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Abstract

:

The present study aimed at testing the benefits of protecting woodchips with an acrylic crusting product developed for the coal energy industry. In the test carried out, four conical wood chips piles were built, two consisting of fresh biomass, the other two of dry wood chips. A fourth larger pile was built as a reference. One dry and one fresh pile were superficially treated with 25 kg of protective acrylic solution diluted in 250 L of water, providing an average application of coating agent of approximately 85 g m−2, while the other two worked as controls. To monitor the piles’ temperature variation, thermal sensors were placed in the inner part of the five piles during their construction. Moisture content (MC) and dry matter (DM) variations in woodchip piles were recorded. The piles treated with the coating agent did not show any significant differences with the untreated piles: in wet material, the protective film slightly reduced the moisture dispersal from the pile from evaporation rather than limiting water intake from rain; in dry material, this confirms the inability of the coating agent to limit water intake from rainfall.
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1. Introduction


The management of large quantities of woody biomass is a complex activity and an issue of the utmost importance for optimizing the efficiency of bioenergy facilities. Wood is a biological material, which can be degraded by a large variety of microorganisms, particularly when the physical protection of bark is removed [1]. The necessity to simplify logistics and storage of the feedstock generally leads to comminution of the tree parts early in the supply chain [2]. Once comminuted, either by chipping or shredding, wood tissues are greatly exposed to microbial attack [3] and exothermic oxidation processes [4,5], consuming the biomass starting from the simpler chemical constituents (sugars). In the second stage, it the degradation of the main components of wood occurs: cellulose, hemicellulose and even lignin by the activity of specialized fungi [6], which can bring to an increase in ash contents in the feedstock [7]. This process leads to a monthly loss of dry matter (DM) that can vary from 1.0% to up 6.5% of mass fraction on dry basis [8]. Biomass degradation also produces heat, which reduces the moisture content (MC) of the biomass vaporizing part of the water, which is driven away from the biomass pile by heat convective movements. When wood is used as a fuel, this process may offset the loss of DM, since it increases the heating value of the remaining biomass. This balance is clearly positive when the biomass is sheltered under cover, but it may be very unfavorable for piles stored outdoors in humid and rainy weather conditions [9]. The woodchip particle size and level of pile compaction as well as tree species and part of the tree used as a feedstock are considered, among other factors, responsible for the increase in DM in comminuted material piled in uncovered yards.



In outdoor storage of wood chips, the use of protective covers with fleece (polypropylene non-woven fabric) proved to be an effective solution to maintain or even enhance the energy content of wet biomass, particularly when used during rainy and cold periods [9]. Some authors [10] found that woodchips covered by a breathable tarp showed a decreasing content of MC uniformly inside the pile throughout the storage observation period. According to [11], this storage system is the most convenient for balancing direct storage costs and energy content variations in the biomass. Yet, deploying the system at an industrial scale is challenging. In fact, covering the stored woodchips is an expensive and cumbersome operation, which is seldom performed in storage yards of large biomass facilities where piles may extend over areas exceeding one hectare.



An alternative solution could be provided by crusting compounds currently used as a protective coating for coal fuel stored in stockpiles in large energy facilities. These are essentially glue-based products applied by spraying directly on the surface to be protected. In the original application, these coatings are used to control dust emissions of large stockpiles, but also to limit rewetting due to exposure to rain [12]. Originally composed mainly of latex, a variety of crusting compounds had been developed to reduce production and usage costs and increase applying efficacy and environmental performance [13]. Furthermore, being developed for solid fuels, these compounds do not significantly alter the combustion performance and emissions of the facilities fed with the treated feedstock.



