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Message from the conference chair

The 18th International Workshop on Regional Innovation Studies 2026 (IWRIS2026)
October 15-16, 2026, Mie University, Japan

It is our great honor and pleasure to welcome you to the 18th International Workshop on
Regional Innovation Studies 2026 (IWRIS2026). We sincerely appreciate your participation in and
support for IWRIS2026.

Since the end of the COVID-19 pandemic, our society has been undergoing rapid changes in
values, lifestyles, and economic conditions. In particular, the past few years have witnessed the
remarkable rise of artificial intelligence, Al, which is transforming various aspects of our lives and
industries. In this context, regional innovation is a key driver for advancing communities and societies
around the world into a new stage of development. It is also clear that the exchange of ideas and
opinions among people from diverse backgrounds is essential for fostering such innovation. Based on
this belief, Mie University established the Graduate School of Regional Innovation Studies in 2009. We
also launched IWRIS as an international forum for discussing recent developments and future directions
in the creation of shared values, including social, biological, industrial, educational, and cultural values.
Since then, the workshop has been held continuously every year.

At IWRIS2026, we are pleased to offer 4 special lectures delivered by distinguished
researchers from Indonesia, Korea, and Thailand, as well as 5 technical sessions covering Engineering,
Biological Sciences, and Social Sciences. We will also host a banquet on the evening of the first day,
providing an excellent opportunity for networking and interaction among participants.

We hope that this workshop will foster meaningful connections among all participants and
stimulate collaborative activities that contribute to the future development of regional innovation. We

wish you a productive, rewarding and enjoyable experience at IWRI1S2026.

Keita Suwabe
Chair of Organizing Committee, IWRIS2026
Dean, Professor

Graduate School of Regional Innovation Studies, Mie University
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Analysis of the parameters’ sensitivity for cooling performance of copper pipe
heat exchangers
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Abstract— The purpose of this study is to analyze the sen-
sitivity of the parameters to the serpentine copper pipe
heat exchangers for greenhouse cooling. Two heat ex-
changer configurations were investigated: one with an
outer pipe diameter of 12.7 mm and another with an outer
pipe diameter of 15.88 mm. Both heat exchangers were de-
signed with a pipe spacing of 50 mm. The length and the
width of the heat exchangers were 700 mm and 253 mm,
respectively. The experiments were conducted by varying
inlet fluid temperature, fluid flow rate and surface area of
the copper pipe heat exchanger. The inlet fluid tempera-
ture for cooling was varied from —5 to 10 °C whereas the
water flow rate was changed between 0.3 to 3.0 L/min. The
experimental data such as local air temperatures, inlet and
outlet fluid temperatures, pressure drop were collected.
The thermal performance of the heat exchangers was esti-
mated with the data collected. The thermal performance
was evaluated based on fluid properties (density, heat ca-
pacity), operating conditions (flow rate, inlet and outlet
temperature difference), and heat transfer surface area.
The sensitivity of each parameter to overall performance
was then analyzed.

The results show that the surface area of the copper
pipe has the greatest influence on the thermal performance
of the heat exchangers, followed by the inlet and outlet tem-
perature difference. This indicates that changing surface
area and fluid temperature have significant impact on the
local air temperature and thermal performance than the
flow rate. The results from this study could be useful for
the optimization of the heat exchanger configuration to
achieve more effective air temperature control in green-
house cultivation.

Keywords— Fluid temperature, Flow rate, Surface area of
heat exchanger, Sensitivity analysis.

1. INTRODUCTION

Modern greenhouses frequently integrate advanced
cooling technologies to optimize plant growth condi-
tions. This optimization often involves the precise regu-
lation of environmental parameters such as air tempera-
ture, relative humidity, and other factors [1].

Heat exchangers are widely employed in industrial
applications, including power generation and heating,
ventilation, and air-conditioning systems [2—4]. In
greenhouse cultivation, earth-to-air heat exchangers
have been investigated as a method of controlling the
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thermal environment for crops [5—7]. These systems cir-
culate indoor or outdoor air through pipes buried at a
certain depth below the ground. Heat exchange resulting
from the temperature difference between the soil and the
circulating air enables the air to be cooled or heated be-
fore it is supplied to the greenhouse. Thus, earth-to-air
heat exchangers can contribute to maintaining suitable
greenhouse air temperatures. Although these cooling
systems can maintain suitable greenhouse temperatures,
controlling the entire greenhouse volume may require
substantial energy, particularly under hot climatic con-
ditions. On the other hand, heat exchanger configuration
like pipe diameter impact on the performance of the heat
exchanger. Sensitivity analysis is important because it
can identify the parameters that have the greatest influ-
ence on cooling performance.

Therefore, this study experimentally investigates the
sensitivity of heat transfer surface area and operating pa-
rameters affecting the cooling performance of serpen-
tine copper-pipe heat exchangers for localized green-
house cooling. Two heat exchangers with outer pipe
diameters of 12.7 and 15.88 mm and the same pipe spac-
ing of 50 mm were evaluated. The effects of heat-trans-
fer surface area, inlet fluid temperature, and fluid flow
rate were examined using sensitivity analysis method.
The results provide the sensitivity level of each parame-
ter as well as guidance for selecting heat-exchanger di-
mensions and operating conditions to achieve effective
localized cooling.

I1. EXPERIMENTAL

A. Experimental setup

Figure 1 shows the specifications of the two heat ex-
changers for local cooling. The configuration of the ser-
pentine copper pipe heat exchangers was with a length
and width of 700 mm and 253 mm, respectively, except
for the bend areas. The thickness of the copper pipes is
0.8 mm. Each pipe is assembled in a U-bend, and these
U-bends are insulated to evaluate the exact heat transfer
from the straight pipe surfaces. Two heat exchangers
with outer pipe diameters of 12.7 and 15.88 mm and the
same pipe spacing of 50 mm. The experimental system
was set up to evaluate local cooling assuming no crops
were present. The experiments were conducted by
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changing the two heat exchangers in the same test sec-
tion area in the experimental system.

---------------------- §gTTTTTT

Heat exchanger 1 (HE 1) W;IBO
700

doutside =12.7 mm
Heat exchanger 2 (HE 2)
doutsiae =15-88 m 1L 253[330
U J

S - =

Fig. 1 Specification of the heat exchanger and experimental
system.

B. Experimental data collection

The air temperatures in the area below and above the
heat exchanger were measured to analyze the local air
temperature profiles. The area below the heat exchanger
was focused, and the area above it was used as a refer-
ence. Figure 2 shows the vertical air temperature meas-
urements in the area below and above the heat ex-
changer. Three horizontal layers below and above the
heat exchanger were installed. The layers below the heat
exchanger were located 50 mm, 100 mm, and 150 mm
from the center of the heat exchanger, as shown in Fig-
ure 2(a). The layer distance in the area below was as-
signed a (+) sign following the natural convection and
gravitational force. The above layers are symmetrical to
those below, and were —50 mm, —100 mm, and —150
mm away from the center of the heat exchanger, as
shown in Figure 2 (b). There were nine thermocouples
in each horizontal layer, resulting in 54 thermocouples
in the six layers. Furthermore, the vertical uncertainty of
the thermocouple’s positions in each horizontal layer
was +2 mm.

(b)
Fig. 2 Air temperature measurements in the area below and
above of the heat exchanger.

Figure 3 illustrates the diagram of the experimental
layout. The experimental system consists of a serpentine
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heat exchanger, a chiller to provide cooling, globe
valves to control the fluid flow rates, thermocouples for
measuring surface, inside room air, outside air, and local
air temperatures, resistance thermal detectors for moni-
toring inlet and outlet fluid temperatures, and a pressure
difference sensor to measure the pressure drop of the
heat exchanger. Humidity sensors were used for refer-
ence. Experimental data were acquired using three data
loggers. Before the experiments, all temperature sensors
were calibrated under steady-state conditions to mini-
mize measurement errors. The resistance temperature
detectors (RTDs) were calibrated against a stable refer-
ence temperature and had an estimated measurement er-
ror of £0.02 °C. The same calibration procedure was ap-
plied to the T-type thermocouples, with the most stable
thermocouple selected as the reference. The calibrated
thermocouples had an estimated measurement error of
+0.2 °C.

1.4 m (W),(1.0 m (H))
I 0

K
Serpentine heat exchanger:

L
0
Flow rate
control valves

SIE
g 0
=|[Dr2 ) R nlet
S * ¥
DL 1
Pressure difference sensor  Liowmeter
B

A 4

Insulation foam ¥

(e Pipe surface temperature measurement A
@ Outside room temperature measurement

¥ Inside room temperature measurement

@ Inlet and outlet fluid temperature

measurement__
Relative humidity measurement

Data logger )

Fig. 3 Schematic diagram of the experimental system.

The inlet fluid temperature and flow rate varied from —5
to 10 °C and from 0.3 to 3.0 L/min, respectively, for both
heat exchangers. The Reynolds numbers ranged from 63 to
1394 and 50 to 1100 for pipe diameters of 12.7 mm and
15.88 mm, respectively. The experimental inlet fluid tem-
peratures are sufficient to maintain appropriate air temper-
ature range for the crop. Moreover, a flow rate below 3.0
L/min is adequate, as the local temperature reduction shows
no significant variation at higher flow rates based on pre-
liminary experiments. Heat flux was evaluated at fluid flow
rates of 0.3—1.3 L/min; higher flow rates were excluded be-
cause the measured fluid temperature difference was insuf-
ficiently accurate. To prevent freezing, the system operated
on a 60/40 water-ethylene glycol volumetric mixture, with
experiments conducted in 25 °C room air temperature. The
Reynolds number was calculated as follows:

pvd;

Re = p (1)
where p is the fluid density (kg/m?), v is the velocity of
the fluid (m/s), d; is the inner diameter of the copper
pipe (m), and u is the fluid dynamic viscosity (Pa-s).

Heat flux in the heat exchanger is evaluated using Eq.

Q).
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qt — PVCP(Tau;lset_Tinlet) (2)
where g, is the heat flux from the copper pipe surfaces
(W/m?), V is the volumetric flow rate of fluid (m%s), c,
is the fluid specific heat [J/(kg'K)], Ay is the outer sur-
face area of the copper pipe without the U-bends (m?),
and T er and Tyyper are the inlet and outlet fluid tem-
peratures (°C), respectively.

The sensitivity of the heat flux to each input parame-
ter was evaluated using the Hoffman & Gardner method
[8]. The sensitivity index is defined as:
_ ‘?t(xi,max)_‘?t(xi,min)

Si (€)

‘?t(base)
where, S; is the sensitivity index of the i input parame-
ter, q¢(x,max) aNd G¢(x;min) are the heat fluxes evalu-
ated at their maximum and minimum values, respec-
tively. The G¢(pase) is the heat flux calculated when all

parameters are set to their base (nominal) values.

III. RESULTS AND DISCUSSION

Figure 4 shows comparisons of the average local air
temperature profiles at each vertical distance of the area
below the Heat exchanger 1 and 2. The figure shows that
local air temperatures vary moderately between 50 and
150 mm below the heat exchanger, indicating a rela-
tively uniform vertical cooling region over the measured
distance. The local air temperatures range from approx-
imately 12 to 20 °C, below the 22 °C inside room air
temperature. This pattern is consistent with cooled air
descending from the pipe surfaces due to natural con-
vection. The air temperature decreases around both heat
exchanger types, demonstrating their effectiveness in
providing localized cooling, particularly in the regions
beneath them.

=)

wn
o

100

==

—-c;-""

Vertical distance, z (mm)

—
W
o

10.0 12.0 14.0 16.0 18.0 20.0 22.0 24.0 26.0
Local air temperature, T;qi (°C)

Diameter of | Inlet fluid temperature, T;;; | Room air
the copper (°C)

tube 5oC 0°C 5°C 10 °C (°C)

temperature

127mm |-©-|-¢-|-A-] -B-
1588 mm |[~@- | -®-| —A&-| -H-

Tlair.avg_be

Fig. 4 Local air temperature profiles in the area below the two
heat exchangers at V =0.9 L/min.
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Figure 5 compares the local air temperature reduction
of the area below the two heat exchangers relative to the
room temperature for all the inlet fluid temperatures un-
der fluid flow rates from 0.3 L/min to 1.3 L/min. The
local air temperatures of the three layers below and
above were averaged. Then, the average local air tem-
perature reductions below and above the initial inside
room air temperature were analyzed. Lower inlet fluid
temperatures produce greater cooling, whereas increas-
ing flow rate from 0.3 to 1.3 L/min has a comparatively
small effect. Heat exchanger 2 generally provides a
larger reduction than Heat exchanger 1, reaching ap-
proximately 10 °C at =5 °C inlet temperature. This is
because the larger diameter increases the available ex-
ternal surface area at the same pipe length and generate
more cooling. Because natural convection dominates,
the denser cooled air sinks and creates downward buoy-
ancy flow, producing lower temperatures beneath the
heat exchanger than above it.

Fluid flow rate, V (L/min)
Tnlet fluid temperature, Ty, 0 (°C)

| 0.3 l 0.5 ‘ 0.7 ‘ 0.9 1.1 1.3
5051050 510k 0 510050 51050 510ks50 510

00 b oo v b o by b b

% % % % & %
X X X X p.4 X

X X X X X X X><

X % % % % X

X X X
10.0 % = - %8

Air temperature reduction,
AT, (°C)

15.0

X ATﬂ—I:e_lZ.? (: Tmmn - Tbr—!_nv_q_lz.?)
X ATﬂ—h(_’_lS.Bﬂ (: Trnom - TDP_{IUQ_IS.BE)

Fig. 5 Local air temperature reduction in the area below the
two heat exchangers.

The outlet and inlet fluid temperature difference,
ATy (= Toutiet—Tinier) of both heat exchangers range
from 2.5 °C to 0.2 °C for all the inlet fluid temperatures
under a fluid flow rate ranging from 0.3 L/min to 1.3
L/min. The pressure drop ranges from 0.3 kPa to 3.0 kPa
for both types of heat exchangers.

Figure 6 presents a comparison of the heat flux in the
Heat exchangers 1 and 2. The heat flux, g;, was calcu-
lated using Equation (2) and it presents the relationship
between ATy and V. g, exhibited 2-10% uncertainty
for both the heat exchangers. In Figure 6, the uncertain-
ties are represented as error bars, which were estimated
based on the measurement uncertainty of £0.02 °C of the
resistance thermal detectors. At a fluid flow rate of 0.3
L/min, the heat flux of Heat exchanger 1 was approxi-
mately 330 and 150 W/m? at inlet fluid temperatures of
—5 and 10 °C, respectively. The corresponding values
for Heat exchanger 2 were approximately 250 and 100
W/m?. For both heat exchangers, heat flux increased
steadily with fluid flow rate.

Heat exchanger 1 exhibited a higher average heat flux
than Heat exchanger 2, owing to its higher fluid velocity
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and thinner thermal boundary layer at the same volumet-
ric flow rate.
450
o 400 ; i i
350 z
300
250 =1 — o
200
150
100
50

Heat flux, g, (W/m

0 1 I 1
—50510-50510-50 510-50510-50 510-50 510

0.3 0.5 0.7 0.9 1.1 1.3
Inlet fluid temperature, Tipee (°C)
Fluid flow rate, V (L/min)

Tinlct Tm!el Tmiel Tinlcl
HE 1 (doyesige = 12.7mm) 0 —5°C 0 0°C 0O 5°C 010°C
HE 2 (doyisige = 1588 mm) w —5°C m 0°C W 5°C  m10°C
Fig. 6 Heat flux of the heat exchanger 1 and heat exchanger 2
at all inlet fluid temperatures

Table 1 and Figure 7 show the sensitivity ranking of
the parameters affecting heat flux based on the absolute
sensitivity index, |S;|. Surface area was the most influ-
ential parameter (1.148) and the highest rank, followed
by fluid temperature difference (0.410) and volumetric
flow rate (0.060). Density and specific heat capacity
shared the lowest rank. The negative index for surface
area indicates that increasing surface area was associ-
ated with decreasing heat flux, whereas the positive in-
dices for temperature difference and flow rate indicate
increasing heat flux. These results suggest that heat flux
was more sensitive to surface area and temperature dif-
ference than to flow rate within the investigated condi-
tions.

Table 1 Sensitivity ranking for the parameters of heat flux.
S; (with |S; | (ab-

Parameter sign) solute) Rank
Density, p 0.000 0.000 4
Specific Heat Ca- 0.000 0.000 4
pacity, ¢,

Flow Rate, V 0.060 0.060 3
Temperature Dif-
ference, AT 0.410 0.410 2
Surface Area, Ag -1.148 1.148 1
T 12
& 10
£ 08
2 06
z 04
z 02
Z 00
A Densi
ensity Specific b
heat emperature Surf:
rate ; HELSES
capacity difference arca

Parameter, p (-)

Fig. 7 Sensitivity index of the parameters on thermal perfor-
mance.
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IV. ConcLusions

In this study, the cooling characteristics of two ser-
pentine copper-pipe heat exchangers were examined.
Results showed that lower inlet fluid temperatures in-
creased local air-temperature reduction, while the effect
of flow rate was comparatively small. Heat exchanger 2
(15.88 mm) generally provided stronger local cooling,
whereas Heat exchanger 1 (12.7 mm) exhibited higher
heat flux per unit area. For the sensitivity analysis, the
highest sensitivity ranking was surface area followed by
fluid temperature difference and flow rate. These results
support considering heat exchanger’s geometry and inlet
fluid temperature when selecting operating conditions
for localized cooling. In future work, the energy con-
sumption by the heat exchangers in greenhouse farming
will be analyzed and compared with that of traditional
greenhouse farming.
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Abstract— Wafer maps show the spatial distribution of defec-
tive chips and are used to identify process problems in semicon-
ductor manufacturing. In practical wafer-map data, the classes,
that is, the distributions of defective chips, are highly imbal-
anced. To address this problem, a hybrid framework has been
proposed in which binary classifiers first identify the majority
classes, and a clustering approach is then applied to the remain-
ing data. However, minority-class samples that are incorrectly
classified as majority classes are excluded from the clustering
and cannot be detected. In this study, the support vector ma-
chine (SVM) classifier in the baseline VGG16 + SVM configu-
ration is replaced with Light Gradient Boosting Machine
(LightGBM) in order to reduce the false positive rate (FPR) of
minority-class samples at the binary classification stage. Res-
Net50-based configurations were also evaluated for comparison.
Experiments were conducted using a subset of the WM-811K
dataset, with Edge-Ring and Random as the majority classes,
four minority classes, and one unknown class. The proposed
method reduced the FPR of the minority classes from 0.202 +
0.061 to 0.109 + 0.045. However, the recall of Random de-
creased, which left more majority samples for the clustering
stage and reduced the precision and recall of several minority
classes. These results show that the proposed method can reduce
the misclassification of minority-class samples, but that further
improvement of the clustering method is needed to reduce the
effect of the majority samples that are mis-detected by the bi-
nary classifier.

Keywords— Wafer Map, Imbalanced Data, VGG16, LightGBM,
Clustering

1. INTRODUCTION

In semiconductor manufacturing, the distribution of
chips with electrical faults is represented as a wafer map,
and this map is used to understand the causes of the faults.
Wafer maps with similar patterns are considered to share a
common cause. Therefore, to identify the cause of a fault
quickly, it is important to group similar patterns properly.
However, some unknown pattern can be sometimes ob-
served in practical case, so a wafer map with unknown pat-
tern should be detected. Also, the given data is quite im-
balanced. The conventional clustering methods cannot
form adequate clusters for the patterns of minority classes,
and this leads to misdetection.

To address this problem, the previous study proposed a
hybrid method that combines a classifier with clustering
[1]. In this method, known majority patterns are first ex-
tracted by a classifier, and clustering is then applied to the
remained (unclassified) data. This makes it possible to de-
tect minority patterns and unknown patterns at the same
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time. Also, the conventional approach prepares one classi-
fier for each known pattern, whereas this method limits the
classification targets to the majority patterns that are com-
mon across products. As a result, it reduces both the num-
ber of classifiers and the effort required to prepare training
data. However, if a sample of a minority class is misclas-
sified as a majority class at the binary classification stage,
then, the sample is excluded, and it can no longer be de-
tected as a minority class.

This paper aims to reduce the misclassification of mi-
nority classes at the binary classification stage. In this
study, we use VGG16 [2] and support vector machine
(SVM) [3], which were employed in the previous study, as
our baseline, and Light Gradient Boosting Machine (Light
GBM) [4] is used instead of SVM for the proposed method.
In the evaluation experiments, the effectiveness of the pro-
posed method is verified by focusing on False Positive
Rate (FPR), that is, the rate at which minority classes are
misclassified as majority classes.

II. MATERIALS
A. Dataset and Preprocessing

In this paper, WM-811K wafer-map dataset [5] was
used in the experiments. Each wafer map is represented by
anumerical array indicating the presence of chips and their
pass/fail states. The maps were converted into binary im-
ages in which defective chips are white, and all other areas
are black. Because the original image sizes were not uni-
form, all maps were resized to 64 x 64 pixels. The data and
labels were rechecked by specialists of semiconductor
manufacturing before use. Fig. 1 shows representative pat-
terns in this paper. We used the seven labels, i.c., Center,
Edge-Loc, Edge-Ring, Loc, Random, Scratch, and Donut.

Table 1 shows the outline of the dataset. To reproduce
the imbalance observed in practical production, Edge-Ring
and Random were defined as majority classes (with
enough number of training samples), Loc and Scratch as
minority classes (with enough number of training samples),



Scratch Donut

Fig. 1 Examples of Defect Patterns in WM-811K

Table 1 Outline of Dataset

f of # of
Category/Class Name Training Test Data
Data

. Edge-Ring 462 231
Majority Random 770 385
Minority Loc 812 9
(*1) Scratch 815 9
Minority Center 14 7
(*2) Edge-Loc 20 9
Unknown Donut 0 10

*1: enough # of training samples
*2: few training samples

Center and Edge-Loc as minority classes (with few train-
ing samples), respectively. Donut was treated as an Un-
known pattern with no training samples. In this paper, the
test set consists of 616 majority samples and 44 minority
or unknown samples, so majority samples accounted for
approximately 93% of the test set. This configuration al-
lowed us to evaluate the method under a strongly imbal-
anced condition, while separately examining minority
classes with different amounts of available training data,
as well as an unknown pattern.

III. METHODS

A. Binary Classification Approach

Fig. 2 shows the outline of the hybrid wafer-map clas-
sification framework. The conventional method is based
on this architecture, and the proposed (revised) method is
also based on the scheme. The baseline binary classifier
uses VGG16 pretrained on ImageNet to extract features,
then the extracted features are classified by an SVM.

In the proposed method, the VGG16 features are classi-
fied by LightGBM instead of SVM (Fig. 3). In addition to
the above change, ResNet50 [6] was also used as an alter-
native feature extractor, and (1)ResNet50+SVM and
(2)ResNet50+LightGBM frameworks were evaluated as
comparison models. These additional models were used to
examine whether the difference between SVM and
LightGBM depends on the feature extractor.
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Fig. 2 Outline of Hybrid Wafer-map Classification Framework

Baseline [ Wafer ] .[ VGG16 ] '[ SVM

map features classifier ]—f[ Clustering ]

Wafer > VGG16 > LightGBM > -
Proposed [ map ] [ features ] [ classifier ] [Clusterlng]

High-frequency classes are extracted by the binary classifier; remaining samples are clustered.

Fig. 3 Comparison between Baseline and Proposed Approach

LightGBM is a decision-tree-based gradient boosting
method and can learn non-linear decision boundaries and
handle high-dimensional features. In this paper, we
adopted LightGBM because it was expected to handle im-
balanced data flexibly and thereby prevent minority-class
samples from being extracted as majority classes. Res-
Net50 uses residual learning, which alleviates the vanish-
ing-gradient problem and allows deeper networks to ac-
quire more advanced feature representations. However,
ResNet50 is not the feature extractor proposed in this study,
and it is used only for a comparative study. Both SVM and
LightGBM used balanced class weights, and the SVM
used an RBF kernel in this paper.

B. Evaluation Procedure and Metrics

In this paper, a repeated three-fold cross-validation with
three different random seeds was used, and the mean and
standard deviation were calculated. Precision and recall
were used as general performance measures.

To directly evaluate the error of interest, we also calcu-
lated the FPR of minority-class samples. In this paper, the
binary classifier is designed to extract majority samples
(i.e., Random and Edge-Ring), so majority samples are
treated as positive, and minority samples (i.e., Loc, Scratch,
Center, Edge-Loc, and Donut) are treated as negative. Un-
der this definition, False Positive means the number of mi-
nority samples incorrectly classified as majority classes,
and True Negative is the number of minority samples cor-
rectly left unclassified. Therefore, the FPR is the propor-
tion of actual minority samples incorrectly classified as
majority classes.

FP
FPR =

= 1
TN + FP @



In the above formula, a smaller value indicates that fewer
minority samples were removed from the clustering target.

IV. RESULTS AND DISCUSSION
A. Result of Binary Classification

Table 2 shows the FPR for minority classes in the four
combinations. The proposed approach (VGG16 + Light
GBM) achieved the lowest FPR. The value was reduced
from 0.202 £ 0.061 (baseline) to 0.109 + 0.045. That was
an improvement of 9.3 percentage points. In the additional
comparison using ResNet50 features, LightGBM also
achieved a lower FPR than SVM. The experimental results
showed that LightGBM contributed to the reduction of
FPR.

Table 3 shows the precision and recall for the majority
classes. In particular, the decrease in the recall of Random
class was large by using the proposed method. Except for
the precision of Random, the baseline (VGG16 + SVM)
achieved the best values. Reducing the minority-class FPR
therefore introduced a trade-off: fewer minority samples
were misclassified as majority-class samples, but more
majority-class samples were missed.

Table 2 FPR for Minority Classes
(Mean =+ Standard Deviation)

Feature Classifier FPR
Extractor
VGGl16 . SVM (baseline) 0.202 + 0.061
LightGBM (proposed) 0.109 + 0.045
SVM 0.273 £ 0.052
ResNet30 LightGBM 0.136 £ 0.062

Table 3 Precision and Recall for Majority Classes
(Mean =+ Standard Deviation).

Method Class Precision Recall
VGG16 Edge-Ring | 0.976 +£0.007 | 0.961+0.011
+SVM
(baseline) Random 0.962+0.005 | 0.902+0.014
VGG16 Edge-Ring | 0.976 +£0.003 | 0.953+0.016
+LightGBM
(proposed) Random 0.969+0.009 | 0.827+0.015
ResNet50 Edge-Ring | 0.960+0.017 | 0.932+0.019
+SVM Random 0.944+0.009 | 0.865+0.035
ResNet50 Edge-Ring | 0.976+0.012 | 0.904 £ 0.020
+LightGBM Random 0.960+0.011 | 0.785+0.026

B. Discussion for Binary Classification
The proposed method (VGG16 + LightGBM) sup-

On the other hand, the proposed method did not capture
the characteristics of Random sufficiently, which resulted
in a lower recall for that class. Generally, the Random pat-
tern has little spatial regularity. That’s a possible reason.
The other patterns are defined by the position of the defects,
such as a ring at the edge or a cluster near the center,
whereas Random is defined by the absence of such struc-
ture. LightGBM builds its decision boundaries by selecting
individual features and splitting on their values, therefore,
it tends to rely on a limited number of localized features.
This characteristic is well suited to patterns with a clear
spatial structure, but it may be less effective for a pattern
that must be characterized by the overall distribution of de-
fects rather than by specific locations. The ResNet50 con-
figurations were evaluated as additional comparisons ra-
ther than as proposed methods. In these configurations, the
FPR was higher and the recall of the majority classes de-
creased substantially. One possible explanation is that, un-
der the limited-data conditions, the high representational
capacity of ResNet50 caused it to fit particular samples ex-
cessively. Another possibility is that the extracted features
became too abstract to capture the differences among de-
fect patterns. Therefore, replacing VGG16 with ResNet50
did not improve performance in this experiment.

C. Clustering Performance

To examine how the lower recall of Random in the pro-
posed method affects the subsequent clustering stage, we
compared VGG16 + LightGBM with the baseline VGG16
+ SVM method. Tables 4 and 5 show the precision and
recall after clustering. The proposed method achieved per-
formance comparable to the baseline for some minority
classes, including Donut and Center, but the precision and
recall tended to decrease for many minority classes.

