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Abstract
Sustainability goals regarding biobased chemicals and fuels can lead to increased demand for cereal straw, which could lead
to undesirable effects on soil organic matter (SOM) content. The aim of this study was to evaluate the effects of removing
straw on SOM, using a life cycle approach based on agricultural statistics and soil carbon modelling. This regional evaluation
in southern Sweden showed that the general restrictions on straw removal recommended in many European studies, with
demands on the incorporation of at least half of the aboveground straw, is not an efficient means of SOM preservation. Unrestricted straw removal in combination with the cultivation of intermediate crops leads to a much higher SOM build-up. Such
measures will increase the availability of removable straw 2.5 times, at little extra cost. The findings of this study demonstrate
the necessity of regional evaluation, taking new findings on the impact of straw incorporation on SOM into consideration.
This is important for both regional emerging biobased industries, where unnecessary restrictions on straw removal might
hamper the development of new production pathways, and for future sustainability in agriculture, where well-intended but
inefficient SOM preservation strategies might hinder the implementation of more efficient measures.
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Statement of Novelty
Cereal straw is an abundant agricultural by-product in
Europe. This study provides new knowledge on straw
availability and the potential impact of large-scale straw
removal on organic matter in agricultural soils in a
regional investigation in Sweden. General straw removal
restrictions are currently applied in the EU, with the aim
of preserving soil organic matter. However, the findings
of this study show that soil incorporation of straw is not
generally efficient for organic matter build-up. Restrictions
on straw removal can be unnecessary, and may prevent
the implementation of more efficient measures for organic
matter preservation. We suggest cultivation of intermediate crops as an alternative approach that would allow both
unrestricted straw removal and contribute to soil organic
matter build-up, with little impact on the cost of straw
as feedstock for biobased industries. The conflicting sustainability goals between straw removal and use and soil
incorporation can thus be avoided.

