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Abstract: Digestate is the material remaining after the anaerobic digestion of a biodegradable feed-
stock. The use of digestate as a bedding material is analyzed marginally. The aim of the paper is
to monitor the change of the solid phase of digestate due to the action of radiant heat and, based
on the results, determine the options of using the solid phase of the digestate for bedding material.
Experimental determination of the digestate ignition temperature was carried out according to EN
50281-2-1 (1998) by a hotplate device. Different amounts of samples (3, 5, and 10 g) on the course of
thermal degradation were monitored. The results showed higher temperatures of thermal degrada-
tion in samples of additionally dried digestate, where these processes were observed earlier in terms
of time. Samples of 3 and 10 g of digestate are not suitable as bedding material due to the fire safety
of the material.
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1. Introduction

Bedding material is an important constituent of the animal production system. Bed-
ding material is a key factor not only in wellness and comfort but also serves as biosecurity
measures applied in disease control and prevention programs. The animal production
industry uses many types of bedding materials, such as wood shavings, grass straws, paper,
corn cobs, and rice husks. The choice of bedding material depends on the availability, price,
hygroscopicity, animal comfort, and environmental problems [1].

There exist two types of bedding materials namely, organic bedding materials and
inorganic bedding materials. Organic bedding materials are straw, hay, wood shavings,
crop residues, sawdust [2], composted manure, and wood chips [3]. Sand, limestone, rubber
mattresses, cement, gypsum, etc., are part of inorganic bedding materials [2].

Sand and straw are the most commonly used bedding materials in freestall barns and
are used on dairy cattle farms worldwide [4]. Wood shavings and sawdust are the most
popular materials in compost-bedded pack barns, but compost and woodchips are also
used [5-8]. Even though farmers are aware of the importance of bedding to the comfort
of cows, farmers have to consider alternative bedding materials because these traditional
bedding materials may not be available during certain seasons or in certain geographic
regions. Oliveira et al. [9] and Yajima et al. [10] referred to a growing demand for bedding
materials (mainly wheat straw and sawdust) but this demand has increased prices, pushing
farmers to look for alternative bedding materials. Alternative materials have become
attractive for bedding because they can be obtained locally at low cost [11].

These rising costs and / or shortages of some traditional bedding materials for livestock
housing are reasons for looking for alternative materials. There are some materials that are

Processes 2023, 11, 2609. https:/ /doi.org/10.3390/pr11092609

https://www.mdpi.com/journal /processes


https://doi.org/10.3390/pr11092609
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://orcid.org/0000-0002-4991-9806
https://doi.org/10.3390/pr11092609
https://www.mdpi.com/journal/processes
https://www.mdpi.com/article/10.3390/pr11092609?type=check_update&version=1

Processes 2023, 11, 2609

20f13

by-products from processing and manufacturing companies that have found innovative
processes to use their waste more resourcefully [12]. Table 1 shows a study realized by
Reich [13] showing that cows spent 1.1 h less per day lying on wet sawdust bedding (DM
34.7%) compared to dry sawdust bedding (DM 89.8%). Most bedding materials made from
by-products from process industries, such as pulp and paper and paper recycling devices,
contain high levels of moisture in their raw state. These materials are dried to reduce the
moisture content to less than 10%.

Table 1. Examples of alternative bedding materials (Source: [12]).

Source Product
Paper products
Industries, offices, residences Shredded paper/cardboard
Industries, construction Shredded drywall paper
Industry (paper mill wastewater) Paper sludge
Pulping process by product Paper fibre

Wood products

Industries, construction Recycled wood products

Industries, construction

Sawdust from furniture plants

Anaerobic digester
Solid-liquid separator
Drum composter

Separated manure solids
Separated manure solids
Separated manure solids
Composted manure

Mushroom farm
Peat mine

Other organic products
Mushroom farm compost
Peat moss

The use of digestate obtained from anaerobic digestion of biodegradable raw material
has also become an alternative option, for example, in Refs. [12,14,15]. However, research
has focused on the energy potential of digestate, for example, in Refs. [16,17], or the use of
digestate in agriculture to improve soil quality, for example, in Refs. [18-21].

Among the research focused on the use of digestate as bedding material, considerable
attention is paid to the impact on public health and the well-being of stabled livestock [22,23].
Larger studies investigating the fire-technical characteristics of digestate as bedding material
have not been published, which is the goal of our research.

