop production are the 

ones located in mountainous or hilly terrain. For example, in the Alps region, lignocellulosic 

crop production can lead to the loss of 40 t of soil per hectare. The high soils loss in this type 

of region is caused by the relative high slope-length and slope-steepness. These conditions can 

severely enhance soil loss. These high soil losses are projected to occur mainly when shrubland 

located in high slope-length and slope-steepness areas is changed to lignocellulosic energy 

crops. The opposite effect is projected for the same slope-length and slope-steepness condi-

tions when ‘open space suitable’ is converted to lignocellulosic energy crops. The production 

of lignocellulosic energy crops in such areas results in less soil loss than of the land prior to 

conversion (i.e. negative scores for change in soil erosion).  

 
In all countries, there is a strong spatial variation in the change in potential soil loss which is 

caused by the variation in land use/cover of marginal land available for lignocellulosic energy 

crop production. In the Iberian Peninsula, the northern region shows medium to high potential 

soil loss from lignocellulosic energy crop production. Most of this area is characterized as 

mountainous and most of the available marginal land is shrubland. In the south, there are sev-

eral regions for which a reduction as large as 10 t/ha year in soil erosion is projected when land 

is converted from ‘open space suitable’ to energy crops. In Greece, despite that several regions 

are characterized with high slope-length and slope-steepness, most of the available land is cat-

egorized as ‘open space suitable’. Therefore, the potential change to lignocellulosic energy 

crops results in lower soil loss when compared to the land prior to conversion. The same occurs 

in the north of the UK and south of France. The highest reduction in potential soil loss (up to -

30 t/ha year) is reported for few regions in the middle of Germany and Italy when abandoned 

land is converted to lignocellulosic energy crops.  
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Figure 19. Spatial variation of the least soil loss potential (for each location, the crop with the least soil 
loss in comparison to land prior to conversion is selected) in Europe for 2050.  
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4. Discussion and Conclusion 
 

In this study, land availability, biomass potentials and LUC-related environmental impacts from 

lignocellulosic energy crops production on marginal lands in EU-26 under RED II sustainability 

constrains were assessed spatially explicitly. A large variability in magnitude and direction (i.e. 

positive and negative) was found for all LUC related environmental impacts of lignocellulosic 

energy crop production at different points in time. The biomass potentials and environmental 

impacts strongly depend on location specific biophysical conditions, land use/cover prior to 

conversion, and feedstock type.  

 

4.1. Land availability 
Total available marginal land that meets RED II sustainability criteria is projected to vary be-

tween 208 thousand km2 in 2020 to 210 thousand km2 in 2050. However, a large share of the 

available land is not suitable for lignocellulosic energy crops production. Approximately one 

third, ± 75 thousand km2, of land area is projected to be suitable. The area of available marginal 

land under RED II sustainability criteria that can potentially be dedicated to lignocellulosic en-

ergy crops production is considerably smaller than current and future projected agricultural 

area in EU-26, which is estimated to decline from 2029 thousand km2 in 2020 to 1940 thousand 

km2 in 2050 (Lavalle 2014). Other studies on land availability for lignocellulosic energy crops 

with similar restrictive scenarios, estimate larger amounts of available land. For example, the 

low scenario from the JRC-EU-TIMES model (Ruiz et al. 2015) projects land availability for lig-

nocellulosic energy crops production between 150 thousand km2 in 2020 to 130 thousand km2 

in 2050  In contrast to this study, the land availability was not limited for energy crops was not 

limited to marginal land.  

 

The results of this report should be interpreted with care as there are many uncertainties re-

garding projections on future land availability. The location of marginal lands was assumed to 

be constant over time. However, some parameters related with climate conditions (temperature, 

precipitation and humidity) that define to some extent land marginality (Elbersen et al. 2017) 

are not constant. Including the temporal variation in climate conditions in line with the RCP 4.5 

projections in the identification of marginal land would affect the extent of land that is projected 

to become available for lignocellulosic energy production and consequently affect biomass po-

tentials. In addition, for the disaggregation/aggregation of land use/cover categories it as-

sumed that some land use cover categories, such as forest, remain constant over time. However, 

in practice forest area is likely to change. This assumption affects the amount of shrubland 

projected to be available for energy crops.  
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 In LUISA, land is allocated and aggregated based on a supply-demand module that considers 

agricultural markets, demographic and macroeconomic trends. However, when compared to 

other land use projections, large  differences were found (Alexander et al. 2017).  

