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<Summary>

Cellulose nanofiber (CNF) has been attracting a great deal of attention in
various fields in recent years. Cellulose nanofiber is a material extracted from
plants. It weighs 80% less than steel, but is five times stronger. With such
properties, cellulose nanofiber has been examined for its effective use. It is
considered from the viewpoint of global environment protection and energy
saving that using a CNF-reinforced material (composite resin, etc.), which is
created by reinforcing a resin material making up various products with CNF, is
an effective approach for reducing CO, emissions. Consequently, the Ministry of
the Environment has embarked on a CNF performance assessment project,
aiming for the effective reduction in CO, emissions through the utilization of
CNF-reinforced material.

CNF is a carbon-neutral material extracted from plants. Being light and strong,
the material is expected to be used in products from various fields, such as cars,
household appliances, and housing building materials. We now have full-fledged
activities in place for identifying CNF applications in the domestic market. The
wide use of CNF may be achieved quickly by applying CNF first to household
appliances — an industrial field that offers a large domestic market and the
possibility of a greater reduction in CO, emissions, relatively shorter product
development periods, and a wide variety of products. Applying CNF to the field of
household appliances may lead to use of CNF in other fields, thus triggering the
widespread use of CNF in various fields.

Based on the above perspective, a project has been implemented to examine
the possibility of applying CNF to household appliances while taking market
conditions and product characteristics into consideration; to assess the volume
of CO, emissions during product use, physical distribution, and waste
disposal/recycling from the viewpoint of product life cycles; to identify the
expected properties of CNF-reinforced material incorporated in actual products
using parts of refrigerators and washing machines as typical products; and to
assess molded components as single units as well as the performance of
CNF-reinforced materials incorporated in actual products. In the process of
fabricating components for evaluation, designs for enabling evaluation, tooling
design based on the designed components, and tooling fabrication were
investigated. To confirm the CNF's potential for recycling, selection technology
and recycling technology were studied. The results of these investigations are
shown below.

(1) Verifying/researching the effects of expanded use of CNF-reinforced material
We have conducted market research to calculate the volume of reduction of
CO, emissions achieved through the application of CNF to household
appliances and the expanded use of CNF in various products. We also
conducted research on patents to investigate the direction of technical trends.

(1)-1 Calculation to determine CO, emission reduction effects
To determine CO, emission reduction effects achieved by applying CNF to
household appliances, we have defined a method of calculating the volume of
CO, emitted by materials to be replaced with CNF-reinforced materials, in view
of the product life cycle including the stages of material preparation, parts
processing, and waste disposal/recycling. We have thus calculated CO,
emission volumes, taking product/parts weights into consideration.

The calculations have been made for the following materials.

e GFPP (PP resin containing glass fibers): It is used in parts of washing
machines, etc.

* Cold-rolled steel sheet: It is usually used as exterior material, etc. In this
test for CO, emission calculation purposes, a cold-rolled steel sheet used as
reinforcing material in refrigerators is examined.
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The calculation results are shown in table 1 below. The CO, emission volume
is expressed in kg-CO,/unit. The calculation is made on the assumption that 1
kg of GFPP and a 1.5 kg cold-rolled steel sheet included in a single product
are replaced by 1 kg of CNF.

Table 1 Volume of CO, emitted by materials (unit: kg/unit)
Material Parts_ Waste dls_posall Total
processing recycling
GFPP 2.346 2.581 2.597 5.178
Cola-rolled 1.710 4.275 -1.830 2.445
steel sheet
CNF-PP 1.703 1.873 -0.456 1.417

As shown in table 1, it is considered that CNF-PP emits a substantial amount
of CO, during parts processing but CO; is recycled during waste
disposal/recycling. This "recycling” means that burning CNF-PP produces heat
equivalent to that produced by burning heavy oil and because the burning
heavy oil emits more CO,, the difference between the calculated heavy oil's
CO; emissions and the CO,; emissions of CNF-PP is defined as a portion of
CO; reduction. The total reduction of CO, emissions per unit through the
stages of material preparation to waste disposal/recycling amounts to 3.761 kg
for the case of replacing GFPP with CNF-PP and to 1.028 kg for the case of
replacing a cold-rolled steel sheet with CNF-PP. Based on this data, a material
to be replaced with CNF and the amount of replacement of such a material will
be determined for each product to derive the effects of CO, emission reduction
achieved by using CNF. CO;, emission reduction effects by CNF-containing
products during product use and the physical distribution process will be
clarified through examinations in this project and further research and
analyses.

