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ABSTRACT

• The current threats of climate change are driving attention away from the petrochemical
industry towards more sustainable and bio-based production processes for fuels and
speciality chemicals. These processes require suitable low-cost starting material. One
potential material assessed here is the oat hull. Its overall chemical composition has so
far not been fully characterized. Furthermore, it is not known how it is affected by
extreme weather events.

• Oat hulls (Kerstin and Galant varieties) grown during ‘normal’ weather years (2016
and 2017) are compared to the harvest of the warmer and drier year (2018). Standard
methods for determination of plant chemical composition, with focus on carbohydrate
composition, are utilized.

• Oat hulls grown in ‘normal’ weather conditions (2017) are rich in lignocellulose
(84%), consisting of 35% hemicellulose, 25% lignin and 23% cellulose. Arabinoxylan
was found to be the major biopolymer (32%). However, this composition is greatly
influenced by weather variations during the oat growth phase. A lignocellulose reduc-
tion of 25% was recorded in the warmer and drier 2018 harvest. Additionally, a 6.6-
fold increase in starch content, a four-fold increase in protein content and a 60%
decrease in phenolic content was noted.

• Due to its high lignocellulose composition, with an exceptionally large hemicellulose
fraction, the chemical composition of oat hulls is unique among agricultural by-prod-
ucts. However, this characteristic is significantly reduced when grown in warmer and
drier weather, which could compromise its suitability for use in a successful biorefinery.

INTRODUCTION

Oat (Avena sativa L.) is a crop grown worldwide and is now
attracting more attention due to the discovery of its many
health benefits as well as an increased interest in plant-based
diets. Its increasing popularity is reflected in global production
quantities, which have risen by nearly 30%, from 19 million
tons in 2010 to 26 million tons in 2017, and is expected to
increase further (FAOSTAT Database, 2019). Hence, the han-
dling of low value side streams will also become more impor-
tant. One large quantity by-product of oat production is the
grain’s outer shell, i.e. the hull (or husk), which makes up 25%
to 35% of the entire grain (Redaelli & Berardo 2007). Cur-
rently, its value is rather low as it is seen as a waste product,
which is often burned for energy production. Due to its ligno-
cellulosic composition (i.e. cellulose, hemicellulose and lignin),
however, it has great potential as starting material in a biorefin-
ery process, which aims to produce conventional and novel
fuels as well as specialty chemicals from biomass. Potential
products include biobased films for packaging (Sousa et al.
2016) and composites for construction and building material
(Vo & Navard 2016). Compared to traditional petroleum-
based refineries, biorefineries are attractive alternatives as they
are based on the conversion of renewable material and emit
zero net CO2 into the atmosphere (Amoah et al. 2019). In
order to assess the oat hull’s suitability to act as a biorefinery
starting material, as well as to design the most value-adding

process, an in-depth understanding of its complex chemical
composition is crucial. All characterizations performed so far
have only assessed the quantity of its main components and
have not further analysed its lignocellulose composition
(Welch et al. 1983; Crosbie et al. 1985; Thompson et al. 2000).

Particularly large quantities of oats (up to 2.6 million tons
per year) are grown in the Nordic countries due to the ability
of oats to thrive in the short seasons of cool and wet climates
with long periods of daylight (Buerstmayr et al. 2007; FAO-
STAT Database, 2019). Previous studies have shown that oat
growth is greatly influenced by changes in climate conditions.
Elevated temperatures (especially during the early growth sea-
son) as well as reduced precipitation significantly impact agri-
cultural yield of many oat varieties at diverse growth locations
(Buerstmayr et al. 2007; Peltonen-Sainio et al. 2011; Klink et al.
2014). Even more recently bred oat cultivars, which were
expected to be better adapted to current weather conditions,
have suffered from significant yield losses in warmer and drier
years (Klink et al. 2014). The oat hull chemical content has
been shown to remain the same at elevated temperatures, indi-
cating that it is similarly affected as the grain (Peltonen-Sainio
et al. 2011). As oat growth is so sensitive to altered weather
conditions, it is likely that not only macroscopic factors such as
grain yield, plant height and lodging severity are influenced,
but also its chemical composition. This must be taken into
consideration when constructing a biorefinery process to pro-
duce speciality chemicals from oat hulls. Adaptive process
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engineering and construction flexibility will become
increasingly more important to allow successful production
during years with different weather profiles.