 

4.2. Biomass potentials 
 

When all available land is allocated to a single type of crop, the highest biomass potential is 

projected for Miscanthus with a potential of 1058 PJ/year by 2050. If for each plot of available 

land, the crop with the highest yield would be selected, the total biomass potential varies from 

1385 PJ/year in 2020 to 1610 PJ/year in 2050. Current (for EU-28) gross domestic bioenergy 

consumption is 5700 PJ (EUROSTAT 2018),  

 

The differences in scope and considered parameters limits the comparison of the projected 

biomass potentials with other studies. The most conservative projections estimate a domestic 

biomass potential in the EU-28 of 4800 PJ in 2020 and increasing to 8160 PJ in 2050 (Hoefnagels 

and Germer 2020). The yield efficient biomass potentials are 70% to 80% less respectively if 

marginal lands under RED II sustainability criteria are used. Still, other biomass potentials in-

clude additional biomass types such as residues.  When considering only lignocellulosic energy 

crops, the low scenario of the JRC-EU-TIMES model  (Ruiz et al. 2015), in which similar constrains 

are considered (Eucalyptus potential is not assessed), projects a biomass potential of 1515 PJ in 

2050.  The medium and high scenario, in which less sustainability constraints are considered 

project biomass potentials of   2063 PJ and 3369 PJ in 2050. In S2Biom (Dees et al. 2017) , in 

which similar methods and sustainability constraints are applied as in this study, a biomass 

potential of 2661 PJ is projected for 2030. However, they include more EU countries and the 

production of lignocellulosic energy crops is not strictly limited to marginal lands. There is a 

considerable difference with biomass potentials projected in other studies such as BioSustain, 

which found a biomass potential of 4731 PJ for 2030 (Bogaert et al. 2017). However, in BioSus-

tain the use of agricultural land for the production of lignocellulosic energy crops is assumed.  

 

The selection of a crop to obtain the highest biomass potential for a specific location depends 

entirely on the crop phenological characteristics and the local biophysical conditions. This em-

phasises the importance of considering location specific biophysical conditions for the assess-

ment of biomass potentials and LUC related environmental impacts. Three key factors dictate 

the increase in biomass potentials over time. (1) LUC dynamics determine the availability of 

marginal land that meets RED II sustainability criteria for different points in time. (2) Variations 

in climate conditions, mainly temperature and precipitation result in an increase in suitable land 

for lignocellulosic energy crop production. (3) The 1 % annual yield increase assumed for im-

provement in crops management over time.  



 

50 
 

 

The climate projections from the HadGEM2-ES RCP 4.5 scenario were used as key input to de-

termine biomass potentials and LUC related impacts. The results of this report would likely 

change for different RCP’s. However, no big differences are expected, as in the short term there 

is no large variation between scenarios (Collins et al. 2013). At longer times scales, i.e. after 

2050, the differences between scenario projections become considerable and could lead to 

strong differences in biomass potentials and potential LUC-related environmental impacts of 

lignocellulosic energy crop production.  

 

In addition, the accessibility to certain areas was not considered. For example, some areas that 

are considered suitable for the potential production of lignocellulosic energy crop are difficult 

to access. The potential production in such areas can be unsuitably given accessibility condi-

tions and not suitability conditions. The inaccessibility of production areas could also result in 

a reduction of biomass potentials. Furthermore, it must be considered that the potentially avail-

able biomass disregards the readability to supply to end-use-markets. The supply of large bio-

mass volumes to the markets will require a considerable amount of time to scale up logistics 

and processing capacity. 