(1)-2 Research on patents related to the application of CNF-reinforced materials
to household appliances

We have conducted research on cases of filed patents describing the
application of the CNF composite resin to a wide variety of products ranging
from refrigerators and washing machines to OA equipment and personal
computers and have classified patent technologies according to the categories
of rigidity, ease of molding, degree of freedom in coloring, heat insulating
property, recyclability, and cost. We have carried out the research through a
series of steps, first grabbing an overview of the all patent technologies by a
macro-analysis and then focusing on some important cases to examine them in
detail.
At the step of macro-analysis, we have extracted and classified 1098 cases
using such keywords as "cellulose nanofiber,"” "organic polymer compound,"”
and "plastic processing." The analysis has revealed that patent applications
increased abruptly about 10 years ago and that the major applicants were
paper manufacturers, chemical manufacturers, and universities.
Based on the results of a macro-analysis, we have extracted another 1308
cases using a corrected search formula and analyzed them in detail. This time
we have found that patents related to improved rigidity (leading to lower
weight) account for approximately half of all patent cases and those related to
enhanced recyclability and ease of molding account for 10% or less. Nearly
90% of the cases fail to define the scope of inventions. We have thus found
that CNF has now become the center of attention because of its high rigidity
but is not used in specific applications yet.
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(2) Verifying the application of CNF to household appliance parts

In this project, to test the potential application of CNF to household appliance

parts, we created prototypes of the following four parts made of CNF and

evaluated their performance.

* Center pillar (refrigerator part)
A center pillar is a part that fills the gap between the double doors of a
refrigerator. It has a built-in heater that prevents dewing on the
refrigerator's exterior. The center pillar has issues to be resolved - a
reduction in power output from its heater and suppression of heat inflow to
the refrigerator. A steel sheet, which reinforces the pillar structure, is
replaced with CNF to reduce power consumption by the center pillar. On the
other hand, material warp generated by the temperature difference between
interior and exterior of the refrigerator needs to be minimized by structural
means.

* Cross rail (refrigerator part)
A cross rail is a steel sheet placed in front of the partition of the refrigerator
body. The cross rail carries a high-temperature pipe for preventing dewing
and the heat from the pipe flows into the refrigerator. We studied replacing
the steel cross rail with a CNF-based rail to reduce heat conduction and to
prevent this part serving as a heat transfer path. However, this part also
plays the role of suppressing the deformation of the refrigerator's casing,
and should therefore be rigid.

e Spin-drying support (Washing machine part)
This is glass fiber resin (GFPP) that encircles the rotary drum of a
drum-type washing machine to support the drum. This support made of
GFPP, which is not recyclable, is to be replaced with a support made of CNF,
which is recyclable. This also allows a reduction in CO, emissions. The
support must be rigid enough to properly support the drum.

e Balancer (Washing machine part)
This ring-shaped resin (PP) part is installed around the tip of the drum of a
drum-type washing machine to suppress the swinging of the drum when it
rotates with liquid inside. Our intention was to apply CNF to make this part
thinner and lighter to reduce the workload during rotation as well as the
power consumed during the drying cycle. To replace this part with CNF,
rigidity equivalent to that of the currently-used part is necessary. A thinner
material design was made by applying structural analysis.

(2)-1 Verifying application to refrigerator parts
(2)-1-1 Designing parts used in a refrigerator
1) Analyzing/designing the center pillar
To apply CNF to the center pillar, structural analyses and heat transfer
analyses including the following evaluations were carried out to determine
the shape of the prototype, assuming installation in an existing refrigerator
to enable assessment of its structure and power consumption (or heat
penetration).
e Evaluating thermal deformation
Warping of the center pillar caused by the temperature difference between
the inside and outside of the refrigerator was analyzed by changing the
material thickness and shape of the inside and outside component for
maintaining the warp within the refrigerator's specifications. Two
temperature conditions are assumed: inside temperature 5°C/outside
temperature 30°C and inside temperature 5°C/outside temperature -5°C.
e Evaluating heat transfer
The center pillar is equipped with a dewing prevention heater, whose
power output is adjusted to keep the temperature of the refrigerator
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exterior at a certain level or higher. The heater power output and the
amount of heat penetration to the refrigerator were assessed and
analyzed.

* Evaluating deformation caused by a load
The amount of bending deformation of the center pillar of a
double-supported structure caused by a load applied to its center was
calculated to evaluate the center pillar's rigidity.
Based on the results of the above evaluations, a prototype center pillar
was created by combining two parts with its inside case replaced with CNF
and making it 50% thicker. This prototype was made into a shape
attachable to an existing refrigerator so that the prototype incorporated
therein could be verified in terms of structure and power consumption (or
heat penetration). The prototype was also given a structure in which
internal ribs can be formed to enhance its rigidity.

