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Maintaining high quality feedstock storage for sustained bioenergy production continues

to be a challenge within the supply chain. Though forestry by-products have the

potential to provide a carbon-neutral energy source that can be both economic and

environmentally friendly, the heterogeneous nature of woody biomass makes the material

challenging to store for long periods of time without material degradation, freezing,

and fire concerns if not managed properly. The following study evaluated the scalable

use of natural air drying (NAD) with and without supplemental heat on multiple woody

biomass feedstocks (hog fuel, sawmill chips, and bark) to determine drying rates and

feasibility in Western Canada. Test results demonstrated that NAD has the potential

to dry and condition multiple types of woody biomass, while providing a positive net

energy gain of 9–32% compared to the original biomass energy content. The use of

supplemental heat resulted in an energy gain of 3 to −13% due to the increased heating

energy consumption, but may be applicable in some circumstances when faster drying is

required, weather conditions are unfavorable and/or alternative low-cost heating sources

are available. Therefore, NAD shows promise in providing an alternative low-cost drying

option for enhancing woody biomass feedstock in storage.

Keywords: natural air drying, woody biomass storage, supplemental heat, moisture content, bioenergy

INTRODUCTION

Low-value woody biomass is typically heterogeneous in size and high in moisture content (MC)
(e.g., forest harvest residues; Acquah et al., 2016). Dry particulate wood fuels are preferred in many
applications because of their relative ease of handling and storage, as well as their advantage in
terms of burning efficiency in smaller, less expensive combustion systems. Much research has been
devoted to increasing the value of heterogeneous forest biomass by encouraging a decrease in the
moisture content during the storage period (Table 1). Since the supply of forest residues is not
well-aligned with energy demand, storage is a necessary requirement in the supply chain. Tarps of
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TABLE 1 | Summary of past literature studies displaying natural wind and air drying experimental results with and without supplemental heat.

Type Biomass type Experimental conditions MC reduction Energy References

Natural wind

drying

Wood chunks Pile with a plastic cover on the

top and sides

50–10% (w.b.) over 5

months

N/A Gigler et al., 2004

Woodchips Cone shaped pile with a

breathable tarp

60 to 13–20% (d.b.) over 1

year

N/A Afzal et al., 2010

Woodchips Uncovered cone shaped pile 60 to 160–170% (d.b.) over

1 year

N/A Afzal et al., 2010

Woodchips Uncovered cone shaped pile

with a plastic bottom

60 to 120–160% (d.b.) over

1 year

N/A Afzal et al., 2010

Loose slash Uncovered pile of loose slash 45–65% (d.b.) over 1 year N/A Afzal et al., 2010

Woodchips Uncovered windrow pile 56.4–44.4% (w.b.) over 6

months

N/A Whittaker et al., 2018

Woodchips Uncovered piles Outside MC 19.3% (w.b.)

compared to 73.1% on the

inside over 2 years of

storage

N/A Acquah et al., 2016

Woodchips Uncovered, plastic tarp, paper

tarp

48.9–61.8% (w.b.)—no tarp,

to 65.2% plastic tarp, to

52.4% paper tarp over 12

months

N/A Wetzel et al., 2017

Natural air drying Woodchips Universal dryer with a solar

collector system and a 11 kW

axial blower

38.8–14.1% over 66 h Energy gain of

4300 kWh with an

input energy of

700 kWh

Tengesdal et al., 1988

Woodchips Covered barn with a drying floor

with a 37 kW fan

52.2–48.3% (w.b.) over 24 h Gain of 293 kWh

at the cost of 665

kWh

Price, 2012

Woodchips and

chunks

Forced air drying tests 40–20% Chips required

44–74% more

energy than

chunks

Arola et al., 1988

Woodchips and

chunks

Forced air drying in silos of

40–45 m3

42 to 12–14% over 2 weeks

(12 h/day)

Chips required

46% more energy

than chunks

Mivell, 1988

Woodchips Forced air drying in 3m deep

piles

57–19.3% (w.b.) in 11.5

weeks

N/A Jirjis, 1995

Natural air drying

with heat

Woodchips Warm air from 1 and 2.2 MW

power plant funneled with a 4

kW radial fan

59.1–8.3 % (w.b.) over 6

days

2,500 kWh energy

gain with 270–556

kWh energy input

Nordhagen, 2011

Woodchips Grain dryers with a 37 kW fan 34–7.5% (w.b.) over 25.5 h 4,033 kWh energy

gain with ∼14,385

kWh energy input

McGovern, 2007

Woodchips Covered barn with a drying floor,

boiler and a 37 kW fan

55.1–52.4% over 12 h Gain of 104 kWh

at the cost of

1,380 kWh

Price, 2012

several material types have been used to cover biomass
piles, however the effect on the moisture content of stored
biomass is variable (Gigler et al., 2004; Afzal et al., 2010;
Wetzel et al., 2017). Numerous studies have shown that pre-
treatment of the biomass by natural air drying (NAD) may
be a possible alternative that can reduce the MC in green
chips/chunks relatively quickly with and without supplemental
heat (Table 1).