 

4.3. Environmental impacts 
 

On average, the potential production of lignocellulosic energy crops on marginal lands under 

RED II sustainability constrains results in net carbon sequestration. However, there are also lo-

cations where LUC-related CO2 emissions are projected to occur. The average carbon seques-

tration varies between -7.1 t CO2/ha year and -0.23 t CO2/ha depending on the crop type. Gen-

erally, woody crops store more carbon in the biomass and SOC pools than grassy crops. Woody 

crops accumulate carbon for several years given their harvest cycle. It is projected that the po-

tential production of lignocellulosic energy crops in EU-26 can contribute to mitigate between 

20 to 26 million t CO2/year by carbon sequestration in biomass and soils. In 2018, the total GHG 

emissions from Europe were 4473 million t CO2 (EEA 2019a). When considering the total savings 

projected for 2020 (20 million t CO2/year), the potential production of lignocellulosic energy 

crops could reduce in less than 1 % the European GHG emissions from 2018. Despite that this 

reduction seems minimal, GHG emissions in Europe fell only by 2 % from 2017 to 2018 (EEA 

2019a). However, it must be highlighted that the GHG savings from the potential production of 

lignocellulosic energy crops is considering only the carbon sequestration in biomass and soils, 

most of the GHG savings will potentially come from the replacement of fossil fuels with advance 

fuels. 

In the calculation of LUC-related carbon emissions from lignocellulosic energy crop production, 

fertilizer‐induced N2O emissions were not considered as the scope of the study was strictly 
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limited to LUC-related impacts. However, the use of fertilizers for crop production can lead to 

considerable GHG emissions (Dias and Arroja 2012; IPCC 2006; Morales et al. 2015; Murphy et 

al. 2013; Porsö and Hansson 2014). Including the impact of fertilizer application in the green-

house gas emissions, could partly offset the LUC related carbon sequestration. However, ferti-

lizer requirements of lignocellulosic energy crops are generally relatively low. Linking the spa-

tially explicit analysis of LUC-related GHG emissions to a lifecycle assessment including all emis-

sions of the supply chain (cultivation, transport and storage and conversion), would allow for 

the quantification overall GHG mitigation potential of advance fuels of lignocellulosic energy 

crops.  

 

The production of all types of lignocellulosic energy crops results in a water deficit during the 

crop growth season, i.e. additional water is required to obtain potential yields. Still, in some 

areas precipitation levels are sufficient. The average water deficit varies between 327 mm/year 

and 1071 mm/year depending on the crop. For the least water deficit potential, Cardoon is 

mostly preferred over other crops types. However, Cardoon is one of the crops with the lowest 

average yield. In Europe, 65,000 million m3  of water is used in agriculture; this corresponds to 

59% of the total fresh water use (EEA 2019b). Most of the water is used for irrigation, while 

irrigated areas cover only about 8% of the agricultural land (10.2 million ha in 2017) (EEA 2019b). 

Abound 80% of the irrigated land is located in southern Europe which is characterized by dry 

conditions. Accordingly, approximately 6300 m3/ha year of water are allocated for irrigation in 

Europe. The potential production of lignocellulosic energy crop could require on average be-

tween 5170 m3/ha year (depending of relevant point in time). A portion of this water demand 

would need to cover by irrigation; this could potentially increase the total European water de-

mand allocated for irrigation. The high-water requirements for the potential production of lig-

nocellulosic energy crops is partly driven by the high land availability for energy crops in south-

ern Europe. 

 

Water deficit was estimated as a function of the potential production of lignocellulosic energy 

crop on available marginal land and was not quantified as the change compared to the water 

consumption of the land use/cover prior to conversion, as done for the other impacts. The water 

deficit is a good proxy to determine the additional water needed for crop growth but lacks a 

direct indicator to understand the impacts on local ground water tables and discharge as a 

consequence of the additional water use. 

 

In general, there is an increase in potential soil loss when marginal land is converted to ligno-

cellulosic energy crops. Still, there are locations where higher potential soil losses are reported 

for the original land use/cover of marginal land. The average change in soil loss varies between 

4.5 t/ha year and 7.5 t/ha year depending on the crop type. The change in potential soil loss is 

largely affected by the type of land use/cover prior to conversion. The conversion of shrublands 
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to lignocellulosic energy crops generally results in an increase in potential soils loss. The most 

recent estimates in Europe for soil loss report an average loss of 2.46 t/ha year for arable lands 

and 9.47 t/ha year for permanent crops such as vineyards and olive trees (Panagos et al. 2015c). 