The main cause was the increased misdetection of ma-
jority samples. Although VGG16 + LightGBM reduced
the FPR for minority classes, its lower recall of Random
left more Random samples in the clustering input. This bi-
ased the data distribution and caused minority-class sam-
ples to be mixed into clusters dominated by Random. As a
result, the detection of minority classes failed more fre-
quently, which reduced the precision and recall. These re-
sults indicate that reducing the FPR at the binary classifi-
cation stage does not necessarily improve the downstream
clustering unless the majority classes are also removed suf-
ficiently. Nevertheless, more minority samples remained
available for detection, therefore improving the clustering
method itself may increase the final detection rate.

Table 4 Precision after Clustering
(Mean + Standard Deviation)

pressed the misclassification of minority classes and sub-
stantially reduced the FPR. LightGBM is relatively adapt-
able to class imbalance problem and can emphasize
particular features through its tree structure, which may
have prevented minority classes from being incorrectly ex-
tracted as majority classes.
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Class Baseline Method Proposed Method
Edge Ring 0.976 + 0.007 0.976 = 0.003
Random 0.962 + 0.005 0.969 + 0.009
Loc 0.333 +0.500 0.111+0.333
Scratch 0.333 +0.500 0.222 +0.441
Center 0.624 +0.391 0.612 +0.364




Edge Loc 0.500 + 0.500 0.185+0.377
Donut 1.000 £ 0.000 1.000 + 0.000
Table 5 Recall after Clustering
(Mean =+ Standard Deviation)

Class Baseline Method Proposed Method
Edge Ring 0.961 +0.011 0.953 £0.016
Random 0.902+0.014 0.827+£0.015
Loc 0.037 +0.056 0.014 +0.042
Scratch 0.037 + 0.056 0.025 +0.049
Center 0.397 £0.265 0.429 + 0.303
Edge Loc 0.111+0.124 0.049 + 0.098
Donut 0.389 +0.127 0.389 +0.162

The per-class results clarify the effect of this trade-off.
Donut, for which no training samples were available, re-
tained the same precision and almost the same recall under
both methods. Center also showed comparable perfor-
mance. In contrast, Loc, Scratch, and Edge-Loc showed
lower precision and recall with VGG16 + LightGBM.
These differences are consistent with the larger amount of
Random data remaining after binary classification, which
likely made it more difficult to separate minority-class
samples during clustering.

The baseline and the proposed binary classifiers there-
fore have different advantages. VGG16 + SVM removes
majority samples stably, and it thus provides a more favor-
able input distribution for the subsequent clustering stage.
On the other hand, the proposed approach preserves more
minority samples by reducing the misclassification of mi-
nority samples as majority classes. This benefit leads to
improved detection of minority patterns only when the
clustering stage can separate the additional minority sam-
ples from the majority samples that were missed. There-
fore, improving the clustering stage will be necessary to
exploit the FPR reduction achieved by the proposed
method.

V. CONCLUSIONS

In this study, we proposed a new approach to reducing
the false positive rate for minority classes of the binary
classifier in the hybrid wafer-map classification frame-
work. The proposed method reduced the minority-class
FPR from 0.202 + 0.061 to 0.109 + 0.045, and it was ef-
fective in suppressing the removal of minority-class sam-
ples before clustering. The additional comparisons using
ResNet50 also showed that LightGBM reduced the FPR
compared with SVM. However, the proposed method in-
creased the misdetection of the Random class. As a result,
more majority samples remained in the clustering input,
which reduced the precision and recall of several minority
classes. As future work, we will investigate clustering
methods that can detect minority classes while reducing
the effect of majority samples.
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Abstract—While modern RGB ultra-widefield (UWF) fundus
imaging systems exist, their high cost leaves vast repositories
of legacy red-green (RG) images. To enhance the clinical util-
ity of this data, this study investigated RGB image generation
from RG UWF images. Previous methods like Pix2Pix, which
rely on paired data, often resulted in boundary blurring. To ad-
dress this, we developed CycleGAN Optos, incorporating
three key optimizations: an SSIM component in the cycle-con-
sistency loss to preserve anatomical structures, a VGG-based
style loss to improve perceptual quality, and multi-layer archi-
tecture. Quantitative evaluations demonstrated our optimized
model yields higher sharpness, mitigates blurring, and
achieves a superior balance between perceptual fidelity (as-
sessed by NIQE) and structural fidelity compared to baselines.
This structure- and style-aware framework effectively gener-
ates RGB images from legacy RG data without paired training,
enhancing practical use.

Keywords—Fundus imaging, CycleGAN, RGB generation,
Ultra-widefield, Unpaired data

I. INTRODUCTION

Fundus imaging is a cost-effective, non-invasive mo-
dality widely used for evaluating retinal pathology. Re-
cently, the emerging field of oculomics has developed,
utilizing retinal vascular and neural information to pre-
dict systemic health metrics (sex, age, blood pressure)
and risks of diabetes [1] and neurodegenerative diseases
[2], alongside Al-based diagnostic models.

Scanning laser ophthalmoscopes (SLOs) first
emerged in 1990; however, low resolution and equip-
ment size hindered their clinical adoption [3]. Subse-
quently, ultra-widefield (UWF) fundus imaging systems
employing red and green (RG) lasers were introduced in
the early 2000s. Unlike conventional cameras (capturing
~10% of the retina), these systems enabled instantane-
ous, non-mydriatic imaging of over 80% of the retina
(200° field of view), revolutionizing clinical ophthal-
mology [3, 5]. However, RG devices remained the pri-
mary standard for decades. Even today, true three-color
RGB UWF systems are not universally available in
standard clinics [3, 5]. Consequently, vast historical re-
positories of legacy RG fundus images remain stored in
medical facilities worldwide.

RGB images synthesize reflected light from different
retinal layers based on wavelength penetration (Fig. 1):
blue (488 nm) illuminates the superficial retina, green
(532 nm) highlights the sensory retina, and red (635 nm)
penetrates the choroid. A recent clinical study at Mie
University Hospital evaluated the detectability of ten
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common retinal lesions (vessel sheathing, optic disc
cupping, cotton wool spots, epiretinal membrane, laser
photocoagulation scars, retinal drusen, retinal hemor-
rhage, retinal/choroidal detachment, chorioretinal atro-
phy, and macular degeneration) using an RGB UWF
SLO [4]. Evaluations by 26 ophthalmologists demon-
strated that RGB imaging provided significantly supe-
rior visibility across all ten lesion categories compared
to RG imaging (P < 0.01) [4]. Notably, the blue channel
enhanced the contrast and delineation of superficial (e.g.,
epiretinal membranes) and white lesions (e.g., vessel
sheathing, optic disc cupping, cotton wool spots) [4].

Therefore, adding blue channel (B ch) information to
perform RGB image generation from existing RG im-
ages holds significant clinical usefulness for enhancing
the value of legacy RG fundus images. This study inves-
tigates a deep learning-based method for RGB image
generation from RG UWF fundus images using Cy-
cleGAN.

635nm

Fig. 1 Schematic representation of light penetration in
retinal layers based on wavelength: blue (488 nm), green
(532 nm), and red (635 nm).

II. MODEL INVESTIGATION

A. Previous results

We previously performed RGB image generation us-
ing Pix2Pix [5]. Fig. 2 shows the generated RGB images
and a magnified view of the optic disc. The model
achieved high quantitative accuracy (SSIM: 0.969,
LPIPS: 0.0904) and generally reproduced the true RGB
images, confirming the effectiveness of Pix2Pix for
RGB image generation from RG UWF fundus images
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(a) Input RG image ®) Ge?;raa;:d RGB optic disc

(c) True RGB image

Fig. 2 Examples of Pix2Pix-generated RGB images relying on
paired training data, showing blurred anatomical structures in
the magnified optic disc view.

[5]. However, as shown in the magnified optic disc view
(Fig. 1), fine anatomical structures such as disc bounda-
ries and vessels were blurred, indicating insufficient
quality for practical use.

B. Limitations of the Conventional Pix2Pix Model

Pix2Pix relies on paired training data of perfectly
aligned RG and true RGB images (Fig. 2), mapping in-
puts directly to ground-truth targets. This approach pre-
sents two limitations. First, model scalability is con-
strained because acquiring perfectly aligned paired
datasets in routine clinical workflows is virtually impos-
sible. Second, prioritizing global color reproduction of-
ten over-constrains pixel-wise correspondence, result-
ing in blurred edges and inadequate preservation of
anatomical structures.

C. Characteristics of the Proposed CycleGAN Model
The proposed CycleGAN model eliminates the need

for paired training data, enhancing its clinical usefulness.

Fig. 3 illustrates its architecture for learning bidirec-
tional translations between domains A and B. When
training the A-to-B mapping, generator X takes image A
and inverse-generated image Y(B) as inputs. Recon-
structed image X(Y(B)) and dataset image B are evalu-
ated by discriminator X as a pseudo-pair. CycleGAN
combines adversarial loss with cycle-consistency loss to
realize unpaired translation.

Pseudo-pair learning

[A—B] X(A
Cycle Generator A
X()
Y(B)
[B—A] XA
Cycle A Generator
Y()
Y(B)

H Discriminator

H Discriminator

Adversarial loss encourages generated RGB images
to match the target domain distribution. To prevent
structural deviation from the input during unpaired
learning, cycle-consistency loss is introduced, minimiz-
ing pixel-wise reconstruction errors in pseudo-pairs to
ensure the preservation of anatomical structures. By ad-
justing the balance between two losses, CycleGAN
achieves quality comparable to that of Pix2Pix [6]. Fur-
thermore, CycleGAN has been adopted for structural fi-
delity and artifact reduction in fundus photography [7].
Therefore, we investigated a CycleGAN-based model
for RGB image generation from RG UWF fundus im-
ages.

III. MATERIALS AND METHODS

A. Materials

We utilized 575 UWF fundus images acquired at Mie
University Hospital (460 training, 115 validation). Im-
ages were resized to 512 x 512 pixels. A Region of In-
terest (ROI) mask identified the effective retinal area,
and standard data augmentation (random horizontal flip-
ping and cropping) was applied during training.

B. Model Optimization

RGB image generation from UWF fundus images re-
quires ensuring the preservation of anatomical structures
and achieving high perceptual quality. Because baseline
CycleGAN relies primarily on cycle-consistency loss,
we implemented three key optimizations to satisfy both
requirements.

First, to enhance structural fidelity, we introduced an
SSIM loss component to account for spatial interrela-
tionships between pixels. Combining SSIM with cycle-
consistency loss (cycle-SSIM loss) improves the preser-
vation of anatomical structures. Second, to improve per-
ceptual quality, a style loss using pre-trained VGG19
was introduced to minimize feature-level differences,
enhancing color reproduction. Third, to improve the
capture of global color distribution and abstract features
alongside fine local structures, the baseline single-layer
patch discriminator was replaced with a multi-layer ar-
chitecture that progressively downsamples spatial reso-
lution.

: Dataset image
(True image)

Evaluation
value
Evaluation
value

: Generated image
based on dataset
image

: Generated image
based on reverse-
transformed image

Fig. 3 CycleGAN model architecture for unpaired image-to-image translation.

IWRIS2026

10



Table 1 Quantitative evaluation results.

Model SSIM 1t LPIPS(vgg)l Sharpness? Contrastf NIQE|
Pix2Pix 0.969 0.0904 47.89 53.65 6.20
CycleGAN 0.937 0.169 113.41 55.71 6.87
CycleGAN_Optos  0.941 0.106 106.37 58.91 5.27
True RGB image 1.00 0.000 94.95 53.53 5.02

(¢) CycleGAN_Optos(optimization model)

(d) True RGB image

Fig. 4 Visual comparison of generated RGB images (right side; full view, left side; magnified view)

C. Experimental Setup and Evaluation Metrics

Training was conducted for 500 epochs across three
models: Pix2Pix, baseline CycleGAN, and our proposed
model, referred to as CycleGAN_ Optos. We evaluated
performance using SSIM, LPIPS(VGG), SHARPNESS,
CONTRAST, and NIQE. SSIM and LPIPS evaluate
structural fidelity and perceptual fidelity against true
RGB images, respectively. SHARPNESS measures sec-
ond-order derivative variance (edge detection), and
CONTRAST evaluates intensity variance based on
grayscale standard deviation.

Furthermore, we incorporated the Natural Image
Quality Evaluator (NIQE), a no-reference metric evalu-
ating perceptual quality based on statistical luminance
patterns from high-quality natural images. NIQE is
widely adopted for evaluating perceptual quality and ar-
tifact reduction in retinal image processing, such as an-
notation-free restoration networks [8].
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I'V. RESULTS AND DISCUSSION

Table 1 summarized the quantitative evaluation re-
sults. Pix2Pix achieved high SSIM and LPIPS scores,
generally reproducing structure and color in a paired set-
ting. However, its lower SHARPNESS and NIQE scores
quantitatively confirm that Pix2Pix-generated RGB im-
ages suffer from boundary blurring and reduced sharp-
ness compared to true RGB images.

Baseline CycleGAN showed an inferior LPIPS score,
indicating difficulty with accurate color reproduction
despite preserving basic structures. Its higher
SHARPNESS and NIQE scores reflect inadequate and
visually unrefined global perceptual quality.

Finally, CycleGAN Optos improved SSIM over
baseline CycleGAN and achieved an LPIPS score com-
parable to Pix2Pix. Its SHARPNESS and CONTRAST
scores aligned closely with those of true RGB images,



and it achieved the best NIQE score among the three
models, suggesting that it does not suffer from the deg-
radation in perceptual quality observed in the baseline
CycleGAN. This result that it does not exhibit the exces-
sive edge enhancement observed in the baseline Cy-
cleGAN. These results indicate that despite using un-
paired data, CycleGAN_ Optos generates sharp, well-
defined RGB images with high perceptual quality and
structural fidelity. Fig. 4 shows representative generated
RGB images. While full-view and magnified images
suggest the possibility of generating sharp, well-defined
RGB images, this evaluation is currently limited to vis-
ual impressions of individual images, representing a ma-
jor limitation of the present study. Additionally, Cy-
cleGAN-based models successfully reduced imaging
artifacts, such as light scattering and reflection present

in true RGB images and Pix2Pix-generated RGB images.

V. CONCLUSION AND FUTURE WORK

This study presented CycleGAN_Optos, a structure-
and style-aware CycleGAN incorporating SSIM-based
cycle-consistency loss, VGG-based style loss, and a
multi-layer discriminator, for generating RGB images
from legacy RG UWF fundus images without paired
training data. Quantitative and visual evaluations con-
firmed that CycleGAN_Optos despite being an unpaired
learning model improves the balance between structural
and perceptual quality compared to the baseline Cy-
cleGAN model and generates RGB images with reduced
blur, a problem observed in Pix2Pix, thereby enhancing
the clinical usefulness of existing RGB image reposito-
ries. To address the current limitation of relying solely
on visual impressions, future studies must prioritize the
clinical evaluation of generated images from the per-
spective of ophthalmologists. Specifically, it is neces-
sary to assess the clinical and diagnostic usefulness of
the generated RGB images by evaluating the differences
in image features. Furthermore, future work will apply
this framework to fundus images with severe patholo-
gies where conventional RG diagnosis is challenging to
develop a model capable of accurately preserving dis-
ease-specific lesions during RGB image generation.
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The Effect of Robotic Assisted Gait Training on Physical Activity, Motor
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Abstract— Background: Children with spastic cerebral palsy (CP) experience motor impairments and reduced physical activity,
negatively impacting health and quality of life. Objective: The study aimed to assess the effects of wearable exoskeleton robot-assisted
gait training on physical activity, motor function, and quality of life in children with CP.

Methods: Ten children with spastic CP (mean age 9.20 + 2.57 years; gross motor function classification system levels [-IV) received
twelve 30-min sessions of robot-assisted gait training over six weeks at a university hospital rehabilitation center. Physical activity was
measured using a tri-axial accelerometer to assess energy expenditure, metabolic equivalents (METs), intensity levels, vector magni-
tude counts per minute (VM CPM), and step counts. Motor function was evaluated using the Gross Motor Function Measure (GMFM-
88), Timed Up and Go Test (TUG), and 6-Minute Walk Test (6MWT). Quality of life was assessed with the Cerebral Palsy Quality of
Life questionnaire (CP-QOL). Repeated measures MANOVA and Cohen’s d were used for statistical analysis.

Results: Significant improvements were observed in METs (p = 0.02, d = 0.38), light (p = 0.03, d = 0.51) and moderate physical
activity time (p = 0.01, d = 0.42), and VM CPM (p = 0.01, d = 0.44), along with reduced sedentary time (p = 0.02, d = — 0.49).
Functional outcomes improved in GMFM-88 (p<0.01, d = 0.22), TUG (p = 0.03, d = — 0.33), and 6MWT (p = 0.02, d = 0.52). No
significant changes were found in CP-QOL scores.

Conclusion: Wearable robot-assisted gait training appears to enhance physical activity and mobility in children with spastic CP and
may be considered a promising therapeutic intervention.

Keywords— robot-assisted gait training, cerebral palsy, physical activity, motor function, wearable exoskeleton

To address these limitations, wearable exoskeleton ro-
bots have been developed, enabling voluntary and active

I. WNTRODUCTION participation while providing a more natural gait experi-
] ] ence. Devices such as ReWalk, Indego, Hybrid Assistive
Cerebral palsy (CP) is a non-progressive neurodevelop- Limb, Ekso, and Angel-legs allow training in diverse en-

mental disorder caused by early brain damage, affecting
posture, muscle tone, movement, and gait [1]. These im-
pairments result in muscle weakness, spasticity, joint con-
tractures, and fatigue, leading to reduced intermuscular
coordination and challenges in maintaining a normal gait
pattern [2, 3]. Consequently, children with CP experience
gait instability and restricted segmental movements,
which diminish mobility, hinder independence in daily ac-

vironments [12, 13]. These devices operate on an assist-
as-needed principle, delivering torque only when neces-
sary and encouraging children to independently control
weight shifting and balance [14]. This approach fosters
motor learning, self-directed movement, and adaptability
to real-world scenarios [15].

Despite the promise of wearable exoskeletons, research
has largely focused on functional metrics, with limited
tivities [4], and significantly reduce quality of life [5, 6]. evaluation of real-world outcomes such as physical activ-

Recent advancements in rehabilitation have highlighted ity levels and perceived exertion [15]. This pilot study
robot-assisted gait training (RAGT) as an effective inter- aimed to address these gaps by investigating the effects of
vention for improving gait function in children with CP wearable exoskeleton RAGT on physical activity, motor

[7}. RAGT prgvides repetitive and pref:ise gait patj[erns function, and quality of life in children with spastic CP.
tailored to a child’s physical characteristics and functional

levels, promoting motor learning while improving gait
speed, balance, and endurance [7, 8]. Among stationary 11. METHODS
exoskeleton systems, the Lokomat is widely used, offering
customized gait training by adjusting body weight support

: L A. Participants
and speed [9]. However, stationary systems have limita- P

tions, such as restricted voluntary participation and a pri- The inclusion criteria for this study were: (1) children
mary focus on gait, which may hinder broader functional aged 5 to 14 years with a diagnosis of CP confirmed by
improvements [10, 11]. MRI or CT; (2) gait impairment due to lower limb weak-

ness, with a Functional Ambulation Classification (FAC)
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score of at least 2 [16]; and (3) lower limb spasticity
graded below 3 on the Modified Ashworth Scale (MAS)
[17]. Exclusion criteria were: (1) structural or functional
limitations of the lower limbs, such as contractures, de-
formities, or skin conditions, or other neurological, cardi-
ovascular, or medical conditions unrelated to CP that
could interfere with RAGT; and (2) significant cognitive
impairments preventing the ability to follow study instruc-
tions. The study protocol was approved by the Institutional
Review Board of Hanyang University (HYUH 2023-02-
001). Written informed consent was obtained from the
parents or guardians of all participants.

B. Apparatus

A wearable exoskeleton gait robot (Bambini Teens;
COSMO ROBOTICS Co., Ltd., Seoul, Republic of Ko-
rea), designed for children aged 5 to 14 years, was used in
this study. This powered lower extremity exoskeleton re-
ceived medical device certification from the Korean Min-
istry of Food and Drug Safety (MFDS) in 2022. The de-
vice offers multiple operating modes including standing,
sitting, walking in place, and walking forward, controlled
via a tablet PC. Three distinct gait training modes were
available: step-by-step, continuous, and active. In active
mode, participants overcame adjustable resistance levels
(0-10), facilitating natural gait patterns through ankle dor-
siflexion and plantarflexion. Adjustable gait parameters
including step height, step length, and step duration al-
lowed individualized training tailored to each participant’s
functional capacity. The exoskeleton weighs approxi-
mately 24.5 kg and operates continuously for up to 4 hours
on a rechargeable battery.

C. Procedures

Participants completed 12 sessions of RAGT over six
weeks (two 30-min sessions per week). All sessions were
supervised by a pediatric physical therapist with over 10
years of experience. Training progressed through step-by-
step, continuous, and active modes, with parameters ad-
justed individually according to each participant’s func-
tional capacity.

Fig. 1. Wearable exoskeletal gait robot training. Publication of
this photograph has been approved by the patient’s guard-
ian through informed consent.
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D. Outcome Measures

Demographic data (gender, age, height, and weight)
and clinical characteristics (CP type, extremity distribu-
tion, GMFCS level, FAC score, spasticity, and walking
aids) were obtained from medical records and parent re-
ports. All outcomes were assessed at baseline and imme-
diately post-intervention by a pediatric physical therapist
with over five years of experience who was not involved
in the intervention.

Physical activity was measured using a tri-axial accel-
erometer (ActiGraph wGT3X-BT; ActiGraph LLC, Pen-
sacola, FL), worn continuously at the midaxillary line for
one week pre- and post-intervention, except during bath-
ing and sleeping. A minimum of 10 h of daily wear time
was required [18]. Raw data were processed using Ac-
tiLife software (version 6.13.6) with 10-s epochs and the
low-frequency extension algorithm [19]. Non-wear peri-
ods were defined as 150 consecutive minutes of inactivity
[20]. Energy expenditure and METs were calculated using
validated child-specific algorithms [21], and activity in-
tensity (sedentary, light, moderate, vigorous) was catego-
rized using youth-specific thresholds [22]. Key metrics in-
cluded VM CPM, MVPA, and step counts. Perceived
exertion was assessed during sessions 3—10 using the Borg
RPE scale (6-20) [23].

Fig. 2. The“ tri-axial accelerometer (ActiGraph wGT3X-BT) used
in this study

E. Statistical Analysis

Data analysis was performed using SPSS Statistics ver-
sion 18 (IBM Corp., Armonk, NY, USA). Repeated
measures MANOVA was used to evaluate intervention ef-
fects across two time points (pre- and post-intervention)
for physical activity variables (METs, MVPA, VM CPM,
step counts) and CP-QOL, and across three time points
(pre-, interim-, and post-intervention) for GMFM-88,
TUG, and 6MWT. Mauchly's test of sphericity was per-
formed for three-point comparisons, with the Green-
house—Geisser correction applied when violated. When
significant multivariate effects were observed, Bonfer-
roni-adjusted pairwise comparisons were conducted. All
tests were two-tailed (p < 0.05). Effect sizes (Cohen's d)
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were calculated as supplementary measures: small (d =
0.2), medium (d = 0.5), and large (d = 0.8) [24].

scores did not change significantly (p = 0.29, d = 0.04)

(Table 2).

II1. RESULTS Table 1 Physical activity outcomes at baseline and post-intervention.
A. Physical Activity Variable Baseline Post p d
Following RAGT, significant improvements were ob-
served in METs (p = 0.02, d = 0.38) and VM CPM (p = Energy ex- 42 46437801 526.82430043 091 0.16
. L penditure
0.01, d = 0.44). Sedentary time significantly decreased (p
=0.02, d = —-0.49), while time in light (p = 0.03, d = 0.51)
and moderate physical activity (p = 0.01, d = 0.42) signif- METs 1:3420.17 1:4120.20 0.02 0.38
icantly increased. No significant changes were found in
Energy expenditure (Table 1). f’;‘;emary 83.26+5.53 80.087.12 002 049
B. Motor Function and Quality of Life z;;)%ht PA 15,144 82 17.9245.97 0.03 0.51
All three functional outcomes improved significantly
and exceeded their Minimal Clinically Impo’rtant Differ- gled;rate 1 16£0.69 1524099 0.01 0.42
ence (MCID) thresholds. GMFM-88 scores increased by (%)
4.9 points (p < 0.01, d = 0.22), TUG completion time de-
creased by 24.7 s (p = 0.03, d = —0.33), and 6MWT dis- VM CPM 356.05£163.02  438.26£205.36  0.01 0.44
tance increased by 38.4 m (p = 0.02, d = 0.52). CP-QOL
Table 2 Motor function and quality of life results.
. . Effect size
Measure Baseline Interim Post p (C{)f hen’s d)
GMFM-88 (score) 59.04+21.94 61.22+21.96 63.89+22.13 <0.01 0.22
TUG (sec) 97.34+78.62 87.48+67.85 72.64+70.56 0.03 -0.33
6MWT (m) 63.47+54.81 83.73+£77.72 101.85+87.88 0.02 0.52
CP-QOL (score) 52.34+4.49 51.17+4.17 52.50+4.24 0.29 0.04

IV. piscussioN

This pilot study demonstrated that wearable RAGT
produced statistically significant and clinically meaning-
ful improvements in physical activity and motor function
in children with spastic CP. The observed shift from sed-
entary to light and moderate physical activity suggests that
wearable robot training carries over into daily life behav-
iors, beyond what is measured in the clinic [13, 15].

All functional outcomes exceeded their respective
MCID thresholds, indicating changes that are perceptible
and meaningful to patients and clinicians. The assist-as-
needed design of the wearable exoskeleton likely pro-
moted active muscle recruitment and motor learning
through repetitive, task-specific training [14, 15].

Despite measurable functional gains, CP-QOL scores
did not change significantly. This is consistent with prior
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studies reporting that short-term motor improvements may
not immediately translate into perceived psychosocial
benefits [25, 26]. Quality of life in children with CP is in-
fluenced by multiple environmental and social factors be-
yond physical function, and longer follow-up periods are
likely necessary to capture meaningful changes.

Heterogeneous individual responses were observed: six
of ten participants showed increased METs and walking
distance, while four showed stable or slightly reduced val-
ues. This variability underscores the need for individual-
ized robot settings and adaptive training protocols. From
a regional innovation perspective, the use of a domesti-
cally certified wearable exoskeleton (Bambini Teens,
COSMO ROBOTICS) demonstrates a viable model for
technology-driven healthcare solutions aligned with SDG
3 (Good Health) and SDG 10 (Reduced Inequalities).
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V. CONCLUSIONS

Wearable exoskeleton RAGT produced meaningful im-
provements in real-world physical activity and motor
function in children with spastic CP across multiple
GMFCS levels. All functional outcomes exceeded MCID
thresholds, confirming clinical relevance despite the small
sample size. Quality of life did not change significantly
over the six-week period, highlighting the need for longer
interventions and community-based follow-up. Future
studies should employ randomized controlled designs
with larger samples and explore cost-effective implemen-
tation within regional rehabilitation systems.
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Abstract — This paper examines Sonmat-itgi (“connecting
the taste of hands”), a collective-impact initiative in Wonju,
South Korea, in which ten elderly women were trained and
certified as gochujang-making instructors to deliver food
education and emotional care to isolated older adults. Im-
plemented in 2025 through a partnership among a public
anchor institution, two social enterprises, a welfare center,
and an intermediary agency as a backbone organization,
the program reached 303 vulnerable older adults and 63
children and youth and achieved an overall impact score of
90 out 0f 100 on an eleven-indicator scorecard spanning so-
cial, economic, and environmental dimensions. However,
this paper argues that the project’s most consequential
outcome was not fully visible within its 2025 measurement
window. It raises a broader question for collective-impact-
based social economy initiatives: is impact a result meas-
urable within a project’s funded period, or a process in
which the relationships and collective capacity a project
builds mature afterward into self-sustaining collective ac-
tion? Drawing on collective-impact and collective-agency
theory, this paper proposes a “temporary project paradox”
— project-based interventions are effective at forming col-
laborative relationships, but their very temporariness
threatens the durability of what they form — and extends
the conventional input-output-outcome-impact chain with
relational and organizational stages to better capture how
small-scale collective-impact initiatives generate impact
over time.

