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ABSTRACT

This study aims to recycle shiitake waste mushroom beds (WMBs), which are generated in the
cultivation of shiitake mushroom using hardwood chip beds, for use as fuel and material.

First, to understand the fuel characteristics of WMB, the moisture content (MC) at the time of
disposal and after 1 month of disposal, as well as its calorific value, ash content, and elemental
composition, were investigated. The moisture content on a wet basis (MGC,) was 78% at the time of
disposal and was as high as 63% even 1 month after disposal. It is considered that the slow drying
process is caused by the low moisture permeability of the skin of mushroom bed, and therefore it is
preferable to crush the WMB before drying. Comparing the gross calorific value on a dry basis of
the WMB with that of the cultivation raw wood, the value inside of the WMB was similar, while that
of its skin was significantly lower (by 11%). The reason for this lies in the significantly higher ash
content and nitrogen content compared to those of raw wood. When analyzed from the combustion
heat of the contained elements, it was found that both the cultivation raw wood and the WMB had
almost no hydrogen contributing to combustion due to their high oxygen content, and they were
dependent on the heat generation of carbon. As a result of finding the relationship between the net
calorific value that can be used as a boiler fuel and MC,, for example, the value at an MC, of 50%
was calculated to be 7.6 MJ/kg, which was almost the same as that of Sugi ( Cryptomeria Japonica)
sapwood and bark. The ash content of the WMB was about 7%, which is close to that of bark and
about 10 times that of the wood used for the cultivation bed. When the WMB is used as boiler fuel,
appropriate ash treatment is required as in the case of using bark.

As for material utilization of WMBs, two viewpoints can be considered: one is to utilize the

characteristics of the internal structure, and the other is to crush the WMBs and use them as raw as



materials. One of the characteristics of WMBs is their internal structure after drying. The mushroom
bed, which was originally a deposit of raw material chips, changes to a structure in which the
mycelium and decay residue are integrated as the mycelium spreads. This structure is similar to that
of lightweight particleboard (PB) and insulation fiberboard (IFB), suggesting the possibility that
WMBs can be converted into a new wood-based insulation material. Therefore, as one of the
material utilizations, this study aimed to clarify the thermal insulation performance, the mechanism
of thermal insulation, and the strength performance of the WMBs after drying, and to explore the
possibility of using them as thermal insulation material.

When WMBs were collected, those that did not lose their shape accounted for about 90% of
the total, and of these, about 10% had a relatively homogeneous internal structure (few coarse voids)
after drying. In other words, if only WMBs with a homogeneous internal structure are targeted, the
available resources are less than 1/10 of the amount of WMBs generated. Therefore, in order to
remove and homogenize the coarse voids inside the WMBs, the WMBs were compression-dried at
four levels of thickness, and the relationship between air-dry density and thermal conductivity was
investigated in the density range of about 150-600 kg/m?. A linear relationship was found between
the density and the thermal conductivity of the compression-dried WMBs. At densities of 200-300
kg/m?®, the thermal conductivity of the WMBs was comparable to that of the wood and slightly
greater than that of the IFB. On the other hand, at densities of 500-600 kg/m?, the thermal
conductivity was lower than that of wood and similar to that of wood-based panel materials. In
addition, the substance thermal conductivity was calculated using a heat-flow model, and the values
were 0.288 W/mK for WMB, 0.368 W/mK for mycelium, and 0.218 W/mK for raw wood. The same
heat-flow model was applied to WMBs to obtain the substance thermal conductivity along the heat-

flow direction, suggesting that the WMB substance also has anisotropic thermal conductivity.



Next, concerning the strength of the WMBEs, the relationship between internal bond strength
(IB) and compressive properties with air-dry density was investigated, and the elastic modulus of
substance, which is the basis of strength properties, was obtained from consolidation tests of the
WMBs, mycelium, and the raw wood. The results showed that even when the density was increased
to about 600 kg/m?, the IB of the compressed WMB was almost the same as that of commercial [FB
with a density of about 250 kg/m?. The increase in IB was small relative to the increase in density.
The reason for this is possibly due to the severe decrease in the cohesion of the internally decayed
wood and the difficulty of generating new hydrogen bonds due to the hydrophobic nature of the
mycelium even when the density is increased by compression-drying. The elastic modulus of
substance of the WMB was 0.80 GPa, significantly lower than the 0.87 GPa of the raw wood. On
the other hand, the elastic modulus of substance of the mycelium itself was 1.6 times (1.42 GPa)
that of the raw wood. The substance of the WMB is a mixture of decay residue of wood substance
and mycelium. This suggests that the elastic modulus of substance of the decayed wood was
significantly low. When the WMBs were compression-dried, the increase in elastic modulus was
greater than the relative increase in density. From this, it can be interpreted that coarse voids
gradually decreased due to the increase in density, the number of contact points of load-resisting
elements (substance) increased, resulting in planar contact, and the contribution of mycelium itself,
which has a high compressive elastic modulus, also increased. The yield stress and yield strain of
the compression-dried WMBs were found to be equal to or greater than those of commercial [FB.

In order to use the WMBs as raw materials, the manufacturing method and performance of a
binder-less board (self-adhesive board) were investigated. The skin of the WMBs is water-repellent,
which may have a negative impact on self-adhesion, but from the perspective of resource utilization,

it is desirable to use all of the WMBs (skin + inside) as raw materials for the binder-less boards.



Therefore, in this study, three types of raw materials (inside, skin, and whole WMBs) were used to
produce binder-less boards with a target density of 1.0 g/cm?® and a target thickness of 5 mm by
keeping the press temperature constant at 210+ 10 °C. The chip size, and hot-pressing schedule
[pressure for relaxation period (residual pressure), with/without the second compression] were
varied to determine the appropriate manufacture conditions. As a result, a board thickness and
density were closest to the target values under the condition of with the second compression using
small chips less than 2 mm derived from inside the WMBs. However, at the highest residual pressure
of 1.5 MPa, the boards tended to suffer internal cracking. The manufacturing conditions that
provided the boards with the best mechanical properties was a combination of using the chips of
less than 2 mm derived from the inside of WMBs, residual pressure of 1.0 or 1.5 MPa at the
relaxation period, and with the second compression. Under these conditions, darkened test
specimens were obtained, with lightness Z* in the range of 35-50, suggesting the ability to perform
self-adhesion. On the other hand, board thickness and density with chips derived from skin and
whole WMBs were similar to those with chips derived from the inside, but the mechanical properties
were inferior, and significant internal cracking occurred in chips less than 2 mm. As feared, the skin
material was found to be a factor in internal cracking and strength loss.

This study reveals the possibility of using shiitake WMBs made from hardwood chips as fuel
and material. It is also expected that the findings obtained from this study will be applied to

cultivation wastes other than shiitake mushrooms to promote the recycling of resources.
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CHAPTER ONE INTRODUCTION

1. Mushroom industry in Japan

Mushroom production in each country is on the rise due to the recent boom in health foods.
According to FAO statistics (Food and Agricultural Organization of the United Nations, 2017
results) [1-1], there are 30 countries that produce more than 1 million tons per year, with a total of
10.18 million tons. There are 43 countries with less than 1 million tons, but because their production
in total is tens of thousands of tons, the total production of the world is approximately 10.2 million
tons. The growth in mushroom production is supported by the conversion from raw wood cultivation
to mushroom bed cultivation.

According to Japanese government statistics [ 1-2], the total production of mushrooms in Japan
is 4.56 million tons (2018 results). Among several kinds of mushrooms, shiitake mushrooms are the
largest on a production value basis, and the number of large-scale shiitake mushroom bed cultivation
farms is increasing. In addition, the mushroom production industry, as one of the industries that
utilize local resources in agricultural and mountainous villages, serves a major role in stabilizing the
local economy and securing employment opportunities. However, the large amount of by-products
generated in the process of its production, such as waste mushroom beds (WMBs) discharged from
mushroom bed cultivation, if improperly disposed of, can cause not only a waste of resources but

also environmental pollution and other problems.



2. Examples of waste mushroom bed utilization in China

With the increase in demand for fungus foods, the mushroom industry has grown rapidly, and
the disposal of WMBs has become a serious problem. The following is an example of the use of
WMBs in China. Huangsongdian town, located in the suburbs of Jilin Province's Jiaohe City
(approximately 30 km west of the city center) [1-3], is currently known as the " Hometown of wood
ear in China" and has three pellet manufacturing plants (Figure 1-1: production volume about 3000
tons per year) that use wood ear WMBs as raw material. The plant utilizes WMBs to contribute to
local waste disposal, and at the same time, the pellets produced are supplied to rural residents,
thereby contributing to a shift from coal to wood fuel as an energy source with a smaller
environmental impact. In addition, a thermal power plant in the region directly burns the pulverized
WMBs to supply electricity to the local community, creating an energy self-sufficient production

system in the region.

-~

Figure 1-1 Pellet fuel production process from wood ear WMBs
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3. Objectives in this study

Figure 1-2 shows the production process at the shiitake farm in the Kuji area of the Iwate
prefecture, Japan. The purpose of this study is to collect basic data for fuel and material utilization
of the shiitake WMBs shown in Fig. 1-3. We are considering two viewpoints on material use:
insulation material and binder-less board production. Specifically, the study was organized into the
following four chapters.

In the chapter two, the fuel characteristics of a WMB derived from hardwood chips were
investigated. This involved studying it’s the moisture content (MC) at the time of disposal and after
1 month of disposal, as well as its calorific value, ash content, and elemental composition.

In the chapter three, the thermal conductivity of compression-dried WMBs were measured to
examine their potential use as a thermal insulation material, and the position of their thermal
insulation performance was investigated.

In the chapter four, the internal bond strength (IB) and compressive properties of WMBs were
investigated in relation to air-dry density, and the position of the strength performance was
investigated for WMBs that will be used as insulation materials.

In the chapter five, the manufacture of binder-less boards using chips derived from WMBs was

also investigated.

10
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CHAPTER TWO
CHARACTERISTICS OF CALORIFIC VALUE IN TERMS OF ELEMENTAL COMPOSITION

AND ASH CONTENT

1. Introduction

Figure 1-2 shows the production process at the shiitake farm in the Kuji area of the Iwate
prefecture, Japan. At this shiitake farm, hardwood logs collected from a nearby area are chipped to
form a cultivation bed, which is disposed of after about 11 months through six times of harvesting.
Traditionally, the treatment of WMBs was to provide fertilizer to local farmers, but as the number
of WMBs has increased (currently more than 1 million per year), their effective use has become a
serious problem.

In this chapter, we collect basic data for the fuel of the WMB. The MC of WMBs at the time of
disposal and after one month of disposal, as well as the ash content, elemental composition, and
calorific value, are shown as basic properties for fuel utilization. In particular, the calorific value of
the WMB is discussed in comparison with that of undecayed wood (raw wood) and the mycelium
itself. Then, differences in the calorific values among these materials are also discussed from the
viewpoint of their elemental composition. Furthermore, the substance flow from mushroom bed

preparation to disposal is discussed through the results of elemental analysis and an ash content test.
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2. Material and methods
2.1 Details of the cultivation bed

[t is necessary to know the details of the cultivation beds, because the fuel or material properties
of the WMBs are dependent on them. Therefore, the tree species and density of the raw wood, the
size of the pieces after chipping, and the weight of the cultivation bed were investigated at the
shiitake cultivation farm shown in Fig. 1-2. More than 90% of the hardwood logs were mizunara
(Quercus crispula). A total of 20 mizunara disks with a diameter of 8-20 cm and a thickness of 2 cm
were collected from a log stockyard, dried to an air-dried state (13% of the MC on a dry basis, M),
and their density was measured. In addition, 50 pieces of raw wood chip samples were randomly
extracted from a chip stockyard, dried to an air-dry state, and the dimensions were measured.
Furthermore, 30 cultivation bed samples were randomly extracted in each of Steps 3 and 5 shown
in Fig. 1-2 and they were then weighed.

The results of the above measurements are listed in Table 2-1. The mean dimensions of raw
wood chips were 10.1 mm in width (R), 1.9 mm in thickness (T), and 7.7 mm in length (L), which
are much smaller than those dimensions of the raw wood chips used in the paper industry. In Step
2 of Fig. 1-2, nutrients and water are added to the raw wood chips, and the MC on a wet basis, MC,,
is adjusted to about 60%. Nutrients (details will be described later) make up about 10% of the total
weight of the cultivation bed. The mean weight of the cultivation bed including a plastic forming
bag was 2888 g before steam sterilization. The mean weight after steam sterilization decreased by
36 g to 2852 g although about 10-13 g of inoculative fungus was added. The dimensions of the
cultivation bed were about 12 cm in width, 20 cm in length, and 10 cm in height.