In addition, more than 4 million ha of arable lands report soil losses of  >5 t/ha year which is 

considered unsustainable (Panagos et al. 2015c). The potential increase in soil loss of lignocel-

lulosic energy crop production is on average close or slightly above the considered threshold 

of unsustainable soil loss (> 5 t/ha year)  

 

For the calculation of potential soil loss, the C (cover management) factor of the RUSLE equation 

was assigned to each lignocellulosic energy crop based on similar land uses considered in 

Panagos et al (2015b). This resulted in a single C actor for all grassy lignocellulosic energy crops 

and one for all woody lignocellulosic energy crops. However, there is difference in cover be-

tween the crops that could potentially results in differences in potential soil losses. In addition, 

no support practices were considered (P factor). Including support practices could reduce po-

tential soil loss of lignocellulosic energy crop production on marginal lands.  

 

4.4. Further research  
 

The yield efficient biomass potential is higher than the maximum carbon biomass potential, the 

least water efficient biomass potential, or the lowest erosion risk biomass potential. Also, de-

pending on the criterion, a different crop is selected for each location. This means that there 

will be trade-offs between the biomass potentials and the various environmental impacts. 

Quantifying these impacts and quantifying the synergies and trade-offs between those impacts 

will contribute to informed decision making on the sustainable land use for lignocellulosic en-

ergy crops. Combining this spatially explicit assessment on environmental impacts with a lifecy-

cle approach on advance fuel production could help to identify the environmental impacts of 

the total lifecycle and the GHG mitigation potentials of advanced fuels compared to fossil fuels 

and to other renewable alternatives.  

 

The cost of production for different crops types was not considered. The biomass production 

cost and the competitiveness of the different crop types will vary and will affect what crops are 

selected by a farmer to be produced.  Combining spatially explicit cost assessment of biomass 

production with a techno-economic analysis of advanced biofuel supply chains, could contrib-

ute to identify hotspots for viable advanced biofuel production.   

 

The potential production of lignocellulosic energy crops on marginal lands can cover to some 

extent future bioenergy demand. However, the deployment of such production should be done 

with care. Despite that it can contribute towards EU GHG emissions reduction targets it can also 
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generate considerable impacts in other areas. The implementation of lignocellulosic energy 

crops production in marginal land will require demanding location specific measures that pro-

mote an efficient use of water and include support practices targeted to reduce soil loss. In 

addition, considerable support from the government would be required to support farmers and 

implement location specific measures to reduce potential environmental impacts. This study 

shows that smart choices on location and crop type for lignocellulosic energy crop production 

can be made to enable sustainable biomass production in Europe under RED II sustainability 

criteria 
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Annex 
 

Land use/cover classification 
Table 1  Description of the Land use/cover categories distinguished in this re-
port and the disaggregation/aggregation process with LUISA and CLC land 

use/cover categories  
Land 

use/cover 

categories 

classifica-

tion for 

this report 

LUISA land 

use/cover catego-

ries  

Corine land 

cover land 

use/cover cate-

gories 

Description of aggrega-

tion/disaggregation process 

1. Artificial  1. Urban 

 2.Industry, 

Commercial 

and Services 

 7. Infra-

structures  

 10. Urban 

green lei-

sure 

Not included for 

the aggrega-

tion/disaggre-

gation process  

Aggregation of LUISA catego-

ries: “1. Urban”, “2. Industry, 

Commercial and Services”, “7. 

Infrastructures” and “10. Urban 

green leisure” 

2. Agricul-

ture 

 3. Agricul-

ture 

Not included for 

the aggrega-

tion/disaggre-

gation process 

Corresponds with LUISA cate-

gory: “3. Agriculture” 

 

 

 

 

3. Forest 

 4.For-

est/Transi-

tional wood-

land-shrub-

land  

 3.1.1 

Broad 

leaved 

forest 

 3.1.2 Co-

niferous 

forest 

Category “3. Forest” is dis-

aggregated from LUISA cate-

gory “4. Forest/Transitional 

woodland-shrubland”. By im-

plementing a layover analysis, 

it was assumed that land un-

der the forest classification in 
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 3.1.3 

Mixed 

forest 

CLC 2018 (categories 3.1.1, 

3.1.2 and 3.1.3) is kept con-

stant over time, towards 2050. 

