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Abstract: There is currently great general interest in reducing the use of fossil-based materials.
Fossil-based tarps are still widely used as cover for wood chip storage piles, causing additional
waste or requiring further waste treatment in the supply chain. This study aimed to investigate the
performance of an innovative bio-based wood chip pile cover compared to conventional treatments
(plastic-covered and uncovered) in eastern Finnish conditions. The experiment evaluated the drying
process during the storage of stemwood chips during 5.9 months of storage. It included the develop-
ments of temperature, moisture content, heating value, energy content, basic density, particle size
distribution, and the dry matter losses of a total of six piles. As a result, the forest stemwood chips
dried by 11%, with dry-matter losses of 4.3%, when covered with the bio-pile cover. Using the plastic
covering, the forest stemwood chips dried by 22%, with dry matter losses of 2.9%. At the end of the
experiment, the energy content in plastic-covered piles was 6.1% higher than uncovered piles and
3.1% higher than bio-pile-covered piles. While differences in the key drying performance parameters
can be observed, the differences between uncovered piles and those covered with plastic tarps, as
well as between the bio-based and the uncovered piles, were not statistically significant. We conclude
that the bio-based cover, under the studied conditions, do not render better storage conditions than
in current practices. However, our study indicates possible fossil-substitutional benefits by using a
bio-based cover, which calls for further R&D work in this matter.

Keywords: bioenergy; forest fuels; bio-pile cover; stemwood chips; wood chip storage; dry matter loss

1. Introduction

The European Union (EU) is currently initiating various efforts in several sectors of
the economy to shift from fossil-based energy sources to renewable energy alternatives.
This especially concerns the energy sector. In Finland, renewable energy accounted for 40%
of total energy consumption in 2020, and the share of wood fuels in the consumption of
renewable energy was 71%, making wood fuels the most important source of energy, with
a share of 28% of total energy consumption [1]. The high utilisation of wood fuel in energy
production has also highlighted the importance of wood fuel storage as part of the supply
chain [2]. Wood chip storage can, thus, serve as a crucial buffer because there is a seasonal
variation of supply and demand. It can also ensure the security of supply (see [3]).

The shift from fossil-based sources to green alternatives can also be observed in the
EU'’s efforts concerning the challenges posed by plastics in the establishment of a European
Strategy for Plastics in a Circular Economy [4]. The strategy includes a list of recommended
measures to national authorities and industry, in which the industry is encouraged to take
concrete steps to improve dialogue and cooperation across the value chain, particularly in
material and product design aspects, among other measures [4]. The need to reduce the
use of fossil-based materials and waste in the processes is also of interest in the handling
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of wood fuels, where fossil-based tarps are still widely used as pile cover for wood chip
storage. Whereas fossil-based plastic materials cause additional waste or require further
treatment in the form of the separation or shredding of such material before combustion,
environmentally friendly alternatives may be handled without other treatment.

For several years, the seasonal storage of woody biomass for bioenergy has been an
issue in which the natural drying of uncomminuted materials has been the focus [5-9].
Instead of drying the raw materials, the drying step can also be performed after the
comminution phase by drying produced chips [10]. Research has studied the natural
drying of comminuted wood chips in outdoor storage piles [11]. Nevertheless, alternatives
to natural drying include artificial drying, which was the subject of a recent study; however,
depending on the specific operating conditions, the artificial drying of forest chips was of
minimal financial attractiveness for heat entrepreneurs in a Finnish case study [12].

A key issue is managing moisture content during storage to avoid degradation leading
to economic losses, and the self-heating of piles which may lead to fire outbreaks and safety
risks [13]. Efforts have, therefore, been made to accurately develop prediction models to
estimate moisture content during storage [14,15]. A way of further controlling the moisture
content of chips in the piles is to use cover materials during storage. The authors of [16]
showed the importance of an appropriate covering strategy, in which a cover only on the
top of piles may avoid their rewetting. The effect of pile covering has been studied for
various types of comminuted raw materials such as pine or spruce bark [17-19], spruce
logging residues [16,20], mixed species logging residues [21], poplar woodchips [22-25],
and predominantly spruce roundwood chips [20,26].

