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Abstract: Short-rotation woody crops (SRWC) have the potential to make substantial contributions to
the supply of biomass feedstock for the production of biofuels and bioproducts. This study evaluated
changes in the fuel quality (moisture, ash, and heating value) of stored spring harvested shrub willow
(Salix spp.) and hybrid poplar (Populus spp.) chips with respect to pile protection treatments, location
within the storage piles, and length of storage. Leaf-on willow and poplar were harvested in the
spring, and wood chips and foliage with moisture content in the range of 42.1% to 49.9% (w.b.) were
stored in piles for five months, from May to October 2016. Three protection treatments were randomly
assigned to the piles. The control treatment had no cover (NC), so piles were exposed to direct solar
radiation and rainfall. The second treatment had a canopy (C) installed above the piles to limit direct
rainfall. The final treatment had a canopy plus a dome aeration system (CD) installed over the piles.
Covering piles reduced and maintained the low moisture content in wood chip piles. Within 30 days
of establishment, the moisture content in the core of the C pile decreased to less than 30%, and was
maintained between 24%–26% until the end of the storage period. Conversely, the moisture content
in the NC piles decreased in the first two months, but then increased to the original moisture content
in the core (>45 cm deep) and up to 70% of the original moisture content in the shell (<45 cm deep).
For all the treatments in the tested conditions, the core material dried faster than the shell material.
The higher heating value (HHV) across all the treatments increased slightly from 18.31 ± 0.06 MJ/kg
at harvest to 18.76 ± 0.21 MJ/kg at the end of the storage period. The lower heating value (LHV)
increased by about 50% in the C and CD piles by the end of the storage period. However, in the
NC piles, the LHV decreased by 3% in the core and 52% in the shell. Leaf-on SRWC biomass stored
in piles created in late spring under climatic conditions in central and northern New York showed
differing moisture contents when stored for over 60–90 days. Overhead protection could be used to
preserve or improve the fuel quality in terms of the moisture content and heating value if more than
two months of storage are required. However, the implementation of such management practice will
depend on whether the end users are willing to pay a higher price for dryer biomass and biomass
with a higher LHV.
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1. Introduction

To meet the goal of annually supplying a billion tons of biomass in the future, energy crops are
projected to be the greatest source of biomass in the United States, with an estimated contribution
in the range of 411 to 736 million tons by 2040 [1]. Short-rotation woody crops (SRWC) such as
poplar (Populus spp.) and willow (Salix spp.) are an asset for the development of a biomass system for
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bioenergy and bioproducts. Willow has been in development in the United States and Canada for
more than 30 years [2,3]. These crops have shown desirable characteristics such as high annual yield
and the ability to regenerate by re-sprouting multiple stems after each harvest while having similarities
to other woody biomass (i.e., heating value, cellulose, hemicellulose, and lignin content), as well as
differences (i.e., bark to wood ratio) [4,5].

A SRWC biomass supply system includes all the processes from cultivation, harvesting, and
collection, storage, and transportation to the end user, and may include some preprocessing steps
depending on the conversion pathway. Management considerations may dictate that the harvested
biomass material be stored prior to delivery to a conversion plant or depot [6]. Most recently, harvested
willow biomass has been mixed with forest residues to produce biopower at a 60-MW facility (Black
River) and power at another 22-MW facility (Lyonsdale) in northern New York (NY). Moisture content,
ash content, heating value, and particle size distribution are among the key quality parameters for
biopower systems, because they influence the handling and conversion systems’ efficiency, and thus
the cost of production. High moisture content in biomass feedstock may increase the transportation
cost and affect the combustion behavior in terms of system efficiency and emissions when used in
thermochemical conversion processes [7]. Moisture in biomass reduces the net calorific value, because
a fraction of the heat is used to vaporize the water. Freshly harvested willow chips have a moisture
content of 44 ± 2.2%, an ash content of 2.1 ± 0.59%, a lower heating value of 10.4 ± 0.52 MJ/kg, and a
higher heating value of 18.6 ± 0.19 MJ/kg [8].