There are some housing systems that require little to no bedding, but most dairy
systems rely on an adequate supply of bedding materials to ensure the hygiene and comfort
of cows. Providing a lying surface with thermal comfort and softness for the animals is the
main function of bedding because cows have been shown to spend more time lying down
when stalls are soft and dry [24]. Moreover, bedding must be durable and have sufficient
friction to allow for rising and lying down without slipping [25].

Bedding material should also help to keep cows clean and healthy while minimizing daily
labor requirements [26]. The bedding material used in dairy cow housing systems plays a key
role in animal welfare and performance since it influences the time that the animals remain
lying down [27]. Bedding material can have an effect on many physiological parameters of
animals. When the environmental temperature drops, animals need more energy to maintain
their body temperature, and their food consumption needs to be increased; these excessive
energy requirements may even cause body weight losses [28]. Cows prefer to spend more
time lying down when the bedding is deep, soft, and dry [13,29,30]. The risk of mastitis due to
the use of recycled bedding material from a biogas plant is considered to be very low because
mastitis-causing pathogens are significantly reduced in the process of composting [31].

The 1970s were devoted to researching the use of dairy waste solids (or manure
solids) as a bedding material for cattle [22]. The US experts admitted that dried digestate
is one of the most valuable bedding materials from the point of view of cow comfort.
The solid fraction of the separated digestate is too wet for use in the bedding of dairy
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cows, as well as it emits nitrogen in a volatile form, which creates a sharp and unpleasant
odor in the housing for both humans and animals. Farm-dried digestate is not used for
bedding in groups of pregnant cows and young cattle due to the presence of pathogens
and dust [15]. Around 30% of total solids after separation are used “as is” for animal
bedding or composted for use in horticultural applications in the US. Some farmers use
the digested fibers as bedding will age or compost them to reduce their moisture content.
The decreased moisture content makes it easier to handle and less messy; it also reduces its
odor and ammonia content. Results of a recent Innovation Center for US Dairy project by R.
Alexander Associates, Inc., found that farmers are finding economic benefits in generating
their own cow bedding and quick-release fertilizer [32].

The aim of article is to monitor the changing solid phase of digestate due to the action
of radiant heat. Based on the results, we determine the options of using the solid phase of
digestate for bedding material. The composition of the digestate was not crucial for us, as
we monitored the fire-technical characteristics of the sample.

2. Materials and Methods
2.1. Experimental Sample

Samples of the solid phase of the digestate obtained from a biogas station in Germany
were used for the experiment (Figure 1). The digestate is the material remaining after
the anaerobic digestion of a biodegradable feedstock. The digestate is the final product
in the biogas production process. The digestate is a residue that is not decomposed in
the anaerobic digestion process and consists primarily of water, organic compounds not
decomposed during the fermentation process, minerals, and biomass of organisms [33]. The
amount and composition of the product depends on many factors, but the most important
is the type of substrate used in the anaerobic digestion process [33]. The digestate is
composed of two parts—a liquid part (fugate), which is used as an organic fertilizer, and a
solid part (separate), which is used as an energy source or as bedding for farm animals [34].
In the experiment, we focused on the solid phase of the digestate. Table 2 presents the basic
parameters of the samples.

(b) (©

Figure 1. Test specimens: (a) sample of 3 g and 0.43 cm thickness of the layer; (b) sample with 5 g
and 0.62 cm thickness of the layer; (c) sample with 10 g and 1.13 cm thickness of the layer.
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Table 2. Characteristics of the digestate samples.

Mass (g) Moisture (%) Area of Heat Load (cm?) Volume (cm?) Density (g-cm—3) Height (cm)
3 54.6 * 78.54 34 0.09 0.43
5 32.37 78.54 49 0.10 0.62
10 33.86 78.54 89 0.11 1.13

* The value is not objective. The process of thermal degradation has begun. We observed darkening of the sample.

2.2. Methods

Determination of the minimum ignition temperature of the solid phase of digestate
was carried out by thermal loading of the sample on an electrically heated metal “hotplate”
(Figure 2). During the experiment, we measured the temperature inside the sample and
the surface temperature of the hotplate. One thermal thermocouple measured the actual
temperature of the heated metal plate, and a second thermal thermocouple measured
the temperature of the tested sample, which was located 5 mm above the plate. The
minimum ignition temperature was applied in conformity with the standard EN 50281-
2-1 method [35]. The minimum ignition temperature is defined as the lowest surface
temperature of the hot plate at which one of the following phenomena could be recognized:

- glowing, smoldering, or flame combustion;

- the temperature of the thermocouple located in the middle of the sample layer contin-
uously rises in comparison with the temperature of the isothermally heated plate;

- measured temperature exceeded by 250 °C the temperature of the hotplate.