The possibility to spray a protective layer directly on the pile built in the yard is also an attractive option for the bioenergy sector. This would greatly simplify the operation and its costs, making it much more effective than plastic and fabric covers, which need careful application (largely manual) and even more careful removal when the pile is being consumed. At present, crusting compounds are used to protect mineral materials (e.g., coal) with relatively low initial moisture contents. Thus, their efficacy when used on fresh wood chips is unknown. On the one hand, a complete and non-permeable film would limit water intake from rainfall, but, if thoroughly laid, it could also impede to expel the water vapor produced by the microbial activity heating the pile, reducing its capacity to self-dry during storage [14]. On the other hand, wood chips are a much coarser and more porous material than the coal used in power plants, and the irregular surface of the biomass piles could reduce the effectiveness of the crusting agent with gaps that allow rainfall and runoff water to penetrate the pile. These same conditions could be beneficial if porosity allows water vapor to be expelled while limiting, even partially, the superficial permeability to rain or humidity, for instance, creating a hydrophobic but porous superficial layer. A similar phenomenon was observed by [15] using a water-resistant but breathable cover, which reduced the MC of the stored biomass, while the fully waterproof covers lead to an overall increase in MC.



Considering the above, the present study aimed at testing the benefits of protecting woodchips with an acrylic crusting developed for the coal energy industry. More specifically, the main goals of the study were as follows:




	-

	
To quantify the protection capacity against rainfall for uncovered piles of dry and fresh woody biomass in winter Mediterranean conditions, typically characterized by high intense rainfall and relatively high temperatures, factors leading to high biomass losses due to microbial degradation;




	-

	
To determine the possible benefits in terms of heating value increase or preservation after the storage period provided by a coating application feasible in common biomass yard management.










2. Material and Methods


2.1. Woodchips Piles


The test was carried out from the 15 December 2020 to the 19 January 2021 on the paved storage yard of a power plant located in the Calabria region, Southern Italy (33.37 N, 16.24 E). Four conical wood chips piles were built with diameters and heights, respectively, of approximately 12 and 6 m, resulting in an exposed area of approximately 639 m2 and a total volume of approximately 904 m3 (Figure 1):




	-

	
Two piles (Pile 1 and Pile 2) were built with the fresh biomass delivered within the routinely fuel procurement of the facility. The wood material was a mix of conifers (Pinus spp.) and broadleaves (Quercus spp. and Castanea sativa Mill.). To minimize the differences between the piles, three pairs of loads from the same site and contractor were selected among the daily arrivals.




	-

	
Two piles (Pile 3 and Pile 4) were prepared with dry wood chips from the facility’s roofed fuel storage. This biomass was composed of a similar mix of conifer and broadleaves material, delivered as fresh wood chips in July–August 2020 and stored for 4–5 months.









Due to the different initial moisture content (MC), fresh and dry piles of similar volume had a total weight of approximately 97 and 67 tons (t), respectively.



Both dry and wet biomass were carried to the test site with trucks. The payload was determined by means of the certified weighbridge of the facility, which had a 20 kg resolution. The weight of truckloads was used to determine the total mass of each pile. The MC was measured on samples collected just after unloading the trucks. For fresh biomass, five samples per load were collected, delivered by 90 m3 semitrailers. For dry biomass, one sample per truck was considered sufficient due to the smaller size (approximately 20–25 m3) of the vehicles used to displace the dry wood chips from the roofed storage to the test area.



Before creating the piles, the biomass was mixed with a front loader. An excavator was deployed to further mix the biomass, arrange the heaps in similar conical shape and compact the woodchips. The latter action was necessary to emulate the normal storage condition of wood chips in the power plant, where the transit of heavy machinery over the pile during its construction compresses the lower layers of biomass.



As well as the four test piles, a larger reference pile was built using the remaining feedstock delivered by the biomass suppliers during the day (Figure 2). This pile was 8 m high, with a total mass of 1167.67 t, and was used as a reference to compare the evolution of its inner temperature during storage with the temperature of the other piles stored in the facility. Real piles are composed of over 10,000 m3 of wood chips [16] and are built in flat-topped heaps with an initial height of 12 m (subsiding to 10 m during storage) and an average permanence in the yard of 3 months.



To monitor the piles’ temperature variation, helpful for providing information about the microbial activity and degradation rate, thermal sensors were placed in the inner part of the five piles during their construction (Figure 2 shows piles 1 to 4, plus the reference pile, pictured as a blue rectangle) at an approximate height of 1.5 m off the ground.



