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Abstract
Advanced biofuels produced from lignocellulosic crops grown on marginal lands can 
become an important part of the European Union (EU) climate change mitigation 
strategy to reduce CO2 emissions and meet biofuel demand. This study quantifies 
spatially explicit the availability of marginal land in the EU, its production biomass 
potentials for eight different crops, and the greenhouse gas (GHG) performance of 
advanced biofuel supply chains. Available land is mapped based on land marginality 
and Renewable Energy Directive Recast (REDII) land- related sustainability criteria. 
Biomass potentials are assessed with a water- use- to- biomass- production approach 
while considering the available land, location- specific biophysical conditions and 
crop- specific phenological characteristics. The GHG balance of advanced biofuels 
from energy crops produced on marginal lands is assessed considering both land- 
related carbon stock changes and supply chain emissions with the carbon footprint ap-
proach from the REDII. Available marginal land that meets REDII criteria is projected 
at 20.5– 21 Mha 2030 and 2050, respectively. Due to biophysical limitations, not all 
available land is suitable for energy crop production. The maximum biomass potential 
of lignocellulosic energy crops (optimal crop choice with maximum yield for each 
available location) varies between 1951 PJ year−1 in 2030 and 2265 PJ year−1 in 2050. 
The GHG emission performance (net emissions) of different advanced biofuel supply 
chains varies on average between −32 g CO2- eq MJfuel

−1 for poplar/willow diesel to 
38 g CO2- eq MJ

−1

fuel
 for reed canary grass renewable jet fuel. The large variability in 

GHG performance is strongly determined by the spatial heterogeneity, which dictates 
the type of feedstock produced under specific local biophysical conditions, the crop 
characteristics, and the best conversion pathway. Negative GHG emissions are related 
to increased carbon stocks for the biomass and soil organic carbon pools compared 
to the land prior to conversion. When for each location, the advanced biofuel supply 
chain with the highest GHG performance (lowest net GHG emissions) is selected, 
618 PJ year−1 of advanced biofuels can be produced by 2030. Under REDII GHG 
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1 |  INTRODUCTION

The European Union (EU) has set ambitious greenhouse 
gas (GHG) emission reduction targets to mitigate climate 
change impacts. Becoming climate- neutral by 2050 will re-
quire the deployment of various renewable energy sources 
(COM, 2018). Although biomass for energy purposes has 
been constantly debated (Cozier, 2015), it is expected that 
biomass will contribute considerably to the decarbonization 
of the energy system in the years to come (Daioglou et al., 
2019). In some sectors, such as heavy transport and avia-
tion, biomass's role as a decarbonization strategy is more 
relevant given the few alternatives (European Commission, 
2018a). In Europe, Renewable Energy Directive Recast 
(REDII) has established a minimum 14% share of renew-
able energy within the final consumption of energy in 
the transport sector for 2030 (9% in 2019) and included 
a 7% cap on food and feed crop- based biofuels (European 
Commission, 2018b; IEA, 2020). These conditions are set 
with sights on a double objective. First, phase out food and 
feed crop- based biofuels, currently dominating the biofu-
els sector (GAIN, 2019). Second, stimulate the develop-
ment of lignocellulosic biomass- based advanced biofuels 
(Londo et al., 2018). By 2030, at least 3.5% of renew-
able energy in the transport sector must be derived from 
advanced biofuels and biogas (0.2% in 2019; European 
Commission, 2018b; GAIN, 2019). It is projected that be-
tween 9 and 29 Mha will be used to produce lignocellulosic 
energy crops (European Commission, 2018a). Therefore, 
a significant increase in biomass production is expected 
(Bogaert et al., 2017). However, current biomass produc-
tion volumes are limited and far from meeting bioenergy 
requirements (Junginger et al., 2019). The current land 
dedicated for lignocellulosic energy crop production stands 
at 0.09 Mha (European Commission, 2018a).

There are still many sustainability concerns associated 
with large- scale biomass production for energy purposes. 
One of the main concerns is related to the net carbon fluxes 
when land is dedicated to biomass production (Drews et al., 
2020). It is crucial for biomass production systems to avoid 
competition with other land- based services such as food pro-
duction and nature conservation (European Commission, 
2018b; Hoegh- Guldberg et al., 2018). Generally, lignocel-
lulosic energy crops require fewer inputs (e.g., fertilizers) 

than food- based energy crops and can deliver higher yields in 
less suitable conditions (e.g., marginal lands; Lewandowski 
et al., 2016; Lewandowski, 2015). There is also a lower 
risk for biomass to compete with other land- based services 
(Von Cossel et al., 2019). In addition, lignocellulosic energy 
crops production on marginal lands could contribute to car-
bon sequestration, land restoration, limit soil erosion and 
enhance rural development (Nsanganwimana et al., 2014; 
Richter et al., 2015; Valentine et al., 2012). Accordingly, 
utilizing marginal lands for lignocellulosic energy crops can 
be a promising option to source sustainable biomass. It can 
minimize competition for land and reduce negative environ-
mental impacts such as land- use change (LUC)- related GHG 
emissions (Mehmood et al., 2017). Therefore, quantifying 
lignocellulosic biomass produced in marginal lands can help 
understand the actual potential available for bioenergy sys-
tems, their contribution to renewable energy targets, and their 
environmental performance.

The bioenergy sector's potential to reduce GHG emis-
sions depends on the interaction between land availability, 
sustainable biomass production, efficient logistics, conver-
sion, and use (Ahmed & Sarkar, 2018; Haberl et al., 2010). 
Land availability for dedicated biomass production is limited 
by current and future land- use dynamics, which are steered 
by economic, demographic, and political drivers (Baranzelli 
et al., 2015). In addition, the suitability of such land for bio-
mass production is conditioned by a wide range of local 
biophysical conditions (e.g., soil type, climate, and previous 
land- use) that can vary across space and time (van der Hilst, 
2018). In combination with supply chain characteristics such 
as feedstock- technology conversion efficiency, these condi-
tions determine the GHG performance of bioenergy systems 
to a large extent. For example, LUC- related GHG emissions 
are determined by location- specific land- use transitions and 
related changes in carbon stocks (Whitaker et al., 2018). 
Therefore, GHG emissions are location- specific and vary 
across feedstock types and conversion technologies. These 
parameters should be considered when assessing these sys-
tems' performance to enable smart choices on locations and 
specific conversion technologies. This configuration can up-
grade advanced biofuels production toward GHG emission 
reduction targets.

Several studies have quantified land availability and pro-
jected the potential of lignocellulosic energy crop production 

emission criteria, slightly less (552 PJ year−1) is viable. Smart choices on location, 
crop type and supply chain design are paramount to achieve maximum benefits of 
bioenergy systems.

K E Y W O R D S

advanced biofuels, biomass potentials, GHG emissions, GHG mitigation potential, marginal lands, 
REDII, spatially explicit
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for Europe under different sustainability criteria (Allen et al., 
2014; Creutzig et al., 2015; De Wit & Faaij, 2010; Fischer 
et al., 2010; Ruiz et al., 2015), and few have coupled those 
projections with bioenergy supply chains to assess GHG 
emission performance (Böttcher et al., 2013; Elbersen et al., 
2012, 2013). However, most of these studies have a limited 
time frame toward 2030. It is crucial to extend these projec-
tions up to 2050 with sights on EU climate change mitigation 
targets. Also, they are restricted to some extent when consid-
ering the effect of local biophysical conditions in biomass po-
tentials and GHG emission performance (Kluts et al., 2017). 
For example, several of these studies consider (and some 
lack) the spatial difference between biophysical conditions on 
a NUTS2/3 level and fall short of providing a high- resolution 
assessment. In addition, several studies do not cover the up-
dated sustainability criteria entirely set in REDII and focus 
on surplus/unused agricultural land. This surplus/unused 
land is still productive and can potentially be re- used for ag-
riculture purposes or other land- based services. Therefore, to 
understand the actual contribution of advanced biofuels in 
climate change mitigation targets, a high- resolution assess-
ment that combines REDII sustainability criteria, location 
and temporal specific biophysical characteristics, marginal 
land, relevant lignocellulosic biomass types and conversion 
technologies is required.

This paper aims to assess the potential of woody and 
herbaceous energy crops grown on marginal land under 
REDII sustainability criteria and assess the GHG footprint 
of advanced biofuels produced from these crops in Europe. 
To that end, a three- step spatially explicit approach is ap-
plied. Land availability is quantified based on the avail-
able marginal land that meets REDII sustainability criteria 
and could therefore be used for energy crop production. 
Biomass potentials are determined for lignocellulosic en-
ergy crops that can be cultivated on the available marginal 
land, considering the location- specific agro- ecological 
suitability. The GHG performance of advanced biofuel 
supply chains is assessed considering the LUC- related 
GHG emissions and the specific characteristics of the ad-
vanced biofuel supply chains.

2 |  MATERIALS AND METHODS

2.1 | Lignocellulosic energy crops and 
advanced biofuel supply chains

In this study, we include eight different lignocellulosic en-
ergy crops: Miscanthus, switchgrass, giant reed, reed canary 
grass, cardoon, poplar, willow and eucalyptus. These feed-
stock types are selected because they are considered the most 
representative energy crops in Europe (Perpiña Castillo et al., 

2015). Information on the assumed cultivation regime and 
crop- specific characteristics are found in Table S1.