2) Analyzing/designing the cross rail
Our evaluations revealed that the rigidity of the CNF cross rail equivalent to
that of the current steel sheet could not be achieved by cross rail alone, so
the strategy was changed to minimize the deformation of the refrigerator by
the overall structure of the refrigerator casing to permit CNF to be employed.
Its feasibility was investigated using structural analysis. The result indicated
the possibility of combination with CNF resin, and a cross rail design using
CNF resin was made based on the thermal structural analysis. The structure
was designed to enable integration in an existing refrigerator, while reducing
heat penetration into the interior and minimizing deformation of the
refrigerator casing. To maximize ease of molding, the design employed a
basic material thickness of 4 mm.

(2)-1-2 Designing, manufacturing and evaluating molds for parts used in a
refrigerator
For the refrigerator center pillar and cross rail, designed based on the results
of the design analysis, a mold desigh was made using a resin fluidity analysis.
A mold was manufactured to allow these components to be analyzed. An
assessment was made of the resin filling pattern in the mold, pressure
distribution, weld lines, and shrinkage, after which the number of gates and
their layout, filling time, mold temperature, and pressure-maintaining control
were determined.
1) Center pillar mold design, manufacturing and evaluation
To ensure successful filling of the mold, we adopted a hot runner and three
side gates. To guarantee complete material filling, the gate positions were
determined using a fluidity analysis. We confirmed no problem with material
filling.
A mold designed by a fluidity analysis was manufactured and prototype parts
were produced using composite material with CNF at 15 wt%. The molded
parts were colored in white using a master batch-type coloring agent.
The results for the molded center pillar are shown in Table 2.
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Table 2. Center pillar molded results

Shape Material filling No problem
Dimension No problem
Warpage (target 2 mm Large (10 mm or greater)
or less) = No problem after
correction
Appearance | Visual check No problem
Coloring No problem
Shrinkage No major problems
Weld No major problems

2) Cross rail mold design, manufacturing and evaluation
A cross rail mold was designed for three components. We adopted a hot
runner and side gate to improve material filling. Because the fluidity analysis
indicated a concern for the generation of welds in two long components, a
specification was chosen that enabled heat-and-cool molding.
The mold was designed and produced based on the result of a fluidity
analysis, and after adjustment of pressure-maintaining control, the specific
molding conditions were found for maintaining the dimensional tolerance.
The components were then molded.
The results for the molded cross rail are shown in Table 3.

Table 3. Cross rail molded result

Cross rail 1 Cross rail 2 Cross rail 3
Shape Filling No problem No problem No problem
Dimension No problem No problem No problem
Warpage No problem No problem No problem
Appearance | Visual check No problem No problem No problem
Coloring No problem No problem No problem
Shrinkage No major No major No major
problems problems problems
Weld No major No major No problem
problems problems

(2)-1-3 Evaluating parts used in a refrigerator
The prototype CNF center pillar and cross rail were assessed on single units
and while incorporated in a refrigerator.
Reliability testing, comprising of a heat resistance test, humidity and heat
resistance cycle test, and cold-and-hot test, was performed on single units.
In the incorporation test, the center pillar and cross rail were incorporated
separately in a refrigerator. The center pillar was tested for reduction of power
consumption quantity by measuring surface temperature and estimating the
reduced heater output. The cross rail was evaluated by directly measuring
power consumption.
The assessment results are shown in Table 4. The CO, reduction effect was
calculated by assuming integration in our company's products. We conclude
the use of CNF to be possible even though changes to refrigerator design will
be necessary and greater rigidity is required.
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Table 4. Verification result of components applicable to refrigerators

Functional characteristics Reliability Reduction
in CO,
emissions
(kton/year)

Rigidity | Molding | Coloring Heat Humidity Cold/hot

resistance and heat
resistance
Ce.TIter A O O O O O AQ.2
pillar
Cross | A O O O O O A1.0
rai

(2)-2 Verifying application to washing machine parts
(2)-2-1 Designing parts used in a washing machine
1) Analyzing/designing the outer tub

CO, emissions reduction is likely if the conventional GFPP used for the
outer tub of a washing machine is replaced with CNF, which can be recycled.
A structural analysis was therefore employed to test whether the structure
and material rigidity of a CNF part would be comparable to those of
currently-used GFPP. A deformation analysis evaluation was made by
applying a moment to the bearing that supports the rotating shaft of the
outer tub to model the state of an actual load during washing and drying
cycles.
Our results showed that the same rigidity as a conventional part was
achievable by increasing the material thickness by about 50% and adding
structural reinforcement at a part of the corner radius. Based on this result,
a CO, emissions reduction effect of approx. 0.7 tons/year can be expected
by recycling CNF parts.
Because this component is very large, and mold manufacturing is expensive,
only a design analysis was performed for this component.

