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EXECUTIVE SUMMARY
Agriculture will play an important role in transition to a sustainable, fossil-free society. In this context,
straw has been identified as the agricultural residue with most potential. Straw-based ethanol can
further improve utilisation of cereal crops to produce ethanol, as an alternative to fossil-based fuels.
The profitability can be Rfurther improved by producing biooil from the lignin fraction that remains
after ethanol production from straw. This report describes the Swedish demo case designed to
supply the Lantmännen ethanol plant in Norrköping with 80,000 tonnes of winter wheat straw yearly.

Raw material availability
Based on statistics, the potential quantity of straw in Sweden as a whole and in all its 21 counties
Re
was compiled. In the whole
of Sweden, approximately 1,255,000 tonnes of winter wheat straw are
available on-field annually. Of this total potential, about two-thirds (836,000 tonnes) are estimated
to remain after deduction of the amount used as feed and bedding in animal production.
Large parts of Sweden’s productive area have a humus content exceeding the level (3.4% soil organic
matter or 2% C) seen in Sweden as a breakpoint, above which an increase in organic matter can no
Re
longer be expected to increase
yield. For the Swedish demo case, the sustainability in removing straw
from the case study area of Norrköping and surrounding counties was evaluated from a soil fertility
point of view. The assessment revealed the possibility to remove 230,000 tonnes of winter wheat
straw from the areas Östergötland, Örebro and Södermanland without reaching the humus limit.
The area surrounding Vadstena municipality could provide nearly 80,000 tonnes of winter wheat
straw.

Supply chain
The economic viability of straw-based biorefinery plants depends heavily on the cost of the straw
feedstock, with variations in the cost having a large impact on the profitability of the investment.
Interviews with farmers and contractors were performed to capture their practical experiences of
handling straw. According to the interviews with farmers, their incentive to harvest straw is
dependent on timeliness effects and the risk of delayed establishment of the following crop if the
straw is being collected, effects on soil fertility and the price paid for straw. Many farmers saw straw
harvesting as a possibility to increase their profits. Contracts over several years were preferred, both
by the contractors involved in baling/transport and by the end user of the straw. Farmers should not
contract to supply too large a proportion of their straw, as this increases the risk to the farmer and
to the end user.
Two field trials were conducted in Sweden to evaluate whether incorporation of the chaff fraction in
the straw swath during combine harvesting of winter wheat can increase the total amount of
harvested residues. The results showed a small increase in baled biomass with chaff incorporation.
However, the results from the two years were inconsistent, indicating a need for further studies. A
field test was conducted to evaluate anaerobic storage of moist straw bales wrapped in plastic. This
proved to be an efficient storage method, but the additional costs of plastic wrap, labour and
machinery amounted to around €30 per tonne of straw.
AGROinLOG project deliverable.
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Biofuel production
Pretreatment of lignocellulosic material is often required to make the cellulose and hemicellulose
more accessible to enzymatic hydrolysis to monomeric sugars. Two promising methods, hot water
pretreatment and organosolv, were tested in addition to steam explosion, to produce material
suitable for hydrolysis and fermentation. These gave two main feedstock streams: carbohydrates for
R
fermentation and a lignin slurry for the hydrothermal liquefaction (HTL) process. All methods yielded
material for further studies. After pretreatment, enzymatic hydrolysis of the fractionated material
was employed to split cellulose (and hemicellulose) into mono-sugars. Hydrolysis worked well for all
pretreated materials.
Fermentation worked well for material from hot water pretreatment if using detoxification, but could
Re
not be performed on material
from the organosolv pretreatment. For the straw pretreated with hot
water, fermentation resulted in an ethanol titre of 47 g/L and yield above 0.45 g ethanol/g glucose
and xylose consumed. Further development work is needed to achieve useful fermentation of the
organosolv fractions.
The carbon-rich lignin residue from hydrolysis of wheat straw was investigated as a feedstock for the
HTL process. A continuous
Re
rig was designed, constructed and commissioned during the project
period. Based on results from initial studies, the following conditions were used when running the
HTL pilot rig: 340 °C, 15 minutes retention time, 200 bar pressure and 10% lignin slurry containing
10% additive. Biooils were successfully produced from hydrolysis lignin from wheat straw, with the
oil yield varying between 36-96% including additive and the char yield lying below 22%. The oil quality
(as HHV) for the different samples varied between 30 and 37 MJ/kg. Vegetable oils showed promise
as carriers and use of alkali hydroxide as catalyst reduced the amount of biochar produced. In
addition to biooil, biochar is also produced in the HTL process but, since it can be considered a lowvalue biochar due to its high ash content, the interest in the project was in minimising biochar yield.

Product quality
The heating value of the biooils produced (around 35 MJ/kg) was lower than for crude fossil oil (range
42-47 MJ/kg), but in line with that reported for biooils derived from other lignocellulosic feedstocks.
The viscosity of the biooils produced varied significantly, from 56 to 11 306 mPa·s. The biochar
contained a high proportion of ash (61.5% DS, mostly silica) and a relatively low content of carbon
(27.6% DS). This means that the possible market application considered, as energy pellets, is not
relevant.

Market analysis
The properties of straw-based bioethanol do not differ from those of conventional bioethanol. This
means that the market for the product is already known to Lantmännen. There are many possible
applications for HTL-produced biooil. Analysis of the biooils obtained during the project showed that,
so far, none is ready for transportation applications. This means that these biooils need to be
upgraded prior to application. Two interesting applications for further studies, considering market
potential and technical challenges, are as a marine fuel after light upgrading and as an additive to
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asphalt. Biochar pellets are reasonably easy to produce and test for calorific content and usability.
However, the HTL-biochar produced is not suitable for utilisation as energy pellets due to the high
ash content. The properties of HTL biochar also do not meet the requirements for addition to
concrete or customer requirements for soil improvement applications.

Cost structure and business
model
R
Integration of a fermentation step to produce 2nd-generation bioethanol with the HTL process to
produce biooil is a good way to maximise use of the raw material, in this case the straw provided by
the Integrated Biomass Logistic Centre (IBLC). In the final business model, wastewater treatment to
produce biogas was added to convert residual components of the raw material into high-value
products. The current business model gives a net profit, but the profit is not high enough for the
Re
business model to be economically
feasible. The major challenges are the high price of straw and of
enzyme for enzymatic hydrolysis and the small HTL unit, resulting in high operating costs. Reduced
straw price (by 30%) significantly improved the scenario, but was still not sufficient. Introduction of
an additional raw material would enable scaling up of the HTL unit, which would improve the
business case. This raw material could be in the form of pure lignin or other types of waste/secondary
biomass with high lignin content. It could be supplied either directly into the HTL process, especially
Re
as pure lignin, or added to the bioethanol process as a pretreatment step. The business models
developed in this project have taken many steps towards economic feasibility, which is now within
reach after some adjustments. In addition, the new IBLC – biofuels from straw – gives new
opportunities for several stakeholders for a fossil-free society.
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1 INTRODUCTION
AGROinLOG is an EU-funded Horizon 2020 project dealing with utilisation of unused resources and
residues to create new Rbusiness lines and products for agro-industries, taking advantage of their
variations in seasonal operation and available resources. This is called IBLC - Integrated Biomass
Logistics Centre. The aim of this project was to demonstrate the IBLC concept for food and non-food
products in three real industrial case studies on existing agro-industries in the sector: fodder (Spain),
olive oil production (Greece) and cereal processing (Sweden). These agro-industries are willing to
deploy new business lines in their facilities to open up for new products on new markets.
Re

In the transition from the fossil-based economy towards a bioeconomy, there is an urgent need for
biofuels in liquid and solid form. Today, bioethanol is a fully grown market with production from
sugars (sugar cane, maize and grain) and bioethanol is supplied both to chemical production and as
biofuel for transportation.
The use of sugar for energy uses competes with the food industry. Under current legislation, the EU
Re
is not able to increase its
capacity to produce biofuels from food-based raw material, and therefore
needs to expand the raw material pool to include non-food-based raw materials. One way to avoid
competition with the food industry is to use lignocellulose as a raw material. Straw has been
identified as one of the residues with the most potential (Börjesson, 2016). At the same time, straw
is already partly utilised in animal production for feed and bedding. Furthermore, effects on soil
fertility that must be considered if agriculture is to supply biomass to a growing bioeconomy.
Lignocellulose is mainly composed of cellulose, hemicellulose and lignin, of which the cellulose and
hemicellulose could be fermented to 2nd-generation cellulosic ethanol. There are already a number
of industrial sites producing 2nd-generation ethanol in USA, Europe, Asia and South America, but the
expansion needs to accelerate in order to address the need for biofuel.
Production of ethanol from lignocellulose includes several steps, making it a more complex process
than that used for production of 1st-generation ethanol. The 2nd-generation cellulosic ethanol
process includes pretreatment, hydrolysis of cellulose and fermentation. In addition, the process
always leaves a solid residue of lignin (hydrolysis lignin) that can make up 35-50% of the total biomass
used in the process.
One way to improve the profitability of a 2nd-generation cellulosic ethanol plant is to make use of
the hydrolysis lignin. In this project, a hydrothermal liquefaction process (HTL) for producing biofuel
from straw, a lignocellulosic residue, was investigated. The HTL process includes a reaction step in
aqueous medium at near supercritical conditions that liquefies the biomass and produces a biocrude
(biooil) that can be used as biofuel or even upgraded to transportation fuel. During production of
the biocrude, a biochar is also formed. It is a solid carbonaceous material that could be used as a
solid fuel for heat and electricity production. The properties of the biochar differ depending on the
process and the biomass used.

AGROinLOG project deliverable.
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Agro-industry can play an important role in paving the way towards a sustainable future by
developing new value supply chains. Forest and agriculture residue streams and industrial crops can
be processed into new, higher-value products. The competitiveness of these processes may also be
enhanced by creation of new business models. This report presents the technical and economic
feasibility of a bio-based value chain established in the cereal processing industry. Cereal processing
generates large volumesRof lignocellulosic residue streams.

1.1 Current situation in agro-industry
In the Swedish demonstration case, the IBLC concept was tested at Lantmännen, an agricultural
cooperative owned by 20,000 Swedish farmers. Grain refining is the foundation of Lantmännen’s
Re
business strategy, and the cooperative is always interested in finding solutions for managing its
members’ products and residue streams in a profitable and sustainable way.
Lantmännen comprises a wide range of business units, each with its specific expertise in the grain
value chain, e.g. plant breeding, input goods, financing, food-, feed- and bioethanol production
(Figure 1). The contribution from all segments means that Lantmännen is self-sufficient in knowledge
of operations and otherReresources when it comes to widening its business.

Figure 1. Illustration of part of Lantmännen’s business plan.