As shown in Fig. 1-2, it takes about 4 months before fungus spread fully into the cultivation bed

after fungus inoculation, and then shiitake harvesting is repeated six times with an interval of 1
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month. The total yield of shiitake mushroom from one cultivation bed was 913 g (2017 results), and

the cultivation beds become WMBs about 11 months after preparation.

Table 2-1  Details of the cultivation bed (mean=*std. ; n?)

Raw material density Chip dimensions Weight per bed including forming bag 2 (g)
(Air-dried, kg/m?) (Air-dried, mm) Before sterilization After fungus inoculation
n=>50
n=20 R%:10.1£1.0 n=30 n=30
78066 T%:1.9%0.2 288847 2852+£39
L9:7.7£0.8
1) n: The number of samples 2) The weight of plastic forming bag (13 g)

3) R : Radial direction (width) 4) T : Tangential direction (thickness)

5) L : longitudinal direction (length)
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2.2 Moisture content (MC) tests

Within 3 days of the last harvest, 100 WMB samples were randomly extracted from a cultivation
house, taken out of the plastic forming bag, and weighed. A histogram of the weight was created
with a class of 50 g, and then about 1/3 of the samples were extracted from each class and their MG,
were obtained by the oven-drying method (n = 36).

Another MC test was performed on the WMBs that had been left for 1 month to examine their
drying properties. After the last harvest, they were transferred from a cultivation house to a well-
ventilated greenhouse with a concrete soil for a waste yard. Although the temperature in the
greenhouse was unknown, the mean temperature in the region during this period was 19 °C
according to the local meteorological data. The same testing procedure as the sampling within 3 d

after disposal was applied to these WMBs and their MG, were determined (n = 39).

2.3 Preparation of powder samples

Powder samples were used in the tests of elemental analysis, ash content, and calorific value,
which are described below. There are four types of samples: the skin of the WMB, the inside of the
WMB, the mycelium, and the raw wood used for the cultivation bed. About 100 g of chip samples
were prepared for both the skin and the inside from several WMBs within 3 d after disposal. The
skin chips were collected by scraping the surface of the WMB with a knife. The chip samples of
mycelium were prepared from the stem part of the shiitake fruiting body, because it was difficult to
take out only the mycelium from the inside of the WMB. First, these four chip samples in an air-dry
state were powdered using a Willey mill. Then, they were classified by a three-stage sieve, and the

following three kinds of fractions were prepared: F1: 0.5-2 mm; F2: 0.15-0.5 mm; F3: less than 0.15
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2.4 Elemental analysis and ash content tests

Carbon (C), hydrogen (H), and nitrogen (N) were quantified using a fully automatic elemental
analyzer (Yanoko CHN Corder MT-6). F2 powder of each sample was used, and the samples were
left for 5 d in an air-conditioned laboratory where the device was placed to prevent moisture
absorption/desorption during analysis. Approximately, 2 mg of each sample was used for each
analysis and weighed to within an accuracy of 1 u g. Three replicate analyses were conducted, and
the ash content was also measured automatically through the analysis. To calculate the oven-dry
weight of the samples, the MCy, during the analysis was determined by an oven-drying method using
about 2 g of the remaining sample.

After the analysis, however, three types of samples other than the mycelium showed a small
amount of detected nitrogen, hence other highly accurate tests were necessary. Therefore, nitrogen
was quantified for these samples using another analyzer (SUMIGRAPH NC-22A). About 100 mg
of oven dry F2 sample was used for each analysis and weighed with an accuracy of 10 pg. Three
replicate analyses were performed.

Among ash measurements obtained through the elemental analysis, the raw wood chips did not
meet the precision required for analysis due to the lack of a detected amount of ash. Therefore, an
ash content test by the usual determination method [2-1] was added. About 1 g of oven-dry F1
sample was weighed in a melting pot with an accuracy of 0.1 mg. This was heated at 600 °C for 8 h
to obtain ash, and then the ash weight was measured with the same accuracy. The ratio of the dry
ash weight to the oven-dry sample weight was defined as the ash content (%). Five replicate tests

were performed for the three types of samples other than the mycelium.
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2.5 Calorific value tests

In accordance with JIS M8814 [2-2], a gross calorific value (/) was determined for the four
types of samples using an automatic bomb calorimeter (Shimadzu CA-4P). Approximately 1 g of F1
sample was weighed per test with an accuracy of 0.1 mg, and three replicate tests were performed.
Furthermore, the MC at the time of the test, MC,, was measured by an oven-drying method using

2-3 g of the sample. The MC, was used to calculate gross calorific values on a dry basis.
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3. Results and discussion
3.1 Moisture contents of waste mushroom beds

Figure 2-1 shows two weight histograms of a WMB. One is within 3 days after disposal and the
other is 1 month later. Statistical data for the wet weight of 100 samples and on an oven-dry weight
of the extracted samples are listed in Table 2-2. First, focusing on within 3 days after disposal, the
wet weight was 1235 g on mean and had a coefficient of variation (COV) of 14%. The variation on
the wet weight is affected not only by the amount of moisture that is included but also by the weight
of the substance, because the oven-dry weight was not constant and had a COV of about 9%. Their
MC,,, was about 78% on mean and had a COV of about 6%.

Second, focusing on 1 month after disposal, the wet weight was 772 g on mean and had a COV
of 16%. As discussed above, this variation is affected not only by the amount of moisture included
but also by the weight of substance, because the oven-dry weight was not constant and had a COV
of about 16%. Their MC, was about 63% on mean with a COV of about 11%. The mean MC,
decreased from 78 to 63% after being left for about 1 month. The MC on a dry basis is easier to
intuitively understand the drying properties from, so when converted, its MCy decreases from 379%
to 181%. This indicates that the amount of moisture was about 3.8 times the substance weight
within 3 d after disposal, and 1.8 times after being left for 1 month. This also suggests that a 1-
month natural drying process is not long enough to obtain a good woody biomass fuel. The slow
drying is presumed to be due to the low moisture permeability of the skin of the WMB. As will be
described later, the skin is browned due to the deposition of melanin pigment. It is speculated that
this browning results in the low moisture permeability. Therefore, when the WMB is used as a boiler

fuel, it is preferable to expose the inside through a crushing process followed by drying.
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Figure 2-1 Weight histogram of WMB (2 =100 for each)
Table 2-2  Weight and moisture content of WMB (mean * std.)
Within 3 days After 1 month
Wet weight (g) 1235+173 7724122
(Covh, n?) (0.140, 100) (0.158, 100)
Oven-dry weight (g) 249.1+21.5 275.0£43.0
(COV, n) (0.086, 36) (0.157, 39)
MC? (%) 78.2%4.5 63.4£6.5
(COV, n) (0.057, 36) (0.105, 39)

1) COV: Coefficient of variation ~ 2) n: The number of samples

3) MC, : Moisture content on a wet basis
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Focusing on the oven-dry weights shown in Table 2-2 again, they had a COV of about 9% and
16% for the samples within 3 days and on 1 month after disposal, respectively. Although the reason
for the difference of COV between the two sample groups is not clear, these variation means that
the degree of wood decay varies to some extent from sample to sample. This suggests that there will
be a concern of density variation when using as a block material shown in Fig. 2-2, while it is not a

big problem when using as boiler fuel.

Cultivation bed Waste mushroom bed

/_ Bed size \
12emX 20 cm X 10 em

(width, length, height)

After skin removal

Accumulation state nf Decayed chips mmbied
hardwood chips / with mycelial mass

Figure 2-2 Changes in the structure of a mushroom bed
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3.2 Ash contents and elemental composition

Figure 2-3 shows the results of the ash content tests. The raw wood showed a value of about
0.7%, which is close to the values reported [2-3] for live oak (0.6%) and black oak (0.5%).
Conversely, the ash content of WMB was about 7%, which is 10 times the value of raw wood. There
was no significant difference in ash contents between the inside and the skin, and the mean ash
content became 6.78% when the law of mixing was applied assuming a weight ratio of inside to skin
of 10:1. The WMB is a mixture of decayed wood residues and mycelium. The ash content of the
mycelium itself was 3.4%, while that of the WMB was about double. The reason for this is considered
to result from the nutrients added to the raw wood during the cultivation bed preparation. The ash
content of nutritional supplements is as high as 4-8% (details will be described later). During
shiitake cultivation, the elements that make up the ash move to some extent in the fruit bodies that
are repeatedly harvested, and they are lost in small amounts by elution into supplemental water.
Except for these two systems, the ash constituent elements remain in the mushroom bed, and it is
considered that the ash content is concentrated due to the decrease in the overall weight due to
biodegradation. The high ash contents of the WMB measured in this study are comparable to those
of hardwood bark. For example, Kofujita [2-4] reported that the ash contents of mizunara ( Quercus
crispula) bark and buna (Fagus crenata) bark were 5.7% and 7.3%, respectively. The disadvantage
of using bark as a boiler fuel is the high ash content compared to wood chips [2-5]. When using the

WMB as fuel, the treatment of ash will be necessary, as with bark.

22



Ash content (%)
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b
| Mean £ std. b
6.74+0.75 7.10£0.14
n=38 n=38
c
3.3910.23
n=3
T
a
0.67£0.06
n=>5
Raw wood Inside Skin Mycelium
Figure 2-3  Results of the ash content tests

Means with different letters are significantly different at P= 0.05
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Table 2-3 lists the results of the elemental analysis. The air-dry base contents of C, H, and N
of each sample are shown together with their MC; values. These values were converted to oven-dry
base values using the formulas shown below the table. Here, a simple moisture correction was done
for C and N (only for mycelium), and in addition to this, bound water was deducted for H.
Furthermore, the content of oxygen (O) was obtained by subtracting the sum of these three
elements and ash from the entire system. The values for the whole WMB in Table 2-3 were
calculated from the law of mixing, assuming a weight ratio of inside to skin of 10:1. The C, H, and
O contents of the WMB (whole) were slightly lower than those of the raw wood. This is thought to
be due to the higher ash content than that of raw wood as discussed above. Conversely, the nitrogen
content was about four times greater in the WMB. This is because the nitrogen content of the skin
is about 10 times that of raw wood, in addition to the high nitrogen content inside of the WMB. It
is considered that the high nitrogen content of the skin is due to the inclusion of a dark brown
melanin pigment. The formation of the melanin pigment is believed to occur, because mycelium
protects its territory from other bacteria and prevents water loss [2-6].

These elemental composition data will be used later in the discussion of calorific value and in

the calculation of the substance flow during shiitake mushroom bed cultivation.
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Table 2-3 Results? of the elemental analysis

Air-dry-base content (%) Oven-dry-base content? (%)
MGy C H N C H N O
44.68 5.96 48.79 5.49 0.16 44.89
Raw wood 9.2 -
(0.33) (0.02) (0.36) (0.02) (0.02) (0.38)
40.98 5.62 44.84 5.10 0.53 42.79
Inside 94 -
(0.46) (0.06) (0.50)  (0.06) (0.02) (0.55)
WMB 40.70  5.30 46.24 4.51 1.57  40.59
Skin 13.6 -
(0.28) (0.01) (0.31) (0.01) (0.01) (0.32)
Whole - - - - 4494 5.05 0.62 42.60
4141 6.39 2.07 45.41 5.93 2.27  42.99
Mycelium 9.7
(0.06) (0.03) (0.09) (0.07)  (0.03) (0.09) (0.20)

1) Data are shown as a mean of 3 replicate tests; values in parenthesis show standard deviations.
2) Oven-dry-base C(%) = C(%) x (100+MCy)/100
H(%) = H'(%) x (100+MCy)/100 - MCyx2/18
N (%) = N'(%) x (100+MCy)/100
O (%) =100 - (C(%) + H(%) + N(%) + Ash content (%))
where, C'(%), H'(%), and N'(%) are the air-dry-base carbon, hydrogen and nitrogen
percentages, respectively.