Eight advanced biofuel pathways to produce ethanol, 
renewable jet fuel (RJF), gasoline, diesel, methanol and di-
methyl ether (DME) are considered. The conversion technol-
ogies are selected since they are already available or close 
to commercialization (Papadokonstantakis & City, 2017; 
Stafford et al., 2017). Not all lignocellulosic energy crops are 
directly suitable to be combined with all conversion technol-
ogies. The biomass feedstock types' chemical and physical 
characteristics determine the suitability for (bio) chemical 
and thermal conversion. The relatively high chlorine content 
and low calorific value of herbaceous crops result in less 
suitable feedstock for thermal conversion than woody crops 
without pre- processing (Lammens et al., 2016). Therefore, 
in this study, it is assumed that herbaceous crops are only 
used for (bio) chemical conversion systems. Both herbaceous 
and woody lignocellulosic energy crops can be converted 
to ethanol by fractionation and hydrolysis. Ethanol can also 
be upgraded to produce RJF. Woody lignocellulosic energy 
crops can undergo a pyrolysis process followed by upgrading 
to produce a wide range of pyrolysis- oil- derived advanced 
biofuels as RJF, heavy fuel oil (HFO), gasoline and diesel. In 
this study, gasoline is defined as the main output of pyrolysis 
upgrading. Woody lignocellulosic energy crops can also be 
gasified. The derived syngas can go through Fischer– Tropsch 
(FT) synthesis to produce diesel or through a chemical syn-
thesis to generate either methanol or DME. Figure 1 shows 
the considered advanced biofuel pathways for a total of 28 
supply chains:

2.2 | General approach

The available land and biomass potentials of lignocellulosic 
energy crops on marginal lands in Europe are assessed for 
2030, 2040, and 2050. Three time steps are selected to ana-
lyze the developments over time. The GHG balance of ad-
vanced biofuel production pathways assessment in Europe 
is limited for 2030. This process is carried out to show the 
combined effect of the spatial variation in biomass poten-
tial, carbon stocks, and the supply chain characteristics on 
the overall GHG balance of advanced biofuels. For biofuel 
production beyond 2030, it would require a detailed assess-
ment of future technology change beyond the article's scope. 
The geographical scope is limited to the EU and the United 
Kingdom, and excluding the island countries Cyprus and 
Malta that have a relatively small domestic bioenergy crop 
potential (Dees et al., 2017). The assessment is conducted at 
1- km2 spatial resolution while considering the spatiotempo-
ral heterogeneity in biophysical conditions. R version 3.5.2 
(2018- 12- 20) was used to carry out all the assessments and 
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ArcMap 10.6.1 for map development. A three- step approach 
was applied, and it is depicted in Figure 2: 

 I Land availability for lignocellulosic energy crops' po-
tential production is mapped according to land- use/
cover data (EEA, 2018; Lavalle, 2014), land marginality 
(Elbersen et al., 2017), and REDII sustainability criteria 
(European Commission, 2018b). All marginal land that 
meets REDII sustainability criteria and is not restricted 
by artificial or natural constraints is considered available 
(see Section 2.3).

 II Lignocellulosic energy crops biomass potentials are as-
sessed for eight different lignocellulosic energy crops 
considering the available land, location- specific bio-
physical conditions and crop- specific phenological 

characteristics. Crop biomass potentials are assessed 
following the methods in Ramirez- Almeyda et al. (2017) 
and considering the location- specific suitability of each 
crop (Perpiña Castillo et al., 2015). According to climate 
change scenarios, the change in climatic parameters is 
considered to simulate future biomass potentials (see 
Section 2.4).

 III The GHG balance of advanced biofuels from lignocel-
lulosic energy crops produced on marginal lands is as-
sessed considering both LUC emissions and supply chain 
emissions. The GHG emissions are assessed following 
the methods in European Commission (2018b) for the 
eight lignocellulosic energy crops in combination with 
six different types of conversion technologies to produce 
advanced biofuels. Also, it was determined whether these 

F I G U R E  1  Advanced biofuel 
pathways from lignocellulosic energy crops 
included in this study

F I G U R E  2  Three- step methods 
approach
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advanced biofuels comply with the REDII GHG savings 
criteria (see Section 2.5).

2.3 | Land availability

The amount of land dedicated to lignocellulosic energy 
crop production is determined for 2030, 2040, and 2050. 
Available land was selected based on two different criteria, 
REDII sustainability criteria and land marginality. Table 1 
summarizes the REDII sustainability criteria as laid down in 
the directive and how these criteria are translated into land 
exclusion parameters. It also describes each of these land ex-
clusion parameters and their data sources. Marginal land data 
are retrieved from the Marginal Lands for Growing Industrial 
Crops project (Elbersen et al., 2017). In this dataset, mar-
ginal lands are mapped with a two- step approach based on 
biophysical constraints and land management factors. Then, 
it classifies them based on socio- economic constraints, eco-
system services and threats. For this study, the classifica-
tion of marginal land is not relevant. In addition, the land 
management factors applied to marginal land mapping are 
tailored to agricultural land. However, agricultural land is 
excluded in this study for the potential production of ligno-
cellulosic crops. Therefore, the dataset applied in this study 
corresponds to the marginal land map based on six different 
biophysical constraints such as adverse climate or adverse 
chemical conditions, as established in Elbersen et al. (2017). 
Besides land marginality and REDII sustainability criteria, 
land- use/cover with natural or artificial constraints such as 
water, urban areas, and bare rock is also excluded.

Land- use/cover projections are crucial to determine future 
land availability for lignocellulosic energy crop production. 
The amount and location of land that meets REDII sustain-
ability criteria vary over time due to LUC dynamics. Land- 
use/cover projections are obtained from the Land- Use- based 
Integrated Sustainability Assessment modelling platform 
(LUISA; Lavalle, 2014). This dataset provides spatially ex-
plicit land- use/cover projections at a European level between 
2020 and 2050 at a 10- year time step while considering 
economic, demographic and political drivers (Baranzelli, 
Perpiña Castillo, et al., 2015). However, the LUISA dataset's 
land- use/cover classification is not directly suitable for the 
assessment. In LUISA, several land- use/cover categories are 
aggregated. For example, the category “Forest/Transitional 
woodland- shrubland” includes several land- uses/covers. 
From this category, forests are to be excluded in line with 
REDII criteria, but shrubland is assumed to be available. In 
addition, LUC- related GHG emissions can vary considerably 
between different land- use/cover categories (IPCC, 2006).

For this study, several land- use/cover categories from 
LUISA projections are disaggregated/aggregated into a 

new classification using the most recent version (2018) of 
the CORINE Land Cover (CLC) dataset (EEA, 2018). The 
2018 CLC dataset is selected for this process as its categories 
classification is well aligned with the LUISA dataset. Also, 
CLC categories are not aggregated and provide greater de-
tail. These characteristics allow separating to some extent the 
LUISA dataset based on CLC. For example, this study's cat-
egory “shrubland” is established by overlapping the “Forest/
Transitional woodland- shrubland” category in LUISA with 
“broad- leaved,” “coniferous” and “mixed forest” categories in 
CLC. It is assumed that forest areas in CLC will remain con-
stant over time until 2050. The overlapping process is carried 
out for each projection starting in 2020 as a base year. Then, 
all locations that fail to overlap between “Forest/Transitional 
woodland- shrubland” in LUISA with “broad- leaved”, “conif-
erous” and “mixed forest” in CLC is considered “shrubland”. 
Similar processes are carried for other land- use/cover cate-
gories in the LUISA dataset. The overall process results in 
determining 11 land- use/cover categories for this study. For a 
more detailed explanation of the disaggregation/aggregation 
process and land- use/cover classification used in this study, 
see Table S2.

The land- use/cover dataset distinguished in this study was 
filtered out in line with REDII sustainability criteria for each 
time step. Then, it was overlapped with the marginal land 
data to obtain available land projections that meet both land 
marginality and REDII sustainability criteria. Note that 2020 
is used as a base year but not presented in the results. In addi-
tion, the marginal land data are assumed to be constant over 
time.

2.4 | Lignocellulosic energy crops 
biomass potentials

Biomass potentials are quantified for each lignocellulosic 
energy crop assuming all available land is dedicated to a 
single crop. The (theoretical) gross biomass potential is as-
sessed considering the spatial variation in evapotranspiration 
rates of lignocellulosic energy crops according to climate 
conditions. This potential refers to the maximum amount of 
biomass produced annually, given the water use efficiency 
of biomass production in relation to water loss from evap-
otranspiration. Then, agro- ecological suitability maps are 
employed to include the effect of other biophysical charac-
teristics such as soil characteristics and terrain conditions on 
yield. Finally, crop- specific harvest indices are applied to 
estimate the amount of biomass that could potentially be har-
vested. A 1% annual increase in the theoretical gross biomass 
potential is considered for all energy crops to reflect produc-
tivity increases from improved crop management practices 
(Baranzelli, Jacobs- Crisioni, et al., 2015; Baranzelli, Perpiña 
Castillo, et al., 2015). In addition to crop- specific biomass 
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T A B L E  1  Translation of REDII sustainability criteria into land exclusion parameters

REDII sustainability criteriaa 
Translation of REDII sustainability criteria into land categories to be 
excluded

REDII Article 2, definition 37

Reducing the risk of indirect land- use change:
“low indirect land- use change- risk biofuels, bioliquids and 

biomass fuels' means biofuels, bioliquids and biomass fuels, 
the feedstock of which was produced within schemes which 
avoid displacement effects of food and feed- crop based 
biofuels, bioliquids, and biomass fuels through improved 
agricultural practices as well as through the cultivation of 
crops on areas which were previously not used for cultivation 
of crops, and which were produced in accordance with the 
sustainability criteria for biofuels, bioliquids, and biomass 
fuels laid down in Article 29”