The process flow diagram in Figure 2 shows Lantmännen’s current business (green panels).
Lantmännen currently refines 1.7 million tonnes of grain annually for food and biofuel industries. In
the IBLC case studied in this project, the aim was to refine 80,000 tonnes of straw into bioethanol
and biooil. How this process could be incorporated into its operations is shown in Figure 2 (blue and
orange areas).

AGROinLOG project deliverable.

2

Document: D5.7. Success case of the integration of a logistic centre into an agro-industry of the grain-milling
and feed sector
Lead Author: .RISE
Version: Final
Reference: AGROinLOG (727961) D5.7

Date:

30/04/2020

Refere

R

Re

Figure 2. Process flow diagram process of Lantmännen’s current business (green panels) and of the Swedish
demonstration case (blue and orange).
Re

1.2 Feasibility of implementing a new business line
Implementation of the new business line is complex. At the moment, only the bioethanol plant runs
at commercial scale (Figure 2). Second-generation bioethanol production does not involve any
technical challenges and the technology is well developed at industrial scale. However, the new raw
material (straw) differs considerably from the current material (wheat), so significant investments
are needed to run the planned IBLC on commercial scale. From a bioethanol producer’s point of
view, pretreatment of the straw is challenging, since this step is not needed when using starch-based
feedstocks. Since straw is used today in animal production, there is much experience of harvesting
and handling straw among Swedish farmers and entrepreneurs. The machinery and handling chain
is well developed and efficient, but available capacity needs to be increased to supply the new
market for straw.
Regarding biooil production, there is no mature process set-up for HTL on commercial scale. There
are existing demonstration plants, implying that it is technically feasible to use the technique on
larger than laboratory scale.
Overall, it is technically feasible to implement the new business line on commercial scale, but large,
high-risk investments and process optimisation are needed.
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1.3 Market potential of the new products
Today, renewables account for 5.6% of transportation fuel used in the EU. Of these renewables, 89%
are biofuels and the rest is electricity. The share of advanced biofuels is 10.4% of renewables or 0.6%
of total transportation fuels in the EU (EC SHARES, 2019). The Renewable Energy Directive (RED)
(2009/28/EC) has been Rupdated and the new directive (RED II) sets a binding renewable energy
target of 14% for the transport sector in the EU by 2030 (ETIP Bioenergy, 2019; EU, 2020). According
to RED II, by 2030 the use of advanced, non-food-based biofuels (not derived from fats and oils)
should be minimum 3.5% and the blending cap for advanced biofuels produced by waste fats and
oils should be 1.7%. Moreover, the advanced biofuels will be double-counted, i.e. they will count
towards both the 3.5% and 14% target. According to RED II, biofuels produced from this feedstock
Re
can be classified as “advanced”. RED II will come into force on 1 January 2021 (ETIP Bioenergy, 2019).
To reach the goals set in RED II, there will be increasing demand for advanced biofuel by 2030.
As stated in the proposal for AGROinLOG, EU members should limit the amount of biofuels produced
from grain. Consequently, it is important to find solutions for bioethanol production, with feedstocks
that do not compete with food production, e.g. straw.
Re
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2 CONSIDERATIONS WHEN ASSESSING THE TECHNICAL AND
ECONOMIC FEASIBILITY OF IBLC IN THE GRAIN SECTOR
R
2.1 Raw material
availability

2.1.1 Straw potential in Sweden
Introduction
Straw can be obtained from
cereal and oilseed crops. The most common cereal crops in Sweden are
Re
wheat, barley, rye, triticale and oats. Wheat and barley are the most common, occupying 40% and
35%, respectively, of the total cereal acreage. The total area of cereals in Sweden was on average
1,013,215 hectares in the period 2011-2015 (Jordbruksverket, 2011, 2012, 2013, 2014, 2015). Total
area of oilseed crops grown was 85 441 hectares, of which 88% was rapeseed.
Straw is mainly used as feed and bedding in animal husbandry. Other minor uses of straw in the
agricultural sector are inRemushroom, strawberry and carrot cultivation. Alternative uses of straw are
heat and power plants. In 2016, Sweden had four district heating plants, around 40 medium-scale
heating plants on farms producing more heat than required on-farm and approximately 100 smallscale heating plants on farms using straw as substrate (Bentsen et al., 2016). The authors estimated
that the total use of straw in Sweden for heat generation was about 100,000 tonnes per year (see
sections 2.1.1.2 and 2.1.1.3).

Method
The straw potential was calculated for all Swedish counties at two levels: the theoretical amount
available in the field for harvest and the amount remaining after deducting straw used in animal
husbandry. The amount of straw available for collection from the field was calculated by multiplying
the annual grain yield from Statistics Sweden by a factor for straw/grain ratio from Nilsson and
Bernesson (2009), assuming a stubble height of 20 cm. To deduct the straw used in animal
husbandry, assumptions from Mattsson (2006) were used regarding the type and amount of straw
(winter or/and spring cereal straw) used for different types of animals. To obtain total consumption
of straw in each Swedish county, the quantity per animal was multiplied by the number of animals
of each type per county.

Results and discussion
On national level, the total estimated gross amount of winter wheat straw available in the field for
harvest was 1,254,612 tonnes per year (18% moisture content) (Table 1). The corresponding amount
for straw from all other cereals was 1,468,599 tonnes per year and for oilseed rape and turnip rape
straw 330,038 tonnes per year. It was estimated that 1,586,270 tonnes of cereal straw are used in
animal husbandry. The calculated net potential of winter wheat straw available for collection was
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835,650 tonnes per year and that of straw from other cereals was 301,290 tonnes. The total net
amount of cereal straw available in Sweden was thus estimated to be 1,136,940 tonnes per year
(Table 1).
Table 1. Estimated available straw resources in Sweden (tonnes straw/year) at 18% moisture content, after deduction of
straw used for feed and bedding in animal husbandry
R

Estimated straw resources in Sweden after deduction of animal bedding and feed
County
Net assets of cereal straw
Winter wheat
Other cereals straw (other
Total
straw
than winter wheat)
Stockholm
9,160
-10,361
-1,201
Uppsala
78,938
78,433
157,371
Re
Södermanland
56,957
28,201
85,159
Östergötland
168,573
24,485
193,058
Jönköping
-15,204
-59,122
-74,326
Kronoberg
-6,634
-35,131
-41,765
Kalmar
20,151
-54,110
-33,959
Re
Gotland
17,388
1,654
19,042
Blekinge
2,947
-10,632
-7,685
Skåne
360,830
149,034
509,864
Halland
8,624
22,255
30,879
Västra Götaland
120,855
132,939
253,794
Värmland
-4,638
2,186
-2,452
Örebro
26,000
62,655
88,654
Västmanland
30,892
65,127
96,018
Dalarna
-5,436
-7,345
-12,781
Gävleborg
-11,423
-13,509
-24,933
Västernorrland
-8,634
-22,325
-30,959
Jämtland
-7,083
-21,298
-28,381
Västerbotten
-1,963
-22,768
-24,731
Norrbotten
-4,648
-9,078
-13,727
Total Sweden
835,650
301,290
1,136,940
Total Sweden counties
with surplus
901,315
593,582
1,494,897
Total Sweden counties
with deficit
-65,664
-292,292
-357,957

When calculating straw potential, there are uncertainties to address such as:
1. Straw is transported within Sweden from regions with straw surplus to regions with straw
deficit. One possible reason for the deficit in some counties is the straw to grain ratio. It is
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based on yield data from areas of Sweden with relatively high yields, and the higher the grain
yield, the lower the ratio (Nilsson and Bernesson, 2009). If the straw/grain ratio based on
high-yielding areas is used to estimate straw yield in lower-yielding areas, for example mixed
forest areas, the straw yield will be underestimated.
2. The extent to which straw is transported between areas of surplus and areas with deficit is
R
unknown, and needs
to be further determined.
3. If counties with straw deficit used biomasses other than straw in animal husbandry, the
straw potential available for other uses would increase by 360,000 tonnes, to a total of
1,496,940 tonnes per annum.
4. A factor with a large impact on straw potential is straw length and its variation between
varieties. In interviews performed within the project, contractors that harvest and bale straw
Re
reported that the straw yield of new varieties of winter wheat has decreased substantially
during the past 30 years.

2.1.2 Sustainable straw potential
Re

Introduction

In Sweden, overall soil humus content in arable land is estimated to be increasing at present. This is
partly explained by a growing number of horses in recent decades, which has resulted in an increase
in the proportion of ley in many crop rotations. However, there are differences between areas, with
e.g. a decline in soil humus content in parts of southern Sweden (Naturvårdsverket, 2010).
All removal of straw from fields will have a negative impact on soil humus development compared
with straw incorporation. However, arable land in Sweden is dominated by clay soils and this, in
combination with a temperate climate, provides good conditions for humification of material added
to the soil. Large areas of productive land also have a humus content above 3.4% soil organic matter
(SOM) or 2% soil organic carbon (SOC), which in Sweden is seen as a breakpoint above which an
increase in SOC can no longer be expected to increase crop yields (Naturvårdsverket, 2010).
Conditions for removing straw for uses other than feed and bedding are therefore relatively good.
Considering the low humification factor and limited effect of straw incorporation on SOC reported
in Swedish long-term trials (Kätterer et al., 2011; Poeplau et al., 2015), there are many ways in which
removal of straw from the field could be compensated for by other management measures for
carbon sequestration (Table 2).
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Table 2. Humus-building factors that can compensate for straw removal from the field, and approximate soil organic carbon
(SOC) change (kg yr-1) estimated in Swedish long-term trials

Measures for building soil humus
Comment on potential for building humus

Management factor
Animal manure
Ley (more than 1
year)
Catch crop/cover
crop
N-fertilisation
Crop residue
retention

RHigh

humification factor – effective in building
humus
Large root biomass, high humification factor

Can provide a large carbon contribution if well
established
Re
Promotes high yield and high root biomass2
Low humification factor, 10% retained as humus