Keywords — collective impact, collective agency, commu-
nity capacity, social economy, impact measurement

1. INTRODUCTION

As social problems such as population aging, social
isolation, and regional economic decline deepen and in-
tersect, no single actor — public, private, or civil society
— can resolve them alone, and the need for cross-sector
“collective impact,” in which multiple organizations
align around a common agenda to address a shared prob-
lem, has grown correspondingly [1]. For regional inno-
vation scholarship, such collaborations constitute a dis-
tinctive category of place-based social innovation,
reorganizing underused local resources — here, older
women’s dormant productive capacity and locally
grown produce — rather than deploying new technology
[2]. However, collective impact initiatives often rely on
grant-based and relatively short-term funding, which
can constrain long-term planning and sustainability; yet
what happens to the collaborative relationships they
build once external funding ends remains comparatively
underexamined [3].
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Sonmat-itgi (“connecting the taste of hands™) re-
sponds to a couple of local problems in Wonju, Gang-
won Province: economic and social isolation among
older women, the care needs of older adults living alone,
a shortage of local care services, and underused tradi-
tional food culture. Ten women over fiftyfive were
trained as a ‘grandmother instructor corps’ who deliv-
ered gochujang-making education and the resulting go-
chujang to older adults living alone. The program’s own
planning documents explicitly describe it as a collective-
impact initiative, coordinating a public anchor institu-
tion, a welfare center, an intermediary agency, and two
social enterprises, each with a distinct role, toward sim-
ultaneous value across employment, emotional care, in-
tergenerational relationships, cultural transmission, and
local economic circulation [1], [4].

An eleven-indicator, self-administered impact score-
card documented substantial achievement at project
completion in 2025: 90 of 100 points across social, eco-
nomic, and environmental dimensions [5]. However, the
program’s most consequential development was not vis-
ible within that measurement window. During imple-
mentation, uncertainty about whether Sonmat-itgi
would continue produced visible anxiety and tension
within the instructor corps — observed directly by the
author in the project-coordinator role — straining rela-
tionships the project itself had built. Partner institutions
did not resolve this uncertainty; they indicated only that
they would make their best effort to secure continuation,
without being able to guarantee it. It was this absence of
certainty, rather than any reassurance, that appears to
have led the instructors to recognize their own depend-
ency on institutions they could not control, and to begin
preparing to form an informal voluntary association to
sustain their activity independent of any single agency’s
funding cycle. This trajectory poses a question current
impact-measurement frameworks are not designed to
answer: is impact a result measurable within a project’s
funded period, or a process in which the relationships
and collective capacity a project builds mature afterward
into self-sustaining collective action?

I1. THEORETICAL BACKGROUND

A. Collective Impact

Collective-impact theory holds that large-scale social
change requires cross-sector actors to align around a
common agenda, shared measurement, mutually rein-
forcing activities, continuous communication, and a
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“backbone” organization providing coordination capac-
ity [1]. Sonmat-itgi’s planning documents explicitly in-
voke this model, assigning the intermediary agency the
backbone role. The theory, however, says little about the
temporal dynamics of collaboration once a specific
funded project cycle ends — a gap this paper addresses

[6].

B. Collective Agency and Community Capacity

Collective agency refers to a group’s shared belief in
its capacity to organize and execute courses of action to
produce given outcomes [7]. Community-capacity
scholarship similarly holds that durable community
change depends less on any single program than on the
relationships, trust, and organizational skill a commu-
nity accumulates through repeated collective action [7].
Together, these literatures suggest that a project’s last-
ing contribution may lie less in its measured outputs than
in whether it leaves behind a group capable of continued,
self-directed action.

C. Project-Based Intervention and the Temporary
Project Paradox

Project-based funding efficiently mobilizes people
around a shared task within a bounded period, but its
very temporariness can threaten the durability of what it
creates: participants whose role and income depend on a
project’s continuation may experience uncertainty about
the project’s end as a threat to the relationships the pro-
ject itself built [8]. This study terms this the temporary
project paradox — a project is effective at forming a col-
lective, but the collective’s stability depends on resolv-
ing, through either continued funding or a shift to self-
organization, the uncertainty the project’s own tempo-
rariness creates. Sonmat-itgi’s 2025 instructor-corps
tension over continuation, and its 2026 shift toward
forming an independent association once continuation
was assured, illustrates this dynamic directly.

III. RESEARCH FRAMEWORK AND QUESTIONS

Building on this literature, this paper extends the con-
ventional input-activity-output-outcome-impact chain
[9] with two intermediate stages — relational outcomes
(trust, network ties, collective identity) and organiza-
tional outcomes (collective agency, joint decision-mak-
ing, self-organization) — positioned between outputs
and sustained impact: Project — Interaction — Rela-
tionship/Trust — Collective Identity — Collective
Agency — Self-Organization — Sustained Collective
Action — Long-Term Impact. Impact measurement is
treated as a device that captures results at a particular
point along this process, not the process itself.

This study asks: (i) how did uncertainty about project
continuation affect relationships within the instructor
corps during 2025 implementation; (ii) what changed
once continuation was assured, and how did this relate
to the instructors’ move toward self-organization in
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2026; and (ii) what aspects of this relational and organi-
zational trajectory were, and were not, visible within the
program’s 2025 impact scorecard.

IV. CASE AND METHODS

Sonmat-itgi was implemented May—July 2025 in
Wonju, a secondary city in Gangwon Province, regis-
tered under the intermediary agency’s 2025 Collective
Impact Creation Project (budget KRW 7,090,000, about
USD 5,000) and coordinated among six institutions: an
agricultural social enterprise, a senior consumer social
cooperative, a welfare center, a public health-insurance
agency as anchor institution, a local social-economy
support center, and the intermediary agency as backbone
[6]. Table I summarizes the roles of the six participating
institutions.

TABLE I. PARTICIPATING INSTITUTIONS AND
ROLES

Role

Trained/certified instructor corps;
manufactured gochujang kits

Institution

Chomam Co. (agricul-

tural social enterprise)
Wonju Senior Consumer  Recruited instructor candidates

Social Cooperative

Myeongryun Welfare Hosted sessions; recruited benefi-
Center ciary older adults
HIRA (health-insurance ~ Anchor institution; core funding
agency)

Wonju Social Economy
Support Center

Co-funding; training venue

Korea Social Enterprise
Promotion Agency

Backbone: design, coordination,
monitoring

Source: 2025 Collective Impact Creation Project: Implemen-
tation Plan for the ‘Sonmat-itgi’ Project for Emotional Care of
Older Adults, Korea Social Enterprise Promotion Agency
(2025)

Data are drawn from four sources: (i) the program’s
April 2025 collective-impact implementation plan and
June 2025 impact-measurement plan; (ii) its September
2025 results-sharing report, including an eleven-indica-
tor, 100-point scorecard (40 social, 30 economic, 30 en-
vironmental); (iii) instructors’ own written reflections,
collected as open-ended responses on the post-program
satisfaction questionnaire rather than through structured
interviews; and (iv) the author’s own field observations
as the program’s coordinating evaluator, present
throughout instructor training, delivery, and the transi-
tion into 2026. The relational and organizational events
described in Section V draw specifically on this fourth
source; because no independent record of these events
exists beyond the author’s own notes, they are presented
as direct, reflexive observation rather than as docu-
mented fact, consistent with insider or practitioner case-
study methodology [10]. This is an important limitation.
The findings cannot yet be independently verified. Fu-
ture research should therefore conduct structured inter-
views with instructors and partner staff at several points
after the project ends.
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V. FINDINGS AND DISCUSSION

A. Measured Achievement in 2025 and What the 2025
Scorecard Did, and Did Not, Capture

Table II summarizes the 2025 scorecard. The pro-
gram scored 90 of 100 points: full marks on all five so-
cial indicators (10 instructors trained; 303 older adults
and 63 children/youth served; average satisfaction
above 4.5/5.0), and full marks on two of three indicators
each in the economic and environmental dimensions,
with partial credit only on indicators requiring prospec-
tive, forward-looking evidence — future revenue-model
conversion (5/10) and additional carbon-footprint-re-
duction practices (5/10).

TABLE II. SONMAT-ITGI 2025 IMPACT SCORECARD

SUMMARY
Di- Indicator Score
mension
Social  Participation opportunities for 8/8
older adults
Reduced social isolation (in- 8/8
structors)
Partner-institution  cooperation 8/8
satisfaction
Vulnerable-group beneficiaries 8/8
reached
Beneficiary satisfaction 8/8
Economic New job creation 10/10
Local economic circulation 10/10
Future revenue-model conver-  5/10
sion
Environ- Local agricultural produce use 10/10
mental  ratio
Additive-free, low-sodium pro- 10/10
vision
Carbon-footprint reduction prac-  5/10
tices
Total 90/100

Source: 2025 Sonmat-itgi project impact measurement report,
Korea Social Enterprise Promotion Agency (2025)

The 2025 scorecard registered high achievement on
indicators available at project completion — participa-
tion, training, satisfaction, sourcing — but contained no
indicator corresponding to relational or organizational
outcomes, because no such indicator existed in a meas-
urement plan designed before the instructor corps had
cause to organize independent of the project. And the
scorecard’s own partner-cooperation indicator measured
satisfaction with cross-institutional cooperation during
the funded project, not the instructor corps’ own emerg-
ing capacity for self-organization afterward. This is not
necessarily a flaw specific to Sonmat-itgi’s instrument
so much as a structural limit of project-period measure-
ment: the relational and organizational stages proposed
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in Section III are, by definition, difficult to observe us-
ing an instrument fielded only during, or immediately
after, the funded period itself.

B. The Temporary Project Paradox in Practice

During May—July 2025 implementation, uncertainty
about whether Sonmat-itgi would receive continued
support produced visible tension among the ten-woman
instructor corps. Because their instructor role, and the
modest income and social participation it provided, de-
pended on the project’s continuation, unresolved ques-
tions about the project’s future strained relationships the
group had built through weeks of shared training and de-
livery — consistent with the temporary project paradox
proposed in Section 1I-C.

“Teaching has given me great pride — knowing that I
can help and bring joy to someone, and ease someone’s
loneliness. Through this work I feel more energy and joy in
my own life, and it has been a real economic help as well.
Thinking of a life in which we look after one another, I sin-
cerely hope this program will continue, and not just be tem-

porary.”— Sonmat-itgi instructor, post-program written re-
flection, 2025

This reflection, one of several the instructors submit-
ted at project completion, illustrates why the tension
over continuation was relational rather than merely fi-
nancial: instructors described their role in terms of pride,
vitality, and mutual care before mentioning income, sug-
gesting that what was at stake for them was not only a
source of pay but a valued way of relating to others. The
partner institutions did not, in fact, resolve this tension
by confirming continuation; what they communicated
was that they would make their best effort to secure sup-
port for 2026, without being able to guarantee it. This
fell short of removing the underlying uncertainty — but
it appears to have been the moment at which the instruc-
tors themselves came to recognize what was actually
driving their anxiety and the friction it was producing
among them: not the funding shortfall as such, but the
corps’ own dependency on institutions whose support
they could not control. It was this recognition of depend-
ency — rather than any reassurance the institutions were
able to offer — that appears to have prompted the in-
structors to decide, on their own initiative, to organize
their own association. By 2026 the instructors and part-
ner organizations were preparing to form an informal
voluntary association to sustain the instructor corps in-
dependent of any single agency’s annual funding cycle.
Read against the framework in Section III, this sequence
traces a shift from project dependence (“we can only act
if the project continues”) to collective agency (“we can
organize to continue acting ourselves”) that was trig-
gered not by institutional certainty but by the instructors’
own recognition of its absence — a transition external
observers might describe as organizational, but which
instructors appear to have experienced first as relational
and self-directed.
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V1. CoNcLUSIONS

This paper examines the case of Sonmat-itgi in
Wonju to ask whether impact is best understood as a re-
sult measurable within a project’s funded period, or as a
process in which relationships and collective capacity
accumulated through a project mature afterward into
sustained collective action. Its central claim is that the
impact of a small, community-based social economy
project cannot be fully explained by the social, eco-
nomic, and environmental outcomes measurable within
its funded period alone; it must also account for how the
relational capital and collective agency formed during
the project develop, after the project ends, into self-or-
ganization and sustained collective action. The case sup-
ports this claim directly: the program’s 2025 scorecard
registered strong, largely uniform achievement (90 of
100 points), yet its most consequential development —
a shift from anxious project dependence to an emerging
collective agency capable of self-organization — be-
came visible only in 2026, and, notably, was triggered
not by institutional reassurance but by the instructors’
own recognition of the limits of that reassurance.

Theoretically, the paper makes three contributions.
First, it extends collective-impact scholarship, which
specifies conditions for cross-sector alignment but says
little about what happens once a funded project cycle
ends, with an explicit temporal dimension [3]. Second,
it proposes the temporary project paradox as a specific
mechanism linking project-based intervention design to
the relational risks such designs create, and shows that
this paradox can be resolved from within a group rather
than only through continued external funding. Third,
and most specifically, the case suggests a refinement to
collective-agency theory: agency was not produced by
the removal of uncertainty but by the group’s own
recognition of an uncertainty that external actors could
not remove — a micro-mechanism linking dependency-
awareness to self-organization that existing accounts of
collective efficacy do not foreground [7].

Moreover, the case has implications for how collec-
tive-impact partnerships and their funders design and
evaluate small-scale social economy projects. Evalua-
tors should track relational and organizational indicators
— trust, cohesion, and a group’s own sense of continued
capacity — across, not only within, funding cycles,
since the present scorecard’s complete silence on this di-
mension was not a matter of a poorly chosen indicator
but of an absent one. Funders and backbone organiza-
tions should also recognize that offering only a “best ef-
fort” toward continuation, rather than either a firm com-
mitment or a candid acknowledgment of its absence,
may itself function as an unintended catalyst for self-or-
ganization: ambiguity, not certainty, appears to have
been what moved this group to act. Whether funders
should rely on such dynamics or address them earlier
and more directly remains an open question that this sin-
gle case cannot answer. However, the case highlights the
importance of this question for future research.
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As a single, reflexively observed case without inde-
pendent corroboration of the relational events described,
these conclusions should be treated as an initial account
inviting further verification, comparative case work, and
the design of relational and organizational impact indi-
cators for small-scale, collective-impact-based social
economy initiatives. In addition, the instructors’ reflec-
tions highlight a limitation of output-oriented impact
measurement: it may capture what a project delivers dur-
ing its funding period, but not the relationships, collec-
tive identity, and sense of purpose that may persist be-
yond the project itself.
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Abstract— Rice husk is an abundant agricultural residue
with considerable potential as a renewable biomass re-
source, yet its utilization in Indonesia remains limited.
South Sumatra, a major rice-producing province, has sig-
nificant opportunities to convert rice husk into renewable
electricity. This study aims to analyze the electricity gener-
ation potential and economic value added from rice husk
utilization in South Sumatra. A quantitative descriptive
approach was employed using primary data from PT
Buyung Putra Pangan and secondary data from Statistics
Indonesia. Rice husk availability and electricity generation
potential were estimated using the husk-to-grain ratio
(HGR), calorific value, and energy conversion factors,
while economic value added was analyzed using the Modi-
fied Hayami Method. The results show that rice husk in
South Sumatra has the potential to generate 2,331.89 GWh
of electricity annually. At an 80% plant capacity factor, ef-
fective generation reaches 1,865.51 GWh per year, equiva-
lent to 28.28% of the province's annual electricity demand.
Rice husk utilization generates annual electricity sales of
US$209.31 million, with a value added of US$111.43 mil-
lion, a value-added ratio of 53%, and a processing margin
of US$205.87 million. Of the total margin, 54% represents
business profit and 46% is allocated to other production
inputs. These findings highlight the potential of rice husk
to support renewable energy development, increase the
economic value of agricultural residues, and promote cir-
cular bioeconomy practices in South Sumatra.

Keywords— Biomass power, circular bioeconomy, renewable
energy, rice husk, value added

1. INTRODUCTION

Rice husk is one of the main residues generated dur-
ing the rice milling process. It has been utilized for var-
ious purposes, including animal feed, traditional fuel,
growing media, and organic fertilizer [1]. However, de-
spite its various applications, rice husk remains un-
derutilized in many rice-producing countries, with sub-
stantial quantities being burned or discarded. Therefore,
its conversion into energy provides an alternative path-
way for utilizing this agricultural residue while generat-
ing electricity [2]. The use of rice husk and other rice-
processing residues as renewable energy sources has
been widely investigated through combustion, gasifica-
tion, pyrolysis, and other energy conversion technolo-
gies [3][4].

South Sumatra Province is one of the rice-producing
regions in Indonesia. Large-scale rice production gener-
ates substantial quantities of rice husk. The average rice
production in South Sumatra during 2023-2025 reached
3,123,069.20 tons of dry unhusked rice [5]. This produc-
tion level provides a considerable supply of rice husk
that can be further utilized as biomass fuel. Rice produc-
tion data in South Sumatra were therefore used as the
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basis for estimating rice husk availability and its elec-
tricity generation potential.

The utilization of rice husk as biomass fuel has been
developed by PT Buyung Putra Pangan in Ogan Ilir Re-
gency. PT Buyung Putra Pangan is a rice milling com-
pany with a processing capacity of 400 tons per day. The
company receives rice supplies from several regions, in-
cluding Banyuasin, Ogan Ilir, Belitang, and Lampung.
This large milling capacity and extensive supply net-
work result in substantial quantities of rice husk. To re-
duce husk accumulation and utilize the available energy
resource, the company constructed a rice husk-fired bi-
omass power plant in 2018, which was completed in
2020. The plant is managed by PT Buyung Putra Energi,
and the electricity generated is used to meet the electric-
ity requirements of the rice milling operation. The bio-
mass power plant is capable of converting approxi-
mately 4 tons of rice husk into 3 MW of electricity per
hour. However, its operation still faces several chal-
lenges, particularly the availability of skilled personnel
and a sufficient supply of rice husk as fuel [6].

The operation of the biomass power plant at PT
Buyung Putra Pangan demonstrates the practical appli-
cation of rice husk as an energy source within the rice
milling industry [7]. This experience also provides an
opportunity to examine the broader potential of rice
husk utilization in South Sumatra Province. Therefore,
this study analyzes not only the electricity generation
potential of rice husk but also the value added generated
from its conversion into electricity. Value-added analy-
sis is important for examining the increase in the eco-
nomic value of rice husk after processing. Accordingly,
this study aims to analyze the electricity generation po-
tential of rice husk in South Sumatra Province and eval-
uate the value added generated from processing rice
husk as fuel for a biomass power plant.

I1. MATERIALS AND METHODS

A. Location and Time

This research was conducted in South Sumatra Prov-
ince, Indonesia, with primary data collected at PT
Buyung Putra Pangan. The location was purposively se-
lected because the company utilizes rice husk from rice
milling activities as fuel for a biomass power plant.
South Sumatra was also selected due to its substantial
rice production and rice husk availability. Data collec-
tion was carried out from May to July 2026.
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B. Methodology

This study employed a quantitative descriptive ap-
proach using both primary and secondary data. To ana-
lyze the electricity generation potential, rice husk avail-
ability was estimated based on rice production and the
husk-to-grain ratio (HGR). Previous studies have re-
ported that the husk-to-grain ratio generally ranges from
approximately 20% to 22% [1][8]. In this study, an HGR
of 20% was used to estimate rice husk generation. A col-
lection efficiency (CE) of 100% was applied in the cal-
culation to represent the total amount of rice husk asso-
ciated with rice production. Thus, the calculation does
not account for losses during collection, handling, or
transportation. Rice husk availability was calculated us-
ing the following equation:

RH = CE x HGR * RP (1)

Where RH is rice husk potential (tons), CE is collec-
tion efficiency (%), HGR is the husk-to-grain ratio (%),
and RP is rice production (tons). The energy potential
was then calculated based on the calorific value of rice
husk [9]:

EPRH = RH x CVRH )

Where EPRH is the energy potential of rice husk
(MlJ/year) and CVRH is the calorific value of rice husk
(MJ/kg). The resulting energy was converted into elec-
tricity using 1 kWh = 3.6 MJ and adjusted using an 80%
plant capacity factor.

To analyze the economic value added, the Modified
Hayami Method developed by Hidayat et al. [10] was
applied. The method was modified by using monetary
values and an annual production period as the basis of
calculation, instead of the quantity of raw materials and
output per production process. This adjustment allows
the method to be applied to electricity production. The
analysis included value added, value-added ratio, pro-
cessing margin, other input contributions, and business
profit from rice husk utilization as biomass power plant
fuel. The contribution of other input costs and business
profit was calculated based on their respective propor-
tions of the processing margin. A value-added ratio of
less than 15% was categorized as low, 15-40% as me-
dium, and above 40% as high.

III. RESULTS AND DISCUSSION

A. Rice Husk Potential in South Sumatra Province

Rice husk potential was estimated based on rice pro-
duction in South Sumatra Province during 2023-2025.
The development of rice production is presented in Ta-
ble 1.
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Table 1 Harvested Area and Rice Production in South Sumatra
Province, 2023-2025

Year Harvested Area (ha)  Rice Production (tons)
2023 504,143.03 2,832,773.92
2024 521,092.21 2,909,411.67
2025 636,316.00 3,627,022.00
Average 553,850.41 3,123,069.20

Source: BPS-Statistics Indonesia, South Sumatra Province.

Based on Table 1, the average rice production in
South Sumatra Province during 2023-2025 reached
3,123,069.20 tons of dry unhusked rice. Using an HGR
of 20% and a collection efficiency of 100%, the amount
of rice husk associated with this rice production was es-
timated as follows:

RH = CE x HGR x RP
=100% *x 20% x 3,123,069.20
=624,613.84 tons/year

The calculation resulted in 624,613.84 tons of rice
husk per year. This amount represents the rice husk gen-
erated from the average rice production in South Suma-
tra during 2023-2025.

B. Electricity Generation Potential from Rice Husk

The estimated rice husk availability of 624,613.84
tons, equivalent to 624,613,839.33 kg, was used to cal-
culate its energy potential based on a calorific value of
13.44 MJ/kg. The calculation was as follows:

EPRH =RH x CVRH
=024,613,839.33 kg x 13.44 MJ/kg
= 8,394,810,000.64 MJ/year

The resulting energy was then converted into kWh

EE =8394,810,000.64

3.6

=2,331,891,666.84 kWh/year
or 2,331.89 GWh/year

Using a plant capacity factor of 80%, electricity gen-
eration was calculated as follows:
EE =2331.89 x80%
= 1,865.51 GWh/year

The results indicate that rice husk in South Sumatra
could generate 1,865.51 GWh of electricity per year.
This amount was compared with the average annual
electricity sold in South Sumatra during 2023-2025,
which was 6,595.43 GWh per year [11]. Thus, electric-
ity generated from rice husk could contribute 28.28% of
the average annual electricity demand in South Sumatra
Province.

This contribution shows that rice husk can play an
important role in supporting renewable electricity gen-
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eration in South Sumatra. The availability of rice pro-
duction and the existing implementation of a rice husk-
fired biomass power plant indicate opportunities for fur-
ther development of biomass-based energy in the prov-
ince [5][12].

C. Value Added from Rice Husk Processing as Biomass
Power Plant FuelH

Value-added analysis was conducted to determine the
increase in the economic value of rice husk after it was
processed into electricity [7]. The calculation used the
Modified Hayami Method with monetary values and an
annual production period as the basis of analysis.

Table 2 Value Added from Rice Husk Processing as Biomass
Power Plant Fuel in South Sumatra Province

No. Variable Result
1 Fuel purchase price (US$/kWh) 0.00184
Electricity selling price
2 (USS$/kWh) 0.11220
Total value added per kWh of
3 output (USS) 0.11036

I Output, Input, and Price

4a  Sales output volume (kWh/year) 1,865,513,333.48

4b  Sales value of output (US$) 209,310,596
5 Main raw material (US$) 3,435,635
6  Direct labor (man-days) 23,400
7  Conversion factor 60.92

Direct labor coefficient
8 (US$/man-day) 8,945
9  Direct labor wages (US$/year) 10,898,427
I Revenue and Value Added
Other production input costs
10a (USS$/year) 89,078,262
Other operational input costs

10b (USS$/year) 5,363,351

11a Value added (USS$/year) 111,433,349

11b  Value-added ratio (%) 53%

III  Returns to Production Factors
12 Processing margin (US$) 205,874,961

12a Contribution of other input costs 46%

(%)
12b  Business profit (%) 54%

The electricity selling price used in the value-added
analysis was US$0.11220/kWh. This price was obtained
by applying the location factor for the Sumatra region to
the electricity purchase price for biomass power plants.
The fuel purchase price for rice husk was
US$0.00184/kWh. The difference between the electric-
ity selling price and the fuel purchase price was
US$0.11036/kWh.

In Section I, the sales value of output was obtained by
multiplying the sales output volume by the electricity
selling price per kWh. With an output volume of
1,865,513,333.48 kWh per year, the resulting sales
value was US$209,310,596 per year. The value of the
main raw material was US$3,435,635, while direct labor
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amounted to 23,400 man-days. The conversion factor
was 60.92, and the direct labor coefficient was
US$8,945 per man-day.

In Section II, other production input costs include ex-
penses that support the production process, such as an-
nual investment costs and fixed operation and mainte-
nance (O&M) costs. These costs amounted to
US$89,078,262 per year. Other operational input costs,
including variable O&M costs, amounted to
US$5,363,351 per year.

Value added was obtained by subtracting the value of
the main raw material, other production input costs, and
other operational input costs from the sales value of out-
put. The value added generated from rice husk pro-
cessing reached US$111,433,349 per year. The value-
added ratio was 53%, indicating a high value-added cat-
egory because it exceeded 40%. This result indicates
that rice husk processing can substantially increase the
economic value of an agricultural residue. Previous
studies have also demonstrated the economic feasibility
of rice husk-based energy systems, particularly when the
available feedstock is sufficient to support continuous
operation of rice-milling facilities [3][12].

Section III presents the processing margin obtained
from rice husk processing as biomass power plant fuel.
The margin represents the difference between the sales
value of output and the cost of the main raw material.
The processing margin reached US$205,874,961. Of
this amount, 46% was allocated to other input costs,
while 54% represented business profit. The relatively
large share of business profit indicates that rice husk uti-
lization can generate substantial economic returns when
the residue is converted into electricity. This finding is
consistent with previous studies reporting positive eco-
nomic benefits from rice husk-based electricity genera-
tion and highlighting the importance of sufficient feed-
stock availability and appropriate system design
[12][13]. In addition, the utilization of rice husk and its
by-products can create further economic value within a
circular economy framework [14].

IV. ConcLusions

South Sumatra Province has considerable potential to
utilize rice husk as fuel for biomass power generation.
The average rice production during 2023-2025 was
3,123,069.20 tons of dry unhusked rice, generating an
estimated 624,613.84 tons of rice husk per year using a
husk-to-grain ratio of 20%. This amount could generate
2,331.89 GWh of electricity annually. With an 80%
plant capacity factor, electricity generation reaches
1,865.51 GWh per year, equivalent to 28.28% of the av-
erage electricity demand in South Sumatra Province.

The utilization of rice husk as biomass power plant
fuel also generates economic value. The annual sales
value of electricity reached US$209,310,596, while
value added amounted to US$111,433,349, with a
value-added ratio of 53%, placing it in the high value-
added category. The processing margin reached
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US$205,874,961, of which 54% represented business
profit and 46% was allocated to other input costs.

The utilization of rice husk as biomass power plant
fuel can therefore provide an alternative for managing
rice milling residues in South Sumatra. In addition to
generating electricity, this utilization increases the eco-
nomic value of rice husk and supports the development
of biomass-based renewable energy.
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Abstract—

This study examines the relationship between innovation di-
versification and firm value using panel data on Japanese listed
firms from 2000 to 2022. Innovation diversification is meas-
ured by the breadth of International Patent Classification (IPC)
classes covered by firms’ patent portfolios, while firm value is
measured by Tobin’s Q. Fixed-effects estimates provide sug-
gestive evidence of an inverted U-shaped relationship, indicat-
ing that moderate innovation diversification may be associated
with higher firm value, whereas the benefits diminish as diver-
sification increases. However, the nonlinear relationship be-
comes statistically insignificant after accounting for firm-
value persistence and potential endogeneity using System
GMM. The results further show that R&D intensity is nega-
tively associated with firm value in the fixed-effects models,
while its moderating effects on the diversification—value rela-
tionship are statistically insignificant. Overall, the findings
suggest that greater technological breadth does not necessarily
translate into higher firm value and highlight the importance
of considering both innovation diversification and R&D com-
mitment when evaluating firms’ innovation strategies.