Promising cover materials for chip piles stored outdoors as an alternative to plastic
covers have been investigated in the past to a limited extent, but they have included semi-
permeable materials [19,21,26]. A more recent innovation from Finland presented a cover
solution designed for wood chip piles based on an ecological material mixture that was
combustible with the stored biomass without any need for separation work [27].

Overall, this study sought to investigate the performance of an innovative bio-based
wood chip pile cover (abbreviation used: bio-pile cover) compared to alternative solutions
in Finnish conditions. The experiment included the evaluation of the drying process during
the storage of stemwood chips, including the moisture content and heating value develop-
ment, and the dry matter losses as a consequence of microbial activities. Furthermore, the
potential to avoid self-heating piles and the operational feasibility of replacing the current
practices (uncovered or plastic cover) were investigated. Consequently, two main research
questions were formulated:

Can differences in the storage performance between uncovered and covered wood
chip piles be observed?

Does the performance of an innovative bio-based wood chip pile cover compare to the
storage performance of current pile cover practices using plastic covers?

2. Materials and Methods
2.1. Experimental Design

The storage experiment was established in Kuopio (62°52' N, 27°40’ E), Eastern Fin-
land, at the storage site of Kuopion Energia’s heating plant in Kuopio. The experiment was
carried out between 17 August 2020 and 9 February 2021. The accumulated precipitation
for the follow-up periods was 384 mm, and the mean air temperature was 4.7 °C in the
experiment area.

Livetech Suoja® is an innovative product developed to protect biofuel piles from rain
and meltwaters without the use of plastic. The product consists of a mixture of water, pulp
fibre, and a binding agent sprayed over a pile from a tank truck or tank trailer to form a
0.5-2.0-centimetre layer (Figure 1).
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Figure 1. Cover of two experimental piles with the innovative Livetech Suoja® material using a
specially designed truck at the experimental site. Source: Luke/Robert Prinz.

Six piles of stemwood chips were established at Kuopio Energia’s premises (Figure 2).
Two piles were uncovered, two were covered with plastic, and two were covered with the
Livetech Suoja® method (abbreviation used: bio-pile cover).

Figure 2. Established experiment, with stemwood chip piles at Kuopion Energia’s paved terminal
premises. The experiment included two uncovered piles, two covered with plastic, and two covered
with Livetech Suoja® material (bio-pile cover). Source: Luke/Robert Prinz.

The material originated from a mix of imported stemwood chips predominantly of
Norway spruce (Picea abies (L.) H. Karst) and Scots pine (Pinus sylvestris), the pre-storage
time was unknown. The material was delivered by truck directly from the fuel suppliers
and unloaded at the paved terminal premises. Following the order of arrivals, chips were
piled with a wheel loader and an excavator to the designated pile size; thus, an unspecified
degree of homogenisation of the material within each pile occurred. The piles had an
average size of 18.0 x 5.0 x 3.5 m (length, width, height). The volumes of the piles were
measured using an unmanned DJI Phantom 4 RTK SDK aerial vehicle (UAV). By applying
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the DroneDeploy software, the storage pile volumes ranged between 177 and 214 m3
(Table 1). The plastic cover (Raniplast 112 g m~2, 120 um) was applied.

Table 1. Details of the piles with different cover alternatives (uncovered, plastic cover, bio-pile cover).

Pile No Approximate Pile Size (Length, Width, Height), m Volume, m3 Cover
K1-PLAST 18.0 x 5.0 x 3.5 214 plastic
K2-BIOCOV 18.0 x 5.0 x 3.5 181 bio-pile cover
K3-NOCOV 18.0 x 5.0 x 3.5 187 uncovered
K4-NOCOV 18.0 x 5.0 x 3.5 197 uncovered
K5-PLAST 18.0 x 5.0 x 3.5 213 plastic
K6-BIOCOV 18.0 x 5.0 x 3.5 177 bio-pile cover

The experiment followed the chronological steps as presented in the flowchart of the
study (Figure 3). Sampling was done with balance bags in the experiment, a commonly
used method that involves placing net bags filled with the studied feedstock material
within the storage piles [11].