Introduction
Cereal straw has attracted considerable attention as a globally available feedstock that can be used for the biobased
production of chemicals and fuels through various technical processes and valorization pathways [1–6]. In Europe,
wheat straw has been identified as the most promising currently unused agriculture-based feedstock for the biobased
chemicals industry [6]. Concern for climate change is the
main driving force behind the transition from fossil-based
to biobased feedstock, and ensuring low greenhouse gas
(GHG) emissions is a key aspect in the production chain.
According to the revised EU Renewable Energy Directive
(EU REDII), future biobased fuels for road transport are
required to have 65% lower GHG emissions than fossil
fuels [7]. It has been argued that an increasing number of
biomass-based products will have to meet similar demands
on climate performance in the future [8]. Reliable assessments of straw availability and GHG emissions will thus
be required to make straw an attractive feedstock in emerging biobased industries.
On the other hand, the European Environment Agency
published an assessment in 2010, showing that about
45% of the mineral soils in Europe had a low or very low
organic carbon content (0–2%) [9]. A follow-up survey
shows that the soil organic matter (SOM) in mineral soils
used as cropland in Europe has further decreased with on
average 2.5% [10]. Decreasing SOM may decrease crop
yields and productivity [11, 12] and can give problems
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with soil compaction and ensuing crop failure due to standing water on high-clay-content soils [13]. Declining SOM
content as a threat to soil fertility, and thereby food security, has thus become a topic of active scientific research
during the past decade [14]. Furthermore, SOM degradation leads to the transfer of carbon from the large soil carbon pool to the atmosphere as carbon dioxide, contributing
to climate change. It has been estimated that topsoil in the
EU stores 79 Gt carbon [14]. Agricultural practices that
preserve carbon in the form of SOM, or even sequester
carbon by increasing SOM, are thus important. In the EU,
cereal production dominates the cropland, amounting to
72%, or 57 million ha, in 2019 [15]. The link between
SOM and sustainable cereal straw management is that in
regions with intensive cereal cultivation and little livestock, soil incorporation of cereal straw might be the only
measure taken to maintain the organic matter in soil [16].
SOM is comprised of decomposed residues of biomass and
the continuous addition of new biomass is a prerequisite
for maintaining SOM levels. Soil incorporation of crop
residue such as straw can also have other positive impacts
as increased nutrient retention and availability, decreased
susceptibility to erosion and enhanced water capacity [17].
However, straw incorporation also contributes to spreading
of pathogens, and removal of cereal straw in autumn would
be the best practice for reducing the risk of a Fusarium
spp. infection [18].
This highlights the contrasting goals for sustainable cereal
straw management, removal and use as feedstock for the
emerging biobased industries on one side, and soil incorporation with the aim of preserving or even increasing SOM on
the other side. The decline in SOM in EU agricultural soils
is high on the agenda and restrictions on straw removal have
been suggested as a means of ensuring sustainable SOM
levels. Recommendations in European studies range from
soil incorporation of 50–67% of the straw [6, 19–21]. Such
general removal restrictions impact the straw availability for
use in future biobased industries. In one study including 10
EU countries, the annual amount of cereal straw not currently used was estimated to be 107 million t dry matter
(DM), but a recommendation of soil incorporation of 91 million t DM (corresponding to 60% of the straw) left only 16
million t DM straw available for emerging biobased industries [20]. Similar restrictions were applied in two projects
mapping the agricultural biomass in Europe, where the aim
was to support the future sustainable delivery of non-food
biomass for a resource-efficient bioeconomy [22, 23]. Dees
et al. [22] estimated the sustainable harvestable potential
of cereal straw in the EU28 to be 120 million t, after applying removal restrictions to maintain SOM. However, current
use was not subtracted. Gurria et al. [23] estimated that the
total current use of crop residues (manly cereal straw) in the
EU28 was 100 million t, and that another 10 million t would
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be available for use in emerging biobased industries without
affecting soil ecosystem services, such as fertility maintenance and SOM conservation. The straw availability after
applying such general removal restrictions is thus reduced to
only a small share of the harvestable straw amounts.
In the studies described above, it was assumed that straw
removal exceeding recommended restrictions of 50–67%
soil incorporation of straw would result in a decrease in
SOM. This is assumed to not only result in a direct release
of carbon to the atmosphere, but also to reduce crop yields
which, in turn, may displace crop production, leading to land
conversion elsewhere. This is referred to as indirect land
use change, which can be recalculated to GHG emissions
that are attributed to the removed straw [24]. Such a GHG
emission penalty has, for example, been calculated for an
assumed removal of 20.5 million t straw for European ethanol production [21]. One third of this straw was assumed to
originate from regions with unsustainable straw removal,
which was defined as removal of more than 33–50% of the
cereal straw. This was assumed to lead to a decrease in SOM,
and subsequent reductions in crop yields, and also to compete with straw use in the livestock sector. This, in turn,
was calculated to correspond to a GHG emission penalty
of 96 kg C
 O2 equivalents ( CO2eq) per ton straw [21]. In the
EU REDII, on the other hand, the straw is categorized as a
residue and assigned no burden from the emissions related to
cultivation [7]. This means that when the GHG emissions of
a straw-based biofuel is calculated, removing the straw from
the field is seen as having zero GHG impact [25, 26]. These
conflicting messages on sustainability and GHG emissions
from straw management thus strongly effect both estimations
of straw availability and the view on GHG emission of using
straw as feedstock, which can lead to uncertainty among
emerging biobased industries planning the commercial utilization of straw as feedstock.
The uncertainty falls back on the good intention of
restricting straw removal to avoid losses of SOM. However, the benefits of straw incorporation on SOM have
recently been questioned. The contribution of organic
matter to SOM is estimated by using models based on
both short-term degradation tests and long-term field
experiments for different types of organic matter input. In
Sweden, the Introductory Carbon Balance Model (ICBM)
is used for the national reporting of soil carbon changes
in arable land [27]. This model, already when introduced,
was based on the finding that root biomass contributed a
higher share of long-term stable SOM than aboveground
biomass. However, since the model was first introduced,
long-term field experiments have been re-evaluated, and
straw incorporation has been shown to have even less,
or even no, impact on SOM in some regions/soil types
[28–30]. Aboveground biomass incorporation has been
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shown to generally have less effect on SOM than previously thought, while the contribution of the root biomass
has been increased [29–31]. Similar re-evaluations based
on findings in long-term field experiments have been performed also for other countries/regions in for example the
UK and the US [32–34]. Based on these findings, it has
been suggested that the use of straw to replace fossil-based
feedstock could be more beneficial from a climate perspective than its incorporation into the soil [26, 30]. However,
findings regarding the low cereal straw SOM contribution
for some regions are not yet integrated in the models mentioned above, where straw removal restrictions and GHG
penalties based on assumptions of SOM losses following straw removal, are assumed to be generally applicable
across Europe [21–23].
The overall aim of the current study was to highlight the
conflicting sustainability goals of straw removal and use,
and soil incorporation for SOM preservation. The novelty
of the study was the application of regional findings on
SOM impacts of soil incorporation of straw, and the comparison to general straw removal restrictions. In addition,
the cultivation of intermediate crops was investigated as
an alternative strategy of SOM preservation. The current
application of general straw removal restrictions is problematic for two reasons:
1. If straw incorporation is an inefficient method of SOM
preservation, the current recommendations regarding
straw removal restrictions and soil incorporation could
hinder the implementation of more efficient SOM preservation measures. The cultivation of intermediate crops
is one such measure.
2. Straw could be an important renewable feedstock for
emerging biobased industrial production of materials
and fuels, but removal restrictions could hinder the commercialization of these processes due to uncertainties
regarding feedstock availability and sustainability.
The point of departure in the current study was that the
conservation of SOM is a key aspect in future sustainable
agriculture. Thus, SOM must be addressed in relation to
straw removal, and aspects such as current straw demand
and assumptions on removal restrictions in favour of soil
incorporation must be taken into account by an industrial
user to ensure sustainable production. At the same time,
in the shaping of such removal restrictions the assumption
that straw incorporation gives a high contribution to SOM
has not yet been questioned. Detailed regional sustainability assessments are therefore necessary. The objectives
were to evaluate the following aspects related to the sustainability of straw soil incorporation or removal in four
Swedish cereal production areas:
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Fig. 1  Map showing the areabased potential of harvestable
winter wheat straw in southern
Sweden per year (annum, a).
The area of the circle diagrams is proportional to the
annual harvestable wheat straw
amounts for the four main
cereal production areas (PA1–
PA4). The straw is divided into
the fractions currently used,
the removable fraction and the
share that should be incorporated in soil when a removal
restriction is implemented
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(i) To quantify regionally available amounts of straw,
current use and removal restrictions, and to compare
to restrictions in EU projects & models,
(ii) To evaluate the effects of ignoring currently recommended straw removal restrictions on SOM and the
introduction of an alternative SOM preservation
strategy using cultivation of intermediate crops, and
finally,
(iii) To quantify GHG emissions and the cost of straw
assuming different removal strategies from an industrial user perspective.