The objective of this study was to analyse the chemical com-
position of oat hulls and assess their suitability as starting
material in a biorefinery. Furthermore, changes in the compo-
sition due to extreme weather conditions at comparable loca-
tions were analysed and evaluated in the context of the
productivity of a new oat hull-based biorefinery. As years with
altered weather conditions are expected to occur more fre-
quently in the future, this information is essential to consider
during biorefinery process design.

MATERIAL AND METHODS

Raw material and chemicals

Four different oat hull batches were supplied by Lantm€annen
ek. f€or (Stockholm, Sweden). The hulls in the three batches
from Sweden (one batch per investigated year) were pooled
from several fields in the region of M€alardalen in central Swe-
den. A minority of hulls also came from the regions
€Osterg€otland and V€asterg€otland. One additional batch, grown
in Denmark in 2018, was also investigated. More detailed infor-
mation about batch characteristics are summarized in Table 1.
All hulls were separated from the grains utilizing a B€uhler BSSA
stratopact HKE50HP-Ex peeler (H€oflinger Millingsystems,
Neustadt an der Weinstraße, Germany).

All chemicals were purchased from Merck (Sweden) unless
otherwise specified.

Moisture and ash content analysis

The moisture and ash content were determined by drying at
105 �C overnight followed by incineration at 575 �C for 24 h,
respectively.

Total starch analysis

Analysis of total starch content was performed using the Total
Starch kit from Megazyme. Protocol K-TSTA 09/14 method a
was followed.

For visual confirmation of the presence of starch, whole hulls
from batches Swe17 and Swe18 were taken. A drop of undi-
luted Lugol reagent (Merck) was added to either the interior or
exterior side of the hull for 3 min. Imaging was performed

using a Nikon OPTIPHOT-2 microscope equipped with a Plan
20/0.50 DIC 160/0.17 objective and a Nikon Digital Sight DS-2
Mv camera. The software used for image analysis was NIS-Ele-
ments D 3.1 (Nikon, Tokyo, Japan).

Protein content analysis

The protein content was measured according to the Dumas
technique by applying 25 mg of sample to a FlashEA 1112 ser-
ies N/Protein Analyzer (Thermo Scientific, Waltham, MA,
USA) using aspartic acid as the standard. For nitrogen to pro-
tein content conversion, a factor of 5.83 was used.

Lipid content analysis

Total lipid content was analysed by lipid extraction in a 2:1
chloroform:methanol (v/v) solution based on the methods of
Folch et al. (1957) and Lee et al. (1995). To aid extraction, the
samples were homogenized for 60 s using an Ultra Turrax T 25
digital (IKA, Staufen im Breisgau, Germany) blender at
12,000 rpm. The organic phases were separated by mixing with
0.5% sodium chloride solution at a 2:5 ratio, followed by cen-
trifugation for 5 min at 3,893xg. Subsequently, the bottom
chloroform layer was isolated and the lipids retrieved and
weighed after evaporation of the solvent.

Structural carbohydrates and lignin content analysis

Determination and characterization of lignin, cellulose and
hemicellulose content was performed according to the NREL
Laboratory Analytical Procedure (NREL/TP-510-42618, 2012).
Extracted monosaccharides and uronic acids were identified
and quantified using an HPAEC-PAD (ICS-5000, Thermo Sci-
entific, Sunnyvale, CA, USA) equipped with a CarboPac PA20
analytical column (150 mm 9 3 mm; 6 µm) as well as a guard
column (30 mm 9 3 mm), as previously described in Falck
et al. (2014). For the separation of arabinose and rhamnose,
the mobile phase concentration was increased to 10 mM
sodium hydroxide. Uronic acids were analysed according to
the same method, with a mobile phase consisting of 90 mM
sodium hydroxide and 150 mM sodium acetate.