Establishment of Sub-samples Sub-samples
Start of storage piles Sampling: samples packed in plastic weighed &
. 8P > mixed & divided [—f P P — ghec
experiment using an bags for laboratory placement of balance
© ) into 2 sub-samples K e
excavator analyses bags within piles

)

. Finalising of
.Co_nt:\llousf Covering of bio- Covering of storage Eles Placement of thermo
recording o [¢—{ covered piles& pile € plastic-covered [€— agePp ['¢— cablesnear balance
temperature . . usingan i
size measurements piles N ) bags within piles
development excavator
o i Removal, . ., .
Laboratory analyses A total of 5.9 months Opening of piles weiching & Laboratory analyses
X N - —» of stemwood chips [— usingan — ghing & —> of balance bag
of sub-samples packing of
storage excavator N samples
balance bags

)

End of Statistical analyses of
experiment results

Figure 3. Flowchart of the experiment indicating the chronological steps of the study.

The samples were individually mixed to homogeneity and divided into two sub-
samples. The first sub-sample was packed in a plastic bag and set aside to measure
pre-storage wet-basis moisture content, ash content, and basic density. The other sub-
sample was packed in a polyester balance bag (size 50 x 70 cm) with a 1 mm oval mesh.
The chips for the balance bags were intensively homogenised to ensure the same starting
conditions for all samples within one pile to minimise variance between samples per pile.
In constructing the experiment, the balance bags were arranged grid-wise within the piles.
In each pile, 16 balance bags were placed at two height levels; the first level with eight bags
was approximately 0.9 m from the ground, and the second was at a height of about 2 m
with eight bags (Figure 4). In total, 96 bags were placed in the Kuopio experiment.

In addition, the in-pile temperature was recorded with a sampling frequency of 3 h
using thermo cables. Thirteen thermo cables were placed in each of the uncovered piles
and eight cables in each of the covered piles at different height levels. In total, 58 cables
were placed within the piles.
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positions of balance bags
¥ within each pile

Figure 4. Schematic sketch of a pile in the experiment, indicating the approximate positions of balance
bags within the chip piles.

2.2. Analyses Methods

The sampling procedure and sampling preparation followed the standard methods
valid at the time of the experiments. The moisture content was analysed according to the
SFS-EN 14774-2 standard [28]. The ash content was determined according to the SFS-EN
14775 standard [29]. The standard SCAN-CM 43:95 [30] was applied to determine the basic
density of the chip samples. The gross calorific value was determined according to the
SFS-EN ISO 18125:2017 standard [31] with a Parr 6200 Oxygen Bomb Calorimeter (Parr
Instrument Co., Moline, IL, USA).

The study piles” energy content was calculated based on the measured moisture
content at the beginning and end of the experiment. The net calorific value and energy
content of chips as received were calculated according to the following equations [32]:

100 — M
dpmet,ar = qp,net,d * (100m> —0.02443 * My, (1)

where qp et oy = net calorific value as received, MJ kg’1 ; Gp,net,d = net calorific value on a dry
basis, M] kg_1 ; M, = moisture content as received, %; and 0.02443 = the correction factor
of the enthalpy of vaporisation at 25 °C; and

1
Ey = m * p,net,ar * BDyy, (2)

where E;; = Energy content as received, MWh m~3; Gp,netar = net calorific value as received,
M]J kg_1 ; and BD,, =Density as received, kg m3.

The amount of dry matter in the chips was calculated based on the weight of the
sample and its analysed moisture content. The amount of dry matter was calculated with

the formulas:

B MG,
DMWb = TWh — ((100> * TWb) (3)
_ MC,
DMW, = TW, — (( 100 ) * TWe) (4)
DMW, = DMW, — DMW,, (5)

where DMW,, = weight of dry matter at the beginning of the experiment; DMW, = weight of
dry matter at the end of the experiment; DMW; = the dry matter loss during the experiment;
TW;, = total weight at the beginning of the experiment; TW, = total weight at the end
of the experiment; MC; = moisture content at the beginning of the experiment, %; and
MC, = moisture content at the end of the experiment, %.

The moisture content, basic densities, and net calorific values of dry matter measured
in the samples from the balance bags at the beginning and end of the experiment were used
in the calculations of energy content and dry-matter losses (DML).