Studies on ambient air drying of biomass have included
using natural wind, as well as forced air (with and without
supplemental heat). Natural wind drying relies on the wind to
naturally condition the material without any additional energy

input. Gigler et al. (2004) investigated natural wind drying of
willow chunks and found they could be dried from 50 to 10%
MC w.b. over 5 months. They concluded that the factors such
as air condition, particle size and pile dimensions all affected the
rate of natural wind drying. Afzal et al. (2010) demonstrated that
wind drying of white birch chip piles covered with a breathable
tarp reduced moisture from 60 to 17% (d.b.) over a 1-year period.
However, un-tarped piles in a 2018 study by Whittaker et al.
and a 2010 study by Afzal et al. had divergent results, showing
a loss of 12% MC (w.b.) to a gain of 110%MC (d.b.), respectively
(Afzal et al., 2010; Whittaker et al., 2018). Wetzel et al. (2017)
compared the condition of forest residue biomass piled over
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a 1-year period in New Brunswick, Canada. They found that
tarping of piles with a plastic tarp significantly increased the
moisture content (+33%) of the stored biomass, while tarping
with a paper tarp had no effect on the moisture content. The un-
tarped control pile, similar to the plastic tarped material, gained
moisture (+25%). These experimental studies have demonstrated
some potential for natural wind drying of woody biomass over
time, however there are many variables which can influence its
effectiveness. Therefore, it is difficult to prescribe conditions and
get predictable results.

Biomass can also be dried by using forced ambient air or
heated air. In Norway, farmers have adopted drying systems
composed of a perforated floor that allows drying in shallow
layers (Gislerud, 1990). The roof and walls are commonly used
to redirect solar energy to improve the drying performance.
The shallow-layer drying with forced air convection has a low
airflow resistance, which allows simple axial fans to provide
large air volumes with low energy inputs. Tengesdal et al. (1988)
conducted a drying experiment that reduced the wood chip
moisture content from 38.8 to 14.1% over 4 days, increasing the
biomass energy content by 4,300 kWh at a cost of 700 kWh of
electrical power, resulting in a net positive energy gain. Other
drying trials have not shown such optimistic results but instead
found that the energy expended on creating air flow was greater
than the energy content increase in the biomass (Price, 2012).
Price (2012) noted however that the rate of MC loss may be
affected by the high RH during the drying trials.

The cost of drying chipped and chunk material with forced
air are similar, and the management decision may well be
dictated by the amount of time available between harvest and
fuel delivery or fuel processing equipment availability. Various
woodchip and/or chunk drying trials illustrated successful results
in drying materials to 12–25% MC with various forced air set-
ups. Generally, it was found that wood chunks dried faster than
woodchips (Arola et al., 1988; Gjølsjø, 1988; Mivell, 1988; Nurmi,
1988; Sturos, 1988; Jirjis, 1995). The chunks, having a lower
pressure drop when compared to the chipped material, required
less energy for drying to the same MC level. The high airflow
resistance of woodchips also results in longer drying times and
higher energy costs compared to the lower pressure drop of
chunks and lower fan energy requirements.

In some cases, forced air drying systems with supplemental
heat can dry biomass faster and when conditions are unfavorable
for drying (e.g., low temperature and/or high relative humidity).
As an example, fuel chips could be dried to 12% MC during
the March-October period in Sweden using unheated air, but
would require additional heat to achieve satisfactory drying
during the winter months (Gustafsson, 1988). Nordhagen (2011)
reported that the gain in calorific value of the biomass with
hydroelectricity was greater than the power used for fans,
whereas other studies have shown a negative net energy when
factoring in the additional heat energy used (McGovern, 2007;
Price, 2012). McGovern and Price showed the energy input was
3–4 and 12 times higher when compared to the energy gain in
the material. Rinne et al. (2014) and Atnaw et al. (2017) suggested
that using solar energy is an alternative to add supplemental heat
when drying biomass.

Price (2011) indicated that green wood residues can be dried
relatively quickly (2–3 days) to 25–30% MC with minimal
energy input using a fan and ambient air. Additional drying
is possible with heated air, but several sources indicated that
the energy used for drying exceeded the energy gained. The
objective of this study was to determine drying rates for woody
biomass found in Western Canada and to assess the feasibility
of NAD to optimize the bioenergy supply chain. There is
limited information available on the use of natural air drying
of woody biomass in Canadian climates, specifically the use of
supplemental heat, equipment and practices that would be most
suitable at a farm- or small-scale enterprise.