SOC change1 (kg ha-1
yr-1)
410
520
330
230
120

1Kätterer
21

(2019))
kg of N fertiliser provides 1 kg of SOC under Swedish conditions.
Re

Method
A calculation was made for the Swedish demonstration case to supply 80,000 tonnes of winter wheat
straw annually to the ethanol plant Lantmännen Agroetanol in Norrköping. The sustainability in
removing straw from the case study area of Norrköping and surrounding counties was evaluated
from a soil fertility aspect using the Odlingsperspektivet model (Jordbruksverket, 2019). A similar
evaluation was made for a limited area around the municipality of Vadstena (Hub Vadstena). The
Odlingsperspektivet model estimates the sustainability of a cropping system regarding soil fertility
and yield levels based on humus content, climate and soil type. The model is validated by e.g. data
from Swedish long-term field trials and is regularly updated in cooperation with scientists at the
Swedish University of Agricultural Sciences (SLU).
A six-year crop rotation, typical for arable farms in the selected areas (Tidåker et al., 2016; Växtråd,
2019), was used as the base in the calculations for Norrköping and surrounding counties. It
comprised: 1) Malting barley, 2) oats, 3) winter wheat, 4) winter rape, 5) winter wheat and 6) winter
wheat. In the calculation for Hub Vadstena, oats were replaced by one more year of winter wheat.
Yield levels from Jordbruksverket (2016) and average soil humus estimates from Naturvårdsverket
(2010) were used in each county. It was assumed that 40% of the total aboveground crop residue
biomass (straw and chaff) was left in the field at straw harvest. The crop rotations were evaluated
for two scenarios:
1. Base scenario, in which 80,000 tonnes of straw were collected in the counties Östergötland,
Södermanland and Örebro. It was assumed that 100% of the sustainable winter wheat straw
on crop farms was available for ethanol production, and that the amount of straw used for
feed and bedding in animal production was covered by cereal production on animal farms.
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A criterion was that soil humus content should remain above 3.5% throughout a 50-year
period, to maintain yield levels.
2. Limited area with high straw potential (Hub Vadstena) scenario. In the area around the
municipality of Vadstena, the average yield of winter wheat is higher than that in
Östergötland. There is also a higher proportion of winter wheat in the crop rotations.
R

Results and discussion
The possible amount of straw for outtake changed depending on the initial soil humus content, when
every 0.1% change in soil humus was calculated separately (Table 3). Allowing for a certain decline
in soil humus content (but not below the humus limit of 3.5% in a 50-year perspective), it would be
possible to remove winter
wheat straw from around 75% of land on arable farms in Östergötland for
Re
either one, two or three years in the crop rotation. For the remaining 25% of land, it would be
possible to remove part or even all straw if this were compensated for by growing cover and catch
crops (Table 3).
For soils with an initial humus content of 4.5%, all cereal straw could be removed without reaching
the humus limit. For soils with an initial soil humus content of 3.5%, any straw removal could lead to
Re
a reduction in soil fertility and yield. However, using cover and catch crops for two years in the crop
rotation would enable removal of all winter wheat straw without affecting soil humus content.
Table 3. Potential for straw removal (number of years and straw type) from fields with different initial soil humus content
(%) in a six-year cereal crop rotation in Östergötland. Criterion: soil humus content maintained above 3.5% in a 50-year
perspective

Possible straw removal at different initial humus content
Initial soil humus
Straw removal (no. of years in the six-year crop rotation and straw type)
content (%)
No catch & cover crop
Catch & cover crop one year
4.5

All cereal straw

All cereal straw

4.0

3 years of winter wheat & 1 year of
barley

All cereal straw

3.9

3 years of winter wheat

3.8

2 years of winter wheat

3.7
3.6
3.5

2 year of winter wheat
1-2 year of winter wheat
No straw removal

All cereal straw
3 years of winter wheat &
1 year of barley
3 years of winter wheat
2-3 years of winter wheat
2 years of winter wheat

Soils in the counties in question generally have a high soil organic matter content. Using the average
soil humus content per county in calculations gave a possible outtake of 230,000 tonnes of winter
wheat straw from the area (Table 4). However, as soil conditions vary, it will not be appropriate to
collect straw from some areas.
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For the Hub Vadstena area, where yields are higher than in surrounding areas, more biomass is
produced and hence a higher share of the straw can be taken out without compromising soil humus
content. According to the calculations (Table 4), almost 80,000 tonnes of winter wheat straw could
be harvested from the Hub Vadstena area without compromising soil humus content in a 50-year
perspective.
R

Table 4. Amount of winter wheat straw (tonnes) available annually for removal without affecting yield levels in a 50-year
perspective according to the Odlingsperspektivet model version 3.06 (Jordbruksverket, 2019). Estimated straw resource
(18% moisture content) as percentage and amount (tonnes) produced on arable farms, and percentage and amount
(tonnes) that can be removed without a risk of yield reduction according to calculations. (+) indicates scope for removing
other straw types than winter wheat straw

County
Re

Östergötland
Södermanland
Örebro
“Hub Vadstena”
1Amount

Re

Total straw
resources
tonnes1
196,465
75,538
39,037
93,464

Resources at arable farms
%2
70%
80%
80%
85%

tonnes
137,525
60,430
31,230
79,445

Amount that can be
removed
3
%
tonnes
100% (+)
137,525
100%
60,430
100% (+)
31,230
100% (+)
79,445

of straw from straw/grain ratios, kg ww (18% moisture content).
2% of total straw resource.
3% of straw resources at arable farms.

When calculating sustainable straw potential there are uncertainties to address, such as:
1. The model is primarily designed for comparing long-term trends between different
management systems, rather than determining exact outtake levels. For example, previous
cropping history, which will affect the long-term SOC equilibrium, is not included.
2. There are uncertainties in the data used for soil humus content in the counties in question,
which may involve significant error sources.
3. Applying an average soil humus content to a large area will probably overestimate possible
straw outtake.
4. Other positive effects of straw incorporation, such as structural improvement and nutrient
recycling, are not considered.

Conclusions
•
•

•

It would be possible to remove winter wheat straw from around 75% of land on arable farms
in Östergötland in either one, two or three years in a six-year crop rotation.
For an initial humus content of 3.5% or below, any straw removal can lead to reduced soil
fertility and decreased yields. It is possible to compensate for removal of straw by using
cover and catch crops.
If initial humus content is 4% or above, a major proportion of cereal straw can be removed
without endangering soil fertility in a 50-year perspective.

AGROinLOG project deliverable.

10

Document: D5.7. Success case of the integration of a logistic centre into an agro-industry of the grain-milling
and feed sector
Lead Author: .RISE
Version: Final
Reference: AGROinLOG (727961) D5.7

Date:

30/04/2020

Refere

•
•

Considering the assumptions and criteria used in the assessment, there is a possibility to
remove 230,000 tonnes straw from the areas Östergötland, Örebro and Södermanland.
The area surrounding Vadstena municipality, with more winter wheat in crop rotations and
higher yields than surrounding agricultural areas, can provide nearly 80,000 tonnes of straw.

R
2.1.3 Secure straw
supply

When investing in a production plant like the proposed IBLC, it is important to have a stable and
secure raw material supply. Straw production varies between years for several reasons, such as
weather conditions and grain production. Thus, it is important to consider the following parameters
prior to the investment decision:
•
•
•
•

Re

Potential for supplying other types of cereal straw than winter wheat.
Potential for replacing straw with other bedding material in animal production, thereby
increasing straw potential for ethanol.
Knowledge of competing uses for straw.
Effects on cereal and straw production in extreme years in Sweden (such as in the drought
year 2018). Re

2.2 Supply chain
2.2.1 Introduction
Compared with more energy-dense biomasses of e.g. forest origin, straw has a relatively low energy
density. Therefore, a large area is needed to support a bioenergy plant with straw. The low physical
density also makes it difficult to fully utilise the loading capacity of transport vehicles. Furthermore,
the straw is only available for harvest during a short period in late summer and autumn, but
bioenergy plants utilising straw normally have a year-round demand for straw, which makes storage
and handling an important and expensive part of the supply system. Therefore, the economics of
straw-based bioenergy plants depend strongly on the cost of the straw supply, and variations in the
cost can have large positive or negative impacts on the profitability of the investment (Zeller et al.,
2012). This section provides a summary of experiences and recommendations on designing largescale systems for handling and logistics of straw supply to the Lantmännen ethanol plant in
Norrköping.

2.2.2 Method
Valuable experiences can be found from large-scale combustion of straw for heat and power
production in Denmark, see Hinge (2009) and Skött (2011). In Sweden, there are a few examples of
straw supply to district heating plants, for example in Paulrud and Eriksson (2014) and Paulrud et al.
(2015). Besides a literature review, an important source of information for this summary was
interviews with farmers and machine contractors with practical experience of handling straw. The
farmers interviewed were from the area around Norrköping and already had business relations with
AGROinLOG project deliverable.
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Lantmännen. Most of them deliver grain to the ethanol plant. The contractors interviewed all had
previous experience of handling and delivering large amounts of straw. They were from southern
and central Sweden.
As a complement, a questionnaire was sent to 9203 members of LRF (Federation of Swedish Farmers)
on farms with an arableRarea larger than 5 hectares. After one reminder, responses were received
from 1061 of the members contacted. The result is presented as percentage of farms responding
and percentage of area cultivated by the responding farms. More information about the survey and
the results are available in a separate report (Casimir & Gunnarsson, 2020).

2.2.3 Results
Re
The supply system starts
when the straw is lying in swaths in the field after combine harvesting of
the grain and ends when straw is delivered to the ethanol plant. If intermediate storage is needed,
extra handling and loading of the bales is necessary, with increased costs as a result. The combine
harvester performance is included in the handling of straw, as it affects the straw quality.

Straw harvest and handling
Re

Three different techniques for handling straw in the combine harvester are commonly used today.
These are: the traditional straw walker system, the rotor system and the hybrid system, a
combination of the first two. In addition, most combine harvesters are equipped with a straw
chopper that is activated if the straw is to be spread and left in the field, or not activated if the straw
is going to be collected. The rotor technique is increasing in popularity as it has higher straw handling
capacity than the straw walker system, which makes it possible to increase the cutting width of the
combine harvester and thereby the harvesting capacity. However, the rotor technique also involves
rougher handling of the straw, resulting in shorter straw length and a more ruptured structure. In
the interviews with contractors baling straw, they pointed out that combine harvesters using rotor
techniques are not the best choice when collecting straw due to higher losses caused by e.g. shorter
straw length. In addition, as the structure of the straw is more damaged, the straw absorbs more
water when rained upon and can be difficult to dry. The results of the survey showed that a large
majority of the farmers surveyed (87%) use a straw walker combine harvester.
If the straw swath after combine harvesting is too small for an efficient baling operation, it might be
necessary to merge two swaths into one using a swather or windrower. When using combine
harvesters with a cutting width of 8 m (25 feet) and above, the swath is usually large enough for
efficient baling without the need for windrowing. Most large farms today have sufficiently large
combine harvesters to avoid windrowing under normal and good conditions.
Using balers producing large round or square bales has proven to be a well-functioning system for
handling straw. In large-scale systems, large square bales are preferred. Advantages with square
bales are that they have higher density than round bales (Pollex et al., 2011) and that they enable
more efficient usage of the transport volume, with less empty space than when transporting round
bales. When baling, bales are usually dropped in a row behind the baler. If the bales are spread out
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on the field, it is a time-consuming operation to collect them. In order to reduce the time
requirement, collection systems with direct loading onto wagons or using a bale accumulator that
drops off 3-5 bales simultaneously can be used. To reduce the time requirement further, if possible
bales should be dropped at field edge for easier collection.
Regarding the practicesRon the farms today, the results of the survey showed that most farms,
around 45%, sell their straw in the swath in the field before baling, while a slightly smaller amount
of straw, around 35%, is baled on the farm before selling. On around 15% of the farms, the straw is
delivered directly to the customer. In most cases, the farmers do not bale the straw themselves,
especially on larger farms with a lower straw removal factor. The farmers baling straw themselves
have smaller farms but a higher straw removal factor.
Re
Collection of the bales at
the field edge for storage or for loading onto a transport vehicle is normally
done using a tractor with front loader, wheel loader or telescope loader. Telescope loaders have a
larger lifting capacity and can stack bales in high piles, which is area-efficient and reduces losses
when the bales are stored outdoors. According to the survey, most baled straw is gathered by the
farmers themselves, as it requires less specific equipment (in comparison with baling, for instance).
Re of straw transport in Sweden, mainly for feed and bedding in animal
There is much experience
production, both from field to farm and between farms using tractors and for long-distance transport
between regions in Sweden using trucks. According to Zeller et al. (2012), tractors are used for
transport distances shorter than 10 km and above that distance trucks are used. This is also in line
with results in Engström et al. (2014), where truck transport had lower costs than tractor transport
of silage above a transport distance of about 10 km. The contractors interviewed in this study use
tractor transport at a maximum distance of 20-30 km

Finally, regarding the transport of straw, most of the straw is transported by the farmers themselves,
either to their own farms and storage for their own use, or to the customer. However, around 30%
of straw is gathered by the customers themselves.