Exclusion of all land dedicated to food, feed and fibre production to 
avoid the risk of indirect land- use change. All land categorized as 
“Agriculture” in the land cover dataset is excluded, includingb :

• Non- irrigated arable land
• Permanently irrigated land
• Rice fields
• Vineyards
• Fruit trees and berry plantations
• Olive groves
• Pastures
• Annual crops associated with permanent crops
• Complex cultivation patterns
• Land principally occupied by agriculture, with significant areas of 

natural vegetation
• Agro- forestry areas

REDII Article 29: Sustainability and greenhouse gas emissions saving criteria for biofuels, bioliquids, and biomass fuels

Paragraph 2:
• “Biofuels, bioliquids and biomass fuels produced from 

agricultural biomass… shall not be made from raw 
materialobtained from land with a high biodiversity value…”

Exclusion of land with a High Nature Value, targeted to HNV farmlandc :
• Farmland with a high proportion of semi- natural vegetation
• Farmland with a mosaic of low- intensity agriculture and natural and 

structural elements
• Farmland supporting rare species or a high proportion of European or 

World populations

Paragraph 3, subsection a and b:
• “…primary forest and other wooded land, namely forest and 

other wooded land of native species…”
• “…highly biodiverse forest and other wooded land which is 

species- rich and not degraded, or has been identified as being 
highly biodiverse by the relevant competent authority…”

Exclusion of land categorized as “Forest” in the land cover dataset, 
includingb :

• Broad- leaved forest
• Coniferous forest
• Mixed forest

Paragraph 3, subsection c:
• “…areas designated by law or by the relevant competent 

authority for nature protection purposes…”
• “…For the protection of rare, threatened or endangered 

ecosystems or species recognised by international agreements 
or included in lists drawn up by intergovernmental 
organisations or the International Union for the Conservation 
of Nature…”

Exclusion of all areas dedicated to achieve long- term conservation of 
nature with its associated ecosystem services and cultural values. 
Exclusion of all areas designated with a protected status of protected 
under European policy, mainlyd :

• The Natura 200 network
• The Emerald network of areas of special conservation interest
• Wetlands under the Ramsar convention

Paragraph 3, subsection d:
“…highly biodiverse grassland…namely grassland that would 

remain grassland in the absence of human intervention…”

Exclusion of land categorized as “Natural grasslands” in the land cover 
datasetb 

Paragraph 4, subsection a, b, and c:
• “…land with high- carbon stock, namely land that had one of 

the following status…wetlands, namely land that is covered 
with or saturated by water permanently,…”

• “continuously forested areas”

Exclusion of land categorized as “Wetlands” and “Forest” in the land cover 
dataset, includingb :

• Inland marshes
• Peat bogs
• Salt marshes
• Salines
• Intertidal flats
• Broad- leaved forest
• Coniferous forest
• Mixed forest

(continues)
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potentials (i.e., all available land is dedicated to a single en-
ergy crop), the “maximum- yield” biomass potential is esti-
mated. The maximum- yield biomass potential is quantified 
by selecting for each location the lignocellulosic energy crop 
with the highest attainable yield (t ha−1). The crop- specific 
and maximum- yield biomass potentials are quantified for 
2030, 2040, and 2050 and expressed in PJ biomass.

2.4.1 | Gross biomass potential

Biomass production is assessed with crop- specific param-
eters on length of the growing season, crop growth stage, cu-
mulative evapotranspiration for each crop growth stage and 
water use efficiency (see Table S1) following the approach 
in Dees et al. (2017) and Ramirez- Almeyda et al. (2017). 
Equation (1) represents the relation between crop yield on 
the one hand and crop- specific phenological characteristics 
and climate conditions on the other. This approach was ap-
plied to simulate crop yields into the future while considering 
the effects of climate change. It was assumed that the crops' 
growth is not limited by rain- fed conditions and water is not 
a limiting factor. However, even under no water- limiting 
conditions and applying irrigation, crops can reach 90% of 
the gross biomass potential (Ramirez- Almeyda et al., 2017). 
Daily evapotranspiration is calculated spatially explicit for 
2030, 2040, 2050 using the Penman- Monteith equation 
(Monteith, 1965). Climatic parameters are derived from the 
HadGEM2- ES (Gordon et al., 2000) global climatic model 
under the Representative Concentration Pathway (RCP) 4.5 
(Thomson et al., 2011). Spatiotemporal projections on tem-
perature, precipitation, relative humidity, shortwave radiation 
and wind speed are collected from the Inter- Sectoral Impact 
Model Intercomparison Project (ISIMIP2b; Warszawski 
et al., 2014).

where ABt is the theoretical gross above ground biomass po-
tential, tdry ha−1 year−1; i is the crop type; j is the crop growth 
stage; ET is the reference evapotranspiration, m3; Kc is the 

crop coefficient, dimensionless; WP is the water use efficiency, 
tdry m

3−1 ha−1.

2.4.2 | Biomass potential based on agro- 
ecological suitability

The effect of location- specific biophysical conditions on crop 
growth is determined using crop- specific agro- ecological suita-
bility maps. The crop- specific agro- ecological suitability maps 
are based on 10 biophysical parameters. The agro- ecological 
suitability is expressed as a percentage of the theoretical gross 
maximum obtainable yield, ranging from 0 (unsuitable con-
ditions) to 100 (highly suitable conditions), see Equation (2). 
The suitability maps are calculated for each crop and for each 
point in time following the methods from Perpiña Castillo et al. 
(2015). Soil pH, soil texture, soil depth, soil type, soil drain-
age, and slope are considered constant over time. Temperature, 
precipitation, frost- free days (FFD) and temperature growing 
periods (LGPt) vary following climate change RCP 4.5 projec-
tions. Section S3 and Table S3 contain the methods and crop- 
specific scores for each suitability parameter. 

where ABs is the above ground biomass potential consid-
ering biophysical factors, tdry ha−1 year−1; i is the crop type; 
ABt is the theoretical gross above ground biomass potential, 
tdry ha−1 year−1; S is the suitability index for specific location, 
%.

2.4.3 | Harvestable biomass yields

Crop- specific harvest indices (see Equation 3) were ap-
plied to estimate the location- specific harvestable yields (see 
Table S1). The harvest index refers to the crop ratio between 
yield and biomass. This index varies between crops, given 
that some crops encounter more losses at harvest than others 
(Ramirez- Almeyda et al., 2017).

(1)ABt,i =

∑

j

ETj × Kci,j × WPi,

(2)ABs,i = ABt,i × Si,

(3)Yi = ABs,i × HIi,

REDII sustainability criteriaa 
Translation of REDII sustainability criteria into land categories to be 
excluded

Paragraph 5:
“…shall not be made from raw material obtained from land that 

was peatland in January 2008…”

Exclusion of land categorized as “Wetlands” in the land cover dataset, 
mainlyb :

• Peat bogs
aEuropean Commission (2018b).
bEEA (2018); Lavalle (2014).
cAll farmland is excluded for every time step with the land cover dataset category “Agriculture”. This includes all farmland, either with an HNV status or not.
dEEA (2020a, 2020b).

T A B L E  1  (continued)
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where Y is the harvestable yield, tdry ha−1 year−1; i is the crop 
type; ABs is the above ground biomass potential considering 
biophysical factors, tdry ha−1 year−1; HI is the Harvest index, 
dimensionless.

2.5 | GHG emission performance of 
advanced biofuel supply chains

All stages from lignocellulosic energy crop cultivation up to 
fuel use were included to quantify the GHG emission perfor-
mance of advanced biofuel production from lignocellulosic 
energy crops in 2030. GHG emissions of advanced biofu-
els were assessed following the GHG emission calculation 
method indicated in the REDII, see Equation (4) (European 
Commission, 2018b) and the system boundary is defined in 
Figure 1. 

where E is the total emissions from the use of the fuel, 
g  CO2- eq  MJ−1; eec is the emissions from the extraction or 
cultivation of raw materials, g CO2- eq MJ−1; el is the annual-
ized emissions from carbon stock changes caused by land- use 
change, g CO2- eq MJ−1; ep is the emissions from processing, 
g  CO2- eq  MJ−1; etd is the emissions from transport and dis-
tribution, g  CO2- eq  MJ−1; eu is the emissions from the fuel 
in use, g CO2- eq MJ−1; esca is the emission savings from soil 
carbon accumulation via improved agricultural management, 
g CO2- eq MJ−1; eccs is the emission savings from CO2 capture 
and geological storage, g CO2- eq MJ−1; eccr is the emission sav-
ings from CO2 capture and replacement, g CO2- eq MJ−1.