MATERIALS AND METHODS

Test Apparatus
A small-scale test apparatus was developed in Portage la Prairie,
Manitoba, consisting of six vertical silos, each suspended on a
load cell (Vishay Revere 9363) and equipped with sensors at
various heights for real-time weight, temperature and moisture
monitoring (Figure 1). Each silo was equipped with a fan (EPM-
Papst RG148/1200-3633) and an in-line heater (Omega AHF-
14240; supplemental heat trial only) to provide constant airflow
and supplemental heat to simulate one-dimensional flow through
a pile/windrow of biomass up to 4m high. The fan pushed the
ambient air through the biomass from the bottom and released
the air at the top.

A total of six fans and six heaters were connected to a variable-
rate controller capable of independently varying the airflow
rate and heat additions for each column. Each silo was 0.61m
in diameter and 4m in height, holding ∼1.2 m3 of material.
Three temperature/humidity sensors (Measurement Specialties
HTM2500LF) were used in each silo to monitor the biomass
condition. The sensors were secured to a steel cable suspended
from the top of the test apparatus and running vertically near
the center of each silo. The sensors were vertically located ∼0.2,
2, and 3.8m from the bottom of the silos in the 2017 trial and
adjusted to 0.5, 2, and 3.5m in the 2018 trial. An additional sensor
was placed near the fan inlet to monitor ambient air conditions.
Other design components included a removable roof tominimize

FIGURE 1 | Small-scale natural air drying with real-time monitoring capability,

variable fan, and heater test apparatus for six runs.
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the impact of precipitation and a sliding gate at the bottom of
each silo to facilitate the material loading and unloading process.

The drying parameters collected included air temperature
and relative humidity (RH), biomass temperature and moisture
content, biomass weight, static pressure resistance, energy use,
as well as airflow and heating rate. These measurements were
used to assess the efficiency and viability of using NAD to dry
forestry residues.

Natural Air Drying Trials
A total of four NAD trials were carried out between August
to October 2017 and September to November 2018 to evaluate
drying rates and energy requirements for three types of woody
biomass: (i) hog fuel, (ii) sawmill woodchips, and (iii) bark. The
aim of the NAD trials was to reach an average MC of 20–25%
in each column, or dry for a maximum of 3 weeks, whichever
occurred first. The trials were setup as a 2 × 3 factorial design
without replications (Table 2). All three materials were tested
with the “Design 1” factorial matrix, which compared starting
MCs of 35–45% and 45–55% (w.b.), and airflow rates of 3.3,
13.4, and 26.8 L·s−1 · m−3. The bark was retested to evaluate
the effect of supplemental heat, “Design 2” which compared heat
treatments of 0, 5, and 10◦C above ambient and two airflow rates
of 13.4 and 26.8 L·s−1 ·m−3.

Initial moisture content differences were attained by
separating the material into two piles. One pile was left outside,
unprotected from the environment, while the other was stored
inside a well-ventilated building. Depending on the starting MC
and the weather conditions, water was either added or removed
from one pile to create the MC differential. The materials were
mixed and sampled before loading the columns. The airflow
rates were obtained by modulating the fans and verifying with a
vane anemometer (Omega HHF143B), while the heat treatments
were controlled by continuously measuring the temperature
differential with two T-type thermocouples between the fan
inlet and the heater outlet. The fan speeds (in rpm), weight of
the columns, temperature, and RH measurements were logged
and stored in the data acquisition system (eDAQ). In addition,
the static pressure and energy consumption for the fans and
heaters were measured with a manometer (Dwyer 477AV) and
energy logger (On-set UX120-018) at the beginning and the
end of each trial. The biomass was characterized to determine
the initial physical properties in each trial, followed by a 3-week

drying period and further characterization to determine any
property variations.

Woody Biomass Characterization
The hog fuel consisted of mostly poplar but had varying
amounts of spruce, balsam fir, and birch. The sawmill chips
and bark were obtained from two different by-product streams
when producing dimensional lumber from a pine log in the
Manitoba Interlake Plain Region. The woody biomass materials
were characterized to determine any change in their physical
properties, which included MC, bulk density, porosity, and
particle size distribution. Similarly, the bulk properties of the
biomass columns were also measured, including themass, height,
in situ bulk density, static pressure, and airflow rate. Monitoring
the column properties quantified the effect of NAD over 3 weeks
on the biomass material when stacked to a height of 4 m.