Farmers’ interest in harvesting straw
Based on the interviews with farmers, the three most important aspects influencing their interest in
harvesting straw were: 1) timeliness effects and the risk of delayed establishment of the following
crop if the straw is left to be collected (to minimise this, it is important that farmer and contractor
have regular contact with each other); 2) effects on soil fertility from removing straw from the field;
and 3) the price of straw.
The survey showed that the farmers were concerned about the consequences of straw removal for
soil fertility and were quite conflicted between using straw or leaving it due to soil fertility issues. In
general, it was found that those farmers who see straw removal as an issue for soil fertility (around
40% of farms) remove less straw and cultivate a larger area of cereal. On the other hand, those who
see an opportunity for profit with straw removal, around 35% of farms, tend to remove more straw
from their fields.
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Organising straw supply
Based on the discussions with farmers and contractors, two different alternatives for the degree of
involvement of farmers are in the straw supply system and the connection point between
Lantmännen and the farmer were identified (Figure .
R

Re

Re

Figure 3. Schematic diagram showing two alternatives (Alt.) in the contact and responsibilities between farmers and
Lantmännen.

In the first alternative, Lantmännen buys the straw already in the field or possibly baled at the field
edge. It will probably not be possible to store all straw on the farm or at the field edge, and therefore
Lantmännen must provide storage capacity. In the second alternative, farmers are more involved
and responsible for the delivery of straw. Lantmännen buys straw for a fixed price in early summer,
with point of purchase on the swath, baled on the field edge or in intermediate storage, or delivered
to the gate of the Lantmännen facility. In this alternative the farmer is responsible for baling,
transport and delivery to the Lantmännen gate and the straw is stored on the farm until delivery,
with Lantmännen thereby avoiding costly intermediate storage and the handling involved with
loading and unloading.
As can be seen in Figure 4, there are three main actors involved in the supply of straw: farmers,
contractors or entrepreneurs and Lantmännen. Lantmännen is either in direct contact with the
farmers or an intermediary handles the contacts. For the delivery of large amounts of straw, it is
likely that many farmers would need to be involved in supplying straw, meaning contacts and
coordination with a larger number of farmers. An alternative is an intermediary serving as the contact
point between farmer and Lantmännen. Some of the farmers interviewed wanted a direct contact
system and for some it did not matter, but from the survey it was clear that a large majority of
farmers would like to have a contract directly with Lantmännen (Figure 5). As a buyer of grain and
provider of feed and inputs in crop production, Lantmännen has existing contacts with many farmers.
Lantmännen’s strategy should be to take advantage of the existing contacts with farmers to offer an
interesting deal for farmers to also deliver straw. If Lantmännen is already doing business with the
farmer, there are possibilities e.g. to deliver straw and bring back fertilisers by return transport.
AGROinLOG project deliverable.
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Figure 4. Farmers, contractors/entrepreneurs and Lantmännen interacting in the straw supply system.

100%
80%

Re

60%
40%
20%
0%

"Middle man" managing the
contract with Lantmännen

Other
Farm
Area

Direct contract with Lantmännen

Figure 5. Options for contracts on sale/delivery of straw to Lantmännen.

One question that has been discussed is whether contracts are needed and if so, for how long. Both
the interviews and the survey showed that most of the farmers wanted one-year contracts, although
more than 30% of the respondents in the survey did not have an opinion. According to the interviews,
farms with a large area of cereal would rather have a contract lasting more than one year. The
contractors interviewed thought that Lantmännen should sign longer contracts (5 years) with
farmers to deliver straw from a certain area, and not for a certain amount of straw, since the straw
yield can vary widely between years. Contracting for a certain amount can thus carry a risk, as was
clearly the case for grain during 2018, a drought year with very low yields. According to the survey,
about 50% of the farmers preferred to contract a certain amount of straw and about 40% preferred
to contract straw on a hectare basis. The yield variations between years must be handled by storing
extra buffer volumes for the next year. Furthermore, farmers should not contract too large a part of
their straw, as this increases the risk both for the farmer and for Lantmännen. The farmers
interviewed were interested in contracting from 10 to 100% of available straw, again, as one
mentioned, with the amount depending on the price. For Lantmännen, contracts over several years
are important since this reduces the risks, as it does not have to find new farmers each year that are
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not familiar with the system etc. For the contractors involved in baling and transport, contracts over
several years give them good continuity to work with the same farmers for more than one year.

Conclusions
•

•

•

•

The contractors interviewed considered combine harvesters with a straw walker system or
R
possibly a hybrid system to be a better choice than combine harvesters with a rotor system,
in order to reduce losses at baling.
Interviews with farmers revealed that the three most important aspects for farmers’ interest
in harvesting straw are: 1) timeliness effects and the risk of delaying establishment of the
following crop if the straw is left to be collected, 2) effects on soil fertility from removing
straw from theRefield and 3) the price of straw in the field. According to the survey, many
farmers also see straw harvesting as a possibility to increase their profit.
Contracts over several years are important, as this reduces the risks for Lantmännen since it
does not have to find new farmers each year that are not familiar with the system etc. It also
gives the contractors involved in baling and transport a good continuity to work with the
same farmers for more than one year.
Farmers shouldRenot contract too large a part of their straw, as this increases the risk both for
the farmer and for Lantmännen.

2.2.4 Modelling of the demo case supply chain
Method
A supply chain model was developed to determine supply costs and available quantities of straw in
the area surrounding the Lantmännen Agroetanol plant in Norrköping, to be transformed in biocommodities.
Geographic Information System (GIS) data was used to construct the main database for the analysis.
This was made of vector data shapefiles covering the counties of Östergötland, Södermanland and
Örebro. The following attributes were included in the data:
•
•
•
•
•

Polygon area information. Geographic information on fields dedicated to winter wheat
cultivation in 2018.
A farmer index uniquely identifying the farmer owning one or more of the fields in the
database.
Cultivated area.
Type of crop.
Yield of winter wheat produced (tonne/ha).

To reduce the number of origin points/farmers and develop a cost-efficient simulation model, it was
decided to cluster the cultivated areas on farmer ownership. To accomplish this, a specific algorithm,
based on a centre of gravity model, in R studio was developed to identify centroids. The output of
the algorithm was a new database where each centroids represent the hypothetical location of the
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cumulated fields per farmer. Each centroid includes the corresponding values of total cultivated area,
crops utilised and yield of winter wheat produced.
Specific conversion factors, provided by RISE, were used to generate the amount of yield produced
at each of the centroids. The first factor is the winter wheat straw yield computed from the
straw/grain ratio and theR grain yield, and the second indicates the percentage of winter wheat area
on arable farms available for straw collection. It was assumed that 100% of the sustainable winter
wheat straw on crop farms was available for ethanol production, and that the amount of straw used
for feed and bedding in animal production was covered by cereal production on animal farms.
The model is based on agent-based and discrete event simulation, which consists of a model where
the actions and behaviours of multiple actors are reproduced in order to obtain a reliable model of
a complex real system. Re
Discrete event simulation was used to simulate the production processes in
the conversion plant. The agents used in the simulation were: 1876 farmers and trucks moving the
straw from the farmer centroid location to the bioethanol plant. Relevant assumptions used in the
simulation model were as follows:
•
•

•

•

A one-year contract is established between each farmer and Lantmännen.
Re
Lantmännen evaluates
and rank offers from farmers, based on the total price offer received.
Total price includes transport costs per ton and sales price per ton. The sales price used in
the offer was computed from triangular distributions with minimum €55 and maximum
€110.
The tonnes of straw produced by the farmers were computed from the hectares of fields
owned by the farmers. Thereafter, these quantities were simulated with a normal
distribution where standard deviation is 10% of the computed straw quantities.
Transport costs were computed using data provided from RISE, where freight rates vary on
km travelled from 0 to a total of 600 km. The freight rates were used to generate a linear
model to predict and simulate the transport costs per farmer.

The selection process prioritised suppliers with lower total costs per ton, where sale price of the
straw produced and transport costs were added together and used as a preferential criterion for
selection. The simulation was run for a period of 6 years, starting in 2019 and ending in 2024.

Results and discussion
The model was run for the two scenarios presented in section 2.1.2.2:
1. Base scenario: 80,000 tonnes of winter wheat straw collected from arable farms in the
counties of Östergötland, Södermanland and Örebro.
2. Hub Vadstena scenario (Limited area with high straw potential): Base scenario restricted to
one harvest area surrounding Vadstena municipality.
The effect of reduced straw yield per ha, as a consequence of years with dry conditions due to lack
of rainfall, was also tested. For this, straw yield was reduced by 18% in Östergötland, 23% in Örebro
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and 30% in Södermanland, based on the outcome of the dry year 2018. Table 5 presents the results
for the base scenario and the Hub Vadstena scenario.
Table 5. Compilation of results on straw supply per selected farmer for the base scenario and the Hub Vadstena scenario.