Statistical analyses were performed in IMB SPSS Statistics 27 with a significance level
of « < 0.05 applied in all analyses. Data normality was tested applying the Shapiro-Wilk
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test, and homoscedasticity was tested applying Levene’s test. The statistical tests applied on
the moisture content data showed non-normality and heteroscedasticity; consequently, the
performed statistical analyses applied the non-parametric Friedman test. For the analyses
of all other parameters the non-parametric Kruskal-Wallis test was applied, a consequence
that the data showed non-normality and homoscedasticity (heating value, DML, basic
density) or because of the overall limited number of samples (energy content).

3. Results
3.1. Temperature Development in Piles

The temperature development in the piles was investigated using the data of the
temperature sensors at two height levels within the piles, presenting the temperature
development over the storage time (Figure 5). The lowest temperature at the beginning
was in the bio-pile-covered pile K2-BIOCOV, but the other piles were also set to the same
level at the end of the trial, with the exception of the plastic-covered K1-PLAST pile. The
temperature difference compared to the outside temperature started to increase towards
the end of the trial, and the variation between pile temperatures decreased simultaneously.
The temperature within piles did not reach sub-zero temperatures, despite lengthy frozen
periods outside.

30 300

250

10

150

Temperature, degrees of Celsius
Cumulative precipitation, mm

Test days from the beginning

-10 100

0

—K3-NOCOV ==—=K4-NOCOV K1-PLAST K5-PLAST == K2-BIOCOV ~wmem K6-BIOCOV emmmTemp OQUT e===Precip CUM

Figure 5. Temperature development in the experiment within piles during the storage of chips for the
different cover alternatives of plastic (PLAST), uncovered (NOCOV) and the bio-pile cover (BIOCOV),
along with the outside temperature (Temp_OUT) and the cumulative precipitation (Precip_CUM) on
the secondary axis.

3.2. Moisture Content Development in Piles

The average initial moisture content of all stemwood chip piles was 35.8% (sd 3.4)
(varying between 27.8 and 43.8%), and at the end of the experiment (Table 2), it had
decreased by 10.25% to 32.18% (sd 8.6) (this varied between 22.4 and 57.8%). The difference
was statistically significant (p = 0.001). In the uncovered piles (K3-NOCOV, K4-NOCOV),
the average initial moisture content was 34.05% (sd 2.6), and at the end, 35.1% (sd 11)
(varying between 23.9 and 57.8%). In the piles covered with the plastic cover (K1-PLAST,
K5-PLAST), the moisture content was 35.8% (sd 3.7) at the beginning and 28% (sd 3.3) at
the end of the experiment (varying between 22.4 and 35.3%). The difference between the
uncovered and covered piles was not statistically significant (p = 0.289). The difference
between the uncovered and plastic-covered piles at the end of the experiment was not
statistically significant (p = 0.157). In the piles covered with the bio-pile cover (K2-BIOCOV,
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K6-BIOCOV), the moisture content at the beginning was 37.7% (sd 2.8) and 33.5% (sd 8.1)
(varying between 24.6 and 57.5%) at the end of storage. The difference between the
uncovered and bio-pile-covered piles was not statistically significant (p = 0.157). Chips dried
by 22% during the experiment in plastic-covered piles and 11% in bio-pile-covered piles.

Table 2. Developments of moisture content, ash content, basic density, and heating values of the
studied piles in the Kuopio (K) experiment in average values and standard deviations.

Pile No Moisture Content Moisture Content Basic Density at Basic Density at Heating Value at  Heating Value at