Therefore, all area classified as 

forest in CLC 2018 that over-

laps with category “4. For-

est/Transitional woodland-

shrubland” in LUISA 2020, 

2030, 2040, and 2050 is con-

sidered category “3. Forest”. 

The remaining area classified 

as “4. Forest/Transitional 

woodland-shrubland” that 

does not overlap with the for-

est category from CLC 2018 is 

considered category “8. 

shrubland” 

 

 

 

 

 

 

 

 

 

4.Natural 

grassland 

 6. Natural 

land 

 3.2.1 

Natural 

grassland 

 3.2.2 

Moors 

and 

heath-

land 

 3.2.3 

Scle-

rophyllou

s vegeta-

tion 

 3.3.1 

Beaches-

Category “4. Natural grass-

lands” (valid for this report) is 

disaggregated from LUISA cat-

egory: “6. Natural land”; this 

category aggregates “3.2.1 

Natural grasslands”, “ 3.2.2 

Moors and heathland”, “3.2.3 

Sclerophyllous vegetation”, 

“3.3.1 Beaches-dunes-sands”, “ 

3.3.2 Bare rocks”, “3.3.3 

Sparsely vegetated areas”, “ 

3.3.4 Burnt areas” and “3.3.5 

Glaciers and perpetual snow” 

from the CLC 2018 classifica-

tion.  
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dunes-

sands 

 3.3.2 Bare 

rocks” 

 3.3.3 

Sparsely 

vege-

tated ar-

eas 

 3.3.4 

Burnt ar-

eas 

 3.3.5 

Glaciers 

and per-

petual 

snow” 

 

First, CLC 2018 categories 

“3.3.1 Beaches-dunes-sands”, 

“3.3.2 Bare rocks” and “3.3.5 

Glaciers and perpetual snow” 

that overlap with category “6. 

Natural land” in LUISA 2020, 

2030, 2040, and 2050 are de-

fined for this report as cate-

gory “9. Open space not suita-

ble” (land with physical con-

strain that not allows for ligno-

cellulosic energy crops pro-

duction). Second, a similar as-

sumption is considered for cat-

egories “ 3.2.2 Moors and 

heathland”, “3.2.3 Scle-

rophyllous vegetation”, “ 3.3.3 

Sparsely vegetated areas” and 

“3.3.4 Burnt areas”. The land 

under the mentioned catego-

ries classification that overlaps 

with category “6. Natural land” 

in LUISA 2020, 2030, 2040, and 

2050 are defined for this report 

as category “10. Open space 

suitable” (land with no-physi-

cal constrain that allows for lig-

nocellulosic energy crops pro-

duction. Finally, it was consid-

ered that the newly aggre-
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gated categories for this re-

port, “9. Open space not suita-

ble” and “10. Open space suit-

able”, are kept constant over 

time, towards 2050. The re-

maining area classified as “6. 

Natural land” that does not 

overlap with the newly aggre-

gated categories (“9. Open 

space not suitable” and “10. 

Open space suitable”) is con-

sidered category “4. Natural 

grassland” 

 

 

 

 

 

 

 

 

 

5. Estab-

lished dedi-

cated 

crops10 

 5. New en-

ergy crops 

Not included 

for the ag-

grega-

tion/dis-

aggregation 

process 

Category “5. New energy 

crops” from the LUISA data set 

corresponds to land dedicated 

to produce energy crops in ac-

cordance to the resources sup-

ply-demand modules in the 

LUISA model (Baranzelli, Per-

piña Castillo, et al., 2015). How-

ever, despite that this land can 

be allocated for such produc-

tion in LUISA, it can fail to meet 

this assessment marginality re-

quirements and RED II sustain-

ability criteria. Therefore, the 

LUC dynamics for this category 

                                            
10 It is important to note that the breakdown of this category between abandoned land, other categories and energy 
crops has a minimal repercussion on the total amount of land that can be dedicated for lignocellulosic energy crops. 
According to LUISA projections, most of the land that is transformed towards the “New energy crops” category corre-
sponds to agricultural land (here reported as abandoned land). Therefore, if such breakdown was not implemented 
the total reported land availability in the results section would not vary considerably. However, the breakdown is re-
quired to assess on higher accuracy the LUC-related environmental impacts, mainly LUC-related GHG emissions 
from lignocellulosic energy crops production (for more information see the LUC-related GHG emissions section) 
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were tracked retrospectively 