Moisture content was measured following the methodology
outlined in ISO 18134-1 and EN 14771-1:2009, and the
compressed and uncompressed bulk density was obtained
according to ISO 17828:2015 and EN 15103:2009. Standard
ISO/DIS 18847 uses a buoyancy method; however, this method is
only suitable for measuring the porosity of homogenous biofuels
such as pellets and briquettes. As there is no confirmed standard
for measuring the porosity of heterogeneous solid biofuels, the
water pycnometry method from Annan and White (1998) was
used. The method consisted of filling a round container with
material and slowly adding water to displace the air bubbles
between the solid particles. The porosity was determined by
calculating the volume of water added against the total container
volume. The particle size distribution was measured according
to the Standards ISO/FDIS 17827-1, EN15149-1:2010, with
recommended sieve sizes from Agnew and Landry (2016).

Equilibrium Moisture Content
The MC of wood depends on the temperature and RH of the
surrounding air. Therefore, the biomass MC was determined
based on the equilibrium moisture content (EMC) proposed by
Simpson (1998). EMC is achieved when the MC of the wood
reaches an equilibrium point (with constant relative humidity
and temperature over an extended time period). Equations (1)–
(5) were used to calculate the EMC of the wood surrounding
the individual sensors, where T is temperature (◦C), h is relative
humidity (decimal), EMC (decimal), and W, K, K1, and K2 are

TABLE 2 | NAD factorial design matrix.

Design 1 Design 2

MCL

(35–45% MC)

MCH

(45–55% MC)

H0

(0◦C above ambient)

HLow

(5◦C above ambient)

HHigh

(10◦C above ambient)

Airflow rate ALow

(3.3 L·s−1 ·m−3)

Treatment 1 Treatment 4 – – –

AMed

(13.4 L·s−1 ·m−3)

Treatment 2 Treatment 5 Treatment 1 Treatment 3 Treatment 5

AHigh

(26.8 L·s−1 ·m−3)

Treatment 3 Treatment 6 Treatment 2 Treatment 4 Treatment 6
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coefficients of an adsorption model by Hailwood and Horrobin
(1946).

EMC =
1800

W
∗

(

Kh

1− Kh
+

K1Kh+2K1K2K
2h2

1+ K1Kh+ K1K2K2h2

)

(1)

W = 349+1.29T+0.0135T2 (2)

K = 0.805+ 0.000736T − 0.00000273T2 (3)

K1 = 6.27− 0.00938T − 0.000303T2 (4)

K2 = 1.91+ 0.0407T − 0.000293T2 (5)

Drying Performance
The drying performances were measured using two methods.
For the first method, the weight of the columns was continually
monitored, and drying was determined by calculating the weight
loss before and after drying. The second method used the
individual sensors within the columns to determine the drying
conditions within the column. These sensors monitored a small
amount of surrounding biomass and provided an indication
of the internal temperature and MC (based on EMC). The
NAD energy balance was estimated by calculating the total
gain (1ETotal) between the final (EF) and starting (ES) biomass
energy in Equations (6)–(8) without considering the equipment
energy consumption. Equations (9) and (10) shows the gain
ratio (Gainratio) after deducting the equipment consumption (EC)
to illustrate the potential energy gain/loss with respect to the
initial energy content. The biomass net calorific value (NCV) was
calculated based on the estimated moisture of the material within
the column, while the energy consumption was based on the
equipment current draw. Theoretically, drying woody biomass
will result in a material with a higher energy content since the
drier material is closer to the theoretical higher heating value of
woody biomass. The weight lossmeasured within the columnwas
assumed to be equal to the water loss.

1ETotal = EF − ES (6)

EF/S = NCVi∗WTi∗0.2778 (7)

Where E = energy (kWh), NCV = net calorific value (MJ/kg),
WT=weight (kg), 0.2778 is the conversion factor forMJ to kWh.

NCVM =
NCV0 x (100−M) − 2.44M

100
(8)

Where NCVM = net calorific value at moisture, M (MJ/kg),
NCV0 = net calorific value at 0% moisture (19 MJ/kg), and M
=Moisture content (w.b.%) (Francescato et al., 2008)

Gainratio =
EF − EC

ES
− 1 (9)

EC = V∗I∗T (10)

Where EC = equipment energy consumption, V = volt (V), I =
current (A) and T= time (hours).