Phenolic acid content analysis

Phenolic acids were extracted and quantified according to the
method described in Sajib et al. (2018). As not all phenolics

Table 1. Description of oat hull batches used in this study. Weather data were retrieved from the archives of the Swedish Meteorological and Hydrological

Institute (SMHI Database, 2019) and the Danish Meteorological Institute (DMI Database, 2019). Summer is defined as the months of June, July and August.

Batch

Oat variety

(Seed origin) Harvest year Growth location

Average temperature

summer [�C]
Average precipitation

summer [mm]

Swe16 Kerstin and Galant

(SW-Seed, Sweden)

2016 Sweden 15.0–16.5 49–130

Swe17 Kerstin and Galant

(SW-Seed, Sweden)

2017 Sweden 13.5–15.0 49–98

Swe18 Kerstin and Galant

(SW-Seed, Sweden)

2018 Sweden 16.5–18.5 33–65

Den18 Symphony and Poseidon

(Saaten Union, Germany)

2018 Denmark 17.7 47.2
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were identified, the total phenolics content of the different
batches is evaluated by comparing the total area beneath all
peaks.

Mineral content analysis

For the detection and quantification of minerals, the oat hulls
were first dissolved in nitric acid with wet combustion in a
microwave system. Subsequently, the samples were analysed
via inductively coupled plasma optical emission spectroscopy
using an iCap 7400 ICP-OES (Thermo Scientific). The report
limits for the individual minerals in µg g�1 were as follows: Al:
1.0; Ba: 0.2; Ca: 20; Cr: 0.1; Cu: 0.1; Fe: 0.5; K: 10; Mg: 20; Mn:
0.1; Na: 5.0; P: 10; S: 20.

RESULTS AND DISCUSSION

Chemical composition

The chemical composition of the four different oat hull batches
grown in similar locations, but under different weather condi-
tions (see Table 1), was analysed. Batch Swe17 was chosen as
model batch to describe the general composition of oat hulls as
it contains a mixture of two common oat varieties grown in
Sweden (i.e. Kerstin and Galant) under ‘normal’ weather con-
ditions. The quantity of its main components is summarized in
Table 2. The composition analysis shows that oat hulls are a
highly lignocellulosic material, comprising 83.9% of the hull
dry weight, which is about 8% more than commonly found in
oat straw; this places hulls among the most lignocellulose rich
agricultural wastes, comparable to wheat straw (Isikgor & Becer
2015). The largest fraction of the hull lignocellulose is hemicel-
lulose (35.1%), followed by lignin with 25.4%. The majority of
the lignin is acid insoluble, corresponding to 91.7% of the lig-
nin fraction. The cellulose content at 23.4% is slightly lower
than the lignin content. This composition is unique to oat hulls
and differentiates them from many other agricultural waste
products, as these are typically richest in cellulose and poorest
in lignin (Isikgor & Becer 2015). After lignocellulose, the most
abundant component is ash, i.e. inorganic materials content,
with 5.2%. Minor components include starch (2.5%), proteins
(1.4%) and lipids (0.9%). The low lipid content, which is in
line with previous findings (Bryngelsson et al. 2002), most

likely describes the waxy coating on the outer surface of the
hull and does not penetrate into the deeper layers.