Methods
Study Regions
One of the objectives of this study was to study regional
conditions on a detailed level for the supply of straw as
feedstock to biobased industries. This study is focused on
agricultural production in southern Sweden, a cold climate
region located between 55° to 60°N and 12° to 19° E [35],
contributing 2% to cereal production in the EU in 2019 [36].
Four Swedish production areas in this region (PA1-PA4,
Fig. 1) with varying cereal production, varying competing straw demands and different geographic and biological
conditions influencing SOM were evaluated in detail. The
study was limited to winter wheat cultivation and yields.
Winter wheat is the dominating cereal in the region, and the
four selected production areas covered, on average, 96% of
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the Swedish winter wheat cultivation area during the period
2012–2016 [37]. Agriculture in these production areas is
dominated by crop rotation with annual crops, mostly cereals, leading to a high risk of decreasing SOM [38, 39]. The
threat of decreasing SOM is addressed in Sweden, for example, in the National climate policy action plan, which states
that methods of increasing carbon storage in arable land
should be promoted [40]. In a recent survey covering the
Nordic countries, cereal straw incorporation was pointed out
as one such method [41]. The four production areas evaluated had different general recommendations regarding straw
removal restrictions, and this and other features of these
areas is outlined in this following sections.

Straw
The amount of harvestable straw was calculated by subtracting non-harvestable aboveground straw (stubble, straw not
removable due to weather conditions, etc.). Recommendations for removal restrictions based on national expert
opinions on straw soil incorporation requirements were
then implemented [42], giving a total share of straw recommended for soil incorporation of 44–56% in the investigated
region. This is in line with the general recommendations on
straw soil incorporation (50–67%) suggested to be necessary to avoid SOM impacts in several European studies [21,
43, 44]. The amounts of straw available for removal and
commercial use were quantified with and without consideration of removal restrictions, and the effect of ignoring the
removal restrictions on SOM was evaluated.
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Table 1  Agricultural data on
cereal and straw yields and
straw use
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Production area
−1 −1

a

Straw yield [t DM h a a ]. Theoretical above ground potential
Straw yield [t DM h a−1 a−1]. Harvestable potentialb
Removal restriction, share of harvestable potential [%]c
Currently used, share of harvestable potential [%]d

PA1

PA2

PA3

PA4

5.06
3.76
25
41

4.21
3.13
26
76

4.06
3.02
40
38

3.56
2.65
40
42

a

The corresponding winter wheat yields calculated as 5-year average ranged from 4.6 to 6.6 t dry matter
(DM) ha−1, which can be compared to the average yield of common wheat in 2011–2015 in the EU of 5.0
t DM ha−1 [36]. Theoretical straw potential was calculated using a straw:grain ratio of 0.57 on DM basis
[47], since ratios used in European studies [19, 20] have been shown to overestimate the amounts of straw
under Swedish cultivation conditions. A carbon content of 45% of the DM was assumed [29]
b

26% of the theoretical potential was estimated to be non-harvestable stubble based on 20 cm stubble and a
total straw length of 78 cm [48]

c

d

Expert opinions on removal restrictions[42]

Regional competing use such as animal feed, bedding material or solid fuel, of which 68%, on average,
was used for animal bedding [45, 49]

Data on wheat yields, amounts of straw and competing
use were collected from national agricultural statistics for
the four production areas PA1-PA4 [36, 45, 46] and aggregated as 5-year average for the years 2013–2017 on PA-level
as described by Lantz et al. [25]. Data are summarized in
Table 1 together with the regional recommendations regarding straw removal restrictions. The straw currently used for
other purposes such as animal feed, bedding material or
solid fuel was subtracted from the harvestable straw fraction
[45]. The harvestable amount of straw remaining was considered to be removable without impact on SOM and market
restriction. The scenarios where only this straw fraction is
assumed to be removed and used are denoted removable in
the results. In addition, results are presented for a scenario
when removal restrictions were ignored and also this straw
fraction was removed and used. This scenario is named unrestricted removal in the results.
It was assumed that all harvestable straw was collected
and removed from an individual field, so a removal restriction of, for example, 25% was implemented as the removal
of all harvestable straw three out of four years. Nutrients
removed with the straw were assumed to be fully compensated for by mineral fertilizer addition, affecting both costs
and emissions [50]. It was assumed that no compensation
was paid to the farmer, and the straw cost calculation thus
includes only costs and excludes profit. Nitrogen (N), phosphorus (P) and potassium (K) content in the straw were
assumed to be 6.6, 0.6 and 9.2 kg (t DM)−1, respectively in
the whole region (based on nutrient content for wheat straw
as average for 73 database entries [51]).

Intermediate Crops
Intermediate crops cultivated after the harvest of cereals and
before the next main crop, also called catch crops or cover
crops, have been identified as important in SOM build-up