Compilation of results per selected farmer
R

Number of selected farmers

Base
scenario

Hub Vadstena
scenario

489

274

Quantity sold per farm

tonnes

163

282

Supply cost

€/tonne

90.5

120

Average transport distance from farm
Re
to plant

km

9.2

90.0

Maximum transport distance from
farm to plant

km

61

115

To supply the ethanol plant with 80,000 tonnes of straw in the base scenario, straw was collected
from 489 farmers of theRe1876 available in the area. The average distance from farm to plant was 35
km and the maximum distance travelled was 61 km, to a total supply cost of about €90.5 per tonne.
The revenues generated from the straw sales reached on average €3484 per farmer and the quantity
of straw sold was on average about 42 tonnes per selected farmer (Table 5).
The Hub Vadstena scenario was included to assess the effects of concentrating the supply to a limited
area. The Vadstena area, a plain district west of the ethanol plant, was chosen as it has a high
concentration of winter wheat cultivation. In the Hub Vadstena scenario, on average a total of 274
suppliers were selected from among the 280 available in the Vadstena area. The total supply cost
increased to €120 per tonne straw delivered, which can be explained by the longer transport
distance that need to be travelled by trucks (Table 5). The amount of straw that farmers in Hub
Vadstena could produce reached a maximum of about 77,245 tonnes per year. Hence, Lantmännen
cannot fully achieve the desired amount of 80,000 tonnes, but would come close to it by only
accessing the Vadstena area. It can be pointed out that concentrating the supplier selection could
increase the business case from the suppliers’ side. On the other hand, the revenues generated
showed that there is no straw left for alternative use.
The scenario with drought and unfavourable weather conditions at harvest had little impact on the
overall results when simulated over a six-year period. Compared with the base scenario, in the
unfavourable weather case the number of selected farmers required to supply the desired amount
of straw increased by 20% and the average transport distance increased by 6%.

Conclusions
•

There is enough straw available in the study area to supply a bioethanol plant with 80,000
tonnes of straw annually.
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•

The total supply cost in the base scenario is €90.5 per tonne of straw delivered. On limiting
straw collection to the Vadstena area, the supply cost increases to €120 per tonne of straw,
due to increased transport distance and the full amount of straw needed cannot be
delivered, although the area can deliver around 96% of the amount needed.
R

2.3 Harvesting tests
2.3.1 Introduction
The main residue of cereal crops is straw. When the straw is deposited in a swath from the combine
harvester, it can easily be collected and utilised in a variety of applications. However, during the
Re
threshing process in the combine harvester a fraction of fine particles called chaff, containing the
constituents spike glumes, hulls and awns, is produced. This fraction is normally deposited directly
on the ground under the swath, and thus not harvested. Since the chaff fraction can account for up
to 20% of the total amount of harvest residues, total biomass harvest could be significantly increased
if it could be collected. Combine harvesters could be fitted with optional equipment for incorporating
the chaff into the strawReswath.
In 2017 and 2019, CREA together with RISE conducted field trials in Sweden to evaluate whether the
total amount of harvested biomass could be increased by incorporating wheat crop chaff into the
straw swath. CREA was responsible for the in-field measurements, statistical analyses and evaluation
of the results. In both years, the combine harvester was equipped with a chaff recovery system,
which could be altered on-off. The experiments were arranged as randomised block designs with the
winter wheat variety ‘Julius’. Two treatments in three replicates were tested. Each replicate had an
area of about 0.5 ha in 2017 and 0.3 ha in 2019. The chaff was either deposited directly on the ground
under the swath (control) or incorporated in the flow of straw from the combine. On the day after
combine harvesting, the straw swaths were pressed into round bales and the bales from each
replicate were weighed.
In 2017, a study on the straw biomass distribution by weight along the stem was carried out. On 12
randomised 1 m2 plots, all wheat straws were cut at the soil level and the stems were manually
separated from the ears. The stems were then cut into 10-cm sections and weighed.

2.3.2 Results
The recorded grain yield was 6.8 tonnes DM/ha in 2017 and 9.2 tonnes DM/ha in 2019. In parallel
with the higher grain yield, the baled amount of straw was also considerably higher in 2019 (Table
6).
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Table 6. Straw and chaff recovery in bales, recalculated to kg DM/ha.

Year
2017
2019

Straw and chaff recovery in bales
kg DM (dry matter)/ha
Difference
Control
Incorporated kg DM/ha
%
2,430
2,770
340
14.0
R
4,773
4,899
126
2.6

In both years, there was slightly higher recovery of biomass when chaff was incorporated in the
swath. The reason for higher recovery of chaff in 2017 is unclear. However, the difference between
treatments was not significant in any of the years.
Re

The distribution of straw biomass by weight along the stem was homogenous along the first 50 cm,
but above this level there was a tendency for a reduction. Figure 6 shows the percentage of each 10cm fraction, and indicated with different colours.

Re

Figure 6. Straw biomass distribution along the stem in 10-cm fractions.
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More detailed information on the harvesting test in 2017 can be found in Pari et al. (2018) and results
from both years can be found in Suardi et al. (2020).

2.3.3 Conclusions
Incorporating the chaff into the swath at combine harvesting slightly increased the total amount of
R
biomass harvested with a round baler. The results from the two years were inconsistent, however,
which indicates a need for further studies on chaff recovery.

2.4 Moist straw storage test
Re
2.4.1 Introduction

To avoid microbial growth and losses of dry matter, straw should preferably be harvested and stored
at a moisture content below 18%. This requirement can be difficult to fulfil in practice, since weather
conditions during the harvest season in autumn are not always favourable. In such situations, it
would be desirable to be able to harvest straw at a higher moisture content. A field study was
conducted to evaluate Re
anaerobic storage of moist straw bales wrapped in plastic, in terms of dry
matter losses and hygienic quality. In addition, a rough calculation of the extra costs for the wrapping
was made.
Winter wheat straw was baled at three moisture content levels, where the target was at least 35%
(High), 25% (Medium) and 18% (Low). The straw was pressed into round bales and then wrapped in
three replicates with eight layers of plastic stretch film. Prior to wrapping, a sample was taken from
each bale and a logger for temperature measurement was placed in the bale centre. The bales were
then stored outdoors for 9.5 months on plastic pallets and covered with protective netting to prevent
animal damage. To determine dry matter losses, the bales were weighed at the start, after 3 months
and at the end of the experiment. At the end of storage, gas composition (CO 2) in the bales was
measured and all bales were sampled.
Moisture content was analysed in all samples taken initially and at the end of storage. Microbial
composition and pH value were determined in one sample per treatment (merged from three
replicates) in samples taken initially and at the end of storage. Microbial analyses included
determination of the number of Enterobacteria spp., Escherichia coli., total yeasts, total moulds,
lactic acid bacteria, total aerobic spore-forming bacteria and butyric acid bacteria spores.

2.4.2 Results
The moisture content of the Medium straw moisture treatment became somewhat higher than
intended (39% rather than 25%) (Table 7). The fresh weight loss decreased with reduced moisture
content in the straw. This was expected and is probably the result of different levels of microbial
activity between the treatments. The low decrease in fresh weight during storage indicates that the
losses of dry matter were low in all treatments (Table 7).
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Table 7. Straw dry matter (DM) density in bales, initial and final straw moisture content, bale weight and bale
CO2 content at the end of the 9.5 month storage period (n=3).

Bale density, moisture content and bale weight change at 9.5 months storage
Density
Moisture content (%)
Fresh weight (kg)
Fr. weight
CO2 (%)
3
Treatment (kg DM/m )
Initial
End
Initial
End
change (kg)
End
High
124 R
49
50
373
371
-2
18
Medium
110
39
38
273
272
-1
18
Low
104
19
16
195
197
+2
17

The results of microbiological analyses and pH values of the straw are shown in Table 8. Microbial
changes during storageRewere mainly observed for the number of lactic acid bacteria in the Medium
and Low treatments, where the numbers increased markedly from low initial levels. In the process
of lactic acid bacteria fermentation, lactic acid is formed, and the pH value will decrease. The more
extensive the fermentation, the lower the final pH value. A low pH value has a conserving effect, as
it inhibits the growth of other unwanted microorganisms. At the end of storage, the lowest pH value
was found in the high moisture bales, and then increased with reduced moisture content (Table 8).
Re
In the low moisture bales, lactic acid bacteria activity was low, and did not result in a sufficiently low
pH value.
Table 8. Initial and final microbial composition and pH value in bales with High, Medium and Low moisture content. The
values represent one observation per treatment. The number of microbes is expressed as log CFU/g fresh sample.

Microbiological composition and pH value in straw
High
Enterobacteria
Escherichia coli
Yeast
Moulds
Aerobic spore-forming bacteria
Butyric acid bacteria spores
Lactic acid bacteria
pH-value

Initial
<2
<1
7
5
<3
<1
6
7.4

Medium
End
<2
<1
5
3
2
2
7
4.8

Initial
<2
<1
6
5
<3
<1
3
7.7

End
<2
<1
2
6
<3
2
7
5.2

Low
Initial
<2
<1
6
5
<3
<1
2
7.5

End
<2
<1
5
4
<3
<1
7
8.2

Temperature measurements in the bales showed an increase during the first week of storage. This
initial temperature increase is often a sign of microbial activity and commonly for anaerobic
preservation processes. After the first week until the end of storage, the temperature in bales
followed the ambient temperature.

2.4.3 Conclusions
A field trial on feedstock losses during storage showed that wrapped bales with High moisture
content (~50%) were characterised by a more thorough ensiling process than bales with Medium
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and Low moisture content. The dry matter loss in High moisture straw was low and in the acceptable
range. Anaerobic storage in wrapped round bales was confirmed to be an efficient method for wet
straw storage.
Wrapping round bales will add costs in the form of stretch film, labour and machinery. This cost was
estimated to be around R€30 per tonne of straw, which is considered too high for implementation in
practice.

2.5 Production of biofuel
2.5.1 Pretreatment
Re

Pretreatment of lignocellulosic material is often required to fractionate the raw material. This makes
the cellulose and hemicellulose more accessible for enzymatic hydrolysis to monomeric sugars.
Pretreatment studies on the lignocellulosic raw material (e.g. wheat straw) were performed at two
scales: at laboratory scale at the University of Borås and at pilot scale at the Processum facilities in
Örnsköldsvik. The two most promising methods, Hot water pretreatment and Organosolv, were
accompanied by steamReexplosion to produce material suitable for hydrolysis and fermentation, to
give two main feedstock streams: carbohydrates for fermentation and a lignin slurry for the HTL
process. During pretreatment, Hot water pretreatment provides a single slurry for hydrolysis
whereas Organosolv partitions the cellulose, hemicellulose and lignin into three separate fractions.
The solid cellulose and lignin fractions undergo washing and are therefore almost completely free
from contaminants; the combined washings are pooled with the hemicellulose, thereby
concentrating by-products and contaminants. All the methods mentioned above successfully yielded
material for further studies on production of ethanol and biooils.

