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Abstract
Purpose Animal bedding, a mixture of straw and manure, could be used as a feedstock for bioenergy production, but its 
heterogeneity poses new challenges in its use in biorefineries. We have investigated the origin of this heterogeneity and 
quantified it, and discuss its impact on bioenergy production.
Methods Samples were collected from the bedding at different points and depths and analysed by first separating the manure 
from the straw by means of washing with water, and then determining the chemical composition of the liquid and solid 
fractions.
Results The results supported our hypothesis that animal bedding behaves as a combination of several layers at different 
stages of degradation. Analysis revealed that the layers with higher organic content in the manure exhibited a poorer per-
formance during the washing, since the residence time in the barn alters the washing profile of the organic fraction in the 
manure. It was also found that the variability in the composition of animal bedding was much greater than in other agricul-
tural feedstocks: the manure content in animal bedding varied from 26 to 41%, and the content of fermentable carbohydrates 
varied by 20%. Total carbon and total nitrogen analyses showed that these changes in composition also affected the C/N ratio 
of the material, and thus its suitability as a feedstock for anaerobic digestion.
Conclusions This implies that the residence time in the barn affects not only the heterogeneity of the properties of animal 
bedding, but also the best way to process it in a biorefinery.

Keywords Animal bedding · Manure · Compositional analysis · Bioenergy

Statement of Novelty

Our work presents a new methodology for the analysis of 
animal bedding and studies its heterogeneity for the first 
time, which affects the design of biorefineries and the man-
aging of the farm.

Introduction

Since the industrial revolution, Western economies have 
been based on the linear consumption of natural resources 
[1], which has had both economic and environmental effects. 
Resource depletion, especially since 2000, has resulted in a 
marked increase in the price of natural resources [1], while 
unsustainable practices are degrading our environment [2, 
3]. To remedy this situation, many governments and com-
panies are taking steps to establish a circular economy, to 
replace current practices [4]. Such a shift towards a circular 
economy calls for renewable energy sources, where biomass 
will play an important role in changing the current energy 
production paradigm, in which 75% of the energy generated 
worldwide currently originates from non-renewable sources 
[4]. The workhorse of this new bioeconomy will be biore-
fineries [5], i.e., facilities where biomass is converted into 
a range of products, including biofuels, to maximize raw 
material usage [6].
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An interesting agricultural residue in this context is ani-
mal bedding, which is a mixture of straw and manure. This 
residue has advantages as a potential feedstock for biofuel 
production over other agricultural residues more widely 
investigated, such as wheat straw, corn stover and sugar-
cane bagasse. In particular, the cost of animal bedding is 
lower than that of other residues, and it would also reduce 
the environmental impact of the agricultural sector in terms 
of greenhouse gas emissions from the manure itself, nutrient 
leaching from its use as a fertilizer, and waste generation [7].

Despite its considerable potential, no attempt has yet 
been made to use animal bedding for biofuel production, 
on demonstration scale or commercial scale, although some 
research has been carried out on laboratory scale [8–10]. 
One possible reason for this is the heterogeneity of animal 
bedding, which complicates its use as a feedstock in biore-
fineries [11, 12]. The problems associated with this hetero-
geneity are feedstock variability and the Maillard reaction.

The chemical and physical properties of manure vary con-
siderably between different animals and farms [13]. Further-
more, changes take place in its composition with time after 
excretion due to combination with urine, bacterial decom-
position, ambient temperature and moisture, and admixture 
with soil [14]. This would be especially the case in animal 
bedding in some areas of Denmark, where the technique of 
spreading fresh straw in the barn every day increases the 
heterogeneity. Feedstock variability leads to problems in a 
biorefinery, as a homogeneous feedstock is desirable. Stud-
ies on bioenergy production from manure are usually based 
on the average composition obtained from several samples 
[9, 10, 14], thus information is lacking on the variability in 
composition, and how this may affect energy production.