Several research studies have examined the effect of various factors such as the particle size,
composition of the material, geometries of storage piles, geographic location, covering system, microbial
communities, initial moisture, and length of storage on the fuel quality of stored wood chips [9–14].
High moisture content is an important driver for the development of fungal and bacterial communities
that play a key role in reducing fuel quality and catalyzing the process of self-ignition [9]. Also, the
temperature profile and moisture content in storage piles have links with weather conditions [14],
which depend on the geographic location and time of year when material is stored.

To reduce the moisture content after harvest, biomass could be either stored in open-air piles [15–18]
or subjected to drying measures [19,20], but both approaches have limitations. Unprotected biomass
piles suffer high dry matter losses (up to 20%), while active drying requires energy consumption
and incurs additional costs [15,20]. Whittaker et al. [18] investigated dry matter losses from two
short rotation willow storage piles that were constructed in March and April, and found that there
was a significant reduction in the moisture content in addition to an overall loss of 1.5 GJ/Mg in a
six-month-old pile and 1.1 GJ/Mg in another four-month-old pile. Moisture is redistributed during the
storage of wood chips in piles, resulting in a general differentiation between a wetter outside layer
(shell) and a drier inside layer (core). Rates of changes in moisture in the shell and core also differ by
season [21]. For instance, during late spring and the summer, the overall moisture content of the pile
could decrease from 50% to 25% moisture content after several months. However, heavy rain and high
air humidity could rapidly increase moisture in unprotected piles [14,22].

An alternative approach to maintain biomass quality during storage in piles is to protect the
biomass from rewetting by snow or rain [22–25]. The use of gas-permeable and waterproof membranes
that have several agricultural and construction applications can contribute to improved wood chip
quality [25]. Covers can be deployed as a means to protect piles from precipitation and allow air
flow at nominal cost with no direct energy input; however, limited information is available in the
literature investigating these covers in the northeastern United States. The objective of this work was
to investigate the effects of cover, storage duration, and depth in storage piles on the moisture content,
ash content, and higher and lower heating value of a mixture of leaf-on willow and poplar biomass
stored at the edge of the field.
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2. Materials and Methods

2.1. Harvests and Storage

A mixture of approximately 50% willow and 50% poplar biomass crops were harvested in late
spring starting on 26 May 2016 in a field located at Lafayette, NY (42.980◦ N, 76.112◦ W). The field
was previously harvested in 2005 and 2010. Due to the layout of the plots in this field and the
logistics of the commercial harvest operation, it would be challenging to harvest the poplar and willow
plots separately. Leaf proportion from four samples collected from the harvested materials was less
than 10% of the total mass. The site was planted in double rows in 1997 with poplar and willow
cultivars including SV1 (Salix × dasyclados), NM6 (P. nigra × P. maximowiczii), S25 (Salix eriocephala),
S365 (S. caprea × S. cinerea), and S301 (S. interior). Harvesting was conducted with a New Holland
FR9080 forage harvester equipped with a New Holland 130FB coppice header [26]. The cutting length
was set at 33 mm (the largest size for its configuration). Eisenbies [27] reported the bulk density
and particle size distribution of willow chips harvested with the same setting on the harvester. The
harvested biomass was transported 21.3 km by dump truck to the Tully Experiment Station (College of
Environmental Science and Forestry; 42.797◦ N, 76.120◦ W). A wood chip sample comprised of several
scoops distributed around the dumped material was collected from each load.

The delivered chips were used to establish wood chips piles on flat and open ground at the site.
The Köppen–Geiger climate class of the site is Dfb (snow, fully humid, warm summer) [28]. The piles
contained 25 to 40 Mg of wood chips. A bucket loader was used to create the wood chip piles from
the multiple loads. A 15-cm base of chips was maintained during pile construction to prevent soil
contamination. Pile heights ranged from 2.4 to 3.5 m and the diameter of pile bases varied from 6.1 to
8.0 m.