on time to identify the type of 

land use/cover that changed 

into category “5. New energy 

crops” and assure that RED II 

sustainability and marginality 

criteria were fulfilled.  

 

It was assumed that the for-

merly dedicated land for agri-

culture on a previous time step 

that changed in use towards 

“5. New energy crops” in the 

next time step, was denomi-

nated as agricultural aban-

doned land and is considered 

and reported as category “11. 

Abandoned land”. When land 

remains in use for category “5. 

New energy crops” between 

time steps, then is considered 

category 5 Established dedi-

cated crops (classification valid 

for this report). The rest of cat-

egories that change into cate-

gory “5. New energy crops” 

over time in LUISA projections 

and lack of meeting RED II sus-

tainability, marginality and/or 

land related constrains criteria 

were considered to remain in 

the use/cover of the time step 
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prior to conversion. For exam-

ple, if land designated as forest 

in 2020 changes in use towards 

“5. New energy crops” in 2030 

(according to LUISA projec-

tions), this land was assumed 

to remain as forest in 2030 as it 

not fulfils RED II sustainability 

criteria and reported as cate-

gory “3. Forest” (valid for this 

report. 

6. Wetlands  9. Wetlands Not included for 

the aggrega-

tion/disaggre-

gation process 

Corresponds with LUISA cate-

gory: “9. Wetlands” 

7. Water 

bodies 

 10. Water Not included for 

the aggrega-

tion/disaggre-

gation process 

Corresponds with LUISA cate-

gory: “10. Water” 

8. Shrub-

lands 

Please see category “3. Forest” description” 

9. Open 

space not 

suitable 

Please see category “4. Natural grassland” description” 

10. Open 

space suita-

ble 

Please see category “4. Natural grassland” description” 

11. Aban-

doned land 

Please see category “5. Established dedicated crops” description” 
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Biomass carbon stocks 
Table 2. Spatially explicit calculation of biomass volumes of each land use/cover category 

Land use/cover 

categories 

Availa-

bility 

for pro-

duction 

Above 

ground bio-

mass 

Above to below ground bio-

mass ratios 

Car-

bon 

frac-

tion 

5. Established 

dedicated crops 

Yes Established 

spatially ex-

plicit depend-

ent on land 

use prior to 

conversionA 

 

Dependent on land use prior to con-

versionA 

 

8. Shrublands Yes Established 

spatially ex-

plicitB 

2.8C 0.5C 

10. Open space 

suitable 

Yes  

 Established 

Spatially ex-

plicitD 

Boreal/Cold temperate/Warm 

temperate – Wet = 4.0C 

 

 

0.47C Cold temperate/Warm tem-

perate/Tropical – Dry  

= 2.8C 

11. Abandoned 

land 

Yes Abandoned land: This land is assumed to be 

abandoned agricultural land from annual 

cropland and therefore to be allocated to en-

ergy crops recently after harvest. Therefore, it 

was assumed that little biomass was present in 

this category prior to conversion and the bio-

mass carbon stock pool can be assumed as 0C  

- 

A See annex GHG emissions Established dedicated crops biomass 

B See annex GHG emissions, Shrublands biomass 

C (IPCC 2006) 

D See annex GHG emissions, Open space suitable biomass 
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SOC 
Table 3 Relative SOC stock change factors valid for each land use/cover cat-

egory, derived from (IPCC 2006) 
Land use/cover cate-

gories 

 

Climate region 

Relative stock change factors in ac-

cordance to IPCC 

FLU FMG FI 

8. Shrublands A  1B 1C 1D 

 