When comparing the composition of all batches analysed in
this study, large variability becomes evident (see Table 2). This
also holds true for the two batches grown under ‘normal’
weather conditions, i.e. Swe16 and Swe17. A lower cellulose
composition was found in batch Swe16, although the starch
content was increased. This shows that the chemical composi-
tion of oat hulls is influenced by more than just climate
changes. However, the remaining components remain very
similar among batches. Hence, the general composition of
batch Swe17 described above will be used as representative of a
‘normal’ growth year for further comparison with the batches
grown in the climatically irregular year 2018. These latter two
batches showed very large differences compared to Swe16 and
Swe17. The largest variability was found in the starch composi-
tion, which substantially increased in both 2018 batches by fac-
tors of 6.6 (Swe18) and 5.2 (Den18) in comparison with
Swe17. The starch content measured in this study is likely not
part of the hull itself but represents a minor fraction of the
grain that remains attached to the hull during the dehulling
process (observation at the industrial dehulling site; CG Pet-
tersson, Lantm€annen ek. f€or., personal communication). The
hulls were removed industrially with a B€uhler peeler, which is
not as thorough as peeling by hand. Therefore, the presence of
minor contaminants from the grain in the hull fraction is
likely. To confirm this hypothesis, un-milled hulls from batches
Swe17 and Swe18 were stained on either the interior or exterior
side of the hull with Lugol reagent, which selectively colours
starch. The results clearly show that starch is only present on
the interior side of the hull (see Fig. 1). The starch content
results for batches Swe18 and Den18 indicate that the hull is
more tightly bound to the grain when grown in warmer sea-
sons with lower precipitation. This development would greatly
impact a biorefinery process. Generally, it is challenging to pro-
cess starch-containing materials due to the starch gelling nat-
ure. Processes that do not account for this might become
clogged and unable to process the material; therefore, starch
might have to be degraded first when it exceeds a certain pro-
cess-dependent limit.

The lignocellulosic content of the hulls grown in 2018
decreased to 63.6% and 62.6%, respectively, of values in 2017.
This represents a loss of approximately 25%, which would also
have significant implications for a biorefinery process. Mostly
the hemicellulose and lignin fractions of the lignocellulose were
reduced. However, in the lignin fraction it is only the acid-in-
soluble part that showed a significant reduction. The acid-sol-
uble part remains the same. The cellulose content differed
greatly among all batches, so that no trend related to weather
variations could be determined. On the other hand, both pro-
tein and lipid content are increased for the 2018 growth season.
This increase might also be partially caused by a larger grain
content in the hull fraction, as described above for starch.
However, an increase in both components when the crops are
grown in warmer temperatures has also been observed for soy-
bean seeds (Wolf et al. 1982) and oat grains (only protein mea-
sured; Peltonen-Sainio et al. 2011), suggesting an additional
higher production of proteins and lipids by the plant under
warmer conditions. Immature hulls are known to contain more
protein than mature hulls (Pomeranz et al., 1976). This is an
indication that the extreme weather conditions inhibited

Table 2. Chemical composition of four oat hull batches grown under differ-

ent weather conditions (see Table 1 for description). All numbers represent

triplicate percentages based on dry weight.

Component Swe16 Swe17 Swe18 Den18

Lignin 25.4 � 1.7 25.4 � 2.3 19.7 � 0.2 12.9 � 0.7

Acid insoluble 23.1 � 1.7 23.3 � 2.3 17.2 � 0.2 10.5 � 0.5

Acid soluble 2.3 � 0.2 2.1 � 0.1 2.5 � 0.2 2.4 � 0.2

Cellulose 17.2 � 1.6 23.4 � 2.6 16.0 � 0.5 25.7 � 0.2

Hemicellulose 33.1 � 0.9 35.1 � 0.1 27.9 � 0.3 24.0 � 0.1

Starch 8.5 � 0.4 2.5 � 0.6 16.3 � 1.9 12.9 � 0.4

Ash 6.0 � 0.3 5.2 � 0.1 5.7 � 0.1 6.3 � 0.1

Protein 1.7 � 0.4 1.4 � 0.2 5.4 � 0.5 7.4 � 0.4

Lipid 0.5 � 0.2 0.9 � 0.4 1.5 � 0.1 1.4 � 0.3
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ripening. Regarding lipid content, an increase in the thickness
of the waxy layer on the surface of the hull is most likely the
result of a protective mechanism in the plant to prevent evapo-
ration of water from the grain in warmer weather. The only
constant content between years was for ash, which is unlikely
to be influenced by differences in weather.