2.2. Study Plan

To address the objectives of this study, we set up a repeated measurement experiment design.
From a total of six storage piles created, we applied three protection treatments. We monitored the
moisture content, ash content, and heating value in the piles for five consecutive months at two pile
depth levels and two positions.

Three protection treatments were randomly assigned to the piles. Unprotected piles had no cover
(NC), and were exposed to direct solar radiation and rainfall. The next group of piles had canopies
(C) erected to limit direct rainfall, while allowing air to flow from one side to the other (Figure 1).
The 3 × 6 m canopies were made of white powder-coated steel frames and white drawstring covers.
The final group of piles had canopies plus a dome aeration system (CD). Dome aeration [24] is a
method of passive aeration that is used in the aerobic biological degradation of biomass that facilitates
gas (including water vapors) accumulation in the interior of the dome and flow through a pipe from
the interior to the exterior of the pile. The dome structure was made of construction wood and chicken
wire by creating an irregular hexahedron. A 10-cm diameter perforated, polyvinyl chloride pipe was
placed at the top of the wooden structure to facilitate the air exchange between the ambient atmosphere
and the core of the pile. Wood chips were mounded around the wooden structure to form a chip pile
over six to eight perforated PVC pipes, followed by the erection of the canopy. Air was allowed to
flow underneath the canopy between the tarp and the wood chip pile in order to maximize the flow of
moisture out of the pile.
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2.3. Monitoring, Sampling, and Laboratory Analysis

Temperature probes were inserted at two depths in the shell (<45 cm) and core (~1/2 pile height) at
two positions: two at the top and two on the sides of the piles. Precise insertion depth was achieved by
attaching the probe to a threaded rod with a piece of vinyl tape and a small nut, inserting and raising a
three-cm angle iron point side up to create a linear void, and inserting the probe inserted to the required
depth. A detailed description of this technique and the cross-section of a pile profile showing the
sample and temperature probe locations within the pile can be found in [21]. Then, the angle iron was
removed, collapsing the void, and the rod was unscrewed and removed. Temperature loggers (HOBO
U12-008) recorded pile temperatures automatically every 30 minutes. A weather station (HOBO U30)
was installed on the site to monitor climatic conditions such as air temperature, precipitation, and
relative air humidity for the first 100 days. For the remaining storage period, there was a technical issue
with the power system of our installed weather station; thus, reported temperature and precipitation
data for this period were gathered from PRISM (Parameter-elevation Regressions on Independent
Slopes Model) climate data for Tully, NY [29]. PRISM uses elevation and measured climate data to
develop climate data sets for smaller spatial grids across the United States [30].

The piles were monitored for five consecutive months; the canopies were not expected to hold up
to the snow season, but freshly harvested biomass would be available by November. A minimum of
six physical samples was collected monthly from the shell and the core of each pile. To have a better
representation of each pile, samples were taken from both positions (the top and side) and depths
(shell and core) of the pile. The shell samples were collected by using a drain spade, and the pile
surface was recontoured. In order to minimize the disturbances, a custom augur was used to collect
samples from the core of the pile by following the technique described by Eisenbies [21]. Then, the
samples were weighed immediately to the nearest 0.1 g, and transferred to the laboratory. Moisture
content was determined after drying at 60 ◦C until constant weight was achieved. Dried samples
were ground using a Wiley mill and screened through a 0.5-mm screen before they were submitted for
heating value and ash content determination. The higher heating value (HHV) was determined in
accordance with ASTM (American Society for Testing and Materials) method D5865-13: The standard
test method for the gross calorific value of coal and coke was completed using a Parr 6200 Oxygen
bomb calorimeter [31]. The lower heating value (LHV) was calculated using the formula described by
Krigstin and Wetzel [32] that takes into account the loss of energy associated with moisture and the
heat of vaporization. The ash content was determined by combustion in a thermolyne muffle furnace
(Model F30400) in accordance with the National Renewable Energy Laboratory NREL/TP-510-42622
method [33].