(@) (b)

Figure 2. Equipment of the hotplate. (a) A picture of the hotplate equipment; (b) the scheme of
hotplate equipment. Legend: 1—heated plate, 2—packaging, 3—heating element, 4—base of the
heating element, 5—outlet for connecting the heating element to the power source and regulation,
6—circle for creating a layer of dust, 7—thermocouple in the plate for regulation, 8—thermocouple
in the plate for recording temperatures, 9—thermocouple for recording the temperature in the dust
layer, 10—adjusting the height of the thermocouple using screws, 11—spring.

The examined samples fulfilled the first two conditions in the conducted experiment.
We calibrated the equipment and determined the temperature-time curve (Figure 3) before
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the experiment. Subsequently, we focused our attention on the behavior of the samples,
which were monitored at an initial temperature of 21 °C and a pressure of 100.56 kPa.
We used samples weighing 3 g, 5 g, and 10 g in the experiment, and each sample was
made twice. The separate is not a stable material and may still contain water, thus, it was
necessary to dry the samples. The experiment was carried out for the sample obtained
directly from the biogas station, which was already partially dried, and for the sample after
additional drying in laboratory conditions.

550
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100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000

-50
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Figure 3. Dependence of the temperature rise of the hot plate surface on time. Legend: blue
symbols = the real measured data, red symbols = polynomial trend line made from Excel.

3. Results and Discussion

A thermocouple was placed inside the sample and recorded the temperature of the
sample (marked as I—a thermocouple for recording the temperature in the dust layer in
Figure 2b). The following processes were monitored during all experiments: odor, smoke,
charring of the bottom layer of the sample, charring of the edges of the sample, and ignition.
Table 3 presents the results.

Table 3. The results of the determination of the ignition temperature of the solid phase of the digestate.

Specimen Specimen T Hot T Digestate texp Visual Observations during
P Weight ({©®) (@) (s) Measurement
256.7 155.5 555 smell
310.0 2386 690 thermal degradation (black surface) and smoking around
the edges
325.8 273.0 735 incandescence
D1 3 373.0 267.1 900 burning out of the specimen
421.0 4034 1125 the combustion process (in the center of the
thermocouple)
4340 2845 1200 combustion and total charrmg of the specimen (holes in
the specimen)
169.2 106.8 360 smell
256.7 156.3 555 smoking
304.0 189.8 675 thermal degradation (black surface) around the edges
D2 3 320.9 215.2 720 charring of the specimen
(after dry 1.94) 330.0 279.5 750 burning around the edges
352.0 234.8 825 burning in the center and holes in the specimen
407.0 267.2 1050 combustion and total charring of the specimen

434.0 284.5 1200 burnt to gray ash
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Table 3. Cont.

Specimen Specimen T Hot T Digestate texp Visual Observations during
Weight (W) (W] (s) Measurement
250.0 156.0 540 smell
D3 5 256.7 163.9 555 smoking
304.0 294.0 675 thermal degradation around the edges
315.7 3419 705 incandescence
169.2 95.5 360 smell
5 275.6 168.0 600 smoking
D4 310.0 239.2 690 blackening of the layers touching the plate
(after dry 3.84) 330.0 316.0 750 totagl charringyof the specir%len P
373.0 269.3 900 burning, small flames
193.8 52.3 420 smell
310.0 113.5 690 smoking
330.0 165.8 750 smoking, acrid smell, thermal degradation starts
D5 10 340.0 206.3 780 charring of the layer on the hot plate surface occurs
369.0 360.0 885 total charring of the specimen, without smoke
after the experiment, carbon at the bottom touching the
plate are monitored
169.2 64.8 360 smell
263.0 141.7 570 smoking
D6 10 299.0 219.7 660 thermal degradation (black surface)
(after dry 7.74) 315.7 328.8 705 incandescence, smoking, acrid smell
335.0 415.6 765 total charring of the specimen

after the experiment, carbons at the bottom touching the
plate are monitored

The sample weighing 3 g turned out to be highly flammable due to the observed
processes, as it burned completely in several places (Figures 4d and 5d). Compared to hay,
which is a common bedding for livestock, Markova et al. [36] observed similar processes
with a sample weight of 3 g. They monitored the charring of the specimen, incandescence
at 855 s, and the combustion process at 1020 s. The sample with 0.43 cm thickness (3 g, D1
and D2) of litter from the dry part of the digestate was unsatisfactory in terms of fire safety.