Regarding the Maillard reaction, manure contains a 
higher amount of nitrogen than other agricultural waste, 
such as wheat straw [15], which leads to the risk of the loss 
of reducing sugars due to their reaction at elevated tempera-
tures with nitrogen compounds (e.g. ammonia, primary and 
secondary amines) once they are released from the carbohy-
drates contained in animal bedding [16, 17]. The best way to 
design a biorefinery so as to minimize the loss of substrate 
through the Maillard reaction is currently the subject of 
debate in the scientific community. Some authors have pro-
posed the use of animal bedding in an anaerobic digester to 
produce biogas, and subsequent processing of the digestate 
for ethanol or fertilizer production [10, 18]. Others have pro-
posed washing with water to separate the manure from the 
straw, so that the fibre can be hydrolysed separately without 
the risk of reducing sugars reacting with nitrous compounds 
[9, 11, 15]. However, no consensus has been reached on the 
best way to use animal bedding in a biorefinery.

The aim of this study was to explain the variability of 
animal bedding by proposing the following hypothesis: 
animal bedding can be described as the linear combination 

of several layers at different stages of degradation. Each of 
these layers was analysed separately, as opposed to previ-
ous studies where only values for the bulk were presented, 
to quantify the differences in terms of the washing profile 
and composition. In addition, we contribute to the discus-
sion on the processing of manure-containing feedstocks by 
proposing a novel approach based on comparing the C/N 
ratios in animal bedding with optimal values for biogas pro-
duction. Based on the implications of this study, it could be 
said that our new analysis methodology has the potential to 
be extrapolated to analyse similar materials and investigate 
other farms.

Materials and Methods

Animal Bedding Collection and Sampling

Animal bedding from a dairy farm at Lille Skensved, a small 
town close to Køge (Denmark), was studied. The barn has 
a rectangular shape, approximately 600 m2, hosts 150 dairy 
cows in loose housing regime and approximately 500 ton of 
straw per year are used as bedding. Samples were collected 
on three different occasions in September 2016, January 
2017 and September 2017. The material was stored frozen 
before being analysed, according to previous recommenda-
tions [19].

On the first two occasions, samples were taken from an 
outdoor pile where animal bedding was stored after cleaning 
the barn. Material from these two samples was used to create 
artificial mixtures of bedding at different stages of degrada-
tion in order to test the hypothesis of an ideal mixture. The 
material collected in September 2016 (S16) had remained in 
the barn considerably longer than that collected in January 
2017 (J17), and can therefore be expected to show a higher 
degree of degradation.

The samples collected in September 2017 (S17) were 
taken from several places in the barn after the accumulation 
of bedding for 5 weeks. Non-agitated systems can exhibit 
considerable variability in manure composition [20], and 
it has therefore been recommended that at least around 40 
samples be collected to obtain representative mean values 
[21]. Following these recommendations, 13 sampling posi-
tions were established: 8 around the perimeter of the barn, 
1 in the centre and 4 along the diagonals (Fig. 1), where 
the greatest variability was expected [22]. Three different 
samples were collected at each sampling position: bedding 
from the top layer, bedding from the middle layer and bed-
ding from the bottom layer. This gives 39 samples in total, 
which should ensure representability.

After the sample collection, a subsample was taken 
from each of the 13 positions after thorough mixing of the 
material in a concrete mixer. The 13 subsamples were then 



2389Waste and Biomass Valorization (2020) 11:2387–2395 

1 3

mixed to create an average sample that is representative of 
the whole barn. This procedure was repeated for each of the 
three samples from different layers of the bedding, rendering 
three average samples: top layer, middle layer, and bottom 
layer.

Characterization of the Washing: Washing Profile 
and Washing Efficiency

Four hundred g of wet animal bedding was mixed with 1 L 
distilled water and then pressed in a filter press at 6 bar to 
remove the liquid. The procedure was repeated until a total 
of ten washing cycles had been performed. The weight of 
the expressed liquid was recorded, and liquid samples were 
taken for further analysis after each washing cycle.

The results of the washing were characterized by two 
parameters: the mass removed and the washing efficiency. 
The first is the accumulated mass removed during the ten 
washing cycles, while the second is the ratio of the mass 
removed in the nth cycle to the total mass removed in all ten 
washing cycles (see Eqs. 1 & 2).

where  Mliquid,i is the weight of the expressed liquid after 
washing cycle i;  TSi the total solids content of the liquid 
after washing cycle i; bedding mass is the initial animal bed-
ding weight in the first washing cycle;  TSbedding the total 
solids content of the bedding;  Mliquid,n is the weight of the 

(1)Mass removedn =

∑i=n

i=1
Mliquid,i ⋅ TSi

bedding mass ⋅ TSbedding

(2)Washing efficiencyn =
Mliquid,n ⋅ TSn

∑i=10

i=1
Mliquid,i ⋅ TSi

expressed liquid after washing cycle n; and  TSn the total 
solids content of the liquid after washing cycle n.

