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The deployment of sustainable bioenergy is urgently needed to reach our climate targets, 
as set out in the Paris Agreement. According to IEA Renewables 2021 report biofuel 
demand must nearly double to align with the 2050 Net Zero Scenario drawn by IEA.1

The latest IPCC Working Group 3 contribution to the 6th Assessment Report2 released in 
April 2022 confirmed that “sourced sustainably and with low-GHG emissions feedstocks, 
bio-based fuels, blended or unblended with fossil fuels, can provide mitigation benefits, 
particularly in the short- and medium-term”.

Advanced biofuels produced from non-food biomass, such as wood, straw, and 
lignocellulosic energy crops are one of the solutions to decarbonize transport, especially 
in hard-to-abate sectors where electrification and alternative renewable fuels are not 
available yet, such as aviation, shipping, and long-haul transports.

However, the mobilization of large volumes of biomass is required in order to deploy 
the full potential of advanced biofuels, so how can we produce them sustainably and at 
competitive costs, while preserving our environment and without reducing the agricultural 
land required for food? These are the main research questions which inspired and 
guided the work of BECOOL, a Horizon 2020 research and innovation project to develop 
sustainable and efficient value chains for advanced lignocellulosic biofuels, based on 
lignocellulosic biomass.

Over a period of five years between 2017 and 2022, an international consortium 
of thirteen partners coordinated by the University of Bologna, carried out a range of 
research and demonstration activities across the entire lignocellulosic biomass value 
chain: from the production of non-food crops, to biomass logistics and harvesting, the 
production of bioenergy intermediates and final products, and a full environmental and 
socio-economic assessment of their large scale deployment. The activities followed a 
multi-actor value chain approach, and were based on three pillars. The first pillar was 
the production of biomass to diversify the feedstock sources for advanced biofuel plants 
including residues, dedicated annual crops and perennial crops. The second pillar was 
the design and assessment of optimal biomass logistic chains, to deliver solid biomass 
and bioenergy intermediates to advanced biofuel plants. Finally, the third pillar was 
the increase of efficiency and the integration of conversion processes, including both 
thermochemical and biochemical pathways, for the production of road and aviation fuels. 

Introduction

1. Renewables 2021 - Analysis and forecast to 2026. 
    International Energy Agency 2021 Renewables 2021 - Analysis and forecast to 2026. International Energy Agency 2021
2. Climate Change 2022 Mitigation of Climate Change IPCC AR6 WG III Summary for policy makers.



The activities of BECOOL were aligned with the activities of BioValue, a twin project in Brazil, funded 
by Brazilian State Funding Agencies and companies, to diversify the biomass production chains and 
logistics of advanced biofuels in Brazil, with a focus on aviation biofuels.
Building on existing complementarities in scientific expertise and experience, the two projects 
adopted a synergistic work programme and developed a series of joint research and demonstration 
activities on various aspects, such as the agricultural profiles of Southern Europe and Brazil, joint 
papers on integrated food and bioenergy cropping systems, collaborations for the improvements 
of sugarcane mechanized harvesting, catalyst development, analytical methods, process efficiency 
of sugarcane biorefineries and the sustainability assessment of integrated EU-Brazil Fischer Tropsch 
value chains. 

During the lifetime of BECOOL substantial changes emerged in the European and global context. The 
new Commission’s programme launched in 2019, grounded on the achievement of climate neutrality 
by 2050, the Green Deal and the related Fit for 55 Package, highlighted Europe’s commitment towards 
the decarbonization of transport. At the same time, the Green Deal objectives also reinforced the 
importance of protecting biodiversity, enhancing soil health and other cross-cutting aspects, and 
well desgined sustainable biomass value chains can contribute significantly to these goals.
Even though the outbreak of the COVID- 19 pandemic complicated the work of research teams 
and the organization of 
physical meetings, the 
BECOOL project managed 
to carry out its planned 
activities, delivering a 
series of results that 
are scientifically and 
industrially valuable.
This publication presents 
a summary of the main 
results obtained by 
the different research 
components of the project 
and their relevance for the 
current context of biofuels 
deployment. 

International Scientific Cooperation

Fig 1. The value chain approach and activities of BECOOL.

Fig 2. The BECOOL team at the kick off meeting in Bologna, Italy, June 2017.
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Biomass residues 
potentials for advanced 
biofuels in Southern 
Europe

Residual biomass from agriculture and 
forestry activities is an abundant resource 
in many countries, that could feed value 
chains for biorefineries, producing advanced 
biofuels, bio-based chemicals and energy 
with a circular bioeconomy approach, in 
compliance with the biomass sustainability 
criteria of REDII. 
In BECOOL, a comprehensive assessment of 
the lignocellulosic residues from agriculture 
and forestry available in Spain, Italy, Greece, 
Portugal, France, Croatia, Slovenia and 
Turkey, was carried out by partners CRES and 
CIEMAT. 

For this assessment, the BIORAISE2  GIS-
based tool developed by CIEMAT was utilized, 
combining EUROSTAT data on productivity 
and cultivated areas with geospatial data 
from CORINE land cover. Residue-to-
production ratios were applied and efficiency 
rates for the harvesting processes were also 
considered, for irrigated crops, rainfed crops, 
rice, vineyard, orchards, olive plantations 
and mixed crops (agroforestry systems 
consisting of herbaceous crops under sparse 
tree cover).

The availability of forest residues was 
estimated for broadleaved species, 
coniferous mixed stands, shrublands and 
agroforestry areas, using geospatial data 
from CORINE land cover, integrating the Pan-
European Map of Forest Biomass Increment 

and the Net Primary Production (NPP), with 
productivity tables derived from national 
forest inventories. The assessment also 
considered restrictions related to slope, 
erosion risk and soil organic carbon content 
of the different areas.

Fig 3. Annual availability of biomass residues in Spain, Italy, 
         Greece, Portugal, France, Croatia, Slovenia and Turkey by
         type (k tons dry matter per year).

The study indicated that an amount of 
residual biomass up to 109.3 million dry tons 
is available every year in Southern European 

1
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countries, the large majority of which is 
represented by agricultural residues and the 
remaining part being residues from forestry. 
Almost 60 million dry tons of agricultural 
residues derive from rainfed crops, mainly 
cereal straw. Other less widespread crops 
also provide significant volumes of biomass. 
Prunings from orchards, vineyards and olive 
plantations could provide amount, up to 15 
million tons of dry matter per year.

Fig 4.  Available biomass residues in Southern EU countries
          (Mtons dry matter/year).

In France, up to 45.9 million dry tons dm per 
year could be available (91% from agriculture), 
followed by Spain with 19.7 million dry tons 
dm (84 % from agriculture), Turkey with 18.8 
million dry tons dm (83 % agricultural), Italy 
with 14.3 million tons dm (81% agricultural) 
and Greece with 5.5 million tons dm (85% 
agricultural).
The assessment also found that 15.24 million 
dry tons of forest residues could be available in 
those countries annually, mainly constituted 
by wood from broadleaved species, ranging 
from 38 to 76% of the total for each country 
(except Slovenia) and conifers ranging 
between 21% and 46% (except Croatia).  

Recent European legislation, including the EU 
Green Deal, the Fit-for-55 Package, the RED II, 
as well as UN Sustainable Development Goals 
have reinforced the need to use residual 
feedstocks from agricultural and forest 
activities to produce sustainable advanced 
biofuels.
Although this is a theoretical potential, this 
volume of biomass could feed hundreds of 
biorefinery plants with residual feedstock, to 
produce advanced biofuels, energy and bio-
based chemicals.

REFERENCES

Available agricultural/forest residues and process residues of common interest for EU 
and Brazil - BECOOL Deliverable 1.2. Christou M., Perez Ortiz P., Martín Sastre C., Ciria P. , 
2020.

Available agricultural/forest residues and process residues of common interest for EU 
and Brazil- Updated report - BECOOL Deliverable 1.6. Christou M., Perez Ortiz P., Martín 
Sastre C., Ciria P. , 2022.

Sustainable Biomass Feedstock Options for Advanced Biofuels. Christou, M., Alexopoulou, 
E., Monti, A., Zegada-Lizarazu, W., Parenti, A., Carrasco, J., Ciria, C.S., Pari, L., Suardi, A. 
Proceedings of the 27th European Biomass Conference and Exhibition, 2019.

Chapter 1 - Biomass residues potentials for advanced biofuels in Southern Europe
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Lignocellulosic crops and the residues of 
traditional agricultural crops are abundant 
resources that can be used as a feedstock 
for advanced biofuels, however in most 
cases they are dispersed over large areas of 
territory. Therefore, a well-organized, multi-
step supply chain is required to efficiently 
harvest, collect and transport the biomass 
to the processing plants. Since the quantities 
of feedstock required by industrial size 
plants are in the range of tens or hundreds 
of thousand tons, harvesting and logistics 
of supply are important factors to maximize 
the resource efficiency, that affect their 
economic and environmental performance, 
and ultimately the GHG emissions and costs 
of biofuels.

For this reason, one of the tasks of BECOOL 
focused on improving the efficiency of 
harvesting logistics, with the aim to maximize 
the biomass collected during harvesting and 
minimize losses during storage. In this task, 
partner CREA-IT performed harvesting tests 
of a range of feedstock including almost 
untapped agricultural residues (maize cob, 
wheat chaff, olive prunings), as well as storage 
of tests of perennial crops and woody species 
(giant reed and eucalyptus). The experimental 
activity focused on the development of the 
best harvesting strategies, the fine tuning 
and modification of the available machines 
to reduce biomass losses during harvesting, 
and on the quantification of the biomass that 

can be collected from these resources.

Fig 5. Maize cob residues left on the field.
         Credits: Shutterstock / Pavlo Baliukh.

Harvesting of maize cob

Maize cob is a by-product with low nutritional 
value as a fodder that is normally left on the 
soil, although its effect on soil fertility is also 
limited. The cob is the central core of an ear 
of maize on which the corn kernel grows. 
It can be used in a range of applications 
including as feedstock for energy and 
biofuels, as a substrate for animal bedding 
or hydroponic cultivations, as an adsorbent 
for the production of active charcoal, or an 
abrasive material for metal or wood surface 
conditioning.

Efficient harvesting and 
storage of lignocellulosic 
biomass 

2
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According to EUROSTAT, in 2019 more 
than 9 million hectares of grain maize were 
cultivated in EU27 and UK. Considering an 
average yield of 1 t/ha of cob this indicates 
that a potential of more than 9 million tons 
per year of maize cob could be available in 
Europe.

In BECOOL CREA-IT carried out tests of an 
innovative patented harvesting system 
named HARCOB, developed by Italian 
company Agricinque, in order to acquire 
reliable data on the machine performance 
and the biomass quality. Compatible with 
some types of commercial harvesters, the 
HARCOB system consists of a device to 
separate maize cob from the other residues 
(leaves, stem, culm, etc.) and collect it in an 
additional tank. Depending on the final use 
of the product, the system can modulate the 
amount of the different residues collected. 

Fig 7. Unloading of grain and cob in different tanks at the same
          time. Source: CREA-IT.

Inside the tank, the material is chopped, with 
the possibility to modify the product particle 
dimensions.
During the field tests conducted in October 
2018 in Northern Italy, the harvesting of maize 
grain was carried out with a combine harvester 
machine, equipped with the HARCOB system 
to harvest maize cob simultaneously. The 
average amount of biomass per hectare was 
50.7 t, and the combine harvester machine 
equipped with the HARCOB system collected 
13.12 t/ha-1 of grain and 1.72 t/ha-1 of maize 
cob, characterized by a bulk density of 132 
kg/m3. The HARCOB system performed with 
a material capacity of 4.1 t/ha-1 delivering 
a yield of 2 t/ha-1 of cob and keeping the 
losses of biomass below 20 %. In addition, the 
unloading operation was also performed by 
an innovative auger system that allowed fast 
and smooth discharge of both maize grain 
and cob at the same in around 3 minutes.

 CASE IH 7140 

 Seeds Cobs 
 Mean Dev.st. Mean Dev.st. 