RESULTS AND DISCUSSION

Biomass Properties
Three types of biomass materials (hog fuel, sawmill woodchips,
and bark) were characterized for MC, uncompressed and
compressed bulk density, as well as porosity (Table 3).
Depending on the type of biomass and MC, the uncompressed
and compressed bulk density ranges were 180–340 kg·m−3

and 260–400 kg·m−3 respectively, and the uncompressed
and compressed porosity ranges were 63–71% and 55–66%,
respectively. The hog fuel had the lowest compressed to
uncompressed bulk density (17–18%), followed by sawmill
woodchips at 15–23%, and bark at 36–51%. Since the bark
material could pack together more tightly, this may have had
a more negative influence on air flow. The bark’s ability to
compress under load as compared to the other two materials can
be seen in Figure 2.

The average particle size distribution for the hog fuel, sawmill
woodchips, and bark are presented in Table 4. The distribution
curve indicated that the hog fuel contained the highest amount
of fines, followed by bark and sawmill woodchips. The hog
fuel and bark had a more normally distributed particle size
distribution over the measured size range as compared to the
sawmill woodchips, where over 90% (by weight) were found in
the 7.5–44.8mm size range.

Biomass Column Characterization
Themass, height, static pressure, and airflow rate of each biomass
filled column was measured to determine the drying parameters.
Figure 3 shows the static pressure of the drying system plotted
against the airflow rate for the four NAD treatments. For the
first design matrix (hog fuel, sawmill, and bark-trial 1), the
materials have a different resistance to airflow due to their
physical properties. At lower airflow rates, the static pressure

TABLE 3 | Summary of woody biomass physical properties before NAD (sample size of 3 for averaged data).

Hog fuel Sawmill woodchips Bark Bark−2nd trial

MC, n = 3 (%) 44.5 ± 0.4 61.7 ± 0.5 44.7 ± 0.9 54.5 ± 0.4 38.5 ± 2 42.8 ± 3 42.2 ± 2

Uncompressed bulk density (kg·m−3 ) w.b. 260 ± 6 337 ± 7 211 ± 8 268 ± 8 184 ± 22 202 ± 28 188 ± 4

Compressed bulk density (kg·m−3) w.b. 304 ± 14 396 ± 6 259 ± 3 309 ± 4 261 ± 32 275 ± 28 283 ± 4

Compressed-Uncompressed density increase (%) 17 18 23 15 42 36 51

In situ bulk density (kg·m−3) w.b. 252 ± 20 363 ± 11 253 ± 4 296 ± 16 284 ± 6 305 ± 14 288 ± 6*

Uncompressed porosity (%) 63 ± 1 61 ± 1 68 ± 1 67 ± 0.3 71 ± 0.4 71 ± 1.4 69 ± 1

Compressed porosity (%) 58 ± 2 55 ± 1 58 ± 6 61 ± 1 65 ± 2.1 63 ± 0.1 66 ± 2

*Sample size of 6.
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FIGURE 2 | Bulk density and compressibility ratios of green hog fuel, woodchips, and bark with respective moisture contents of 45, 45, and 43%.

TABLE 4 | Average particle size distribution for the different woody biomass materials.

Proportion of the sample retained on each sieve (%) Median size (mm)

Particle size range (mm)

<1 1–4 4–7.5 7.5–15.5 15.5–44.8 44.8–66.5 >66.5

Hog fuel, n = 4 6 10 16 38 29 0 0 5.6

Sawmill woodchips, n = 4 0 1 6 38 53 1 1 8.1

Bark, n = 6 5 8 12 24 45 4 3 7.8

differences between the materials are almost negligible. At
higher airflow rates, the larger particle sizes in the sawmill
chips resulted in a lower airflow resistance when providing
the same airflow rate, which is in agreement with Arola et al.
(1988). This indicates that the material properties will have
an impact on how much air can be economically used to
dry woodchips.

The additional in-line heaters, in “Bark—Trial 2 with
heat,” saw an increase in the static pressure compared to the
other trials. This indicated that the fan required more energy
to provide the same amount of airflow during the heated
trials. This is due to the increased distance the air has to
travel and airflow restriction from the heater coils. Similarly,
this shows that the design of the air duct system will also
have an impact on how much energy will be expended to
dry woodchips.

Ambient Air Conditions
NAD relies on the drying capacity of the ambient air. The
temperature, EMC range and averages for each time period are
presented in Table 5 to illustrate the potential drying capacity.
The EMC is calculated with Equations (1)–(5), which is based on
the ambient temperature, relative humidity, and coefficients of
an adsorption model by Hailwood and Horrobin (1946). A lower
EMC indicates that the air has a higher capacity to dry biomass
due to its ability to absorb more water.

Drying Analysis
The drying performances of the four trials are shown in Figure 4,
which displays the biomass MC and ambient air EMC over 3
weeks. The biomass MC was based on the initial MC samples
as well as the continuous weight measurements of each silo.
The EMC curve in each figure illustrates the potential drying
capability of the ambient air if the biomass was exposed to those
conditions for an extended period of time. If the EMC curve
is below the biomass MC, the air provided will have a drying
effect on the woodchips. The one exception is during the heated
trials where the heat added lowered the EMC curve based on the
temperature increase.