2.4. Statistical Analyses

The statistical data analysis was conducted in SAS v9.4 (Cary, NC, USA) by using the MIXED
procedure. This experiment was a 3 × 2 × 2 factorial design with three protection treatments (no
cover, NC; canopy, C; and canopy with a dome aeration system, CD), two depths (core and shell),
and two positions (top and side). Wood chips samples were collected at regular time intervals (~four
weeks); therefore, repeated measures analysis was performed. To take into account the autocorrelation
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resulting from the repeated measurements over time, a first-order autoregressive AR (1) covariance
structure was applied. The model used includes all the main effects and the interaction terms: (Model =
Protection Depth Position Period Protection × Depth Protection × Position Protection × Period Depth×Position
Depth × Period Position × Period Protection × Depth × Position Protection × Depth × Period Protection ×
Position × Period Depth × Position × Period Protection × Depth × Position × Period). The differences of
the least squares means were calculated for the factors that are included in the model. Significant
differences were claimed for P-values less than 0.05, but the interaction tests were evaluated at a more
liberal p-value of 0.10 [34].

3. Results

3.1. Weather Conditions and Pile Temperatures

During the first three months, the relative air humidity oscillated between 60–94% and was less
than 70% for 10 consecutive days starting from 17 June (Figure 2). Daily mean temperature for the site
ranged from 1.1 to 25.5 ◦C for the entire storage period, and the average daily mean temperature was
17 ◦C. From 1 June to 1 November, the site received more than 474 mm of rainfall. The months of June
and July received about 115 mm of rainfall, while the month of October had 170 mm of rainfall.
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Temperature in the piles increased rapidly, nearing 60 ◦C after the first week of storage and
decreasing thereafter (Figure 3). The temperature in the cores of the CD piles decreased to 35 ◦C within
30 days of storage, while the temperature in the cores of the NC piles reached the same level after
45 days of storage. After two months, the temperatures in the shells and cores of the NC piles were
generally higher than those of both the C and CD piles. The aggregate monthly temperature in the
cores and the shells indicated that the shell had a lower temperature than the core for the C and CD
piles. However, temperatures in the cores of the NC piles were 9.9 ◦C higher than those of the shell for
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the first month, and 1 ◦C higher for the second month of storage; however, during the third and fourth
months, the temperatures in the shells of the NC piles were higher than those in the core.
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3.2. Moisture

The three-way interaction of depth, protection, and period was significant for moisture content
(p = 0.0002) (Table 1). The cores of the NC piles were significantly drier than the shells after 60 days of
storage. The C and CD piles had significantly drier cores within the first 90 days of storage, but beyond
this period, the shells were slightly drier than the cores, with no statistical significance (Figure 4). The
interaction between position and depth was significant (p = 0.0025).

Core samples collected from both the side and the top of the pile were not significantly different
(p = 0.7529) to each other, but shell samples from the side were 8.8% drier than the shell samples
from the top of the piles (p < 0.0001). The C piles were drier than the NC piles by 9% in the core and
18.6% in the shell. However, the dome feature did not result in significant moisture differences when
compared to the C piles (Figure 4), suggesting that passive ventilation in piles of this size did not
facilitate additional drying.
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Table 1. Analyses of variance (ANOVA) for moisture, ash, higher heating value (HHV) and lower
heating value (LHV) of willow and poplar chip piles that were sampled over six month period
(June–October).