Once completed, one dry and one wet pile (piles 1 and 3, respectively, in Figure 2) were superficially treated with 25 kg of protective acrylic solution diluted in 250 L of water, providing an average application of coating agent of approximately 85 g m−2. This concentration was double compared to that commonly used on coal piles, since a single treatment was preferred to the common double coating treatment with a lighter solution. The coating agent was applied with an agricultural sprayer equipped with a manual nozzle gun (Figure 3). The spraying procedure was conducted in a quick and easy way, thought to be more of a running custom at biomass energy plants than a lab activity. This is why neither the particle size of woodchips nor the spraying time were measured.




2.2. Sampling of Stored Biomass


After five weeks of storage, a telescopic handler equipped with a 2 m3 bucket was used to gradually disassemble the pile and carefully load the biomass on trucks for weighting.



The distribution of sampling spots and their relative number was designed to represent the MC of the different areas of the pile after storage and their expected relative weight over the total MC of the pile. This solution was adopted to cope with the tendency of MC layering into the stored biomass, as observed by Heinek et al. [17], who described the creation of three well-differentiated areas in the pile section, as demonstrated in Figure 4: (1) the outer layer is described as the “weather belt” and represents the area with a higher MC due to the intake of rainfall and condensation of the water vapor rising from the inner and warmer layers; (2) the “aerobic layer” is the main part of the pile, with partial oxygen presence, relative microbial activity and biomass drying favored by the heat generated in the (3) inner core area called the “anaerobic layer”, which produces the higher temperatures and experiences the maximum DM losses.



While the previous description returns a composition of close-to-geometric layers, easy to quantify in terms of the relative volume over the total pile’s bulk, Lenz et al. [18] reported that meteoric water and internal steam condensation generate a much more unpredictable dynamic of MC allocation within the pile. This is determined by factors such as the shape and size of the pile, the type of biomass, its granulometry and initial MC as well as the air temperatures and rainfall intensity, making impossible to precisely determine the share of each layer within the pile.



To capture this internal variability, 20 samples per pile were collected (Figure 5), differentiating 5 sampling areas visible in Figure 6 and identified as follows:



V—one sample collected at the top of the cone (5 m) at a depth of approximately 20 cm below the surface.



M—five replicates collected over an ideal circumference located at approximately 3 m off the ground and with a radius approximately 0.8 m–1.0 m shorter than the section of the cone at this height (i.e., internally and with a horizontal orientation).



Ms—five replicates collected as above on a circumference, located at a height of 1.5 m–1.8 m off the ground and 1 m shorter than the cone radius.



I—four replicates collected at the same height as above, but in a more inner position, corresponding to a circumference with a radius 3 m shorter than the total cone section.



E—five replicates collected at the surface of the pile, at a depth of 20 cm and a height off the ground of approximately 1.3 m.



The sampling design was also meant to provide a weighted average of MC, considering the different share represented by the three layers: the external layer or “weather belt” was represented by six samples (V and E), the medium (Aerobic) layer was represented by ten samples (M and Ms), and the inner (Anaerobic) core was represented by four samples (I).



For each pile, the MC was calculated as an average of all the samples collected in that pile. The dry matter content (DM) was calculated as the difference between the total mass of the pile and the mass of the water contained in it (according to the estimated MC value). The energy content of the piles before and after storage was calculated according to the following formula:


EC = ((18.5 × (100 − MC)) − (2.44 × MC)) × 10 × Weight








where:




	
EC = energy content expressed as MJ t−1;



	
MC = average moisture content of the pile expressed as a percentage on a wet basis;



	
Weight = weight of the pile expressed in t;



	
The values 18.5 and 2.44 are, respectively, the calorific value of 1 kg of dry wood and the energy required to evaporate 1 kg of water, both expressed in MJ.








Rainfall and air temperature records for the test period were extracted from the database of the Calabria region, collected by a weather station located approximately 15 km from the test site.




2.3. Moisture Content Measurement


Biomass samples were tipped into paper bags with a tare weight of 4 g and weighed using a precision scale for measuring wet mass. Afterwards, the bags were closed and transported to a laboratory for determining the oven dry mass according to standard method (thermogravimetric method) [19]. A laboratory scale with a precision of 0.01 g was used for weighing all samples.