Compositional Analysis

Animal bedding was considered to be a mixture of two com-
ponents: manure and straw. The manure content in the ani-
mal bedding was assumed to be equal to the proportion of 
mass removed during washing, while the rest was assumed 
to be straw. Soluble organic carbon from the straw is a source 
of error in this methodology, but to a minor extent since only 
a small portion of the soluble organic carbon would be trans-
ferred to the liquid when using room temperature water. In 
fact, the National Renewable Energy Laboratory (NREL) 
analysis methods recommend the use of much higher tem-
perature (around 100 °C) to successfully extract all these 
components from the straw [23]. Thus, we consider that our 
assumption is true as the mentioned effect is negligible.

Each of these fractions was further analysed to determine 
its chemical composition, and each analysis was performed 
in triplicate. The composition of the animal bedding was 
then obtained by multiplying the composition of manure and 
straw by their respective content in the mixture.

Analysis of the Washed Straw

The solid material remaining after the ten washing cycles 
was dried at 45 °C and milled to a particle size of 1 mm 
prior to analysis using the methodology described by NREL. 
The ash content was determined by incineration at 575 °C 
for 3 h [24]. The extractives content corresponded to the 
mass removed by 24 h of water extraction followed by 24 h 
of ethanol extraction [23]. Double-step acid hydrolysis was 
performed on the extracted fibre to determine the content of 
structural carbohydrates and lignin [25].

The sugar content in the structural carbohydrates and 
lignin analysis was determined using high-performance 
anion-exchange chromatography coupled with pulsed amper-
ometric detection. A Dionex system with a Carbo Pac PA1 
column, a GP50 gradient pump and an AS50 autosampler 
were used. The flow rate was 1 mL/min and the solutions 
used as eluents were: deionized water, 200 mmol/L sodium 
hydroxide, and 200 mmol/L sodium hydroxide mixed with 
170 mmol/L sodium acetate.

Samples of the washed fibre were sent to an external labo-
ratory, where total carbon and total nitrogen were analysed 
with a Vario Max CN elemental analyser (Elementar, Lan-
genselbold, Germany). The operating principle of this equip-
ment consists of combusting the sample at 850–1150 °C and 
analysing the exhaust gas.

Fig. 1  Sampling positions in the barn
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Analysis of the Washing Liquid

The total solids (TS) in the washing liquid after each cycle 
was analysed by drying an aliquot at 105 °C overnight. The 
resulting solids were incinerated at 575 °C for 3 h to deter-
mine the organic matter content. The inorganic matter con-
tent was calculated as the difference between the TS and the 
organic matter content.

Lange cuvette tests (LCK 338 and LCK 138) were used 
to determine the total nitrogen in the washing liquids. This 
analysis consists of converting the nitrogen compounds to 
one species through chemical treatments and subsequently 
measure the absorbance of this species to determine the 
nitrogen content. The spectrophotometer used was a Hach 
Lange DR2800. Total carbon was analysed with a TOC-
5050A Shimadzu total organic carbon analyser, equipped 
with an ASI-5000A autosampler. This analysis is based on 
combusting the sample at 680 °C and then determining the 
 CO2 content in the exhaust gas.

Results and Discussion

Validation of the Ideal Mixture Hypothesis

Animal bedding was collected on two occasions from an 
outdoor pile after the barn had been cleaned. The material 
collected in September 2016 showed a higher degree of deg-
radation than the material collected in January 2017. This 
is indicated by the higher manure content, as can be seen 
in Fig. 2a: S16 contained 52% manure while J17 contained 
38%. S16 not only contained more manure, the fibre in this 
material also showed a higher degree of degradation. For 
example, S16 contained 18.4% hexoses, while the content 
in J17 was 27.2% (Table 1). The chemical composition of 

the samples thus corroborates the visual assessment of the 
degree of degradation of the materials.

The degree of degradation had a clear effect on the wash-
ing of the materials. Manure was removed from S16 at a 
slower rate than from J17 (Fig. 2). J17 showed a high ini-
tial washing efficiency, which decreased rapidly after a few 
washing cycles. 80% of the manure was removed during the 
first two washing cycles, and only residual amounts were 
removed in the subsequent cycles. The slower decrease in 
washing efficiency for S16 indicates that manure was not 
removed as quickly as from J17 (60% removal in the first two 
cycles), but that removal was distributed over more washing 
cycles. This can be seen in Fig. 2b.