Moisture Ash HHV LHV

Source of Variation df a F
Value p > F F

Value p > F df F
Value p > F F

Value p > F

Protection 2 18.05 0.0213 3.27 0.1764 2 1.12 0.4321 30.43 0.0102
Depth 1 38.85 <0.0001 12.3 0.0008 1 0.33 0.5692 18.74 <0.0001
Position 1 12.91 0.0006 0.86 0.3581 1 0.01 0.919 9.06 0.0043
Period 5 13.79 <0.0001 6.6 <0.0001 3 7.88 0.0002 24.31 <0.0001
Error (Protection) 3 - - - - 3 - - - -

Depth × Protection 2 3.87 0.0255 0.49 0.614 2 0.21 0.81 0.52 0.5997
Depth × Period 5 4.12 0.0025 2.29 0.0555 3 1.5 0.2276 3.48 0.0234
Depth × Position 1 9.89 0.0025 1.61 0.209 1 0.1 0.7593 6.94 0.0115
Protection × Period 10 10.96 <0.0001 1.26 0.2735 6 0.4 0.8757 16.95 <0.0001
Protection × Position 2 0.87 0.4236 1.96 0.1486 2 1.49 0.2369 0.98 0.3826
Position × Period 5 1.13 0.3518 3.12 0.0138 3 0.32 0.8104 2.02 0.1248

Protection × Position × Period 10 1.23 0.2854 0.92 0.5176 6 1.29 0.2823 1.86 0.1091
Protection × Depth × Position 2 0.56 0.5762 0.09 0.9117 2 1.05 0.3577 0.28 0.7541
Depth × Position × Period 5 1.74 0.1371 1.34 0.2576 3 0.04 0.9881 2.79 0.0511
Protection × Depth × Period 10 4.03 0.0002 0.78 0.6463 6 1.79 0.1234 3.07 0.0132

Protection × Depth × Position × Period 10 0.88 0.55 0.76 0.6647 6 0.88 0.5177 1.48 0.2064
Error 68 b - - - - 45 - - - -
Total Error 142 c - - - - 95 - - - -

a Degree of freedom; b df = 65 for ash; c df = 139 for ash.
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Cover was a significant factor in decreasing and maintaining low moisture content. The moisture
content in the core of both types of C piles decreased from 45% to less than 30% within 30 days of
storage, and remained between 24–27% for the remainder of the storage period. Meanwhile, the
biomass in the shells did not dry as quickly as that in the cores of the C piles, which could be attributed
to the condensation of water vapors that migrated from the core of the piles. The most significant
decrease of moisture content in the shells of the C piles occurred between 60–120 days of storage, and
after the moisture content in the core had already equilibrated. Unlike the C piles, the moisture content
of the NC piles initially decreased from 46% to 37% in the shell, and 26% in the core after 60 days of
storage, and increased thereafter until the end of the storage period.

3.3. Higher and Lower Heating Values

The higher heating value (HHV) of stored willow chips was significantly affected by the storage
time (p = 0.0002), but not by the factors such as cover and sample location. There was a significant
linear relationship (HHV = 18.355 + 0.0031 t, R2 = 0.18, p < 0.0001 and n = 96) between the HHV and
storage time across all the treatments and sample locations (Figure 5), but the change over time was
small. The results suggested that the mid-term (up to 150 days) storage of leaf-on willow and poplar
chips immediately after harvest in piles increased slightly from 18.31 MJ/kg to 18.76 MJ/kg.Forests 2019, 10, x; doi: FOR PEER REVIEW  Page 9 of 18 
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As for moisture content, the three-way interaction between depth, protection, and period was
significant for the LHV (p = 0.013) (Table 1, Figure 6). Comparisons of the LHV in the shells and the
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cores during the storage period indicated that the LHV of the NC piles was higher in the cores than in
the shells for the entire storage period. The same observation was true for the C and CD piles for the
first 117 days of the trials, but by 147 days, the LHV in the shell and core were not statistically different.
The LHV in the core was 4.35 MJ/kg greater than the shell for the NC piles, and the difference was less
than 0.29 MJ/kg for the CD piles.Forests 2019, 10, x; doi: FOR PEER REVIEW  Page 10 of 18 
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The interaction between depth, position, and period was significant for the LHV (p = 0.051).
The LHV of the core samples from the side of the piles was 11.3 MJ/kg, and was not significantly
different than the LHV of the core samples from the top (p = 0.79) and the shell samples from the side
(p = 0.23) for the entire storage trial. However, the LHV of the shell samples from the top of the piles
was 9.2 MJ/Kg, which was significantly lower than the LHV of the shell samples from the side (1.1 to
3 MJ/kg) and the core samples from the top (1.5 to 3.3 MJ/kg).