3) MCy: dry-base moisture content
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3.3 Calorific values

The results of calorific value tests are as follows: H, (mean % std.) and MC, for the raw wood
was 18.08 = 0.28 MJ/kg and 7.9%, respectively; 17.55 £ 0.36 MJ/kg and 7.3% for the inside of the
WMB, respectively; 15.54 £ 0.65 MJ/kg and 11.1% for the skin of the WMB, respectively; and
16.40 = 0.02 MJ/kg and 9.2% for the mycelium, respectively. To compare the gross calorific values
on a dry basis (F,) among the samples, these F, values were converted to F, using the following

Eq. (2-1):

_ Hp X100
ho ™ 190-mc,,

(2-1)

Figure 2-4 compares the H,, values among the samples. The F, value of oak wood [2-7] was
reported to be 18.4 M]J/kg to 22.1 MJ/kg, therefore the Fh, value of the raw wood (19.63 MJ/kg)
obtained in this chapter is reasonable. Although the H,, value of the inside of the WMB was not
significantly reduced compared to the raw wood, that of the skin was about 11% lower than that of
the raw wood. Assuming a weight ratio of the inside to skin of 10:1, the H,, value for the whole
WMB is calculated to be 18.81 MJ/kg from the law of mixing, which was 4-5% lower compared to
the raw wood. Focusing on the Fh, value of the mycelium (18.06 MJ/kg), this value was 8% lower
compared to the raw wood and had no significant difference compared to both the inside and the
skin of the WMB. This result suggests that the presence of mycelia is not the main factor that

reduces the H;,, of the WMB.
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Figure 2-4  Gross calorific values on a dry basis (/)

Means with different letters are significantly different at 2= 0.05
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Generally, the calorific value of a woody biomass fuel is affected by the amount of ash. Also,
nitrogen in fuel does not contribute to heat generation. Therefore, the correction values (H,") of

the Fh, values excluding ash and nitrogen were calculated using the following Eq. (2-2):

. Hpo X100
HhO’ - _ 0/ N (O
100—Ash content (%)—N (%)

(2-2)

Substituting the ash content (%) shown in Fig. 2-3 and N (%) shown in Table 2-3 into the Eq.
(2-2), the values of H,, for the raw wood, inside of the WMB, skin of the WMB, and mycelium were
determined to be 19.79 MJ/kg (100%), 20.42 M]J/kg (103%), 19.14 M]J/kg (97%), and 19.15 M]/kg
(97%), respectively. Here, the value in parentheses is the ratio to the value of the raw wood.
Compared to the differences among the samples shown in Fig. 2-4, the differences in the correction
values were smaller. From this analysis, it was found that the differences in H,, among the samples
were due to the amounts of ash and nitrogen.

The calorific value of a fuel is the sum of the combustion heat values of the combustible

components, and the Fh, value of wood and bark can be estimated by Eq. (2-3) in general [2-8].

Hno =3394C+1425(H—2) @9

Here, C, H, and O are the weights (kg) of carbon, hydrogen, and oxygen contained in 1 kg of
oven dry fuel, respectively. The variable (H —O/8) of the second term is called the "effective
hydrogen" of the system. The oxygen contained in the fuel is not used as oxygen for combustion,
and usually a portion of the hydrogen is combined with this oxygen to form bound water. Therefore,

the amount of hydrogen contained in the bound water (H2:O=2: 16=1:8), that is, O/8, is subtracted
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from the amount of contained hydrogen. The values of H—0O/8 using the results shown in Table 2-
3 for the raw wood, the inside of the WMB, the skin, and the mycelium were —0.0015 kg, —0.0025
kg, —0.0056 kg, and 0.0056 kg, respectively. From these results, it was found that there was no
effective hydrogen other than the mycelium and that the heat generated by the effective hydrogen
in the mycelium was only 0.8 MJ/kg. In other words, the mycelium can be expected to generate a
small amount of heat from hydrogen, while the other three are all from carbon. The calculated values
of Hh, according to Eq. (2-3) are 16.56 M]/kg (84%), 15.22 M]/kg (80%), 15.69 MJ/kg (90%), and
16.21 MJ/kg (90%) for the raw wood, the inside of the WMB, the skin of the WMB, and the
mycelium, respectively. Here, the values in parentheses are the ratios to the measured values shown
in Fig. 2-4. The values calculated by Eq. (2-3) were underestimated by up to 16% of the actual
measured value. A similar underestimation was observed when applying Eq. (2-3) to coniferous bark
and wood [2-5]. Although Eq. (2-3) underestimates the measurements, it can clarify the properties
of woody biomass fuels in which the presence of oxygen reduces the available hydrogen for
combustion.

The gross calorific values obtained on a dry basis, H,., which have been discussed so far, are a
basic indicator of calorific value. The gross calorific value at a MC of MG, (%) is shown using Eq.
(2-4), which is a modification of Eq. (2-1). These calorific values include the latent heat of
condensation (/) of water vapor because the water vapor generated by combustion cannot escape
outside of the bomb calorimeter. Usually, in boiler combustion, water vapor in exhaust gas is
diffused into the atmosphere without being condensed. Therefore, the amount of heat that can be
used is called the net calorific value (/,), and this is the value obtained by subtracting  from F,
(Eq. (2-6)). The value of H, can be calculated from Eq. (2-5) [2-5, 2-8]. Here, A is the weight ratio

of hydrogen in the fuel. For example, from Table 2-3, the value of 4in the WMB (whole) is 5.05%
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at a MG, of 0% and 2.53% at a MC, of 50%.

_ Hpo (100-MCy)

Hy, 100 (2-4)
2.512 (9 Xh+MC,,

Hs = (1>(;o+ ) (2:5)

Hn == Hh — Ilg (2-6)

Figure 2-5 shows the relationship between H, and MC,. It was found that the A, of the WMBs
was 4-5% lower than that of the raw wood in any MC range. The WMBs will generate an H, of 7.6
M]J/kg when they are dried up to about an MG, of 50%. This value is almost the same as the H, of
general woody biomass fuel. For example, H, values at a MC, of 50% have been reported to be 7.5

M]J/kg and 8.0 MJ/kg for sapwood and bark of sugi ( Cryptomeria Japonica), respectively [2-5].
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Figure 2-5  Relationships between MG, and the net calorific value

for both the WMB (whole) and the raw wood
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3.4 Substance flow during Shiitake mushroom bed cultivation

In this section, we discuss the substance flow during the shiitake cultivation by comparing the
weight composition of the cultivation bed at the time of preparation and at the time of disposal.

First, the weight composition of one cultivation bed was determined using the following
procedure (the results are shown in Table 2-4). In Step 2 of Fig. 1-2, raw wood with a volume of 6
m? and 310 kg of nutrients (90 kg of rice bran and 220 kg of wheat bran) are placed into the mixer,
and water is added to adjust the MC, to 60%. From this batch, 1080 cultivation beds are made.
Therefore, the weight of one batch in the mixer become 3105 kg, because the mean weight of one
cultivation bed is 2875 g when the forming bag is deducted (see Table 2-1). Because the MG, is
60%, the moisture weight is 1863 kg, and thus, the total oven-dry weight of the chips and nutrients
is 1242 kg. To divide this oven-dry weight into raw wood and nutrients, the oven-dry weight of the
nutrients is calculated via the following calculation. If the MC, values of rice bran and wheat bran
are 10.3% [2-9] and 13.4% [2-10], respectively, the oven-dry weights are calculated to be 80.7 kg
and 190.5 kg, respectively. Therefore, the oven-dry weight of the raw wood is 970.8 kg. When these
values are divided by the number of cultivation beds (1080), the weight composition per cultivation
bed is obtained as follows: moisture: 1725 g; raw wood oven-dry weight: 898.9 g; rice bran oven-dry
weight: 74.8 g; and wheat bran oven-dry weight: 176.4 g. Also, because the mean weight of the
inoculum is 11.5 g, if the MG, of the inoculum is equivalent to that of the shiitake fruiting body
(90.3%) [2-9], the oven-dry weight of the inoculum becomes 1.12 g. Summing these values together,

the oven-dry weight of the cultivation bed becomes 1151.2 g.
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Table 2-4 ~ Weight composition of the cultivation bed

Components Weight per mixer batch (kg) Weight per bed (g)

Water 1863 1725

—The values below are oven-dry weight—

Raw wood 970.8 898.9
Rice bran 80.7 74.8
Wheat bran 190.5 176.4

1.12
Inoculum -

(Total: 1151.2)
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Next, the weights of the four elements (C, H, N, and O) and ash constituting one cultivation
bed in an oven-dry state (1151.2 g) were determined by the following procedure. First, the
composition ratios of C, H, N, O, and ash for raw wood, rice bran, wheat bran, and inoculum used
in the calculation are shown in the upper half of Table 2-5. Here, the values for the raw wood and
inoculum are the same as those shown in Table 2-3 and Fig. 2-3, and the values of the rice bran and
wheat bran were obtained from literature [2-11, 2-12]. Second, the weights of the four elements
and the ash in each component are calculated by multiplying their oven-dry weight by the
composition ratio, and then the total weights of each element and ash are calculated (see the lower
half of Table 2-5). This calculation revealed that the ratio of elements to the oven-dry weight of the
cultivation bed was 48.4% for carbon, 5.7% for hydrogen, 0.6% for nitrogen, 43.6% for oxygen, and
1.7% for ash.

The weights of the four elements (C, H, N, O) and ash in one WMB are determined. They were
calculated by multiplying the mean oven-dry weight (249.1 g; within 3 days after disposal, see Table
2-2) by their composition ratio (whole bed) shown in Table 2-3 and an ash content of 6.78%. Table
2-6 compares the calculation results with the values of the cultivation bed, also shows the values
calculated from the total yield of the fruiting bodies. Because the yield of shiitake mushrooms per
bed is 913 g, if its MG, is 90.3% [2-9], the oven-dry weight will be 88.6 g. The weights of the four
elements (C, H, N, and O) and ash in this dry weight were calculated from the ratios of the inoculum

shown in Table 2-5.
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Table 2-5

Elemental weight composition of an oven-dry cultivation bed

Components C H N @) Ash Total
—Ratios used for the calculation (%)—
Raw wood 48.79 5.49 0.16 44.89 0.67 100.0
Rice bran 48.10 6.98 2.63 34.39 7.90 100.0
Wheat bran 46.30 5.98 2.26 41.16 4.30 100.0
Inoculum 45.41 5.93 2.27 42.99 3.39 100.0
—Weight (g)—

Raw wood 438.6 49.3 1.4 403.5 6.1 898.9
Rice bran 36.0 5.2 2.0 25.7 5.9 74.8
Wheat bran 81.7 10.5 4.0 72.6 7.6 176.4
Inoculum 0.50 0.07 0.03 0.48 0.04 1.12

556.8 65.1 7.4 502.3 19.6 1151.2
TotalV
(48.4%) (5.7%) (0.6%) (43.6%) (1.7%) (100%)

1) Values in parentheses are a percentage of the total weight
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Table 2-6  Comparison of the elemental weight composition between the cultivation bed

and WMB in an oven-dry base

C H N @) Ash Total
Cultivation bed + (g) 556.8 651 7.4 5023 19.6  1151.2
WMB ? (g) 112.0 12.6 1.5 106.1 16.9 249.1
Weight loss  (1-b/2) X100 (%) 79.9 80.6 79.7 78.9 13.8 78.4
Shiitake mushroom? (g) 40.2 5.3 2.0 38.1 3.0 88.6

1) Sum of six repeated harvests from one cultivation bed
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From Table 2-6, the following can be observed regarding the substance flow in shiitake
mushroom bed cultivation. First, there was a weight loss of about 78% from a cultivation bed weight
of 1151 g to a WMB weight of 249 g. This loss is mainly due to mycelium respiration and
proliferation, fruiting body formation, and repeated fruiting body harvesting. In addition, it is
considered that some of the amino acids were leached out and moved to wastewater due to the
watering operation during cultivation. Second, the weight losses of the four elements C, H, N, and
O were in the range of 79-81% and were close to each other. One of the reasons for this is considered
to be that shiitake mushrooms are white-rot fungi, and they attack all of the chemical constituents
of the cell wall [2-13]. In other words, because lignin has a higher carbon content than cellulose and
hemicellulose [2-5], it is considered that the carbon residual rate increases when lignin cannot be
decomposed. To discuss the changes in these four elements in detail, it will be necessary to examine
the changes in the major chemical components of wood before and after decay. Third, the weight
loss of ash was about 14%, which was significantly lower than that of the four elements. As already
mentioned in the section pertaining to the ash results, the ash was concentrated throughout a
cultivation from 1.7% ash in the cultivation bed (Table 2-5) to 6.8% ash in the WMB. The fourth is
the movement of nitrogen. Of the 7.4 g of nitrogen contained in the cultivation bed, 1.5 g remained
in the WMB, and 2.0 g was transferred to the fruiting bodies. Therefore, it is considered that a
difference of 3.9 g was leached as various amino acids into supplemental water during cultivation.
Finally, we focus on the ¢/ Nratio of the WMB. Itoh [2-10] reported that the yield was maximized
when the C/ N ratio of the shiitake cultivation bed was 70-80. When the C/ N ratio was calculated
using the values shown in Table 2-6, it was about 75 for both the cultivation bed and WMB. This

result suggests the possibility that the WMB can be mixed with the cultivation bed and reused.
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4. Conclusions
The findings obtained from this work are summarized as follows:

(1) The shiitake mushroom bed at the time of disposal contained about 3.8 times the oven-dry
weight of moisture, and even after 1 month of natural drying, it contained about 1.8 times the
oven-dry weight of moisture. The slow drying is presumed to be due to the low moisture
permeability of the skin of the WMB. Therefore, it is necessary to crush the WMB and then dry
it before using it as a boiler fuel.