Keywords— Innovation diversification; Firm value; R&D in-
tensity

l. INTRODUCTION

Innovation is widely recognized as an important source
of firm competitiveness and long-term value creation.
Firms invest in research and development (R&D), accu-
mulate technological knowledge, and develop intellec-
tual property to strengthen their competitive positions
and create future growth opportunities. From the
knowledge-based view of the firm, technological
knowledge constitutes a strategically important resource,
and firms differ in their abilities to integrate and exploit
such knowledge [1]. The economic value of innovation
therefore depends not only on the amount of innovative
activity but also on how firms organize and utilize their
technological knowledge.

While conventional innovation measures such as R&D
expenditure and patent counts primarily capture the
quantity or intensity of innovation, firms may also differ
substantially in the breadth of technological fields in
which they innovate. A firm whose patents are concen-
trated in a narrow technological domain possesses a dif-
ferent knowledge portfolio from one whose innovative
activities span multiple technological fields, even when
the two firms generate a similar number of patents. Pa-
tent classification information therefore provides a use-
ful means of identifying the technological scope of firms’
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innovative activities [2]. In this study, innovation diver-
sification refers to the breadth of technological fields
represented in a firm’s patent portfolio and is measured
by the number of distinct International Patent Classifi-
cation (IPC) classes.

Innovation diversification may generate both benefits
and costs. A broader technological portfolio can expand
a firm’s knowledge base, facilitate knowledge recombi-
nation across technological domains, and create oppor-
tunities for developing new products and technologies.
Garcia-Vega finds that innovation diversification pro-
motes innovative activity [5], while previous patent-
based studies show that the diversity and configuration
of technological portfolios are associated with innova-
tion and firm performance [4], [7], [9]. However, greater
technological breadth may also disperse limited re-
sources, increase coordination and integration costs, and
weaken technological specialization. Consistent with
this trade-off, Chen et al. report a negative relationship
between Innovation diversification and market-based
performance, including Tobin’s Q [8]. These competing
benefits and costs suggest that the relationship between
innovation diversification and firm value may be non-
linear rather than simply positive or negative.

An important factor that may condition this relationship
is R&D intensity. Maintaining innovative activities
across multiple technological fields requires resources
to develop, integrate, and exploit heterogeneous techno-
logical knowledge. Firms with greater R&D commit-
ment may have stronger capacity to sustain multiple
technological activities and exploit complementarities
across different knowledge domains. In contrast, when
R&D resources are relatively limited, Innovation diver-
sification may spread those resources across too many
fields, reducing technological depth and increasing co-
ordination costs. Accordingly, the value implications of
innovation diversification may depend not only on the
extent of technological breadth but also on the resources
committed to R&D. This suggests that innovation diver-
sification and R&D intensity should be considered
jointly rather than as independent dimensions of innova-
tion strategy.

The Japanese context provides a particularly relevant
setting for examining these relationships. Japanese firms
have historically accumulated substantial technological
capabilities through sustained R&D and patenting activ-



ities. Suzuki and Kodama show that Innovation diver-
sity can contribute to persistent innovation and product
diversification among Japanese firms [3], while Na-
gaoka demonstrates that R&D activities are associated
with the market value of Japanese firms [6]. More re-
cently, Matsumoto et al. examine Innovation diversifi-
cation and enterprise value among Japanese listed firms
and find that the dispersion of technological activities
across multiple areas may adversely affect enterprise
value [10]. These findings indicate that technological
breadth is economically relevant for Japanese firms,
while also suggesting that greater diversification does
not necessarily generate greater firm value.

Despite the growing literature on technological diver-
sification, relatively less attention has been devoted to
whether its relationship with firm value is nonlinear and
whether this relationship depends on firms” R&D com-
mitment. Existing studies indicate that technological di-
versification can create opportunities for knowledge re-
combination but can also impose resource-allocation
and coordination costs [7], [9]. These competing mech-
anisms imply that moderate diversification may gener-
ate benefits, whereas excessive diversification may re-
duce them. Moreover, the balance between these
benefits and costs may differ according to firms’ R&D
intensity. Examining Innovation diversification without
considering both its potential nonlinearity and firms’
R&D commitment may therefore conceal important dif-
ferences in its performance implications.

Accordingly, this study examines the relationship be-
tween innovation diversification and firm value using
panel data on Japanese listed firms over the period
2000-2022. Innovation diversification is measured by
the breadth of IPC classes represented in firms’ patent
portfolios, while firm value is measured by Tobin’s Q.
The empirical analysis first examines the linear and non-
linear effects of innovation diversification using fixed-
effects models. It then employs a dynamic System
GMM specification to account for the persistence of
firm value and potential endogeneity. Finally, the anal-
ysis investigates whether R&D intensity moderates the
relationship between innovation diversification and firm
value.

This study contributes to the literature in two respects.
First, it extends research on innovation and firm perfor-
mance by focusing on the breadth of firms’ technologi-
cal portfolios and explicitly considering a potential non-
linear relationship between innovation diversification
and firm value. Second, it provides a conditional per-
spective by examining whether R&D intensity moder-
ates this relationship. In doing so, the study provides ev-
idence on how technological breadth and R&D
commitment jointly relate to the market-based perfor-
mance of Japanese listed firms.

The rest of the paper is organized as follows. Section Il
describes the data sources, empirical models, and varia-
ble definitions. Section Il presents and discusses the
empirical results, and Section 1V concludes the paper.
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1. DATA SOURCES, EMPIRICAL MODEL SETUP AND
VARIABLE DESCRIPTION

A. Data sources

To investigate the relationship between innovation di-
versification and firm value, we construct a longitudinal
dataset of publicly listed Japanese firms over the period
2000-2022. The sample covers nine industries: elec-
tronic machinery and equipment, precision instruments,
other manufacturing sectors, automobiles, shipbuilding,
machinery, transportation equipment, pharmaceuticals,
and telecommunications. The two largest industry
groups are electronic machinery and equipment (32.52%)
and machinery (28.70%). After matching the required
variables and accounting for the lag structure used in the
empirical analysis, the final estimation sample consists
of 13,374 firm-year observations.

The variables used in this study are drawn from two
sources. Firm-level financial and ownership variables,
including Tobin’s Q, R&D intensity, number of employ-
ees, capital intensity, and foreign ownership, are ob-
tained from a global stock market and economic data-
base. Patent-related information is manually collected
from the Japan Patent Office’s patent search system. In-
novation diversification is measured as the natural loga-
rithm of one plus the number of distinct International
Patent Classification (IPC) classes covered by each
firm’s patent portfolio.

B. Empirical Model and Variable Definitions

This study employs fixed-effects panel regression
models to examine the relationship between innovation
diversification and firm value. Firm value is measured
by Tobin’s Q (TQ), while innovation diversification
(DIV) is measured as the natural logarithm of one plus
the number of distinct International Patent Classification
(IPC) classes covered by a firm’s patent portfolio. The
linear specification is first estimated using DIV alone,
after which the squared term of DIV is introduced to ex-
amine a potential nonlinear relationship. R&D intensity
(RDS) is incorporated to capture firms’ R&D commit-
ment and is further used to examine whether it moder-
ates the diversification—value relationship. The models
control for firm size (SIZE), capital intensity (CAP), and
foreign ownership (FOR). Firm and year fixed effects
are included to account for time-invariant firm heteroge-
neity and common time-specific shocks. All explanatory
variables are lagged by one year to mitigate potential
simultaneity concerns.

The baseline empirical model is specified as follows:

TQ =a+ DIV, + /Ble\/itZ—l + f;RDS;
FAX g T S, (1))

where TQ, represents the firm value of firmi in year t;

DIV,, and piv?, capture the linear and nonlinear ef-

fects of innovation diversification, respectively; and

RDS, , denotes R&D intensity. X;. is a vector of

firm-level control variables, including SIZE, CAP, and



FOR. Firm fixed effects and year fixed effects are rep-
resented by i and A, respectively, and &it is the error
term. Standard errors are clustered at the firm level. A
positive coefficient on DIV combined with a negative
coefficient on DIVV2would provide evidence consistent
with an inverted U-shaped relationship between innova-
tion diversification and firm value.

Because firm value may exhibit persistence over time
and innovation decisions may be endogenous to firm
performance, a dynamic panel specification is further
estimated by incorporating lagged Tobin’s Q. The dy-
namic model is specified as follows:

TQ =a+ pTQ, + S DIV, + ﬁZDI\/itz—l
+ SaRDS, |+ AX + fh + T 4 Eppeeeeeneemns @)

The dynamic model is estimated to use the two-step
System GMM estimator to account for the persistence of
firm value and potential endogeneity. The instrument
matrix is collapsed to limit instrument proliferation. The
Arellano—Bond tests for first- and second-order serial
correlation and the Hansen test of over-identifying re-
strictions are used to assess the adequacy of the model
specification and the validity of the instruments.

Finally, to investigate whether R&D intensity moder-
ates the relationship between innovation diversification
and firm value, the baseline specification is extended by
interacting RDS with both the linear and squared terms
of DIV:

TQ, =a+ fDIV,, + /82D|\/it2—1 + B:RDS; 4
L,(DIVxRDS), , + ﬂS(Dlv2 x RDS),, ,

FAX T+ S, (S))

The coefficients on the interaction terms, B4 and Bs ,
indicate whether R&D intensity alters the linear and
nonlinear components of the relationship between inno-
vation diversification and firm value. Detailed defini-
tions and descriptive statistics for all variables are re-
ported in Table 1.

Table 1. Variable Definitions and Descriptive Statistics

Variable | Definition Mean S.D.

TQ Market value relative 0.732 0.755
to asset value
Log of one plus the

DIV number of IPC c_Ias§es 1.762 1.038
covered by the firm's
patents

RDS R&D expenditure rel- 0.064 0.209
ative to sales

SIZE Log of the number of 7.448 1.766
employees

CAP Log of_the capital-la- 10.461 0.689
bor ratio

FOR Egrelgn ownership ra- 0.242 0.273

Note: The sample covers firm-year observations from 2000 to
2022. TQ and RDS are winsorized at the 1st and 99th percen-
tiles to mitigate the influence of extreme values. All explana-
tory variables are lagged by one year in the regression analysis.
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I11. RESULTS AND DISCUSSION

A. Innovation Diversification and Firm Value

Table 2 reports the relationship between innovation
diversification and firm value. Model (1) presents the
linear fixed-effects estimates. The coefficient on DIV is
positive but statistically insignificant, providing no evi-
dence of a significant linear relationship between inno-
vation diversification and Tobin’s Q. R&D intensity
(RDS), however, is negatively and significantly associ-
ated with firm value.

Model (2) introduces the squared term of innovation
diversification to examine potential nonlinearity. The
coefficient on DIV is positive and significant at the 10%
level (0.0667), whereas the coefficient on DIV2is nega-
tive and significant at the 10% level (—0.0216). This pat-
tern provides suggestive evidence of an inverted U-
shaped relationship between innovation diversification
and firm value. The results imply that expanding the
technological scope of innovation may initially be asso-
ciated with higher firm value, potentially through
greater opportunities for knowledge recombination and
technological complementarities. Beyond a certain level,
however, further diversification may generate increas-
ing coordination and integration costs, thereby diminish-
ing these benefits.

Model (3) further accounts for the persistence of firm
value and potential endogeneity using the two-step Sys-
tem GMM estimator. Lagged Tobin’s Q is positive and
highly significant (0.8695), indicating strong persistence
in firm value over time. Once this dynamic effect is
taken into account, however, the coefficients on DIV
and DIV2are no longer statistically significant. The di-
agnostic tests generally support the validity of the model
specification: the AR(2) test does not reject the null of
no second-order serial correlation at the 5% level (p =
0.054), and the Hansen test does not reject the validity
of the instruments (p = 0.904).

Table 2. Innovation Diversification and Firm Value

(2)

; (1) : 3)
Variables Linear FE (FQIlEJadratlc SGMM
Lagged TQ 0.8695***
DIV 0.0102 0.0667* 0.1062
DIV2 —-0.0216* 0.0166
RDS —0.8448*** —0.8450*** | —-0.9115
SIZE —0.0065 —0.0054 —0.0777**
CAP 0.0412 0.0425 0.0441
FOR 0.0394 0.0390 0.1312**
Within R2 0.1327 0.1333 —

Notes: Models (1) and (2) are estimated using firm fixed-ef-
fects regressions with standard errors clustered at the firm level.
Model (3) is estimated using the two-step System GMM esti-
mator with corrected robust standard errors. All explanatory
variables are lagged by one year. Firm and year fixed effects
are included in Models (1) and (2), while year effects are in-
cluded in Model (3). The System GMM model uses 37 col-
lapsed instruments; the p-values of the AR(1), AR(2), and
Hansen tests are 0.000, 0.054, and 0.904, respectively. *** p <
0.01, ** p < 0.05, * p <0.10.



Overall, the fixed-effects estimates provide sugges-
tive evidence of an inverted U-shaped relationship be-
tween innovation diversification and firm value. How-
ever, the nonlinear relationship becomes statistically
insignificant in the dynamic specification, indicating
that the result is sensitive to the treatment of firm-value
persistence and potential endogeneity.

B. The Role of R&D Intensity

Table 3 further examines whether R&D intensity
moderates the relationship between innovation diversi-
fication and firm value. After incorporating the interac-
tion terms, the coefficient on DIV remains positive and
significant (0.0790, p < 0.05), while the coefficient on
DIV? remains negative and significant (—0.0288, p <
0.05). This pattern is consistent with the nonlinear rela-
tionship identified in the fixed-effects results reported in
Table 2.

However, neither the interaction between DIV and
RDS nor that between DIV2and RDS is statistically sig-
nificant. These results provide no significant evidence
that R&D intensity moderates the nonlinear relationship
between innovation diversification and firm value. In
contrast, RDS itself remains negatively and significantly
associated with subsequent firm value, suggesting that
greater R&D intensity does not necessarily translate into
higher market valuation in the short run.

Table 3. The Moderating Role of R&D Intensity

Variables Coefficient Robust S.E.
DIV 0.0790** 0.0365
DAL —0.0288** 0.0134
RDS —0.8336*** 0.1944
DIV x RDS —0.2521 0.2304
DIV2x RDS 0.1640 0.1581
SIZE —0.0047 0.0434
CAP 0.0442 0.0432
FOR 0.0389 0.0573
Within R2 0.1337

Notes: The dependent variable is Tobin's Q. All explanatory
variables are lagged by one year. Firm and year fixed effects
are included. Robust standard errors clustered at the firm level
are reported. *** p < 0.01, ** p < 0.05, * p < 0.10.

IV. ConcLusions

This study examines the relationship between inno-
vation diversification and firm value using panel data on
Japanese listed firms from 2000 to 2022. By considering
both the linear and nonlinear effects of innovation diver-
sification, the study provides a more nuanced under-
standing of how the breadth of firms’ innovation activi-
ties is associated with market valuation.

The fixed-effects results provide suggestive evidence
of an inverted U-shaped relationship between innova-
tion diversification and Tobin’s Q. Moderate technolog-
ical diversification
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may be associated with higher firm value by facili-
tating knowledge recombination and technological com-
plementarities, whereas excessive diversification may
reduce these benefits because of increasing coordination
and integration costs. However, after accounting for the
strong persistence of firm value and potential endogene-
ity using System GMM, the nonlinear relationship be-
comes statistically insignificant. The evidence for an in-
verted U-shaped relationship should therefore be
interpreted with caution. In addition, although R&D in-
tensity is negatively associated with firm value in the
fixed-effects models, there is no significant evidence
that it moderates the relationship between innovation di-
versification and firm value.

Overall, the findings suggest that expanding the tech-
nological scope of innovation does not necessarily trans-
late into higher firm value. Rather, the value implica-
tions of innovation diversification appear to depend on
the extent of diversification and are sensitive to the em-
pirical specification. These results highlight the im-
portance of considering the breadth of technological ac-
tivities and firms’ R&D commitment when evaluating
the value implications of innovation strategies.
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Abstract—

This study examines whether different types of patents have
heterogeneous effects on operational efficiency and firm ex-
pansion using an unbalanced panel of publicly listed electron-
ics firms in Taiwan from 2010 to 2025. Fixed-effects panel re-
gression models are employed to control for unobserved firm
heterogeneity. Firm performance is evaluated using labor
productivity as a measure of operational efficiency and em-
ployment growth, sales growth, and asset growth as measures
of firm expansion. The empirical results reveal substantial dif-
ferences across patent types and performance dimensions. In-
vention patents are positively and significantly associated with
labor productivity but negatively and significantly associated
with employment, sales, and asset growth, suggesting that
technology-oriented innovation is primarily associated with
operational efficiency rather than firm expansion. In contrast,
utility model and design patents exhibit relatively limited eco-
nomic effects, with no significant relationship with labor
productivity, sales growth, or asset growth and only a negative
association with employment growth. Overall, the findings
suggest that the economic value of innovation depends on both
the type of innovation and the dimension of firm performance
considered.

Keywords— Patent types; Firm performance; Taiwan elec-
tronics industry

l. INTRODUCTION

Innovation has long been regarded as an important
source of firm competitiveness and productivity growth.
Firms invest in research and development (R&D) and
intellectual property with the expectation that innova-
tion will strengthen technological capabilities and im-
prove economic performance. Previous studies have
documented a close relationship between R&D, innova-
tion, and productivity [1-3], while patents have become
a widely used indicator of innovation output. However,
patents differ considerably in their technological and
economic value, suggesting that aggregate patent counts
may not fully capture the economic consequences of in-
novation [4,5].

More importantly, innovation may affect different di-
mensions of firm performance in different ways. Tech-
nological innovation can improve production processes,
facilitate automation, reduce costs, and enable firms to
use existing resources more efficiently. Such improve-
ments may increase productivity without necessarily
leading to proportional increases in employment, sales,
or productive assets. Previous studies have shown that
the growth effects of innovation vary considerably
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across firms and over time [6,7]. Harrison et al. [8] fur-
ther show that innovation can generate both labor-dis-
placement effects and output-related employment gains.
These findings suggest that operational efficiency and
firm expansion should be considered distinct outcomes
of innovation. This raises a fundamental question: Does
innovation make firms more efficient, larger, or both?

This issue is particularly relevant to Taiwan’s elec-
tronics industry, a mature and technology-intensive sec-
tor with a strong global position in semiconductor man-
ufacturing, 1C design, electronic components, and
information and communication technology. Recent de-
velopments in artificial intelligence, 5G communica-
tions, high-performance computing, and global supply-
chain restructuring have further increased the im-
portance of technological innovation and operational ef-
ficiency. Previous studies have documented the im-
portance of innovation in this industry. Chen et al. [9]
find that scientific linkages embodied in patents are pos-
itively associated with the productivity of Taiwanese
electronics firms, while Aw and Lee [10] report a posi-
tive relationship between R&D investment and labor-
augmenting productivity. Nevertheless, whether the
benefits of innovation extend beyond productivity im-
provement to broader firm expansion remains less clear.

Another important consideration is the heterogeneous
nature of innovation. Invention patents generally repre-
sent more technology-oriented innovation, whereas util-
ity model and design patents tend to reflect incremental
improvements in product functionality, structure, or ap-
pearance. Kim et al. [11] show that patents and utility
models can play different roles in technological devel-
opment and learning. Recent evidence also suggests that
design innovation can contribute to firm performance
through distinct channels [12,13]. Treating different pa-
tent types as a homogeneous measure of innovation may
therefore conceal important differences in their eco-
nomic effects.

Against this background, this study examines the ef-
fects of different patent types on firm performance using
an unbalanced panel of publicly listed electronics firms
in Taiwan from 2010 to 2025. The analysis distinguishes
invention patents from utility model and design patents
and evaluates firm performance from two complemen-
tary perspectives. Labor productivity measures opera-
tional efficiency, while employment growth, sales
growth, and asset growth capture different dimensions



of firm expansion. Fixed-effects panel regression mod-
els with firm and year fixed effects are employed to con-
trol for unobserved firm heterogeneity and common
time-specific shocks.

This study contributes to the literature by simultane-
ously distinguishing between different patent types and
different dimensions of firm performance. Rather than
assuming that innovation uniformly promotes firm
growth, the analysis examines whether its economic ef-
fects are reflected primarily in greater efficiency,
broader firm expansion, or both. This distinction pro-
vides a more comprehensive understanding of the eco-
nomic value of innovation in a mature technology inten-
sive industry.

The rest of the paper is organized as follows. Section
Il describes the data sources, empirical model, and vari-
able definitions. Section Il presents and discusses the
empirical results, and Section 1V concludes the paper.

1. DATA SOURCES, EMPIRICAL MODEL SETUP AND
VARIABLE DESCRIPTION

A. Data sources

This study employs an unbalanced panel dataset of
publicly listed electronics firms in Taiwan from 2010 to
2025. Patent data were manually collected from the Tai-
wan Intellectual Property Office (TIPO) and classified
into invention, utility model, and design patents. Firm-
level financial information and firm characteristics were
obtained from the Taiwan Economic Journal (TEJ) da-
tabase. Patent records were matched with firm-level data
by firm and year. After excluding observations with
missing information, the final sample consists of 397
firms and 4,932 firm-year observations. The sample in-
cludes firms from eight major electronics industry cate-
gories classified by the Taiwan Stock Exchange
(TWSE), with electronic parts and components account-
ing for the largest share (23.69%), followed by computer
and peripheral equipment (18.48%), semiconductor
(15.94%), optoelectronics (14.30%), and other electron-
ics-related industries.

B. Empirical Model and Variable Definitions

This study employs fixed-effects panel regression
models to examine the effects of different patent types
on firm performance. Firm performance is evaluated in
terms of operational efficiency, measured by labor
productivity, and firm expansion, measured by employ-
ment, sales, and asset growth. Invention patents are used
to represent technology-oriented innovation, while util-
ity model and design patents represent relatively incre-
mental innovation. The two patent measures are esti-
mated separately to capture potential heterogeneity in
their relationships with firm performance. All models
control for firm characteristics and include firm and year
fixed effects to account for unobserved firm heterogene-
ity and common time-specific shocks.

The baseline empirical model is specified as follows:
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PF, =a + BPAT, + AX, + 44 + T, + &, (1)
where PFi; denotes one of the four dependent variables
for firm i in year t, including labor productivity (LP),
employment growth (GR_EMP), sales growth (GR_NS),
and asset growth (GR_A). PAT :represents either inven-
tion patents (PATINV) or utility model and design pa-
tents (PATUD). Xj: is a vector of control variables, in-
cluding firm size (SIZE), firm age (AGE), capital
intensity (CAP), advertising expenditure (InAD), export
ratio (EXPR), and foreign ownership (FORER). u; de-
notes firm fixed effects, Tt represents year fixed effects,
and &;; is the random error term.

Table 1 presents the variable definitions and descrip-
tive statistics. The sample firms exhibit substantial vari-
ation in innovation activities and firm characteristics.
On average, firms hold 21.33 invention patents and 2.28
utility model and design patents, with large standard de-
viations reflecting considerable heterogeneity in patent-
ing activities across firms. The average firm is approxi-
mately 28 years old, and the mean export ratio is 0.744,
reflecting the strong export orientation of Taiwan’s elec-
tronics industry. The average foreign ownership ratio is
0.146. The descriptive statistics also reveal considerable
variation in labor productivity and the three measures of
firm expansion—employment, sales, and asset growth.
Firm size, capital intensity, and advertising expenditure
are included as additional firm-level characteristics in
the subsequent regression analysis.

Table 1.

Variable Definitions and Descriptive Statistics
Variable | Definition Mean | S.D.
LP Log of net sales per em- 8910 | 1173

ployee
GR_EMP | Employment growth rate | 0.060 | 0.456
GR_NS Sales growth rate 0.010 | 0.261

GR_A Asset growth rate (%) 6.929 | 22.169
PATINV Zﬁgber of invention pa- 21332 | 113.085
PATUD Number of utility model

- 2.280 | 9.631
and design patents
SIZE Log of number of em- 6.858 | 1617
ployees
AGE Firm age in years 28.121 | 11.321
CAP {_igg of capital-labor ra- 7498 | 1.023
InAD Log _of advertising ex- 12348 | 2.091
penditure

EXPR Ratio of exports to sales | 0.744 | 0.285

FORER Foreign ownership ratio | 0.146 | 0.170
Note: All variables are calculated based on firm-year ob-
servations over the sample period from 2010 to 2025.

I11. RESULTS AND DISCUSSION

A. Effects of Invention Patents

Table 2 and Table 3 report the estimation results of
the fixed-effects panel regression models examining the



effects of different patent types on firm performance.
Table 2 presents the estimation results for invention pa-
tents, while Table 3 reports the corresponding results for
utility model and design patents. To capture different di-
mensions of firm performance, this study evaluates
firms from two complementary perspectives. Labor
productivity is employed to measure operational effi-
ciency, whereas employment growth, sales growth, and
asset growth are used to represent firm expansion.

Table 2 reports the fixed-effects estimation results for
the relationship between invention patents and firm per-
formance. A clear contrast emerges between operational
efficiency and firm expansion. In Model (1), the coeffi-
cient on invention patents (PATINV) is positive and sta-
tistically significant at the 1% level (0.039), indicating
that greater invention patenting activity is associated
with higher labor productivity. This finding suggests
that technology-oriented innovation may be associated
with greater operational efficiency, potentially reflect-
ing knowledge accumulation, technological upgrading,
process improvement, and more efficient use of existing
production resources. The result is consistent with pre-
vious evidence linking technological innovation to
productivity improvement [2,9,10].

In contrast, invention patents are negatively and sig-
nificantly associated with all three measures of firm ex-
pansion. The coefficient on PATINV is —0.036 for em-
ployment growth, —1.324 for sales growth, and —1.038
for asset growth. The negative relationship with employ-
ment growth may be consistent with labor-saving tech-
nological change, whereby productivity-enhancing in-
novation reduces the need for proportional increases in
labor input. More importantly, the negative associations
with sales and asset growth suggest that the higher
productivity associated with invention-based innovation
does not necessarily translate into short-term expansion
in market scale or productive capacity. Firms may in-
stead use technological innovation to improve the utili-
zation of their existing resources rather than expand their
organizational scale. Taken together, these results indi-
cate that invention-based innovation is associated with
higher productive efficiency but lower rates of firm ex-
pansion. Thus, technological innovation may make
firms more efficient without necessarily making them
larger.

The control variables also reveal several notable patterns.

Firm size (SIZE) is negatively associated with labor
productivity but positively associated with employment,
sales, and asset growth, whereas firm age (AGE) is neg-
atively and significantly associated with all four perfor-
mance measures, indicating weaker productivity and
growth performance among older firms. Capital inten-
sity (CAP) is positively associated with labor productiv-
ity and asset growth but negatively related to employ-
ment growth, a pattern consistent with greater
production efficiency and lower reliance on labor input.
Advertising expenditure (INAD) is positively related to
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labor productivity and sales growth but negatively asso-
ciated with employment growth. Export intensity
(EXPR) has a positive and significant association only
with labor productivity. Foreign ownership (FORER) is
positively associated with labor productivity, sales
growth, and asset growth but negatively associated with
employment growth. Overall, these results suggest that
capital investment, market-oriented activities, export
participation, and foreign ownership are associated with
different dimensions of firm efficiency and expansion.

Table 2.
Effects of Invention Patents on Firm Performance
(1) (2 (3) 4

vars lP |GREMP| GRNS | GRA
PATINV | 0.039*** | -0.036*** -1.324%* -1.038**
SIZE -0.783*** | (0.241*** 1.683** 0.950*
AGE -0.018*** | -0.016*** | -2.017*** | -0.760***
CAP 0.043*** -0.032** 0.653 1.989***
InNAD 0.221*** -0.022** 1.289** 0.395
EXPR 0.330*** 0.058 -4.128 -0.736
FORER 0.735*** | -0.309*** | 18.943*** | 18.860***
\é‘gth'” 0.717 0.281 0.124 0.063

Note: All models include firm and year fixed effects. *,
** and *** indicate statistical significance at the 10%,
5%, and 1% levels, respectively.

B. Effects of Utility Model and Design Patents

Table 3 presents the fixed-effects estimation results
for utility model and design patents (PATUD). In con-
trast to invention patents, utility model and design pa-
tents exhibit relatively limited relationships with firm
performance. The coefficient on PATUD is negative but
statistically insignificant for labor productivity (=0.007),
indicating no significant association between these rela-
tively incremental forms of innovation and operational
efficiency. Similarly, the coefficients for sales growth
(—0.215) and asset growth (—0.606) are negative but sta-
tistically insignificant, providing no evidence of a sig-
nificant relationship between utility model and design
patents and these dimensions of firm expansion.