10. Open space 

suitable E 

Temperate/Boreal 

climates 1B 

 0.95F  
 1D 

Tropical  0.97 F  

 

11. Abandoned 

land G 

Temperate/Boreal 

dry 
0.80H  

1I  

1.04J  

Temperate/Boreal 

moist / tropical 

wet 

0.69H 1.11J 

Tropical dry  0.58 H 1.04 J 

Lignocellulosic en-

ergy crops 

(grasses)  

Temperate/Boreal 

dry 
0.93k  1.02L  

1M Temperate/Boreal 

and tropical wet  
0.82k 1.08L 

Tropical dry 0.93k  1.09L 

Lignocellulosic en-

ergy crops (woody) 

Temperate/Boreal 

dry 
 

1N 

1.02L  

1M Temperate/Boreal 

wet 
1.08L 

Tropical dry  1.09L 
A All stock change factors for Shrubland are assigned from IPCC chapter 6 Grasslands given that there are no specific values for 

Shrubland 
B Value for all permanent grasslands 
C Value for non-degraded without significant management improvements  
D Value for grasslands where no additional management inputs have been used  
E All stock change factors for Open space suitable are assigned from IPCC chapter 6 Grasslands given that this land use/cover defi-

nition includes a like habitat such as moors or and heathland 
F This category includes burnt areas and areas where grazing has occurred. Therefore, the value for moderately degraded grassland 

was applied. The Climate zone tropical is very limited to a few areas in the south of Europe. 
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G This category is assumed to be abandoned agricultural land that has been under the use of annual cropland (for long term) and 

to be available for energy crops allocation recently after harvest. Therefore, stock change factors for this category are assigned 

based on IPCC annual cropland default values. 
H Values for areas that have been continuously managed to predominantly annual crops  
I Tillage practices are assumed to take place to produce annual crops  
J Given the difficulty to cover the different annual crops types and used inputs for each of them. It was assumed a high input factor. 

 K Value for perennial grasses  
L Given these crops managements characteristics full till is not needed (Perpiña Castillo et al. 2015) and therefore, reduce till with 

little soils disturbance is considered  
M It was considered that after harvesting the residues are left on the field and no additional organic matter is needed (in line with 

the biomass section). Value for crops with medium input  
N Value for Long-term perennial tree crops 

 

GHG emissions 
Established dedicated crops 

The biomass for this category was assigned in relation to the land/use cover prior to conversion 

following the same assumptions described in the land availability section: 

- Established dedicated crops: It can be assumed that land remaining over time 

under the same category has a biomass net balance of 0 (IPCC 2006) 

- Shrubland: See annex GHG emissions, Shrublands biomass 

- Open space suitable: See annex GHG emissions, Open space suitable biomass 

 

Shrubland biomass 

The grasslands soil productivity map and IPCC default biomass stocks present on grasslands 

coefficients (climate zone dependent) were used as a proxy indicator to estimate spatially ex-

plicit above ground biomass for the shrubland category. This approach was employed given 

the lack of biomass spatially explicit shrubland detail data. With an overlay assessment and 

based on proximity, soil productivity values were assigned to each shrubland area from the 

grassland soil productivity map. Then, considering IPCC climatic zones, the maximum soil 

productivity values for each climatic zone were identified. These values were assumed to be 

correlated with the IPCC climate zone specific peak above ground biomass coefficients. The 

shrubland above ground biomass was determined from each location specific soil productivity 

value by considering the established link between maximum soil productivity and peak biomass 

coefficients. Total biomass was obtained by applying a 2.8 ratio from below to above ground 

biomass ratio (IPCC 2006).  

 

Open space suitable 

Given the definition for this category (see available land section), the grasslands soil productivity 

map and IPCC default biomass stocks present on grasslands coefficients (climate zone depend-

ent) were used as a proxy indicator to estimate spatially explicit above ground biomass for this 
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category.  The same approach as the one taken for the shrubland category was applied. Differ-

ent from the approach taken for the shrubland category, the above to below ground biomass 

ratios for this category are climate dependent (IPCC 2006) . 

 
 
 

 