Since S16 was more degraded than J17, mixing the two 
materials may provide a mixture that resembles animal bed-
ding in the barn. Figure 3 shows the results obtained for 
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Fig. 2  Mass removed (a) and washing efficiency (b) after each washing cycle for materials S16 (more decomposed) and J17 (less decomposed)

Table 1  Predicted and experimental compositions of the 50:50 mix-
ture of S16 and J17 and the experimentally determined compositions 
of materials S16 and J17

Content (%TS) S16 (%) J17 (%) 50:50 S16 & 
J17

50:50 S16 & 
J17

Experimental 
(%)

Predicted (%)

Total solids 28.2 29.3 26.8 28.8
Manure 52.0 38.1 43.9 44.9
Fibre 48.0 61.9 56.1 55.1
Glucan 17.8 26.3 21.3 21.9
Xylan 11.4 16.6 13.9 13.9
Galactan 0.1 0.3 1.3 0.2
Arabinan 0.7 1.3 2.0 1.0
Mannan 0.5 0.6 1.2 0.5
Lignin 13.8 13.6 13.5 13.9
Ash 2.8 1.8 2.1 2.4
Extractives 2.5 3.8 4.3 3.1
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a 50:50 mixture of S16 and J17 during washing, and the 
predicted values based on the ideal mixture hypothesis (i.e. 
linear combination). It can be seen that there is good agree-
ment between the experimental and predicted values, which 
means that the profiles for the 50:50 mixture are the same 
as the average of the profiles for S16 and J17, thus proving 
that our hypothesis was correct. A similarly good fit was 
obtained when performing the same experiment with a 25:75 
mixture of S16 and J17 (data not shown), which further con-
firms our hypothesis.

The results of the chemical analysis provided some evi-
dence that the ideal mixture hypothesis may also apply to 
the chemical composition (Table 1). However, accurate val-
ues were only obtained for the main components in animal 
bedding: manure, glucan, xylan and lignin, while the deter-
mination of minor carbohydrates (galactan, arabinan and 
mannan), ash and extractives was not sufficiently accurate 
to confirm this.

The verification of the ideal mixture hypothesis describes 
the heterogeneity of animal bedding: the properties of ani-
mal bedding result from the mixing of several fractions with 
different properties due to different stages of degradation. 
The proportion of each of these fractions in the material 
would be key in assessing the quality of the material, and 
therefore in establishing its value and possible price. In prin-
ciple, our findings suggest that it is possible to measure the 
properties of each fraction and those of the mixture, and 
then calculate the amount of each fraction in animal bedding 
using the washing profile and the content of glucan, xylan 
and lignin. However, due to practical problems during the 
sampling procedure, it is difficult to validate this principle 
empirically. In order to validate the principle, it would be 
needed to develop a sampling method that does not modify 
the amount of each fraction during the collection, i.e. the 
amount of each fraction in the sample is the same as in the 
native material.

Effect of Degree of Degradation on Washing

After our hypothesis had been verified, material S17 was 
collected to identify the different fractions in animal bed-
ding and to quantify the differences in their properties. It 
was observed that each of the layers had a slightly differ-
ent washing efficiency profile (Fig. 4), which confirms that 
the degree of degradation influences the behaviour of the 
material during washing. The reproducibility of the analysis 
was investigated by washing the bottom layer of material 
S17 twice, where greater variability was expected due to its 
higher degree of degradation. Due to the lack of replicates 
in the analysis of other samples, errors could not be calcu-
lated, but the small difference between the two replicates 
from the bottom layer of S17 indicates that these should be 
small. Thus, the differences are significant compared to the 
standard deviation, i.e. the different curves do not overlap 
when considering the standard deviation and therefore it can 
be said that pure experimental error is not enough to explain 
such differences, even if they are small.

It can then be said that manure was removed more effi-
ciently from the top layer than from the middle and bottom 
layers, which indicates that manure becomes more attached 
to the straw during degradation of animal bedding, mak-
ing the washing more difficult. Interestingly, the middle 
layer showed a lower removal rate than the bottom layer. 
For example, after two washing cycles, 63% and 73% of the 
manure had been removed from the middle and bottom lay-
ers, respectively. Thus, loss of performance during washing 
was not proportional to the residence time in the barn. In 
other words, it is not necessarily true that the longer animal 
bedding stays in the barn, the more difficult it is to separate 
the manure from the straw.