Employment growth is the only performance measure
significantly associated with PATUD. The estimated co-
efficient is —0.025 and statistically significant at the 5%
level, indicating a negative association between utility
model and design patenting and employment growth.
This finding may reflect labor-saving adjustments asso-
ciated with incremental innovation. However, the ab-
sence of a significant association with labor productivity
provides limited support for a labor-saving interpreta-
tion.

The estimated coefficients of the control variables are
generally consistent with those reported in Table 2, sug-
gesting stable relationships between firm characteristics
and performance across the two patent specifications.
Overall, the results suggest that utility model and design
patents exhibit relatively limited associations with both



operational efficiency and firm expansion, with the ex-
ception of their negative association with employment
growth.

Table 3.
Effects of Utility Model and Design Patents on Firm
Performance

Q) (6) (1 (8)
vars LP GR EMP | GR NS GR A
PATUD | -0.007 | -0.025** -0.215 -0.606
SIZE | -0.778° | 0.239%* | 1.575%* 0.893*
AGE 20.015%%* | -0.017%** | -2.000%** | -0.799%%*
CAP 0.042%%% | -0.032%* 0.685 2.011%%
INAD 0.221%% | -0.022%* | L1.275% 0377
EXPR | 0.343*** | 0.050 4527 -1.000
FORER | 0.756™** | -0.330*** | 18.268*** | 18.362%**
‘é‘g”"” 0.716 0.279 0.123 0.062

Note: All models include firm and year fixed effects. *,
** and *** indicate statistical significance at the 10%,
5%, and 1% levels, respectively.

Taken together, the results reveal substantial hetero-
geneity in the relationships between different patent
types and firm performance. Invention patents are posi-
tively associated with labor productivity but negatively
associated with employment, sales, and asset growth,
suggesting that technology-oriented innovation is more
closely associated with operational efficiency than with
firm expansion. In contrast, utility model and design pa-
tents exhibit relatively limited associations with firm
performance, with no significant relationship with labor
productivity, sales growth, or asset growth and only a
negative association with employment growth. These
findings suggest that innovation does not necessarily
translate into firm expansion and that its economic con-
sequences depend on the type of innovation. In the con-
text of Taiwan’s mature technology-intensive electron-
ics industry, invention-based innovation appears to be
more closely associated with greater operational effi-
ciency than with continuous expansion of firm scale.

IV. ConcLusions

This study examines the relationships between differ-
ent types of patents and two dimensions of firm perfor-
mance—operational efficiency and firm expansion—us-
ing panel data on publicly listed electronics firms in
Taiwan from 2010 to 2025. The results reveal substan-
tial heterogeneity across patent types and dimensions of
firm performance. Invention patents are positively asso-
ciated with labor productivity but negatively associated
with employment, sales, and asset growth, suggesting
that technology-oriented innovation is more closely as-
sociated with operational efficiency than with firm ex-
pansion. In contrast, utility model and design patents ex-
hibit relatively limited associations with firm
performance, with no significant relationship with labor
productivity, sales growth, or asset growth and only a
negative association with employment growth.
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These findings highlight the importance of distin-
guishing both the type of innovation and the dimension
of firm performance when evaluating the economic
value of patents. Innovation should not be assumed to
generate uniform improvements across all aspects of
firm performance. In the context of Taiwan’s electronics
industry, technological innovation appears to be more
closely associated with productivity improvement than
with continuous expansion of firm scale.
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Abstract—Cross-boundary learning, in which corporate
employees encounter different values and cultures outside
their organizations, has attracted growing attention. This
study initially focused on effects on employee engagement
and exploratorily examined how cross-boundary learning in
depopulated local communities influences corporate
employees' perceptions and attitudes toward work. Six two-
day, one-night programs conducted in depopulated areas of
Mie Prefecture were analyzed using five-point-scale ratings
and open-ended responses. The results identified
multidirectional insights and intentions, including renewed
recognition of the meaning and purpose of one's own work
and organizational purpose, as well as attachment to local
communities, greater personal relevance of local issues, and
perceived opportunities to contribute to local communities.
Job crafting intention received highly positive responses,
whereas its perceived feasibility and employee engagement
did not show the same pattern. These exploratory findings
suggest that job crafting intention may serve as a more
proximal indicator of the effects of cross-boundary learning
itself in depopulated local communities. Future research
should focus on job crafting intention and examine its
formation process quantitatively and qualitatively.

Keywords—Cross-boundary learning, Job crafting,
Organizational purpose, Employee engagement,
Depopulated local communities

I. INTRODUCTION

As population decline and industrial restructuring
continue to change the environment surrounding
companies, it has become increasingly important for
employees to acquire new perspectives and proactively
apply them to their work and business activities. Against
the backdrop of the spread of remote work, cross-
boundary learning - in which employees cross
organizational boundaries and encounter different values
and cultures - has attracted attention as one approach to
human resource development. In particular, crossing into
depopulated local communities, which differ markedly
from everyday workplaces, may provide opportunities for
employees to reconsider their work and ways of working.

Cross-boundary learning has been conceptualized as
learning through which individuals acquire new
perspectives by crossing the boundaries of their
organizations and everyday work environments and
engaging with people and work settings characterized by
different values and practices [1]. Research on pro bono
activities by corporate employees has also pointed to a
relationship between cross-boundary experiences and job
crafting [2]. However, it remains insufficiently
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understood how exposure in depopulated local
communities to nature, livelihood-related work
perspectives and cultures adapted to local environments,
and pressing local challenges affects corporate employees.

Accordingly, this exploratory study examines how
cross-boundary experiences in depopulated local
communities influence participants' perceptions and
attitudes toward work. At the outset, an initial conceptual
model was developed in which cross-boundary
experiences promote renewed recognition of the meaning
and purpose of one's own work and organizational
purpose, with alignment between the two leading to job
crafting and ultimately employee engagement [3] (Fig. 1).
Using this model as a guide, the study aimed to identify
not only changes anticipated by the model but also
changes that emerged beyond it.

Cross-boundary learning
in depopulated local communities

|
| !

[ Meaning and purpose

Organizational purpose
of one's work ‘ g purp ’

l

[ Purpose alignment ’

v

[ Job crafting ]

[ Employee engagement ]

Fig. 1. Initial conceptual model.

II. METHODS

This study analyzed six two-day, one-night cross-
boundary learning programs conducted in depopulated
local communities in Mie Prefecture. Participants were
primarily corporate employees. Each program combined
direct exposure to nature, livelihood-related work
perspectives and cultures adapted to local environments,
and pressing local challenges with dialogue and reflection
among participants. Table 1 summarizes the programs
analyzed.



Table 1. Overview of the Cross-Boundary Learning Programs Analyzed

Program Date Setting n Main activities

A Jun. 13-14,2026  Misugi 6  Shrine cleanup; forestry experience; Albergo Diffuso initiative

B Jan. 23-24, 2026 Misugi 3 Forest mn_ldfulness; forestry experience; interaction with a hotel owner using
fermentation-generated hot water

C NOVZ' 0129 5_ 20, Owase 8  Evacuation mapping and tsunami drill with residents; shelter cleanup

D Feb. 1-2, 2025 Misugi 7  Forest therapy; forestry experience; career reflection

E Sep. 12-13, 2024 Shima 7 Beach cleanup; interaction with a young entrepreneur revitalizing an abandoned
pearl farm

F Aug. 7-8, 2024 Owase 8  Wildlife-prevention fencing on abandoned farmland; vacant-house observation

Note: Participants were primarily corporate employees; three freelancers and one university faculty member were also included.

After each program, participants completed a
questionnaire consisting of five-point-scale items, mainly
informed by the initial conceptual model, and open-ended
questions.  Because  questionnaire  items  were
progressively added or revised as the programs were
implemented, the number of respondents varied across
measures. For quantitative data, ratings of 4 or 5 on the
five-point scale were classified as positive responses.
Open-ended  responses were also  exploratorily
categorized to identify changes not captured by the initial
conceptual model, in addition to confirming
correspondence with that model. The directions toward
which participants' insights and intentions were oriented
were then organized. Statements considered relevant to
job crafting were additionally extracted and examined for
potential correspondence with Task, Relational, and
Cognitive Crafting [4].

Table 2. Major Quantitative Findings

III. ResuLts

Five-point-scale ratings showed positive responses on
multiple measures, including renewed recognition of the
meaning and purpose of one's work and of organizational
purpose, attachment to and willingness to contribute to
the local community, and the personal relevance of local
community issues (Table 2). Job crafting intention
(wanting to apply insights to one's work) received
positive responses from 100% (14/14) of respondents,
whereas perceived feasibility of job crafting (believing
that the insights could actually be applied to one's work)
received 75% (33/44), and employee engagement (feeling
motivated to contribute beyond what is normally
expected) received 83% (30/36). Because the number of
respondents differed across measures, these percentages
cannot be directly compared.

Measure

Positive responses, % (n/N)

Renewed recognition of meaning and purpose of one's work
Renewed recognition of organizational purpose
Personal-organizational purpose alignment

Job crafting intention

Perceived feasibility of job crafting

Employee engagement

81.8% (36/44)
70.0% (21/30)
58.3% (21/36)
100.0% (14/14)
75.0% (33/44)
83.3% (30/36)

Pride in one's organization 86.4% (19/22)
Attachment to and willingness to contribute to the local community 100.0% (29/29)
Personal relevance of local community issues 95.5% (42/44)
Perceived opportunity to contribute to the local community 86.4% (19/22)
Intention to expand work-related relationships 90.9% (20/22)

Note: Positive responses represent ratings of 4 or 5 on a five-point scale. N varies across measures because questionnaire items were

added or refined across programs.
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Across programs, open-ended responses showed
changes corresponding to the initial model, including
encounters with different values and work perspectives
and reconsideration of personal and organizational
purpose and their connection. At the same time, changes
not fully anticipated in the initial model were also
identified, including attachment to local communities,
greater personal relevance of local issues, and perceived
opportunities to contribute to local communities.
Qualitative changes that were difficult to capture through

the five-point scales also showed that insights and
intentions were directed toward multiple domains: one's
own values and way of life, one's work and the
company's business, involvement in and contribution to
local communities, and reconsideration of the relationship
between the company and the local community through
the individual. Thus, insights and intentions arising from
cross-boundary experiences emerged in multiple
directions involving the self, local community, company,
and company-community relationships (Table 3).

Table 3. Key Qualitative Findings and Directions of Change

Qualitative finding Direction of change Representative statement
, I became aware of how tense I usually am at work and found a
Awareness of one's own state Self
clearer way to mentally reset myself.
Reconsideration of one's view of I began to question whether working solely for productivity truly
Self / Work . .

work leads to a richer and happier life.

. . . By interpreting each element of the company's philosophy in my
Reinterpretation of organizational Company / Work own way, | felt that I could connect it to greater meaning in my

purpose

daily work.

Attachment and willingness for

. . Local communi
continued involvement ty

I would like to introduce the community's attractions to my family
and friends, visit again with them, and help through volunteer
activities.

Recognition of the personal
relevance of local community
issues

Self/ Local community

I had regarded local community problems as someone else's issues,
but realized that similar problems exist in my own community.
This made me think about how I should engage with my own
community.

Recognition of opportunities to

contribute Local community / Work

I could contribute by supporting the introduction of emergency
communication systems and promoting disaster communication
services at local events.

I realized that by using the remote-work arrangements encouraged

Reconsideration of company- Company / Local by my company, it may be possible to better understand the

community relationships community community and build a mutually beneficial relationship between
the company and the community.

Intention to apply cross-boundary Work I intend to note citizens' needs and ideas from daily life and

learning to work incorporate them into my proposals.

Perceived constraints on Work It would be difficult to put this into practice in my current

implementation

assignment.

Note: Representative statements were shortened for presentation while preserving their original meaning. Directions indicate the
primary target(s) toward which participants' reflections or intentions were oriented.

Because perceived feasibility of job crafting showed a
lower proportion of positive responses than job crafting
intention, individual-level ratings were examined together
with  open-ended  responses. One  respondent
acknowledged the value of community-based activities
but rated feasibility low, stating that they did not see how
such activities related to their daily business. By contrast,
respondents who rated feasibility high described
intentions to translate insights gained in the local
community into concrete proposals or initiatives for the
company and into their own daily work. In addition,
some respondents rated perceived feasibility of job
crafting low, stating that implementation would be
difficult in their current assignment. Among these
respondents, renewed recognition of organizational
purpose was also observed in cases with high employee
engagement ratings.

Statements considered relevant to job crafting included
intentions and orientations that could correspond to Task
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Crafting, such as changing work content, scope, or
methods; Relational Crafting, such as changing work-
related relationships; and Cognitive Crafting, such as
reconstructing the meaning or interpretation of work.

IV. Discussion

Although the sample was limited, job crafting
intention received highly positive responses, whereas
perceived feasibility of job crafting did not show the
same pattern. Individual-level examination of open-ended
responses together with five-point-scale ratings also
indicates that the intention to apply insights from cross-
boundary experiences to work should be distinguished
from the perception that such changes can actually be
implemented in one's work. This suggests that, relative to
perceived feasibility, job crafting intention may serve as a
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more proximal indicator of the effects of cross-boundary
learning itself in depopulated local communities.

Insights and intentions arising from cross-boundary
learning in depopulated local communities emerged in
multiple directions - not only toward work and the
company, but also toward the self, the local community,
and reconsideration of company-community relationships
through the individual. These may constitute important
learning outcomes for participants. From the perspective
of corporate human resource development, however, not
all of these outcomes necessarily feed back directly into
work or the organization. It may therefore be important to
reinterpret diverse insights and intentions in relation to
work after participants return to their workplaces.

In this regard, renewed recognition of organizational
purpose may, in addition to its position in the initial
conceptual model, serve as one possible axis through
which multidirectional insights and intentions are
reinterpreted in relation to one's own work, the company,
and the relationship between the company and the local
community. For example, post-program reflection that
encourages participants to consider the relationships
among insights and intentions gained in the local
community, their own work, and organizational purpose
may help reconnect such multidirectional insights and
intentions to work. This possibility should be examined
in future research.

At the same time, attachment to local communities,
greater personal relevance of local issues, and perceived
opportunities to contribute suggest that job crafting
intention may not be fully explained by personal-
organizational purpose alignment alone. Future research
should examine the formation process of job crafting
intention in light of prior research [5] linking hands-on,
overview, and beyond-routine experiences with
awareness of social contribution and job crafting. In
addition, because some respondents rated perceived
feasibility of job crafting low while employee
engagement was high, these two measures may provide
supplementary perspectives for understanding, at the
individual level, the context in which job crafting
intention is formed.

This study is limited by its small sample, non-identical
questionnaire items across programs, and the absence of
pre-post comparisons and sufficient measurement of
changes in job crafting intention and actual behavior.
Future research should standardize the measures and
combine pre-post quantitative assessment with qualitative
inquiry, with particular attention to the formation process
of job crafting intention. Based on these exploratory
findings, Fig. 2 presents a provisional conceptual model
incorporating multidirectional relationships among the
individual, company, and local community, reconnection
to work through organizational purpose as one possible
axis, job crafting intention, and conditions for
implementation.
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‘ Cross-boundary learning }

Multidirectional reconnection
among Individual, Company, and Local Community
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Organizational Purpose
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[ Reconnection to Work J
[ Job Crafting Intention ]
[ Conditions for Implementation ]
'

Actual Job Crafting ?

Fig. 2. Provisional conceptual model emerging from the
exploratory findings.

V. CONCLUSIONS

This study identified multidirectional insights and
intentions among corporate employees participating in
cross-boundary  learning in  depopulated local
communities, including renewed recognition of the
meaning and purpose of one's own work and
organizational purpose, attachment to local communities,
greater personal relevance of local issues, and perceived
opportunities to contribute. The study began as an
exploratory investigation initially focused on effects on
employee engagement; however, the analysis suggests
that job crafting intention may serve as a more proximal
indicator of the effects of cross-boundary learning itself
in depopulated local communities. Future research should
focus on job crafting intention and examine its formation
process using both quantitative and qualitative
approaches.
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Abstract— Social Welfare Councils (SWCs) in Japan face
a severe management challenge: organizational resources
are disproportionately consumed by statutory services like
long-term care insurance. This weakens their incubation
function for discovering and resolving emerging commu-
nity issues, trapping many in a vicious cycle of stagnation.
This exploratory case study investigates the new project
development process within an SWC to identify organiza-
tional structures that facilitate knowledge creation. Focus-
ing on the successful launch of a ""Hospital/Facility Admis-
sion Support Project,” a semi-structured interview was
conducted with the key staff member (Staff A) who spear-
headed the initiative. The narrative was analyzed using
Ikujiro Nonaka’s SECI model and the concept of Ba
(shared context).

The findings suggest that development process can be in-
terpreted through the four modes of the SECI model: ac-
quiring tacit knowledge through shared field experiences
(Socialization); crystallizing explicit missions in informal
dialogue spaces (Externalization); systematizing the pro-
ject through managerial negotiations (Combination); and
routinizing operations to accumulate practical know-how
(Internalization). The study highlights the crucial roles of
Staff A as a "knowledge activist" and their supervisor
(Staff B) as a "boundary spanner". However, although this
case exhibited a sequence consistent with the SECI process,
staff now face increasing routine workloads that may con-
strain subsequent knowledge creation. The paper con-
cludes that non-profit organizations must address the in-
novator's dilemma and organizational ambidexterity by
strategically allocating resources and sustaining Ba to
maintain continuous innovation.

Keywords— Social Welfare Council, Knowledge Creation,
SECI Model, Non-profit Organization

I. INTRODUCTION

Social Welfare Councils (SWCs), which are non-
profit organizations dedicated to promoting community
welfare in Japan, currently face a management chal-
lenge: their organizational resources are disproportion-
ately consumed by statutory services such as long-term
care insurance, making it difficult to initiate new pro-
jects. The weakening of their inherent incubation func-
tion to solve community issues through such projects
could affect the sustainability of local communities.

This study is an exploratory case study that focuses
on the process from an individual employee's discovery
of a community issue to its formalization to examine or-
ganizational structures that facilitate knowledge crea-
tion—a process not fully elucidated in the context of
non-profit organizations. In this paper, a semi-structured
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interview was conducted with Staff A, who launched a
unique new project at the X City SWC, and the narrative
was analyzed and interpreted using the framework of
Ikujiro Nonaka’s Knowledge Creation Theory.

II. BACKGROUND AND PROBLEM STATEMENT

In Japan, the externalization of family functions has
rapidly progressed due to shrinking household sizes and
the trend toward nuclear families. The Long-Term Care
Insurance system, introduced in 2000, institutionalized
welfare for the elderly, delivering it as a service based
on contracts with providers. This shift created an insti-
tutional market backed by stable financial resources,
namely insurance premiums and taxes.

During the early stages of this system, when the pro-
vision of public welfare services was immature, SWCs
played a crucial role on a national scale. SWCs, non-
profit organizations present in almost every prefecture
and municipality, possess dual characteristics: they
function as intermediary support organizations backing
welfare service providers and volunteers, and as re-
gional welfare practitioners aiming to discover and re-
solve emerging community needs. In the 2000s, many
municipal SWCs launched statutory long-term care ser-
vices (e.g., day care services) and disability welfare ser-
vices, thereby generating significant revenue.

Today, however, as the institutional system has ma-
tured and the number of service providers has increased,
revenues have declined, and 60% of SWCs are operating
at a deficit [1]. Despite this severe financial situation,
SWCs are required to develop and implement projects
aimed at solving community issues. Today, against this
background, this study aims to examine organizational
structures and mechanisms conducive to knowledge cre-
ation by focusing on the development process of new
projects aimed at resolving community issues within
SWCs.

III. METHODOLOGY

This study analyzed the development process of a
new project, the "Hospital/Facility Admission Support
Project," implemented by the X City SWC, using the
framework of Ikujiro Nonaka’s Knowledge Creation
Theory, specifically the SECI model and the concept of
Ba (shared context) [2]. The author conducted a semi-
structured interview lasting approximately 90 minutes in



July 2026 with Staff A, the central figure who spear-
headed the project. The primary interview questions fo-
cused on the formalization process leading up to imple-
mentation, including the initial trigger for conceiving
the project, the process of sharing and articulating the
awareness of the issues with colleagues, the practical
steps taken toward formalization, and the reactions of
staff and stakeholders. Finally, the gathered narrative
was chronologically reconstructed, and the knowledge
conversion at each phase was interpreted using the SECI
model and Ba as analytical concepts (Tablel).

A. Theoretical Framework

Knowledge creation theory is frequently utilized in
academic and practical analyses of for-profit enterprises,
but its application to non-profit organizations remains
scarce. However, this study posits that the theory is ex-
ceptionally well-suited for analyzing non-profit organi-
zations, which share values with the community and op-
erate deeply rooted within it. This is supported by
Nonaka et al. (2008) [3], who argue that the utilitarian
hypothesis of economics—which assumes that an indi-
vidual firm's pursuit of profit maximization for share-
holder interests inherently achieves the "good" and hap-
piness of society as a whole—now requires revision;
instead, they explain the theory of the firm as an entity
that continuously learns and evolves through proactive
interaction with its environment.

The core of Nonaka et al.'s knowledge creation theory
consists of the "SECI model" (Fig. 1) and the concept of
Ba. In this theory, it is explained that new knowledge is
created through continuous mutual conversion between
"tacit knowledge," which is obtained through individual
experiences such as physical sensations and emotions,
and "explicit knowledge," which is articulated into data
or language. This process consists of four modes
(SECI): "Socialization" (sharing tacit knowledge), "Ex-
ternalization" (articulating tacit knowledge into explicit
knowledge), "Combination" (systematizing explicit
knowledge), and "Internalization" (embodying explicit
knowledge as tacit knowledge through practice); as
these modes unfold in a spiral, organizational
knowledge expands. Furthermore, the shared context or
space for interaction that drives this SECI model is
called Ba. Ba includes physical, virtual, and mental
spaces, functioning as an essential foundation that gen-
erates the energy for knowledge creation.

Tacit

r Tacit
™N Externalization
‘ . .
| Internalization

Explicit Explicit

J

Tacit
121dx3

(&

Fig. 1 SECI Model (Source: Adapted from Nonaka, Toyama
and Konno (2000) [4])
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B. Case Overview

The X City SWC independently developed and im-
plemented the "Hospital/Facility Admission Support
Project" to assist residents who are estranged from rela-
tives and lack guarantors, a situation that otherwise pre-
vents them from being admitted to hospitals or welfare
facilities. Simply put, this project allows the SWC to
mediate between the individual and the hospital or facil-
ity, assuming a role equivalent to a guarantor. In reality,
the individuals were not the only ones struggling. From
the perspective of hospitals and facilities, when dealing
with individuals without guarantors, there were signifi-
cant concerns regarding the inability to obtain surgical
consent and the uncertainty of patients' ability to pay.
Consequently, consultations regarding these difficult
situations were frequently directed to local welfare com-
missioners, leaving them caught in the middle. This pro-
ject was established to resolve these community issues
that could not be solved through casework alone and
were difficult to address through existing statutory sys-
tems and frameworks.

IV. REsuLTs

Staff A's statements were organized into Table 1 us-
ing the concepts of SECI and Ba.

A. Socialization

Socialization is the process of sharing individual tacit
knowledge among multiple people to create new tacit
knowledge. Its methodological key is empathy through
shared experiences (Nonaka et al., 2010). Staff A ac-
companied local welfare commissioners and co-experi-
enced the front lines of life consultations with residents.
During this time, Staff A also witnessed a resident being
defrauded of money. Staff A considered that there were
other similar cases (troubles) besides this resident and
began to perceive it as a community issue. In other
words, through shared experiences in the field, Staff A
acquired tacit knowledge in the form of a strong aware-
ness of issues that had not yet been visualized or articu-
lated in the community.

B. Externalization

Externalization is the process where tacit knowledge
accumulated within an individual is expressed into spe-
cific explicit knowledge through language or images,
developing into collective knowledge. Its methodology
is described as "the pursuit of essence through dia-
logue," where the creation of concepts using metaphors
is crucial. Staff A intentionally set up spaces for dia-
logue (e.g., after-work drinking parties, lunch meetings,
birthday parties) with colleagues from the Community
Welfare Division of the X City SWC. These informal
spaces created by Staff A were environments for free
discussion where colleagues offered unreserved opin-
ions, generating a lively atmosphere. There, Staff A
shared tacit knowledge based on personal experiences,



Table 1: Interview Analysis Table (Source: Compiled by the author)

5ECI Ba

Key Episodes Theoretical perspectiva

The sites where local issues are

Socialization .
arising.

Together with welfare commissioners, one experiences
situations where local residents’ rights are being violated
and acquires tacit knowledge.

Knowledge Activist
(5taff 4)

Externalization
meatings, and birthday parties.

After-hours drinking gatherings, lunch | Articulate tacit knowledge in alignment with the mission
and share explicit knowledge with colleagues.

Knowledge Actnast
[SET

Megotiations with SWC executives

Create operational manuals and forms while negotiating

Raundary Spanner

the community).

Combination . o with parties both inside and outside the organization to .
I and city autherities. P g (5taff [}
sacura support.
- Draily tasks at the office and on-site {in|The new business becomes routine, and new practical
Internalization

know-how accumulates.

discussed the possibility of formalization, and further
shared their own vision of the SWC's mission—"To be-
come an SWC that the community relies on"—as a driv-
ing goal to promote knowledge creation.

C. Combination

Combination is the process of converting abstract ex-
plicit knowledge into higher-order, systematized ex-
plicit knowledge at the organizational level, which must
be conducted based on a specific purpose (Nonaka et al.,
2010). The staff of the X City SWC advanced prepara-
tions for modeling the new project by creating opera-
tional manuals and forms while referring to existing pro-
jects. Furthermore, Staff B, Staff A's supervisor
(Manager of the Community Welfare Division), played
the role of negotiator by explaining the new project to
SWC executives and X City officials, securing their ap-
proval for formalization.

D. Internalization

Internalization is the mode where explicit knowledge
is reabsorbed into individuals as tacit knowledge and ac-
cumulated as new knowledge. Explicit knowledge cre-
ated and shared within the organization is consciously
converted into personal tacit knowledge through actions
at this stage (Nonaka et al., 2010). At the X City SWC,
after the model project was officially launched as a for-
mal project, daily operations were established as organ-
izational routines with clearly defined roles. Through
field practices, specialized insights and skills accumu-
lated among the staff. Moreover, not only within the X
City SWC but also among related organizations benefit-
ing from the new project, the SWC became recognized,
with people saying, "For payments, go to the SWC".

V. IMPLICATIONS AND DISCUSSION

Important implications were drawn from these results.

First, Staff A appears to have functioned as a
"knowledge activist" (1). This includes discovering
community issues by accompanying welfare

commissioners, intentionally organizing drinking par-
ties and lunch meetings to share those insights and the
mission within the Community Welfare Division, and
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advancing preparations for formalization by transferring
the know-how of existing projects to the new project.

Second, not only Staff A but also Staff B played an
important role, and appears to have functioned as a
"boundary spanner" (2). Staff B, while grasping Staff
A's actions as a supervisor, explained and negotiated
with SWC executives and city officials, laying the
groundwork for formalization. It can be said that Staff B
promoted combination by linking the explicit
knowledge created in the Community Welfare Division
to the knowledge of the entire organization.

Third, the observed project development process can
be interpreted as exhibiting the four modes of the SECI
model. However, no clear movement toward a subse-
quent cycle was identified. A new organizational struc-
tural issue has emerged where staff are overwhelmed by
the operations of the new project and cannot direct their
attention to further new project development. Figure 2
summarizes the chronological knowledge creation pro-
cess observed in this case, including the constraint on
initiating a subsequent cycle.

V1. CONCLUSION AND FUTURE DIRECTIONS

This paper clarified the new project development pro-
cess in an SWC from the perspective of Staff A. In this
case, it can be interpreted that each phase of the SECI
model manifested, along with the existence of Ba where
staff can discuss freely. Furthermore, it was suggested
that Staff A, as a knowledge activist, and Staff B, as a
boundary spanner, played crucial roles in realizing the
SECI process.

However, examinations regarding management is-
sues—such as developing human resources capable of
taking action like Staff A and Staff B, the driving force
to continuously sustain successive cycles of knowledge,
and funding methods to sustain the project—have not
been sufficiently conducted. Once the new project was
formally established and routinized, significant admin-
istrative resources were diverted to its maintenance and
operation. Consequently, it is inferred that the time and
resources available for exploratory activities necessary
for Staff A to function as a knowledge activist, along
with the Ba for free dialogue, may have been reduced.
Furthermore, not only Staff A but the current staff are



now overwhelmed by the execution of the project, leav-
ing them unable to direct their attention toward discov-
ering new community issues. Ultimately, this suggests
the emergence of an organizational dilemma in which
the success of one knowledge creation cycle structurally
inhibits the initiation of the next. These identified chal-
lenges can be connected to discussions on the innova-
tor's dilemma [5]and organizational ambidexterity [6],
making them highly significant for considering the man-
agement of non-profit organizations.