CO2 emissions from biogenic sources are assumed to be 
zero for biofuels in line with the calculation rules in ANNEX 
V of the REDII (European Commission, 2018b). Non- CO2 
GHG emissions, including CH4 and N2O from end- uses, are 
assumed to be zero, consistent with the default and typical 
values set in the REDII as calculated by JRC (Edwards et al., 
2017). Therefore, emissions from fuel in use (eu) are set to 
zero. In this study, no carbon accumulation via improved ag-
ricultural management (esca) is considered. However, carbon 
accumulation related to land- use and related land manage-
ment changes is included in the emissions from carbon stock 
changes (el). CO2 capture and geological storage (eccs); and 
CO2 capture and replacement (eccr) fall outside the scope 
of this study. REDII grants a bonus of 29 g CO2- eq MJ−1 
when severely degraded land is restored, including a sizable 
reduction in erosion phenomena (European Commission, 
2018b). However, this bonus is not applicable in this study, 
given the lack of evidence in soil erosion processes. For all 
advanced biofuel pathways, it is assessed whether they are 
able to comply with the 65% GHG emission savings crite-
ria of the REDII. In addition, it is also evaluated for each 

location the advanced biofuel pathway with the best GHG 
performance. The spatial results on GHG emissions are also 
used to derive emission curves for each advanced biofuel. 
These curves are used to assess advanced biofuels produc-
tion potential (PJ) under REDII GHG emission savings cri-
teria. GHG emissions other than CO2 (CH4 and N2O) are 
expressed in CO2 equivalents using a global warming po-
tential (GWP) impact calculated over 100 years (GWP100), 
consistent with the REDII.

2.5.1 | Multioutputs

Most of the included conversion pathways produce multi-
ple outputs, such as surplus electricity sold to the grid. The 
method to deal with multi outputs has a significant impact 
on the results (Antonissen et al., 2016; Hoefnagels et al., 
2010). Although substitution is seen as the most appropri-
ate method to assess the impact of policy decisions (Plevin 
et al., 2014), allocation is seen as more suitable for a com-
parative assessment of individual pathways or regulation 
of individual economic operators (European Commission, 
2018b). Following REDII requirements and to allow a con-
sistent comparison between pathways, energy allocation is 
applied for co- products. In the case of co- generation of heat 
and power (CHP), as is the case in the ethanol pathways, 
exergy allocation is applied. The detailed exergy allocation 
method is described in more detail by (Edwards et al., 2017) 
and (Giuntoli et al., 2017).

2.5.2 | Emissions from the extraction or 
cultivation of raw materials (eec)

The GHG emissions from the cultivation of energy crops are 
directly related to diesel usage for field activities, includ-
ing pesticide and fertilizer application. Field operations in-
clude soil preparation, seeding/planting, pesticide/fertilizer 
application, and harvesting. For herbaceous lignocellulosic 
energy crops, harvesting includes cutting and bailing, while 
for woody energy crops, it consists of cutting and chipping. 
Annual pesticide application and diesel usage per energy 
crop are included in Table S4. Emission factors of diesel, 
pesticides and fertilizers are derived from Prussi et al. (2020). 
In this study, balanced fertilization is considered to estimate 
the emissions from fertilizers use. Therefore, the input rate 
is directly proportional to what is removed by harvesting the 
crop. An additional 15% is accounted for all inputs to ac-
count for potential losses from minerals uptake and terrain 
conditions. All equations and input data to calculate fertiliz-
ers inputs and the direct and indirect N2O emissions from 
lignocellulosic crop cultivation are found in Section S5 and 
Table S5.

(4)E = eec + el + ep + etd + eu − esca − eccs − eccr,
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2.5.3 | Annualized emissions from carbon 
stock changes caused by land- use change (el)

Annualized LUC emissions from lignocellulosic energy crop 
production are calculated following Equation (5) (European 
Commission, 2018b). The method to assess GHG emissions 
from carbon stock changes resulting from LUC proposed in 
the REDII builds upon the stock difference approach from the 
IPCC Guidelines for National Greenhouse Gas Inventories 
Volume 4 (IPCC, 2006). Carbon stocks include above and 
below ground biomass, dead organic matter, litter, harvested 
wood product, and soil (IPCC, 2006). However, REDII em-
phasizes the accounting of carbon stocks present in biomass 
and soils. Also, it is indicated that other carbon stocks are 
primarily relevant when land is converted to/from forest 
(IPCC, 2006). Therefore, in this study, only the biomass and 
soil carbon stocks are considered. Carbon stocks are assessed 
spatially explicit for the land- use/cover of available marginal 
land and if this land is dedicated to lignocellulosic energy 
crops. An amortization period of 20 years for carbon stocks 
to reach equilibrium is assumed in line with REDII and IPCC 
guidelines. 

where el is the annualized emissions from carbon stock changes 
caused by land- use change, g  CO2- eq  MJ−1; CSr is the car-
bon stock of marginal land before conversion, t C ha−1; CSA 
is the potential carbon stock of marginal land when it is used 
for lignocellulosic energy crop production, t C ha−1; 3.664 is 
the conversion factor to convert C to CO2; 1/20 is the factor to 
annualize emissions; P is the annual biofuel production from 
lignocellulosic energy crop, MJ ha−1.

Biomass carbon stock
The method to assess the above ground biomass potentials 
of lignocellulosic energy crops was already described in 
Section 2.4. The below ground biomass is calculated using 
crop- specific root- to- shoot ratios (see Table S6). Willow, 
Poplar, and Eucalyptus are not harvested annually, and it 
is assumed that the biomass carbon stock accumulates for 
3– 7 years (Dees et al., 2017).

For the land cover of available land prior to conversion, 
the spatially explicit above and below- ground biomass was 
assessed using a similar method as for the lignocellulosic 
energy crops. The above ground biomass of available land 
was quantified using the land- use and climate- zone specific 
default values of the IPCC on the maximum above ground 
biomass and the spatially explicit data on soil productivity 
(the degree to which the soil carries out its biomass produc-
tion service; Tóth et al., 2013). Below ground biomass was 
estimated as a function of above ground biomass using the 

IPCC's crop- specific and climate- dependent root- to- shoot ra-
tios (IPCC, 2006). Carbon fractions were employed to obtain 
the crop- specific biomass carbon stock. For a more detailed 
description of the spatially explicit calculation of each land- 
use/cover category's biomass carbons stock, see Section S7.

Soil organic carbon stocks
The SOC stocks of the land- use/cover before and after con-
version are quantified with Equation (6). The IPCC default 
values for reference SOC levels for mineral soils are used 
considering soil type and climate zones stratification. The 
IPCC SOC stock change factors were employed to consider 
the effect of land- use, management regime and input of or-
ganic amendments (IPCC, 2006). See Table S7 for all input 
data to calculate the spatially explicit SOC levels. 

where SOCx or i is the soil organic carbon stock for marginal 
land under land- use/cover type x or s energy crop i, t C ha−1; 
SOCref is the reference carbon stock, t C ha−1; FLU is the stock 
change factor for land- use system, dimensionless; FMG is the 
stock change factor for management regime, dimensionless; FI 
is the stock change factor for carbon input levels, dimensionless.

2.5.4 | Emissions from processing (ep)

In this study, the selected conversion processes are: 

• Production of ethanol from lignocellulosic biomass: The 
biomass is pre- treated by steam explosion to split the lig-
nocellulosic into cellulose, hemicellulose and lignin, fol-
lowed by an enzymatic hydrolysis step to break it down 
into fermentable xylose and glucose sugars. The sugars 
are fermented to ethanol in a simultaneous saccharifica-
tion and fermentation process. The lignin is used in a CHP 
plant to generate process heat and electricity. The gener-
ated heat is used entirely for internal processes. Surplus 
electricity is sold to the grid. The input data and assump-
tions are based on JRC (Edwards et al., 2017) and the asso-
ciated references (Biochemtex, 2016; Johnson, 2016).

• Production of RFJ from ethanol (Alcohol- to- Jet, ATJ): 
The ATJ process converts alcohols into RJF, diesel and 
naphtha through dehydration, oligomerization, and hy-
drogenation. Ethanol from lignocellulosic biomass is 
used as a feedstock. This ethanol process upgrading is 
the most commonly applied (Nanda et al., 2014, 2016). 
For the hydrogenation process, hydrogen is required to 
remove the double bonds. The source of hydrogen supply 
is described in Section Hydrogen supply. The process as-
sumptions are based on de Jong et al. (2017) and Staples 
et al. (2014).

(5)el = (CSr − CSA) × 3.664 ×

1

20
×

1

P
,

(6)SOCx or i = SOCref x or i × FLU x or i × FMG x or i × FI x or i,
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• Production of hydrocarbon fuels through fast pyrolysis and 
upgrading: Biomass is first dried to a moisture content 
below 10% before entering the reactor using heat from char 
combustion. The fast pyrolysis produces bio- oil, char and 
non- condensable off- gases. The bio- oil cannot be used as a 
drop- in biofuel mainly due to the high oxygen content, low 
pH, and instability. Bio- oil can be catalytically converted 
into drop- in fuels by hydrodeoxidation and hydrocracking 
and yield a mixture of hydrocarbon fuels with different 
chain lengths. The ratio of HFO, gasoline, diesel, and RJF 
depends on the conditions in the upgrading process. The 
hydrogen required for upgrading is from external sources, 
as described in Section Hydrogen supply Fuel output ratios 
are based on de Jong et al. (2017). The gasoline output ratio 
is the highest one among all outputs and is thus considered 
the main one. The amount of surplus electricity sold to the 
grid depends on the moisture content of biomass feedstock 
and hydrogen supply.

• Production of syn diesel from woody crops through gas-
ification and FT synthesis: Biomass is gasified to pro-
duce syngas (CO and H2). The syngas is catalytically 
converted in a range of hydrocarbons in the FT reactor. 
The ratio depends on the CO/H ratio of the syngas, the 
type of catalyst and process conditions in the reactor. 
Commonly, the reactors involve mainly gasoline and die-
sel production (van Vliet et al., 2009). However, diesel is 
selected as it shows the highest output ratio. The required 
H2 is produced from the syngas using the water gas shift 
reaction. Excess heat is used to generate electricity and 
sold to the grid. Data from JRC (Edwards et al., 2017) 
are applied.