Figure 5 shows the washing efficiency for the inorganic 
and organic fractions of manure for each of the layers. The 
removal of inorganic mass was similar in all the layers, but 
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differences were seen in the profiles for organic mass. Fur-
thermore, the patterns for the organic fraction were very 
similar to those obtained for the washing efficiency based on 
total mass (Fig. 4). These results imply that the heterogene-
ous behaviour of the layers during washing is due to differ-
ent degrees of change in the organic fraction of manure. A 
longer residence time in the barn, and thus a higher degree 
of degradation, leads to changes in the organic fraction of 
manure that modify its behaviour during washing, however, 
differences in the overall removal rate are counterbalanced 
by the similar behaviour of the inorganic fraction in all three 
layers.

Effect of Degree of Degradation on Bedding 
Composition

Residence time in the barn affects animal bedding composi-
tion, as shown by analysis of the fibre and washing liquid 
after ten washing cycles. The manure content in the bedding 
was 26%, 36% and 41% in the top, middle and bottom lay-
ers (average samples), respectively (Fig. 6). This increase 
in manure content is probably due to the sinking of manure 
towards the bottom due to gravity. These values are in agree-
ment with compositions reported previously [11, 12], and 
show that the longer the bedding remains in the barn, the 
higher its manure content or, the lower its fibre content.

Apart from affecting the content of manure in the mix-
ture, residence time also had an effect on the composition of 
the manure. The manure composition in each layer was dif-
ferent as residence time did not affect inorganic and organic 
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compounds in the same way. Inorganic compounds increased 
with increasing residence time, but the highest organic frac-
tion was found in the middle layer, which means that the 
organic compounds in manure started to decrease after a cer-
tain residence time (Fig. 6). This could explain the observed 
pattern in the washing of the layers, i.e. the middle layer 
was the most difficult to wash because the manure in this 
layer contained the highest fraction of organic compounds, 
the washing of which was modified by residence time. The 
total manure content in the middle layer was approximately 
10% more than in the top layer, the main reason being an 
increase in organic compounds, 9% more than in the top 
layer (Fig. 6). However, the origin of the 5% higher amount 
of manure in the bottom layer than in the middle layer was 
that the inorganic fraction increased by 7% while the organic 
fraction decreased by 2%. A possible explanation of this 
may be that the methanogenic bacteria present in the manure 
degrade organic matter to methane and carbon dioxide [26], 
while inorganic matter (e.g., sand, gravel, stones, etc.) 
increases due to mixing with soil from the barn [14].

The composition of the other component in animal bed-
ding, straw, also underwent changes with increased residence 
time. The top, middle and bottom layers had hexose contents 
of 35%, 25% and 22%, and pentose contents of 18%, 14% 
and 13%, respectively (Fig. 6), which are similar to values 
reported previously [11, 12]. This accounts for a variation 
of almost 20% in the content of fermentable carbohydrates: 
13% difference in hexose content and 5% in pentose content. 
This decrease in fermentable carbohydrates resulted from the 
combination of two factors: a lower amount of straw in the 
mixture and a lower amount of fermentable carbohydrates 
in the straw. The decrease in hexose and pentose contents 
in the straw could be due to the high cellulolytic activity of 
microorganisms in rumen fluid, which makes these bacteria 
very efficient in degrading lignocellulosic material [27, 28].

An interesting observation is that the variability in the 
composition of the animal bedding found in this study was 
much greater than that in other agricultural waste investi-
gated for bioenergy production. Wheat straw from the same 
source showed only an 8% variation in fermentable carbo-
hydrate content between different occasions [29, 30], which 
is the same variation as in wheat straw from another source 
[31, 32]. The variations between wheat straw from several 
sources are also smaller than the variation in animal bedding 
from the same occasion. Thus, the variability in the com-
position of feedstock for bioenergy production when using 
animal bedding can be expected to be more than twice that 
when using wheat straw. This will have important implica-
tions on the planning of biomass supply to the biorefinery as 
the amount of substrate available for bioenergy production 
per ton of biomass could vary considerably.