Therefore, future research aims to more specifically
understand the knowledge creation process in non-profit
organizations by conducting surveys not only with Staff
A but also with stakeholders such as Staff B, colleagues
in the Community Welfare Division, city officials, and
project users.
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Fig. 2 Chronological Knowledge Creation Process in the X

City SWC Case (Source: Compiled by the author)
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(1)A "knowledge activist" is defined as a catalyst for
knowledge creation who coordinates initiatives, provides di-
rection, and connects individuals within the organization (von
Krogh, Ichijo, & Nonaka, 2000) [7].

(2)A "boundary spanner" refers to an individual who links the
organization's internal network to external sources of infor-
mation and resources, facilitating cross-boundary communica-
tion and negotiation (Tushman & Scanlan, 1981) [8].
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Abstract— The relationship between '"Omotenashi" and
hospitality remains unclear in previous studies; some ar-
gue that the two share a common foundation, yet they are
connected only by a thin thread. This study examines how
sukiyaki, a representative Japanese communal dish, em-
bodies the essence of "Omotenashi." Drawing on historical
and cultural sources, ""Omotenashi' is compared with hos-
pitality to clarify its distinctive characteristics. Historical
analysis shows that motenasu originally meant "to inten-
tionally take a particular attitude toward someone," with-
out implying the entertainment of guests or the serving of
food. The senses of hosting and lavishly entertaining guests
developed gradually from the Kamakura and Muromachi
periods onward and were not the original concept. Previ-
ous studies indicate that chisou (feasting) and kyouou (en-
tertaining with food) should be understood not as the es-
sence of ""Omotenashi" itself, but as means of cultivating a
meaningful encounter between people. Japanese-English
dictionaries also show that "Omotenashi" has four as-
pects—hospitality, welcome, care, and entertainment—
that cannot be expressed with a single English word.
Against this background, sukiyaki offers an ideal case for
examining "Omotenashi." While its cooking methods and
styles have changed historically, the practice of cooking
and eating together has remained consistent. During the
meal, diners naturally focus their attention on the nabe
bugyou -the person responsible for cooking- who not only
prepares the dish but also facilitates conversation and
shapes the atmosphere of the gathering. Through this pro-
cess, diners shift from receivers of service to active partic-
ipants in a shared experience. A similar practice is ob-
served at the restaurant Kakiya, where staff prepare
sukiyaki while explaining its history and method, encour-
aging discussion and gradually creating a sense of unity be-
tween host and guest. The findings suggest that the signifi-
cance of sukiyaki lies not merely in providing high-quality
food, but in creating a memorable interpersonal experi-
ence. In line with recent discussions of ""Omotenashi" as a
relational practice, this study argues that chisou and kyoou
function as means rather than ends. The essence of
"Omotenashi," therefore, lies not in providing hospitality
through food itself, but in building meaningful human re-
lationships through discussion, shared experience, and
communal dining.

Keywords— hospitality, sukiyaki, communal dining, building
relationships

1. INTRODUCTION

Previous studies offer no clear common understand-
ing of the similarities and differences between
"Omotenashi" and hospitality; the distinction remains
unclear. Some state that, although the two share a com-
mon foundation, they are connected only by a thin
thread. One element constituting the essence of
"Omotenashi" is chisou (feasting). The expression "eat-
ing rice from the same pot" has long signified the depth
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of a relationship. The Nihon Shoki records that compan-
ions once "rubbed shoulders and elbows together, ate to-
gether, and shared the same food," describing how eat-
ing together brought hearts into a bond.

This study focuses on sukiyaki as a symbol of shared
dining, asking which elements of "Omotenashi" it em-
bodies. By comparing and referencing hospitality, this
study reviews the related literature on the "Omotenashi"
as seen in sukiyaki, and aims to approach its essence.

I1. THE ORIGIN AND CHANGE OF "OMOTENASHI"

A. Motenasu and the Meaning of Hospitality

First, what is hospitality? The Super Anchor English-
Japanese Dictionary defines it as "kind treatment, a
warm welcome." Tracing the origin of the Japanese term
"Omotenashi," however, shows that it did not originally
carry this meaning of warm welcome.

According to a dictionary of classical Japanese,
motenasu is a synthetic word of "mote" ("to hold") and
"nasu" ("to do"): to hold something and to do something
with it. In modern explanations, the "something held" is
understood as (1) whatever is most fitting to the situa-
tion, or (2) sincerity. While the "something done" is (1)
to please the other person, or (2) to build a good rela-
tionship. Over time "mote" lost its original sense of
"holdings" and became a prefix enhancing the following
verb (as moteasobu, or motehayasu). "Nasu" means "to
treat in a certain way" or "to put into effect." Motenasu
thus originally meant "to take a certain attitude toward
someone on purpose" or "to manage a situation some-
how"—it carried no sense of warm welcome.

The tenth-century tale Ochikubo Monogatari con-
tains the phrase “sugenaku nomi motenashi” ("treated
only coldly"). Motenashi thus could describe a cold re-
ception, with no sense of food or drink. A related term,
"arujimouke," means "to act as host and feast a guest."
Because this "mouke" overlaps with the "making" in
motenasu, it has two meanings: (1) preparation, and (2)
hospitality through a meal. Motenasu is also written
"kyousu," literally "to feast and welcome a person." But
when referring generally to how a guest is treated, we do
not use "kyousu," because motenashi is not limited to
food and drink.

In modern dictionaries, Koujien (2018) defines
motenashi as "connecting, grooming, conduct, attitude,
feasting," and Daijirin (2019) as "the treatment of a
guest, the manner of behaving toward a guest, a feast
served to a guest." Even these modern definitions add no
value beyond treatment—such as "thinking of the other
person"—and feasting appears only at the end. This is



because these long-established dictionaries preserve the
term's original weight.

The Shin Meikai Kokugo Jiten defines motenashi as
"to attend to a guest wholeheartedly," or, more narrowly,
"to serve tea, sweets, or a meal with sincerity." There is
no sense of anticipating a guest's unspoken wishes, but
it includes "wholeheartedly," and also includes serving
food. On this point, Kumakura's [1] observation on ichi-
go ichi-e ("one time, one meeting") is sharp: each en-
counter between people is unique and irreplaceable, and
everything—including chisou—is merely a tool for
making the encounter wonderful. Chisou is thus a means
of motenashi, not its end.

On the origin of the term, then, neither “Omotenashi”
nor motenasu originally meant warm welcome or enter-
tainment with food. According to Yasuda [2], the sense
of entertainment with food dates from the Kamakura pe-
riod, and generous treatment dates from the Muromachi
period; later usages increasingly took on these senses,
yet chisou and kyouou remain, finally, means rather than
ends.

B. "Omotenashi” in Japanese-English and English
Dictionaries

Next, this study examines "Omotenashi" in Japanese-
English and English-English dictionaries, hypothesizing
that both an altruistic aspect and a feasting aspect will
appear. In English dictionaries, hospitality is defined as
the friendly reception and entertainment of guests, visi-
tors, or strangers by the Oxford English Dictionary. And
by the Longman Dictionary, it is defined as kindness and
friendly behavior toward visitors. Adding generous and
thoughtful before hospitality is thought to bring it closer
to "Omotenashi". Generous means forgiving and selfless
(Oxford English Dictionary). And thoughtful means
considerate and caring toward others (Cambridge Eng-
lish Dictionary). On the other hand, adding friendly to
"Omotenashi" is thought to bring it closer to hospitality.

Based on Japanese-English dictionaries, four aspects
of "Omotenashi" can be identified: (1) hospitality—
warm heart, brother’s love ; (2) reception/welcome—
greeting; (3) treatment/care—looking after; and (4) en-
tertaining—feasting. Aspects (3) and (4) most often in-
volve food and drink; (2) and (4) carry a strong sense of
invitation; and (1), (2), and (4) carry a strong sense of
acting for the other's sake. Sukiyaki includes aspects (1),
(2), and (3) while directly embodying (4). These find-
ings support the hypothesis that "Omotenashi" involves
both an aspect of consideration for the other person and
an aspect involving food and drink.

This is not to say hospitality lacks these aspects (2),
(3), (4). Hattori [3] argues hospitality cannot be ex-
pressed by a single Japanese word, it has many aspects,
such as zousa, okamai, shouban, aiso, and ikkon, in ad-
dition to "Omotenashi." "Omotenashi," too, has four as-
pects, and this study proceeds from that perspective.
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1. sukiYAKI

Although "Omotenashi" does not necessarily include
the meaning of warm welcome or entertaining with
food, it is commonly regarded as containing these ele-
ments. This study therefore particularly examines
"Omotenashi" including the aspect of feasting. Sukiyaki
is taken up as a concrete example of "Omotenashi." Be-
cause it is regareded as a symbol of feasting dish that
directly expresses entertaining while also embodying
several elements of "Omotenashi" by welcoming, at-
tending to, and sharing a meal with fellow diners.

A. Origin

Four theories are commonly proposed for the origin
of the name: (1) the dish was grilled on top of a suki, a
farming tool; (2) thinly sliced meat was called sukimi,
so it was called suki-yaki; (3) sukiyaki means one grills
(yaku) favorite (suki) ingredients as one likes(suki); and
(4) it was a festival dish written with the celebratory
characters for kotobuki.

Regarding (1): a suki was a hand-held tool, and a heka
a similar tool used with oxen. Farming households had
oxen for cultivation, and an overworked ox became un-
usable within a few years. Even at a time when eating
meat was officially prohibited (Emperor Tenmu issued
the ban in 675, and Emperor Meiji publicly ate and en-
couraged meat in 1872), it is easy to imagine such ani-
mals being grilled on a suki. This theory is based on the
reasoning that "it must be grilled because it is called su-
kiyaki." This is favored in the Kansai region. In contrast,
the Kantou theory holds that sukiyaki evolved from
gyuunabe (beef pot).

Regarding (2): before thin-slicing techniques devel-
oped, meat was cut into large lumps and cooked with
miso—called gyuunabe in Kantou—while the dish with
thinly hand-sliced meat was called sukiyaki. Kanagaki
Robun's Aguranabe records a customer ordering "the
finest raw beef, made into sukiyaki, for four." This sug-
gests that thin-sliced beef was eaten with wasabi and soy
sauce.

Regarding (3): this is the most widely accepted the-
ory. Although sukiyaki has no fixed ingredients, a 1986
survey by the Department of Food and Nutrition at Son-
oda Gakuen Women's University [4] found that beef and
negi (Welsh onion) were used in every case in spite of
other ingredients chosen. Variants without beef are
called torisuki (chicken) or sakanasuki (fish) because su-
kiyaki otherwise suggests beef. Negi was favored for
masking odors before refrigerator existed, and it was es-
sentially the only suitable vegetable available when su-
kiyaki was first grilled on a suki (negi dates from the
Nara period, while onion and Chinese cabbage spread
only from the Meiji period).

Regarding (4): sukiyaki was originally an everyday
dish in both Kantou and Kansai. As cattle breeders im-
proved their stock and competed to produce finely mar-
bled beef, the dish gradually became upscale. At the
1935 National Livestock Exhibition, a Matsusaka cow



named Michi won the top prize of 180 yen; at the 2002
Matsusaka Beef Cattle Show, a cow named Yoshitoyo
won the excellence award and sold for 50 million yen.
In this way, Matsusaka beef became the foremost of
Japan's three great wagyu brands, and sukiyaki in partic-
ular turned it into a tourism resource in Mie Prefecture,
drawing travelers who come specifically to eat it.

Gathering around a shared pot, seasoning within the
pot itself, and the sense of luxury conveyed by sugar's
sweetness also turned sukiyaki into a special-occasion
dish. Kawarazaki et al. [4] note that sukiyaki, even amid
today's trend toward instant convenience, gives no im-
pression of lazy cooking for one's family, even though
preparation mainly involves cutting ingredients—a feast
for a celebratory day.

B. Historical Development

The 1923 Great Kantou Earthquake caused major de-
struction to about 500 gyuuya and gyuunabe restaurants
in Tokyo. After that, sukiyaki entered from Kansai and
united with local practice, producing the prototype of the
Kantou style (simmered in a sweet-and-salty warishita
sauce). The Kansai style (grilled with sugar and soy
sauce) has changed little in method, though seasonings,
vegetables, and the order of adding them have each been
refined.

The two styles were born independently and devel-
oped while influencing one another. Early versions used
only negi and miso to mask odors. Over time, additional
vegetables, mushrooms, tofu, and shirataki noodles were
added, improving nutritional balance, and seasoning
shifted from miso to soy sauce. Gradual improvement
continued until sukiyaki reached essentially its present
form by the 1960s.

C. The "Omotenashi" Perspective

Mukasa [5] observes that "the nabe bugyou (the per-
son in charge of the pot) encourages the meal; enjoy-
ment increases with the tea-ceremony-like awareness of
ichiza konryuu, building a single gathering together.”
And further notes, "There is a clear, elegant boundary
between the one who cooks and the one who eats, and
yet the two become one."

In other one-pot dishes such as shabu-shabu or mi-
zutaki, seasoning is not done within the pot itself. A nabe
bugyou may be present, but their role is limited to judg-
ing the best timing to eat. The nabe bugyou has an im-
portant role (sometimes called sarashi): one person
cooks and serves in front of the group. In restaurants this
is generally a staff member. In sukiyaki, every move-
ment of adding beef and seasoning draws everyone's at-
tention, uniting all present. The nabe bugyou thus acts
not only as cook but also as an entertainer who gets the
gathering excited and leads it toward unity—, this study
argues, this is the reason why sukiyaki embodies
"Omotenashi."
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Iv. SUKIYAKI AT KAKIYA

As a practice showing how sukiyaki embodies the
constituent elements of "Omotenashi," particularly its
aspect of feasting, this study introduces the practice of
Kakiya. Kakiya is a wagyu restaurant in Yokkaichi
City, Mie Prefecture, where the author serves as the
okami(the madam of a Japanese restaurant). Kakiya
does not simply serve sukiyaki. Its staff take on the role
of nabe bugyou using a distinctive method, explain the
dish's history and cooking style, and shape the dining
experience through discussion with guests. Because this
entire sequence—cooking, serving, and conversation—
is practiced as "Omotenashi," the restaurant is a suitable
subject for this analysis.

Kakiya's leading dish is sukiyaki. The restaurant is
particular about its cooking method, grilling everything
in five distinct stages(each using a different vegetable
under the beef rather than simply repeating the same in-
gredients).

In the first stage, only negi is used, with beef spread
on top and grilled using as little warishita as possible;
the second uses onion, the third shiitake mushroom to-
gether with grilled tofu, and the fourth mitsuba—always
a single vegetable at a time. In the fifth and final stage,
beef alone is quickly cooked shabu-shabu-style in a lot
of warishita. To finish, the warishita, now infused with
the flavor of beef and vegetables, is fully absorbed into
shirataki noodles. And they are grilled to the end like
yakisoba, maintaining the emphasis on grilling through-
out.

Each vegetable has its own ideal moment of cooking
to eat, judged individually. After each stage the flame is
turned off and the pot emptied completely before the
next stage begins.

Because of this distinctive method, the role of nabe
bugyou is always taken on by restaurant staff. Na-
bebugyou talks about the history of sukiyaki and its
cooking style, while cooking, drawing guests into con-
versation, and gradually building a state that host and
guest become one.

V. CONCLUSION

This study has examined the essence of
"Omotenashi" through comparison with hospitality and
a case study of sukiyaki. “Omotenashi has four aspects,

(Dhospitality, @recception/welcome, 3treatment/care,

and@entertain. The findings suggest that "Omotenashi"

can be understood not only as a spirit of consideration
for others, but as a practice in which provider and recip-
ient build a relationship and form a sense of unity
through food and drink.

What matters most in practice is exactly judging
whether a guest wishes to converse with staff—offering
humor while carefully watching for reactions to build a
sense of correct distance. Even a person who avoids con-
versing with strangers may find comfort in discussion
with someone who feels familiar. Takano [6] describes



this as feeling "like visiting the home of an old friend";
the key lies in how such a relationship is built. When
discussion leads to shared understanding and empathy,
there is neither imposition nor unwelcome interference.
Parry's [7] argument that "good will alone is not enough"
points not to a one-directional act from provider to re-
ceiver, but to both "creating and enjoying the occasion
together." Mayeroff [8] also states that caring "is not
something external to either the one who cares or the one
who is cared for," and that the two become "one with the
other."

As Nagaishi [9] states, a basic expectation of good
flavor is fundamental for any food, yet a mere sense of
"deliciousness" does not necessarily produce a memora-
ble experience. Matsuda, head of Wadakin—the origi-
nator of Matsusaka beef—also cites sukiyaki's distin-
guishing characteristic aspect as being "memorable" in
a way kaiseki cuisine is not. Mukasa [5] similarly states,
"I cannot think of another dish that reaches the heart as
sukiyaki does," adding that when people gather around
sukiyaki, they simply feel the happiness of being alive.
Sukiyaki is thus characterized not merely by the dish it-
self, but by the experience shared on the occasion, which
is what remains in memory. Although sukiyaki may ap-
pear to embody "Omotenashi" through luxury, its es-
sence lies in relationship-building. Quantitative extrav-
agance is not the essence. Even with a lower grade of
beef, an enjoyable space and time remain, and if addi-
tional extravagance is layered on top, it becomes a dish
representative of Japan. It is because a relationship is
built that the experience becomes memorable. Accord-
ingly, Kumakura's [1] observation makes clear that chi-
sou and kyouou in "Omotenashi" are tools—that is,
means—for building relationships, and that relation-
ship-building itself is the essence of "Omotenashi."

Honge [10] states that once a sense of unity is
achieved, "the price no longer matters so much." This
indicates a relationship over monetary value. Through a
form of motenashi offered only in that particular place,
the aim becomes connecting with the guest as far re-
moved from money as possible. "Omotenashi," in other
words, is not simply the provision of "things" such as
food or service, but the creation of a shared experience,
and further, a shared story, between provider and re-
ceiver.

It should be noted that this study is based on a single
case, Kakiya, and comparative verification with other
sukiyaki restaurants remains a task for future research.
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Abstract— The objective of this research is to develop tech-
nologies for efficiently controlling the thermal environ-
ment around crops in greenhouse cultivation, with the aim
of improving agricultural productivity and increasing
farmers' income. In greenhouse cultivation, temperature
control is crucial for consistently producing high-quality
crops. However, conventional air conditioning systems
have the drawback of high energy consumption because
they heat and cool the entire facility. Therefore, a localized
temperature control technology that heats and cools only
the area surrounding the crops is proposed. Prior to the
experiment, the heat transfer characteristics of serpentine
heat exchangers installed near the crops for local air tem-
perature control are evaluated by numerical simulation. In
this study, two-dimensional unsteady analysis was used to
predict the temperature distribution between serpentine
heat exchangers under cooling and heating conditions. In
addition, the transition time required to reach a steady
state was evaluated for both the cooling and heating condi-
tions.

As a result, it was confirmed that the surface tempera-
ture of the heat exchangers govern the temperature varia-
tion in the entire computational domain. It was also shown
that natural convection, arising from the temperature dif-
ference between the heat exchanger surface and the ambi-
ent air, affects the time required to reach a steady state.

Keywords— numerical simulation, greenhouse cultivation,
heat exchanger, air heat transfer, energy saving

1. INTRODUCTION

In recent years, there has been a demand for the sta-
ble production of high-quality and high-value crops.
Greenhouse cultivation is popular method for the stable
production of high-quality crops, as it allows for the ap-
propriate control of the growing environment. On the
other hand, in greenhouse cultivation, energy consump-
tion by air-conditioning systems is substantial, and re-
sults in rising cultivation costs [1]. In particular, it is nec-
essary to heat during the day and cool at night for crops
such as strawberries and cucumbers. Consequently, it re-
sults in increased energy consumption for air condition-
ing.

To address these challenges, localized temperature
control technology targeting only near the crops is at-
tracting attention. Localized temperature control heats
and cools only the necessary areas, rather than the entire
greenhouse. Therefore, significant reductions in energy
consumption are expected compared to conventional air
conditioning systems [2]. Wai et al. have experimentally
evaluated the temperature distribution and heat transfer
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characteristics around a heat exchanger of local temper-
ature control [3]. However, the characteristics associ-
ated with cyclically varying the temperature by combin-
ing cooling and heating have not yet been fully
investigated. To design an efficient air conditioning sys-
tem, it is important to understand the heat transfer char-
acteristics between the heat exchangers.

This study aims to develop a local temperature con-
trol technology using heating and cooling serpentine
heat exchangers. As the first step, the temperature distri-
butions around the cooling and heating heat exchangers
were predicted through numerical simulation. Two-di-
mensional unsteady-state analysis was conducted to
evaluate the transient temperature distribution and the
transition time required to reach the steady-state. The re-
sults of this study contribute to the design of cultivation
environments that enable appropriate temperature field
and energy saving for crop cultivation.

II. EXPERIMENTAL

A. Numerical simulation model

In this study, a two-dimensional unsteady-state
model was developed to predict the heat transfer field as
a preliminary step. Figure 1 shows the numerical simu-
lation model used in this study. Figure 1(a) shows an
overview of the cultivation area used for the analysis,
and Figure 1(b) shows the computational domain. The
cooling heat exchanger was positioned at y = 1,700 mm,
and the heating heat exchanger at y = 700 mm. For each
heat exchanger, 13 copper tubes were arranged at 50 mm
intervals within the range of x = 800 to 1,600 mm. The
heat exchanger was treated as a 16 mm square. A non-
uniform mesh was used, with a spacing of 2 mm near the
heat exchanger and a stepwise increase to 16 mm away
from the heat exchanger.
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(a) Overview of the cultivation area
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(b) Computational domain
Fig. 1 Numerical simulation model.

Table 1 shows the simulation conditions. Tables 1(a),
(b), and (c) show the heat exchanger specifications, air
properties, mesh details, and parameters, respectively.
Copper was used as the material for the heat exchanger.

Table 1 Simulation conditions.
(a) Heat exchanger specifications, air properties [4] [5]

Value Remarks
Computational do- 2,400 mm x
main 2,400 mm

Heat exchanger ge-

16 mm x 16 mm  Square model

ometry

Number of square 13 pieces 50 mm interval
pipes

Air density pgir 1.2 kg/m? 20 °C

ngl?;ce:l;‘j‘rtea;pcon' 1,005 J(kg'K)  Air
Thermal conductiv-
ity kair

Kinematic viscosity
v

0.026 W/(m-K)  Air

1.51x10°5 m%/s Air

Volumetric expan-

-3
sion coefficient f 341107 /K

Thermal conductiv-

ity ke, 398 W/(m*K) Copper
(b) Mesh details
Area Mesh size Remarks
x =848 ~ 1,552 mm
Dear the Beat 5 mm ¥ =640 ~ 760 mm
& y = 1,640 ~ 1,760 mm
Surroundin x =800 ~ 1,600 mm
o £ 4mm y =592 ~ 816 mm
y=1,584 ~ 1,824 mm
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Area Mesh size Remarks

Intermediat x =768 ~ 1,632 mm

are‘; cdiale g mm y =544 ~ 864 mm
y=1,536 ~ 1,856 mm

Outer area 16 mm

(c) Simulation parameters

Cooling con- Heating condi-

ditions tions
Act'l\{e heat exchanger y=1,700mm  y =700 mm
position
Inactive heat ex- _ _
changer position y =700 mm y = 1,700 mm
Heat exchanger sur-
face temperature 0,5,10,15°C 30,40, 50, 60 °C
Tcu,ac
Time step At 0.002 s 0.002 s

B. Governing equation

In this study, air was treated as an incompressible
fluid, and the Boussinesq approximation was applied for
buoyancy force. The governing equations were the en-
ergy equation, the two-dimensional equation of momen-
tum with natural convection, and the continuity equation.
The equations used are shown in equations (1) — (4), re-
spectively.

T tul 2_52%(3272+32)+5T (1)
TR e T ko B
-ty (ax2+—)+g,8(T Trer) (3)

Tr=0 @)

where, T is air temperature [°C]; ¢ is time [s]; u and v are
velocities in the x and y directions, respectively [m/s]; Sy
is the flux balance in each computational cell [K/s]; pgir
is air density [kg/m’]; ¢,, is the specific heat of air at con-
stant pressure [J/(kg*K)]; k is the thermal conductivity of
air [W/(m-K)]; p is pressure [Pa]; v is the kinematic vis-
cosity of air [m?%s]; g is gravitational acceleration [m/s?];
B is the volumetric expansion coefficient of air [1/K]; and
Tyef is the reference temperature [°C].

C. Boundary conditions

Table 2 shows the boundary conditions used in the
simulation and the equations applied to each boundary.



Table 2 Boundary conditions.

Temperature condi- Speed/pre.s-
Boundary . sure condi-
tions .
tions
: T =20°C u=v=0
Top/Side Isothermal wall Z—E =0
Bottom sur- T u=v=0
f on . . dp
ace Adiabatic condition I
Active heat Tewac = Trarget u=v=0
ap
exchanger Isothermal wall om0
Inactive heat T u=v=0
an ap _
exchanger Adiabatic condition 550

D. Data Analysis

In this study, the finite volume method was used as
the analysis method. The forward Euler method was
used for the time term, the upwind scheme for the ad-
vection term, and the central difference method for the
diffusion term. Table 3 shows the detailed conditions for
the numerical analysis.

Table 3 Details of numerical analysis.
Details

Finite volume method

Analysis method
Time term Forward Euler method
Advection term

Diffusion term

Upwind difference method
Central difference method

Steady-state criterion  Less than 0.05 °C over 10 minutes

III. RESULTS AND DISCUSSION

The air temperature distribution in the vicinity of the
heat exchanger will be analyzed. Figure 2 shows the tem-
perature distribution at various cooling conditions under
steady state. Figures 2 (a) and (b) show color maps at
Tewac=0°Candt=100s, Tyqc=0°Candt=5,030
s, respectively. Figure 2 (c) shows the vertical tempera-
ture distribution of the heat exchangers at x = 1,200 mm,
while Figure 2 (d) shows the horizontal temperature dis-
tribution at y = 1,200 mm. Regarding the vertical temper-
ature distribution, no significant temperature differences
were observed; the temperature distribution was uniform
at all measurement points. This is because the cooled air
flowed downward, and the vertical temperature difference
was mitigated because of mixing with the surrounding air.
Regarding the horizontal temperature distribution, a slight
drop in temperature was observed near the center. This is
due to natural convection around the heat exchanger; air
was replenished from both the left and right sides. As a
result, a local temperature change occurred in the vicinity
of x = 1,200 mm.
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(d) Horizontal temperature distribution at y = 1,200 mm
Fig. 2 Temperature distribution under cooling conditions.

Table 4 shows the time required to reach a steady
state under cooling condition. The time to reach steady
state did not change monotonically with the surface tem-
perature of the operating cooling heat exchanger; it was
longest at Ty, 5 = 5 °C and shortest at T, ;. = 15 °C.
This means that the greater the temperature difference
between the surface temperature and the ambient air
temperature, the greater the buoyancy becomes. As a re-
sult, the downward flow of cooling air become strong.
Therefore, at T,,, 5. = 0 °C, it is considered that the cool-
ing air spread more easily within the region compared to
the T,y o =5 °C condition, resulting in a faster transition
to the steady state.

Table 4 Time to reach steady state at each heat exchanger tem-
perature.
Heat exchanger sur-
face temperature
Time to reach
steady state

0°C 5°C 10 °C 15°C

5,030s  5,380s 4,280s 3,740s

Figure 3 shows the temperature distribution under the
steady state in the computational domain when the lower
heat exchanger is heated and the upper heat exchanger
is inactive. Figures 3 (a) and (b) show color maps at
Teyac =50°Cfort=100s and ¢ = 3,910 s, respectively.