' at the Beginning at the End the Beginning the End the Beginning the End

% % kg m—3 kg m-3 M]J kg1 MJ kg1
K1-PLAST 35.35+29 28.14 £ 3.6 4419 +£24.6 430.61 + 20.2 19.72 + 0.3 19.79 £ 0.3
K2-BIOCOV 37.05+29 30.74 £ 4 429.0 £11.5 413.41 + 16.1 20.14 £ 0.4 19.83 + 0.5
K3-NOCOV 3432 +£23 36.71 £ 125 4374 +26.8 418.77 + 289 19.57 + 0.1 19.32 +£0.3
K4-NOCOV 33.77 £ 2.8 3348 £9.3 436.9 +20.3 418.02 +16.5 19.62 + 0.2 19.12 +£ 0.2
K5-PLAST 3631 +44 27.86 £ 3.1 441.3 £21.0 430.60 + 23.6 19.81 +£ 0.3 19.16 £ 0.1
K6-BIOCOV 38.35+2.6 36.16 + 10.2 451.1 £ 26.7 430.65 + 26.1 20.09 +£0.2 19.25 + 0.2
Average (K) 35.86 £+ 3.39 32.18 + 8.58 439.60 + 22.83 423.68 + 23.0 19.82 + 0.34 19.43 + 0.41

The lowest moisture content at the end of the experiment occurred in the piles covered
with a plastic cover. The sample bags placed in the middle of the piles had an average
moisture content 9% lower at the end of the experiment than the samples in the heap heads
(Figure 4). The differences were not statistically significant (p = 0.564). The moisture content
in the first level was 12% lower than in the second level. The difference was statistically
significant (p = 0.021).

3.3. Heating Value and Energy Content

The heating value in the stemwood piles was 19.82 (sd 0.3) MJ kg~ !, varying between
19.2 and 20.9 MJ kg~ ! at the beginning of the experiment. At the end of the experiment, the
heating value was 19.43 (sd 0.4) M] kg’l, ranging between 18.7 and 20.7 MJ kg’1 (Table 2).

The energy content of the piles decreased during storage by an average of 5.0%
(Table 3). The difference in the energy content at the beginning and end of treatments was
statistically significant (p = 0.001). The difference at the end of the experiment between
uncovered and covered piles was 4.4%, and the difference was not statistically significant
(p = 0.072). At the end of the experiment, the energy content in the plastic-covered piles was
6.1% more than in the uncovered piles; the difference was statistically significant (p = 0.018).
The energy content in the plastic-covered piles was 3.1% more than in the bio-pile-covered
piles; the difference was not statistically significant (p = 0.206).

Table 3. Energy content (MWh m~3) of the piles with different cover alternatives in the Kuopio (K)
experiment in average values and standard deviations.

Pile No MWh m—3, Fresh MWh m—3, after Storage Difference, %
K1-PLAST 227 £0.11 2.26 + 0.08 0.71
K2-BIOCOV 2.24 + 0.05 2.15 + 0.07 4.04
K3-NOCOV 2.23 +0.14 2.09 +0.22 6.24
K4-NOCOV 2.23 +0.10 2.08 +£0.11 6.68
K5-PLAST 2.26 £ 0.16 217 +£0.14 4.38
K6-BIOCOV 2.33 +£0.11 2.14 +0.20 7.96
Average (K) 2.26 +0.12 215+ 0.15 5.01

3.4. Dry Matter Losses (DML) during Storage

The average DML during the experiment across all piles totalled 3.74% at a range
between 2.46 and 5.15%, and an average monthly DML of 0.63%, ranging from 0.42 to 0.87%
(Table 4). The DML in uncovered piles was 4.24% and, in the covered piles, was 3.57%.
The difference between the uncovered and covered piles was not statistically significant
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(p = 0.089). DML in the plastic-covered piles was, on average, 2.87%, and DML was 4.3%
in the bio-pile-covered piles. The difference between the uncovered and plastic-covered
piles was statistically significant (p = 0.037) and not significant between the uncovered and
bio-pile-covered piles (p = 0.355).

Table 4. Dry matter loss during the Kuopio experiment (K) for the stemwood chip piles with different

cover alternatives in average values and standard deviations.