N

(d) measurement at 900 s (e) measurement at 1125 s (f) measurement at 1200 s

Figure 4. Illustration of the combustion process for the 3 g specimen (specimen directly from the
biogas plant).
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(d) measurement at 825 s (e) measurement at 1050 s (f) measurement at 1200 s

Figure 5. Illustration of the combustion process for the 3 g specimen (specimen after drying).

On a sample weighing 5 g, we monitored the smoking and smoldering of the sample,
and observed small flames only in sample D4 (sample after drying) at time 900 s, at a
sample temperature of 269.3 °C (Table 1). We attach a photo documentation of the course
of the experiment (Figures 6 and 7). A sample of the dry part of the digestate weighing
5 g had a standard course in the experiment, similar to other bedding materials (Markova
et al. [36] tested the hay). The sample with 0.62 cm thickness of bedding material (5 g) was
sufficient in terms of fire safety and maintaining the comfort of the housed cattle.

(d) measurement at 810 s (e) measurement at 945 s (f) measurement at 1200 s

Figure 6. Illustration of the combustion process for the 5 g specimen (specimen directly from the
biogas plant).

The sample with a weight of 10 g initially showed the best fire-technical properties, as
we recorded burning processes in it with the latest charring of the sample, which occurred
at 885 s for sample D5 and at 735 s for sample D6 (Table 1). After the end of the experiment
and the removal of the circle in which the sample was placed, we observed coals in the
lower part of both samples (Figures 8e,f and 9e,f). Burning processes that were not observed
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on the surface of the sample, but in its lower part are dangerous from the point of view
of fire safety. We do not recommend the use of the dry part of the digestate as a bedding
material for farm animals in a thicker layer of 1.13 cm (10 g sample) due to the ongoing
combustion processes after the end of the experiment.

(a) measurement at 360 s 60 s
. e
"

e M A

(d) measurement at 690 s (e) measurement at 750 s (f) measurement at 900 s

Figure 7. Illustration of the combustion process for the 5 g specimen (specimen after drying).

P

b s TN S

(a) measurement at 690 s

T

(d) measurement at 885 s (e) after the experiment (f) after the experiment

Figure 8. Illustration of the combustion process for the 10 g specimen (specimen directly from the
biogas plant).

The experimental values were the basis of the time-temperature curve for the material
obtained from the biogas station and for the material after drying. In Figure 10, we can
see the course of the experiment for the digestate sample without additional drying. The
black points highlight the investigated processes (smell, smoking, thermal degradation,
glow, charring, and burning; Table 1). Samples D1 (3 g) and D3 (5 g) had a very comparable
course in the initial phase of the experiment. The smell process occurred for sample D1
at a temperature of 155.5 °C and for sample D3 at a temperature of 156 °C. In the case
of sample D1, the process of thermal degradation occurred at a temperature of 238.6 °C,
and at a temperature of 273 °C, there was glowing. The graph (Figure 10) shows the
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temperature fluctuations of the sample D1 caused by the burning of the sample in the
places of smoldering bearings. Sample D3, on the other hand, has a linear course. According
to the graph, sample D5 (10 g) had a slow onset of smoke (temperature 113.5 °C) and glow
(temperature 165.8 °C). The total charring of the specimen without smoke occurred at a
temperature of 360 °C. From the point of view of the course of the graph, sample D5 shows
ideal conditions from the point of view of fire safety. During visual observation, it was
found that smoldering to glowing bearings were inside the sample, revealed only after the
end of the experiment (Figure 8e,f). It is more appropriate to use sample D3 with a weight
of 5 g as bedding material, in which the churning process had no further development after
the end of the experiment.