(2) The ash content of the WMB was about 7%, which was close to that of bark and about 10 times
that of the wood used for the cultivation bed. When the WMB 1is used as a boiler fuel,
appropriate ash treatment is required as in the case of using bark.

(3) The gross calorific value on a dry basis (/) inside of the WMB was 18.9 M]/kg, which was not
significantly lower than that of cultivation bed raw wood. However, the i, of the skin of the
WMB was significantly lower by 11% than that of the cultivation bed raw wood because of its
higher ash and nitrogen contents. As a result, the H;, of the whole WMB was 18.8 MJ/kg, which
was 4-5% lower than that of the cultivation bed raw wood. The H,, of mycelium itself was 18.1
M]J/kg, which was significantly lower by 8% than that of the cultivation bed raw wood due to
its significantly higher nitrogen and ash contents. When analyzed considering the combustion
heat of the contained elements, it was found that both the cultivation bed raw wood and the
WMB had almost no hydrogen contributing to combustion due to the high oxygen content, and
they were dependent on the heat generation of carbon.

(4) The relationship between the net calorific value and moisture content on a wet basis (MGC,) was
obtained for the WMB. The net calorific value was 4-5% lower than that of the cultivation bed

raw wood at any moisture content level, and it was 7.6 MJ/kg at an MG, of 50%, which was
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almost the same as that of sugi ( Cryptomeria Japonica) sapwood and bark.

(5) Comparing the oven-dry weight of the WMB with that obtained at the time of preparing the
cultivation bed, the weight loss was about 78%. The weight losses of the four elements C, H, N,
and O were in the range of 79-81% and were close to each other. Conversely, the weight loss
of ash was about 14%, which was significantly lower than that of the four elements, such that
the ash was concentrated through cultivation from 1.7% in the cultivation bed to 6.8% in the

WMB.
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CHAPTER THREE
THERMAL CONDUCTIVITY OF COMPRESSION-DRIED

WASTE MUSHROOM BEDS

1. Introduction

Natural growing mycelium is attracting attention as a new binder for wood-based molding
materials. For example, Grown. bio [3-1] in the Netherlands cultivates mycelium using wood chip
pieces and agricultural wastes as a medium in a molding formwork to produce interior goods and
packaging, building, and construction materials. The campus benches of the University of British
Columbia [3-2] are also made from mycelium and alder sawdust. Furthermore, the fire protection
performance [3-3] and sound absorption properties [3-4] of wood-based molding materials are
being explored.

However, the structure of the WMB is similar to the wood-based molding materials above. If it
can be used as a material, it will help reduce the mushroom industry’s waste. In this chapter, we
explore the possibility of using the WMBs as insulation material. For example, if the dried WMB is
installed under the floor, heat insulation from the ground surface can be expected. When the WMB
is dried, the decayed chips are bonded with the mycelia, resulting in a lightweight particleboard
(PB) or insulation fiberboard (IFB) structure (Fig. 1-3). However, the homogeneous WMBs with
small voids between decayed chips were only one-fifth of the total (Fig. 1-3(A)). The remaining
have scattered or continuous coarse voids unfavorable for thermal insulation due to heat convection
(Fig. 1-3(B) & (C)). Therefore, this chapter attempts compression-drying to eliminate the coarse
voids and use WMBs as much as possible. The WMBs were compressed to various degrees in the

height direction, and specimens with various densities were removed to evaluate the thermal
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conductivity. Furthermore, the thermal conductivities of wood and wood-based materials with
various densities were measured, and the positioning of the thermal insulation performance of

compression-dried WMBs was investigated.

Small voids

After
skin
removalj/ Large voids &
—
Waste mushroom bed
Continuous &
~—Yolds
Figure 1 -3 Three types of voids inside the dried WMB
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The thermal insulation performance of a WMB is affected by coarse voids and the thermal
conductivity of the WMB substance (a mixture of decayed chip and mycelium), serving as a heat
bridge. Therefore, the powder mats’ thermal conductivity of the WMB was measured, and a heat-
flow model was applied to estimate the thermal conductivity of the heat bridge. Similar estimates
were made for raw wood and mycelium. To further investigate whether there is anisotropy in the
substance thermal conductivity of the WMB, the substance thermal conductivity along the heat-flow

direction was determined using the same heat-flow model.
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2. Material and methods
2.1 Preparing waste mushroom beds with various densities

After being harvested five times, one hundred WMBs were collected from the farm shown in
Fig. 1-2. The WMB’s dimensions were approximately 130 mm wide, 210 mm long, and 120 mm
high. They were distributed into five groups of 20 per group for equal mean weights. Hizp was the
uncompacted WMB (120 mm high) group, dried at 105 °C to an oven-dry state and cured to an air-
dry state. The air-dry density distribution of Hjz from 190-220 kg/m?* (Fig. 3-1(a)). Heo, Hso, Hso,
and Hjs are the WMB groups to be compacted to 60, 50, 30, and 25 mm in height, respectively. Fig.
3-2 show a 200 kN press installed with formwork bottom dimensions of 130 X 210 mm to compact
the WMBs and the cross section of the formwork. The WMBs were heated in a microwave oven to
a central temperature of approximately 90 °C before being placed in the formwork. After reaching
the target height, the formwork’s upper and lower plates were fixed with two metal rods for each
plate (Fig. 3-2(d)), and the compacted WMBs were dried at 105 °C to an oven-dry state. Then, they
were left in an ordinary experimental room at least for 2 months until they become air-dry state
(MCy: 10-12%). Figs. 3-1(b)—(e) show the air-dry density distribution of Heo, Hso, H30, and Hos,
respectively. The above compaction operations were used to prepare WMBs with densities from
190-670 kg/m?.

The inclination angle of the decayed chips with respect to the horizontal plane was measured
using the WMB before drying. The height direction of the decayed chip was almost perpendicular
to the fiber. One side skin (210 mm long, 120 mm high) was cut off, and the cut surface was
photographed at seven compacted heights of 120 (compaction rate: 0%), 110 (8%), 100 (17%), 90
(25%), 80 (33%), 70 (42%), and 60 mm (50%) using a universal testing machine (Fig. 3-3). Each

photo was analyzed using imaging software (Adobe Photoshop) to obtain 200 inclination angles.
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Fuel utilization for woody biomass boiler after compression dewatering

Figure 1 -2  Production process of Shiitake mushroom using hardwood chip cultivation beds
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Figure 3-1 Air-dry density distribution of the WMB
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Figure 3-2 Compaction equipment for the WMB

(a: front view, b: side view, c: top view, d: cross section of compression formwork)

uncompacted compacted
120 mm high 60 mm high

Figure 3-3  Cut surface of the WMB for chip inclination angle measurement

46



2.2 Wood and wood-based materials for comparison

The following control materials were used: balsa (Ochroma pyramidale), kiri (Paulownia
tomentosa), sugi (Cryptomeria japonica), douglas fir (Pseudotsuga menziesii), yellow cedar
(Chamaecyparis nootkatensis), insulation fiberboard (IFB), plywood, medium-density fiberboard
(MDF), oriented strand board (OSB), and particleboard (PB). Test specimens of 100 mm wide,
100 mm long, and 12 mm high (perpendicular to the fiber, MCy: 10-12%) were obtained from the
master board for thermal conductivity measurements. Table 3-1 shows the mean densities and the

number of test specimens.

Table 3-1 Wood and wood-based panels for thermal conductivity measurement

Wood Wood-based panels
) Mean density" Mean density
Tree species n? Type n
(kg/m®) (kg/m?)
balsa 129 2 IFB% 269Y, 2519, 2449, 3547 64.9.0 27
kiri 251 2 plywood 438%, 618” 29,9
sugi 347 5 MDF 622 2
douglas fir. 447 9 OSB 705 2
yellow cedar 536 2 PB 811 2
1) Moisture content: 10-12% 2) n: the number of test specimens  3) Insulation fiberboard
4) T-Class IFB: 12 mm high 5) T-Class IFB: 15 mm high  6) T-Class I[FB: 20 mm high

7) Sheathing IFB 8) Lauan plywood  9) Softwood plywood
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2.3 Measuring thermal conductivity

Thermal conductivity was measured using the comparison method with a standard plate [3-5]
(JIS A 1412-2: 1999). In this method, the test specimen and standard plate are overlapped and
placed between the upper high-temperature plate and the lower low-temperature plate. When the
vertical downward heat-flow reaches a steady state, the test specimen’s thermal conductivity ( 1)

can be calculated using Eq. (3-1).

/l — /1()>< f§f29 ><_1Z_
do NG

(3-1

where Ao, /A &o, and d are the thermal conductivity, the temperature difference between
upper and lower surfaces, and the height of the standard plate, respectively. dand /\ & are the test
specimen’s height and the temperature difference between its upper and lower surfaces, respectively.
The standard plate used was glass wool with a known thermal conductivity and was certified by the
US National Institute of Standards and Technology (NIST, SRM1450d). Its height and air-dry
density were 25.2 mm and 118 kg/m?3, respectively. The temperatures of the upper and lower plates
were 40 °C and 20 °C, respectively. The mean temperature of the specimens ranged from 24-26 °C.
Measurements were taken twice on one test specimen by reversing the upper and lower surfaces.

Test specimens with dimensions of 100 mm wide, 100 mm long, and 12 mm high were obtained
from the WMB groups of Hiz, Heo, Hso, Hzo, and Has to allow for various densities (MCy: 10-12%).
Table 3-2 shows the number of test specimens and the mean densities. The test specimen’s height

direction is the same as the WMBs.
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Table 3-2  Densities of the WMB for thermal conductivity measurement

Hizo Hao Hso Hso Hos

Density" (kg/m?)
(mean*std.?)

The number of

20842 287x32 328%x54 408£53 483*65

12 11 11 13 10

specimens

1) Moisture content: 10-12% 2) std.: standard deviation
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2.4 A heat-flow model for predicting substance thermal conductivity

The series—parallel heat-flow model comprising two elements, substances (cell wall, heat
bridge), and voids (intracellular pore) was applied to estimate the thermal conductivity of charcoal
[3-6], fiber-based insulation materials [3-7], and PB [3-8] (Fig. 3-4). Assume that a single cell is
square with a circular inner pore, and because it is symmetric, it can be divided into four equal parts.
If the void’s ratiois V(0 < V< 1), the substance’s ratiois 1 — +/V. In this model, the parallel part
of the void is connected in series with the substance, where Ag indicates the thermal conductivity
of the substance. If the thermal conductivity of the parallel part is A,,, Eq. (3-2) is valid because the
sum of the thermal resistance of the parallel part (1 — V) /2s and that of the adjacent part \/V/Ap
becomes the entire thermal resistance 1/1. Equation (3-3) shows the mixed law based on the ratio
of the void and substance and their respective thermal conductivities. Equation (3-4) shows the
entire model’s A thermal conductivity, obtained by substituting Eq. (3-3) into Eq. (3-2).

The void ratio Vis obtained from the oven-dry density p, and the substance density py, using
Eq. (3-5)—the value in the oven-dry state. The V used in Eq. (3-4) is in the air-dry state, so a

correction to the air-dry state is necessary (not made in this study).
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Figure 3-4

A heat-flow model applied to the WMB
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2.5 Predicting the substance thermal conductivity

Powder samples were prepared to measure the substance density p, and substance thermal
conductivity A, using the following procedures. Approximately 500 g chip samples were prepared
for the inside from several WMBs, the mycelium, and the raw wood used for the cultivation bed.
Because removing only the mycelium from the WMB was challenging, mycelium chip samples were
prepared from the stem part of the shiitake fruiting body. First, these three air-dried chip samples
were powdered using a Willey mill. Then, they were classified using a three-stage sieve, and the
following two fractions were prepared: F4: 0.250-0.355 mm for the A test, and F5: less than 0.150
mm for the p,, test. The pycnometer method [3-9] was used to determine the py,. Ten
measurements were conducted on each sample using a 50 ml pycnometer. The test results were as
follows: WMB: 1.622 g/cm?, mycelium: 1.550 g/cm?, and raw wood: 1.569 g/cm? (see Table 3-3).