Figure 4 illustrates that the NAD trial could successfully dry a
variety of biomass materials during the summer and fall months
to a moisture level of 25% or below during a 3-week period. All
treatments provided some reduction in MC, with the higher air
flow trials delivering the best results with moisture levels close to
or below 20% in many cases. The average ambient EMC during
this period was 12.1% and ranged between 5 and 23% depending
on the hourly weather changes. Therefore, the biomass would be
continuously dried if it’s MC was over 23%. Once the MC fell
below 23%, the biomass either gained or lost moisture depending
on the ambient conditions. This was observed near the end of
the trial (∼day 16 with the hog fuel) where the biomass material
increased in MC due to an extended high humidity period. To
overcome this limitation of the equipment, there is potential
to use a control system to maximize the effect of NAD, while
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FIGURE 3 | Changes in static pressure with varying airflow rates (3, 13, 27 L s−1 ·m−3 ). Displaying results for each natural air drying trial (hog fuel, sawmill woodchips,

and bark with and without supplemental heat).

TABLE 5 | Ambient air temperature, equilibrium moisture content (EMC), and drying potential at various time periods.

Hog fuel Sawmill

woodchips

Bark Bark–with heat

Trial dates 28 August to 19

September 2017

23 September to

16 October 2017

07 September to

01 October 2018

10 October to 02

November 2018

Temperature range (◦C) 6 to 35 0 to 23 −0.5 to 26 −10 to 25

Avg. temperature (◦C) 18.7 10.9 12.0 4.4

EMC range (%) 5 to 23 5 to 22 5 to 26 5 to 25

Average EMC (%) 12.1 13.5 16.1 15.2

minimizing the energy consumption of operating a fan when
conditions are unfavorable. This observation was similar to the
findings from Price (2012) who indicated that it is common to
use hygrometers to trigger grain drying when relative humidity
falls below a given threshold in order to improve efficiency.

When comparing the drying rates obtained for the various
treatments with hog fuel (Figure 4A), the starting moisture
content (MCL & MCH) had a smaller effect compared to the
airflow rates (ALow, AMed, and AHigh). The low airflow treatments
(ALow) had the lowest average drying performance at around
15% difference, followed by medium airflow (AMed) at 30%, and
high airflow (AHigh) at 37% over 22 days. The higher airflow
rates indicated a higher drying rate over the entire trial, but
the drying rate (% day−1) gradually decreased as the differential
between the biomass MC and the ambient EMC decreased. The
higher airflow rates (AMed and AHigh) showed a visible diurnal
variation in MC, which indicated a different drying potential
depending on the day/night. The slope on the drying curve was
greater during the warmer temperatures around mid-afternoon
and was lower during the night. It is difficult to compare the effect
that the individual biomass materials had on the drying rates,
due to the various seasonal periods and associated EMC’s across
the trials.

In summary, the low airflow treatment (ALow, 3.3 Ls−1m−3)
in the first three trials with hog fuel, sawmill chips, and bark
indicated a low average drying rate of 15, 9, and 9% over 3

weeks, respectively. The medium airflow treatment (AMed, 13.4
Ls−1m−3) resulted in 30, 24, and 17% drying performance where
the high airflow treatment (AHigh, 26.8 Ls−1m−3) was 37, 34,
and 23%, respectively. The low airflow rates were unable to
reach the target MC after a 3-week duration. The “Medium”
and “High” airflow rates may therefore be recommended as
a starting point to scale the NAD application in a three-
dimensional storage system if a similar time-frame and dry-
down performance is desired. Secondly, these drying treatment
curves could be manipulated (with limitations) to estimate the
required airflow and duration during different months to obtain
a particular dry-down performance. These drying rates are a
snapshot of the potential drying performance of NAD and should
not be compared since these trials are influenced by the drying
factors (material and weather conditions) suggested by Gigler
et al. (2004).

The NAD results with three biomass types indicated that
the medium (AMed) and high airflow treatments (AHigh) were
capable of removing about 17–30% MC and 23–37% MC over
3 weeks, respectively. When comparing these results with the
NAD studies in Table 1, the performance is very similar to the
study by Mivell (1988) where the material MC dried about 30%
over a 2-week period. The other studies display variable drying
periods, as low as 1 day and up to 12 weeks. It is therefore not
practical to compare drying performances when the duration is
drastically different.
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FIGURE 4 | Average biomass drying performance over time for each feedstock material/ trial compared with local ambient equilibrium moisture content (EMC):

(A) hog fuel, (B) sawmill woodchips, (C) bark without supplemental heat, and (D) bark with supplemental heat (MCL/H, low/high moisture content; ALow/Med/High,

low/medium/high airflow; H0/Low/High, no/low/high heat settings).