These compositional changes strongly affect the bioen-
ergy potential of animal bedding. During the time spent 

in the barn, fresh bedding, consisting of straw with some 
manure (top layer), is transformed into degraded straw with 
a high manure content (bottom layer). Initially, the loss of 
bioenergy potential of the straw due to a decrease in its fer-
mentable carbohydrate content would be counteracted by 
the higher potential of the manure, due to the increase in its 
organic fraction. However, the organic fraction in manure 
starts to decrease after a few weeks residence time, which 
means that the potential of both the straw and manure would 
decrease, seriously compromising the usability of this feed-
stock in a biorefinery. This suggests that farmers could 
increase the value of their waste by cleaning the barn more 
often, since this would reduce the residence time in the barn, 
thus avoiding the formation of low-quality fractions, leading 
to a decrease in bioenergy production, and thus revenue. 
However, this would lead to higher costs for the farmer, both 
in terms of raw material and labour.

C/N Ratio as an Indication of the Best Processing 
Technology

The analysis of the chemical composition of each layer was 
complemented with the determination of the total carbon 
and total nitrogen content in order to estimate the C/N ratio. 
It can be seen from Table 2 that residence time in the barn 
had little effect on the total carbon and total nitrogen con-
tents of the straw in animal bedding. However, it affected the 
nitrogen content of the manure; the total nitrogen content 
almost doubling between the top and bottom layers. This 
means that the nitrogen content in animal bedding increases 
with increasing residence time in the barn, due, not only, to 
an increased manure content, but also to a higher nitrogen 
content in the manure.

This variation in nitrogen content results in a modifica-
tion of the C/N ratio in animal bedding, being 56, 38 and 
30 for the top, middle and bottom layers, respectively. This 
difference in C/N ratio affects the suitability of the material 
for anaerobic digestion, since this process is best operated 
at a C/N ratio of 25–30 [33, 34]. Thus, the bottom layer of 
animal bedding, with the highest degree of degradation, is 

Table 2  Total carbon and total nitrogen contents in each of the layers 
in material S17

Content (%TS) Top layer (%) Middle layer 
(%)

Bottom 
layer (%)

Manure
 Total carbon 22.4 24.3 24.7
 Total nitrogen 1.3 2.0 2.4

Straw
 Total carbon 45.6 46.7 46.5
 Total nitrogen 0.5 0.5 0.5
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suitable for anaerobic digestion, in terms of the C/N ratio, 
while the top and middle layers contain too much carbon.

We therefore suggest that high-quality animal bedding 
(short time in the barn) be processed using a biorefinery 
concept in which carbon and nitrogen are separated, for 
example, by removing the manure through washing with 
water. If correctly designed, this would render a stream 
containing mainly carbon with little nitrogen, and the 
carbohydrates could be hydrolysed without the risk of 
the Maillard reaction, even if the process is performed at 
elevated temperatures [15], and another stream with an 
optimal C/N ratio for anaerobic digestion, which could 
be used for biogas production. However, above a certain 
degree of degradation, it seems more suitable to feed the 
material directly to an anaerobic digester. Further research 
should be directed towards establishing more appropriate 
indicators for the quality of animal bedding, and using 
them together with techno-economic calculations to deter-
mine this threshold.

Conclusions

In this study, we have investigated and quantified the het-
erogeneity of animal bedding, and discussed its impact 
on bioenergy production. The results show that the het-
erogeneous nature of animal bedding originates from the 
fact that the material is a combination of several layers 
at different stages of degradation. These layers exhibit 
differences in both their washing and composition. It 
appears that washing is modified as a result of changes 
in the removal rate of the organic fraction of the manure. 
Regarding compositional differences, increasing the resi-
dence time in the barn not only increases the manure/straw 
ratio in animal bedding, but also modifies the composi-
tion of both the straw and manure: altering the organic 
fraction in manure and decreasing the content of ferment-
able carbohydrates in the straw. These changes result in a 
reduction in the quality of the material that influences its 
potential for bioenergy production, and suggest that farm-
ers could increase the value of their residue by cleaning 
the barn more often. Furthermore, changes in the compo-
sition of animal bedding will also affect the best way to 
process the material, which means that operations at the 
farm would affect the design of the biorefinery. In terms 
of the C/N ratio, the results of this study suggest that high-
quality bedding could be processed in a biorefinery where 
the carbon and nitrogen are separated, however, above a 
certain degree of degradation it would be more suitable to 
use the material directly for biogas production.
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