Figure 3 (c) shows the vertical temperature distribution
at x = 1,200 mm, and Figure 3 (d) shows the horizontal
temperature distribution at y = 1,200 mm. From the
comparison of the vertical temperature distributions at
Teyac = 30 °C, 40 °C, and 50 °C, the temperature differ-
ence along the height was small. This results in a uni-
form temperature distribution at all measurement points.
On the other hand, the lower measurement points near
the heat exchanger at T, 5. = 60 °C, the temperature be-
come higher compared to the temperature farther away
from it. This is due to the increased temperature differ-
ence between the heat exchanger and the ambient air,
which caused the localized heating near the heat ex-
changer. Furthermore, regarding the horizontal temper-
ature distribution, no significant overall temperature dif-
ferences were observed. However, a slight temperature
increase was occurred near the center. This is due to the
upward flow due to buoyancy force near the center of
the heat exchanger. Therefore, the local air temperature
increased in the vicinity of x = 1,200 mm.
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Fig. 3 Temperature distribution under heating conditions.

Table 5 shows the time required to reach a steady
state under heating condition. Under the various heating
conditions, monotonic trend does not occur. The time
was shortest at Ty, ;. = 40 °C condition and longest at
Teyac = 60 °C. As the heat exchanger temperature rises
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the buoyancy force stronger. Thereby it intensified the
upward flow of heated air. Therefore, it is considered
that warm air spread more easily at T, ;. = 40 °C than
at Tpy, g0 = 30 °C. It results in a faster transition to reach
the steady state.

Table 5 Time to reach steady state at each heat exchanger tem-

perature.

Heat —exchanger 500 4900 500 g0°C
surface temperature

Time to reach 3960s 3,390s 3,910s 4,380s

steady state

IV. ConcLusioNs

This study evaluated the temperature field between
serpentine heat exchangers using two-dimensional un-
steady numerical analysis. The vertical and horizontal
temperature differences between the heat exchangers
were small, which is 0.2 °C or less. However, in the hor-
izontal direction, local temperature changes were ob-
served near the center, where downward or upward flow
was driven by the buoyancy force. Furthermore, the time
required to reach a steady state did not change monoton-
ically with the heat exchanger temperature. This is due
to the buoyancy force resulting from temperature differ-
ences and the manner in which cold and warm air spread
due to natural convection.
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Abstract— The objective of this study is to develop a tech-
nology for efficiently controlling the thermal environment
of the crop root zone and reducing the energy costs. As the
fundamental research, numerical simulations of the local
soil temperature distribution around a heat exchanger in-
stalled near the plant root zone was conducted and the
soil's heat transfer characteristics was evaluated.

The heat transfer characteristics of soil depend signifi-
cantly on soil moisture content. Furthermore, the layout of
the heat exchanger directly affects the temperature distri-
bution in the soil. Therefore, to appropriately control the
root-zone temperature, it is important to understand the
effects of soil moisture content and heat exchanger ar-
rangement on soil temperature distribution.

In the numerical simulation, the soil temperature distri-
bution around the heat exchanger was calculated using the
two-dimensional unsteady heat conduction equation and
the finite volume method. Soil moisture content and heat
exchanger arrangement were set as analysis conditions,
and their effects on soil temperature distribution were an-
alyzed.

As a result, it was shown that the heat propagates fur-
ther as the soil moisture content increases. Furthermore, it
was quantitatively shown that the heat transfer area sub-
ject to temperature changes from the initial state varies de-
pending on the soil temperature distribution by the heat
exchanger arrangement.

Keywords - plant cultivation, root zone, heat exchanger,
numerical simulation, soil temperature distribution

I. INTRODUCTION

In the agricultural sector, there is a need to simultane-
ously achieve a stable food supply, higher quality, and
energy-efficient cultivation. Plant factories and green-
house cultivation have been introduced to achieve these
objectives. However, due to climate change and rising
energy costs, it has been reported that greenhouse cli-
mate control accounts for 70-80% of total energy con-
sumption during cultivation [1]. Therefore, in addition
to conventional air-conditioning control, localized tem-
perature control technology targeting the plant root zone
was focused. It was hypothesized that the entire plant
body would be warmed or cooled by the absorption of
warm or cold water. Soil temperature in the plant root
zone directly affects germination, nutrient uptake, and
yield. Effectively controlling soil temperature in the
plant root zone to establish an optimal cultivation envi-
ronment is expected to lead to significant energy savings
on the air-conditioning side [2].
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In recent years, several research have been conducted
on localized temperature control systems that include
the plant root zone. Kim H. Y. et al. have reported that a
localized temperature control system, including the root
zone, contributes to the greenhouse microclimate and
energy savings [3]. To support localized temperature
control, it is important to understand the soil temperature
distribution around a heat exchanger installed in the soil.
In particular, soil water content is a crucial factor in root-
zone temperature control because it significantly affects
soil thermal conductivity. Furthermore, the arrangement
of the heat exchanger, corresponding to the root distri-
bution of the plants, directly affects the temperature dis-
tribution in the soil.

This study aims to clarify the effects of soil moisture
content and heat exchanger arrangement on the soil tem-
perature distribution by numerical simulations based on
the unsteady heat conduction equation. These research
findings are expected to contribute to enhancing the
root-zone temperature control and designing energy-ef-
ficient cultivation environments.

II. NUMERICAL METHOD

A. Numerical simulation model

A two-dimensional unsteady heat conduction model
was developed to predict the soil temperature distribu-
tion around a heat exchanger installed in the soil. Figure
1 shows the domain for the numerical simulation. The
analysis domain is atwo-dimensional plane with a width
of 300 mm and a height of 285 mm, with the heat ex-
changer positioned in the center. Hot or cold water is
supplied to the heat exchanger from a chiller. This paper
evaluates the case of heating soil.

Heat transfer area

Data logger

Analysis cross section

Heat exchanger f
Water chiller
for heating or cooling

Fig. 1 Numerical simulation domain.



B. Analysis Parameters

In the numerical simulations, sand was used as the soil,
and soil moisture content was varied. Regarding the heat
exchanger arrangement, a single-tube configuration was
addressed first, followed by the two-tube and four-tube
configurations. The effects of soil moisture content and
heat exchanger arrangement on soil temperature distri-
bution were evaluated. The specifications of the heat ex-
changer and the classification of soil moisture content
are shown in Tables 1 and 2, respectively. For the single
and two-tube configurations, 1-inch pipes were used.
The two and four tubes arrangements were configured
so that the heat transfer surface area of the tubes re-
mained the same.

Table 1 Heat exchanger specifications.

Single 2 tubes 4 tubes
tube
Length L 300 mm
Inner diameter d 25 mm (1 in) 11 mm (3/8 in)
Outer diameter D 34 mm 17 mm
}“otal outside sur- 0.032 m? 0.064 m?
ace area A,
Material Polyvinyl chloride (PVC)
Thermal conduc-
tivity k, 0.19 W/(m+K)

Table 2 Classification of soil moisture content [4].

Soil type  Mois- Thermal Den- Specific
ture conductiv-  sity p. heat ¢y,
content ity K [kg/m?] [J(kg-K)]
w [%] [W/(m-K)]

0 0.25 1,400 750
5 0.80 1,700 800
Sand 10 1.50 1,800 850
15 2.20 1,900 900
40 2.80 2,000 950

C. Governing equation

In this study, the two-dimensional unsteady heat con-
duction equation (1) was used to analyze the temperature
distribution in the soil.

a%T
=)
ay?

where, T [°C] is temperature, ¢ [s] is time, x [m] and y
[m] are coordinates in the respective directions, and o
[m?/s] is thermal diffusivity. And,

oT (62T
Z (&
ot dx2

@)

a = k/(psCps)- (2)

D. Analysis grid

Single-tube, two-tube, and four-tube configurations
were set up for the analysis models. The analysis grids
for each condition are shown in Figure 2. To illustrate
the details of the analysis grid, the case of a single tube
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is shown on a larger scale, but the computational domain
is identical for all three cases.

142.5
E o
~
-142.5
-150 0 150
x [mm]
(a) Single tube
142.5 142.5
_ 50 o o
g ’ g I
] o @ o EBE
>~ - ~ 50  © o
-142.5 -142.5
(=) el (=) vy (=] (=3 el (=] v (=
205 =R 25 RS
' x [mm] ' x [mm]
(b) 2 tubes (c) 4 tubes

Fig. 2 Computational grid.

E. Boundary conditions

The boundary conditions used for the simulation are
shown in Table 3.

Table 3 Boundary conditions.

Mathematical for-

Boundary Conditions mula
Heat exchanger in- Constant tem-

& perature bound- T =T, =50°C
ner surface

ary
Heat exchanger Material inter- ar| _ ar
—ky—| =—ks—

outer surface face onlyg onlgg

Constant tem-

Case top surface  perature bound- 7 = Typom = 20 °C

ary
T
Case side surfaces Symmetry 6’_ =0
boundary Ox
Case bottom sur-  Adiabatic ar _ 0
face boundary oy

In the table, 7', [°C] is the fluid temperature flowing into

the heat exchanger, Ty, [°C] is the room temperature,
N >,

x [K/m] and f—T| [K/m] are the temperature gradient
onlyg onlgg

in the normal direction at the outer surface of the heat
exchanger and at the soil-side heat transfer interface, re-
spectively.



F. Numerical Analysis Methods

In this study, the finite volume method (FVM) was
used as the numerical analysis method. In the FVM, the
time evolution of the temperature distribution is deter-
mined sequentially by discretizing the heat balance in
each subdivided computational cell. This method was
employed in this study because it is suitable for the anal-
ysis of two-dimensional domains and allows for the
analysis of different heat exchanger configurations. Ta-

ble 4 also shows the details of the numerical analysis
methods.

Table 4 Numerical analysis methods.

Remarks
Dimension Two dimensional
Discretization method Finite volume method (FVM)
Time integration Explicit method
Time step At=0.05s
Analysis time t=0-3,600s

III. RESULTS AND DISCUSSION

First, the soil temperature distribution in the vicinity
of the heat exchanger is analyzed. Soil temperature dis-
tributions resulting from differences in moisture content
were compared for single-tube, double-tube, and four-
tube configurations. Next, the effect of heat exchanger
arrangement on heat transfer area was evaluated.

A. Effect of soil moisture content on temperature
distribution

Figure 3 shows the temperature distribution around
the tube at a moisture content of w = 40% as a repre-
sentative condition. A temperature rise is observed
around the tube. Figure 4 shows the soil temperature dis-
tribution one hour after the start of heating at different
moisture contents. The temperature distribution shows
the values at x =0 in Figure 3. As soil moisture content
increases, the thermal conductivity of the soil increases.
As a result, the heat transfer area expands. This is be-
cause the porosities within the soil are filled with water,
which has a higher thermal conductivity than air.
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B. Effect of heat exchanger arrangement on heat
transfer area

The heat transfer area of the heat exchanger was quan-
titatively evaluated. The condition under which the mag-
nitude of the change in soil cell temperature 7; exceeds
5% (= 21.5 °C) of the temperature difference between
the initial soil temperature 7, initial (=20 °C) and the fluid
temperature 7, (= 50 °C) was defined by the following
equation.

Ll il ) )5 ¥

Ty-T, initial

The heat transfer area satisfying this condition was de-
fined as Aupecea- Based on this, the effect of heat ex-
changer arrangement on the heat transfer area was quan-
titatively evaluated. Figure 5 shows an example of
calculating the heat transfer area for the single-tube. The
white line indicates the boundary of the heat transfer
area defined by Equation (3). Table 5 also shows the
heat transfer area at each moisture content.

Comparing the results for a single-tube configuration
and a two-tube configuration where the heat transfer
area of the heat exchanger is doubled, the heat transfer
area of the two-tube configuration is approximately
twice as large. It is considered that, with the interval of
two-tube arrangement used in this calculation, there is
no interference between heat transfer areas resulting
from the use of two tubes.

Comparing the two-tube and four-tube arrangements
with identical outer heat transfer surface areas, the four-
tube arrangement results in the heat transfer area being
distributed around each tube, as shown in Figs. 3(b) and
(¢). Therefore, the heat transfer area at a moisture con-
tent of w=0% is larger than that of the two-tube arrange-
ment. Similar results are observed even at w > 5%, alt-
hough the difference is smaller. Furthermore, as the
moisture content increased from 0% to 40%, the heat
transfer area increased by approximately 2.0 times in the
two-tube arrangement. On the other hand, with the four-
tube configuration, it increased by approximately 1.4
times.

142.5 50
45 O
;

40
o
—_ 2
E o 35 §
i} o
~ :
30 =
‘5
wn

25

1425 20

-150 0 150
x [mm]

Fig. 5 Heat transfer area. (Example: single tube, w = 40%).
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Table 5 Heat transfer area Aqgecea [M?].
Moisture content

w [%] Single tube 2 tubes 4 tubes
0 0.017 0.037 0.056
5 0.027 0.053 0.076
10 0.033 0.064 0.077
15 0.035 0.072 0.077
40 0.036 0.073 0.078

IV. ConcLusions

In this study, the effects of soil moisture content and
heat exchanger arrangement on soil temperature distri-
bution were investigated by numerical analysis. It was
quantitatively shown that an increase in soil moisture
content increases the soil's thermal conductivity, allow-
ing heat transfer area spreads wider area. It was also
shown that the soil temperature distribution by the heat
exchanger arrangement differs. This study provided fun-
damental insights for examining heat exchanger ar-
rangements suitable for the root zone geometry of the
plants.
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Abstract— This study evaluates the heat transfer perfor-
mance of the evaporator, a key component of the refriger-
ation system, with the aim of improving the energy effi-
ciency of low-temperature refrigeration units used to
maintain the freshness of marine products. As part of the
fundamental research, the effects of the surface roughness
of the refrigerant flow path in the evaporator and the lu-
bricating oil mixed with the refrigerant on heat transfer
characteristics are evaluated.

Heat transfer in the refrigerant flow path depends sig-
nificantly on the oil film by compressor oil (lubricating oil)
mixed into the refrigerant. Compressor oil adhering to the
heat transfer surface acts as thermal resistance and pre-
vents heat transfer. Furthermore, the surface roughness of
the refrigerant flow path directly affects oil film formation
and the flow pattern of the refrigerant. Therefore, to en-
hance evaporator performance, it is important to under-
stand the effects of oil concentration and the surface char-
acteristics of the refrigerant flow path on heat transfer
properties.

In this study, experiments were conducted in which CO:
refrigerant flowed through a horizontal channel (inner di-
ameter: 4.5 mm, length: 300 mm) of an evaporator. Here,
the oil flow behavior was visualized and heat transfer in
the channel while varying the oil concentration was ana-
lyzed. As a result, the behavior of the oil film adhering to
the channel walls and the oil clumps passing through the
flow channel were visualized. It was also shown that the
heat transfer coefficient decreases sharply when oil is
mixed in. Furthermore, the influence of surface roughness
on heat transfer characteristics was suggested. Under-
standing the behavior of the oil and its effects is expected
to support in the design of refrigerant flow paths in evapo-
rators.

Keywords— COx refrigerant, heat transfer, evaporator, com-
pressor oil, surface roughness

1. INTRODUCTION

To mitigate global warming, it is desirable to use low-
environmental-impact refrigerants in refrigeration sys-
tems. This study focused on CO as a refrigerant. CO; is
a refrigerant with a global warming potential (GWP) of
1 that is tasteless, odorless, non-toxic, and non-flamma-
ble [1]. CO; is also used as a refrigerant in low-temper-
ature refrigeration systems because it can provide cool-
ing down to -40 °C at an evaporator refrigerant pressure
of approximately 1 MPa-abs.

Hydrochlorofluorocarbons (HCFCs) and chloro-
fluorocarbons (CFCs), which have been used since the
1970s, have come to be recognized as ozone-depleting
refrigerants. Consequently, the Montreal Protocol was

IWRIS2026

53

adopted in 1987, and efforts to reduce production and
consumption have been pursued globally [2]. Subse-
quently, hydrofluorocarbons (HFCs) have been used as
refrigerants. However, due to its high persistence in the
atmosphere, it is a major cause of global warming [3].
For these reasons, eco-friendly natural refrigerants are
attracting attention.

On the other hand, from the perspective of energy
conservation, there is a demand for higher performance
refrigeration unit. A refrigeration unit consists of four
main components: a compressor, a condenser, an expan-
sion valve, and an evaporator. Among these, a low-per-
formance evaporator increases the compressor load,
leading to higher energy consumption by the refrigera-
tion system [4]. Therefore, increasing the efficiency of
the evaporator is important.

Compressor oil is used for the operation of the com-
pressor. This oil circulates through the flow paths of the
refrigeration unit together with the refrigerant. A prob-
lem arises in that the heat transfer coefficient decreases
significantly when this oil adheres to the walls of the re-
frigerant flow paths in the evaporator. Several studies
have been conducted on the reduction in heat transfer
coefficient associated with oil contamination during in-
tube refrigerant boiling. For example, Katsuta et al.
measured the heat transfer coefficient of CO; refrigerant
mixed with compressor oil in a horizontal stainless-steel
pipe [5]. As a result, it has been shown that the heat
transfer coefficient decreases due to the inclusion of a
very small amount of compressor oil (0.05-0.08 wt%).
In addition, J. Keeni et al. evaluated the effect of oil con-
centration on evaporator heat transfer and visualized oil
behavior [6, 7].

Therefore, this study aims to obtain fundamental
knowledge for enhancing heat transfer in the evapora-
tors of CO, refrigeration systems. The effects of flow-
path surface roughness on the flow behavior of compres-
sor oil and the heat transfer characteristics of the evapo-
rator were evaluated. The results of this study are ex-
pected to clarify the effects of oil contamination, thereby
contributing to the design of highly efficient evaporator
flow paths and the energy conservation of refrigeration
systems.



II. EXPERIMENTAL

A. Experimental setup

Figure 1 shows a schematic diagram of the test sec-
tion used in this experiment. The test section consists of
a horizontal flow implementing actual refrigerant flow,
with an inner channel diameter of 4.5 mm and a flow
path length of 300 mm. The flow path is divided into ten
sections along the direction of heat flow to prevent axial
heat conduction. A cartridge heater is installed on the
back of the flow channel to maintain a constant flow
channel wall temperature.

Surface roughness  |--------------

Heat transfer surface

Type T thermocouples

> © © © €
300 mm_(Flow length)

Flow direction
Transparent polycarbonate

Fig. 1 Overview of the test section.

Figure 2 shows an overview of the experimental setup.

Figure 2(a) shows an external view of the experimental
apparatus, and Figure 2(b) shows a schematic diagram
of the apparatus. This is a blow-down type system. The
experimental setup consists of (1) a CO, gas cylinder,
(2) a pressure-reducing valve (regulator), (3) a buffer
tank, (4) a flow meter, (5) a high-pressure compressor,
(6) a condenser, (7) an expansion valve, and (8) a tro-
choid pump.

(2) Regulator (1) Gas cylinder

Gas+heater /

(7) Expansion

va Ve*

Back pressure valve

Test Section

IS
At
i
b
s

e
il
R

(6) Condenser
g Compressor oil
(5) High pressure tank
compressor

tank

Vacuum pump

(a) Overview of the experimental apparatus
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Fig. 2 Experimental setup.

B.  Experimental methods

In this experiment, CO, refrigerant at approximately
-35 °C is introduced into the test section. Figure 3 shows
the p-h diagram (pressure-enthalpy diagram) for the CO»
refrigerant. The liquid refrigerant condensed by the con-
denser is cooled to 1.2 MPa-abs (evaporation tempera-
ture of approximately -35 °C) by the expansion valve.
After that, the refrigerant flows into the evaporator. In-
side the evaporator, the pressure and temperature of the
refrigerant remain constant. The refrigerant vaporized
within the evaporator is discharged.

£ Condcnscr/_'“\

&30r- <

2

B Expansion valve

2

2

% Tp=- 32 C

& 12 - 7 > |
Evaporator

Specific enthalpy & [kJ/kg]

Fig. 3 p-h diagram for COz refrigerant.

III. RESULTS AND DISCUSSION

A. Visualization of refrigerant flow

Figure 4 shows an example of a visualized image of
CO, refrigerant mixed with compressor oil flowing
through an evaporator tube. The channel wall surface is
rough. As shown in Figures 4(a) through (c), it was ob-
served that the oil flowed as particles, a band-like pat-
tern, and clumps. The upper figures show the screenshot
of the oil film formation captured from the video. The
lower figures present the highlight of the oil film for-
mation as particles, a band-like pattern, and clumps. It
was observed that the oil flowed changing its shape be-
cause the oil viscosity increased due to the low evapora-
tion temperature. In addition, it was confirmed that an
oil film was formed on the wall surface.



(a) Particulate (b) Band-shaped

(c) Clumped state

Fig. 4 Visualization of an oil-containing refrigerant flow (Mass
flux G = 119.7 kg/(m?-s), Evaporation temperature Tz = -
34.8 °C, Oil concentration b = 10.1 wt%, Wall temp. Tuw = -
0.3 °C, Section n =9, Quality x = 0.93).

B.  Heat transfer coefficient

Figure 5 shows the effect of oil concentration on the
heat transfer of the evaporator. It was found that the heat
transfer coefficient drops sharply when even a small
amount of oil is mixed in. It is considered that the oil
shown in Fig. 4 adheres to the wall surface as an oil film,
acting as a thermal resistance. Furthermore, the heat
transfer coefficient decreases as the oil concentration in-
creases. This is because, as the oil concentration in-
creases, the oil film thickness increases and the thermal
resistance rises. It is presumed that the surface rough-
ness of the flow path contributes to the formation of this
oil film.

Figure 5(b) shows the surface characteristics of the
flow channel. Since the test flow channel was made us-
ing a milling machine, cutter marks from the end mill
remain. It is thought that oil stagnates there, forming a
thicker oil film compared to a smooth surface. Therefore,
it is important to understand the surface roughness of the
flow path and the state of oil film formation.

C. Method for evaluating the effect of surface
roughness on heat transfer

A method is proposed to evaluate the effect of flow-
path surface roughness on flow and heat transfer. Figure
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6 shows the surface roughness measurement method us-
ing a surface tester. A stylus-type surface roughness
tester is used to measure the semicircular cross-section.
The measurement position is the center of the semicir-
cular cross-section, and the evaluation length is the total
flow path length of 300 mm. The measuring jig is fixed
to the test section, and the surface tester is moved to sev-
eral locations along the flow direction to perform meas-
urements. Since the measurement range at a single loca-
tion is a few millimeters, the surface roughness Ra is
determined by calculating the arithmetic mean of the re-
sults obtained from measurements at several locations.

10

Sections: 4 - 9

n=4 I
| | n=9:X

8

6

4 = ,

2 1 A
0

Heat transfer coefficient
a [kW/(m2-K)]

0.0 0.1 02 03 04 05 06 0.7 08 09 1.0
Quality x [-]

Oil concentration b

-  0wt%
- 6.1 wt%

- 46wt%
- 9.0wt%

- 7.5wt%

(a) Heat transfer coefficient

(b) Surface roughness

Fig. 5 Effect of oil concentration on evaporator heat transfer
coefficient (Mass flus G= 108.1-120.7 kg/(m?s), Evaporation
temperature T =-32.9 ~ -37.9 °C, Oil concentration b =0 ~
9.0 wt%, Wall temp. Tnw = -4.0 ~ -24.7 °C).

1
| Adjust position along
I measurement direction

Surface roughness tester

Test Section

Fig. 6 Surface roughness measurement method.
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D. Expected Results

Table 1 shows the experimental conditions for com-
paring the results. The experimental conditions are the
same as those used to obtain the results shown in Figure
5. Regarding the surface roughness, the current surface
processed with a milling machine (Rough) and the pol-
ished surface (Smooth) was compared.

Table 1 Experimental conditions.

Evaporation temperature 7r -35°C
Mass flux G 120 kg/(m?s)
Compressor oil concentration b 0, 5, 10wt%
Smooth,
Surface roughness Ra Rough (Before pol-
ishing)

Figure 7 shows the predicted relationship between re-
frigerant quality and heat transfer coefficient for differ-
ent surface roughness. As the surface roughness of the
flow path becomes smoother, the oil film thins and ther-
mal resistance decreases, leading to a predicted increase
in the heat transfer coefficient. However, at an oil con-
centration of b = 0 wt%, although changes in the velocity
boundary layer due to surface roughness occur, no sig-

nificant increase in the heat transfer coefficient is pre-
dicted.
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Fig. 7 Prediction of refrigerant quality and heat transfer coef-
ficient at different surface roughness.

IV. CoNcLUSIONS

This study investigated the relationship between lu-
bricating oil, a factor inhibiting heat transfer in CO> re-
frigeration system evaporators, and tube wall roughness.
First, the flow state was visualized by introducing lubri-
cating oil to refrigerant. Furthermore, it was shown that
the heat transfer coefficient decreases sharply due to the
thermal resistance of lubricating oil. The influence of oil
film thickness due to surface roughness was suggested
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as one of the factors contributing to the reduction in the
heat transfer coefficient. Furthermore, a method for
measuring the surface roughness of heat transfer tubes
was presented, along with predictions of heat transfer
based on the resulting effects. The results of this study
are expected to contribute to the optimal design of high-
efficiency evaporators that prevent oil retention. Fur-
thermore, increasing the efficiency of the refrigeration
unit contributes to reducing the refrigerant circulation
flow rate in units and to saving the energy consumption
of the refrigeration system.
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Abstract— The objective of this study is to visualize
the flow behavior and investigate the heat transfer
characteristics of a CO2 refrigerant mixed with com-
pressor oil as it flows through microchannels. In this
paper, as the first stage of the research objective,
COg: refrigerant was flowed through a microchannel
to evaluate the heat transfer coefficient during the
evaporation process.

It is generally known that reducing the size of the
groove inner tube surface of an evaporator increases
the heat transfer area and improves the heat transfer
coefficient per unit of projected area. Here, groove is
called as microchannel. However, in actual refriger-
ation systems, the oil mixes with the refrigerant and
circulates through the equipment. Consequently, the
oil acts as a thermal resistance and prevents heat
transfer. Therefore, it is important to clarify the heat
transfer characteristics of the refrigerant with oil.

This study evaluates the heat transfer characteris-
tics and visualization of CO: refrigerant flowing
through the microchannels of an evaporator, prior to
assessing the effects of oil contamination.

Keywords— CO, refrigerant, microchannel, compres-
sor oil, heat transfer, flow visualization

[. INTRODUCTION

In recent years, power consumption in the refrigera-
tion sector has been increasing due to the increasing
number of the cold chain [1]. There is a demand for re-
ducing CO; emissions associated with rising electricity
consumption. Hence, higher-performance refrigeration
units are necessary. Refrigerants are used as heat
transport media in refrigeration equipment. Natural re-
frigerants with low global warming potential (GWP) are
attracting attention from the perspective of preventing
global warming and ozone layer depletion [2]. Among
them, CO; is non-toxic and non-flammable. Further-
more, since it can be cooled to approximately -40°C at
an absolute pressure of around 1 MPa, it is suitable as a
refrigerant for freezing systems.

A refrigeration unit consists of four main components
that are a compressor, a condenser, an expansion valve,
and an evaporator. This study focused on improving the
heat transfer performance of the evaporator. One spe-
cific method is to introduce the small grooves on the in-
ner tube surface of the heat exchanger. Reducing the
groove dimension increases the inner tube surface area.
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As a result, it is considered that the heat transfer coeffi-
cient per unit of projected area increases. However, in
actual refrigeration systems, oil mixes with the refriger-
ant and circulates through the equipment.

When oil mixes with the refrigerant, an oil film forms
on the walls of the flow path. As a result, it has been
reported that the heat transfer coefficient decreases.
Caobin Dang et al. investigated the flow boiling heat
transfer of CO, mixed with lubricating oil in horizontal
smooth tubes with inner diameters of 2, 4, and 6 mm [3].
When the lubricating oil concentration was varied be-
tween 0.5% and 5%, the heat transfer coefficient
dropped to less than half the value observed without oil
contamination. While research has been conducted on
the heat transfer characteristics of CO, refrigerant mixed
with oil, there have been few studies utilizing micro-
channels with a hydraulic diameter of 1 mm or less.

This study aimed to investigate the heat transfer char-
acteristics and visualize the flow patterns of a CO; re-
frigerant mixed with compressor oil as it flows through
microchannels. Prior to evaluating the effects of oil con-
tamination, heat transfer characteristics of CO, refriger-
ant only flowing through the microchannels of an evap-
orator will be evaluated.

II. EXPERIMENTAL

A. Experimental setup

Figure 1 shows overview of the test section used in
this study. The flow direction of the CO> refrigerant is
vertically upward. The flow path consists of rectangular
grooves, each with a total length of 300 mm, a width of
0.8 mm, and a height of 0.8 mm, comprising eight
microchannels. The flow channel is divided into 15
sections and is thermally insulated in the flow direction.
In addition, to achieve isothermal wall conditions, the
cartridge heaters were placed behind the flow channel.