Hemicellulose composition

Xylose, at 28.9%, was the most abundant monosaccharide in
the hemicellulose of oat hulls, followed by arabinose (3.5%)
(see batch Swe17 in Table 3). This indicates that arabinoxylan
is the most abundant biopolymer, with an arabinose to xylose
(A/X) ratio of 0.1. Compared to the oat grain, in which A/X
ratios are 0.5 to 1.0, depending on the extraction method have
been measured, this is a rather low ratio indicating the presence
of few chemical branches (Virkki et al. 2005). Further minor
monosaccharides present are galactose (1.4%), mannose
(0.1%) and rhamnose, whose concentration was too low to be
quantified. Additionally, minor galacturonic (0.5%) and glu-
curonic (0.8%) acid substitutions were found. The composi-
tion of batch Swe16 was very similar, the only difference being
the absence of mannose and rhamnose, which indicates that
the hemicellulose composition is rather stable in ‘normal’
years.

However, there were variations in the monosaccharide com-
position of hemicellulose in the hotter and drier years. These
mainly influence the xylose content, which is greatly decreased
(24% for Swe18 and 38% for Den18). The arabinose, galactose

and uronic acid content remained similar, leading to a dou-
bling of the A/X ratio for Den18 (0.2 compared to 0.1). The
content of the minor monosaccharides rhamnose and mannose
differed between Swe18 and Den18, indicating that also growth
location influences chemical composition. While neither of the
monosaccharides could be detected in Den18, both increased
in Swe18 (NQ rhamnose and 0.2% mannose). Overall, this
analysis shows that not only the hemicellulose amount, but also
its composition is altered during differences in weather condi-
tions. This becomes important when a biorefinery aims to pro-
duce speciality chemicals based on xylose, or when xylose
fermenting microorganisms are used for the production of bio-
fuels.

Phenolic composition

Oat hulls have previously been of interest in the food industry
to help prevent lipid oxidation due to their high antioxidant
activity originating from their phenolic content (Xing & White,
1997). Several studies have reported the presence of a variety of
different phenolic compounds (Xing & White 1997; Emmons
& Peterson 1999; Bryngelsson et al. 2002; Varga et al. 2018),
which were confirmed in this study. However, the detected
quantities are only comparable to the study by Varga et al.
(2018). Among previous studies, the largest total phenolic
amount reported was 560 µg g-1 (Xing & White 1997), which is
more than 16 times less than the amount found in this study
for the oat hull batches grown in a ‘normal’ weather year
(Swe16 and Swe17; see Table 4). These large variations are not
caused by differences in oat varieties and growth locations, but
rather a difference in the effectiveness of the extraction
method. While the previous studies which reported lower con-
tent of phenolics only extracted the soluble compounds, Varga
et al. (2018), as well as this study, utilized a method suitable for
the extraction and analysis of bound phenolic compounds. The
most abundant phenolic acid found in this study was a mixture
of p-coumaric acid and vanillin (6920 and 6557 µg g�1, respec-
tively), which were not separable in the analysis method estab-
lished by Sajib et al. (2018). The remaining identified phenolic
acids, found in decreasing abundance, were ferulic acid (2596
and 2319 µg g�1) and p-hydroxybenzaldehyde (215 and
200 µg g�1). Ferulic acid is known to form cross-links between
arabinoxylan chains as well as binding hemicellulose to lignin
via ester bonds (Virkki et al. 2005; Amoah et al. 2019). As oat
hulls are very rich in arabinoxylan, hemicellulose and lignin
(see Tables 2 and 3), the high ferulic acid content is acceptable.

Fig. 1. Microscope images depicting the Swe17 and

Swe18 oat hull surfaces from the interior and exterior

sides with and without staining (Lugol reagent). The

stained starch is visible as dark spots.