The fourth trial, using bark material, and supplemental heat
with two airflow rates, was performed to evaluate if drying
could occur when ambient air conditions were not optimal. The
medium airflow (AMed) drying rates for no, low, and high heat
(H0, HLow, HHigh) were 13, 14, and 15%, respectively. Similarly,
the high airflow (AHigh) drying rates were 19, 23, and 26%,
respectively. Figure 4D showed a noticeable drying performance
difference between the two airflow rates with a smaller effect
from the supplemental heat. Each additional heat treatment
(5◦C above ambient air) increased the drying performance
by about 1% for the medium airflow and increased ∼3% for
the high airflow. This was expected since the heater controls
were designed to provide more heat until a target temperature
differential was obtained. Therefore, the heaters proportionately
added more heat to a higher airflow compared to a lower airflow,
thus improving the drying performance.

Preliminary Energy Assessment
For the energy assessment of the trials, the changes in the
energy value (kWh) of the biomass before and after drying are
shown for each trial without considering the cost of operating

the fans and heaters (Equation 6). The net energy gain (%)
provided an indication of the gain or loss compared to the initial
energy content after deducting the input energy (Equation 9).
Overall, a higher positive net balance demonstrated superior
treatment performance (Figures 5, 6). These energy calculations
were based on a limited number of samples and do not
account for all the factors that affect the useful energy content
of the materials (i.e., ash content, combustion efficiency of
system, etc.).

Figure 5 summarizes the potential energy savings for the hog
fuel, woodchips, and bark materials when no supplement heat
was added. These trials measured an energy gain (1E) of 80–230
kWh for each treatment without considering the input energy of
7–35 kWh, while measuring an overall net energy gain ratio of
8–32% when compared to the original biomass energy content.
The higher airflow rates led to higher total energy gains in all
three materials due to increased water removal. However, the net
energy gain ratio showed that the difference between the high
and medium air flow rates were minimal after considering the
extra energy consumed by the fan operating at a faster speed.
This suggested that the highest air flow rate, 26.8 L·s−1 · m−3,
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FIGURE 5 | Energy gains (1E) (kWh) from natural air drying of biomass

without supplemental heat, along with net energy gain (%) (including

equipment energy consumption) for hog fuel, woodchips, and bark trials.

FIGURE 6 | Energy gains (1E) (kWh) from natural air drying of bark material

with and without supplemental heat along with net energy gain (%) when

factoring in equipment energy consumption.

has the potential to remove more water only if the increase in
energy use is justified. The lowest air flow rate, 3.3 L·s−1 · m−3,
provided the lowest energy gain between 8 and 22%, but still
managed to provide a positive net energy gain. There is potential
to optimize the energy use through controlling the fan activity
to a water loss set point. McGovern (2007) reported that there is
potential to reduce drying energy by turning off the fans when
the drying rate slows or stops. Regardless of the optimum return,
these results demonstrate the potential of NAD as an energy-
effective method to dry biomass due to the positive net return
for all trials.

In comparable drying reports by Tengesdal et al. (1988) and
Price (2012) the magnitude of scale, drying duration, climate,
material and set-up varied from our study. Tengesdal et al.
showed an energy gain of 4,300 kWh with an input energy of
700 kWh, while Price showed a gain of 293 kWh with an input
energy of 665 kWh. Price (2012) and Tengesdal et al. (1988)
performed the drying analysis over 1 and 3 days, respectively,
compared to 3 weeks in this study. Tengesdal et al. also dried
woodchips at a shallower depth of 0.75m compared to the 4m
depth in our study. These differences highlight the importance