Theor. Field of capacity 1.89 ±0.29   

Eff. Field Capacity 1.36 ±0.18   

Yeld (t seeds ha-1) 13.12 ±0.28   

Material capacity (t seeds h-1) 18.58 ±0.13   

Yeld (t cobs ha-1)   1.72 ±0.23 

Material capacity (t cobs h-1)   2.31 ±0.09 

  Mean Dev.st.  

 

 

 

 

Table 1. Performance of HARCOB system, results of the combine harvesting machine. Source: CREA-IT.

Chapter 2 - Efficient harvesting and storage of lignocellulosic biomass 

Fig 6. View of the Harcob system tested in October 2018.
          Source: CREA-IT. 
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Harvesting of cereal chaff

Cereal chaff also received increasing interest 
due to its availability and its favourable 
properties for use both as an energy 

Fig 8 and 9. The Thievin system to collect wheat chaff during   
                     operation. Source: CREA IT.

feedstock and for animal feeding. Chaff is 
composed by seed glumes, seed husk and 
rachis, and represents around 7 % in weight 
of the threshed product (40 % seeds, 48 % 
straw, 5 % stubble). It is normally dispersed 
in the field together with straw and other 
fine residues retained by the combine sieves 
of the harvester. From the agronomic point 
of view, the collection of chaff can reduce 
the the stock of weeds in the soil. During 
cereal harvesting with traditional combine 
harvesters, chaff is generally left on the 
ground and covered by the straw, therefore 
it cannot be collected with the pick-up in the 
following baling operation. CREA IT tested an 
innovative solution based on a commercial 
combine harvester machine equipped with 
a Thievin Turbopaille device, that spreads 
the chaff on the windrow of straw that is 
afterwards baled and that can be switched 
on an off on during the harvesting operations 
of cereals.

Fig 10. Trials with FACMA shredder for the collection of
             olive tree prunings. Source: CREA-IT.

Results showed that the performance of the 
combine harvester in terms of field capacity 
(ha h-1), biomass yield and material capacity 
(t h-1) was not affected by the functioning 
of the Turbopaille, while the subsequent 
baling operations showed a slightly lower 
field capacity when baling straw and chaff 
together, compared to traditional baling of 
straw only. Therefore, by using the Thievin 
system with combine harvesters, it was 
possible to harvest 19 % more biomass per 
hectare without reducing the capacity of the 
harvester during grain harvesting, with only 
a slight reduction in field capacity during 
baling, although with no additional fuel 
consumption.

Olive tree prunings

Tree prunings are another source of 
renewable biomass for energy and industrial 
use in Europe, however the rational use of this 
biomass source is limited by various factors, 
one of which is the lack of a sustainable 
logistic chain. 
In BECOOL, harvesting trials of olive prunings 
were carried out in Agios Konstantinos 
(Fthiotida region, Greece) in order to test the 
performance and the quality of the work of 
a FACMA shredder in hilly and flat lands, in 
order to compare the performance and fuel 
consumption of the machine in different 
field conditions. In both cases, the harvesting 
involved a first phase of raking the product 
on the ground, and subsequent harvesting of 
the prunings the shredder.

Chapter 2 - Efficient harvesting and storage of lignocellulosic biomass 
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The harvesting efficiency was higher in the 
hills than in the flat land and significant 
differences were found in terms of field 
capacities, working speed, and bulk density 
of the hog fuel produced, but the fuel 
consumption per ton of product harvested 
was the same in both conditions. The quality 
of the shredded product was also evaluated 
and the results showed a significant 
difference in the bulk density during the 
harvesting in the hills (higher density, 266 kg/
m3 rather than in the flat land (lower density, 
220 kg m-3). The lower working speed of the 
tractor that worked on the hill produced finer 
wood chips which resulted in a higher bulk 
density, having less space between the wood 
particles.

Storage of solid biomass

Storage is another essential step of 
the biomass supply chain, that doesn’t 
normally require costly operations. A 
proper management of biomass storage 
can improve the quality of the feedstock for 
further processing, for example by reducing 
its moisture content over time. 
Research demonstrates that the quality of 
biomass fuel is affected by the storage process 
and important fuel quality characteristics 

 

* p<0,05 ; ** p<0,01 (Procedure: Tukey HSD method) 

Machine performance  Pruning rake  

(Flat land)  

Pruning rake  

(Hilly land)  

FACMA Combi  

(Flat land)  

FACMA Combi  

(Hilly land)  
Area (ha) – Slope (°)  0.60 1.42– 8.1(±0.9) 1.66  0.93 – 8.1(±0.9) 

Yield (tfm/ha)    2.29(±0.54) 5.01(±1.61) 

Pruning charact.: Ø – length 
(cm)  

2.99(±0.98)| 204(±49) 2.60(±0.78)|194(±53) 2.99(±0.98)|204(±49) 2.86(±0.88)|215(±55) 

Windrow charact.: width – height 
(cm)  

140(±27)|55(±17) 142(±8)|52(±11) 140(±27)|55(±17) 162(±33)|55(±9) 

Ro (work efficency)  0.53 0.56 0.53 0.50 

Theor. Field capacity (ha/h)  1.13 1.57 2,98 ±0.39)* 1.56(±0.10)* 

Effective Field capacity (ha/h) 0.60 0.88 1.57(±0.16)* 0.79(±0.21)* 

Working speed (km/h)    3.85 1.94 

Material capacity (t/h)  n/a n/a 3.56(±0.68) 3.75(±0.44) 

Losses (%)  n/a n/a 23(±12) 27(±7) 

Moisture content (w.b.) (%)  n/a n/a 26.8(±0.2) 27.1(±1.6) 

Bulk density (kg/m3)  n/a n/a 220(±8)** 266(±14)** 

Fuel consumption   

Fuel consumption (l/ha)  3.01  2.11  8.1(±0.3)  18.5(±3.9) 

Fuel consumption (l/tfm)  0.74 0.75 3.7(±0.7) 3.8(±0.8) 

Fuel consumption (l/h)  1.81 1.85 12.7(±0.8) 14.2(±1.7) 

such as the calorific value, moisture content 
and ash content are influenced by storage 
dynamics. For this reason, storage trials on 
eucalyptus and on giant reed were carried 
out.

For eucalyptus, the test allowed to compare 
the behaviour and the variation in the 
quality of the biomass in three different 
storage methods of wood derived from 
medium rotation forestry, over a period of 
seven months between April and October 
2018: wood stem storage with and without 
branches, chipped biomass stored on 
covered and uncovered pile, and firewood 
stored outdoor and indoor storage. 

When stored as 
firewood logs, the 
biomass showed the 
highest reduction 
of moisture content 
and lowest losses of 
dry matter over time. 
The storage as whole 
tree gave very similar 
results to firewood 
for moisture content 
reduction but led to 
higher dry matter 
losses (17.75 %). The 
storage of chipped 
biomass outdoor in 
uncovered bulk piles 
led to the highest loss 
of dry matter and 
the lowest reduction 
of moisture content    
over time. 

The test also showed the importance of 
choosing the right period to store the biomass, 
to limit dry matter losses and to reduce the 
moisture content. The final moisture content 
reached by both logs and whole plants could 
allow the use of biomass as firewood, or to 
be further chipped for use as feedstock for 
industrial plants. 
The study considered on different types of 
storag. 10 tonnes of comminuted biomass 
was stored in 2 piles 4 m long, 3 m wide and 
2 m tall. 

Chapter 2 - Efficient harvesting and storage of lignocellulosic biomass 

Table 2. Results of the pruning harvesting test carried out in Greece
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The material was stored for 7 months.
The shape and the orientation of the two 
piles were maintained as similar as possible, 
to ensure that climatic factors had the same 
influence on both treatments. 
One of the piles was covered using a 
Toptex tarp, i.e. a material capable to allow 
transpiration and avoid the penetration of 
rainwater. 
The results showed how the storage of the 
biomass caused a reduction of almost 50 % 
of the bulk density. 

Fig 11-12-13-14. Tests of different storage methods: Wood stem (top left) covered and uncovered woodchip piles (top right and 
                            bottom left), fuel logs (bottom right).

Chapter 2 - Efficient harvesting and storage of lignocellulosic biomass 

Furthermore, at the end of the storage test 
the moisture content, the inner temperature 
and the dry matter losses were higher in 
the uncovered pile than in the covered one. 
The test demonstrated that it is possible to 
reach a moisture content suitable for energy 
production processes in 7 months using a 
covering textile and to sharply reduce the 
bulk density. 
The covered storage allows to reduce the dry 
matter losses that usually affects the storage 
of comminuted biomass.

 

Storage type Treatment Initial moisture 
content (w%-ar) 

Final moisture 
content (w%-ar) 

Dry matter losses (%) 

Whole plant (3.5 t) 
Stem storage (SS) 

50.56 
15.01 a -4.26 a 

Whole tree 
storage (WS) 

12.17 b -17.75 b 

Chipped biomass 
(34.6 t) 

Covered 
49.68 

24.18 a 1.24 a 

Uncovered 31.99 a -6.65 a 

Fire wood (1.2 t) 
Indoor 

50.56 
10.50 a 2.53 a 

Outdoor 13.56 a -3.17 b 

 Table 3. Results of storage tests.
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Key points: efficient harvesting and storage of lignocellulosic biomass

• Efficient harvesting and storage of biomass are important steps of biomass supply chains, 
that affect the economic and environmental performance of advanced biofuels.

• In addition to cereal straw, other agricultural residues such as corn cob and cereal chaff are 
largely available in Europe at million tons scales and still mostly untapped. Innovative me-
chanized harvesting solutions are available to collect those residues with traditional combi-
ne harvesters, without reducing the performance of grain harvesting, whilst increasing the 
amount of biomass per unit of land collected.

• Prunings from tree plantations are another abundant reservoir of residual biomass, that 
can be collected efficiently with small scale machines, turning a burden for farmers into a 
resource for bio-based processes.

• A proper management of storage conditions can significantly improve the quality of woody 
biomass for its further use as feedstock for industrial plants.

Chapter 2 - Efficient harvesting and storage of lignocellulosic biomass 
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Today most of the feedstock used to produce 
advanced biofuels is derived from woody 
biomass and residues such as cereal straw. 
Agricultural residues are an abundant and 
widely available resource, nonetheless, the 
availability and the price of cereal straw at 
local level is influenced by climatic conditions 
and by the demand in competing markets. 
Therefore, in a scenario of increasing demand 
of biofuels, it is important to diversify the 
feedstock base for industrial plants that 
require a constant supply of biomass in the 
range of tens or hundreds thousand tons, 
and to complement the supply of agricultural 
biomass residues with other feedstock 
options. 

Dedicated lignocellulosic crops can help to 
diversify the feedstock base and increase 
the security of supply for advanced biofuel 
plants. The REDII allows the production 
of low-ILUC risk feedstock on abandoned, 
marginal and unused land. It also allows the 
use of crops grown before or after the main 
crops (double cropping), to produce non-
food cellulosic material, without triggering 
demand for additional land.

At least two thirds of the arable land in EU-
27 and UK is dominated by conventional crop 
rotations, mainly wheat-maize-fallow, that 
negatively affect soil-health in the long-term, 
and require a large input of agrochemicals 
and fertilizers to sustain the crop productivity. 

Enlarging the rotations by introducing annual 
lignocellulosic crops together with cereals, 
can also represent a sustainable agronomic 
practice, that can bring about environmental 
benefits to the soil structure, its biological 
activity, water storage capacity, organic 
matter content, and crop resilience to pests 
and diseases, as promoted by the CAP and 
the farm-to-fork strategy.

Fiber sorghum, kenaf, sunn hemp and hemp 
are examples of high-yielding crops that 
can improve the soil physical and chemical 
characteristics and help to make a more 
efficient use of soil resources at the same 
time. 
However, there is a limited availability of 
scientific evidence about the long-term 
effects of annual biomass crops on the 
performance and the yield of traditional 
cereal crops as well as on soil fertility, in 
multiannual rotational schemes. 
Filling this gap was one of the main research 
tasks of BECOOL, carried out by the University 
of Bologna, CRES and CIEMAT. Together they 
developed innovative crop rotation systems 
with the aim to diversify crop rotations and 
increase the annual quantity of lignocellulosic 
feedstock per unit of land, avoiding impacts 
to food production, soil quality, and land use 
competition.