Dry Matter Loss During 5.9 Months

Pile No. of Storage, % Dry Matter Loss per Month, %
K1-PLAST 333+£26 0.57 £0.5
K2-BIOCOV 337 +£31 0.57 £0.5
K3-NOCOV 4.62+24 078 £ 04
K4-NOCOV 389+£27 0.66 £0.5
K5-PLAST 246 +£1.3 0.42 £0.2
K6-BIOCOV 515+5.1 0.87 £0.9
Average (K) 374 £32 0.63 £0.5

3.5. Basic Density and Results of Particle Size Analyses

At the beginning of the experiment, the basic density of the stemwood chips was
439.6 (sd 22.8) kg m~3 (varying between 399.1 and 490.7 kg m~3) (Table 2). During a storage
period of 5.9 months, the density decreased by almost 4% to 423.7 (sd 23.0) kg m~3 (varying
between 374.3 and 478.7 kg m~2). The difference was statistically significant (p = 0.001).
The difference in basic density between the covered and uncovered piles was 3.6% after the
storage period, and the difference was not statistically significant (p = 0.089). The difference
in basic density between the uncovered piles and the plastic-covered piles at the end of
the experiment was 3.0%, and the difference was statistically significant (p = 0.025). The
difference between the uncovered piles and the piles with a bio-pile cover was 0.9%, and
the difference was not statistically significant (p = 0.483).

The particle size analyses from the stemwood chip piles resulted in particle size class
P31 [32], both before and after the storage period (Figure 6). The amounts of fines were less
than 5% (F05) in the experiment, during the storage, the amounts of fines increased.

Particle size development
70
m Before storing  m After storing
60

50

40
30
20
. 11

<3.15 3.15-<8 8-<16 16—<31.5 31.5-<45 45-<63 63-<100

Freeeequency, %

Chip size, mm

Figure 6. Particle size distribution in stemwood chip piles during the experiment before and after the
storage period.
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4. Discussion

The applied study methodology was comparable to the procedures presented by
previous studies on comparable material [20,26]. The results showed a general low level
of measured average temperatures within the piles followed during storage. Results are
similar to previous studies on wood chips storage where measured temperatures within
the piles also remained below 40 °C [20,26]. This may be explained by the high quality of
the stored stemwood chips, indicated by the parameters presented in this experiment’s
results, e.g., moisture content and particle size distribution. This explanation is in line
with findings by the authors of [33], who stated DML were lower for drier material and
material containing lower amounts of needles and fine particles in studies with logging
residue material. Research presented in [20] stated DML during seasonal storage of spruce
woodchips was up to 11.1%, with mean monthly DML of 0.7-2.2%. For chips produced
from Norway spruce stemwood, the authors of [26] presented monthly DML of 0.4% in
a pile covered with a semi-permeable sheet and 1.1% in uncovered piles. Consequently,
the presented monthly DML of 0.63% for stemwood chip storage in this study can be
considered low, though within the range of previous studies. Results showed that the
energy content of the piles decreased during storage by an average of 5.0%, a decrease that
is in line with the range of usable energy content loss presented for the storage of energy
roundwood chip piles during wintertime [20].

The piles were constructed according to the order of material arrivals; the degree of ho-
mogenisation of the stemwood material within each pile remained unspecified, despite the
practical efforts to achieve a homogenisation of the material. This circumstance may affect
the gained results despite that the chips for the balance bags were intensively homogenised
for all samples since the processes that occur within sample bags are highly dependent
on processes that occur in surrounding environment. Moisture content decreased during
storage to 32%, which is a similar level and decrease in moisture content as that presented
in the literature, with lower values achieved by covered energy roundwood chip piles [20].
As was expected from the pile geometry, the sample bags placed in the middle of the piles
had an average moisture content lower at the end of the experiment than the samples taken
from the top of the piles; and the moisture content in the first level was significantly lower
than in the second level. This result is in line with the literature, where layer formation
regarding moisture content during wood chip storage was reported [20,23]. The result
showed the inhomogeneity of the moisture content distribution within piles, with the outer
zones of the piles exposed to local meteorological conditions.

In addition to the moisture content samples taken during the trials, the end-using
facility (CHP plant) using the materials took samples of chips delivered to the plant for
combustion according to their own sampling methodology. The samples received at the
plant showed higher moisture content at the plant reception than the samples taken at the
end of the storage phase; the average received moisture content was 44.3% for stemwood
chips. The differences between samples from piles and truckloads may be explained by the
occurrence of snow and cranks in material deliveries on the truckloads, because the piles
were delivered in the midwinter when the snow depth in Kuopio was 46 cm; however, the
uncertainties associated with the sampling methodology applied by the end-using facility
also need to be noted. Nevertheless, this effect also shows the importance of sufficient
moisture content samples during the winter, as recently demonstrated in northern Sweden
by Berg and Bergstrom [34].