2) Analyzing/designing the balancer
The purpose of the design is to reduce power consumption by reducing the
rotational loads during drying cycle by lowering the mass of the balancer.
The relationship between material thickness and degree of deformation
during applying CNF was studied by means of structural analysis and a
design using thinner material was made.
Our results indicated the potential for obtaining a rigidity comparable to the
current part with approx. 0.6 times its material thickness. This design would
enable an approximately 13% weight reduction.

(2)-2-2 Designing, manufacturing, and evaluating molds for parts used in a
washing machine
To evaluate the designed balancer, a mold design was made using fluidity
analysis, and a mold was manufactured. The mold adopted a hot runner for
better filling and had a greater number of gates than before.
The component was produced using the mold and evaluated. The results of
this evaluation are shown in Table 5.
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Table 5. Evaluation result of molded balancer

Balancer A Balancer B
Shape Filling No problem No problem
Dimension No problem No problem
Warpage No problem No problem
Appearance | Visual No problem No problem
Coloring No problem No problem

Shrinkage No major No major

problems problems

Weld No major No major

problems problems

(2)-2-3 Evaluating parts used in a washing machine
An evaluation was made of the CNF balancer both on single units and while
incorporated in a washing machine. In the separate evaluation, the component
was subjected to a weather resistance test, cold weather resistance test,
continuous high temperature test, and mold-resistance test. For the evaluation
of the product incorporated in the washing machine, power consumption was
evaluated by rotating the drum without a washing load. The results of the
evaluation are shown in Table 6.
The single component evaluation revealed no problems with any items. The
evaluation of the component when incorporated did not reveal any reduction of
power consumption greater than seen within assembly variation, but the actual
achievement of lighter weight suggested the potential for increased effects
with improvements in design. Efforts toward commercial application of CNF
will be continued.

Table 6. Verification result for parts applicable to washing machine

Functional characteristics Reliability Reduction in
CO; emission
(kton/year)
Rigidity | Molding | Coloring | Weather Cold | Hot | Mold
Outer - - - - - - - -7.0
tub
Balancer @] @] O @] @] O O -1.0

(*) Balancer CO, reduction quantity was calculated based on its lighter
weight (-9%).

(3) Verifying recyclability
Recyclability will be achieved through the following two processes.
* Selection: A single resin is selected out of various types of resins.
* Recycling: The physical properties of the selected resin are recovered and
recycled.

(3)-1 Verifying resin selection technology
CNF composite resins are classified into the following two purposes.
Purpose 1: To select the base resin used for CNF composite resins.
Purpose 2: To select between resins containing and not containing CNF.
The effectiveness of the following three detection technologies was evaluated
for Purposes 1 and 2 above.
(Detection technology 1) Water specific gravity method
(Detection technology 2) Medium-range infrared spectroscopy
(Detection technology 3) Near-infrared spectroscopy
The evaluation revealed that near-infrared spectroscopy allows identification
of the type of base resin (PP and ABS) and the presence or absence of CNF

16



content of 10% or higher.

Selection tests using an experimental near-infrared spectroscopy three-type
simultaneous sorting setup delivered the results shown in Table 7, indicating
achievement of the targeted collection rate of 60% or higher, and purity of 80%
or higher, verifying the practical potential of selecting CNF composite resin
items from a mixture.

Table 7. Sorting test results

Unit 1 Unit 2 Unit 3
N5 average PP-CNF PP PS
Purity 100% 93% 100%
Collection rate | 92% 74% 67%

(3)-2 Verifying recycling technologies

Verification of the recyclability of CNF composite resins was made from the

following viewpoints.

* Loss of material strength
Verifying the degree of deterioration of material strength with repeated
molding

* Deterioration in ease of molding
The results showed material strength to exceed the target of 90% or higher,
regardless of composition ratio, after one recycling. Even after repeated
moldings, the potential for achieving the target was verified by adjusting the
conditions of the recipe kneading method.
No deterioration in ease of molding was confirmed regardless of
composition ratio, after one recycling, and melt flow rate during repeated
moldings was kept low by the use of additives.
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