The A, was estimated by measuring the thermal conductivity A of the powder mats using the
comparison method with the standard plate described above. The powder mats were prepared with
various densities using the F4 powder: 270-400 kg/m? for the WMBs (n = 28), 290-445 kg/m? for
the mycelium (n = 25), and 320-460 kg/m? for the raw wood (n = 25). The mats were prepared
over various densities to examine whether the voids between the powders could be treated as static
air. The mats were hand-formed in formwork with internal dimensions of 100 mm wide, 100 mm
long, and 12 mm high. The mean mat MCy was 8.1%, 7.9%, and 9.0% for the WMB, the mycelium,
and the raw wood, respectively.

Once the powder mat’'s 2 was obtained, the A; was estimated from the heat-flow model
shown above. Because the wood Ay is anisotropic and the powders in the mat are randomly oriented,
the A obtained using this method can be the mean value of the directions parallel and perpendicular

to the fiber. The powder mat of the WMB and mycelium can be considered similarly.
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3. Results and discussion
3.1 Thermal conductivity of the heat bridge (substance)

Typically, the thermal conductivity of fiber insulation materials, such as glass wool, takes
minimum values regarding their densities [3-10]. At lower densities, the thermal conductivity
increases due to heat convection transfer in the voids, and at higher densities, it increases due to
increased heat bridges. A similar trend would apply to the results of the powder mat thermal
conductivity tests (Fig. 3-5). The thermal conductivity (4,,) of the WMBs and raw wood decreased
as the density increased. The results indicate that the mat’s air voids can be treated as static air at
approximately 400 kg/m® for the WMB and 450 kg/m? for the raw wood. However, the A,, of
mycelium showed an increasing trend with the density, indicating that the air voids in the mat can
be treated as static air at a density of approximately 300 kg/m®. Therefore, the mean density py,
and A, used in the model calculations were 399 kg/m?® and 0.0675 W/mK, 330 kg/m? and 0.0712
W/mK, 451 kg/m? and 0.0632 W/mK for the WMBSs, the mycelium, and the raw wood, respectively.
These mean densities were obtained using five data plots, and the A,, values were obtained from
the regression line in Fig. 3-5. The A, was determined using the following procedure. First, the
powder mat’s 1 was calculated using Eq. (3-4), given an arbitrary value for Ag. Then, the 1 was
compared to the A,,, and the comparison was repeated for the 1 calculated with 0.001 W/mK
increments of the A. Finally, the optimal A; was determined when the 1 was closest to the 4.

Table 3-3 lists the values used in the model calculations and the optimal Ag. The A of the
WMB was 0.288 W/mK, 1.3 times higher than that of raw wood (0.218 W/mK). The substance of
the WMB is a mixture of decay residue of wood substance and mycelium. The Ay of the WMB is
higher than that of raw wood because the mycelium (0.368 W/mK) is 1.7 times higher than that of

raw wood. However, further research is needed to determine the A of the decayed chip substance.
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Figure 3-5

Relationship between the density and thermal conductivity for the powder mat
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Table 3-3 Values used in model calculations and the optimal substance thermal conductivity A

Substance density pp Powder mat Thermal conductivity (W/mK)
Mat type Powder Mean P+ std. ? Powder Pm Y Vo _
n ) . Aq” Am ¥ As
sample (g/cm?®) sample  (kg/m?®) (%)
WMB 1.622* £ 0.046 399 75.4 0.0675 0.288
Mycelium F5 10 1.550 % £ 0.031 F4 330 78.7 0.026 0.0712 0.368
Raw wood 1.569 /> = 0.076 451 71.3 0.0632 0.218

1) Means with different letters are significantly different at 2= 0.05 among the three samples

2) std.: standard deviation

3) Air-dry density at which the voids in the mat can be treated as static air (n= 5, MCy: 7.9-9.0%)
4) Values calculated using Eq. (3-5)

5) Value corresponding to a specimen temperature of approximately 25 °C

6) Values on the regression line in Fig. 3-5
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3.2 Relationship between the density and thermal conductivity

Figure 3-6 shows the relationship between the density and thermal conductivity of the WMB
test specimens, where the mean temperatures were 24-26 °C, and a linear relationship was
recognized between the density and thermal conductivity. A closer examination was conducted in
Table 3-4 to investigate the differences in thermal conductivity among the test specimen groups
with the same density band. Focusing on the mean density of 259 kg/m? the mean thermal
conductivity of He (0.051 W/mK) and Hs (0.053 W/mK) was significantly lower by 12% and 9%,
respectively, than that of Hiz (0.058 W/mK). Since the test specimens have the same density, the
total amount of voids should be equivalent. Therefore, the decrease in thermal conductivity can be
attributed to suppressing the heat convection transfer due to the compression breakup of the coarse
voids. However, at the mean densities of 327 kg/m?® and 426 kg/m?®, no significant difference
occurred between Hsy and Hsp and between Hsy and Has, respectively. Therefore, the suppression of

heat convection transfer is completed when the WMB is compressed to these densities.
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Figure 3-6 Relationship between the density and thermal conductivity of the WMB

58



Table 3-4

Comparison of the thermal conductivity of WMB with the same density band

Density? (kg/m?)

Thermal conductivity (W/mK)

WMB n
mean band mean? * std.?
Hizo 8 222-296 0.058 2 £0.003
Heo 10 259 233-275 0.051>%+0.003
H s 4 248-269 0.053b+0.002
Hso 12 302-367 0.057x0.004
327
Hso 6 313-350 0.055+0.002
H 14 413-441 0.060=0.004
426
Hs 4 419-433 0.058%=0.001

1) Moisture content: 10-12%

2) Means with different letters are significantly different at 2= 0.05

3) std.: standard deviation
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Figure 3-7 shows the relationship between density and thermal conductivity for the comparison
materials. Regression equations were obtained from the wood plus plywood group (A) and the
wood-based panel group other than plywood (B). The regression line of the WMB (C) was between
those of groups (A) and (B). Focusing on the density range of 200-300 kg/m?3, the thermal
conductivity of the WMB was greater than that of the IFB. This is because the WMB contains
coarser voids than IFB, and heat convection transfer might have affected the thermal conductivity
of the WMB. As shown in Table 3-3, the thermal conductivity of the heat bridge (substance) was
higher for the WMB (0.288 W/mK) than for the wood (0.218 W/mK), which could also be a reason.
However, in the density range of 500-600 kg/m?, the thermal conductivity of the WMB was similar
to that of group (B), indicating that most voids inside the WMB were more finely divided.
Furthermore, the surface of the WMBs may have a lower heat radiation rate than that of wood due
to the large number of small voids inside and the surface is inhomogeneous [3-11]. A lower heat

radiation rate would reduce radiative heat transfer, resulting in lower thermal conductivity.
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3.3 Thermal conductivity of the heat bridge along the heat-flow direction

Figure 3-8 shows the relationship between the compaction degree along the height direction of
the WMB and the inclination angle of the decayed chips. The inclination angle decreased as the
compaction degree increased. If the WMB substance’s thermal conductivity is anisotropy similar to
that of the wood substance, i.e., that in the fiber parallel direction is greater than in the fiber
perpendicular direction, the smaller the inclination angle, the lower the substance thermal
conductivity along the heat-flow direction. The anisotropy in the thermal conductivity of the WMB
substance was examined using the heat-flow model (Eq. (3-4)) in the following manner.

The substance thermal conductivity along the heat-flow direction of the WMB was determined
in the same way as for A described above. However, since the thermal conductivity of the coarse
void 1, depends on the density of the WMB, the A, was varied (Fig. 3-9). For the WMB with a
density of 400 kg/m? or higher, A, was assumed to be 0.026 W/mK for static air. However, because
the A, of the WMB with a density of less than 400 kg/m?® is unknown, this value was changed to
increase with the decreasing density. The degree of increase was determined from literature values
as follows. Sekino [3-11] et al. reported A, of 0.045 W/mK and 0.033 W/mK for wood shaving
insulation panels and carbonized wood shaving mats, respectively, with a density of approximately
90 kg/m?. Therefore, considering that A, of the WMB of the same density would be similar to these,
three levels were set at a density of 90 kg/m? (Fig. 3-9): 20% increase in static air (0.031 W/mK),

50% increase (0.039 W/mK), and 80% increase (0.047 W/mK).
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Figure 3-10 shows the WMB’s estimated thermal conductivity along the heat-flow direction.
For the density of 400 kg/m? or higher, the substance thermal conductivity along the heat-flow
direction decreased slightly with the increasing density. The values in the regression equation were
0.227 W/mK, 0.199 W/mK, and 0.196 W/mK for densities of 400 kg/m?, 500 kg/m?, and 600 kg/m?,
respectively. This trend is why the slope of the regression equation shown in Fig. 3-7 is smaller than
that of wood. Now, focusing on plots with a density of less than 400 kg/m?®, when A, was increased
by 80% of static air, many plots appeared with values smaller than 400 kg/m? or higher. This result
contradicts the hypothesis because the substance thermal conductivity along the heat-flow direction
should increase as the decayed chip inclination angle increases with decreasing density. In the case
of a 50% increase, values higher than those at a density of 400 kg/m? or higher began to appear.
Furthermore, for a 20% increase, values higher than those at a density of 400 kg/m?® or higher
appeared. These results indicate that the WMB substance has anisotropic thermal conductivity
similar to wood. However, further investigation is required to determine the specific degree of

anisotropy of the substance’s thermal conductivity.
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4. Conclusions
The findings obtained from this work are summarized as follows.

(1) The substance thermal conductivity A, of the WMB was 0.288 W/mK, 1.3 times higher than
that of raw wood (0.218 W/mK), which could be attributed to the higher Ag of the mycelium
(0.368 W/mK) contained in the WMB substance. However, the Ag of the decayed chip
substance has not been measured in this study and should be investigated in the future.

(2) Alinear relationship was recognized between the density and thermal conductivity of the WMB.
A closer examination of this relationship revealed a decrease in the thermal conductivity due to
compression-drying in the density range of 220-300 kg/m?, indicating a suppression effect of
heat convection transfer due to the breakup of the coarse voids. The thermal conductivity of
the WMB was greater than that of the IFB with the same density because the WMB contained
coarser voids than the IFB, resulting in higher heat convection transfer and the thermal
conductivity of the heat bridge was high. However, the thermal conductivity of the WMB at a
density of 500-600 kg/m® was similar to the value on the regression line of the wood-based
panels other than plywood.

(3) Substance thermal conductivity along the heat-flow direction was determined using model
calculations for WMBs of various densities. The results indicate that the WMB substance has

anisotropic thermal conductivity similar to that of wood.
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CHAPTER FOUR
MECHANICAL PROPERTIES OF COMPRESSION-DRIED

WASTE MUSHROOM BEDS

1. Introduction

In the chapter three, the possibility of using WMBs as an insulation material was examined. As
shown in Fig. 4-1, WMBs were compression-dried at four levels (compressed WMBs) and the
relationship between air-dry density and thermal conductivity was investigated in the density range
of about 150-600 kg/m?. The results showed that there was a linear relationship between density
and thermal conductivity. At densities of 200-300 kg/m?, the thermal conductivity was more than
that of T-class IFB at the same density: however, at densities of 500-600 kg/m?, the thermal
conductivity was lower than that of wood and similar to that of wood-based panel materials. From
this, 300-600 kg/m® were considered to be an appropriate range for the density to be reached by

compression-drying.
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Compression-drying

[ p 4

i

Figure 4-1 Elimination of internal voids by compression drying (four levels of the heigh)
a: 120 mm high (before compression, uncompressed WMBs),

b: 60 mm high, c: 50 mm high, d: 30 mm high, e: 25 mm high
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In this chapter, as the basic strength properties of WMBs for insulation, the internal bond
strength (IB) and compressive properties are investigated in relation to the density. The
compressive behavior of the WMBs in the height direction is considered to be similar to the
transverse compressive behavior of wood. Therefore, the same evaluation indices as the transverse
compression test, namely, transverse elastic modulus, yield strain, and yield stress, were examined.
The purpose of this study was to compare these properties with those of commercially available [FB
and to determine the position of strength performance.

Moreover, with the aim of obtaining a fundamental understanding of the mechanical properties
of decayed wood, the elastic modulus of the substance with WMB powder was determined. This
elastic modulus was calculated from the stress — strain diagram obtained by the consolidation test.
Similar measurements were made for raw wood and mycelium, to estimate the position of the elastic

modulus of the substance of the WMBs.
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2.  Material and methods
2.1  Preparation of test specimens for mechanical properties

WDMBs consist of two groups: uncompressed and compressed WMBs. Figure 4-2 shows the
density distribution of these two groups used in the study described in the chapter three. From these
WDMBs, test specimens with dimensions of 50 mm long, 50 mm wide, and 10-12 mm high were
obtained. The density of the test specimens ranged from about 100-600 kg/m? (MCy: 10-12%), but
test specimens in the density range of 145-605 kg/m?® were used, because the test specimens in the
density range of 140 kg/m? or less broke during the cutting process. The height of the test specimen
was in the direction of chip accumulation, namely, the height of the WMB, and the strength
measurements were made in this direction.