The method for covering the piles differs mainly between the cover materials. To
conduct an indicative comparison of operating efficiency to determine the practicability
of the alternative solutions, a time study using video recording was performed applying
the continuous timing method [35]. The time study included recording the actual pile
covering at the Kuopio site using plastic and the Livetech Suoja® material; the production
and preparation work for these materials were excluded from the time study. Therefore, the
time study exposed the differences between the alternative cover materials in the applied
covering methods. The covering of piles using plastic covers required a wheel loader
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equipped with a specifically designed metal frame as a holder for the plastic roll. Several
workers pulled the plastic cover manually over the piles, followed by an excavator covering
the bottom edges of the cover with additional chips. The bio-pile cover could be sprayed
by a single operator using a specially designed truck. However, the comparison of both
methodologies needed to take the size of piles and the space limitations and pile access
at the experiment site into account, which precluded an exact direct comparison of both
alternatives and did not allow a detailed analysis of working elements. Therefore, both
methodologies consumed nearly the same amount of total time in this experimental set-up
when the covering process alone was considered.

When considering a comparison of operating efficiency to determine the practicability
of the innovative solution with the existing alternatives, one needs to consider the space
constraints for both tested methods at the experiment site, which limits the comparability
of the conducted time study. The studied methods would probably benefit from even
larger piles with good accessibility around the piles for the optimal usability of the applied
machinery. An evaluation of the commercial feasibility of such systems for contractors and
recommendations of a possible broader commercial potential therefore remains open for
future study.

The results highlighted the benefits of pile covering compared to the uncovered storage
of wood chips, which is in line with previous studies; see [11,21,36]. The experiments
showed that the covering using plastic tarps resulted in improvements of key drying
parameters (DML) compared to uncovered piles. The bio-based cover material offers a
general potential alternative cover material, but significant differences with uncovered
piles could not be identified. However, it needs to be noted that, in general, the results
were sensitive to the number of analysed samples. In this study, several balance bags were
damaged during the extraction at the end of the experiments and needed to be removed
from further analyses. Further development potential remains and should consider the
type of raw material for the specific coverage options. One might also consider the covering
of other woody biomass such as logging residues, uncomminuted stems, delimbed logs, or
pulpwood with this bio-based covering material to retain the moisture content within the
raw material, ideas that may be worth future investigation.

The timing of the experiment, and especially the respective (weather) conditions (e.g.,
outside temperatures, wind, and precipitation), may have affected the success of the bio-
based covering. However, it remains speculative whether the timing of covering operations
had an effect during the present study. Success may also be linked to the bio-based binding
material. The overall cover layer thickness used within the bio-based covering is applied
to ensure immediate binding effects, particularly at the beginning of the cover set-up,
while retaining a reasonable cost. Future studies should consider these aspects. It may
also be of interest for future studies to conduct a lifecycle analysis of the entire process,
including the production process, showing the ecological footprint of selected woodchip
pile cover alternatives.

Even though significant differences were not identified based on a scientific per-
spective («x < 0.05), reported differences may have practical impacts from an industrial
implementation perspective, e.g., when a significance level of & < 0.10 was considered. This
may be the case for the difference in the energy content at the end of the experiment between
uncovered and covered piles (p = 0.072) or differences in DML between the uncovered and
covered piles (p = 0.089).

5. Conclusions

This study’s results reveal that the bio-pile cover performed as intended as a wood
chip pile cover. Nevertheless, the performance of plastic tarps used as cover for wood
chips outperformed the bio-pile cover. While differences in the key drying performance
parameters can be found, the differences between uncovered piles and those covered with
plastic tarps, as well as between the bio-based and the uncovered piles, were not significant.
From a scientific perspective, we conclude that the bio-based cover in the studied conditions
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does not render better storage conditions than those in current practices. However, our
study indicates possible fossil-substitutional benefits by using biobased covers, which calls
for further R&D work in this matter.
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