• Production of methanol through the gasification of woody 
crops and methanol synthesis: Syngas is produced in a 
pressurized fluidized- bed steam/O2- blown gasifier and 
catalytically converted into methanol. The process results 
in excess heat, which can be used for pre- heating the syn-
gas and electricity generation. All excess heat is used to 
generate electricity and sold to the grid. Data are applied 
from Case MeOH- 1 described in Hannula and Kurkela 
(2013).

• Production of dimethyl ether (DME) through the gasifica-
tion of woody crops and DME synthesis: DME is either 
produced simultaneously with methanol over advanced 
catalysts that are not commercially available yet or by 
methanol synthesis and a dehydration process (Hannula & 
Kurkela, 2013). In this study, methanol synthesis followed 
by dehydration to DME in a two- step process is consid-
ered. Input data are based on Case DME- 1 as described in 
Hannula and Kurkela (2013). Excess heat is used to gener-
ate electricity and sold to the grid.

The input data and main assumptions for all conversion 
processes included are summarized in Table S8.

Hydrogen supply
Hydrogen is used in multiple conversion processes. Previous 
studies have already demonstrated that the source of hydro-
gen from fossil or renewable sources has a significant im-
pact on the total GHG footprint of biofuel supply chains (De 
Jong et al., 2017). However, in this study, it is assumed that 
hydrogen is supplied via steam methane reforming (SMR) 
of natural gas, where natural gas is processed with steam to 
produce syngas and additional H2 with a water shift reaction. 
The SMR method is the most commonly applied (Mehmeti 
et al., 2018). Input data and assumptions are present in Table 
S9.

2.5.5 | Emissions from transport and 
distribution (etd)

It is assumed that the conversion plant is close to the source of 
biomass. Biomass is considered to be transported by truck to 
the conversion plant. More complex feedstock supply chains 
that include multimodal transport (e.g., trains or ships) or 
pre- processing (such as pelletizing) could be feasible but not 
assessed. Transport of advanced biofuels from the process-
ing plant to a blending depot and from a blending depot to a 
filling station are assumed similar between all advanced bio-
fuel pathways. The assumptions of transport for all advanced 
biofuel pathways are largely consistent with the advanced 
biofuels pathway calculations in the REDII as described in 
Edwards et al. (2017). These assumptions represent typical 
feedstock supply chain conditions for Europe (Cintas et al., 
2021; Vera et al., 2019). Transport distances and assump-
tions for inputs at the blending depot and filling station can 
be found in Table S10.

3 |  RESULTS

3.1 | Land availability

The total amount of available marginal land that meets REDII 
sustainability criteria varies from approximately 20.5 Mha in 
2030 to 21 Mha in 2050 (see Figure 3). The largest share of 
available land corresponds to shrubland, followed by open 
space suitable. The share of both categories remains rela-
tively constant over time. The share of abandoned land and 
established energy crops is considerably lower than other 
land categories. In general, there is a slight variation over 
time in land availability. The small variation over time in 
land availability is ascribed to the marginal land criteria and 
LUC dynamics. The total amount and location of marginal 
lands in Europe are considered to remain constant over time. 
Thus, the changes in land availability driven by LUC dynam-
ics are permanently restricted to marginal land areas. Over 
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time, the release of available land is directly related to the 
LUC dynamics, which dictate the land- use/cover changes. 
The exogenous land- use baseline scenario determines these 
LUC dynamics. For example, the exogenous model projects 
that for 2050, previously (2040) abandoned land areas shift to 
established energy crops land. Table S11 contains the avail-
able land LUC dynamics over time.

The type of land available for energy crops and its loca-
tion varies considerably across Europe (see Figure 4). A large 
share of this land is located in remote areas or areas with ex-
treme biophysical conditions unsuitable for growing energy 
crops at a commercial scale (e.g., North of Scandinavia, North 
of the UK, and South of Greece). There are some distinctive 
patterns for certain land types in Scandinavia and north of the 
Iberian Peninsula. Regardless of the land- use/cover, a large 
extent of Scandinavia is categorized as marginal due to ad-
verse biophysical conditions for crop production. Besides, a 
vast area of this region is covered by shrubland. Therefore, 
the Scandinavian region projects a considerable amount of 
available marginal land covered with shrubland that com-
plies with REDII criteria. Likewise occurs for the north of 
the Iberian Peninsula.

Open space suitable land is located in regions where tem-
perature and precipitation regimes limit the development of 
vegetation. For example, in the North or South regions of 
Europe, such as the south of Greece/Spain (see Figure 4), 
high temperatures and low precipitation regimes limit veg-
etation development. This biophysical constraint results in 
open space suitable land characterized by sparely herbaceous 
vegetated areas. For mountainous regions (e.g., Alps), mar-
ginal land that meets REDII criteria is projected to be domi-
nated by shrubland and open space suitable categories. These 
regions are generally characterized by a forest or shrubland 
cover. However, some biophysical characteristics common in 

these regions, such as high slope and low temperature, also 
limit vegetation growth.

All land categories are projected to be available, even in 
relatively small batches for most countries. There is a strong 
spatial variation in countries such as Germany, France, 
Poland, and Spain. For example, in Germany's north section, 
a more significant degree of abandoned land and established 
energy crops are projected to be available. The exogenous 
land- use baseline scenario projects a change from agricul-
tural production areas to abandoned or established energy 
crops. At the same time, the south is characterized by the 
availability of marginal shrubland. LUC dynamics and bio-
physical conditions describe the difference in the spatial dis-
tribution of available land for Germany. Countries such as 
France project less available marginal land that meets REDII 
criteria than others. For France, a large extent of the country 
is projected to be dedicated to agriculture. In some countries 
(e.g., Spain, Poland, and Hungary), the exogenous land- use 
scenario projects that several agricultural areas in 2030 be-
come abandoned by 2040 (see Figure S1).

F I G U R E  3  Area of marginal land (in 1,000,000 ha) that meets the 
REDII sustainability criteria in 2030, 2040 and 2050

F I G U R E  4  Spatial distribution and land- use/cover of marginal 
land that meets REDII sustainability criteria in 2030. Maps for 2040 
and 2050 are available in the Supporting Information. The pixel size is 
enhanced for displaying purposes
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3.2 | Lignocellulosic energy crop potentials

There is a substantial variation in biomass potentials. In 2030, 
the biomass potentials vary between 386 PJ year−1 for willow 
to 1367 PJ year−1 for miscanthus (see Figure 5). The differ-
ence in biomass potentials between crops is mainly attributed 
to the adaptability of each crop to different biophysical con-
ditions and the potential yield that it can deliver under those 
specific circumstances. For example, reed canary grass is 
characterized by the lowest water use efficiency and shortest 
growing period. As a consequence, reed canary grass deliv-
ers on average the lowest potential yields. However, the high 
tolerance of reed canary grass to a wider range of biophysical 
conditions (e.g., low temperatures and reduced precipitation) 
allows the production of this crop in locations that are not 
suitable for others. The opposite occurs for giant reed. Giant 
Reed is characterized by the highest water use efficiency and 
delivers on average the largest potential yields. Nevertheless, 
the adaptability of giant reed to a wide range of biophysi-
cal conditions is limited. To illustrate, giant reed is poorly 
adapted to cold temperatures and can only thrive in warmer 
regions. The adaptability difference results in a lower overall 
biomass potential for giant reed than for reed canary grass. 
Willow and poplar report similar biomass potentials to each 
other and low in comparison to other crops. Despite that both 
crops have similar phenological characteristics, willow de-
livers on average slightly higher yields. However, the adapt-
ability of poplar is slightly higher. Poplar is partially better 
adapted to cold temperatures than willow. This allows for 
the potential production of poplar in more areas and overall 
higher biomass potential. Medium to low precipitation rates 
also constrains the potential production of both crops. As a 
result, the distribution of willow and poplar is reduced com-
pared to other crops.

Biomass potentials are projected to increase over time 
as a result of LUC dynamics (determined by the exogenous 
model), variation in climate conditions and (assumed) 1% 

annual yield increase. The LUC dynamics determine, for 
each point in time, the availability of marginal land that meets 
REDII sustainability criteria. Climate variations dictate the 
extent to which a crop is constrained to grow in a specific lo-
cation. For example, eucalyptus biomass potential increases 
by 186 PJ year−1 between 2030 and 2040. The rise in average 
daily temperatures results in fewer annual FFD in some areas 
from the Mediterranean region. These climatic changes allow 
for the production of eucalyptus in several locations that were 
not suitable before (see Figure S2), increasing the crop dis-
tribution. The opposite occurs for miscanthus. The overall 
biomass potential between 2030 and 2040 for miscanthus is 
reduced by 10 PJ year−1. The reduction in annual precipitation 
in some Medeterrian locations such as south of Spain reduces 
the suitability to produce miscanthus by 2040 in previously 
suitable areas. The impact of these climatic changes is highly 
localized and depends strongly on each crop's adaptability. 
While lower annual precipitation affects the distribution and 
production of miscanthus in some regions, other crops such 
as eucalyptus, giant reed, and reed canary grass are less af-
fected given their higher tolerance to drier conditions.