Commercially made IFBs of three different thicknesses (12, 15, and 20 mm) were used as
control materials. These are materials specified by JIS A5905 [4-1]and manufactured for tatami mat
core materials (called T-IB in JIS). A number of test specimens were produced from the product

samples of each material with dimensions of 50 mm long, 50 mm wide, and of the product thickness.
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2.2  Internal bond strength (IB) tests

Table 4-1 shows the number of test specimens, and the range of the densities and the mean
values for the IB test. Tests were conducted according to JIS A5905 [4-1] and the loading speed was
2 mm/min. The /Bwas obtained by dividing the maximum load Py by the load surface 4 (50 X 50

mm), as shown in Eq. (4-1).

P
IB = 7= (4-1)
A
Table 4-1 Internal bond strength test specimens and their densities

Air-dry density?  (kg/m?)

Type nV
range mean

Waste mushroom bed uncompressed 35 145-288 213
(WMB) compressed 28 259-605 416
12 mm 13 258-276 265

Insulation fiberboard
15 mm 17 238-254 246

(IFB)
20 mm 8 236244 239
1) The number of test specimens 2) Values at moisture content of 10-12%
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2.3 Compressive tests

Table 4-2 shows the number of test specimens, and the range of the densities and the mean
values for the compressive test. The test specimens were loaded to 25% compressive strain in the
height direction using a universal testing machine at a loading speed of 0.5 mm/min. Compression
load and strain were recorded at 2 s intervals. These data were converted to stress-strain data, and
a strain (X) — stress (Y) diagram was produced, as shown schematically in Fig. 4-3.

The yield point (yield strain &, yield stress o) is the coordinate of the maximum stress that
will not cause compressive failure and the strain at that time. However, when using the material, the
stress should be less than half of the yield stress. The yield point was determined by the procedure
shown below. First, the regression line of the elastic region was obtained, and the elastic modulus £
(Eq. (4-2)) was determined from the slope of the regression line. The point at which a measured
stress value falls 1% below the stress on the regression line for the first time is the yield point, and
its y — coordinate is o,. When the upper and lower surfaces of the test specimens are not completely
parallel, curved portions may appear in front of the elastic region. The x — coordinate &, was
obtained by exclusion of this curvature portion. Compressive properties were evaluated using three

indices: £, oy, and &,.

E=2 (4-2)
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Table 4-2 Compressive test specimens and their densities

Air-dry density?  (kg/m?)

Type Y
range mean

Waste mushroom bed uncompressed 23 163-276 215
(WMB) compressed 22 255-574 427
12 mm 13 258-268 261

Insulation fiberboard
15 mm 13 238-249 245

(IFB)
20 mm 12 234-241 237
1) The number of the test specimens 2) Values at moisture content of 10-12%
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Figure 4-3 Schematic draw of the stress-strain curve of the compressive test

75



2.4  Consolidation tests of powder samples

To determine the elastic modulus of the substance, the WMBs, raw wood, and the mycelium
powder samples were compressed. If the powder sample is compressed into a region above its
substance density, the elastic modulus of the substance can be estimated from its stress-strain
relationship. A universal testing machine with a maximum load of 50 kN was used. The powder
sample was placed in a metal cylinder with an inner diameter of 16.04 mm and pressed with a metal
piston (the photo in Fig.4-4). The cross-sectional area of the cylinder is 2.02 cm?, so if a 1.52 g
powder sample is compressed to a thickness of 5.00 mm, its density becomes 1.50 g/cm?. Therefore,
the 1.50 g powder sample was inserted and compressed at a loading speed of 1.2 mm/min until a
thickness of 4.50 mm was reached. The density at 4.50 mm thickness is 1.67 g/cm?®, which is greater
than the substance density [WMB: 1.622 kg/m?, raw wood: 1.569 kg/m?, mycelium: 1.550 kg/m?
(see Table 3-3, in chapter three)] of the samples. The date were recorded at 0.5 s intervals.

As shown in Fig.4-4, the compressive stress o of the powder sample in the cylinder gradually
increases until the voids in the sample completely disappear, after which ¢ increases linearly with
decreasing thickness d. The linear region is thought to reflect only the elastic modulus of substance
E,. Therefore, E can be determined by Eq. (4-3) using two points in the linear region, P (di, 1)

and P, (c, o), as described in Fig. 4-4.

— (02—01)Xdq

E
S dy—d

(4-3)
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Powder samples were prepared for the raw wood, interior of several WMBs, and the mycelium
(shiitake fruiting body). First, these three air-dried chip samples were powdered using a Willey mill.
Then, the powder samples were classified with a sieve. Two sizes of samples (F6: 0.25-0.36 mm,
F7: less than 0.15 mm, MCy: 9.7-9.9%) were tested to determine whether there is any effect of
particle size on the elastic modulus obtained in the consolidation test (five replicates). The E,
obtained in this study does not reflect the anisotropy, resulting in composite £ for the strong and

weak directions.

Compressive stress, 0

5.0 4.5
Sample thickness, d (mm)

Figure 4-4 Schematic draw of the stress-thickness curve of the powder consolidation test
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3. Results and discussion
3.1 Internal bond strength (IB)

Figure 4-5 shows the results of the IB tests on the density of the test specimens. Although there
was a significant positive correlation between the density and /B for the WMB test specimens, the
increase in /B was small relative to the increase in density. Table 4-3 shows the densities classified
into three density bands (less than 200 kg/m?, 200-300 kg/m?, and more than 300 kg/m?) and
compares the mean of these /Bs. For a density of 200-300 kg/m?, there was no significant difference
in the mean /B values between the uncompressed and compressed WMBs. This is because the
original low-density WMBs, namely, those with a high degree of decay and a high percentage of
mycelium present, will increase in density after compression-drying. However, owing to the
hydrophobic surface of the mycelium [4-2], it can hardly be expected that there would be any
adhesive force between the mycelium or between the mycelium and decayed chips by hydrogen
bonding. On the other hand, the mean value of /B for the compressed WMBs with densities of more
than 300 kg/m? was significantly higher (by about 38%) than that of the uncompressed WMBs with
densities of more than 200 kg/m?. The reason for this is that the compressed WMBs with densities
of more than 300 kg/m? are originally high in density; that is, they have a higher percentage of chips
with a lower degree of decay, and the entanglement of decayed chips by compression-drying and
the formation of new hydrogen bonds may have increased the bonding strength. Additional
experiments at higher compressions are needed to confirm this.

Next, the measured /B results (mean * std.) for the control material, IFB, were determined to
be 68.4 = 11.5 kPa, 40.6 £ 6.5 kPa, and 52.6 = 8.7 kPa for thicknesses of 12, 15, and 20 mm,
respectively. The mean value of each is plotted in Fig. 4-5, which tended to be higher than the plot

for WMBs. The mean /B of the three IFBs was 52.6 kPa (std.: 15.1 kPa, n = 38), which was
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significantly about two times greater than the /B of the WMBs (mean 28.4 MPa, std.: 16.6 MPa, n
= 18) in the same density range (236-276 kg/m?). To obtain the same level of /B as [FBs with a
density of about 250 kg/m?, the density of compressed WMBs should be increased to about 500—
600 kg/m?®. The reason for the low /B of the compressed WMBs may be a significant decrease in the

cohesive strength of the decayed wood.
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Table 4-3 IBvalues (mean? £std.?; kPa) at different density bands of WMB

Density ® bands Uncompressed Compressed
Less than 200 kg/m?® 25.52+14.3 (n% =11) -

200 - 300 kg/m? 29.1#2+12.9 (n=24) 20.6° +12.2 (n=16)
More than 300 kg/m? - 40.2¢/c £23.3 (n=22)

1) Averages with different letters are significantly different at P=0.05
2) std.: standard deviation 3) Values at moisture content of 10-12%

4) n: the number of test specimens
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3.2  FElastic modulus of substance (%)

Figure 4-6 shows an example of the powder sample thickness (X)— stress (Y) relationship
obtained from a consolidation test. At a thickness of less than approximately 6 mm, a linear
relationship is observed. Since this linear relationship reflects the elastic behavior of the compacted
powder, E; can be obtained if the slope of this line can be determined. P; is the coordinate at
maximum stress and P; is determined by the following method: Fifteen consecutive plots (range of
displacement is 0.15 mm) from P; are used to calculate the coefficient of determination R 2. Here
the first plot is the start point and the 15th plot is the end point. The start point was shifted by one
plot and this operation was repeated, with P; as the end point just before R ? decreases. £ was

calculated using Eq. (4-3).
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Table 4-4 lists the results of £ calculations. First, focusing on the effect of powder size on E,
E, values differed slightly (= 4%) between the WMBs and raw wood, depending on the powder size,
but no effect was observed in the mycelium. Therefore, F6 and F7 were compared by the mean Z£;
of 10 samples without distinction. The £ of the WMB was 0.80 GPa, significantly lower than that
of the raw wood (0.87 GPa) by about 10%. The substance of the WMB is a mixture of decay residue
of wood substance and mycelium. The £ of the mycelium itself was 1.42 GPa, significantly about
60% higher than that of the raw wood. This suggests that the £ of the decayed wood was

significantly low.
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Table 4-4  Elastic modulus of substance £ (powder samples)
powder E, (GPa)
n?
sample size! mean® £std. ¥ mean (n=10)

F6 5 0.812%0.02

Waste mushroom bed 0.804
F7 5 0.78°%0.02
Fé6 5 0.84¢<+£0.01

Raw wood 0.878
F7 5 0.894+£0.02
Fé6 5 1.42¢£0.04

Mycelium 1.42¢
F7 5 1.42<+0.03

1) The size of powder samples: F6: 0.25-0.36mm, F7: less than 0.15mm

2) n: the number of test powder samples

3) Averages with different letters are significantly different at 2= 0.05

4) std.: standard deviation
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3.3  Elastic modulus in the waste mushroom bed height direction

In addition to the pattern shown in Fig. 4-3, the compaction behavior of the WMBs was
observed in the pattern shown in Fig. 4-7. Figure 4-3 shows the pattern for test specimens with a
density of less than 300 kg/m?, while the pattern in Fig. 4-7 shows a tendency for test specimens
with a density of more than 300 kg/m?. In Fig. 4-3, the yield point is recognized, so £was obtained
from the slope of the elastic region (Eq. (4-2)), but in Fig. 4-7, Ewas obtained from the slope of the
line connecting the estimated consolidation start point and the origin. The consolidation start point
P was determined by the following method. First, the Py in Fig. 4-3 was determined by the method
used in the estimation of £. Next, a regression equation was obtained for the relationship between
the density of the test specimens and the strain at P;. The extrapolation of this regression equation
was used to estimate the strain & of P; in test specimens with a density of more than 300 kg/m?,
and P, was determined by substituting ¢ into the X-Y diagram in Fig. 4-7.

The relationship between the obtained £ and the density of the WMB test specimens is shown
in Fig. 4-8(A). A significant positive correlation was observed between the two. However, for the
test specimens with a density of more than 300 kg/m?, the dispersion of F'is large, and one of the
reasons for this is the estimated error of P;. Now, Eis calculated from the regression equation (y=
0.0385 x—7.17) in Fig. 4-8(A); the values are 0.53, 8.23, and 15.93 MPa for densities of 200, 400,
and 600 kg/m?, respectively. Compression-drying increased the relative amount of substance
resisting loading as the coarse voids between decayed chips disappeared, and the increase in Ewas
greater than the relative increase in density.

Now, the measured £ (mean * std.) for the control material, IFB, was 3.78 = 0.15, 1.75 *
0.20, and 2.85 £ 0.09 MPa for thicknesses of 12, 15, and 20 mm, respectively. These mean Evalues

of IFBs in Fig. 4-8(A) tended to be slightly higher than those of WMBs. Upon comparison at the
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same density band (234-268 kg/m?), the mean E of the IFBs was 2.79 MPa (std.: 0.86 MPa, n =
38) and that of the WMBs was 1.38 MPa (std.: 0.52 MPa, n=9). The WMBs were significantly
lower by 50% than the IFBs. One reason for this is that the £ of WMBs is lower than that of raw
wood, as shown in Table 4-4. Other possible reasons include differences in the size of the

components and the degree of inter-element adhesion.
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3.4 Compressive yield strength and strain in the waste mushroom beds height direction

The yield points determined for the uncompressed (density 163-276 kg/m?) and compressed
(density 255-574 kg/m?3) WMBs are shown in Fig. 4-8(B). Focusing on the uncompressed WMBs,
yield stress remained at a low level and yield strain was widely distributed. This is due to the
inclusion of low-density test specimens with large deformation capacity. Meanwhile, focusing on
the compressed WMBs, there was a significant negative correlation between yield strain and yield
stress. This is because these plots covered a wide range of densities: the higher the density, the larger
the yield stress and the smaller the yield strain.