Integrated cropping 
systems of cereals 
and dedicated annual 
lignocellulosic crops

3
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Multiannual rotational trials

Over a period of five years between 2017 and 
2021, rotational trials including wheat and 
maize with fiber sorghum, kenaf, hemp and 
sunn hemp were tested and observed in field 
plots at three different sites in southern EU 
(Spain, Greece and Italy). The yields of each 
crop, their effect on soil nutrients availability 
for the subsequent crop, as well as biomass 
characteristics and qualitative parameters 
were determined. A control rotation was also 
tested, alternating two years of cereal crops 
(wheat and maize), with one year of fallow 
which represents the most common scheme 
still applied by many farms in southern and 
central Europe.
The results after the completion of the entire 
rotational cycle demonstrated that the grain 
yields of both wheat and maize were not 
reduced in any of the rotations, nor in any of 
the three locations, compared to the control 
rotation. In one of the rotations (R5) where 
wheat was cultivated every year, followed by 
sunn hemp as a summer crop, the grain yield 
was even higher than in the control one. 

At the same time, the cumulative biomass 
yield per unit of land was significantly higher 
in the rotations with lignocellulosic crops than 
in the control with cereals only, in particular 
in rotation R2 which included both fiber 
sorghum and sunn hemp and in R5 (wheat-
sunn hemp).
  
The control rotation averaged a cumulative 
amount of biomass in the range between 
20 and 25 t/ha of dry matter per year, 
composed to a large extent by maize stover 
and wheat straw, whereas in the rotations 
with lignocellulosic crops the average yields 
were 40 t/ha of dry biomass in Spain, 60 t/ha 
in Italy and 80 t/ha in Greece, with a large and 

Fig 16-17-18. Five-year average yields of grain and biomass in
                       rotations and control at three test sites.

consistent share of the biomass provided by 
the lignocellulosic crops, fiber sorghum and 
sunn hemp in particular, over the 5-year 
period.

Fig 15. Scheme of the multiannual rotational trials.

Chapter 3 - Integrated cropping systems of cereals and dedicated
                     annual lignocellulosic crops
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In terms of quality of the biomass produced by 
the lignocellulosic crops, fiber sorghum was 
the crop that showed the highest percentage 
of both cellulose and hemicellulose and 
the lowest of lignin and ashes (a desirable 
characteristic in a feedstock for alcohol 
fermentation), in comparison to sunn hemp, 

Fig 20. Fiber and lignin content of the four lignocellulosic crops tested in the rotations.

kenaf and hemp. In general, fiber sorghum 
also showed the lowest concentration 
of minerals in the biomass (a desired 
characteristic in a feedstock for combustion or 
gasification), whereas hemp had the highest, 
and kenaf and sunn hemp had intermediate 
values.  The high concentration of ash and 
inorganic elements in hemp derives from the 
leaves. In fact, the ash content in the stems 
only is in average around 4.3%. Therefore, 
a possible solution to reduce high minerals 
and ash concentrations could be trough the 
development of harvesting systems that can 
remove the leaves from the final product.

Effect of lignocellulosic crops on soil quality

The total soil C and N content in all rotations 
were found at similar levels in the conventional 
and the innovative crop rotations, indicating 
no net increase or decrease of soil fertility 
due to the introduction of the dedicated 
energy crops instead of the fallow period. As 
for the soil organic carbon content, values 
were also similar in all rotation systems 
(about 0.71 %). Sunn hemp may have played 
a role in sustaining the N and C content in the 
soil, in particular in R1 and R5 which included 
sunn hemp in every growth cycle. Moreover, 
the other dedicated energy crops may have 
also contributed to the maintenance of the 
soil fertility thanks to consistent leaf residues 
left on the soil and the deep and extensive 
roots that can contribute to increase the 
soil aggregate stability and improve the soil 
structure.

Fig 19. Five-year average biomass yield of the five rotations
            and control at the three test sites.

Chapter 3 - Integrated cropping systems of cereals and dedicated
                     annual lignocellulosic crops
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These results prove that innovative crop 
rotations schemes can effectively and 
significantly help to increase the availability 
of lignocellulosic feedstock for advanced 
biofuel plants in the temperate climates of 
South Europe, without reducing the yield 
of cereals and without increasing land use. 
By supplementing agricultural residues 
already available at local level with additional 

feedstock from dedicated crops, it is possible 
to shorten the biomass supply chains, reduce 
transportation costs, and increase the security 
of supply for advanced biofuel plants. Finally, 
this practice can also bring about agronomic 
benefits, enhancing soil fertility thanks to the 
effects of a wider and more diversified crop 
rotation, with industrial crops that have low 
input requirements.

Key Points: Integrated cropping systems of cereals and annual lignocellulosic crops

• Growing annual lignocellulosic crops in rotation with cereals crops is an effective way to 
diversify and secure the supply of biomass for advanced bioethanol plants. 

• The grain yields of cereal crops are not affected by the adoption of multi-annual rotations 
with lignocellulosic crops, grown as double crops during summer or on fallow land. 

• At the same time, the biomass yield per unit of land of multiannual rotations of cereals and 
lignocellulosic crops are sensibly higher than those of rotations with cereal-fallow only. 

• Larger rotations with cereals and lignocellulosic crops including legumes (sunn hemp) are 
effective in contributing to soil health and reducing fertilizers needs.
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Fig 21. Harvesting of sunn hemp in Bologna, Italy (left).  
Fig 22. Aerial view of the experimental plots of biomass crops at the Cadriano farm of the University of Bologna, 27 July 2021 (fiber 
             sorghum, sunn hemp, kenaf, industrial hemp).

Innovative Lignocellulosic Cropping Systems in Europe: Combining Knowledge from Several EU-Projects.  
Germer, S., Alexopoulou, E., Concha, I.V., Grundmann, P., van Haren, R., Janssen, R., Khawaja, C., Kiourtsis, F., 
Monti, A., Sailer, K., Tryboi, O., Wagner, M., Zegada-Lizarazu, W. Proceedings of the 27th European Biomass 
Conference and Exhibition, 2019
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Zegada-Lizarazu W., Carvalho J. Parenti A., Tenelli S, Martín Sastre C, Ciria P., Christou M., Alexopoulou E., Bonomi 
A.M., Monti A., Global Change Bioenergy 2022

Fig 23. Plots of industrial hemp ready for harvest in Italy, at the Cadriano farm of the University of Bologna, 27 July 2021 (left).  
Fig 24. Harvesting of fiber sorghum at the Cadriano farm of the University of Bologna, October 2021 (right).

Fig 25. Harvesting of kenaf at the Cadriano farm of the University of Bologna, October 2021 (left).
Fig 26. Wheat harvesting and measuring of straw yield at the at the Guadajira farm in Extremadura, Spain, 28 June 2021.  
            Source CIEMAT (right).
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Long-term plantations of 
perennial energy crops in 
marginal land

4

The cultivation of crops on unused, marginal 
or abandoned land is one of the criteria for the 
production of low-ILUC risk biofuels defined 
by the RED II. Perennial lignocellulosic crops 
such as giant reed, switchgrass and miscanthus 
are well adapted to grow on marginal and 
idle land, and can represent an additional 
source of biomass for advanced biofuels 
and bio-based products. The selection, 
cultivation and harvesting of perennial 
biomass crops was widely investigated by 
several international projects; in BECOOL, 
a series of long-established stands of 
different perennial crops were managed and 
monitored, observing their annual biomass 
yields for the entire duration of the project. 
These included plantations of switchgrass 
and giant reed established in 1998, 2002 and 
2012 on marginal land in Greece, giant reed 
and switchgrass established in 2004 on an idle 
riverside land of 1.4 ha in central Italy, large 
fields of switchgrass established in 2010, and 
tall wheatgrass established in 2013 in Spain, 
and two hectares of eucalyptus established 
in 2013 in central Italy. 
Thanks to the continuation of the monitoring 
of those stands during BECOOL, it was possible 
to collect data and to draw conclusions 
on the long-term cumulative and average 
biomass yields of some of the most long-lived 
experimental perennial plantations available 
nowadays in Europe. 
In Italy, the mean yield of the 18 years old 

plantation of giant reed was 20 dry t/ha over 
the period and in Greece, the mean yields of 
the 19 years-old plantation ranged from 7 to 
17 t/ha depending on the level of irrigation. 
In both countries, the yields of the first ten 
years of the plantation were above the mean 
yield of the period. Figure 27 below shows 
that after the first years of high productivity 
(benefiting from initial NP fertilization and 
irrigation), the yields of giant reed decreased 
significantly, however a fertilization with 150 
kg/Ha of nitrogen in 2016 was effective in 
raising up the yields again to 15-18 t/Ha. In 
the last year of observation (2021), the yields 
were still above 10 t/Ha in Italy and 6-8 t/Ha 
in Greece.

Fig 27. Annual and mean yields of giant reed in Italy (UNIBO) 
            and in Greece under different irrigation levels (CRES).
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due to exceptionally dry months with low 
rainfall.

In addition to providing lignocellulosic 
biomass for advanced biofuels and biobased 
products, growing perennial lignocellulosic 
grasses on marginal and idle lands can 
also provide significant ecosystem benefits 
by reducing soil erosion, increasing soil 
organic carbon, increasing biodiversity 
and contributing to regenerative farming 
practices.

For switchgrass, the mean yield was 13-14 t/
ha in Italy over 18 years, between 7 -17 t/ha 
in Greece and in Spain over 9 years, varying 
with the different irrigation levels (In Greece, 
the plot was irrigated three times per year 
between May and July). In all cases, during the 
first 8-9 years from the initial establishment, 
the annual yields were higher than the 
average yields of the entire period. 
For tall wheatgrass in Spain, the annual yield 
during the first 4 years were 4-5 t /ha dry 
matter, while in the last three years the yield 
declined to 2.5-3-5 t/ha D.M./ha, probably 

Fig 28. Annual and mean yields of switchgrass in Italy 
            (UNIBO) and in Greece (CRES) and Spain (CIEMAT) under
            different irrigation levels.

Fig 29. Annual and mean yield of tall wheatgrass plantations in
            Spain (3 cultivars).

Key Points: Perennial lignocellulosic crops on marginal land

• Perennial lignocellulosic crops such as giant reed and switchgrass can be successfully grown 
on marginal and idle land, and can represent an additional source of biomass for advanced 
biofuels and bio-based products.

• Experimental plantations of giant reed and switchgrass in Italy and Greece demonstrated 
that it possible to obtain good yields of biomass over long periods of cultivation, even after 
15-20 years from establishment, with relatively low inputs of fertilizers and limited irrigation.

• Perennial lignocellulosic plantations can also reduce soil erosion, increase soil organic carbon 
and biodiversity in marginal and idle land, contributing to regenerative farming practices 
and to the objectives of the EU Green Deal.

Chapter 4 - Long-term plantations of perennial energy crops in 
                     marginal land
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Fig 30. Plantation of tall wheatgrass in Spain. Source CIEMAT (up left). 
Fig 31. Harvesting of giant reed plantations in central Italy. Source University of Bologna (up right).
Fig 32. Harvesting of switch grass.
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Gasification of solid biomass 
and intermediate energy 
carriers to advanced biofuels

5

An important research component of BECOOL 
focused on the optimization and integration 
of thermochemical conversion processes 
for advanced biofuel and biorefineries. This 
work had multiple objectives including: 
• generating experimental gasification 

performance data for lignocellulosic 
biomasses at bench scale;

• validating the pyrolysis of selected 
feedstocks at bench and pilot scale for 
subsequent gasification;

• assessing the performance and scale up 
costs of advanced biofuel value chains 
using AspenPlus models;

• conducting a regulatory framework 
analysis of the definition and standards for 
advanced biofuels from gasification.