in long term-field experiments [52, 53]. Therefore, the cultivation of an intermediate crop (IC) once every two years
of winter wheat cultivation was evaluated as an alternative
strategy to SOM build-up through soil incorporation of
straw. Different IC could be suitable for this purpose, but
the study was limited to assessing the impacts of implementing oilseed radish (Raphanus sativus L.) as a model
IC. We have done so in all four production areas, although
it might be unsuitable in crop rotations including rapeseed
(mainly occurring in PA1). Other IC yielding similar large
amounts of biomass (and carbon) exist, but have not been
further studied. Oilseed radish was assumed to be possible
to include in the crop rotation after early food potatoes (17%
of total food potatoes; [54]), peas for processing and cereals including winter rye, winter barley, spring barley and
winter wheat. When cereals were the preceding crops, it was
also assumed that IC cultivation would take place only every
four years, i.e. prior to a spring-sown crop such as sugar
beet [24]. Harvestable IC biomass yields were assumed to
be 3.0 t DM/ha/a for a growing period of 90 days between
IC sowing and harvest [55]. This biomass yield was then
adjusted accounting for two effects: (a) IC biomass yields
were assumed to drop linearly from 3.0 t DM/ha at the southernmost of Sweden (PA1) to 20% lower at the northernmost
point of the region (PA4); and (b) the number of days in the
growing period was assumed to be influenced by typical
harvest dates for the main crop and the latest harvest date
of the IC, as presented in Table 2. Yields were estimated on
a municipality resolution as described by Prade et al. [24]
and then aggregated for each production area. The resulting
biomass yield estimates are well within the range of earlier
reported yields for oilseeds radish under similar conditions
of a temperate humid climate [56, 57]. Environmental compensation amounting to €150 ha−1 is currently awarded for
IC cultivation without fertilization in regions sensitive to
nitrogen leakage, which is the case in all four production
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Table 2  Agricultural data for
the intermediate crop
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Production area
−1 −1 a

IC yield [t DM ha a ]
IC growing period (days)b
IC harvest/soil incorporation date
IC carbon contribution [t C h a−1 a−1]c

PA1

PA2

PA3

PA4

2.5 (2.0–2.9)
69–124
17–19/10
1.1/1.3

2.3 (2.0–2.9)
63–124
13–20/10
1.1/1.2

1.8 (1.6–2.0)
58–101
9–11/10
0.8/0.9

1.5 (1.3–1.9)
50–97
4–9/10
0.7/0.8

a

Average yield of the harvestable part of the above ground biomass. Numbers in bracket present the data
range

b
c

Depending on the harvest date of the preceding crop and the IC
Referring to harvestable biomass/stubble and root biomass

areas in the current study [58]. When IC cultivation costs
and emissions are presented per t DM straw they have been
divided by all removed straw (including the straw currently
used for other applications).
The total amount of aboveground biomass (harvestable
biomass + 10 cm stubble) and root biomass were estimated
using a harvestable biomass:stubble ratio of 1.82 and an
aboveground:belowground ratio of 4.3, in order to transform
the harvestable amount of IC biomass to soil organic matter
(SLU; unpublished field experimental data). Root exudates
were assumed to correspond to 65% of the root biomass and
the carbon content was assumed to be 45% in all plant parts
[29]. Resulting estimates of carbon accumulation in the harvestable biomass are yield-proportional to earlier reported
values [57].

Soil Organic Matter
In line with the assumptions in European models of straw
removal, adherence to a removal restriction is assumed to
be sustainable in the sense that it has no effect on SOM [21,
43]. In the scenarios with unrestricted removal, the negative impact on SOM content was calculated. Georeferenced
data on soil properties in the areas investigated were used,
and SOM loss due to mineralization was modelled using
the Introductory Soil Carbon Balance Model (ICBM) [27].
The ICBM simulates the soil organic carbon (SOC) content
of soils based on carbon additions and mineralisation processes for carbon and is used for e.g. the Swedish annual
GHG emission inventory [59]. The model was calibrated
using data from long-term experiments located within the
production areas. Each dataset contained data from 49 to
53 years on crop yield and manure added as well as SOC
content determined at distinct intervals. From the crop yield
data, crop residue amounts were estimated using relations
between harvested product (grains etc.) and total aboveground biomass as well as aboveground to belowground biomass yield ratios. Carbon content of crop DM was assumed
to be 45% [29] and root exudates (extra-root residues) were
assumed to correspond to 65% of root residues [60]. The
first-order reaction coefficient of the old carbon pool was
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used as a variable to fit the modelled to the measured SOC
data by maximising the average coefficient of determination
(R2) of 32 datasets. The model was calibrated for each production area using data from long-term field experiments.
The model parametrization used is presented in Table 3.
Humification coefficients of 0.15 for aboveground biomass
and 0.35 for root biomass were used as a simplified estimate
of the stable carbon contribution to SOM [25]. The humification coefficient for aboveground biomass was corrected
for clay content, as suggested by Poeplau et al. [30]. The
greater efficiency of stable carbon formation of belowground
biomass was earlier attributed to the higher efficiency of
the rhizosphere microbial community [61]. Since we found
no indications of an effect of the clay content of soil on the
humification coefficient for the belowground biomass, no
such corrections were made for this part.
When cultivation of the IC was included, the resulting
impact on SOM was estimated based on the removal of
aboveground biomass minus 10 cm stubble (Table 2), and
soil incorporation of the rest of the crop. This harvested biomass can potentially be used for other purposes such as for
protein extraction or for biogas production, and the annual
harvestable amount per production area is presented.
Build-up or degradation of SOM was presented as the
corresponding release or sequestration of C
 O2. A simplified
SOM balance was applied based on the difference between
mean SOM mineralization and a stable fraction of added
carbon based on the humification coefficients for root and
straw biomass. When emissions due to changes in SOM are
presented per t DM straw, they have been divided by all
removed straw (including the straw currently used for other
applications). No economic cost or income was attributed to
an increase or decrease in SOM.