The maximum- yield biomass potential increases over 
time from 1951 PJ year−1 in 2030 to 2265 PJ year−1 in 2050 
(see Figure 5). The maximum- yield biomass potential is 
composed mainly of miscanthus and giant reed, followed 
by reed canary grass and eucalyptus. The contributions of 
other crops are insignificant. Giant reed has the highest water 
use efficiencies and therefore delivers on average the high-
est potential yields. Accordingly, giant reed is selected over 
all other crops at locations where several crops can be pro-
duced. Miscanthus and switchgrass share similar phenologi-
cal characteristics and adaptability to biophysical conditions. 
However, miscanthus delivers higher potential yields and 
thus, miscanthus is selected over switchgrass for all locations 
where both crops can potentially be cultivated. Willow and 
poplar are not selected given that for most of the sites suitable 
for their production, other crops deliver higher yields (e.g., 

F I G U R E  5  Biomass potentials of eight 
lignocellulosic energy crops cultivated at 
available marginal land that complies with 
sustainability criteria of the REDII. Max- 
yield refers to the maximum yield biomass 
potential for which for each location the 
lignocellulosic energy crop with the highest 
attainable yield is selected. RCG, Reed 
Canary Grass
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giant reed and miscanthus). Reed canary grass is selected 
only in the regions where the biophysical conditions prevent 
the production of any other feedstock.

There is a strong spatial variation in the feedstock type 
and yield for the maximum- yield potential (see Figure 6). 
The lowest biomass yields are located in Scandinavia, the 
north of the Iberian Peninsula close to the Pyrenees, and in 
mountainous regions (e.g., the Alps). The extreme biophys-
ical conditions (such as low temperature, acidic soils, low 
annual precipitation and few FFD) in these areas limit bio-
mass production to a large extent. Mainly reed canary grass 
and miscanthus are marginally adapted to such conditions 
and deliver yields in the range of 0– 100 GJ ha−1 year−1. In 
the south of Europe, particularly the Iberian Peninsula and 
Greece, high temperatures and moderate/low precipita-
tion constrain the biomass production of several feedstock 
types. However, giant reed and eucalyptus are adapted to 
these conditions and potentially deliver yields between 200 
and 300 GJ ha−1 year−1. The areas with the highest biomass 
potentials are located in Spain, Greece and Hungary. These 
areas feature favourable biophysical conditions for giant reed 
production, which by 2030 result in potential biomass yields 
up to 600 ha−1 year−1.

The change in climatic conditions over time shifts the crop 
selection for some places for the maximum- yield potential. 
For example, in 2030, most of the maximum biomass poten-
tial in Germany and Poland is composed of miscanthus and 
giant reed. By 2050, there is an increase in FFD for these re-
gions. This increase results in unsuitable conditions for giant 
reed production. However, miscanthus is better adapted to a 
rise in FFD. Thus, areas for giant reed production in 2030 shift 
to miscanthus in 2050 (see Figure S3). A similar process oc-
curs in Spain, driven by the change in precipitation. By 2050, 

several areas previously selected to produce eucalyptus, shift 
to giant reed. The shift between eucalyptus and giant reed is 
driven by the capacity of giant reed to deliver higher yields 
than eucalyptus in locations suitable for both crops. In other 
regions, the climatic conditions change results in newly suit-
able areas to produce lignocellulosic energy crops, for exam-
ple, production of reed canary grass in northern Scandinavia 
(see Figures S2 and S3).

3.3 | GHG emission performance of 
advanced biofuel supply chains

Total GHG emissions of the different advanced biofuel path-
ways vary on average between −32 g CO2- eq MJ−1

fuel
 for pop-

lar/willow diesel to 38 g CO2- eq MJ−1
fuel

 for reed canary grass 
RJF (see Figure 7). However, total GHG emissions for some 
locations can increase up to 75 g CO2- eq MJ−1

fuel
 for reed ca-

nary grass RJF. The advanced biofuel pathways that undergo 
a gasification process to produce methanol, DME and diesel 
lead to the lowest GHG footprint. The conversion systems 
from these pathways are largely self- sufficient. Off gases 
from the reactors are used internally as energy fuel. In addi-
tion, small quantities of chemicals are required. These char-
acteristics result in considerable low GHG emissions from 
upstream processes. Pathways that produce diesel perform 
slightly better than those that produce methanol and DME. 
The burden of GHG emissions is spread out more evenly 
between fuel and co- products (electricity). Similarly occurs 
for pathways that produce pyrolysis gasoline. Regardless 
of the upstream GHG emissions generated from hydrogen 
use in the conversion process, GHG emissions are spread 
more evenly between pyrolysis gasoline and co- products, 

F I G U R E  6  Maximum– yield 
biomass potential (for each location, 
the lignocellulosic energy crop with the 
highest yield is selected) in 2030. Left- hand 
panel: biomass potential in GJ ha−1 year−1. 
Right- hand panel: the corresponding 
lignocellulosic energy crop selected for 
each location. Maps for 2040 and 2050 are 
available in the Supporting Information
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resulting in overall low GHG emissions. The production of 
RJF followed by ethanol leads to the highest GHG emissions. 
These high GHG emissions from ethanol and RJF pathways 
are mainly caused by the upstream emissions related to the 
chemicals used in the fermentation process and the hydrogen 
use when ethanol is upgraded to RJF. In addition, these two 
pathways have a lower conversion efficiency, which results 
in higher GHG emissions along the supply chains. On aver-
age, all supply chains can comply with the 65% GHG emis-
sion savings requirement of the REDII for new installations. 
However, there are several locations where the production of 
ethanol and RFJ from herbaceous energy crops will surpass 
the REDII GHG savings criteria.

Total supply chain GHG emissions are driven largely by 
LUC- related net carbon stock changes (see Figure 7) and 
N2O field emissions. The impact of other stages of the sup-
ply chain, such as the conversion stage, becomes more rel-
evant when LUC GHG emissions are low. Despite that, on 
average net carbon sequestration is achieved when marginal 
lands are used for energy crop cultivation. For some loca-
tions, LUC GHG emissions are considerably high. Generally, 
there is a SOC loss when land is dedicated to the production 
of herbaceous crops. However, this carbon loss is balanced 
out by the carbon accumulation in the biomass carbon pool. 
On average, the production of herbaceous crops results in 
more biomass per unit of area than the land prior to conver-
sion. Nevertheless, for some regions, biomass production is 
limited by extreme biophysical conditions. In these regions, 
herbaceous crops deliver lower biomass, resulting in an addi-
tional loss of carbon in the biomass pool. For example, RJF 
from reed canary grass cultivated in the north of Scandinavia 
can result in emissions up to 75 g CO2- eq MJ−1

fuel
, from which 

LUC- related carbon stock changes cause approximately 50%. 
(spatially explicit results for all advanced biofuel supply 
chains are present in Section S12).

Land- use change- related and N2O field emissions vary 
considerably between crop types and location. Woody energy 

crop pathways perform better than herbaceous energy crop 
pathways. Generally, woody crops such as eucalyptus store 
more carbon in the biomass and SOC pools due to high 
yields and carbon accumulation over the crop harvesting 
cycles. Unlike herbaceous crops, woody crops (on average) 
increase the SOC compared to the land prior to conversion. 
However, for eucalyptus, the net LUC- related carbon storage 
is balanced out by N2O field emissions. Nitrogen inputs for 
eucalyptus are high. The same occurs occurs for giant reed. 
Giant reed high carbon accumulation benefit in the biomass 
pool is counterbalanced by the high upstream emissions from 
nitrogen use and N2O field emissions. Conversely, willow 
and poplar require fewer inputs and, in combination with 
high carbon accumulation over the crops harvesting cycles, 
results in overall low GHG emissions. The GHG emission 
difference between supply chains that use willow or poplar is 
negligible as both crops require similar inputs, deliver simi-
lar yields, and share similar characteristics. On the contrary, 
there is more variation in the performance of herbaceous crop 
advanced biofuel supply chains. This variation is attributed to 
the different potential yields and the feedstock- specific con-
version efficiencies.

As shown in Figure 8, the largest advanced biofuel poten-
tial is for eucalyptus methanol (455 PJ year−1) and the low-
est for willow RJF (62 PJ year−1). For all poplar and willow 
advanced biofuels, the potential can be achieved with neg-
ative GHG emissions and substantial GHG savings. On the 
contrary, for all herbaceous crops advanced biofuels (etha-
nol and RJF), less than 3% can be achieved with negative 
GHG emissions. Approximately 99% of eucalyptus ethanol 
and 75% of eucalyptus RFJ can be achieved with negative 
emissions. For all herbaceous crops advanced ethanol be-
tween 70% and 98% can be achieved while meeting the 65% 
GHG savings REDII criteria (<32.9 g CO2- eq MJ−1

fuel
). For all 

herbaceous crops advanced RJF between 44% and 90% can 
be achieved under REDII GHG savings criteria. The conver-
sion efficiency and potential yield primarily determine the 

F I G U R E  7  Average greenhouse gas 
(GHG) emissions of advanced biofuel 
pathways with two standard deviations, 
including land- userelated net changes in 
carbon stocks in Europe for 2030. The 
ranges indicate the values within two times 
the standard deviation from the average 
in both directions (positive and negative). 
Thus, these ranges reflect spatial variability 
of GHG emissions due to the heterogeneity 
in biophysical conditions



   | 1439VERA Et Al.

difference in advanced biofuel potentials. For example, the 
conversion efficiency between eucalyptus and methanol is 
considerably higher than between eucalyptus and diesel. This 
difference dictates that more methanol (455 PJ year−1) can be 
produced than diesel (223 PJ year−1) despite dedicating the 
same amount of land for eucalyptus production. Similarly oc-
curs for reed canary derived ethanol and miscanthus derived 
ethanol. The difference in yields and conversion efficiency, 
both higher for miscanthus, dictates that more miscanthus 
ethanol (373  PJ  year−1) can be produced than reed canary 
grass ethanol (326 PJ year−1). Despite that, more land is ded-
icated to reed canary grass production.