of optimizing NAD for various user storage requirements where
results can be very dependent on equipment setup, biomass
volume and protocol design. Supplemental heat could potentially
improve drying when ambient air conditions are not adequate
for water removal. Figure 6 compares the energy balance when
supplemental heat is added to the air flow for drying the bark
material. Similar to the trials without supplemental heat, the
higher air flow rate had a higher energy gain (1E) of 129–
134 kWh compared to the medium air flow rate of 92–102
kWh. However, the energy increase to power the fans and
heaters of 18–256 kWh eliminated the biomass energy gains
and resulted in a 3 to −13% energy gain (Gainratio) when
compared to the original biomass energy content. These results
showed lower losses compared to McGovern (2007) and Price
(2012), while less gains were found compared to Nordhagen
(2011). McGovern (2007), Price (2012), and Nordhagen (2011)
reported an energy gain and input energy of 4,033 kWh with
14,385 kWh energy use, 104 kWh with 1,380 kWh energy use,
and 2,500 kWh with 270–556 kWh energy use, respectively.
Due to differences in experimental setup and conditions, the
multitude of variables makes it difficult to directly compare
these results. For example, McGovern used a grain dryer which
used 60◦C hot air for 1 day, while Price used a biomass
boiler providing 30◦C ambient air for half a day. Nordhagen
(2011) used the surplus heat from hydroelectric plants to raise
the dryer temperature to 15–26◦C and was only required to
power a fan over a maximum of 6 days. Nonetheless, the
trials without supplemental heat treatment provided the highest
energy gain ratio of ∼8–9% even in the colder climates between
October and November in Western Canada. However, the
material did not reach the target of 25% MC within a 3-week
duration. Heat recovery/self-heat recuperation technology will
make the use of supplemental heat much more favorable by
minimizing energy losses along with the benefit of decreased
drying time. Liu et al. (2014) found that self-heat recuperation
dryers may have the potential to reduce energy consumption
by 75–85.7% compared to conventional heat dryers. Such
improvements to drying systems will greatly decrease the energy
costs associated with heat drying but will likely take time to
be vastly implemented (especially by smaller bioenergy/biomass
storage operations).

Summary
This study found that the energy input without supplemental
heat during warmer months in Western Canada can result in
an energy gain of 9–32% compared to the original biomass
energy content over 3 weeks. The supplemental heat trials
indicated an energy gain of 3 to −13% over a 3 week
duration due to the additional energy required. Waste heat
recuperation would therefore be necessary to make supplemental
heat more favorable.

Table 6 displays the total time and energy used for each
treatment to either dry to 25% MC or the lowest MC calculated
by the end of the 3 week trial. It can be seen that several
treatments were able to dry the material to the target goal of
25% MC much faster than others, where drying time could
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TABLE 6 | Total time and energy used to bring the material to an average of 25%

MC or the energy used over the total drying period.

Material Trial Initial MC

(%)

Final MC

(%)

Total drying

time* (days)

Total energy

used* (kWh)

Hog fuel MCL-ALow 45 30 22 9

MCL-AMed 45 25 8 6

MCL-AHigh 45 25 5 7

MCH-ALow 62 48 22 9

MCH-AMed 62 32 22 16

MCH-AHigh 62 25 15 22

Sawmill

woodchips

MCL-ALow 45 35 23 10

MCL-AMed 45 25 17 13

MCL-AHigh 45 25 11 16

MCH-ALow 55 48 23 10

MCH-AMed 55 30 23 17

MCH-AHigh 58 25 20 29

Bark MCL-ALow 42 33 24 7

MCL-AMed 37 25 17 10

MCL-AHigh 37 25 5 7

MCH−ALow 47 39 24 7

MCH−AMed 40 25 20 12

MCH-AHigh 42 25** 13 19

Bark with

heat

AMed-H0 42 30 23 18

AMed-HLow 42 29 23 71

AMed-HHigh 42 28 23 129

AHigh-H0 42 25 15 34

AHigh-HLow 42 25 13 80

AHigh-HHigh 42 25 11 122

*Total drying time and energy does not include any time/energy after the material reached

the target MC.

**Linear interpolation due to lost data.

be significantly affected by simple modifications. For example,
the hog fuel material (MCL-AMed, MCL-AHigh) showed that the
higher airflow was able to shorten the drying time by 3 days with
an increase of 1 kWh (Table 6). Thus, in situations where time
saving benefits outweigh increased energy costs, higher airflow
might be favored (considering energy used will still vary with
other factors such as air-drying capacity). Future NAD studies
should include a more detailed sensitivity analysis to highlight
overall costs and benefits for several woody biomass materials,
drying parameters, environmental factors, as well as desired
economic and temporal targets.

CONCLUSIONS

The experimental trials in this study determined that natural air
drying (NAD) of woody biomass with and without supplemental
heat resulted in net energy gains of 3 to −13% and 9–32%,
respectively. NAD was shown to have high potential as a
pre-treatment strategy for improving woody biomass storage,
however seasonality, forced air speed, and equilibrium moisture
content will be important factors to consider when determining

possible energy gains. Optimization must also take user storage
requirements into consideration since faster drying times may
occasionally be desired at a higher energy cost (e.g., increased
fan speed). The use of supplemental heat should be carefully
evaluated on a case-by-case basis due to the increased energy
requirement. Though it has the potential to increase the drying
performance of woody biomass, heat recuperation technology
will be necessary to increase net energy gains.
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