Greenhouse Gas Emissions
Greenhouse gas (GHG) emissions were calculated using
an excel based tool for life cycle assessment based on the
framework outlined in the ISO standard for life cycle assessment, with a functional unit of 1 t DM straw at the industrial facility gate [63]. Emissions of CO2 from fossil origin,
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Table 3  Production area (PA) specific data
Parameter

Land area
Share of arable landa
Share of winter w
 heatb
Initial SOC content
Bulk density
Clay contentc
Annual mineralizationd
Reaction coefficiente

Unit

Production area

[ha]
[%]
[%]
[%]
[Mg m−3]
[%]
[kg C ha−1]
[a−1]

PA1

PA2

PA3

PA4

552,021
48.5/10.2
8.8
1.77 (1.25 to 2.98)
1.4 (1.0 to 1.6)
13.8 (0.9 to 31.7)
− 364 (− 257 to − 611)
0.00888

967,796
30.1/11.1
2.4
1.97 (1.25 to 2.95)
1.2 (0.9 to 1.6)
12.9 (0.8 to 38.7)
− 316 (− 200 to − 472)
0.00810

1,203,550
32.5/14.9
11.3
2.06 (1.45 to 2.99)
1.2 (0.7 to 1.6)
19.9 (1.2 to 64.1)
− 422 (− 298 to − 613)
0.01024

2,963,151
19.5/22.1
10.7
2.08 (1.48 to 5.55)
1.1 (0.7 to 1.2)
18.7 (0.8 to 69.4)
− 270 (− 193 to − 722)
0.00703

Data used in the ICB model parametrization are given as mean values and range (min–max)
a

Proportion of arable land in total PA land area/proportion of PA arable land area in Sweden´s total arable land area given as average of years
2013–2017 [37]

b
c

Proportion of total arable land in the PA given as average of years 2013–2017 [37]

Used for estimating the impact on the humification coefficient h of the aboveground carbon input, using the relation: h = −
0.044 + 0.0036*Clay[%] [30]. Negative values are accounted for as in h = 0
d
Estimated using the ICBM based on a zero carbon input and average initial SOC content, clay content and a production area-specific mineralization rate
e

For the mineralisation of the old carbon pool. A reaction coefficient of 0.8 a −1 was used for the young carbon pool [62]

Table 4  Life cycle greenhouse
gas emission data

Input

Emission

Unit

Refs.

Comment

Diesela

77.2

g CO2-eq MJ-1

[66]

kg CO2-eq (kg N)−1
kg CO2-eq (kg P)−1
kg CO2-eq (kg K)−1
kg CO2-eq kg−1

[25]
[67]
[67]
[67]

Average Swedish fossil diesel blend in 2018,
containing 23% (vol.) biodiesel
Based on origin of import for Swedish use in 2016

Mineral N
Mineral P
Mineral K
Seedb
a
b

4.5
2.3
0.7
0.73

To account for lubrication oils, an extra 4% on energy basis was added to the diesel use
Emission data for oilseed rape were used due to a lack of data for oilseed radish

methane (CH4) and nitrous oxide (N2O), were expressed as
global warming potential (GWP) in carbon dioxide equivalents (CO2eq), using characterization factors on a 100-year
perspective [64]. The scenarios included inputs and emissions from in-field removal and transport to industrial straw
processing facilities with two annual straw demands: 20 000
t DM and 100 000 t DM. The direct effects of straw removal
were included (nutrient loss and changes in SOM). Changes
in SOM were expressed as CO2 emission or uptake, as
appropriate, and included nitrogen release or sequestration
using a C:N ratio of 10:1 [38]. Release or sequestration of N
was recalculated to give N2O emission or avoided emission
using the IPCC factor for field emissions of 0.01 kg N2O-N
(kg N)−1 [65]. Emissions from machinery manufacture were
not included. The inventory data on need for nutrient compensation at straw removal are presented in section ‘Straw’.
The diesel demand for field operations, baling and straw
transport, and the diesel and seed demand for IC cultivation

are presented in section ‘Economic Costs’. The emission
data used are summarized in Table 4 and were average values for Swedish conditions 2017–2018.

Economic Costs
Feedstock production costs were assessed using the stepwise
calculation method described by Lantz et al. [25], and are
presented per t DM straw at the industrial facility gate. This
calculation included all necessary machinery operation and
production means. When Swedish cost data were used, an
exchange rate of €1 = SEK10 was applied.
It was assumed that the wheat straw was baled and transported to an industrial facility by truck-mounted self-loading
trailers. Machinery costs were estimated from recommended
hourly costs and corresponding machinery capacity, and
the fuel demand was estimated based on typical consumption data from the same study (Table 5) [68]. The resulting
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Table 7  Machinery costs for intermediate crop production [68]

Table 5  Machinery costs for straw removal and supply [68]
Machinery
Baling
Tractor
Bale press
Transport
Tractor
Self-loading bale field
trailer
Truck with bale trailer
a
b

Specifications

150 kW
square bales,
1.2 × 1.3 m
200 kW

Self-loading

a

Capacity Costs
[ha h−1] [€ h−1]

6.1

71
132

2.6

86
30
b

3.3–3.6

Depending on transportation distance in the different production
areas

energy demand and cost for field operations and straw baling
was the same per unit straw removed for all production areas,
and was 29 MJ (t DM)−1, and €8.9 (t DM)−1 (machinery
and fuel), respectively. The transport distance was calculated
based on average straw availability in the region, assuming
a circular area with the industrial facility at the centre [49,
69], and an annual straw demand at the industrial facility of
20 000 t DM. The increased transport requirement, if the
straw demand was increased to 100 000 t DM per industrial
facility, was also calculated. The corresponding transport
distances, fuel demands and costs are given in Table 6 for
different straw removal strategies.
Nutrients removed with the straw were assumed to be
fully compensated for by mineral fertilizer addition. The
costs of nutrients in the form of mineral fertilizer N, P and
Scenario

Seed bed preparation
Tractor
Multicultivator
Sowing
Tractor
Seed drill
a

Capacity
[ha h−1]