The spatial heterogeneity in biophysical conditions deter-
mines to a large extent the overall GHG savings from a spe-
cific pathway. For example, on average, giant reed RJF results 
in lower GHG emissions than miscanthus RJF (see Figure 
6). However, the potential of miscanthus RJF (178 PJ year−1) 
that can be achieved under REDII GHG emission criteria is 
considerably larger than the potential of ethanol from giant 
reed (105 PJ year−1). Similarly occurs when miscanthus RJF 
is compared to other pathways such as eucalyptus RJF. Thus, 
overall, larger potentials can be achieved with additional 
GHG savings in the miscanthus to RJF supply chains com-
pared to the giant reed RJF or other ones.

There is a spatial variation in the performance of the con-
version routes. In the case of ethanol produced from mis-
canthus (Figure 9), supply chain emissions vary from 0.2 to 
37 g CO2- eq MJ−1

fuel
. Most locations can comply with REDII 

GHG savings criteria. However, there are several regions 
where, despite meeting REDII land- related suitability crite-
ria, the GHG savings criteria are not met. For example, in 
Scandinavia and Austria, the supply chain emissions of mis-
canthus ethanol surpass the REDII threshold. The relatively 
low performance in these locations is driven to a large ex-
tent by the LUC GHG emissions. The biophysical conditions 
from these areas constrain yield development and result in 
net carbon losses for the biomass carbon pool and less in soil.

Woody crop advanced biofuel supply chains result in neg-
ative GHG emissions for all locations, except for some areas 
for eucalyptus ethanol and RJF pathways (see Section S12 
for all advanced biofuel supply chains). The highest perfor-
mance of woody crop advanced biofuels is generally located 
in Spain, Italy, or Greece, characterized by beneficial condi-
tions for woody crop production. Other supply chains RJF 
derived from reed canary grass show a large spatial varia-
tion between −2 and 75  g  CO2- eq MJ−1

fuel
. The strong vari-

ation for reed canary grass advanced biofuels is attributed 
mainly to the adaptability of the crop. Reed canary grass 

F I G U R E  8  GHG emissions curves 
for advanced biofuels production potential 
in 2030. The curves account for the total 
potential production if all available land 
is dedicated to a single crop and advanced 
biofuel conversion. Thus, they cannot be 
summed as the projected potential obeys 
a specific crop production to advanced 
biofuel pathway. (a) ethanol; (b) RJF, (c) 
pyrolysis gasoline, (d) diesel, (e) methanol, 
(f) DME. DME, dimethyl ether; GHG, 
greenhouse gas; RCG, Reed canary grass; 
RJF, renewable jet fuel
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can be produced in a wide range of regions from Spain to 
north Scandanivaia (see Section S12 for spatially explicit 
results for all advanced biofuel supply chains). Generally, 
these regions present opposing biophysical characteristics. 
Thus, producing reed canary grass results in a diverse range 
of LUC GHG emissions. The opposite occurs for advanced 
biofuels derived from crops with lower adaptability, such as 
giant reed. There is less variability in GHG emissions given 
that this crop production is limited to regions with relatively 
similar characteristics.

The results vary strongly over space when the sup-
ply chain with the best GHG performance is selected (see 
Figure 10). The best GHG performance varies from −46 
to 75 g CO2- eq MJ−1

fuel
. Several locations are still not able to 

comply with REDII GHG savings criteria. For most sites, the 

choice of the supply chain is already limited by the type of 
feedstock that can be produced under the local biophysical 
conditions. Therefore, the location- specific conditions de-
termine the most suitable crop and, consequently, based on 
the crop adaptability, the best conversion pathway. For ex-
ample, reed canary grass ethanol is selected for all locations 
where the biophysical conditions allow only its production. 
Herbaceous crops RJF supply chains are omitted given that 
the GHG performance is always lower compared to ethanol.

The most suitable crop needs to be considered combined 
with the conversion pathway collectively. Otherwise, the 
GHG emission savings potential from the advanced biofuel 
pathways can be diminished. To illustrate, if giant reed is se-
lected for a specific location (considering the highest yield 
performance) without accounting for the conversion path-
way, it can result in supply chains with lower GHG emission 
performance. Other supply chains can achieve higher GHG 
emission savings while utilizing crops with lower yields 
(e.g., woody crops). In locations where several crops can be 
produced, diesel from woody crops is generally selected as it 
presents the highest GHG emission savings.

Approximately 618 PJ year−1 can be achieved when se-
lecting for each location the best GHG performance supply 
chain (see Figure 9). A large share of the potential is com-
posed of woody crops diesel (76%). Within woody crops 
diesel share, 60% is obtained from eucalyptus and willow 
(30% each) and 16% from poplar. The contribution of etha-
nol from switchgrass is almost negligible, while ethanol de-
rived from miscanthus contributes 15% and from reed canary 
grass 9%. A large extent of the advanced biofuel potential 
(470 PJ year−1) can be achieved with negative GHG emis-
sions and 552 PJ year−1 can be produced under REDII GHG 
emission savings criteria. However, despite that the lowest 
GHG emissions are selected for each location, there are still 
66  PJ  year−1 of advanced biofuels that fail to meet REDII 
GHG savings criteria and could not be rolled out into the 
market.

4 |  DISCUSSION

This study assessed spatially explicit land availability, bio-
mass potentials and GHG performance of advanced biofuel 
pathways produced on marginal lands in Europe and the UK 
under REDII sustainability constraints.

Approximately half (i.e., 7.9– 8.9  Mha) of the projected 
available marginal land that meets REDII criteria shows suit-
able conditions for energy crop cultivation. These projections 
are lower than the 13– 15 Mha of available land estimated by 
the JRC- EU- TIMES model under the low scenario. Despite 
that, the JRC- EU- TIMES model applied similar REDII re-
strictive criteria (Ruiz et al., 2015). The JRC- EU- TIMES 
land availability projections are not limited to marginal land.

F I G U R E  9  Spatially explicit supply chain greenhouse gas (GHG) 
emissions of miscanthus ethanol production in Europe marginal lands 
by 2030. Green colours represent the locations that meet REDII GHG 
emissions savings criteria, while yellow and red represent the locations 
where the criteria are not met. Extreme maximum and minimum values 
are represented with the maximum and minimum values of two times 
the standard deviation. The maps showing the spatial variation of the 
GHG performance of each supply chain are found in the Section S12. 
For display purposes, the GHG emissions scale is set the same for all 
maps. REDII, Renewable Energy Directive Recast
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The estimated biomass potentials are considerably lower 
than the conservative projections found by Hoefnagels and 
Germer (2018) on domestic biomass potentials in the EU- 28 
(from 4800 PJ in 2020 to 8160 PJ in 2050). The differences 
in scope, parameters and approach limit the comparison ex-
ercise. Nevertheless, projections for 2050 are in the same 
order of magnitude as the JRC- EU- TIMES model low 
(1515 PJ year−1; high sustainability constraints) and middle 
(2063 PJ year−1 moderate sustainability constraints) scenar-
ios (Ruiz et al., 2015), accounting only for lignocellulosic 
crops. Applying a similar approach and sustainability con-
straints, Dees et al. (2017) projected 2661 PJ of biomass 
available for 2030. However, in Dees et al. (2017), biomass 
production is not limited to marginal lands. There is a con-
siderable difference in biomass potentials with other studies, 
such as Bogaert et al. (2017). The high biomass potentials 
projected for 2030 (4731  PJ) in Bogaert et al. (2017) are 

only achievable if agricultural land is dedicated to energy 
crop production.

The estimated biomass potentials were explicitly assessed 
under REDII sustainability criteria. Therefore, other sustain-
ability considerations such as water use efficiency and impacts 
on biodiversity were not accounted for. Biomass potentials 
can reduce to a large extent under water- limited conditions 
(Ramirez- Almeyda et al., 2017). For example, miscanthus 
biomass potential stands at 1367 PJ for 2030. Under water- 
limited conditions (no irrigation), the potential of miscanthus 
reduces to 759 PJ for 2030 (see Section S13 sensitivity anal-
ysis). Thus, accounting for water- limited conditions on each 
location can result in an overall 44% reduction of biomass po-
tential for every crop. The projected biomass potential relies 
to a large extent upon the conversion of shrublands. However, 
shrublands contribute to several ecosystem services, such as 
maintaining biodiversity and nutrient provision (Lecina- Diaz 

F I G U R E  1 0  Spatially explicit supply 
chain greenhouse gas (GHG) emissions 
and GHG emissions curve when the best 
GHG performance supply chain is selected 
for each location. (a) Supply chain GHG 
emissions and correspondent supply chain 
configuration in Europe marginal lands by 
2030. Green colours represent the locations 
that meet REDII GHG emissions savings 
criteria, while yellow and red represent the 
locations where the criteria are not met. (b) 
GHG emissions curve for advanced biofuels 
production potential in 2030. The curve 
accounts for the total potential production if 
all available land is utilized when combining 
the lowest supply chain GHG emissions for 
each location. REDII, Renewable Energy 
Directive Recast
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et al., 2019). Considering further environmental constraints 
to avoid the conversion of shrublands would reduce biomass 
potentials between 248 and 1491  PJ  year−1 depending on 
crop type and relevant point in time (see Section S13 sensi-
tivity analysis). Additional expertise is required to categorize 
and convert shrubland areas with a low biodiversity impact.