Table 3. Hemicellulose composition of four oat hull batches grown under

different weather conditions (see Table 1 for description). ND, not detected;

NQ, not quantifiable; A/X ratio, arabinose to xylose ratio. All numbers repre-

sent triplicate percentages based on dry weight, except for the A/X ratio,

which is not a percentage.

Component Swe16 Swe17 Swe18 Den18

Xylose 27.4 � 0.9 28.9 � 0.3 21.9 � 0.2 17.8 � 0.1

Arabinose 3.3 � 0.0 3.5 � 0.0 3.2 � 0.6 3.7 � 0.0

Galactose 1.2 � 0.0 1.4 � 0.2 1.3 � 0.1 1.4 � 0.0

Rhamnose ND NQ NQ ND

Mannose ND 0.1 � 0.1 0.2 � 0.0 ND

Galacturonic acid 0.5 � 0.0 0.5 � 0.0 0.6 � 0.0 0.6 � 0.0

Glucuronic acid 0.8 � 0.0 0.8 � 0.1 0.7 � 0.0 0.5 � 0.0

A/X ratio 0.1 � 0.0 0.1 � 0.0 0.1 � 0.0 0.2 � 0.0
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A large decrease in all phenolics was found in the two
batches grown in the hotter and drier year, accumulating to a
total decrease of about 57% and 63% for batches Swe18 and
Den18, respectively, compared to both Swe16 and Swe17. This
finding supports previous results of Menga et al. (2010), who
found that environmental factors affect the production of phe-
nolic compounds more than genetic differences in oat variety.
Many plants up-regulate phenolics expression under stress,
including high temperatures and drought, to increase the
plant’s defence capacity (Akula & Ravishankar, 2011). How-
ever, this trend could not yet be confirmed for oats. Peterson
et al. (2005) found no significant differences in the avenan-
thramides (phenolic alkaloids unique to oats) content of oats
grown in the same location under both dry and irrigated con-
ditions. Instead, differences in phenolics content depending on
the maturity stage have been found, with higher content in
immature seeds (Alfieri & Redaelli, 2015). This is in contrast to
the observation found for the protein content and questions
whether maturation is inhibited in warmer weather.
The drastic decrease in phenolic content would not only

have implications for biorefinery use, aiming to utilize the
antioxidant activity of oat hulls, but could affect any process
utilizing oat hulls, as the cinnamic acids among the phenolic
acids, i.e. p-coumaric and ferulic acid, have been shown to be
important in antifungal and antimicrobial protection mecha-
nisms of the plant rather than in plant antioxidant activity
(Bryngelsson et al. 2002). Therefore, more microbially infected
hulls might be harvested in warmer and drier years, which
could influence the quality of any product produced from the
hulls.

Mineral composition

A mineral composition analysis revealed that with 3100 µg g�1,
K is by far the most abundant mineral (see Table 5), followed
by Ca (840 µg g�1), Mg (480 µg g�1), P (310 µg g�1) and S
(250 µg g�1). All remaining minerals were found in minor
concentrations of 31 µg g�1 and below in the Swe17 batch, rep-
resenting a ‘normal’ growth year. The mineral composition of
the second batch grown under ‘normal’ weather conditions
(Swe16) is very similar. With only higher amounts of Na, P
and S, which corresponds to the slightly higher ash content dis-
played in Table 2.
In contrast, there were large differences in the two batches

grown in the climatically more stressful year of 2018. In gen-
eral, all minerals found had higher concentrations, this trend
being more pronounced for batch Den18, and supported by
the higher measured ash content (see Table 2). The largest
increases were seen for the minerals Fe, K, Mg, P and S. The
higher Fe content might be explained by the harsher milling

process that was applied on both Swe18 and Den18 and could
therefore be contamination introduced by the milling. The lar-
gest difference between Swe18 and Den18 is the Ca content,
which increased significantly for Swe18, while remaining at
approximately the same level as the ‘normal’ year batches for
Den18.