Costsa
[€ h−1]

200 kW
4 m, disc, tine roller

2.9

86
53

120 kW
4 m, 3300 L

2.0

62
87

Specifications

Including costs for driver and fuel

178

Including costs for driver and fuel

Table 6  Average one-way
transport distance and
corresponding fuel demand and
cost for straw transport to the
industrial facility in the four
production areas with different
assumptions on straw removal

Machinery

K were assumed to be €1.0/kg, €2.1/kg and €0.8/kg, respectively [70]. It was assumed that no compensation was paid
to the farmer, and the straw cost calculation thus includes
only costs and excludes profit.
The seedbed for the intermediate crop was assumed to be
prepared in one pass by using a multipurpose cultivator and
the intermediate crop was then assumed to be sown using a
standard seed drill (Table 7) [68]. The harvestable share of
IC is reported separately, and is not included in the IC SOM
contribution, but neither harvest costs nor value of removed
IC biomass is included in the economic assessment.
The total diesel demand for IC cultivation amounted to
948 MJ ha−1, and the seed demand was 15 kg ha−1 in all four
production areas in the investigated region. The cultivation
costs were assumed to be the same for the whole region, and
were 22 (diesel), 93 (machinery) and 60 (seeds) € ha−1. The
environmental compensation of €150 ha−1 for unfertilized
ICs was included in the IC cost calculations.

Production area

Industrial feedstock demand
20 000 t DM a−1

Removable

Unrestricted removal

Transport distance (km)
Fuel demand (MJ (t DM)−1)
Transport cost (€ (t DM)−1)
Transport distance (km)
Fuel demand (MJ (t DM)−1)
Transport cost (€ (t DM)−1)

100 000 t DM a−1

PA1

PA2

PA3

PA4

PA1

PA2

PA3

PA4

17.6
284
27.9
13.3
267
26.5

n/a
n/a
n/a
37.4
390
38.3

32.0
377
36.8
19.0
325
32.1

57.8
504
49.0
31.9
401
39.3

39.3
370
36.1
29.8
333
32.8

n/a
n/a
n/a
n/a
n/a
55.7

n/a
n/a
n/a
42.6
419
41.0

n/a
n/a
n/a
71.4
558
54.3

n/a not applicable due to insufficient amounts of straw being available in the area
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10
-

-40
-50

- 30
- 40
- 50

PA2

-20
-30
-40
-50

PA3

IC

IC

REMOVABLE

IC

PA1

- 20

-10

PA4

0
UNRESTRICTED
REMOVAL

-30

- 10

10

PA3

0
UNRESTRICTED
REMOVAL

-20

UNRESTRICTED
REMOVAL

0
-10

10

PA2

-10
-20
-30
-40

IC

117
38
89
68

UNRESTRICTED
REMOVAL

PA1
PA2
PA3
PA4

The detailed assessment of the four production areas
revealed that the total annual amount of removable straw
that could be used in the bioeconomy in the region was 230
000 t DM a −1. This is under the assumption that no competition with current use (mainly for animal bedding) should
occur and when the removal restriction is implemented.
The straw harvested and currently used for mainly animal
bedding was 440 000 t DM a−1, and this was excluded in
all further calculations, so as not to compete with current

REMOVABLE

Amount
IC [kt DM
a−1]

PA1
REMOVABLE

GHG EMISSION
[kt CO2eq a-1]

10

Production area

REMOVABLE

Table 8  Harvestable amounts
of intermediate crop (IC) per
production area (PA)
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PA4

-50

Fig. 2  Greenhouse gas emissions resulting from field operations and changes in soil organic matter (SOM) for the four investigated production
areas (PA1–PA4), with different scenarios for straw removal and the cultivation of an intermediate crop (IC)

Results and Discussion
Biomass Amounts
The harvestable amount of winter wheat straw is presented
as an area-based density for the whole region of Southern Sweden (Fig. 1) to enable comparison with a European survey where the straw potential for the same region
ranged from 28 to 75 t DM k m−2 a−1 [71].1 The results presented in Fig. 1 illustrate the magnitude of variations even
within a limited region, underlining the need for detailed
assessments.
The four production areas chosen for more detailed
assessment included two regions with a high straw density
(PA1 and PA3) and two with a low (PA2 and PA4) (Fig. 1).
These areas also had different levels of straw currently used
for competing purposes and recommendations on removal
restrictions. The area of the circle diagrams is proportional
to the harvestable amount of straw in each production area,
divided into straw share currently used, the removable
amount (when consideration is taken to removal restrictions), and the share that is currently incorporated in soil
when removal restrictions are implemented, so would only
be harvested at unrestricted removal.

1
Own correction of the unit given in the database, which was kt DM
km−2 a−1.

use. The amount of harvestable straw that would be incorporated into the soil with removal restrictions was 330 000
t DM a −1. This amount is included in the amount of straw
removed in later calculations for the scenario unrestricted
removal, when removal restrictions are ignored. The variation between the production areas is large, and in PA2 no
straw would be available when current removal restrictions
are applied. If IC were introduced, the harvestable amount of
IC biomass in the whole region would be 310 000 t DM a −1.
The annual IC amount per PA is shown in Table 8.