2.4. Statistical Analysis


The test was designed as a factorial completely randomized experiment. The assumption of homogeneity of variances between the pile sections was tested using Levene’s test. Analysis of variance (ANOVA) was performed using a general linear model (GLM) followed by Tukey’s highly significant difference (HSD) test.





3. Results


3.1. Initial Moisture Content


The initial MC of the test piles is shown in Table 1. Due to the intrinsic variability of wood chips, the average MC of the piles is slightly different even between piles of similar material.



This difference is not statistically significant for the wet piles, while is significant for the dry piles, made with stored biomass (Figure 7).



Yet, this difference is small and both dry piles feature an MC below 30%, which is considered as a threshold below which microbial activity is very limited [3]. Thus, both piles can be considered as initially “not active” from the biological degradation point of view.




3.2. Temperature and Weather Conditions


During the five-week storage time, total rainfall amounted to 149 mm, showing the typical intensity of winter meteoric events in Mediterranean mountain areas. Accordingly, average daily temperatures recorded by the weather station of Cosenza were always above 0 °C (Figure 8). No snow events were recorded.



Due to a software malfunction in thermal sensor dataloggers, just two stations out of four gathered useful data. Although this is a clear loss of information, the main target of temperature measurement was fulfilled. In fact, the two operative dataloggers were the one installed on the untreated pile of wet biomass and the one in the large reference pile.



Temperature development during the storage interval showed a different pattern between the test and the reference piles (Figure 9). In the large reference pile, the temperature evolution was consistent with what was observed in other studies comparing different sized heaps [20]. It features an activation period with stable low temperature lasting approximately a week followed by an exponential increase that exceeds 50 °C in approximately 5–7 days and stabilizes to approximately 65 °C for the remaining time (a slight decreasing trend can be recognized). In contrast, the small pile showed completely different behavior, with an immediate temperature increase that reached a maximum of 57 °C in 6 days and a gradual declining trend after two weeks. This rapid heat development can be explained by the presence of biomass already “activated” in the small pile. In fact, one of the three trucks used to compose Piles 1 and 2 was delivered in the early morning biomass with a temperature of 18 °C (against 8 °C of the remaining material), when the air still had a temperature below 0 °C.




3.3. Moisture and Energy Content Evolution with Storage


After 5 weeks of storage, Piles 1 and 2 (composed initially of fresh biomass) showed little overall variation in terms of total MC (Table 2), with the untreated Pile 2 resulting in a slightly higher MC loss of 1.8% points. Nevertheless, comparing the replicates of the same sampling position in different piles (e.g., Mpile1 vs. Mpile2), no significant differences could be detected.



The MCs of Piles 3 and 4, composed initially of dry biomass, increased by 9%. In this case, the comparison of MC values of the different sampling positions showed a significant difference for Ms samples, with Mspile3 and Mspile4 having average MCs of 28.1% and 36.9%, respectively (Figure 10). These figures correspond to an MC increase of 3.4% and 9.4%, respectively, for Piles 3 and 4.



The variations in total mass of the piles were quite similar to those described for the MC, apart from Pile 2, where the weight decreased by 3.44 t more than that of Pile 1. Dry Piles 3 and 4 showed a similar pattern, with a mass gain of over 9 t.