Pile protection can contribute to the enhanced fuel quality of willow and poplar chips during
storage through an increase in the LHV over its initial value and providing a higher value than the
NC piles. Initially, the LHV of the willow and poplar biomass chips was 8.85 MJ/kg due to the high
moisture content of the freshly harvested material. Although the differences between the LHV of the
C and NC piles were not significant after 30 days of storage (p > 0.73), cover became a significant
factor resulting in a higher LHV for the rest of the trial. Furthermore, the LHV of the C and CD piles
increased over time and remained higher until the end of the storage period. However, in the case of
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the NC piles, the LHV increased slightly during the first 30 days, and subsequently decreased to about
8.50 MJ/kg in the core and 4.15 MJ/kg in the shell at the end of the trial. These observations suggest that
leaf-on willow and poplar biomass that is stored immediately after being harvested for a very short
term does not require any protection to get an increase of the LHV, but protection would be necessary
to maintain or improve LHV if storage was to occur for more than 60 days.

3.4. Ash

There was a significant DepthxPeriod interaction (p = 0.055) and a significant PositionxPeriod
interaction for ash content (p = 0.0138) (Table 1). While there were statistical differences in ash content,
mean values were all within a small range of 2.1% to 3.3% in the shell and in the core (Figure 7). The
ash content of samples from the shell was more variable over time than the values in the core, and was
0.37% higher than that of the samples from the core across the entire trial.
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4. Discussion

Studies on wood chip storage in Europe [12,15,25] corroborate the findings of this study in regards
to pile protection. Krzyżaniak [25] found that moisture content decreased from 52.5% to 20.0% over
one year when biomass materials were protected with covers made of gas-permeable materials, while
observing increases in moisture content for unprotected piles. The benefits associated with covering
piles occur when the material is stored for longer periods of time, which will vary based on the timing
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of the harvest of the material and local weather conditions. In this trial, the benefits of covering the
pile were most apparent after 60 days of storage.

The significant decrease in the moisture content of the NC piles during the first two months of
this study could be attributed to the high temperature in the pile, low relative air humidity, and low
cumulative rainfall during the first two months (Figure 2). Temperature increases in these storage piles
primarily occurred due to wood respiration and microbial activities facilitated by high initial moisture
content and the presence of leaves and bark in the wood chips. These conditions favor the transfer of
moisture from the wood chips to the atmosphere based on the principle that moisture will migrate
from the more humid (wet chips) to the less humid (dried air) environment.

Although not measured directly in this study, shoot diameter and branchiness are important
parameters, as they can indirectly influence the quality of the wood chip. Previous studies reported
models to predict the bark content of willow and poplar stems when the diameter is known [35,36].
Bark content decreases as the stem diameter and branchiness increase. The bark content of two
three-year-old willow cultivars from two sites ranged from 14.9% to 22.6% [36]. The mean bark content
of two-year-old poplar (cultivar Lux) decreased from 33.9% to 15.1% as the stem diameter increased
from 1 to 9 cm [35]. Results from two experimental plots of hybrid poplar located in northern Italy
demonstrated the positive correlation between nitrogen content and branchiness [37].

Increased rainfall, the lower pile temperature, and the lower air temperature thereafter were
responsible for the increase in the moisture content of the NC piles (Figure 2, Table 2). Although the
dome system did not show better performance in terms of moisture content than the canopy system
alone, it allowed a faster dissipation of heat from the CD piles. This resulted from the higher surface to
volume ratio of the CD pile, and the additional cooling by the perforated pipes installed on the side
and top of the piles. The wooden structure from the center of the CD piles increased the surface area of
the piles.