2.5.2 Ethanol production
After pretreatment, enzymatic hydrolysis of the fractionated material was employed to split cellulose
(and hemicellulose) into mono-sugars. Hydrolysis worked well for all pretreated materials, as shown
in Table 9.
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Table 9. Content of carbohydrates, ash and lignin in slurry after hydrolysis following pretreatment by different methods

Carbohydrates, ash and lignin in
slurry
Hot water
Substance

Organosolv, cellulose

Organosolv
hemicellulose

Organosolv
lignin

1.2
0
690
67.8
2.2
761.2
14.3
22.7
0.7

5.39
2.45
8.16
42
1.06
59.1
-

7.3
0
10.1
4.7
0
22.1
1.3
90.1
4

pretreatment

Arabinose, (g/kg DM) R
Galactose, (g/kg DM)
Glucose, (g/kg DM)
Xylose, (g/kg DM)
Mannose, (g/kg DM)
Carbohydrates, total
Re
Ash at 525°C (%)
Lignin, Klason (%DM)
Lignin acid-soluble (%)

16.8
7.4
389
131
5.4
549.6
12.7
27.2
2.7

Fermentation of hexoses, such as glucose and galactose, is a very well-known process that usually
proceeds without too many complications, given that few inhibiting compounds are present.
Re

Pentoses, in this case stemming from hemicellulose, are usually more difficult to ferment since
genetically modified yeasts are required. These yeasts are generally more sensitive to the conditions
used and to the substrate profile. During the studies in this project, pentose fermentation worked
well for material from hot water pretreatment when using detoxification, but could not be
performed on material from the Organosolv pretreatment. A likely explanation for this is that the
hemicellulose stream from Organosolv collects all inhibitors that potentially obstruct fermentation;
analysis showed 10-30 higher inhibitor concentrations than in the material from hot water
pretreatment. For a typical fermentation of material from Hot water pretreatment, see Figure 7.
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Hydrolysed straw, detoxified dithionite

R

Re

Re

Figure 7. Fermentation using pentose-fermenting yeast. The primary y-axis indicates the results for glucose (blue),
xylose (orange), and ethanol (yellow). The secondary y-axis indicates the results for glycerol (grey).

2.5.3 HTL process
Hydrothermal liquefaction (HTL) is a process known for approximately 100 years and converts
biomass into liquid biooils, solid biochar, gas and water-soluble compounds. However,
commercialisation of the process has so far never been achieved, in no small part due to the
competition from fossil crude oil that is cheaper to produce and usually has more beneficial
properties (e.g. lower oxygen content). However, HTL does provide an option for producing
renewable biooils that e.g. has a lower impact on CO2 emissions. The process has been widely studied
for several lignocellulosic feedstocks, but has not previously been described for enzymatic lignin from
wheat straw. From the combined knowledge based on earlier studies, there is reason to believe that
the main technical obstacles have been addressed and the biooils produced show great promise, but
the biggest issue today is the lack of investment funding (Castello et al., 2018).
In this project, the carbon-rich lignin residue from hydrolysis of wheat straw was investigated as a
feedstock for the HTL process. This process requires severe conditions: high temperatures (normally
280-380 ˚C) and high pressures (150-300 bar), placing high requirements on the process equipment.
Therefore, use of continuous equipment is beneficial to keep the size down and lower the cost of
the equipment. A continuous rig was designed, constructed and commissioned during the project
period (Figure 8).
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Figure 8. Continuous rig for hydrothermal liquefaction.

Biooils were successfully produced from hydrolysis lignin from wheat straw. Vegetable oils showed
promise as carriers and use of alkali hydroxides as catalyst reduced the amount of biochar produced.
Typical yields and qualities are shown in Table 10.
Table 10. Results from the continuous hydrothermal liquefaction (HTL) process

Selected results from continuous HTL
Time
(min)

Lignin
Slurry (%)

Additive
(%)

NaOH
(%)

Temp
(˚C)

Yield char
(%)

Yield oil
(%)

HHV1
(MJ/kg)

1

14

12

10

0

340

14

79

35.0

2

15

12

10

0

340

22

49

32.9

3

14

12

10

0

340

17

81

36.2

4

15

12

10

0

340

14

76

-

5

8

12

10

0

340

16

53

-

6

15

12

10

0

340

10

96

-

11

12

0

2

340

16

36

-

7
1Higher

heating value.
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Since the use of vegetable oils as a carrier in the HTL process carries costs (and vegetable oils can be
used as biofuels themselves), the strategy was to replace the vegetable oils with biooils produced in
the HTL process and in part recycle them (Figure 9). The process water from the HTL process was
also planned to be recycled in the process to save water costs, reuse water-soluble compounds and
reduce the load on wastewater treatment.
R

Re

Figure
Re 9. Strategy for replacing vegetable oil and recycling process water.

According to the strategy presented in Figure 9, the additive (vegetable oil) was replaced by the
biooil produced. In order to test this scenario, a series of experiments was conducted where
vegetable oil was first used in addition to 2% NaOH, and then consecutive runs were made using the
biooil produced as an organic additive, instead of vegetable oil.
The results from this series of experiments are shown in Table 11. From the data, it can be deduced
that use of the biooil produced is less beneficial (runs 2-4) than using an additive (run 1). The oil yield
was fairly consistent throughout the runs, whereas there was a sharp increase in biochar production.
This is especially apparent in run 2 and then the biochar amount decreased again, but to determine
whether this is always the case further repetitions of the experimental series would be needed. As
the oil yield was similar when using the biooil and when using vegetable oil this is not a significant
issue, but the increased production of biochar could possibly cause problems in the process.
Nuclear magnetic resonance (NMR) studies of the biooils showed that approximately 65% of the oil
originated from vegetable oil and 35% from lignin, which would mean that less than 20% of the biooil
after run 4 originated from vegetable oil.
Table 11. Effects of oil recycling in the biooil production process.

Oil and char yield, oil recycling
Run
Oil (%)
Char (%)
1
68
1
2
56
23
3
68
10
4
56
6

AGROinLOG project deliverable.

27

Document: D5.7. Success case of the integration of a logistic centre into an agro-industry of the grain-milling
and feed sector
Lead Author: .RISE
Version: Final
Reference: AGROinLOG (727961) D5.7

Date:

30/04/2020

Refere

Since adding fresh water to the process incurs costs, this should be minimised as much as possible.
Ideally, only water that is contained in the raw materials (primarily in NaOH and lignin from
hydrolysis) should be added. Water needed for diluting feedstock should be recycled from the
process water. This has the additional benefit of recycling organic material contained in the aqueous
phase back into the process, thereby possibly increasing the yield. As the process stream contains
inorganic matter that is Rless soluble at near critical conditions, the amount of salts either from the
lignin or from added alkali base needs to be carefully controlled.
Recycling of process water was investigated for two conditions (with/without base) with the focus
on total organic carbon (TOC) content and ash content. In addition, the effect of recycling oil without
prior removal of char was investigated, and a single test without use of vegetable oil was performed.
Re
The TOC for neutral reaction
conditions (10% lignin and 10% vegetable oil) increased by around 5
g/L with each recycling step, as expected. No plateau was seen for the three runs, indicating that
steady state had not yet been reached (Figure 10).

The absolute amount of TOC was higher under basic conditions (10% lignin, 10% vegetable oil, 2%
NaOH), as can be expected since basic conditions will enhance hydrolysis and bring more low
Re
molecular weight phenolics
into the aqueous phase. The increase in the series was large for the first
recycling step (13 g/L), but less pronounced for the consecutive step (4 g/L). This may indicate that
the process was approaching steady state, but a longer series is required for conclusive results.

TOC in Water Phase
45
40

TOC / g·L-1

35
30
25

Neutral

20

Basic

15

Base only

10

Char recy.

5
0
1

2

3

No. in series
Figure 10. Total organic carbon (TOC) content in the water phase under conditions Neutral= vegetable oil, Basic=
vegetable oil +NaOH, Base only= NaOH, Char recy= biooil+char recycling.

A similar trend for ash can be seen (Figure 11), with basic conditions giving higher ash content. The
difference for ash under neutral and basic conditions is explained by the extra inorganics that come
with adding base. For all conditions, a steady increase in ash content was observed. However, longer
series should be performed to see whether an approximation to steady state can be achieved.
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Ash in Water Phase
Ash content / g·L-1

50
40
30

Neutral

R
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No. in series
Re

Figure 11. Ash content in the water phase under conditions Neutral= vegetable oil, Basic= vegetable oil +NaOH, Base only=
NaOH, Char recy= biooil+char recycling.

It is interesting to see the sharp decrease in biochar yield when the process was run under basic
conditions, especially using combination of base and vegetable oil (Figure 12).
Re
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Figure 12. Oil and char yield in recycling of water under conditions Neutral= vegetable oil, Basic= vegetable oil +NaOH,
Base only= NaOH, Char recy= biooil+char recycling.

The quality aspects of the biooils and biochars produced are discussed in section 2.6.

2.5.4 Conclusions
•

•

•
•

Pretreatment in hot water (Hot water pretreatment and Steam explosion) is a reasonable
method for fractionating wheat straw. Hydrolysis and hexose fermentation pose no issues,
while pentose fermentation is possible, but not as efficient.
Biooils can be successfully produced from hydrolysis lignin from wheat straw. The
temperature, pressure and residence time appear to have no major impact on the quality of
the biooils, so it is most beneficial to optimise the yield and oil:char ratio.
Processing lignin from wheat straw in continuous HTL can now be regarded as an established
process at the current scale.
Biochar production from HTL on wheat straw can be kept at a low level and contains a high
level of ash. The biochar produced has no obvious applications at this point.
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•

Pentose fermentation is difficult to perform, especially after Organosolv pretreatment. This
can be regarded as a work in progress, where more laboratory and demonstration studies
are required before decisions on scaling up.

2.6 Product quality
R
2.6.1 Second-generation bioethanol
The ethanol produced from carbohydrates, either from cellulose or hemicellulose, needs to be
purified further before being used as transportation fuel. This is usually done via distillation followed
by dewatering, with molecular sieves to obtain transportation-grade ethanol. The process is of
Re
course well-known and is already being performed at commercial scale at Lantmännen Agroetanol’s
facilities in Norrköping, Sweden (Figure 13). An issue that needs to be addressed is the inability to
use the residue after distillation of ethanol produced from pentoses (hemicellulose), analogous to
DDGS (Distillers Dried Grains with Solubles) from hexoses, owing to the GMO constraints associated
with pentose-fermenting yeasts.
Re

Figure 13. Distillation unit at the Lantmännen Agroetanol plant in Norrköping, Sweden.