The variations in DM were on average 2.5 t for Piles 1 and 2, corresponding to approximately −5% of the initial DM mass, which is quite high compared to the findings in other research, such as those reported in [21], where woodchips stored for a period of 6–9 months had recorded energy losses of between 6.8 and 21.4%; or those stated by [22], where, after a total storage period of approximately 9 months, dry matter losses were between 22% and 21%, depending on the particle size distribution of the feedstock. This confirms the vigorous microbial activity recorded as heat development and visually observed as steam rising from the piles (Figure 1). In the dry piles, the DM variation was −0.95 t and +0.12 t for Pile 3 and 4, respectively. The latter is clearly a biased result since no increase in DM can occur in dead tissues such as wood chips. Given the small magnitude of the figure, it could be argued that it is due to a measurement error (e.g., in weighing the total mass before and after storage). Nevertheless, similar unexpected values can be found in previous studies where the total mass of the pile had been measured before and after the study, such as in [17]. The cause of this error is probably due to the limited reliability of the current MC estimation procedures, which could not be detected in previous studies lacking the total pile mass variation (generally, only the mass variation in the samples is measured). This hypothesis seems to be confirmed for Pile 3, where, according to the present estimate, the MC increase corresponds to almost 10.3 t of water, while the overall weight variation is just 9.3 t. According to the usual assumptions, the difference would be explained as DM loss (1 t). Yet, the dry piles did not show any sign of microbial activity such as steam emissions or heat development (the latter was manually detected during sampling as the thermocouple data were lost); thus, the loss of DM seems an unlikely event.



Given the above observations, the relative weight of each sampling area was reconsidered. In particular, the superficial samples V and E together represent 24% of the total samples collected (6/25) and have a higher MCs than the inner areas of the piles (Figure 8). Nevertheless, during sampling, the “wet” external layer, darker in color, appeared to have a depth of approximately 30 cm, which, extended to the whole surface of the pile, would represent approximately 10% of the total pile’s volume (22.6 m3 vs. 226 m3 total). Even assuming a depth of 50 cm, the external layer would represent just 16% of the total volume (36.16 m3).



Thus, to reduce the relative weight of the external samples in the estimation of the total MC of piles, the latter value was recalculated, including just part of the samples. For fresh piles, two E samples were used (thus calculating the MC as average of 22 samples), and in dry piles, 3 E samples were used (resulting in an average of 23 samples). The different approach used between fresh and dry piles is a tentative solution to express the different capacity to adsorb water of wood chips with high and low initial moisture content but is clearly an arbitrary choice. The adjusted estimates obtained with this procedure are shown in Table 3.





4. Discussion


The piles treated with the coating agent did not show any significant differences to the untreated piles. Some trends could be detected by the moisture content dynamics:




	-

	
In wet material, the results suggest that the protective film slightly reduced the moisture dispersal from the pile from evaporation rather than limit water intake from rain;




	-

	
Dry material confirms the inability of the coating agent to limit water intake from rainfall. This is probably due to the water runoff, which facilitates the transit on porous areas among the wood chips where the water can cross the surface and soak the outer layers of the pile.









This result confirms one of the initial hypotheses: the coarse structure of a wood chip pile presents a porous surface, which cannot be effectively impermeabilized by a sprayed product. This is particularly relevant in large biomass facilities such as the one hosting the test, where the wood chips delivered generally showed large granulometry. This would explain why dry piles featured a very similar water intake: the heavy rainfalls produced rivulets on the slopy surface of the pile, allowing water to find its way towards the inner layers of the stored biomass through the interstices among wood chips. This was the same dynamic in wet piles, where the coating product appeared to slightly limit the natural air drying on clear windy days. In fact, the fresh piles showed intense microbial activity, with a loss of approximately 5% of the initial DM mass in five weeks. This figure is quite high if compared with the values reported by Thornqvist [21] wherein woodchips were stored for a period of 6–9 months, with recorded energy losses between 6.8 and 21.4%; or those stated by Lenz et al. [22], where, after a total storage period of approximately nine months, dry matter losses amounted to between 22 and 21%, depending on the particle size distribution of the feedstock. Additionally, Kuptz et al. [23] found that approximately 7% of dry matter was lost in five months storing forest residues and woodchips. Yet, it is worth highlighting that the studies above were conducted in Central or Northern Europe, with much colder and relatively drier weather, which provides less favorable conditions for the microbial activity.



For the dry piles, we can assume that the microbial activity and dry matter losses were minimal due to the a low initial MC and the low air temperatures, representing limiting factors for microbial development [6], as also demonstrated by Dumfort et al. [24] through respirometric tests, indicating lower production of CO2 when the MC decreased below 35%. Thus, the unique cause for mass variation is an increased MC, which caused an important reduction in the energy content of the dry piles (approximately −2.8%).