Fig 33 below shows the different steps of 
the integrated process that was studied and 
tested. The production of Fischer-Tropsch 
biofuel via direct entrained flow fluidized 
bed biomass gasification was the main 
processing pathway. In addition, both fast 
pyrolysis and slow pyrolysis were studied as 
ways to produce intermediate energy carriers 
for further gasification and production of FT 

fuels (gasoline, diesel and kerosene). In the 
first case, the intermediate carrier was fast 
pyrolysis bio-oil (FPBO), and in the latter case 
the carrier was a slurry of char and bio-oil.
Two main reasons justified the production 
of intermediate energy carriers before 
gasification. First, both slow and fast pyrolysis 
can provide advantages in solving logistical 
challenges, enabling a decentralized pre-
treament of the biomass in modular units, by 
producing the energy carriers (FBPO or slurry) 
at local level, before their final gasification 
and upgrading in a large-scale unit. Both 
solutions can also provide excess heat for the 
drying of the biomass, and in the case of slow 
pyrolysis, biochar is also produced, that can be 
used as a soil amendment and for soil carbon 
sequestration. The second advantage is at 
process level, as both fast and slow pyrolysis 
can separate the inorganic elements in the 
biomass that are responsible for ash melting 
behaviors during the gasification stage. 
Finally, the use of FBPO simplifies pressurized 
operation in the gasifiers, avoiding the need 
for further syngas compression.

Fig 33. Scheme of the integrated thermochemical pathways and activities studied in BECOOL.
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Gasification of solid biomass 

Regarding direct biomass gasification, 
successful tests were conducted by TNO on 
its proprietary MILENA gasifier, with biomass 
from eucalyptus, sugar cane bagasse, fiber 
sorghum, and giant reed. The conversion 
rates of eucalyptus and sugar cane bagasse 
were in line with the reference feedstock 
(wood chips) around 80-85% at 800°C. A 
higher gasification temperature resulted 
in a higher carbon conversion to gas. The 
feedstock from sorghum and giant reed was 
pelletized before gasification, to prevent the 
bridging of the feedstock in the bunker, and 
to densify the material in order to feed the 
required amount (~5 kg/h) into the gasifier. 
Expectedly, sorghum and giant reed resulted 
more challenging than eucalyptus due to 
their higher content of sulphur and nitrogen, 
and their carbon conversion to product gas 
was in the range of 65-75%. 

Gasification of liquid intermediates

In addition to the tests on solid biomass 
samples, as part of the thermochemical 
experimental activities, in 2020 samples of 
giant reed, fiber sorghum and eucalyptus 
were converted into fast pyrolysis bio-oil 
(FPBO) by VTT in Finland and the bio-oil was 
then sent to BTG in the Netherlands, for 
bench scale gasification tests. The analysis 
of the oil showed that FPBO from eucalyptus 
had the highest heating value and the lowest 

ash and solid content of the three. These are 
positive aspects for gasification, although 
the viscosity of this oil was also the highest, 
affecting the atomization of the FPBO, while 
the viscosity of the other two samples was 
lower, partially due to a higher water content 
in the samples.

The three types of FPBO were gasified 
in an autothermal catalytic reformer. In 
autothermal catalytic reforming (ACR) FPBO 
is mixed with oxygen and optionally steam; 
because of this, partial oxidation reactions 
take place and increase the temperature 
to around 800-900 °C. The gas mixture is 
then led over a catalyst bed to enhance 
methane and tar conversion reactions. The 
advantage of ACR is that operation at lower 
temperature is possible compared to non-
catalytic entrained flow systems.
Results showed that a good quality syngas 
was obtained from all the three feedstocks, 
containing roughly 50 vol.% H2, and the 

Fig 34. Carbon conversion rates of gasification tests of  
            eucalyptus (EUC), sorghum (SO), giant reed (GR),
            bagasse (BAG). Source: TNO.

Feedstock Eucalyptus Arundo Sorghum 

Water, wt % 22.8 29.6 26.1 

Solids, wt% 0.14 0.25 0.63 

MCR, wt% 18.6 16.6 17.5 

Ash, wt % 0.03 0.16 0.09 

Carbon, wt% 43.0 41.2 41.4 

Hydrogen, wt% 7.7 8.0 8.0 

Nitrogen, wt % 0.2 0.3 0.9 

Chloride, mg/kg 240 260 133 

Sulphur, mg/kg 144 338 528 

Oxygen (by diff.), wt% 49 50 50 

Viscosity (20 °C), cSt 66 34 37 

Viscosity (40 °C), cSt 20 11 13 

Viscosity (60 °C), cSt 7.1 5.1 5.8 

Viscosity (80 °C), cSt 3.8 2.7 3.1 

Density (20 °C), kg/dm3 1.191 1.162 1.171 

Density (40 °C), kg/dm3 1.174 1.145 1.154 

Density (60 °C), kg/dm3 1.156 1.126 1.124 

Density (80 °C), kg/dm3 1.135 1.106 1.113 

HHV, MJ/kg 17.89 17.25 17.63 

LHV, MJ/kg 16.21 15.50 15.88 

pH 2.8 2.9 3.5 

CAN, mg KOH/g 82 88 83 

Carbonyl, mmol/g 4.2 3.7 4.2 

Stability test 24h 80 °C 

Viscosity increase (80 °C), % 
 

94 

 

143 
 
-- 

Water increase (80 °C), % 9 2 -- 

Carbonyl decrease, % 36 32 -- 

 

Table 4. Analytic results of FBPO produced from different
              feedstock. Source VTT.

Chapter 5 - Gasification of solid biomass and intermediate  
                     energy carriers to advanced biofuels
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remaining part almost equally distributed 
between CO and CO2. The H2/CO ratio was 
near 2:1, which is a good parameter for 
subsequent Fischer-Tropsch synthesis. The 

average syngas production was 
around 50 mol (H2+CO)/kg FPBO, 
a quite close result the theoretical 
maximum.

The results of the FBPO gasification 
tests also indicated that the 
final gas composition is almost 
independent from the type of 
biomass used biomass used. This 
is a positive outcome confirming 
the possibility to use fast pyrolysis 
as a way to increase the feedstock 
flexibility of advanced biofuels 
value chains from gasification.

Char and bio-oil slurry

In addition to the gasification of bio-oil, a 
potential strategy to valorize also the solid 
pyrolysis products (i.e. char) in a single, stable-
phase energy carrier, is the blending of bio-oil 
and char into a slurry. The slurry consists of a 
highly loaded suspension of solid particles in 
a liquid phase, with a higher energy density 
than pure bio-oil. In this context, partner 
RE-CORD investigated the formulations of 
slurries made by a mix of the liquid and the 
solid products of different pyrolysis processes 
of wood. These are made respectively with 
intermediate pyrolysis charcoal (IPC) in 
intermediate pyrolysis bio-oil (IPBO) and 
slow pyrolysis charcoal (SPC) in fast pyrolysis 
bio-oil (FPBO). The main research focused on 
the methodology for the preparation of the 
slurries and their characterization, with the 
aim of studying the slurring ability of various 
samples at different char-in-oil contents. 
The properties of the slurry are affected by 
the char content, the particle size and the 
temperature. By increasing the char-in-liquid 
fraction, the energy density increases as well 
as the dynamic viscosity. 

Full line demonstration of gasification to 
Fischer-Tropsch liquid process

Another major achievement of this 
component of BECOOL was the successful 
demonstration at pilot scale of a fully 
integrated line of Fischer Tropsch liquid 

Fig 35. Schematic representation of the authothermal catalytic conversion system. 
            Source: BTG.

Fig 36. The authothermal catalytic reformer at the BTG
            laboratory. Source BTG. 

Fig 37. Composition of syngas obtained from the gasification of
            FBPO from different feedstock.

Chapter 5 - Gasification of solid biomass and intermediate  
                     energy carriers to advanced biofuels
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production from the gasification of sugarcane 
bagasse and wood chips. This was obtained 
at TNO’s laboratories using its pilot units 
for gasification and gas cleaning, together 
with gas upgrading and liquid synthesis 
at a rate of 1 - 1.5 Nm3/h gas. The initial 
objectives of this demonstration were to use 
a mix of wood and lignocellulosic biomass, 
obtaining a complete removal of tar, sulphur 
nitrogen and CO2 from the syngas, then use 
conventional pellet catalysts in conventional 
LTFT to synthesize the liquid fuels.
The test was successful in obtaining the 
complete removal of sulphur and CO2 
capture from the product gas, and to 
perform steam reforming to achieve desired 
H2/CO ratio. The FT pilot reactor was run in 
continuous for 5 days of and the first batch 
of liquid biofuels was yielded an amount over 
3.5 liters of liquid/solid hydrocarbons. 

Fig 38. Scheme of the gasification and FT process (above) and images of the different sections. Source: TNO.

Chapter 5 - Gasification of solid biomass and intermediate  
                     energy carriers to advanced biofuels

Conclusions

As the demand for biofuels is expected to 
increase significantly in the near future as 
result of the EU Green Deal objectives, the 
Fit-for-55 package and the need to reduce 
fossil fuel imports, gasification routes 
to advanced biofuels can represent an 
alternative to current biofuel processes. The 
special strength of these routes are the wide 
range of feedstocks that can be used, and the 
synergies that can be built with the existing 
current petroleum routes.
In addition, gasification process allow 
chemical co-production for example of 
biomass-to-x products and alternative such 
as such as methanol and dimethyl ester 
(DME).
BECOOL obtained the successful 
gasification of lignocellulosic feedstock and 
demonstrated the full line of gasification to 
Fischer Tropsch biofuels at pilot scale . The 
use of liquid intermediate energy carriers 
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such as pyrolysis oil as feed for gasification 
widens the feedstock base and removes the 
ash-related obstacles. The type of biomass 
feedstock does not affect the main FT product 
quality and the synthesis gas composition. 
The integration of biochar in the production 
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Fig 39. The batches of FT fuels (right). Source: TNO. Fig 40. The TNO team working at the FT demonstration.

route not only increase the energy efficiency 
of the value chain, but perfectly matches the 
latest provisions of REDII - Implementing 
Act and contributes to further improve GHG 
performances of the biofuel.
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Fig 41. Milena lab scale Gasification TNO  

(photo Jasper Lensselink).

Key Points: Gasification of solid biomass and intermediate 
energy carriers to advanced biofuels

• Successful gasification of eucalyptus, fiber sorghum, giant reed and sugar cane bagasse was 
achieved. 

• Beech wood and sugarcane bagasse were successfully converted into liquid Fischer-Tropsch 
products via the BECOOL process during 10 days of operations

• The use of liquid energy carriers such as FBPO as feedstock for gasification widens the 
feedstock base for advanced biofuels and enables synergies and integrations with existing 
fossil routes.

• The process allows chemical co-production (e.g. BTX) and alternative products such as MeOH 
and DME.

• The GHG performance of the biofuel chain is improved by the production of biochar
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One of the work packages of BECOOL 
focused on increasing the energy efficiency of 
biochemical pathways to produce cellulosic 
ethanol from the diverse range of feedstocks 
studied by the project. This included 
the optimization of a multi-step process 
encompassing biomass pre-treatment and 
enzymatic hydrolysis to obtain C5 and C6 
sugars followed by the fermentation of 
cellulosic and hemicellulosic sugars into 
alcohols (ethanol and butanol). Increasing 
both the yields and the fermentability of C5 
and C6 sugars were the key objectives of this 
task.
For this scope, the FABIOLATM organosolv 
fractionation technology developed by TNO 
in the Netherlands was used for the pre-
treatment of biomass, which integrated 

Biochemical conversion 
and process efficiency for 
advanced biofuels

6

with enzymatic hydrolysis, produces C5 and 
C6 sugars streams and high-quality lignin. 
Wageningen University performed the 
research activities on the fermentation of C5 
and C6 sugars to ethanol and butanol.

The process was applied to a range of biomass 
types including agricultural residues, forestry 
residues and energy crops, containing 
significant amounts of non-lignocellulosic 
components (minerals and extractives) that 
can interfere with the fractionation process 
and affect the final yield of fermentable 
sugars. For this reason, TNO implemented a 
pre-extraction process in order to enhance 
the robustness of the fractionation and its 
capability to treat the whole range of biomass 
feedstock.

Fig 42. Scheme of the FABIOLATM biorefinery process for lignin and fermentable sugars production from lignocelluloses. 
             Source: TNO.
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Validating the flexibility and the scalability of 
this optimized processes was another of the 
objectives of this work package, as well as 
developing a conceptual value chain based 
on biochemical route for the production of 
advanced biofuels.