2.6.2 Biooil
The HTL biooil was characterised with respect to physical and chemical properties (Table 12). The
heating value of the biooil produced was around 35 MJ/kg. The energy content was lower than in
crude fossil oil, which has a heating value in the range 42-47 MJ/kg. On the other hand, the heating
value of the biooil was in line with that reported for biooils derived from other lignocellulosic
feedstocks (Gollakota, 2018).
The biooil viscosity varied widely, from 56 to 11,306 mPa·s. The lower values are a factor of 10-100
higher than those of diesel or biodiesel, but still significantly lower than those typically reported for
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liquefaction biocrudes obtained from lignocellulosic feedstock, which have viscosities in the order of
105-106 mPa·s (Ramirez et al., 2015).
Comparisons of biooils obtained via HTL with those obtained via fast pyrolysis have shown that the
former are more viscous and have a more hydrophobic character, lower density and a higher energy
content (Anheden et al.,
2017). Therefore, it is likely that similar upgrading processes to those
R
utilised for petrochemical oils can be used (Elliott, 2016).

Table 12. Results from analysis of hydrothermal liquefaction (HTL) biooil

Compositional analysis of HTL oil
Parameter

Method

Result

DIN 51777-1 :1983

0.750% (m/m)

Ash content (775 °C)

DIN EN ISO 6245 :2003

0.058% (m/m)

Calorific value, lower

DIN 51900-2 :2003 mod.

34303 J/g

Calorific value, upper

DIN 51900-1 :2000 mod.

36444 J/g

DIN 51732 :2014

73.5% (m/m)

Hydrogen content

DIN 51732 :2014

10.1% (m/m)

Nitrogen content

DIN 51732 :2014

0.53% (m/m)

Oxygen content

DIN 51732 :2014 mod.

14.3% (m/m)

Sulphur content

ASTM D 4239 :2017

0.06% (m/m)

Chlorine content

DIN 51727 B:2011

290 mg/kg

Sodium (Na)

DIN EN ISO 11885 :2009

48 mg/kg

Potassium (K)

DIN EN ISO 11885 :2009

<10 mg/kg

Aluminium (Al)

DIN EN ISO 11885 :2009

11 mg/kg

Silicon (Si)

DIN EN ISO 11885 :2009

230 mg/kg

Magnesium (Mg)

DIN EN ISO 11885 :2009

<5 mg/kg

Calcium (Ca)

DIN EN ISO 11885 :2009

18 mg/kg

DIN EN 12634 :1999

121.7 mg KOH/g

DIN 51595 :2000

33.6 % (m/m)

Re

Water content

Carbon content

Re

Acid value
Asphalt content

Previous research has shown that the composition of the biomass, i.e. the raw material, has the
largest influence on the chemical composition of the biooil (Akhtar et al. 2011). The properties of
the biooil are also dependent on parameters of the reaction, e.g. temperature, solvent, reaction
temperature etc. (Akhtar et al., 2011).

2.6.3 Biochar
The biochar produced was analysed in a similar way to the biooil. Elemental composition, ash and
heating values were found to be among the most important parameters (Table 13).
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Table 13. Results from analysis of biochar (D5.4, 2020).

Parameter
Total moisture
Ash content
C-fix (calculated)
Sulphur, S
Chlorine, Cl
Carbon, C
Hydrogen, H
Nitrogen-N
Oxygen (calculated)
Silica, Si

R

Re

Analysis of biochar
Result
2.4
61.5
16.4
0.532
0.563
27.6
2.4
0.87
6.6
230000

Unit
%
% DM
% DM
%
%
% DM
% DM
% DM
% DM
mg/kg DM

It was observed that the biochar contained a high amount of ash (61.5% DM, mainly silica, most likely
in the form of SiO2) and a relatively low content of carbon (27.6% DM). This means that the market
Re
application initially considered for the biochar, as energy pellets, is not relevant.
It must be stated that it is positive for the IBLC that the biochar byproduct contains a high level of
ash, as this means that the other product streams have been processed well.

2.7 Market analysis/market validation
2.7.1 Straw-based bioethanol
The properties of the straw-based bioethanol will not differ from those of conventional bioethanol.
This means that the market for this product is already known to Lantmännen.

2.7.2 HTL biooil
The crude HTL biooil has a number of potential applications. During the project, efforts were made
to identify possible applications for the biooil as a biofuel, primarily as a marine bunker fuel without
upgrading, as biodiesel and biopetrol after upgrading, as an additive for asphalt or as a source of
phenolics to replace fossil phenols in phenolic resins.

Biofuels
HTL biocrude
Studies performed on HTL biocrude showed that it has a wide range of properties that differentiate
it from diesel and biodiesel. HTL biocrude has a different viscosity, heating value and sulphur content
compared with diesel fuels, which makes it inappropriate for blending with such fuels for
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transportation applications. Higher sustainability may be achieved if pure biooil/biocrude is utilised,
but this requires upgrading (Ramirez et al., 2015). The chemical properties (e.g. oxygen, nitrogen,
sulphur content and chemical composition) and physical properties (e.g. viscosity, density and
heating value) may be improved via upgrading and thereby it may be feasible to reach the set fuel
standards. The sulphur content in crude biooil makes it unsuitable as a standalone fuel for marine
R
applications, even within
the European Union where sulphur content is limited to 1% (w/w).
However, it could be suitable as a blend-in fuel in marine fuel oils of various kinds, which could be
considered an initial entry market for crude biooil.
Upgraded biooil
By removal of heteroatoms, hydrogenation and hydrocracking processes, the properties of crude
biooil can be modified,Refollowed by separation into the more specific fractions produced in oil
refineries today, i.e. petrol, jet fuel, diesel, light marine fuel and chemicals. However, fully meeting
the specifications for oil refinery products is a difficult challenge and will require further research
and investments in large assets. An alternative would be to target specific characteristics, which
could enable low blending strategies or enable direct integration into existing oil refineries (e.g.
lowering the heteroatom
functionalisation and viscosity).
Re

Additive for asphalt
Addition of crude biooil could improve asphalt binder properties while reducing asphalt paving
construction costs. The asphalt used by the paving industry today is generally obtained by processing
crude oil. Using a crude biooil binder in asphalt paving could potentially reduce the mixing time,
compaction temperature, ageing and stiffening characteristics of reclaimed asphalt pavements and
of virgin binders. Considering that biooil could add beneficial physical characteristics and
sustainability characteristics, it is estimated that the price of biooil would likely be well over the price
of bitumen. The market potential in Europe in 2014 was estimated to 22 Mt/year including Russia,
or 12.4 Mt/year excluding Russia (Eurobitumen, 2014).

2.7.3 Biochar
The properties of the biochar produced via HTL in the project do not fulfil the requirements for
addition to concrete. They also do not meet customer requirements for soil improvement
applications, and the biochar produced in HTL is not ideal for utilisation as energy pellets. Hence the
low-quality char produced from HTL of wheat straw lignin likely needs to be considered a cost in the
process and no obvious market applications have been identified. Further studies could help to
identify possible applications different from those considered in this project.
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2.8 Cost structure and investment necessary in the new
business line
2.8.1 Outline and introduction to the business case
R

A business model for combined 2nd-generation bioethanol and biooil production using straw from
the IBLC was developed during the project and used to evaluate the feasibility of the different
production processes through scenario analysis. The main focus during the business model review
was to determine process feasibility, so the analysis was directed towards the economic segments
of the processes. The business model was also used to guide process development by identifying
large costs in the process,
Re and then returning to the laboratory to try to lower these costs.
The Swedish case in the AGROinLOG project consisted of combined 2nd-generation bioethanol and
biooil production based on the straw supplied by the IBLC (Figure 14). The experimental results and
the economic assessment performed highlighted the unsuitability of the business model initially
designed to reach the profitability objectives. Therefore, new approaches were designed in the last
period of the project to improve the figures.
Re

Ethanol

2nd generation bioethanol
Distillation and
purification

Biogas
production

Fermentation

Water recycling
Wastewater

Straw

STEX
Pretreatment

Enzymatic
hydrolysis

Separation

Lignin hydrolysis

Bio-oil

Wastewater
treatment

Water to recipient
Biogas

Pretreatment
Liquefaction
Seperation(s)
Bio-oil

Figure 14. The assumed business case process layout, including 2nd-generation bioethanol
production, biooil production and anaerobic wastewater treatment producing biogas.

Additionally, experimental results from the 2nd-generation bioethanol and biooil production process
showed that the combined process generates a large amount of water with a resulting high organic
content (chemical oxygen demand, COD), which makes it necessary to include some form of
wastewater treatment. Anaerobic wastewater treatment is the preferred choice for this type of
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water, as the COD levels are lower when producing biogas through the anaerobic digestion process.
Biogas generation adds an additional revenue stream, or an additional internal energy carrier, to the
concept.
Because of the benefits and necessity of adding anaerobic wastewater treatment to the process
scheme, this process set-up
became the base case when investigating the final business model. The
R
feasibility calculations were based on the availability of 68,000 tonnes DM (80,000 tonnes) of straw
in the uptake area. Assumptions used in the business model are listed in Table 14.

Re

Re
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Table 14. Assumptions on financial values, costs and processes used for all cases explored by the business model.

Financial, cost and process assumptions
Income
Value
Comment

Type
Product
R

€950/tonne
€1000/tonne
€500/tonne

2nd-generation ethanol
Biooil
Biogas
Variable costs

Type
Raw material costs
Re

Value

Comment

€97/tonne DM

Straw

€25/MWh
€35/MWh
€1000/tonne
€450/tonne

Heat (steam)
Electricity
Enzyme
Sodium hydroxide

Process-related costs

Fixed costs

Re

Type
Maintenance
Insurance
Staff requirements

Value
1.5%
0.5%
1 pers.
30 pers.
3 pers.
3 pers.
5 pers.

Type
Loans
Discount rate
Inflation
Utilisation rate
1Total

Comment
Of TIC1
Of TIC
Manager
Production staff: 5 daytime operators,
4 in 6 shift, 1 production engineer
Admin. functions: 1 finance, 2 HSMQ
Purchasing and sales staff
Maintenance staff: 5 daytime
operators with maintenance specialty
Other financial assumptions
Comment

Value
0%
2%
2%
4800 h year 1, ramped to
8240h

investment cost.

2.8.2 Business case findings
The general assumptions in the business case and the current biooil and bioethanol yields resulted
in a business case with a net profit. However, the profit was small and will most likely not be enough
as a basis for investment. This was mainly due to the average sales price of the straw (€97/tonne
DM) and the high operating (variable) costs. This result prevailed in scenario analysis assuming 0%,
AGROinLOG project deliverable.