Table 2. Changes in moisture content from previous sampling period and cumulative rainfall over one,
five, and 10 days prior to the dates when the samples were collected from poplar and willow chip piles
(NC—no cover on pile; C—covered pile; CD—covered pile with dome ventilation). A positive sign
indicates an increase in moisture content, and a negative sign shows a decrease in moisture content).

Storage
Time (Days)

Moisture Content Differences (% Point) Cumulative Rainfall in Days
Prior to Sampling (mm)NC C CD

Shell Core Shell Core Shell Core 1 Day 5 Days 10 Days

30 −9.5 −12.1 −4.4 −16.0 −4.6 −15.8 0 3.8 10.2
59 +6.5 −8.1 +0.9 −1.9 −1.8 −5.7 0 22.4 26.8
87 +2.2 +11.1 −6.7 −1.5 −2.0 +2.4 0 12.6 27.4

117 +18.8 −3.5 −10.2 +1.5 −12.6 −0.3 0 3.2 23.6
147 +4.7 +15.0 +0.4 −1.3 −0.6 −1.8 18.6 113.4 127.6

The achievement of similar moisture content in the shells of the C and CD piles during the last
two sampling periods suggested that the chip piles trend toward equilibrium moisture content. The
equilibrium moisture content will vary relative to the ambient air and pile temperatures, precipitation
patterns, and humidity conditions in the surroundings [32].

Maintaining low moisture content during storage is desirable to preserve feedstock quality as a
fuel source. Low moisture content limits the associated dry matter loss and spontaneous combustion
risk [22]. Whittaker et al. [18] reported dry matter loss in the range of 13% to 23% with the higher losses
occurring in wetter samples. Other advantages are the reduction of transportation cost per ton of dry
matter and better combustion efficiency. The combustion of wet biomass is less efficient; a fraction of
the heat produced by the combustion process is required to evaporate the moisture in the biomass,
thus reducing the lower heating value of the biomass.

Numerous studies on wood storage have reported no significant change or a decrease of the higher
heating value [13,15,21,38], while others have reported a slight increase of heating value [10,16,25] at
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the end of the storage. Eisenbies [21] found stable HHVs in the range of 18.6 to 19.0 MJ/kg during a
six-month winter storage of leaf-off willow biomass in the northeastern United States. Alternatively,
a small increase of the HHV of willow biomass from 19.5 to 20.0 MJ/kg was reported in studies
conducted in Poland [25]. The increase of HHV in that case, and in our study, may be associated with
the degradation of the low-energy content components (e.g., leaf material) that were easily accessible
to the microbial community in the storage piles. Krigstin and Wetzel [32] explained in their review
that changes to the proportion of components in the biomass will affect energy content. For example,
the preferential decomposition of hemicellulose will result in increased heating values, but the loss of
extractives or the preferential fungal decomposition of lignin would tend to reduce heating values.

Despite the potential benefit afforded by cover in terms of increased LHV and the decrease of
moisture content, the adoption of a storage pile protection system by SRWC growers in the northeastern
United States would be affected by whether the value of biomass includes moisture or energy content,
or is just based on as delivered mass. The current market for woody biomass in upstate NY primarily
pays for wood chips based on the mass of material received, although some smaller facilities have
begun to incorporate moisture content into their price. Assuming that the price of biomass is $25/Mg
as received, and using the LHV of the material, the end user would pay about $2.77–2.87/MJ at the time
of harvest. For NC piles, the price would decrease slightly, and then increase to $3.95/MJ at the end of
the storage period (Table 3). For C piles, the price would steadily decrease over time to be $1.87/MJ at
the end of the storage period.

Table 3. Biomass price and gross revenue for a storage pile with fuel purchase on a wet weight basis or
an energy basis.