Figure 4-9 compares the yield points of WMBs and IFBs (three different thicknesses). The
plots represent mean values and standard deviations. The slope of the straight line connecting the
origin and the yield point represents the elastic modulus. First, the uncompressed WMB was
compared to the 15 mm IFB having the lowest yield point among the three: the elastic modulus of
the uncompressed WMB was significantly lower by about 55% than that of the IFB, but the yield
stress was about the same, and the yield strain was significantly about 1.6 times greater. Next, the
compressed WMB was compared to the 12 mm IFB having the highest yield point among the three:
the elastic modulus, yield stress, and yield strain of the compressed WMB were significantly about
2.4, 6.1, and 2.7 times higher, respectively, than those of the IFB. In other words, if a WMB originally
having a low density is compression-dried to increase the density, it is possible to impart

compression performance exceeding that of the IFB.
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5. Conclusions
The findings obtained from this work are summarized as follows:

(1) The increase in IB was slight even when the WMBs were compression-dried to increase their
density. The reason for this is that the mycelial surface is hydrophobic, and thus hydrogen bonds
between mycelia or between mycelia and decayed chips are not expected to be strong even after
compression-drying. Even when the density was increased to about 600 kg/m?, the IB of the
compressed WMB was almost the same as that of commercial IFB with a density of about 250
kg/m?3, indicating a significant decrease in the cohesive strength of the decayed wood.

(2) The elastic modulus of substance £, of the WMB (a mixture of decay residues of wood substance
and mycelium) was 0.80 GPa, significantly lower than that of the raw wood (0.87 GPa) by about
10%. The E; of the mycelium itself was 1.42 GPa, significantly higher by about 60% than that
of the raw wood. This suggests that the E; of the decayed wood was significantly low.

(3) Compression-drying of WMBs to increase their density resulted in a slight increase in IB, but a
significant increase in elastic modulus £. The uncompressed WMBs had low yield stress and a
large variation in yield strain. On the other hand, the compressed WMBs had a higher yield
stress and a smaller variation in yield strain. Compression-drying of WMBs provided yield stress
and yield strain (compressive deformation capacity up to yield) equivalent to or greater than

those of commercial IFB.
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CHAPTER FIVE
MANUFACTURING AND PERFORMANCE OF

BINDER-LESS BOARDS

1. Introduction

In the chapter three and four, involved analyses of the material utilization of WMBs by
exploiting their shape. As described in this chapter, the manufacture of binder-less boards using
chips derived from WMBs was also examined. Binder-less boards are wood-based panels produced
without adhesives, utilizing the self-adhesion generated by the polymerization of wood-derived
sugars and the thermoplastic flow of lignin [5-1]. Binder-less boards are an excellent technology
that is safe for humans and environmentally friendly. For example, methods for manufacturing them
have been investigated using various raw materials including kenaf [5-2], bagasse [5-3], and sugi
bark [5-4]. The following findings [5-5] have been obtained through these studies:

a. To bring out the self-adhesion resulting from the hydrolysis of the raw material hemicellulose
and the softening of lignin, it is necessary to prepare the raw material into chips of an appropriate
size.

b. Insufficient water vapor inside the mat during hot-pressing reduces its self-adhesion, while
excessive water vapor causes internal cracking and loss of strength. It is thus important to generate
and discharge the appropriate amount of water vapor at an appropriate time.

c. The combination of temperature, pressure, and time during hot-pressing is important
because extremely high hot-pressing temperatures will cause blackening and loss of strength.

Liu et al. [5-6] utilized waste wood from shiitake mushroom log cultivation to produce binder-

less boards with a density of 0.8 g/cm?. It was reported that a binder-less board made by hot-pressing
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at a temperature of 220°C, pressure of 5 MPa, and press time of 10 min using raw wood that had
been left to rot for 26 months had higher strength than that produced using unrotted raw wood.
However, to the best of our knowledge, no reports describing research on binder-less boards made
from WMBs have been published.

The skin of WMBs is water-repellent, which may prevent self-adhesion. In addition, since the
elemental composition of skin differs from that of the inside, differences in chemical composition
can also be inferred. From the perspective of resource utilization, it is desirable to use the whole
WMBs (both inside and skin) as raw materials for binder-less boards. Therefore, the purpose of this
chapter was to explore the appropriate states for manufacturing binder-less boards using WMBs.
Specifically, the press temperature was kept constant at 210 = 10 °C, and the type of raw materials
(inside, skin, and whole WMBs), chip size, and hot-pressing schedule [pressure for relaxation period
(residual pressure), with/without second compression] were varied, and board properties such as
the degree of darkening, mechanical properties, and the presence of internal cracks after board
formation were examined. Since there is no standard for evaluating the performance of binder-less

boards, the JIS standard for particleboard (PB) [5-7] was applied to the evaluation.
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2. Material and methods
2.1 Raw materials

Three types of board raw materials were prepared: inside, skin (the part from the surface to a
depth of 1 cm), and whole WMBs. These three raw materials were pulverized into chips with a
Willey mill. The chips were then sorted with a sieve to obtain two sizes (L: 4-2 mm, S: less than 2
mm). The chips were conditioned to approximately 10% MC;. Table 5-1 shows the symbols used
for the different types of raw material chips. According to the chapter two, the whole chips are

estimated to contain about 10% skin chips.

Table 5-1 Symbols of the raw material chips

Type
Inside of the WMB  Skin of the WMB Whole WMB
Chip size
L:4-2 mm I St WL
S: Less than 2 mm Is Ss Ws
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2.2 Boards manufacture

The boards were manufactured in accordance with the following procedure. A heat-resistant
sheet with a thickness of 0.06 mm and one thermocouple (JIS K ®0.3, mat surface temperature:
7Ts) were first placed on an aluminum caul-plate. A forming box made of soft wood with a density of
about 0.2 g/cm?® and with internal dimensions of 20 X 20 cm and 35 mm high was placed on top of
sheet. The target dimensions of the board were 20 X 20 cm and 5 mm high, the target density was
1.0 g/cm?, and the raw material needed was 220 g (MCy: 10%). One-half of the raw material was
spread in the forming box to form a half mat, and then another thermocouple same as described
above was placed on the center of the mat (core temperature: 7¢), and the remaining material was
spread to complete a particle mat. Then, the heat-resistant sheet was placed on top of the mat, after
which the caul-plate was placed on top. The mat was inserted into a hot press heated to 220 °C
together with the forming box. When the 7sreached 80 °C, hot-pressure was started in accordance
with the hot-pressing schedules shown in Fig. 5-1. Three replicate boards were manufactured under
the conditions shown in Table 5-2: six conditions for I-Boards, that is, three residual pressure
conditions for the relaxation period, with/without second compression; and one condition for W-
Boards and S-Boards. After the mats had been inserted, the temperature of the hot press slightly

decreased and was 210 = 10 °C.
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Figure 5-1 Hot-pressing schedules of the binder-less boards
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Table 5-2 Hot-pressing conditions of the binder-less boards

First compression Relaxation period ~ Second compression
Board
Pressure?  Time Pressure Time  Pressure Time Symbol
type
(MPa) (min) (MPa) (min) (MPa) (min)
- - ILRS’ ISR5
0.5 6
2.0 1 [LRsY, IsRsY
- - ILRlo, ISRIO
I-Board? 4.5 3 1.0 6
2.0 1 [LR10Y, IsR1oY
- - ILR15; ISR15
1.5 6
2.0 1 [LRi5Y, IsRisY
W—BoardS) 45 3 10 6 2.0 1 WLR10Y, W5R10Y
S—Board“) 4.5 3 1.0 6 2.0 1 SLRloY, SsRloY

1) Press closing speed: 0.45 mm/s
2) I-Board: Binder-less board made from the inside of the WMBs
3) W-Board: Binder-less board made from the whole of the WMBs

4) S-Board: Binder-less board made from the skin of the WMBs
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2.3 Mechanical properties and water resistance (TS - WA) tests

The properties of the binder-less boards were measured in accordance with JIS A5908 PB [5-
7]. Mechanical properties such as bending strength (MOR) and IB were measured. For the water
resistance, the 24-h water immersion test was used to measure the thickness swelling rate (TS) and
the water absorption rate (WA). Young’s modulus in bending (MOE) was calculated from the stress-
deflection diagram obtained in the bending test.

The manufactured boards were cured indoors for 2-3 weeks (winter). They were then trimmed
to dimensions of 18 X 18 cm, from which 12 pcs bending test specimens with dimensions of 18 X
4 cm were taken in each condition (Fig. 5-2). MC; was measured using the trimmed sections and
was found to be 3-4%. After the bending test, 48 pcs test specimens of 4 X 4 ¢cm were taken in
each condition, avoiding the bending breakage area in the center of the span. Test specimens with
significant internal cracking as shown in Fig. 5-3 were excluded from the tests, the thickness of each
test specimen was measured at four locations, and the board density was calculated. The test
specimens were then divided into two groups: an IB test group (14 pcs or more test specimens) and

a water resistance test group (14 pcs or more test specimens).
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Figure 5-2 A cutting pattern of the test specimens
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Figure 5-3 The side-view of the board with an internal crack
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2.4 Surface darkening measurement (L* test)

The brightness L* in the *a*b* color system was measured using a Handy Spectrophotometer
(NF555, Nippon Denshoku Industries Co.). Five measurements were performed at each of the front
and back surfaces within® 3 mm from the center of the bending test specimens (Fig. 5-2 left), and
at each of the front and back surfaces of the IB and water resistance test specimens (Fig. 5-2 right).

The mean of the ten measurements obtained was used as the L* for each test specimen.
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3. Results and discussion
3.1 Temperature, density, crack, and L* of the I-Boards

First, we focus on the core temperature ( 7¢) of the I-Boards. Figure 5-4 shows an example of
the press time (X) — temperature (Y) relationship obtained from a hot-pressing. The temperature
of the 7¢ decreased during the depressurization process after the end of the first compression, but
gradually increased after a large amount of water vapor was released during the relaxation period.
Therefore, as shown in Fig. 5-4, the 7t at the start of the hot-pressing (7¢1), the end of the first
compression (7t2), max/min temperature of the relaxation period (7cs/7cs), the end of the
relaxation period (7¢s), the start/ end of the second compression ( 7cs/ 7c7) were determined, and
the speed of change (5) of 7t at each stage was calculated. The calculated results are shown in Table
5-3. The higher the residual pressure, the smaller the Sof 7c. It can be seen that the Sof 7¢ at each
stage of Is-chip boards (Table 5-3 left) is slower than that I;-chip boards (Table 5-3 right). The
reason for this is thought to be that the smaller the voids between the small chips, the more difficult
it is water vapor to escape, and the 7¢ tends to be more stable and has higher self-adhesive ability.

Next, thickness and density of the I-Boards. Figure 5-5 shows the relationships between the I-
Board thickness and density (MC 3-4%) for each chip size, I~ and Is-chip with/without second
compression. [-Board thickness was in the range of 5.3-5.9 mm and 4.9-5.4 mm for the I.- and Is-
chip, respectively. The thickness of the board affected the density, with thinner boards having higher
densities, and the thickness and density of the Is-chip boards were closer to the target thickness of
5 mm and density of 1.0 g/cm? than those of the I;-chip boards. The reason for this is thought to be
the slow S of 7¢ in Is-chip boards, which allows the raw material to be softened by the action of
stable heating and suppresses pressure resistance. In particular, the I-Board with the IsR;Y

condition (thickness: 4.95 mm, density: 0.99 g/cm?) was closest to the target. The performance of

102



the second compression brought the density closer to the target level, highlighting the value of this
second compression.