37

Document: D5.7. Success case of the integration of a logistic centre into an agro-industry of the grain-milling
and feed sector
Lead Author: .RISE
Version: Final
Reference: AGROinLOG (727961) D5.7

Date:

30/04/2020

Refere

20% or 40% investment support (Table 15). Based on this straw price, the internal rate of return (IRR)
would be 4.3%, 6.4% and 9.5%, respectively, and the resulting payback time would be 16, 14 and 11
years, respectively. The preferred payback time is normally less than 10 years.
Table 15. Internal rate of return (IRR) and payback (PB) time as a result of various degrees of investment support (0, 20, 40
%)
R

Investment support
20%
6.4
14

0%
4.3
16

IRR (%)
PB (years)

40%
9.5
11

A sensitivity analysis onRethe performance of the business case when the straw price was changed by
±30% from the base line price of €97/tonne DM is presented in Figure 15. A straw price decrease of
30% yielded a higher IRR (7.7%) and shorter payback time (12 years) compared with the base case.
A price increase of 30% instead resulted in a negative IRR (-0.2%) and a payback time of more than
20 years, which is considered unreasonably long. Even the low straw price scenario resulted in a
payback time above 10 years, which is too long for most investors.
Re

22,5

20

17,5

12,5

16
12

7,7%

7,5

4,3%
2,5

-2,5

-0.2%
Payback time (years)
EUR 68/tonne DM (-30%)

IRR (%)
EUR 97/tonne DM

EUR 126/tonne DM (+30%)

Figure 15. Effects of straw price (€97/tonne DM ±30%) on payback time and internal rate of return (IRR).

2.8.3 Ensuring future success of the IBLC
The current business model gives a net profit, but not enough for the business model to be
economically feasible. The major challenges are the high straw price, the high costs of enzymes for
enzymatic hydrolysis and the high operating costs resulting from a small HTL unit. A 30% reduction
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in the price of straw significantly improved the scenario but, as seen in Figure 15, did not lower the
payback time below the acceptable level of 10 years.
The HTL unit dimensioned based on the lignin extracted from 68,000 tonnes DM of straw
(approximately 80,000 tonnes) was not feasible according to economies of scale. Introduction of an
additional raw material source
would enable scaling up of the HTL unit and help improve the business
R
case. The additional raw material could be in the form of pure lignin or other types of
waste/secondary biomass with high lignin content, depending on raw material availability, and could
then be supplied either directly into the HTL process (especially pure lignin) or added to the
bioethanol process as a pretreatment step. If these measures were adapted, at a rough estimate the
profitability in the business model would improve, to an payback time of 8 years and an IRR of 13.6%
with investment support
Re of 40%.
Another key factor in determining the success of the IBLC business model is identification of key
partners, key resources and customers to secure the value chain and proposition. The Swedish
business case in particular includes key actors such as reliable straw suppliers, suppliers of additional
lignin (in the form of lignin-rich substrate or pure lignin), suppliers of other raw material and
substrate necessary forRethe process, and a strong long-term relationship with customers. The key
activities necessary for the success of the business case include assuring the quality of the straw (and
lignin) entering the process, adaptation of the existing bioethanol plant to new processes and
process conditions, development of a strong value proposition, and seeking out and establishing
relationships with new potential customers and customer segments.
It will be necessary to adapt the existing Lantmännen bioethanol plant to satisfy the requirements
of the new, 2nd-generation process in terms of new process conditions and incorporation of the
biooil producing process and suggested addition of anaerobic wastewater treatment. Depending on
the final scale of the biooil process, an investment in the range of €70 million is estimated to be
required. As mentioned in section 2.8.2, it will be difficult to expect feasibility and reasonable
payback times for the investment if it is made without any kind of investment support. Thus, an indepth feasibility study of the business case, including investment support opportunities, is needed
as the next step forward.
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3 IBLC IMPLEMENTATION
The existing wide multi-channel organisation within Lantmännen (see section 1.1), covering e.g.
straw procurement, sale of bioproducts, plant breeding and suitable facilities, is suitable to be
utilised further. This business
plan strengthens the opportunities for implementing an IBLC in a grain
R
sector agro-industry such as Lantmännen. The in-house plant breeding makes it possible to e.g.
develop grain types that are optimised for both crop yield and straw production. Further, the farms
supplying the agro-industry have existing facilities for feed or manure storage that can be used in
future for storing straw.
To sum up, Lantmännen’s businesses are based on farmers´ interests. Lantmännen provides support
Re
to farmers and increases the value of their products. This means that good relations between
farmers, contractors and Lantmännen are already in place. A suitable and profitable business case
must be made before construction of the physical plant to produce advanced biofuels from straw
can be initiated.
Re
3.1 Advantages
and drawbacks

3.1.1 Raw material availability
+ For security of supply reasons, it is an advantage that this study focused on winter wheat straw
since is the major cereal crop grown in Sweden, both in terms of cultivated area and yield per ha. It
is cultivated in all regions except the northern part of Sweden, where the climate is too harsh. Straw
is a by-product from cereal production and therefore its utilisation for bioeconomy purposes does
not compete with agricultural land for food and feed production.

+ Straw is partly an unutilised residue. There are few competing uses except for feed and bedding in
animal production. When left on the field, straw contributes to soil fertility.

- Straw has a volatile price and is available in limited amounts that also vary between years, mainly
due to weather variations, which makes it risky to base the supply for a biorefinery on straw alone.

3.1.2 Supply chain (including harvesting and storage)
+

According to a survey conducted within the project, many farmers view straw harvesting as a

possibility to increase their profit.

+

There is much experience of harvesting and handling straw among Swedish farmers and

contractors. The machinery and handling chain is well developed and efficient and there are likely to
be no problems in ensuring that capacity is high enough to handle and supply the amounts of straw
required for the ethanol plant.
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+ Low-cost equipment for combine harvesters can be used to incorporate the chaff into the straw
swath, offering an opportunity to increase the amount of harvested biomass with almost the same
input. However, this was not clearly confirmed in field trials.

-

Weather conditions during harvest are not always favourable for straw harvest, which may

R
adversely affect the possibility
of a secure straw supply. If straw that is not dry enough could be
stored without quality degradation, the security of supply would increase. Wrapping straw bales in
plastic proved to provide such an opportunity, but the additional costs of wrapping were too high
for the method to be considered applicable in this demonstration case.

3.1.3 Biofuel production
Re

+ Ethanol production from straw creates a new feedstock base compared with only using grain and
can increase yearly production in an already well-established market, but at a cost, e.g. the
installation of new process steps and a less well-known fermentation process.

+ The HTL process produces biooils that can be utilised as energy carriers either directly or after
upgrading. The biooils Re
are more energy-dense and in a liquid form that can suit other applications
than the starting material. HTL provides a possible solution for handling the residual lignin that would
otherwise cause waste problems in a 2nd-generation ethanol process.

- One issue with pentose fermentation is that it relies on use of GMO yeast, so the solid residue
(equivalent to DDGS) is not accepted for use as animal feed. Therefore, an alternate application for
products from pentose fermentation need to be found.

-

The HTL process has yet not been commercialised and there are uncertainties regarding the

investments and operating costs of a commercial facility. This aspect was analysed in this project.

3.1.4 Product quality
+ If the HTL biooil is upgraded to transportation fuel, the properties of the biooil produced in the
project, such as viscosity, hydrophobic character and energy content, make it likely that similar
upgrading processes to those used for petrochemical/fossil oils can be employed. However, to meet
the specifications of oil refinery products, much more research is needed.

- One challenge with biooils is their oxygen content, which is significantly higher than in fossil crude
oil. One way to reduce the oxygen content and the molecular weight of the molecules to make them
more suitable for transportation fuel applications is the use of hydrodeoxygenation by hydrogen gas.
This can have a significant impact on the overall economics of the production of biooils, their CO2
footprint and their environmental sustainability.

- Biochar pellets are reasonably easy to produce. However, HTL biochar is not ideal for use as energy
pellets due to the high ash content. Furthermore, its properties do not fulfil the requirements for
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addition to concrete and customer requirements for soil improvement applications. Therefore, a
main drawback is that either the biochar needs to be disposed of, which involves a cost that needs
to be considered, or needs further research to find a possible use.

3.1.5 Market analysis
+

R

There is increasing demand for renewable products worldwide and 2nd-generation ethanol

production from wheat straw and HTL-processing of residues can help meet this demand. As the
biooils produced are comparable to fossil crude oils, there are many markets already open for
utilisation.

- Crude biooils may have
difficulty competing with fossil oils for several reasons, e.g. pricing, bulk
Re
availability and quality.

-

To compete with other markets, HTL biooil needs to upgraded, which involves a significant

investment cost.

3.1.6 Cost structure
and business model
Re
+ The cost structure of 2nd-generation ethanol production from straw can be improved by valorising
the solid lignin residue to an added-value product, while the HTL biooil that can be upgraded to
transportation fuel.

+ The main advantage of the business model is that it is based on the profitability of three products:
bioethanol and biooil from the two main processes and biogas produced from the wastewater. This
makes the business case more robust, as it relies on three sources of income.

+ Bioethanol or biooil production may also be used as a stand-alone process if needed. With minor
adjustments, both processes would be able to use many different lignocellulosic raw materials, from
agriculture and forestry.

- For all three products in the business case (bioethanol, biooil and biogas), the price fluctuates with
the oil price.

- A disadvantage of the business model as it is today is that it greatly relies on the straw supply and
the straw price. This is a vulnerability, since availability and price depend greatly on weather
conditions. The straw price is also relatively high compared with that of other lignocellulosic raw
materials such as sawdust, partly due to the cost of collection and transporting the bulky straw.

- In the current business model, the HTL unit for biooil production is dimensioned on the lignin
coming from the supply of 80,000 tonnes of straw annually, which gives high operating costs (in
particular staff costs). Therefore, the supply would need to be increased, e.g. by taking in another
source of lignin to enable a larger HTL unit with better profitability.
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4 LESSONS LEARNED
Regarding straw potential and capacity to harvest and handle straw, it is possible to supply the
Swedish demonstration case in Norrköping with 80,000 tonnes of winter wheat straw. In the
surrounding regions, as Rmuch as 230,000 tonnes would be available after taking account of any
limitations regarding soil fertility aspects and the straw needed for animal production.
Lantmännen has good IBLC preconditions to widen its current business model with production of
second-generation ethanol. It has well-established contacts with farmers and suppliers, a sales
organisation for straw and ethanol, etc.
Lantmännen can produce
Re ethanol from straw and has successfully learned to produce biooil with
high yield from the lignin fraction remaining after ethanol production. Wastewater from the
production can be utilised for biogas production. Thus, the profitability of the business model is
based on three products (ethanol, biooil and biogas), thereby spreading the risks.
There are a wide range of possible markets and applications for the biooil. For most applications,
however, the biooil needs to be upgraded to some extent, which significantly increases the
Re
investment costs. No market for the biochar produced in the project has been identified, mainly due
to the high ash content.
The current business model for the demonstration case is estimated to give a net profit, although
not enough to be economically viable. The major challenges are the high cost of straw, enzymes for
hydrolysis and operation of the biooil unit. Scaling up the biooil unit and possibly also introducing an
additional raw material source might help to improve the economic viability of the business model.
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