The dynamic observed in the test piles can also be considered valid for the larger standard piles of the facility. In fact, the maximum temperature of the large reference pile is consistent with the results of [17] and 8 °C higher than the smaller pile. However, this difference is relatively low considering the height and mass of the reference pile and allows the results to be extended to more compressed and higher piles, confirming that the coating agent would not provide significant benefits in terms of MC reduction and energy content increase.



The storage issue is something that many practitioners and scientists have confronted, searching for a compromise between feasibility and affordability. Kuptz et al. [23] carried out tests for storing woodchips of various origins both in anaerobic and aerobic conditions, concluding that, for many applications, aerobic storage in fleece-covered piles seems preferable to anaerobic storage. In this case, the results outdoor were good, but the piles were small (90 m3), so the economic cost and feasibility of covering big piles stored in industrial plants with fleece must be considered. To improve the storage of fresh wood chips by changing the growing conditions for wood decaying microbes, some authors suggested using additives such as CaCO3 on straw [25] or reed canary grass [26]. Another approach to overcome the problem was modifying the average particle size distribution by deploying innovative chipping technologies [9] or by screening the woodchips to reduce the share of fine particles [27,28]. However, this choice would entail changing the supply chain by selecting different producers, likely at a higher cost.



The test also proved that the current method for MC estimation is unreliable. And since the energy content is calculated upon MC and total mass variations, the whole energy balance is biased. In our test, applying a different weighting of the sampled MC (thus assigning a different share of the total to the layers of the piles), rather different results can be returned. Focusing on fresh biomass, the main feedstock of the facility, the energy balance varies from −4.9% to −2.4%, respectively, for the treated and untreated piles and from −0.4% to +0.7% for the same piles.



While the general conclusions regarding the coating agent do not change (the untreated pile always performs better), it highlights the necessity to adopt a different sampling strategy. With the present tools, the unique solution for a higher degree of precision would be a higher sampling intensity. This is extremely costly if thoroughly conducted on a large scale, making it unviable. Further research should be conducted in this sense, for instance, evaluating the suitability of in-line sensors capable of returning a high density of MC measurements, such as on biomass transferred with belts.




5. Conclusions


Woodchip coating has not proved successful in the coal sector, probably due to the inherent nature of wood, specifically its rough and fibrous texture, which does not facilitate applying protective layers. Under-roof storage is still the best option if the facility structure and organization allow the arrangement of a system of sheds. As woodchip storage at energy facilities is crucial for optimizing economic and logistics management, MC measurement procedures need to be improved, both in biomass sampling and weighing. More reliable methods and instruments are equally necessary to save money and time. Many studies in the literature have not considered the real allocation of woodchip MC within stocked piles, so new sampling methods are needed to overcome biased measurement.
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Figure 1. Layout of the test piles just after their construction. The wet biomass composing the two piles in the background is already steaming, while the two dry piles in the forefront show no sign of heat development. 
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Figure 2. Layout of the test site: numbers from 1 to 4 refer to test piles; letters from A to D refer to thermal sensor stations. The red arrow at the top right in the picture shows the energy plant position on the Italian map. Circles on the map refer to the bioenergy facilities of the country. 
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Figure 3. The spraying of woodchip piles by means of a common agricultural sprayer. 
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Figure 4. Model of the vertical profile of a woodchip pile after open-air storage according to [17]. 
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Figure 5. Sampling the biomass piles. 
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Figure 6. Sampling position within the biomass piles. V = top sample; M = internal samples at middle height of the pile (about 3 m off the ground); Ms = internal samples external to core (about 1.5 m–1.8 m off the ground); I = inner core samples (about 1.5 m–1.8 m off the ground); E = external samples from the surface of the pile (about 1.3 m off the ground). 
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Figure 7. Box-and-whisker plot comparing the average MS values at the inner sampling positions comparing Pile 1 vs. Pile 2 (left) and Pile 3 vs. Pile 4 (right). MC-C1 = moisture content of Pile1; MC-C2 = moisture content of Pile2; MC-C3 = moisture content of Pile3; MC-C4 = moisture content of Pile4. 
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Figure 8. External average air daily temperatures recorded by the two operative stations (orange line = Pile 2 and green line = reference pile) compared to the data recorded by the weather station of Cosenza (dotted blue line). 
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Figure 9. Temperature values recorded within the test of fresh-treated biomass in Pile 1 (blue line) and the reference large pile (orange line). 
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Figure 10. Average MC values at the different sampling positions after 5 weeks storage. NOTE: the position in the figure is simply indicative of the actual sampling position; values in the same pile are symmetrically repeated on the same sampling position on the left and right. Underlined text indicates the pile depicted. 
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Table 1. Initial moisture content values of the test piles.
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	Test
	Biomass Initial Status
	Coating
	Average MC
	SD
	Max
	Min
	Delta