Sustainability in Straw Removal
Effects on Soil Organic Matter
The greenhouse gas emissions per production area resulting from field operations and changes in SOM are given in
Fig. 2. The emission due to field operations is small in all
production areas and amounts for the whole region to 0.6
kt CO2eq per year in the removable scenario, and 1.3 kt
CO2eq per year in the unrestricted removal scenario. With
unrestricted removal of straw, the loss of SOM for the whole
region results in an annual GHG emission of 11 kt CO2eq.
The variation between the production areas is large, and 54%
of this negative SOM impact is found in PA3, and 37% in
PA4. The variation is due to the varying amounts of straw
removed and the soil properties, where high-clay-content
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90
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90

30
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0

0

0
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-30
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60

UNRESTRICTED
REMOVAL + IC

30

REMOVABLE

30

UNRESTRICTED
REMOVAL + IC

30

REMOVABLE

60

-30

TRANSPORT:
INCREASED DEMAND
TRANSPORT
IC: SOM

-200
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73

-50

60
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REMOVAL + IC

60

59
52

-50
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REMOVAL + IC

0
REMOVABLE

0
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REMOVAL + IC

0

REMOVABLE

50
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REMOVAL + IC

50

REMOVABLE

50

-13
80

UNRESTRICTED
REMOVAL + IC

100

PA4

150

UNRESTRICTED
REMOVAL + IC

-63

PA3

150

50

-150

COST
[€ (t DM straw)-1]

62

REMOVABLE

GHG EMISSION
[kg CO2eq (t DM straw)-1]

100

PA2

150

REMOVABLE

PA1

150

REMOVABLE
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IC: FIELD
OPERATIONS
STRAW: SOM
STRAW: NUTRIENT
COMPENSATION
STRAW: FIELD
OPERATIONS

TRANSPORT:
INCREASED DEMAND
TRANSPORT
IC: ENVIRONMENTAL
COMPENSATION
IC: FIELD
OPERATIONS
STRAW: NUTRIENT
COMPENSATION
STRAW: FIELD
OPERATIONS

Fig. 3  Greenhouse gas emission and cost in the four production
areas investigated (PA1–PA4) assuming different scenarios for straw
removal and the cultivation of an intermediate crop (IC). The values above the bars include the impact of transport to a facility with

a feedstock demand of 20 000 t DM straw per year. The increased
impact of a facility with a feed stock demand of 100 000 t DM per
year is shown by the dotted orange bar. (Color figure online)

soils have the ability to retain and stabilize more of the carbon from aboveground biomass [30].
The alternative means of SOM preservation, the cultivation of IC, give an emission from field operations of 13.7 kt
CO2eq per year for the whole region. IC cultivation was a
successful strategy to compensate for negative SOM impacts
of unrestricted straw removal in all production areas investigated. The increase in SOM corresponded to an avoided
GHG emission of 118 kt CO2eq per year, which means a
SOM build-up that is more than ten times higher than the
loss of SOM resulting from ignoring straw removal restrictions. The impact is lower in the more northerly production
areas PA3 and PA4 due to a lower IC yield, but incorporation of the IC root biomass still more than compensates for
SOM losses due to unrestricted straw removal in all production areas in the region (Fig. 2).
The variation of the data used for ICB model parameterization is shown in Table 3, but has not been included in the
assessment. An evaluation of the impacts of these variations
is possible, but would require an increase in data resolution to e.g. municipal level instead of production area level.
A more detailed assessment could also include different
choices of IC instead of one model IC. A future assessment