Lastly, the project also aimed at valorizing 
lignin rich residues through the integration of 
the pyrolysis and gasification pathways with 
the biochemical production of lignocellulosic 
ethanol as an alternative to the typical use 
of byproducts of cellulosic ethanol plants in 
power generation.

Pre-extraction and FABIOLATM organosolv 
fractionation 

The FABIOLA™ process is a mild acetone 
organosolv process that can effectively 
fractionate the three main lignocellulose 
constituents from a wide variety of 
feedstocks3. Fractionation results in a 
hydrolysable cellulose pulp, high sugar yields 
from the (hemi)cellulose and the isolation 
of a lignin that is of higher quality, i.e. less-
condensed, than lignins obtained from 
higher severity biorefining processes.

Initially this technology was designed and 
developed to work in conditions optimized for 
relatively clean feedstocks such as hardwood 
chips. The pre-extraction process was initially 
developed in other projects4, n BECOOL it 
was further optimized in BECOOL in order to 
apply the FABIOLATM fractionation technology 
to a wider range of lignocellulosic feedstocks. 
TNO’s work focused on the integration of the 
pre-extraction and organosolv fractionation 
processes and their demonstration at TRL 3-4 
for a selection of feedstocks with potential 
to expand the biomass supply chain of 
advanced biofuels.
The pre-extraction process demonstrated 
enough robustness to treat also herbaceous 
lignocellulosic biomass and to remove 

mineral and extractives content from the 
original feedstocks. This is very beneficial 
for the downstream use of the pre-treated 
biomass, making the feedstock more 
homogenous for the further fractionation 
step, reducing corrosion and increasing the 
purity of product streams. This integrated 
process allowed to recover more than 90% 
of the C6 sugar available in the product pulps 
from all the different feedstocks, whereas 
C5 recovery, delignification and lignin yield 
showed more variable yields among the 
different biomass types.

Enzymatic hydrolysis and detoxification

For the downstream processing of the 
sugars the research work focused on the 
enzymatic hydrolysis of the pulp and on the 
detoxification of the C5 sugar streams, with 
the aim to assess the efficiency of enzymatic 
hydrolysis on lignocellulosic feedstocks and 
to develop ways to detoxify C5 sugars to a 
suitable level for ethanol fermentation.
The research work demonstrated that 
organosolv pulps obtained from most 
feedstocks and herbaceous biomass in 
particular, can be treated with economically 
feasible doses of enzymes, with a high 
consistency process (25% w/v) delivering sugar 
syrups with high C6 sugars concentrations 
(130-170 g/L glucose).

Biomass pretreatment conditions can lead to 
the degradation of sugars and lignin and the 
release of compounds such as furfural and 
phenolics that can be inhibitory to enzymes 
or to fermenting microorganisms even at 
low concentrations. For the detoxification 
of C5 sugars, a scalable absorption process 
was developed using activated carbon, 
that effectively removes these inhibitory 
components from C5 streams. Both the 
enzymatic hydrolysis and detoxification were 
demonstrated at pilot scale.
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3. Smit, A., & Huijgen, W. (2017). Effective fractionation of lignocellulose in herbaceous biomass and hardwood using a mild acetone 
    organosolv process. Green Chemistry, 19(22), 5505-5514.
4. Smit, A. T., van Zomeren, A., Dussan, K., Riddell, L. A., Huijgen, W. J., Dijkstra, J. W., & Bruijnincx, P. C. (2022). Biomass Pre-Extraction 
    as a Versatile Strategy to Improve Biorefinery Feedstock Flexibility, Sugar Yields, and Lignin Purity. ACS Sustainable Chemistry & 
    Engineering.
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Ethanol fermentation using C6 and 
C5 sugars obtained from FABIOLATM 
organosolv fractionation 

Extensive research and industrial 
development was conducted in the past 
years and is still ongoing on the fermentation 
of hydrolyzed lignocellulosic materials. The 
conversion of glucose-rich streams is well 
developed and can reach high yields and 
concentrations, thanks to the availability 
of highly effective strains of Saccharomyces 
yeast. The fermentation of streams rich in 
xylose or sugars other than glucose is still 
challenging, as the bioethanol-producing 
strains developed as of today are less effective 
than those for glucose fermentation and the 
titers of bioethanol reached are lower. An 
additional challenge for the fermentation of 
the xylose-rich (C5-stream) of the FABIOLATM 
process resides in the inhibitory compounds 
present in this stream, consisting of furfurals, 
lignin-derived soluble compounds or organic 
acids that are derived from the biomass. 
The work of Wageningen Research in 
BECOOL adopted a two-strain approach to 
ferment separately the C6 and C5 streams 
from the FABIOLATM fractionation. Streams 
from a number of different feedstocks were 
studied for bioethanol production, including 
wheat straw, corn stover, sorghum, hemp 
and sunn hemp. The strains selected were  
Saccharomyces yeast (for the glucose-rich 
stream,C6) and  Spathasphora passalidarum  

(for the xylose-rich stream, C5). 

A thorough and detailed screening of the 
substrates derived from the FABIOLATM 

organosolv pre-treatment was carried 
out at lab scale. While the C6 streams had 

high purity and did not need any further 
purification before fermentation, the C5 
sugar streams required a detoxification step 
using granulated activated carbon. 
The fermentation tests on C6 streams were 
carried out using the stream diluted 1:1 with 
fermentation medium. Good growth of the 
strains was observed on all substrates and the 
ethanol yield of the lignocellulosic feedstocks 
was only slightly lower than the yield in the 
glucose control. The fermentation tests 
on the C5 substrates were conducted with 
undiluted streams. Good growth of the yeast  
was observed for wheat straw, maize stover, 
fiber sorghum, while higher initial dilution 
was necessary for sunn hemp and hemp to 
avoid the inhibition of the fermentation.

Ethanol production from beech C6 sugar 

 

BECOOL feedstocks 
Fermentability @ lab scale 
Yield on consumed sugars 

C6 sugars 
(no treatment) 

0.40 – 0.42 g ethanol/g sugar 

0.30 – 0.41 g ABE/g sugar 

C5 sugars (detoxified) 
0.29 – 0.35 g ethanol/g sugar 

0.33 - 0.41 g ABE/g sugar 
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Fig 43. Glucose consumption (left) and ethanol production (right) by S. cerevisiae from YP medium with beech C6 sugar stream 
            (C6 + YP) (diluted 1:1) and on YPG control medium. Culture volume, 0.2 L.
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stream by S. cerevisiae was tested under 
controlled conditions in a bioreactor. The 
glucose in C6 medium was completely 
consumed in 44 h with a maximum rate of 
7.9 g/L.h. 
In the reference cultivation on YP medium 
with a lower glucose content, consumption 
was completed in 20 h and with a higher rate 
of at least 9.2 g/L.h. On the other hand, the 
ethanol yield from C6 medium was higher 
at 0.47 g per g glucose. Other products were 
glycerol (7.1 g/L) and acetic acid (0.8 g/L).
As an example of fermentation of detoxified 
C5 streams, Figure 3 shows the growth of 
S. passalidarum on C5 stream from beech 
wood pellets, as such and detoxified using 
different ratios of granulated activated 
carbon (GAC). When the detoxification was 
performed using a concentration of GAC of 
2% (w/v) or higher, the growth of the strain 
on the hydrolysates was similar to the growth 
observed on control medium.

Process upscaling

After the lab tests, an upscaling of the 
fermentation at 10 L scale was conducted, using 
beech wood streams as a feedstock. 
In the C6 stream, the glucose was entirely 
consumed after 24 hours of fermentation, 
yielding around 100 g/L of EtOH from the 
initial 200 g/L of sugar. The C5 stream needed 
dilution, and the fermentation resulted in 
complete utilisation of xylose whithin 48 hours 
of incubation, reaching ethanol titers of 30 g/L. 

Valorization of lignin-rich residues from 
biochemical processing

The fractionation and hydrolysis of 
lignocellulosic biomass generates a lignin-
rich residue stream in addition to C5 and 
C6 sugars, whose purity depends on the 
technology and the process conditions 
applied. In industrial cellulosic ethanol 
plants this residue is normally combusted 
to generate heat and power for the plant’s 
energy needs and for feeding into the 
electricity grid, however finding higher value 
applications for lignin is an important aspect 
to increase the economic viability and the 
sustainability of biorefinery processes.

Lignin can be the platform for the production 
of a range of specialty chemicals and bio-
based products, that can be used in many 
applications, such as coatings, varnishes, 
treated wood, building materials and others, 
but these applications require high purity 
lignin with stable and predictable quality and 
structural characteristics, that are not easily 
obtained in industrial scale cellulosic ethanol 
processes.
On the other hand, lignin-rich streams of 
lower purity and quality can be valorised 
through thermal conversion pathways, such 
as fast pyrolysis, to convert biomass into a 
liquid bioenergy carrier called FPBO (Fast 
Pyrolysis Bio-Oil). During the fast pyrolysis 
process gaseous and solid (char) by-products 
are generated in addition to the FPBO. 

Fig 45. Growth of S. Passalidarum on C5-streams from beech
             wood detoxified using granulated activated carbon 
             (GAC). Source: WFBR.
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Fig 44. Growth of S. Passalidarum on C5-streams from beech wood 
            detoxified using granulated activated carbon (GAC).
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In commercial scale fast pyrolysis plants, 
these by-products are combusted to 
generate heat and power for the pyrolysis 
plant. The FPBO can then be used for the 
production of biofuels through gasification or 
hydrotreating, or alternatively act as source 
of bio based chemicals and materials, and 
as such potentially generate a higher added 
value compared to the renewable electricity 
alternative.
This solution was studied in BECOOL by 
BTG which carried out a techno-economic 
analysis of a process replacing a lignin 
combustor in an industrial 2G ethanol plant 
with a fast pyrolysis unit, so that instead of 
excess electricity from lignin, a lignin oil can 
be produced as additional product. 
The FBPO was produced from samples of 
lignin rich residue provided by an industrial 
plant and then further characterized, while 
the process integration was modelled in 
detail to investigate the heat and power 
integration of both plants, using an open 
source modelling software.
Chemical and physical analysis showed 
that the lignin derived FPBO has strong 
resemblance to pyrolytic lignin, obtained 
by the fractionation of FPBO produced 
from conventional lignocellulosic biomass. 
The modelling study showed that from the 

technical perspective the integration of a fast 
pyrolysis unit with a 2G bioethanol production 
facility is possible, although lignin is known to 
cause operational problems when converted 
in a standard fast pyrolysis process, due to 
the melting behavior of the lignin. 
Two approaches were investigated to avoid 
these operational problems: one was the 
pre-treatment of the lignin using Ca(OH)2 
and the other was the replacement of the 
use of Al2O3 as a heat carrier in the pyrolysis 
process. 
The first approach resulted in a higher 
pyrolysis oil production rate, 0.37 ton of 
pyrolysis oil (at 16 MJ/kg) for each ton of 
bioethanol but the energy available in the by-
products is barely sufficient to cover the heat 
and power needs of both processes. 
The second approach produces less pyrolysis 
oil, 0.18 ton of FBPO (at 16 MJ/kg) for each 
ton of bioethanol, but the integration of the 
heat and power in the ethanol production 
process is simplified and more flexible. 
Although the business as usual scenario 
where the lignin is used for heat and power 
is still the most convenient technical solution, 
the use of FPBO for high added-value 
applications can make the integration of 
FPBO production in a bioethanol production 
facility economically feasible.

Chapter 6 - Biochemical conversion and process efficiency for
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Conclusions

The EU Green Deal and the Fit-for-55 
package raised the targets for the reduction 
of GHG emissions from transport fuels and 
this opens opportunities for alternative and 
emerging technologies in renewable and 
advanced biofuels. Increasing the efficiency 
of biochemical conversion technologies is an 
important step to ensure that the avoided 
GHG emissions from the use of advanced 
biofuels are as high as possible, and that a 
cost-competitive production of biofuels can 
be attained at large scale. 