	Pile 1
	Fresh
	Yes
	45.2%
	1.8
	49.0%
	42.7%
	6.3



	Pile 2
	Fresh
	No
	46.8%
	3.4
	53.3%
	42.6%
	10.7



	Pile 3
	Dry
	Yes
	24.7%
	1.3
	27.2%
	23.1%
	4.1



	Pile 4
	Dry
	No
	27.5%
	1.8
	30.0%
	24.2%
	5.8










 





Table 2. Initial and final values of moisture content (MC), mass, dry matter (DM) and energy content for the tested piles.
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Pile 1

	
Pile 2

	
Pile 3

	
Pile 4






	
Initial condition

	
Fresh

	
Dry




	
Coating treatment

	
yes

	
no

	
yes

	
no




	
Initial Moisture %

	
45.2%

	
46.8%

	
24.7%

	
27.5%




	
Final Moisture %

	
45.3%

	
44.9%

	
34.1%

	
36.5%




	
MC variation %

	
+0.1%

	
−1.9%

	
+9.4%

	
+9.1%




	
Initial Mass (t)

	
96.38

	
97.52

	
65.72

	
68.8




	
Final Mass (t)

	
96.2

	
93.9

	
75.08

	
78.56




	
Mass variation (t)

	
−0.18

	
−3.62

	
+9.36

	
+9.76




	
Initial dry matter (t)

	
52.8

	
51.8

	
49.5

	
49.9




	
Final dry matter (t)

	
50.2

	
49.5

	
48.5

	
50.0




	
Dry matter variation (t)

	
−2.66

	
−2.34

	
−0.95

	
+0.12




	
Initial energy content (MJ)

	
871,132

	
847,818

	
875,550

	
877,023




	
Final energy content (MJ)

	
815,816

	
807,678

	
832,908

	
855,671




	
Energy content variation (MJ)

	
−55,315

	
−40,139

	
−42,641

	
−21,352











 





Table 3. Initial values of moisture content (MC) and adjusted final values of moisture content (MC), mass, dry matter (DM) and energy content for the tested piles.
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Pile 1

	
Pile 2

	
Pile 3

	
Pile 4






	
Initial condition

	
Fresh

	
Dry




	
Coating treatment

	
yes

	
no

	
yes

	
no




	
Initial Moisture %

	
45.2%

	
46.8%

	
24.7%

	
27.5%




	
Final Moisture %

	
45.3%

	
44.9%

	
34.1%

	
36.5%




	
MC variation %

	
+0.1%

	
−1.9%

	
+9.4%

	
+9.1%




	
Initial Mass (t)

	
96.38

	
97.52

	
65.72

	
68.8




	
Final Mass (t)

	
96.2

	
93.9

	
75.08

	
78.56




	
Mass variation (t)

	
−0.18

	
−3.62

	
+9.36

	
+9.76




	
Initial dry matter (t)

	
52.8

	
51.8

	
49.5

	
49.9




	
Final dry matter (t)

	
52.6

	
51.7

	
49.5

	
49.9




	
Dry matter variation (t)

	
−0.17

	
−0.14

	
0

	
−0.04




	
Initial energy content (MJ)

	
871,132

	
847,818

	
875,550

	
877,023




	
Final energy content (MJ)

	
867,958

	
853,634

	
852,916

	
852,382




	
Energy content variation (MJ)

	
−3174

	
+5815

	
−22,634

	
−24,641
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