(d) measurement at 765 s

. .
(e) after the experiment (f) after the experiment

Figure 9. Illustration of the combustion process for the 10 g specimen (specimen after drying).
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Figure 10. Temperature increase as a function of time measured inside the sample of the digestate (not
dried). Legend: D1 =3 g, D3 =5 g, D5 = 10 g. The point designation: black—smell, green—thermal
degradation, yellow—incandescence, red—burning.
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Samples of fully dried digestate had a similar beginning of the experiment at all
weights (Figure 11). At time 360 s, we observed a process smell in all of them at different
temperatures (D2 at a temperature of 106.8 °C, D4 at a temperature of 95.5 °C, and D6
at a temperature of 64.8 °C). Sample D4 (5 g) has a linear course of temperature increase
(Figure 11). We observe a different behavior for samples D2 (3 g) and D6 (10 g) when
compared to Figure 10. Sample D6 copies the time-temperature curve D4, i.e., dried
digestate samples of 5 and 10 g have a similar course of the experiment. Additional
processes of glowing and smoldering are visually observed with sample D6 and, therefore,
it is not a suitable bedding material from the point of view of fire safety. Samples D1 (3 g)
and D3 (5 g) behaved similarly with undried digestate, see Figure 10. In sample D2 (3 g),
we observe higher temperature fluctuations caused by overheating of the sample due to
the insufficient thickness of the material.

—e—D2 D4 D6
500

450
400
350
300
250

200

temperature (°C)

150 .

100

0 200 400 600 800 1000 1200

experimental time (s)

Figure 11. Temperature increase as a function of time measured inside the sample of the digestate
(dried). Legend: D2 =3 g, D4 =5 g, D6 = 10 g. The point designation: black—smell, green—thermal
degradation, yellow—incandescence, red—burning.

Kapuinem [37] wrote that the moisture content of the litter is an important factor that
affects the temperature of the bedding material. We agree with the given statement since
we recorded a higher ignition temperature for samples that were sufficiently dried. Keys
et al. [38] point out that the dry matter content of bedding materials affects the preference
of stabled cattle. When using a different litter mix of the same thickness, cows chose
to lie down less in stalls with “dehydrated solid manure” (29% dry matter), compared
to “dehydrated solid manure” (81% dry matter), and sawdust (81% dry matter). Cows
have also been shown to prefer stalls lined with “dung separators” over straw, sand, and
sawdust [39]. Feiken and van Laarhoven [40] also observed longer lying times of cows on
bedding made of recycled manure solids. For this reason, the use of digestate obtained
from a biogas station without prior drying in laboratory conditions proves to be a suitable
bedding material that increases the lying time of livestock.

Meng et al. [28] measured the temperature of the bedding material of different material
mixtures and concluded that the temperature of the litter increased in the first week and
reached a maximum of 42.1 °C at day 38. Their experiment was carried out under natural
conditions without an additional initiation source. Temperatures of all bedding systems
(paddy hulls, sawdust, peat mass, corn cob, corn stover) tended to be similar between 24 °C
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and 30 °C at a litter thickness of 0.25 m. It is clear from their experiments that bedding
materials also overheat due to sunlight and are a significant source of ignition. A thicker
layer of litter is more riskier, as we proved by visual observation and our experiment
(samples D5 and Dé6).

4. Conclusions
Based on the obtained experimental results, it is possible to state:

e  during the action of radiant heat, the processes of thermal degradation occurred earlier
in samples of fully dried digestate;

e we observed higher temperatures of thermal degradation in samples of additionally
dried digestate;

e samples of digestate with a weight of 3 g (thickness of 0.43 cm) are not suitable as
bedding material due to the sample being burnt to ash;

e samples of digestate with a weight of 10 g (thickness of 1.13 cm) are dangerous from
the point of view of fire-technical characteristics since, after the end of the experiment,
we observed the processes of additional smoldering and glowing inside the sample;

e samples of digestate weighing 5 g (thickness of 0.62 cm) show a constant course of
thermal processes and are, therefore, suitable as bedding material.

Existing studies on this topic have primarily focused on investigating the impact of
different forms of bedding materials on the living conditions of housed livestock. Standard
bedding materials (hay, straw) or alternative forms (manure, peat, sand) are used in
agriculture practice. In our article, we analyzed the fire-technical properties of digestate as
an alternative form of bedding. This topic is a relatively new phenomenon, which is our
benefit. As it was written at the beginning of the article, existing studies describe the use
of digestate for energy purposes or as fertilizers. The field of digestate fire safety is not
sufficiently researched.

We are aware of some limitations of this study. First, the study was conducted on
a small number of samples obtained from one biogas plant. It would be interesting to
investigate the digestate obtained from biogas plants, the input raw material of which is
different. A continuation of the research can also be the monitoring of different bedding
combinations, i.e., mixing digestate with other bedding materials. Second, we used only
one initiation source (radiant heat). The contribution’s innovation is the selection of non-
traditional litter material (digestate) and monitoring of thermal degradation processes.
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