The work conducted by TNO and Wageningen 
University provided successful proof of 
concepts of the biochemical conversion of a 
wide array of lignocellulosic feedstock, and 
validated the scalability of the process, using 
the FABIOLATM technology as a means of 
fractionation of lignocellulosic biomass prior 
to enzymatic hydrolysis and fermentation of 
the sugar streams. To date the C6 to alcohols 
routes show the greatest potential for scale 
up using this technology, whereas for the 
C5 routes some process improvements are 
still needed to optimize the integration of 
upstream fractionation and downstream 
fermentation.
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The research activities carried out by the 
project on the upstream components of 
the value chains (feedstock diversification, 
harvesting, logistics) as well as on the 
conversion routes, delivered a series of 
results, that needed to be integrated into 
a consistent framework, to provide a 
comprehensive sustainability assessment of 
all the possible advance biofuels value chains, 
and to single out the most promising ones, 
in terms of economic and environmental 
performance.
This work was carried out by combining 
an attributional perspective (developed by 
DBFZ) consisting of a Life Cycle Assessment 
and Life Cycle Costing of advanced biofuels 
from environmental, economic and social 
point of view, together with a consequential 
perspective (developed by IIASA), which drew 
potential scenarios of the environmental and 
land use consequences of their large-scale 
deployment in Europe.

Integrated sustainability 
assessment of Fischer-
Tropsch Advanced 
Biofuels Value Chains 

7

Life Cycle Assessment and Life Cycle Costing

In this task, a wide series of combinations 
of different biomass types, harvesting 
processes, and supply chains were 
considered as base assumptions, and two 
thermochemical routes were chosen for the 
initial assessment: 

1. Gasification of solid biomass with a 
MILENA gasifier and further synthesis 
of Fischer Tropsch fuels (FT diesel, FT 
gasoline, kerosene).

2. Production of fast pyrolysis bio-oil, 
followed by Entrained Flow Gasification 
of the bio-oil and further synthesis of FT 
fuels.

This generic assessment of the possible 
value chains helped to describe the specific 
benchmarking parameters and was 
complemented by a case study assessment, 

Fig 46. Process chains for MILENA value chains (A) and FP+EFG value chains (B), combined with information. Source: DBFZ.
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where additional real-life parameter such as 
regional characteristics were considered. A 
life cycle cost analysis (LCC) was also carried 
out to complement the LCA, with the aim to 
analyze the costs factors affecting the biofuels 
and to compare them to fossil aviation fuels.
All the value chains included in the LCA study 
achieved a GHG reduction of 65% compared 
to the fossil fuel reference, as required by 
RED II. The MILENA gasification value chains 
achieved a GHG mitigation potential between 
65 and 80%, and the ones based on fast 
pyrolysis and EFG between 73% and 96%. The 
use of eucalyptus as biomass feedstock was 
associated with the highest GHG mitigation 
potential.
The figures below show the combination 
of the GHG performance and the cost of 
fuels from the different value chains. The 
MILENA gasification Fischer Tropsch value 
chain based on giant reed resulted in the 
lowest production cost and the lowest GHG 
emissions combined, followed by the value 

chains using straw, sorghum and forest 
residues respectively, as biomass feedstock. 

Fig 49. GHG emissions and costs for FT fuels produced 
             with the different value chains via Milena route.

The specific GHG mitigation potential of the 
Fischer-Tropsch fuels was also compared to 
their acidifying emissions and to all other LCA 
relevant factors. In this example the pathways 
based on the use of giant reed provided the 
lowest GHG mitigation costs but resulted in 
a higher acidification potential than those 
based on eucalyptus and agricultural/wood 
residues. 

The matrix below shows the results of the 
LCA of the most promising value chains for FT 
fuels from MILENA gasification. In all impact 
categories the performance of the advanced 
biofuels is significantly better than the fossil 
fuel alternatives.
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Fig 47. GHG emisssions and mitigation according to RED II for MILENA+Fischer Tropsch (up).
Fig 48. Fast Pyrolysis +Entrained Flow Gasification + Fischer Tropsch (down). Source DBFZ. (giant reed (GR), eucalyptus (EU), sorghum
            (SO), straw (S) and forest residues (FR), without and with slow pyrolysis (SP)).

Fig 50. Comparison of the specific GHG mitigation potential for
             the advanced biofuel concepts to the acidifying 
             emissions via Milena route.
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In the route based on fast pyrolysis, entrained 
flow gasification and Fischer Tropsch 
synthesis, the eucalyptus value chains 
provided the highest GHG emissions savings 
and in some cases even achieved negative 
GHG emissions, while some of the giant reed 
value chains showed the lowest production 
costs and GHG emissions combined, like in 
the MILENA route. 
Contrary to the MILENA routes, the deviations 
here were very limited and the individual 
paths hardly differed in terms of acidification 
potential.

 

Value 
chain  

Global 
warming 
potential 
[gCO2- 
eq./MJ] 

GHG 
mitigation 
Costs 
[€/tCO2eq] 

Fossil 
depletion 
potential 
[g oil-
eq./M] 

Freshwater 
eutrophication  
[g P-eq./M] 

Terrestrial 
acidification 
potential 

Water 
depletion 
potential 

RED II GHG 
mitigation 
potential 
[%] 

GR1-SP-Ga 0.2  243 2.27 0.023  0.007 0.396 74 

GR3-SP-Ga 0.2 239 3.24 0.023 0.006 0.519 76 

EU2-SP-Ga -0.6 334 1.73 0.021 -0.023 0.386 77 

SO3-Ga 12.0 364 4.75 0.040 0.050 0.485 67 

STR-Ga 67.9 395 0.94 0.021 -0.043 0.509 71 

FR-SP-GA 4.48 489 0.57 0.019 -0.085 0.298 73 

        

Fossil 
Diesel 

94  30 0.002 0.152 0.23 0 

 

 

 

 

Land use, cost supply and emissions 
scenarios

With the information collected on the 
cropping system performance and the 
conversion technology requirements, a 
series of land use scenarios for biomass 
sourcing and different logistical chains were 
developed and evaluated in terms of cost 
and GHG emissions and mitigation potential.

The logistical solutions were designed and 
reviewed by integrating the use of different 
tools namely LocaGIStics, Bioloco and 
BeWhere and the GLOBIOM model. The 
combination of these tools enabled to find 
the optimal value chain organization, at 
minimum gate cost and GHG emissions, given 
specific biomass spatial distribution patterns 
within the specific bioclimatic context. Thanks 
to this work is possible to understand better 
the influence of different logistical choices on 
advanced biofuel value chains, the level of 
mobilization needed, as well as the best mix 
of biomass feedstock, and the implications 
of the regional availability and distribution of 
the biomass.

Table 5. LCA and LCC results matrix of FT fuels from fast pyrolysis + EFG + FT synthesis (giant reed (GR), eucalyptus (EU), sorghum (SO),
              straw (S) and forest residues (FR), without and with slow pyrolysis (SP), with fast pyrolysis (FP)).

Fig 51. GHG emissions and costs for the production of the 
            different value chains via EFG route.
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The Global Biosphere Management Model 
(GLOBIOM) is a model developed by IIASA to 
assess the competition for land use between 
agriculture, bioenergy, and forestry.
As such, the model can provide scientists 
and policymakers with the means to assess, 
on a global basis, the rational production of 
food, forest fiber, and bioenergy, all of which 
contribute to human welfare. GLOBIOM 
partial-equilibrium model initially developed 
for the impact assessment of climate change 
mitigation policies in land-based sectors and 
nowadays it is also increasingly being for 
agricultural and timber markets foresight, 
economic impact analysis of climate 
change and adaptation, and  sustainable 
development goals.In BECOOL, GLOBIOM 
was used to assess the land use implications 
in biomass supply costs, emissions and 
profitability, as well as the land use efficiency 
and the impact of a large-scale deployment 
of lignocellulosic biomass value chains for 
Fischer-Tropsch fuels in Europe.

As a first step, the model assessed the land 
available for cropping and land abandonment 
trends in different scenarios and with different 
level of feedstock mobilization for 2030. A 
reference scenario was based on a pathway 
under the Shared Socioeconomic Pathways 
number 2 (SSP 2). SSPs are five scenarios 
of projected socioeconomic global changes 
up to 2100 used to derive greenhouse gas 
emissions scenarios with different climate 
policies, which were used in the elaboration of 
the IPCC Sixth Assessment Report on climate 
change. SSP2 (middle road) is the scenario in 
which the world follows a path where social, 
economic, and technological trends do not 
shift significantly from historical patterns. 
Under the SSP2, two different land use 
scenarios were projected, a reference 
scenario, aligned to the EU Reference scenario 
for energy, transport and GHG emissions. An 
alternative scenario considered a reduction 
of calories intake in Europeans’ diets.

In the reference scenario, up to 15.8 million 
hectares of abandoned land could be 
available in EU 27 and UK by 2030. Assuming 
the exclusion of 5 million hectares of High 

Natural Value Land set aside for conservation 
purposes, there is still a potential of 10.9 
million hectares of abandoned land available. 
Considering the allocation of a share of this 
land to the production of lignocellulosic 
biomass, reasonably between 5% and 20%, 
the available area in the EU, suitable for short 
and medium rotation coppice (eucalyptus, 
poplar), as well as perennial crops (giant 
reed, miscanthus), ranges between 0.55 and 
2.90 million hectares. 

In the same scenarios, up to 45 million 
hectares of crop land used for cereals and 
suitable for double cropping, and 9.4 million 
of fallow land could be available in 2030, 
(excluding land allocated to conservation). 
Considering the same mobilization rates 
as above (5-20%), an area between 2.5 and 
11.1 million hectares could be safely used 
annually, for the cultivation of lignocellulosic 
crops (fiber sorghum, sunn hemp), without 
reducing the land available for cereal crops.

Lastly, the assessment also looked at the 
availability of biomass from straw and 
forest residues, considering environmental 
constraints and requirements for soil 
carbon conservation, and a mobilization rate 
between 25% and 75% of the theoretical 
available biomass. Under these conditions, 
the sustainable biomass potential could 
range from 15.5 to 46.4 million dry tons 
of straw and 8.7 to 26.2 million dry tons of 
woody residues from forestry activities, 
annually.

 
 

Chapter 7 - Integrated sustainability assessment of Fischer-Tropsch
                     Advanced Biofuels Value Chains 

Fig 52. Biomass potentials under the three mobilization
              levels and the Reference scenario land use in 2030. 
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Cost supply curves

The assessment also calculated the cost 
supply curves of different types of feedstock 
in the reference scenario, considering spatial 
explicit feedstock cost at industry gate as 
well as the carbon emissions of delivering 
the it to the plant. Cost supply curves provide 
an indication of the theoretical amount of 
biomass that can be produced at different 
costs expressed in EUR/GJ or EUR/dry tonne. 
In the reference scenario for 2030 under the 
medium mobilization level, fiber sorghum 
under double cropping and cereal straw show 
a high potential to supply biomass under 7.5 
EUR/GJ in large quantities (25 and 30 Million 
dry tons respectively). Sunn hemp cultivated 
in fallow land or as double crop also shows a 
significant potential, above 5 million dry tons 
per year at around 7 EUR/GJ.

Figure 54 below shows the amounts of 
biomass per year that can be mobilized 
considering a cut-off cost of 5 EUR/GJ, a price 
corresponding to a high demand condition, 
in the three biomass mobilization scenarios 
as previously calculated.
In the low mobilization scenario (5% cereal 
land 5% abandoned land, 25% residues), 
around 40 million dry tons of biomass could 
be made available for advanced biofuels. In 
the medium scenario (10% cereal land, 10% 
abandoned land, 50% residues) more than 70 
million tons of biomass could be mobilized, 
and finally in the high scenario (20% cereal 
land, 20% abandoned land and 75% residues) 
over 120 million dry tons of biomass could 
be mobilized for advanced biofuels. To reach 
these cumulative amounts, the combination 
of all types of feedstock is required, although 
some types of biomass play a larger role than 
others. The recovery of cereal straw and of 
forest woody residues contributes most to 
the cumulative potential, followed by the 
double cropping of sorghum after cereals, 
the cultivation of sunn hemp on fallow land 
and perennials in abandoned land.
Considering that the demand of biofuels in 
2030 is expected to be higher than 10 million 
toe, producing this amount of biofuels would 
require indicatively 60-70 million dry tons of 

biomass, and this could be achieved in the 
medium and high mobilization scenarios.