Economic and non- economic barriers such as competi-
tion with other domestic and imported biomass sources, lack 
of skill and infrastructure and poor cash flow for farmers 
(Lindegaard et al., 2016) were not accounted for in the assess-
ment. The remoteness of some areas can limit accessibility. 
The supply of large biomass volumes from remote regions 
to the conversion facilities with inadequate infrastructure can 
be costly and inefficient (Liu et al., 2011). It will also require 
several years to scale up logistics and processing capacity 
(Londo et al., 2018). These variables could lead to lower bio-
mass potentials and additional GHG emissions along supply 
chains. The biomass production cost and the competitiveness 
of the different crop types will vary and influence farmers' 
crop selection. Typically, marginal land crop yields are low, 
and thus, feedstock costs are relatively high (Soldatos, 2015). 
Accordingly, from an economic point of view, the assessed 
biomass potentials and conversion routes can vary in the fu-
ture in the function of end- use- markets, costs and compet-
itiveness. Competing uses of biomass were not accounted 
for and could result in different biomass and fuel potentials. 
Other biomass value chains for heat, power and materials 
can provide a better end- use from an economic and environ-
mental perspective (Daioglou et al., 2015). These economic 
drivers and competing uses should be considered for future 
assessments.

The spatial heterogeneity drives the variability in GHG 
emission performance. The location- specific biophysi-
cal conditions dictate the type of feedstock produced and, 
based on the crop characteristics, the best conversion path-
way. Under water- limited conditions (see Section S13 sen-
sitivity analysis), supply chain average GHG emissions 
increase between 7 and 25 g CO2- eq MJ−1

fuel
 for herbaceous 

crop pathways, and most surpass REDII GHG thresholds. 
A yield reduction leads to less carbon stored in the biomass 
section (for several locations) than the land prior to conver-
sion. For woody crop pathways, the effect of water- limited 
conditions on GHG emissions is less significant. For these 
pathways, a large share of the carbon accumulation occurs in 
the SOC pool. Accordingly, average GHG emissions present 
a low variation as the SOC accumulation remains constant 
for both yield scenarios. Herbaceous pathways appear to be 
more sensitive to yield changes and woody pathways to SOC 
changes. However, it is still highly uncertain whether the soil 
will reach the expected state of carbon equilibrium (Xu et al., 
2020). Failing to reach a SOC equilibrium state can poten-
tially result in a release of carbon (IPCC, 2006) and result 
in considerably less locations with negative GHG emissions.

The overall net GHG emission balance is negative 
for all advanced biofuels when considering the GHG 
emission savings from replacing fossil fuels (see Table 
S11). Between −7.1  Mt  CO2- eq  year−1 for willow RJF to 
−48.8 Mt CO2- eq year−1 for eucalyptus DME. The GHG sav-
ings suggest that implementing any of the pathways can lead 
to a GHG emission mitigation strategy. However, these sav-
ings can reduce if water- limited conditions are accounted for, 
or the SOC pool fails to reach equilibrium. Approximately 
65.4 Mt CO2- eq year−1 can be mitigated (compared to fos-
sil fuel use) when selecting for each location the pathway 
with the lowest GHG performance. This mitigation potential 
could reduce in 3% the projected GHG emissions from the 
transport sector, including aviation and maritime, for 2030 
(2168 Mt CO2- eq year−1; EEA, 2019). Despite that this re-
duction seems minimal, GHG emissions are estimated to fall 
only by 3% between 2020 and 2030 if the current trend con-
tinues (EEA, 2019).

By 2030, approximately 552 PJ year−1 of advanced bio-
fuels can be produced from feedstock originated solely in 
marginal lands under the REDII GHG emission threshold. 
With a final energy consumption in the EU transport sec-
tor projected at 10,467 PJ year−1 for 2030 (IEA, 2020), the 
advanced biofuels potential of marginal lands can contribute 
5.2% to the final energy consumption. This supply can sup-
port to meet the 14% minimum share of renewable energy 
within the final consumption of energy in the transport sector 
(currently standing at 9%) and the sub- target of 3.5% for ad-
vanced biofuels and biogas (currently +/− 0.4%) established 
by REDII (IEA, 2020; Naumann et al., 2019). However, these 
potentials can increase between 6.2% and 10.4% (depending 
on final use) if credits from REDII are accounted for. A joint 
effort between different alternatives is anticipated to meet re-
newable energy targets (Junginger et al., 2019). The GHG 
emission performance and economic potential of utilizing 
non- marginal abandoned arable land for biomass production 
are highly uncertain (Mehmood et al., 2017). There could be 
insufficient available land with a high level of sustainabil-
ity constraints. Therefore, the role of biomass imports can be 
of paramount importance to meet future demand in Europe 
(Mandley et al., 2020).

The results of this study should be interpreted with care 
as there are many uncertainties regarding projections of fu-
ture land availability and applied methods. The land- use/
cover input dataset is based on a supply- demand module that 
considers agricultural markets, demographic, and macro-
economic trends (Baranzelli, Jacobs- Crisioni, et al., 2015). 
However, the ability to reproduce historical trends in combi-
nation with a diverse set of drivers does not necessarily as-
sure that future land- use/cover conditions will be adequately 
represented (Alexander et al., 2017). The location of mar-
ginal lands was assumed to be constant over time. However, 
some parameters related to climate conditions (temperature, 
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precipitation, and humidity) that define land marginal-
ity to some extent (Elbersen et al., 2017) are not constant. 
Including the temporal variation in climate conditions in line 
with the RCP 4.5 projections could affect the location and 
extent of marginal lands. RCP 4.5 climate projections were 
used as inputs to determine biomass potentials and GHG per-
formance. The results are likely to be different for different 
RCP's. However, no big differences are expected, as in the 
short term there is no significant variation between scenarios 
(Collins et al., 2013). At longer times scales (after 2050), the 
differences between climate projections become considerable 
and could lead to different results.

More expertise is required to translate and understand the 
relationship between suitability scores and yield. Despite that, 
yields are based on widely recognized crop suitability parame-
ters (Perpiña Castillo et al., 2015). These are not calibrated with 
empirical results. In reality, yields are often lower as a result of 
less optimal conditions such as nutrient shortage or incomplete 
plant cover (Ramirez- Almeyda et al., 2017). The translation of 
suitability scores into indices that determine yield is uncertain. 
In addition, there is little knowledge of the cause- effect relation-
ship between suitability parameters and yields. This relation-
ship could be linear, quadratic, or exponential. Accounting for 
such processes requires an additional understanding of physical 
and biological relationships. Nevertheless, the yields estimated 
in this study fall in the range as the ones reported in Dees et al. 
(2017), based on a literature review.

The GHG performance of advanced biofuels is based on 
modelling work that is inherently uncertain due to the as-
sumptions made and input data. For example, choices on al-
location procedures highly affect the results, as highlighted/
demonstrated by (Cherubini et al., 2009; Vera et al., 2019). 
This study is also limited to specific advanced biofuel con-
version pathways. Other system designs with the same final 
product will perform different. To illustrate, hydrogen is as-
sumed to be supplied from SMR of natural gas. However, it 
has been demonstrated that using different sources of hydro-
gen could have a considerable impact on the GHG perfor-
mance (de Jong et al., 2017). Other technologies, including 
iso- butanol and hydrothermal liquefaction, could improve 
GHG performances compared to ethanol and pyrolysis fuels 
(Elliott et al., 2014; de Jong et al., 2017). More advanced pre- 
processing techniques such as pelletizing or steam explosion 
could substantially reduce transport GHG emissions for long- 
distance supply chains (Visser et al., 2020). In addition, CO2 
capture and storage combined with advanced biofuel produc-
tion (BECCS) could be a valuable carbon mitigation technol-
ogy. Carbon savings of advanced biofuels can increase due 
to technological progress and should be included in future 
assessments, such as more efficient and upgraded conversion 
processes (Yamakawa et al., 2018).

The assumption of balanced fertilization considers a 
linear relationship between fertilizer use and crop yield, 

resulting in equivalent GHG emissions from fertilizer use 
per unit of fuel for every location. However, the amount of 
fertilizers applied and related GHG emissions can vary ac-
cording to country/region farming characteristics (Fabio & 
Smart, 2018). Indirect N2O emissions from leaching were 
not considered. However, in regions characterized by a wet 
regime, such as in Scandinavia (Lin et al., 2001), leaching 
can occur. Still, the GHG emissions from leaching are min-
imal compared to the overall GHG emissions of the supply 
chain.

The production of advanced biofuels from marginal land 
sourced energy crops can rise as a valuable EU climate change 
mitigation strategy to reduce CO2 emissions and support to 
meet EU biofuel demand. Smart choices on location, crop 
type, and supply chain design are of paramount importance 
to release the maximum benefits of such strategy. However, 
other environmental, social, and economic impacts should be 
considered in the decision- making to avoid negative trade- 
offs. The use of marginal lands could be acknowledged in 
policy as a supplementary climate change mitigation strat-
egy, given that other sources will be required to meet GHG 
emission reduction targets and biofuel demand. In addition, 
it needs to be designated in line with policy targets as there 
can be trade- offs between maximizing the mitigation po-
tential of CO2 emissions or biofuel supply. It is highly rel-
evant to account for the spatial heterogeneity in biophysical 
conditions when assessing the climate effects in bioenergy 
systems. The omission of such characteristics can lead to 
inadequate assessments and, consequently, defective policy 
recommendations.
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