Suitability of oat hulls for biorefineries

Overall, oat hulls are an attractive starting material for lignocel-
lulose-utilizing biorefineries. However, its lignocellulose com-
position (determined for Kerstin and Galant varieties grown in
Sweden during the ‘normal’ weather year 2017) differed from
other lignocellulosic agricultural by-products, containing an
unexpectedly high amount of hemicellulose (35.1%) and lignin
(25.4%), but relatively little cellulose (23.4%). The hemicellu-
lose consists exclusively of arabinoxylan with very little galac-
tose, rhamnose, mannose and uronic acid substitutions. Oat
hull arabinose to xylose (A/X) ratio at 0.1 is also very low, mak-
ing it attractive for applications requiring unsubstituted xylan.
In addition, a very high content of phenolic compounds was
detected, which could be valuable for the food industry due to
their antioxidant activity. The remaining components are only
present in minor amounts, facilitating its processing. However,
this chemical composition is greatly influenced by different
weather conditions during the oat growth phase. A loss of
about 25% of lignocellulose content was observed for the two
batches grown in an average 2 �C to 5 �C warmer summer with
up to 75% less precipitation compared to a ‘normal’ year. This
loss is mostly due to a reduction in the hemicellulose and (acid

Table 4. Total and identified phenolic composition of four oat hull batches grown under different weather conditions (see Table 1 for description). All identi-

fied phenolic compounds represent triplicate measurements based on dry weight in µg g-1. The total phenolics composition is given as percentage of batch

Swe16.

Phenolic compound Swe16 Swe17 Swe18 Den18

p-hydroxybenzaldehyde 214.5 � 4.3 200.3 � 11.1 68.7 � 1.8 60.9 � 3.3

p-coumaric acid/vanillin 6919.6 � 224.8 6557.2 � 304.8 2521.3 � 86.4 3008.6 � 66.8

Ferulic acid 2596.2 � 40.4 2318.5 � 111.3 1339.2 � 41.0 1435.6 � 43.4

Total 100 99.8 43.1 37.2

Table 5. Mineral composition of four oat hull batches grown under differ-

ent weather conditions (see Table 1 for description). All numbers represent

duplicate measurements of one hydrolysed sample based on dry weight in

lg g�1.

Minerals Swe16 Swe17 Swe18 Den18

Aluminium 1.4 2.9 13 10

Barium 1.3 1.7 2.7 4

Calcium 820 840 1400 880

Chromium <0.1 <0.1 0.1 0.5

Copper 1.3 1.4 3.3 4.7

Iron 11 16 76 130

Potassium 2700 3100 5000 6400

Magnesium 560 480 950 1500

Manganese 27 31 52 49

Sodium 89 15 59 14

Phosphorus 550 310 2000 4400

Sulphur 380 250 810 1300
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insoluble) lignin fractions. The cellulose content fluctuates
independent of weather trends. Even the hemicellulose
monosaccharide composition changed, as characterised by a
decrease in the xylose fraction of up to 8%. Furthermore, the
starch content increased by a factor of 6.6, which is most likely
due to the higher grain content in the hull fraction resulting
from difficulties in separating the hull from the grain. Finally, a
decrease in the phenolic content of around 60% was noted,
which hints at higher susceptibility of the plant to microbial
attack. These are very large variations that need to be taken
into consideration when designing a new oat hull-based biore-
finery.

CONCLUSION

Oat hulls have high potential to serve as starting material for a
biorefinery due to their extensive lignocellulose content (84%).
This lignocellulose is exceptionally rich in hemicellulose

(35%), which consists exclusively of arabinoxylan with only a
few arabinose substitutions (A/X ratio of 0.1), making it an
attractive source for unsubstituted xylan. However, this chemi-
cal composition is greatly influenced by weather conditions
(25% loss of lignocellulose content in the warmer and drier
year). This needs to be considered when designing a new oat
hull-based biorefinery as the trend for warmer and drier sea-
sons in the Nordic regions is increasing.
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