Spatial explicit mapping of the biomass 
potential

A spatial mapping of how the biomass 
potential is distributed across EU 27 and UK, 
was also carried out, considering the medium 
mobilization rate in the 2030 reference 
scenario with a competitive biomass cost 
of 5 EUR/GJ at plant’s gate. The mapping 
revealed that there are many regions with 
a high potential of delivering large amounts 
of biomass, in southern, central and eastern 
Europe, as shown in figure 55. 

Fig 53. Cost supply curves of different lignocellulosic feedstock  
            delivered at plant’s gate under the medium mobilization
            and Reference land use scenario in 2030. 
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Fig 54. Availability of biomass in the Reference land use 
            scenario 2030 with different levels of mobilization and
            delivery cost of 5 EUR/GJ at plant’s gate.
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Emissions balance

The assessment also included the calculation 
of the net supply emissions, considering 
the effect of cultivation harvesting, and 
transportation (positive emissions), as well as 
the changes in soil organic carbon (negative 
emissions).
In the medium mobilization scenario, the net 
supply emissions would be around 4.000 kt of 
CO2 equivalents per year, mainly generated 
by the cultivation of annual crops and the 
recovery of biomass residues (summing up 

to more than 80% of supply emissions with 
the rest due to biomass transportation).
However, both the cultivation of annual 
species (either in double cropping or on 
fallow land) and in particular the cultivation

of perennials on abandoned land could 
contribute significantly to the increase of 
soil organic carbon content. In the case of 
agricultural soils with a low initial SOC level, 
the progressive increase of soil organic carbon 
sink for crops cultivated on abandoned land 
could compensate the emissions from the 
values chain at industry gate. In the high 
mobilization scenario, an amount up to 3.0 
million tons of CO2 eq./year could be removed 
from the atmosphere as soil organic carbon, 
compared to abandoned cropland without 
the introduction of lignocellulosic crops. 

Socio-economic effects

The socio-economic effects of the 
deployment of lignocellulosic value chains 
were also assessed, considering both a 
profit-at-industry-gate indicator (revenues-
costs) and an employment indicator. In the 
medium mobilization scenario up to 2030, 
the deployment of lignocellulosic biomass 
value chains (75 million dry tons of biomass/
year) could generate a cumulative profit of 
over 2 billion €/year, and over 25,000 full 
time direct jobs.

In the high mobilization scenario, more than 
45,000 full time direct jobs could be created, 
an amount equal to about 10% of the annual 
working units employed by the whole forestry 
sector in EU 27.

Conclusions

Table  6 below shows a matrix of 
the results of the attributional and 
consequential assessments combined. All 
the thermochemical value chains assessed 
in BECOOL to produce advanced biofuels 
(FT diesel, FT gasoline and kerosene) meet 
GHG reduction target of 65% required by 
RED II, and up to 80% for giant reed, 96% 
for eucalyptus, compared to the fossil fuel 
reference. 
Therefore, their deployment can help to 
expand the portfolio of advanced 

Fig 56. Net emissions of co2 from biomass supply under three 
            mobilization scenarios.
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Fig 55. Regional distribution of the lignocellulosic biomass 
            potential (k t dry matter year-1 in a ca. 50x50 km grid) 
            under the Reference land use (2030) and medium 
            mobilization scenario for a supply cost of 5 EUR/GJ at 
            plant’s gate. 
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fuels in Europe to meet the decarbonization 
targets of the transport sector. This is 
important considering that the future biofuels 
demand in the EU under RED II and Fit-for-55 
package can be achieved only if a significant 
amount of feedstock from the value chains 
will be mobilized.

From the point of view of GHG mitigation, 
the value chains based on perennial crops 

cultivated on abandoned land are the most 
promising ones, however their projected 
availability in the 2030 scenarios is not 
sufficient to cover the expected biofuels 
demand driven by the current EU policy 
targets. Value chains based on the use of 
cereal straw and forest residues are less 
competitive than those based on perennial 
crops in terms of GHG mitigation potential, 
as they would not generate an increase of 
soil organic carbon content like perennials 

Fig 57-58. Profit and employment generated by the deployment
                  of lignocellulosic value chains under the under the 
                  Reference land use (2030) and the three 
                  mobilization scenarios for a  supply cost of 5 EUR/GJ
                  at plant’s gate.

would. In addition, although cereal residues 
are produced in large quantities, they often 
find use in traditional applications (i.e animal 
bedding) and their actual availability for 
industrial lignocellulosic plants may vary 
significantly at local scale.

Value chains based on annual crops such as 
fiber sorghum cultivated in double cropping 
with cereals show a very large potential in 
terms of biomass mobilization but could be 
less competitive than those based on the use 
of perennials and agricultural residues, in 
terms of GHG emissions mitigation potential. 

However, the optimization of farming 
practices, for example by growing sunn 
hemp (a nitrogen-fixing legume) in rotation 
with fiber sorghum to reduce the need for 
chemical nitrogen fertilizers, can improve 
significantly their GHG performance. 
Reducing the emissions from fossil fuels 
used in agricultural machineries used for 
the cultivation of annual crops, via the 
optimization of the mechanized operations, 
or using low emission fuels in agricultural 
machineries (biomethane for example), 
could also improve the GHG performance of 
these value chains.

A combination of the different biomass 
streams (perennials in abandoned land, 
annual crops in double cropping with cereals 
and an increased use of agricultural residues), 
can meet the demand for advanced biofuels 
generated by the EU policy targets for 2030. 

The adaptation of value chains combinations 
should need to consider the regional 
availability of land, including the mapping 
of cropland (double cropping, fallow land, 
agricultural residues), abandoned land 
suitable for recultivation (perennials) and 
managed forest land (forest residues).

The GHG emissions and the resulting 
mitigation potential of MILENA Gasification 
and FT value chains could be improved, by 
an increased share of regenerative energy 
in the process energy mix. For example, the 
integration of a slow pyrolysis process with 

Chapter 7 - Integrated sustainability assessment of Fischer-Tropsch
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biomass gasification in a MILENA gasifier 
can be advantageous both in terms of GHG 
emissions and cost-competitiveness of 
the fuel. In this case, a slow pyrolysis plant 
would be used for drying the biomass and 
production of biochar, that could then be 
used either as soil amendment and for 
soil carbon sequestration, or directly as a 
feedstock for gasification. 

In all scenarios the value chains often reach 
costs that correspond to 2 to 5 times the 
costs of the fossil fuel reference, these high 
ranges are mainly to be attributed to the 
complexity of the plants and the Fischer 
Tropsch process. However, when compared 
to the other lignocellulosic pathways, and 

especially when considering GHG mitigation 
costs, the costs can be competitive with the 
comparable pathways and are in line with 
the data available in scientific literature. 

Since the CAPEX of the processing plant 
is an important cost factor for Fischer 
Tropsch value chains, economies of scale 
can effectively lower the final cost of the 
fuel. A reduction of up to 34% of the cost of 
the fuel is achievable in case of a reduction 
of investment costs of 50% for the MILENA 
gasification and FT synthesis, a target that 
seems as attainable in the next few years, 
assuming that market uptake measures and 
support policies are in place.
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Attributional perspective Consequential perspective

GWP GHG
mitigation
costs

LCA
(FDP, FEP, 
TAP100, WDP) 

GHG
mitigation
(RED II)

Amount
mobilized

Profit 
before 
industry 

Employment Net 
Emissions 
before 
industry  

Species loss 
reduction  

EU1-SP-FP-Ga +++ + + +++ + ++ ++ +++ ++ 

EU2-SP-Ga +++ + + +++ + +++ +++ +++ ++ 

GR1-SP-Ga +++ + + +++ ++ ++ ++ +++ ++ 

GR2-SP-FP-Ga +++ + + +++ + +++ ++ +++ ++ 

SO3-Ga ++ o + + +++ + +++ + o 

SO3-FP-Ga +++ o + ++ +++ + +++ + o 

STR(St2)-Ga +++ o + ++ +++ ++ +++ ++ o 

STR(ST2)-FP-Ga +++ o + ++ +++ ++ +++ ++ o 

FR(WR)-SP-Ga +++ o + ++ +++ ++ ++ ++ o 

FR(WR)-SP-FP-Ga +++ o + +++ +++ ++ ++ ++ o 

Table 6. Results matrix of attributional and consequential assessment of BECOOL lignocellulosic value chains (GWP - Global warming 
              potential, FDP - Fossil depletion potential, FEP – Freshwater eutrophication, TAP - Terrestrial acidification potential, WDP 
             - Water depletion potential; giant reed (GR), eucalyptus (EU), sorghum (SO), straw (S) and forest residues (FR), without and 
             with slow pyrolysis (SP), fast pyrolysis (FP), gasification and FT-production (GA); +++ very good performance, ++ good 
             performance, + performance okay, o performance).
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Key points: Integrated Sustainability Assessment

• Fischer Tropsch biofuels from lignocellulosic biomass can achieve high GHG emissions 
reductions compared to fossil fuel reference as required by RED II, in some configurations 
they can also attain carbon negative emissions.

• By combining different biomass streams (perennials in abandoned land, annual crops in 
double cropping with cereals and agricultural residues), it is possible to meet the EU demand 
for advanced biofuels by 2030 with domestic supply.

• The full deployment of those advanced biofuels value chains could generate 25,000 full time 
direct jobs in a medium biomass mobilization scenario and up to 45,000 in a high mobilization 
scenario.

• The production costs of FT fuels can be competitive with the costs of other GHG mitigation 
options, economies of scale and industrial deployment can sensibly reduce the high CAPEX 
costs and the final cost of the fuels.

Chapter 7 - Integrated sustainability assessment of Fischer-Tropsch
                     Advanced Biofuels Value Chains 
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Case study of biomass 
logistics optimization 8

One of the main research activities in BECOOL 
was focused on the optimization of biomass 
logistic chains for advanced lignocellulosic 
biofuels. 
This task was performed by Wageningen 
University of Research and IIASA with a set 
of software tools (BeWhere, Bioloco and 
LocaGIStics), which were previously available 
and that were updated and further developed 
in BECOOL. 
BeWhere is a tool developed by IIASA to 
identify the optimal locations for the siting 
of advanced biofuel plants, matching the 
maximization of energy production with the 
minimization of costs and GHG emissions. 
Bioloco (Biomass Logistics Computer 
Optimization) is an optimisation model 
developed by Wageningen University and 
Research, that calculates the optimal biomass 
value chain solutions within given constraints, 
such as biomass types, transport types, 
storage facilities, pre-treatment methods 
and conversion techniques. 
Finally, LocaGIStics is a regional simulation 
tool also developed by Wageningen University 
and Research, to design optimal biomass 
supply chains and networks at regional level, 
and analyze the spatial implications and the 
environmental and economic performance 
of in a comparative way. 
In BECOOL these three tools were updated 
and used in an integrated way to design 

and evaluate the most cost-effective logistic 
chains for advanced lignocellulosic biofuels 
in different regional conditions in Europe. 
During the project, the database feeding the 
three tools was re-designed and enriched 
with new logistical components and BeWhere 
was linked with the GLOBIOM model used by 
IIASA for the sustainability assessment of the 
value chains. 

Case study in Emilia Romagna 

The combination of Bioloco and Locagistic 
was used to analyze a case study, based on 
a hypothetical value chain for the production 
of Fischer Tropsch fuels, located in the region 
of Emilia Romagna, Italy. 
The configuration of the value chain was 
the same as the one used in the integrated 
sustainability assessment, with two different 
pathways. 
The first one was based on the decentralized 
production of fast pyrolysis bio oil (FBPO) by 
multiple plants, followed by Entrained Flow 
Gasification of the bio-oil and further Fischer 
Tropsch synthesis. 
The second one was based on the same 
concept, but with the addition of a slow 
pyrolysis step to dry the biomass, that 
produces also biochar, further mixed into a 
slurry together with the bio-oil into and finally 
sent to the 100 MW EFG plant (Figure 59).
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Fig 59. Configuration of the hypothetical Fischer Tropsch value chain for the case study in Emilia Romagna. 
            Source: Wageningen Univeristy and Research.