Finally, we focus on the internal cracking and Z* (Table 5-3). Is-chip boards tended to have
internal cracks, especially when the residual pressure was large, 7¢’s S and S were small, such as
under the Risand Ri5Y conditions. It is interpreted that, the smaller the chips, the smaller the gaps
between them, which caused the delay in the discharge of water vapor generated during hot-pressing.
In addition, Is-chip boards tended to have smaller L* than I.-chip boards, resulting in the elution of

self-adhesive components and darkening of the color.
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Figure 5-4  Example of the press time (X) — temperature (Y) relationship

(I-Board, ILR10Y)

Tci1: Core temperature at start of the hot-pressing
Ttz / Tcs: Core temperature at the end of the first compression/ relaxation period
Tts / Tea: Max/Min core temperature of the relaxation period

Tte / Tcr: Core temperature at the start/ end of the second compression
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Table 5-3 Temperature, L* (mean) and the number of cracks of the I-Boards

Is IL

RS RSY RlO RIOY R15 RISY RS RSY RIO RlOY R15 RISY

SV 042 041 047 045 042 042 0.59 0.59 0.57 0.61 0.59 0.55
Speed of
S$? 036 033 0.17 0.24 0.11 0.04 0.57 0.47 0.16 0.19 0.09 0.11

change of 7¢
S 0.07 0.06 0.04 0.04 0.03 0.02 0.10 0.10 0.07 0.05 0.06 0.06

(°C/s)
Sa¥ - 0.03 - 0.01 - 0.01 - 003 - 0.02 - 0.02
L 42.8 394 40.1 400 39.3 38.0 447 454 53.6 429 443 422
The number of cracks 3 5 4 4 8 13 0 0 0 0 0 0
D) Si= (Tee— Te)/ ta 2) S= (Tes— Tea)/
3) Se= (Tes— Tea)/ te 4) Sa= (Ter— Teo)/ ta

5)The number of specimens is 400 for IsRsY and IsR;5Y, 420 for other conditions
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Figure 5-5 Relationships between the thickness and density of the I-Boards
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3.2 Internal bond strength (IB) of the I-Boards

The IB of I-Boards shown in Fig. 5-6 was higher at a residual pressure of 1.0 MPa and 1.5 MPa
than at 0.5 MPa, with a maximum IB value of 0.62 MPa in the I Ris condition, followed by 0.44 MPa
in the IsRio condition. The IB for the 1.0 MPa and 1.5 MPa residual pressure conditions fully met
the JIS PB 18 type standard value (0.3 MPa). However, at a residual pressure of 0.5 MPa, the IsRs
condition did not meet the standard value (0.15 MPa) of the PB 8 type. A possible reason for this is
that excessive water vapor emission may increase the range of 7¢ change and lead to insufficient
self-adhesion capability. Meanwhile, the second compression and the chip size (I.- and Is- chips)
were not observed to have any effect on IB.

The relationships between L* and IB are shown in Fig. 5-7. Focusing on the plots with IB
greater than 0.3 MPa (PB 18 type in JIS), the corresponding range of Z* was 35-50. Many plots in
this range were for conditions of residual pressure of 1.0 and 1.5 MPa. This trend can be interpreted
as follows: When the residual pressure was large, the excessive discharge of water vapor was
suppressed, so the darkening progressed. As a result, the thermoplastic flow in the small chips also
progressed, which resulted in increased IB. However, when L* was less than 35, IB significantly

decreased. This could be attributable to the weakening of the substance due to pyrolysis.
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Figure 5-6 IB of the I-Boards and comparison to the JIS standards

Different letters along the bars are significantly different at 2= 0.05
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0.3MPa: standard value required for JIS PB type 18
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3.3 Bending strength (MOR) and young’s modulus (MOE) of the I-Boards

Figure 5-8 shows the MOR of [-Boards. Under all hot-pressing conditions the standard value
(8 MPa) of the JIS PB 8 type was fulfilled. However, at a residual pressure of 0.5 MPa, the MOR
was relatively low. As discussed for IB, this factor is thought to be due to excessive water vapor
emission, which results in a larger range of 7¢ change and lack of self-adhesion ability. The second
compression and the chip size (I.- and Is- chips) had no effects on MOR. Figure 5-9 shows the
relationships between L* and MOR; plots with MOR greater than 8 MPa (PB 8 type in JIS) were
mostly found in the Z* range of less than 45.

Figure 5-10 shows the relationships between MOE and MOR. As with the other wood-based
panels, a significant positive correlation was found between them. JIS PB 8 type indicates MOE of
2 GPa or more as a reference value. I-Boards with MORs of more than 8 MPa often had MOEs of
more than 2 GPa. Judging from the fact that Is-chip boards have many plots with higher MOE and

MOR than I.-chip boards, the former tended to have higher bending performance than the latter.
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Figure 5-8 MOR of the I-Boards and comparison to the JIS standards

Different letters along the bars are significantly different at P= 0.05
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8MPa: standard value required for JIS PB type 8
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3.4 Water resistance (TS - WA) of the I-Boards

Figure 5-11 shows the water resistance (TS and WA) of the I-Boards. First, we focus on the
WA (Fig.5-11 (A)), which causes thickness swelling. The WA was about 40-60 %, which was
significantly larger than that of commercial hardboard (density: 1.0 g/cm?, thickness: 56 mm, WA:
5-11% [5-8]) with a density similar to that of I-Boards. The WA values of R5Y, R, and Ri5Y
conditions were significantly smaller for Is-chip boards than for I.-chip boards. No differences in
WA were observed with/without the second compression. Next, we focus on TS (Fig.5-11 (B)). The
differences in TS among the conditions were similar to those in WA. However, the effect of chip
size was larger than in WA, with the TS of Is-chips being about half that of I.-chips. The reason for
this may be that the Is-chip board density is higher than that of I -chip boards (see Fig. 5-5).
Moreover, there are more adhesion sites between the chips, which may suppress thickness swelling
due to water absorption. Meanwhile, as in the case of WA, there were no differences in TS
with/without the second compression, and only the IsR;5Y condition met the JIS PB standard value
(TS < 12%).

Figure 5-12 shows the relationships between TS and WA. A clear trend of TS tending to
increase with increasing WA can be observed for each condition. Focusing on the region below the
JIS TS standard of 12%, Is-chip boards (Fig. 5-12(B) and (D)) had more plots that meet this
standard than I -chip boards (Fig. 5-12(A) and (C)). Many of the plots within this range belong to
the conditions with residual pressure of 1.5 MPa and 1.0 MPa with the second compression. The
WA value on the regression line at the time of 12% of TS was 23.4% for (A), 37.8% for (B), 24.8%
for (C), and 39.7% for (D). These results show that Is-chip boards have higher dimensional stability

than I.-chip boards since the TS does not easily increase even if the water absorption increases.
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3.5 Effect of skin chips on the board properties

Table 5-4 lists the measurement results for the I-, W- and S-Board. First, we focus on the board
appearance (thickness, density, internal cracking, and L*). Boards with S-size chips (Table 5-4 left)
were closer to the target thickness of 5 mm and density of 1.0 g/cm?® than boards with L-size chips
(Table 5-4 right). In particular, the board using S-size chips of the WMB’s skin (SsR10Y) was closest
to the target values. This suggests that the skin raw material is more easily compacted by the action
of water vapor than the inside raw material. Meanwhile, a significant amount of internal cracking
was observed in the W- and S-Boards among the S-size chip series. As discussed previously, the
smaller the chips, the smaller the gaps between them, which caused the delay in the discharge of
water vapor generated during hot-pressing. Therefore, it is considered that the presence of the
WMB'’s skin strengthened this tendency. The L* of the S-Board was smaller than those of the I- and
the W-Board for both the S- and L-size chip series. This can be attributed to the original darkening
of the skin of the WMBs (deposition of melanin pigment) as well as thermoplastic flow.

Next, we focus on the mechanical properties. The IBs met the lowest JIS PB standard (0.15
MPa: PB 8 type) under all manufacturing conditions. In particular, the boards with L-size chips
(Table 5-4 right) and the board with the IsR1oY condition also met the highest JIS PB standard value
(0.3 MPa: PB 18 type). Meanwhile, the MOR and MOE of W- and S-Board were smaller than the
lowest JIS PB standard value (MOR: 8 MPa PB 8 type, MOE: 2 GPa). These results indicate that
the mechanical properties of the boards deteriorate when the skin of WMBs is mixed.

Finally, we focus on the water resistance. No significant difference in WA was observed among
all of the manufacturing conditions. The TS did not meet the JIS PB standard value (<12%) for all

of the manufacturing conditions.
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Table 5-4 Density, cracks, L*, mechanical properties, and water resistance

values (mean? £std.?, n®) of the binder-less boards (MCy: 3-4%)

Chip size of S Chip size of L
I-Board W-Board S-Board I-Board W-Board S-Board
(IsR10Y) (WsRi10Y) (SsRi0Y) (ILRwY) (WLR10Y) (SLR10Y)
4.954 5.13bc 5.00°d 5.33% 5.312P 5.29%b
Thickness (mm)
(48) (30) (33) (48) (48) (43)
Density (g/cm®) 0.99° 0.97 1.00° 0.95% 0.93% 0.95
4X4 cm
The number
specimen 4 18 19 0 0 6
of cracks
Lo 40.0 41.2 37.7 42.9 40.1 38.6
(420) (300) (280) (420) (420) (420)
0.33*b£0.22 0.23*+0.14 0.24*+0.11 0.422%£0.19 0.30*2+0.12 0.332b+0.17
IB (MPa)
(16) (11) (10) (16) (15) (15)
Mechanical
11.12£3.0 5.5°+1.7 5.9°+2.1 11.1*x1.9 5.8"+1.3 5.1"+2.0
properties MOR (MPa)
(12) ®) 9) (12) (12) (12)
MOE (GPa) 2.8%+0.9 1.3£0.7 1.8£0.9 25%0.6 1.5+0.6 1.4+0.7
Water WA 40+20 5616 50+13 36£16 48+ 16 50*+15
resistance TS 13¢+6 19+b+4 162bc+3 21*+6 172bct6 21#b+6
(%) (16) (1) 9) (16) (15) (15)

1) Averages with different letters are significantly different at 2= 0.05

2) std.: standard deviation

3) Numbers in () indicate the number of test specimens for each test

4) The number of specimens is 300 for WsR1oY, 280 for SsR10Y, and 420 for other conditions
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4. Conclusions
The findings obtained from this work are summarized as follows:

(1) The manufacturing conditions involving the use of chips of less than 2 mm and second
compression provided the [-Boards with thickness and density closest to the target values.
However, at the highest residual pressure of 1.5 MPa, the boards tended to suffer internal
cracking.

(2) The manufacturing conditions that provided the boards with the best mechanical properties
involved the following combination: chips of less than 2 mm derived from the inside of WMBs,
residual pressure of 1.0 or 1.5 MPa at the relaxation period, and a second compression. Under
these conditions, darkened test specimens were obtained, with lightness L* in the range of 35—
50, suggesting the ability to perform self-adhesion.

(3) The thickness and density of the W- and S-Boards were similar to those of the I-Boards.
However, the mechanical properties of these boards were inferior to those of the [-Boards and

they exhibited significant internal cracking when chips of less than 2 mm were used.
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CHAPTER SIX

FUTURE PROSPECTS

Aiming for fuel and material utilization of shiitake waste mushroom beds (WMBs), the
following three subjects were examined in this study: fuel properties, thermal insulation
performance and mechanical properties as an insulation material, manufacturing conditions and
properties of binder-less board. Based on the findings obtained from CHAPTER 2 to 5, the three

subjects to be further examined are as follows.

1. Wastewater treatment in fuel utilization

A major challenge in using shiitake WMBs as fuel is the decrease in moisture content. If the
place and time for air-drying can be secured, natural drying is promising. However, in reality, there
are many challenges, such as differences in temperature and humidity depending on the location,
time, and season. Therefore, introduction of compression and dewatering machines would make it
possible to smoothly reduce moisture content throughout the year. However, the hydrogen ion index
of the dewatered wastewater was measured to be pH 3.4. If a large amount of dewatered wastewater

is generated, it is necessary to consider methods and facilities for neutralization treatment.

2. Sound absorption properties, moisture and water resistance when used as insulation material
When the shiitake WMBs were compressed and dried, the thermal conductivity was lower than

that of wood and similar to that of wood-based panels. As for effects of compression-drying on the

mechanical properties, the increase in internal bond strength was small, but the compressive

properties were better than that of commercial IFBs. Therefore, it is expected to be used in areas
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where compressive performance is required, such as insulation materials installed under the floor.
However, the sound absorption properties, moisture resistance and water resistance of the WMBs

have not yet been examined and needs to be investigated.

3.  Water resistance of WMB binder-less board and utilization of skin material

Using whole WMBs as raw material for binder-less boards caused internal cracking and
strength loss of the board due to the hydrophobic skin material. Therefore, it is appropriate to use
only the inside of the WMB as raw material. However, it is necessary to find a manufacturing
condition of binder-less board that does not cause performance degradation even if the skin of
WMBs is mixed with. In addition, the water resistance of binder-less board cannot be said to be high
even manufactured with materials from the inside of WMBs. Therefore, it is necessary to add

something like a natural adhesive to provide the boards with water resistance.
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