Protection
Storage

Duration
(Days)

Moisture
(%)

LHV
(MJ/Mg)

Paid $25/Mg as Received Paid $2.81/MJ

Biomass Gross Revenue ($) for a
35-Mg Pile

Biomass Gross Revenue ($) for a
35-Mg PilePrice Price

($/MJ) ($/Mg)

0% 5%
DML

15%
DML

0%
DML

5%
DML

15%
DMLDML a

NC 0 46.2 8.7 2.87 875 875 875 24.52 858 858 858
NC 30 35.4 11.1 2.26 729 721 707 31.08 906 897 879
NC 59 34.6 - - 720 705 677 - - - -
NC 87 41.3 10 2.5 801 777 729 28.07 900 873 819
NC 117 48.9 - - 921 884 810 - - - -
NC 147 58.8 6.3 3.95 1141 1084 970 17.77 811 770 689

C 0 44.9 9 2.77 875 875 875 25.33 887 887 887
C 30 34.7 11.3 2.22 739 731 716 31.69 936 927 908
C 59 34.2 - - 733 718 689 - - - -
C 87 30.1 12.4 2.02 690 669 628 34.83 961 932 875
C 117 25.8 - - 650 624 572 - - - -
C 147 25.3686 13.4 1.87 646 613 549 37.64 972 924 826

a DML: dry matter loss. The gross revenue is estimated under three assumed scenarios: no account for dry matter
loss (DML = 0), 1% monthly loss (DML = 5%), and 3% monthly dry matter loss (DML = 15).

From the SRWC grower’s perspective, the value of a 35-Mg pile of chips that are purchased at
$25/Mg as received (no dry matter loss is assumed) is greatest ($1141) at the end of the storage period
for the NC piles, but greatest at the start of the storage period ($875) for the C piles. Factoring in
different rates of dry matter loss [39,40] does not change the decision on when to sell chips. From the
grower’s point of view, covering storage piles does not make sense, because there is additional cost
and a loss of revenue when chips are purchased on a weight as-received basis.

If end users want to stimulate growers to bring better quality biomass that has lower moisture and
higher LHV, paying for chips on LHV should be considered. Using a fixed price of $2.81/MJ, the value
of a 35-Mg pile for a grower is greatest at 30 days in a NC pile and at the end of the storage period for C
piles. After five months, the gross value of the chips in the C piles is about 17% greater than that of the
NC piles. Comparing the highest value for the NC and C piles shows that chips in the C pile after five
months ($972) are worth about 7% more than the chips in the NC pile after one month ($906). When
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dry matter loss is factored in, the pattern is the same for the NC piles, with the highest gross value
occurring at one month, but the greatest value for C piles occurs after about three months, rather than
five months. There are dynamics associated with changes in the quality of biomass in storage piles,
and the way that chips are purchased that will impact the supply chain dynamics of chips from SRWC.

Ash content is one of the most critical parameters for the quality testing of biomass to be used in
the thermochemical conversion process. The International Standardization Organization specified
three classes (A1.0, A1.5, and A3.0) for ash content in the ISO 17225 standard for solid biofuels [41].
Overall, for all the samples collected during this storage trial, 77% complied with class A3.0. However,
95% of the samples had ash content less than 3.5%, which is lower than many herbaceous biomass
sources [42]. Throughout the entire trial, the ash content of the chips was consistent, and there was little
variation. Consistency in the ash content with a limited amount of variation in biomass supply over
time is important for end users [42]. If end users require lower ash values than are present in SRWC
from this kind of harvesting and storage system, then pretreatments such as hot water extraction,
washing, or air classification could be employed [43,44], or different types of woody material could
be blended.

5. Conclusions

This study characterizes the changes in biomass quality (moisture, ash, and heating values) during
the storage of SRWC chips over a five-month period with respect to overhead protection and sample
location. Storage piles constructed in late spring went through a natural drying process during the
first 60 days. For a longer storage time, covering piles impacted the changes in moisture content. The
LHV varied based largely on moisture content, because the HHV variation was small for the duration
of the study. Ash content was fairly low and consistent. A covering system is desirable and perhaps
necessary to maintain the fuel quality (moisture and LHV) of biomass stored for more than two months,
such as wood chip piles in New York state or other regions with similar climatic conditions. However,
how end users value wood chips will influence how storage piles are managed at the edge of the field.
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