The spatial allocation of straw and sorghum 
was conducted at a very detailed level, 
considering the data of the Land Use Parcel 
Information System, which were then used 
to generate grids of biomass availability at 
different resolutions, with the use of the 
LocaGIStic and BIOLOCO models. 
Results of the analysis showed that the local 
biomass available in Emilia Romagna would 
be sufficient to feed seven fast pyrolysis 
plants, and consequently the large scale 
centralized 100 MW EFG plant. 

The mobilization of 10% of the fiber sorghum 
that could be potentially grown in double 
cropping, together with 30-40% of the straw 
produced annually from wheat and barley, 
could cover the biomass demand of the plant, 
while the biomass potential that could be 
obtained by growing giant reed on marginal 
land and poplar, would not be sufficient for 
this purpose.
Clusters and weighted centers of the spatial 
distribution of biomass were calculated 
considering a mobilization rate of 20% of 
the sorghum potential, and this layer of data 
was then combined with the distribution 
of the road network, to identify the best 
possible location for 22 decentralized fast 
pyrolysis units, and 4 possible locations for 
the centralized EFG-FT plant. 

Fig 60. Clusters and weighted centres of biomass supply 
            towards 22 decentalized fast pyrolysis plants (red) and 
            4 possible locations for EFG plant (green). 
            Source: Wageningen University and Research.

Fig 61. Road network from 22 fast pyrolysis plants to 4 possible 
            locations of the EFG plant. 
            Source: Wageningen University and Research.

Chapter 8 - Case study of biomass logistics optimization
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This work allowed to estimate the cost build 
up and the average cost of the pyrolysis 
oil delivered at the EFG plant’s gate for the 
different scenarios (10% and 20% sorghum 
mobilization rate). 
In general, the cost of the biomass feedstock 
represents about 20-25% of the final cost of 
the bio-oil, and the conversion cost (pyrolysis 
unit) is between 60% and 75% of the total. 
The cost of transport is relatively limited, 
and the inclusion of a slow pyrolysis step to 
dry the biomass and produce biochar would 
increase the cost of about 10%.
In this scenario, the cost of the bio-oil 
delivered to the EFG gate would range from 

0.43-0.53 €/l.
Although adding a slow pyrolysis plant 
to the value chain for biomass drying 
could increase the fuel cost and the direct 
emissions, the possibility to use biochar 
as a carbon sequestration measure could 
counterbalance this effect, both in economic 
terms and net emissions. 
The pre-treatment of the biomass via fast 
pyrolysis prior to gasification has several 
advantages, in that would enable the 
sourcing of the plant from different biomass 
streams, converting different feedstock 
into a homogeneous fuel for the EFG plant, 
increasing the security of supply. 

Chapter 8 - Case study of biomass logistics optimization

Fig 62. Average cost at EFG-FT plant gate at €/ton biomass dm input and at €/liter pyrolysis oil (left). 
Fig 63. Average cost at EFG-FT plant gate at €/ton biomass dm input and at €/liter pyrolysis oil (right). 
            Source: Wageningen Univeristy and Research.

Key Points: : Biomass logistics optimization 

• A set of integrated decision support tools is available to design and evaluate the most cost-
effective logistic chains for advanced lignocellulosic biofuels in different regional conditions.

• This work allows us to estimate the cost build up, the average cost and the GHG mitigation 
potential of intermediate energy carriers and final products obtained from lignocellulosic 
biomass value chains in specific sites.
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Regulatory framework for 
advanced biofuel 9

The regulatory framework of the biofuel 
sector is complex and progressive, as 
such updates and reviews to normative 
framework are required regularly. In 2022, 
BECOOL partner RECORD investigated recent 
regulatory updates that affect the advanced 
biofuels sector.
To achieve the targets set out in the legally 
binding European Climate Law (April 2021) 
the EC published the “Fit for 55” package 
in July 2021, detailing policy proposals to 
be implemented to achieve the European 
Green Deal: a minimum 55% reduction in 
greenhouse gas (GHG) emissions by 2030. 
An update to Fit for 55 in December 2021 
included several proposals, the most relevant 
to advances biofuels are highlighted herein.

Amendments to the Renewable Energy 
Directive (RED) II

The proposed amendment for RED II 
Directive sets out a new EU overall target for 
renewable energy shares of a minimum 40% 
in final energy consumption by 2030.

• For the Transport Sector REDII amendment 
proposes several changes:Moving from 
the 14 % energy sub-target to a new 13 % 
greenhouse gas intensity reduction target.

• The removal of multipliers for the Advanced 
Biofuels sub-target (the so-called double 
counting), together with the increase of 
the sub-target itself: from at least 0.2 % in 

2022 to 0.5% in 2025 and 2.2 % in 2030. As 
a comparison, the previous 2030 sub-target 
was set at 1.75 % share in actual energy 
content.

• The introduction of a new 2030 sub-target 
of 2.6 % share of total transport energy 
consumption for RFNBOs contribution. 

• Further rules has been proposed on 
the sourcing of biomass for bioenergy 
use, in order to “minimise” the use 
of “quality roundwood” for energy 
production (a D.A expected on this topic). 

Revisions to the EU Emission Trading 
System (EU-ETS)

The key update to the EU-ETS is the reduction 
of emissions in the covered sectors by 61% in 
2030, compared to 2005 levels, encompassing 
the following main policy proposals:

• Reduction of emission allowance cap – 
“one-off reduction” of 117m allowances

• A steeper annual linear GHG emissions 
reductions of 4.2%

• Introduction of a Carbon Border Adjustment 
Mechanism (CBAM), importers would 
have to buy carbon allowances for direct 
emissions or prove to have already paid an 
equivalent carbon price in the importing 
country.

• free allowances to aircraft operators will 
start decreasing by 25% per year on 2024, 
reaching a total removal by 2027.
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• The ETS will be extended to cover CO2 
emissions from maritime transport; it will 
apply specifically to large ships, above 5 
000 gross tonnage. 

• The establishment of a separate new ETS 
for buildings and road transport.

• plans for a new social climate fund with a 
72 B€ budget deployed for the 2025-2032 
period.

REFuelEU aviation 

REFuelEu is an initiative to boost the supply 
and demand for sustainable aviation fuels 
in the EU. The draft regulation is planned 
to enter in force in 2023 and introduces 
blending mandates and trajectories for SAF. 
The mandates are calculated on a volume 
basis and not on an energy basis, as in RED 
II, and no caps are set on waste oils and fats 
contributions, unlike RED II. Food- and feed-
based biofuels and RCFs are not eligible to be 
counted towards these targets. 

Fuel EU Maritime 

The FuelEU Maritime initiative proposes 
a common EU regulatory framework to 
increase the share of renewable and low-
carbon fuels in the fuel mix of international 
maritime transport. It promotes the uptake 
of low-carbon fuels by introducing limits on 
carbon intensity of the energy used on board 
ships, as well as mandates on the use of 
onshore power supply while harbored in EU 
ports. It introduces GHG intensity reduction 
requirements, with an aim to reduce GHG 
emissions by 75% by 2050.
The proposal links with the Alternative 
Fuels Infrastructure Directive for what it 
concerns LNG distribution infrastructure 
and alternative fuels policies and shore 
power connection (harbor electricity). It 
also links to the Energy Taxation Directive, 
which proposes to link taxation rates to 
environmental performance of the fuels.

Chapter 9 - CRegulatory framework for advanced biofuel
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Key Points: Report on the regulatory framework for advanced biofuel

• The RED II Directive sets out a new EU overall target for renewable energy shares of a minimum 
40% in final energy consumption by 2030.

• The key update to the EU-ETS is to reduce emissions in the covered sectors by 61% in 2030, 
compared to 2005 levels.

• REFuelEU aviation mandates are calculated on a volume basis and not on an energy basis, as 
in RED II, and no caps are set on waste oils and fats contributions, unlike RED II. 

• Fuel EU Maritime and Energy Taxation Directive introduces GHG intensity reduction 
requirements, with an aim to reduce GHG emissions by 75% by 2050.
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International Scientific 
Cooperation with 
BioValue

10

The activities of BECOOL were aligned with 
the activities of BioValue, a twin project to 
diversify the biomass production chains 
and logistics of advanced biofuels in Brazil, 
with a focus on aviation biofuels. The 
BioValue project was launched in 2019 and 
is coordinated Brazilian National Laboratory 
for Biorenewables (LNBR), involving a 
partnership of twenty Brazilian scientific 
and technological institutions, universities, 
research foundations and companies. 
The objective of the BECOOL-BioValue 
cooperation was to develop synergies 
between Brazil and the European Union 
for biomass production, diversification 
of production chains and logistics for the 
development and sustainable deployment of 
advanced biofuels. 

BioValue is structured around three research 
components. The first one is to develop the 
gasification of sugar cane bagasse and other 
lignocellulosic feedstock into intermediate 
energy carriers and advanced biofuels. This 
involves research work on fast pyrolysis 
of solid biomass and lignin rich streams 
from processing plants, Fischer-Tropsch 
synthesis and stabilization of bio-oils. 
The second research component focuses 
on biomass production and feedstock 
diversification, design and assessment of 

optimal logistic chains, and integrated value 
chain sustainability assessment. Finally, the 
third component focuses on biochemical 
processing and energy efficiency in advanced 
biofuels production and integration with 
thermochemical routes.
BECOOL and BioValue adopted a synergistic 
work programme, building on existing 
complementarities in scientific expertise 
and experience. Since the start of BioValue, 
the two projects organized joint meetings 
and provided occasions to strengthen the 
collaboration. The collaboration between the 
two project teams was constant and led to 
the development of a series of joint activities 
on various topics. 

Α joint report5 was published in 2022 with 
an assessment of biomass availability 
for advanced biofuels in EU and in Brazil, 
including the agricultural profile of both 
regions, residual biomass streams and 
harvesting logistics. 

A joint paper was published also in 2022, 
on the effects of integrated food and 
bioenergy cropping systems on crop yields, 
soil health, and biomass quality in EU and in 
Brazil, presenting the results of field trials of 
Sunnhemp grown in rotation with cereals in 
EU and in succession with sugarcane in Brazil.5 

5. The effects of integrated food and bioenergy cropping systems on crop yields, soil health, and biomass quality: The EU and 
    Brazilian experience. Walter Zegada-Lizarazu,João L. N. Carvalho, Andrea Parenti,Sarah Tenelli, Carlos Martín Sastre,Pilar 
    Ciria,Myrsini Christou,Alexopoulou Efthymia, Antonio Bonomi, Andrea Monti, Global Change Bioenergy 2022.
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Another joint paper was published in 2020, 
about the best strategies for collecting 
sugarcane  straw and the transfer of 
knowledge to Brazilian partners about 
mechanized solutions available in Europe 
to overcome the existing bottlenecks in 
sugarcane straw value chains.6 An additional 
activity of transferring to European 
stakeholders the expertise of Brazil in terms 
of scientific results of previous research 
projects was also carried out in 2020.

A joint paper currently under preparation 
on the assessment of GHG efficiency and 
cost-competitiveness of integrated value 
chains for SAF and biodiesel, based on a 
combination of EU and Brazilian biomass 
serving international biofuel markets.

Knowledge transfer and exchange activities 
were carried out by the project teams working 
on thermochemical routes, for example 
catalysts provided by the BioValue team were 

Chapter 10 - International Scientific Cooperation 
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6. Innovative Solution for Sugarcane Straw Recovery. 
     Pari, L., Bergonzoli, S., Mangolini Neves, J.L., Lima Verde Leal, M.R. Proceedings of the 28th European Biomass Conference and
     Exhibition, 2020

used in BECOOL Fischer Tropsch experiment 
on and on sugar cane bagasse also provided 
from BioValue. The team work also allowed 
to harmonise a series of analytical for the 
analysis of feedstock and products and the 
modelling methods for the conversion plant 
configurations.

Knowledge and data exchange also involved 
the project research teams working on 
biochemical processing including on the 
modelling of the FABIOLATM organosolv 
fractionation and Aceteone-Butanol-Ethanol 
(ABE) fermentation process conditions and 
performance.

The constant dialogue between the two 
project teams has led to the tightening of 
relations between European and Brazilian 
research groups and laid the foundations for 
future scientific cooperation in the spirit of 
open science that inspired the Horizon 2020 
programme.

Fig 64. BECOOL and BIOVALUE teams at the first joint meeting in Recife, Brazil, December 2019.
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