on municipal or field level would give valuable additional
information for guidance on for which soils an implementation will result in satisfactory impacts on SOC as compared
to the current general straw removal restrictions. Still, the
assessment on production area level shown here confirm that
the concept of increased straw removal and cultivation of IC
as a way of affecting SOC positively is promising.
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Greenhouse Gas Emissions
To allow sustainability assessment from the perspective of
an industrial operator, the emissions shown in Fig. 2 were
recalculated per unit DM straw. Results are given for two
scenarios (Fig. 3):
– Removable: Considering only the straw that is removable
when removal restrictions are implemented, 230 000 t
DM annually in total in the four production areas and
– Unrestricted removal + IC: ignoring the removal restriction and removing the straw that would otherwise have
been incorporated into the soil, 560 000 t DM in total,
and including IC cultivation as an alternative strategy for
SOM conservation.
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Compensation for the nutrients removed in the straw is
added, and emissions arising from transport to an industrial
facility are included. The net value above the bars include
transport emissions for an industrial facility with a feedstock demand of 20 000 t DM straw per year. The additional
transport demand when the feedstock demand is increased
to 100 000 t DM per year is shown as Transport: increased
demand (dotted orange bar). If no such bar is shown, the
region cannot cover the demand of 100 000 t DM per year.
Where no results are given (removable, PA2), the basic
demand of 20 000 t DM per year cannot be covered in the
production area.
The emissions from straw field operations are negligible.
Compensation for the nutrients removed accounts for 37 kg
CO2eq per t DM, irrespective of the straw removal strategy.
Transport emissions for a 20 000 t DM per year facility vary
with both region and removal restrictions, from 21 kg CO2eq
(t DM)−1 (PA1, unrestricted removal + IC) to 40 kg C
 O2eq (t
DM)−1 (PA4, removable). Increasing the feedstock demand
to 100 000 t DM per facility per year increases transport
emissions by 25–39%. The emission due to SOM losses with
unrestricted straw removal is highest in PA3, 20 kg CO2eq
(t DM)−1.
In this study, the straw was regarded as a by-product
and it was assumed that the default management practice
includes removal restrictions such that part of the straw is
incorporated into the soil. Thus, the straw is not burdened
by any of the emissions from cereal cultivation, but with
the emissions due to SOM degradation. When ignoring
the removal restriction (and before including the impact
of IC cultivation), the GHG emissions, including transport
emissions and emissions due to SOM degradation, range
between 60 (PA1) and 86 (PA4) kg CO2eq (t DM straw)−1.
Lokesh et al. [5] carried out a study in which the straw was
regarded as a co-product from cereal cultivation, and the
emissions arising from cultivation were divided between
grain and straw, based on economic value (economic allocation) or mass (mass allocation). This approach gave straw
GHG emissions of 64–68 kg CO2eq (t DM straw)−1. These
results are in the same range as those in the present study,
despite the fact that they were obtained with two completely
different methodologies. However, considering the straw to
be a co-product does not include or visualize the important
aspect of the impact on SOM in the field. These ranges of
values can also be compared to the emissions associated
with the use of straw for bioenergy applications presented by
the EU Joint Research Centre, of 70–170 kg CO2eq (t DM)−1
[43]. These calculations did not include changes in SOM.
Instead, the strategy suggested to avoid the negative effects
of straw removal on SOM was to implement general removal
restrictions, where the removal of 33–50% of the aboveground straw was defined as sustainable [43]. However, as
shown in this study, such general removal restrictions are
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not generally an efficient measure to maintain soil quality
and fertility. The result of ignoring removal restrictions on
soil SOM was in this study shown to be negligible in PA1
and PA2, so straw incorporation in these regions would be
an unnecessary measure, and an inefficient alibi for SOM
preservation in arable land.
The alternative strategy for SOM preservation evaluated in the current study was to combine unrestricted straw
removal with IC cultivation. As can be seen in Fig. 2, the
net impact on SOM is a significant build-up (here presented
as an avoided GHG emission) in all cases. Attributing the
whole benefit and emission from IC cultivation to the straw
removed will give a net negative value, i.e. the increase in
SOM resulting from the IC more than compensates for the
total emissions from all straw handling and IC cultivation
(Fig. 3).
Costs
The cost of harvest, baling, transport to the roadside and
nutrient compensation are constant irrespective of removal
restrictions, and amount to €23 (t DM)−1 (Fig. 3). Neither
the farmer’s income from the sale of straw nor cost the cost
of storage is included. This cost can be compared to estimates of the price of straw at the roadside of €37 (t DM)−1
for the same south Swedish region [22], and the price of
straw in-field in Denmark, of €32–40 (t DM)−1 [20].
Including transport costs to a 20 000 t DM per year facility will add €26 (t DM)−1 (PA1, unrestricted removal + IC)
to €48 (t DM)−1 (PA4, removable). Increasing the feedstock
demand to 100 000 t DM per facility per year increases the
transport cost by 24–38% (Fig. 3). No cost has been attributed to the loss or gain in SOM, but environmental compensation is available for the cultivation of ICs, which means
that the net costs per production area are very similar, irrespective of scenario. For example, the cost per t DM straw in
the removable scenarios, supplying 230 000 t DM of straw
per year, and unrestricted removal + IC providing 560 000 t
DM of straw per year, will give nearly the same cost per DM
straw removed even when the cost for cultivation of IC is
fully attributed to the removed straw (Fig. 3). The total cost
of the straw at the factory gate at a larger facility (100 000 t
DM per year) was €60 (t DM)−1 in the removable scenario,
where a sufficient amount of straw was only available in
PA1. In the scenarios with unrestricted removal + IC, three
out of the four production areas investigated could supply
100 000 t DM straw per year to a cost between €65 (t DM)−1
(PA1) and €90 (t DM)−1 (PA4).
For comparison, the cost of straw including transport to
a heat and power plant in Denmark has been calculated to
be €88–€104 (t DM)−1 [20], while straw cost calculations
for larger facilities in Sweden, including 30 km transport,
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storage and nutrient compensation, gave a value of €77 (t
DM)−1 [72]. The calculated straw costs can also be compared to the price of wood chips, another potential feedstock
in emerging biobased industries in Sweden, where the average price, including delivery to large facilities, paid between
2010 and 2019 has been stable at €100 (t DM)−1 [73].

Conclusions
Sustainability evaluations for new feedstocks for biobased
industries should be based on best current knowledge.
General assumptions concerning the benefits of straw
soil incorporation on build-up of soil organic matter have
resulted in general removal restrictions, where removal
of more than half of the aboveground straw is considered
unsustainable. However, the results of the current study
show that applying general straw removal restrictions, in
line with the recommendations in several European studies, did not have the desired effect in the region investigated. In fact, straw soil incorporation had little or no
impact on soil organic matter content. The removal restrictions are well-intended, but could prevent the regional
implementation of more efficient measures for soil organic
matter preservation, such as intermediate crop cultivation. In addition, straw removal restrictions hinder the
use of this renewable feedstock in emerging industries in
the bioeconomy. The findings of this regional evaluation
demonstrate the necessity of taking new knowledge into
consideration, and to complement broad general inventories on a European level with region specific and more
detailed evaluations.
The results of this study show that 230 000 t DM straw
per year could be available in southern Sweden when
applying straw removal restrictions. Unrestricted straw
removal in combination with the cultivation of intermediate crops could provide 560 000 t DM straw and 310 000
t DM of the intermediate crop, and, at the same time, considerably increase soil organic matter build-up in arable
land. The latter strategy avoids the conflicting goals in
straw management and provides a large quantity of feedstock with low GHG emissions for emerging biobased
industries. The cost differs little from the cost of the straw
in the case of restricted removal. It would thus be an
affordable strategy for an industrial user to demand that
a straw supplier includes intermediate crops in the crop
rotation. This would promote the long-term sustainable
development of organic matter in agricultural soils also
when all harvestable straw is removed from the field.
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