Thermocouples
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Fig. 1 Overview of test section.

Figure 2 shows an overview of the experimental ap-
paratus. This apparatus employs a blow-down method.
Figure 2(a) shows the layout of the experimental appa-
ratus. The apparatus consists of (1) a CO, gas cylinder,
(2-2) a regulator, (3-1) a buffer tank, (4) a flow meter,
(5-1) a high-pressure compressor, (6) a condenser, (7)
an expansion valve, and (10) a back-pressure valve. In
this experiment, the CO; refrigerant is depressurized by
an expansion valve and cooled to 1.2 MPa-abs (approx-
imately -35 °C) through adiabatic expansion valve. Fig-
ure 2(b) shows the p-h diagram for the CO, refrigerant
corresponding to Figure 2(a). Figure 2(c) shows an over-
all view of the experimental apparatus.

| (1) CO, gas cylinder “(4) Flow meterL
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(Cond tion)

(6-1) Finned Tube type
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(a) Overview of the experimental apparatus
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(9) Heater with dry
ice prevention

| (5-1) High pressure compressor

(c) Schematic diagram of the experimental system
Fig. 2 Experimental apparatus and p-/ diagram.

B. Visualization method

This study also focuses on the visualization of the
flow state of CO; refrigerant. Figure 3 shows the test
section and the position of the visualization camera. The
test section is divided into 15 sections along the flow di-
rection to prevent heat conduction. The behavior of the
CO; refrigerant and oil is observed using a high-speed
camera. A video was recorded with the visualization
range centered on each interval (n =1 to 15).

Cartridge heaters

Sections n=15
14
13
12
11
10

o

—_ N W ks LN 0
WYYV

CO, Refrigerant );‘3’%
(Upward flow) .

Fig. 3 Detail of the test section and visualization points.



C. Experimental conditions

Table 1 shows the experimental conditions. Evalua-
tions were conducted for an evaporation temperature of
Te = -35°C and mass fluxes of G = 190 kg/(m?:s) and
230 kg/(m?-s).

Table 1 Experimental conditions.

Evaporation temperature Tz [°C] -35

Mass flux G [kg/(m?-s)] 190, 230

D. Calculation method for heat transfer coefficient

In this study, the heat transfer coefficient was calcu-
lated using thermocouples inserted into each of the 15
sections of the test section. Figure 4 shows a schematic
diagram of the heat transfer in each section.

The heat flux g.4 for an arbitrary section n was cal-
culated using Newton's law of cooling (Eq. (1)) and Fou-
rier's law (Eq. (2)). Furthermore, assuming that there is
no heat exchange with the surroundings and that all heat
passing through each section is transferred to the refrig-
erant, Eq. (3) is derived from the heat balance relation-
ship.

qnr = a(TnW — Thr) ¢y
T h Tnl
Ana = kAn— )
L=l
Snunn = SnuQna = Snrnr 3)

From Egs. (1) to (3), the refrigerant heat transfer co-
efficient a is expressed by Eq. (4). Note that the heat
transfer wall temperature, T,, is difficult to measure.
Therefore, T, was determined using Eq. (5) via extrap-
olation from the temperature gradient between two
points, T, and T, in the heat transfer section.

=
SnR (TnW - TnR) 4
— kASnH Tnh - Tnl (4)
SnR (TnW - TnR) ll - lh
To — Ty,
Tow =77~ lh” (I=1)+ Ty, )
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a . Heat transfer coefficient [W/(m>K)]

ka : Thermal conductivity of heat transfer section
(= 140 [W/(m'K)])

! . Heat transfer surface thickness [m]

In : Distance from heater to high temperature ther-
mos couple [m]

I . Distance from heater to low temperature ther-
mos couple [m]

qna . Heat flux through the heat transfer section
[W/m?]

qni . Heat transfer coefficient from the heater [W/m?]

qnR : Heat flux to the refrigerant [W/m?]

S : Contact area between heater and heat transfer
section [m?]

Sur : Contact area between refrigerant and heat trans-
fer surface [m?]

Tur : Refrigerant temperature [K]

Tow @ Wall surface temperature [K]

Toun : Heater side temperature measuring by thermos
couple [K]

Tu :  Flow side temperature measuring by thermocou-
ple [K]

Fig. 4 Schematic diagram of heat transfer in the test section.

III. RESULTS AND DISCUSSION

Figure 5 shows the heat transfer coefficients from
sections 4 to 13. Sections 1 through 3 and sections 14
and 15 were excluded from the evaluation due to signif-
icant heat loss at the inlet and outlet. Figure 5 confirms
that the heat transfer coefficient decreases at qualities of
x=10.7 and higher. It is considered that dry-out is occur-
ring in this region. It was also confirmed that the heat
transfer coefficient increases with an increase in mass
flux. This suggests that the refrigerant liquid film on the
heat transfer surface becomes thin as the mass flux in-
creases.
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Fig. 5 Results of heat transfer coefficient.

Figure 6 shows the theoretical heat transfer mode and
heat transfer coefficient for vertical upward flow. In Fig-
ure 6, the heat transfer coefficient drops sharply when
dry-out occurs, whereas in Figure 5, it decreases gradu-
ally. This is because of the failure to maintain isothermal
wall conditions and heat dissipation to the surroundings.

Setting more precise experimental conditions is required.
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Fig. 6 Heat transfer regimes and heat transfer coefficient

distribution in vertical upward flow [4].
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IV. ConcLusions

This study evaluated the heat transfer coefficient of
CO; refrigerant in microchannels. Based on the heat
transfer coefficient results, it was confirmed that the heat
transfer coefficient decreases at qualities of x = 0.7 and
higher. The occurrence of dry-out was inferred as a con-
tributing factor. It was also confirmed that the heat trans-
fer coefficient increases as the mass flux increases. This
indicated that the refrigerant liquid film on the heat
transfer surface becomes thin when the mass flux in-
creases. To investigate the effect of the experimental
conditions on the heat transfer characteristics, visualiza-
tion of the gas-liquid two-phase flow of CO, refrigerant
in microchannels is essential. Furthermore, setting more
precisely experimental conditions is important for inves-
tigating the refrigerant heat transfer characteristics in
microchannels.
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Abstract— In recent years, the importance of safe and sta-
ble disinfection technologies has been increasing in the
fields of drinking water treatment and infection prevention.
Hypochlorous acid has high bactericidal activity and can
be produced by the electrolysis of sodium chloride solution.
For this reason, hypochlorous acid is widely used, particu-
larly in water treatment and the medical field. There are
two methods of generation that are flow-type and batch-
type. However, flow-type electrolysis device is usually uti-
lized because it allows for the continuous supply of electro-
lyte solution. On the other hand, the generated concentra-
tion and efficiency of hypochlorous acid depend
significantly on operating conditions such as the applied
current density, the input flow rate and so on. In particular,
gas bubbles generated near the electrode plates during
electrolysis reduce the effective reaction area on the elec-
trode surface and act as a factor that prevents chemical re-
actions. The effect of this bubble behavior on hypochlorous
acid generation characteristics has not been fully investi-
gated.

This study investigated the effect of applied current den-
sity on hypochlorous acid generation characteristics in a
flow-type electrolytic device. Furthermore, using a high-
speed camera, bubble behavior during hypochlorous acid
generation was visualized and the relationship between
bubble behavior and hypochlorous acid generation char-
acteristics was analyzed. The results of this study are ex-
pected to contribute to the realization of technology for the
high-concentration and high-efficiency generation of hypo-
chlorous acid using a flow-type electrolysis device.

Keywords— hypochlorous acid, bubble, applied current den-
sity, inlet flow rate, NaCl solution, flow-type electrolysis

[. INTRODUCTION

Disinfection technology is of great importance in the
fields of drinking water treatment and infection preven-
tion [1]. Hypochlorous acid (HCIO) is widely used due
to its high bactericidal activity, low cost, and ease of
handling [1, 2]. In recent years, the demand for hypo-
chlorous acid has been increasing because of growing
interest in infectious disease control and hygiene man-
agement. Therefore, the technology for the stable and
efficient generation of hypochlorous acid is attracting at-
tention [2, 3].

Hypochlorous acid can be produced by the electroly-
sis of sodium chloride (NaCl) solution. There are two
methods of generation that are the continuous-flow
method and the batch method. In this study, a flow-type
electrolysis device was employed. Flow-type electroly-
sis devices are expected to maintain stable production
conditions through the continuous supply of electrolyte.
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Therefore, it is considered to have an advantage in ap-
plications involving mass production as well [4]. On the
other hand, its performance depends significantly on op-
erating conditions such as supply flow rate and applied
current density. Therefore, the optimization of operating
conditions taking these factors into account is a key
challenge [5]. In particular, gas bubbles generated dur-
ing electrolysis are considered to reduce the reaction
area on the electrode surface and prevent chemical reac-
tions. However, the influence of bubble behavior result-
ing from variations in operating conditions on the con-
centration, generation efficiency, and total yield of
hypochlorous acid has not yet been fully investigated.

Therefore, this study aims to clarify the effects of cur-
rent density on bubble behavior and hypochlorous acid
generation characteristics in a flow-type electrolytic de-
vice. Generation characteristics are evaluated based on
three parameters which are generation concentration,
generation efficiency, and total amount. In addition, the
influence of bubble behavior on generation characteris-
tics is examined by evaluating the behavior of bubbles
under various operating conditions.

I1. EXPERIMENTAL

A. Principle of hypochlorous acid generation

Available chlorine is a general term for chlorine that
exhibits bactericidal activity. Available chlorine in-
cludes both free chlorine and combined chlorine. HCIO
exhibits the strongest bactericidal activity among free
chlorine species [6].

To generate HCIO, it is necessary to add a chloride to
the water as an electrolysis aid. In this study, NaCl is
used as an electrolysis-assisting substance because it is
safe and easy to handle.

Figure 1 shows the formation process of HCIO.

NaCl dissociates into chloride ions (C17) and sodium
ions (Na") in water.

NaCl - Na* + ClI~ (D

At the anode, water (H>O) is decomposed into oxygen
(0O2) and hydrogen ions (H") through an oxidation reac-
tion. CI is also oxidized to produce Cl,. The principal
reactions at the anode are as follows.

2H,0 - 0, + 4H™ + 4e” 2)
2ClI~ > Cl, + 2e~ 3)
The reaction producing Cl. proceeds preferentially



over the water decomposition reaction because CI™ is a
halide ion. Most of the generated Cl, is released exter-
nally as a gas, but a portion dissolves in water to form
HCIO.

Cl, + H,0 - HCIO + H* + CI- 4)
Meanwhile, at the cathode, electrons are transferred
to water through a reduction reaction, producing hydro-

gen (H:) and hydroxide ions (OH").
2H,0 + 2e™ - H, + 20H™ (5)

HCIO solution

*

- Cl, 20H-

2c1- Hy

J7

anode
cathode

f4H+ 2H,0

’ %0

AN
2H,0

)

NaCl solution

Fig. 1 Formation process of HCIO.

B. Experimental Apparatus

Figure 2 shows a schematic diagram of the experi-
mental apparatus. The experimental apparatus consists
of the electrolysis apparatus (test section), a tubing
pump, a power supply, a digital multimeter for measur-
ing current and voltage, and beakers for sampling and
drainage. The NaCl solution is supplied to the electroly-
sis unit by a tubing pump. Hypochlorous acid is gener-
ated through electrolysis in the device. The generated
liquid is collected by a beaker for inspection.

Figure 3 shows the electrolysis apparatus (test sec-
tion). Acrylic, which is resistant to hypochlorous acid,
was used for the main body of the apparatus. Electrodes
consisting of a titanium substrate with a platinum coat-
ing were used. The spacing between the electrode plates
is adjusted using Teflon spacers. A flow-straightening
section was provided at the inlet of the electrolysis unit
to ensure the uniform flow of the electrolyte solution be-
tween the electrodes. In addition, an observation win-
dow was provided at the top of the electrolysis unit to
observe the bubble flow.
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Fig. 3 Schematic diagram of the electrolysis apparatus.

C. Experimental Conditions

Table 1 shows the experimental conditions in this
study. The highest values for all evaluation parameters
were obtained at an NaCl concentration of Cnaci =
50,000 mg/L in the previous experiments. Therefore,
this experiment was conducted at an NaCl concentration
of Cnaci = 50,000 mg/L. The dimensions of the electrode
plates in the flow-type electrolysis apparatus were set to
50 mm in width and 100 mm in height, with an inter-
electrode spacing of 5.0 mm. The titanium electrode
plates were coated with platinum to a thickness of 50 um.
In the experiment, the applied current density was varied
to see the conditions of bubble generation.

Table 1 Experimental conditions.

Input flow Qnaci 0.101 mL/s

NaCl Concentration Cy,c; | 50,000 mg/L

Current density I 400, 800, 1,200, 1,600 A/m?

Electrode plate size W50 mm x H100 mm

Electrode plate

Titanium with SO pm Platinum coating

Electrode plate spacingd | 5 mm




D. Evaluation Method

A residual chlorine meter based on spectrophotome-
try using DPD (diethyl-p-phenylenediamine) reagent

was used to measure the effective chlorine concentration.

The effective chlorine concentration in the generated so-
lution is high, significantly exceeding the measurement
range of the residual chlorine meter. Therefore, the col-
lected samples were diluted with purified water and ad-
justed to a measurable concentration range. After meas-
urement, the actual effective chlorine concentration was
calculated by multiplying the obtained measured value
by the dilution factor.

Production efficiency, 14 , is calculated from the ra-
tio of the production rate to the amount of electron sup-
plied. It was calculated using the following equation.

_ 2XCpe X Qnact X F

= x 1076 6
Nac My X Ig X S (6)

where, C4c is HCIO concentration produced [mg/L],
Onaciis input flow rate [mL/s], F = 9.65x10* is Faraday
constant [C/mol], Myc is HCIO molecular weight
[kg/kmol], and Is is current density [A/m?].

The production rate of available chlorine was evalu-
ated as the amount generated per unit time, estimated
from the product of the available chlorine concentration
in the generated solution and the flow rate of the NaCl
solution.

The amount of available chlorine generated, P4c
[mg/s], was calculated using the following equation.

Pyc= Cyc > Qnaci @)

III. RESULTS AND DISCUSSION

In this study, the effect of applied current density on
hypochlorous acid generation was evaluated. First, ex-
periments were conducted by keeping the input flow rate
constant while varying the current density supplied to
the electrode plates. Figure 4 shows the experimental re-
sults. Figures 4(a)—(c) present the effective chlorine con-
centration, production rate, and production efficiency,
respectively.
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(a) Effective chlorine concentration
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Fig. 4 Effective chlorine concentration, production rate, and
generation efficiency versus current density.

As shown in Figures 4(a) and (b), the concentration
and the production rate increase with increasing current
density. This is considered to be due to an increase in the
amount of chloride ion (CI") reaction resulting from the
acceleration of the electrode reaction.

However, when the current density exceeded approx-
imately 1,200 A/m?, the rate of the concentration and
production rate decreased. Under high current density
conditions, the consumption rate of Cl~ at the electrode
surface increases. Therefore, it is considered that the
supply of Cl~ from the solution to the electrode surface
becomes insufficient.

Additionally, side reactions may occur under high
current density conditions. For example, a portion of the
current is consumed by oxygen evolution. Furthermore,
bubbles generated at the electrode surface may inhibit
the reaction. In addition, a rise in the solution tempera-
ture due to the electric current is also possible. The rise
in temperature may have accelerated the decomposition
of hypochlorous acid.

Production efficiency decreased as current density in-
creased. This is thought to be partly due to the increased
consumption rate of CI. If the consumption of CI™ in-
creases, the supply of Cl to the electrode surface may
become insufficient. As a result, it is considered that the
proportion of the input current utilized for the intended
reaction decreased.



Next, visualization experiments were conducted to
observe the bubbles during the generation process. Fig-
ure 5 shows the results obtained when the current den-
sity was varied.

(¢) 1,200 A/m?

(d) 1,600 A/m?
Fig. 5 Visualization image of bubbles.

From Figures 5(a) and (b), a tendency for the number
of bubbles to increase with increasing current density
was observed. In addition, changes in bubble size and
distribution were observed as the current density in-
creased. Under high current density conditions of /s =
1,600 A/m?, vigorous bubble behavior was observed that
differed from that seen at /s = 1,200 A/m?. From this, it
was found that under high current density conditions,
bubble size and distribution became non-uniform, and
bubble behavior became complex. Furthermore, such
changes in bubbles may affect chemical reaction and
contribute to a reduction in production efficiency.

IWRIS2026

64

IV. ConcLusions

This study aimed to investigate the characteristics of
hypochlorous acid generation in a flow-type electrolytic
device. The generation characteristics of hypochlorous
acid resulting from changes in current density were eval-
uated. It was also shown that bubble behavior changes
with variations in current density. It is desirable to fur-
ther investigate the relationship between the conditions
for hypochlorous acid generation and bubble behavior
by expanding the range of experimental conditions.
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Abstract— The transfer of agricultural knowledge across
countries involves not only production technology but also
the adaptation of management practices, quality stand-
ards, and market relationships to local conditions. This
study examines the development of Japanese-influenced
vegetable production and distribution at OKIAGARU
Farm in Cianjur, West Java, Indonesia. Specifically, it in-
vestigates how Japanese-style production and quality-
management practices have been adapted to Indonesian
farming conditions and how marketing and institutional
arrangements influence the sustainability of the model. A
case-study approach was employed using field observation,
semi-structured interviews, secondary information, and a
comparative farmer survey framework. The planned sur-
vey covers 60 vegetable farmers, consisting of 30 farmers
associated with OKIAGARU and 30 non-OKIAGARU
farmers. Preliminary field observations indicate that Jap-
anese influence extends beyond cultivation techniques to
production planning, quality management, harvesting,
sorting and grading, and market-oriented production.
OKIAGARU also developed higher-value marketing chan-
nels. From 2010 to 2018, vegetables were supplied to res-
taurant and specialty-market customers, including
Yoshinoya, Sushi Tei, and Cosmo, while supplies to AEON
were developed during 2015-2018. However, the relation-
ship with AEON was discontinued from 2019. Field infor-
mation suggests that deferred payment arrangements and
the resulting cash-flow considerations were important fac-
tors in this decision. The case demonstrates that product
quality can facilitate entry into modern markets, but sus-
tainable participation also depends on institutional and fi-
nancial arrangements compatible with small-scale agricul-
tural enterprises. Japanese-style vegetable farming in
Indonesia should therefore be understood as a process of
selective adaptation integrating technology, farmer learn-
ing, quality management, institutional arrangements, and
market coordination.

Keywords— Japanese-style agriculture; knowledge transfer;
vegetable farming; modem retail; smallholders; Indonesia

. INTRODUCTION

Vegetable production plays an important role in In-
donesia's horticultural sector by providing income op-
portunities for rural households and supplying increas-
ingly diversified urban food markets. However, a large
proportion of vegetable production remains dependent
on small-scale producers who face difficulties in con-
sistently meeting the requirements of higher-value mar-
kets. The expansion of supermarkets, restaurants, hotels,
and other modern food outlets has created opportunities
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for farmers to access these markets, but participation re-
quires more than production capacity [1]. Product con-
sistency, grading, packaging, infrastructure, production
planning, and coordination with buyers are increasingly
important [2][3]. Previous research found that small-
scale farmers participating in supermarket channels dif-
fered from those using traditional channels in terms of
irrigation, packaging and storage facilities, education,
and infrastructure, while supermarket participation was
associated with improved farmer income [2].

Producer organizations can further facilitate this tran-
sition by strengthening farmer—buyer collaboration, im-
proving farmers' ability to meet quality requirements,
and developing appropriate contractual and organiza-
tional arrangements [4]. Thus, participation in modern
markets involves both technical and institutional chal-
lenges. Japan provides an interesting reference for pro-
duction—market coordination, as Japanese agricultural
development has emphasized the transfer of production
knowledge, technical skills, and market-oriented prac-
tices through agricultural technology transfer and exten-
sion systems [5][6]. MAFF regularly provides supply-
and-demand guidelines and monitors production, ship-
ment, and market conditions, highlighting the im-
portance of coordinating production timing, product
quality, expected demand, and distribution.

However, the transfer of agricultural knowledge
should not be understood as a direct replication of the
original farming system, as the effectiveness and sus-
tainability of technology transfer depend on local condi-
tions, institutional arrangements, and stakeholder partic-
ipation [5][6]. Differences in climate, farm size, labor
availability, input systems, consumer preferences, and
market institutions require such knowledge to be
adapted to local conditions. OKIAGARU Farm in
Cianjur, West Java, provides a relevant case for exam-
ining this process. Previous studies have identified prod-
uct availability, direct distribution, packaging, coopera-
tion, and Good Agricultural Practices as important
aspects of OKIAGARU's development and quality-ori-
ented production.

Against this background, this study examines how
Japanese-style production and quality-management
practices are adapted to Indonesian farming conditions
and how marketing relationships and institutional ar-
rangements have influenced the development and sus-
tainability of OKIAGARU's vegetable distribution. Ac-
cordingly, the study aims to: (1) identify Japanese-
influenced production and quality-management prac-
tices adopted by OKIAGARU farmers; (2) examine the
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evolution of production and marketing channels, partic-
ularly relationships with restaurant and modern-retail
buyers; and (3) assess the opportunities and constraints
affecting the sustainability of the OKIAGARU model.

II. MATERIALS AND METHODS

A. Study Area and Research Approach

The research was conducted at OKIAGARU Farm in
Cianjur Regency, West Java, Indonesia. Cianjur is an
important  horticultural  production area, and
OKIAGARU represents a particularly rele-vant case be-
cause of its experience in producing differentiated veg-
etables and developing relation-ships with restaurant
and modern-retail markets.

The study applies a case-study approach com-bined
with a comparative farmer survey. The case study is in-
tended to reconstruct the process through which Japa-
nese agricultural knowledge has been introduced, inter-
preted, and adapted, while the comparative survey is
designed to identify differ-ences between farmers asso-
ciated with OKIAGARU and farmers operating outside
the organization.

Descriptive statistics, frequencies, and percentages
will be used to characterize production and marketing
practices. Categorical differences between OKIAGARU
and non-OKIAGARU farmers will be examined using
chi-square or Fisher's exact tests where appropriate.
Continuous variables, including farm size, yield, price,
production cost, and income, will be compared using in-
dependent-samples t-tests when statistical assumptions
are satisfied.

As the comparative farmer survey is ongoing, the
quantitative values presented in this preliminary paper
are used to indicate the expected comparative pattern de-
rived from initial field observations and will subse-
quently be replaced by verified survey results.

B. Data Collection

Primary data were collected through field observa-
tions and semi-structured interviews with key actors.
Field observations focused on production facilities, crop
management, cultivation practices, harvesting, quality
management, and the organization of vegetable produc-
tion and marketing. Semi-structured interviews were
conducted to obtain information on the historical devel-
opment of OKIAGARU, Japanese agricultural influ-
ence, production management, buyer relationships, and
changes in marketing channels.

The quantitative component of the study is designed
to include 60 vegetable farmers, comprising 30
OKIAGARU farmers and 30 non-OKIAGARU farmers
operating under comparable local conditions. The ques-
tionnaire covers farmer characteristics, production plan-
ning, cultivation practices, quality management, har-
vesting, sorting and grading, buyer coordination,
marketing channels, production performance, selling
prices, production costs, and farm income.
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C. Analytical Framework

The conceptual pathway examined in this study is as
follows: Japanese Agricultural Experience —
Knowledge Transfer — Local Adaptation —> Pro-
duction and Quality Improvement — Access to
Higher-Value Markets — Institutional and Financial
Conditions — Sustainable Market Participation.

Descriptive statistics, frequencies, and percentages
will be used to characterize production and marketing
practices. Categorical differences between OKIAGARU
and non-OKIAGARU farmers will be examined using
chi-square or Fisher's exact tests, where appropriate.
Continuous variables, including farm size, yield, selling
price, production costs, and farm income, will be com-
pared using independent-samples t-tests when the statis-
tical assumptions are satisfied.

As the comparative farmer survey is still ongoing, the
quantitative values presented in this preliminary paper
are intended to illustrate the expected comparative pat-
terns based on initial field observations. These prelimi-
nary estimates will subsequently be replaced with veri-
fied results from the completed farmer survey.

I1I. RESULTS AND DISCUSSION

A. Transfer and Adaptation of Japanese-Style Farming
Practices

Field observations indicate that Japanese influ-ence
at OKIAGARU extends beyond the transfer of particular
cultivation techniques. More importantly, it involves a
shift from a predominantly production-oriented ap-
proach toward a production-and-market-oriented man-
agement system.

Several elements are evident. First, production is in-
creasingly planned according to expected market re-
quirements rather than simply according to what farmers
are capable of growing. Second, greater attention is
given to harvesting time and product consistency. Third,
sorting and grading become important components of
post-harvest management. Finally, production decisions
are more closely coordinated with buyer requirements.

This approach is conceptually consistent with the
Japanese emphasis on matching vegetable production
and shipment with expected demand. MAFF's vegetable
supply-and-demand guidelines explicitly promote pro-
duction according to demand and pro-vide information
on production, shipment, market arrivals, and price ex-
pectations.

However, the practices observed in Cianjur can-not
simply be characterized as the replication of Japanese
agriculture. They have been selectively modified ac-
cording to local climatic conditions, smallholder re-
sources, available labor, farm size, input access, and the
characteristics of Indonesian markets.

Thus, the principal transfer is not merely technology,
but also management knowledge, quality consciousness,
production discipline, and market orientation [6].
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Table 1 Preliminary comparison of production and marketing
practices

Non-
Indicator ?frﬁgf(l;g OKIAGARU
Farmers (%)
Production  plan-
ning based on mar- 83.30 46.70
ket demand
Regular quality 86.70 50.00
control ’ '
Sorting and grading 80.00 43.30
before marketing
Production coordi-
nated with buyers 76.70 36.70
Access to orga-
nized/higher-value 73.30 30.00
markets

Note: The percentages presented in Table 1 are preliminary
estimates based on the expected pattern derived from field ob-
servations.

The preliminary pattern suggests that the most im-
portant difference between the groups may lie in the or-
ganization of production in relation to mar-kets, rather
than in cultivation technology alone [4][7].
OKIAGARU farmers appear more likely to connect pro-
duction planning with market demand, apply systematic
quality management, sort and grade products, communi-
cate with buyers, and access organized markets.

This interpretation is consistent with previous re-
search, which found that producer organizations can fa-
cilitate smallholder participation in modern retail by
strengthening collaboration with buyers and improving
farmers' ability to meet quality requirements [4].

B. Evolution of Vegetable Marketing and Distribution

The development of OKIAGARU can be understood
through the evolution of its marketing relationships. The
farm expanded beyond conventional vegetable market-
ing by establishing relationships with restaurant, spe-
cialty-market, and modern-retail buyers. Based on field
information, the development of its marketing and dis-
tribution can be broadly described across three periods.
From 2010 to 2018, OKIAGARU supplied vegetables to
several buyers, including Yoshinoya, Sushi Tei, and
Cosmo. These relationships represented an important
development in the farm's marketing channels, as restau-
rant and specialty-market customers required greater at-
tention to product specifications, consistency, and sup-
ply reliability.

From 2015 to 2018, OKIAGARU further expanded
its marketing channels by supplying vegetables to
AEON in Jakarta. This expansion represented an im-
portant achievement in gaining access to the modern re-
tail market. Participation in modern retail requires pro-
ducers to meet requirements related to product quality,
handling, continuity of supply, and commercial coordi-
nation [2][7]. Previous research on OKIAGARU con-
ducted in 2019 also highlighted product, distribution,
availability, packaging, and cooperation as important
components of its marketing strategy [9]. More broadly,
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evidence from Indonesia indicates that participation in
supermarket channels can provide income opportunities
for small-scale vegetable producers, although access to
these channels depends on production assets and market
capabilities [2].

Since 2019, OKIAGARU has no longer supplied veg-
etables to AEON. Based on information obtained
through field interviews, the deferred payment arrange-
ment was an important consideration in the discontinua-
tion of this relationship. This issue is particularly rele-
vant to vegetable farming because production requires
continuous working capital. Farmers and suppliers must
finance seeds, production inputs, labor, harvesting,
packaging, transportation, and subsequent production
cycles. When payment is received only after an extended
settlement period, suppliers must continue financing
these activities while waiting for revenue from previ-
ously delivered products. Such payment arrangements
can therefore place additional pressure on the working
capital of small-scale agricultural enterprises [8].

The experience of OKIAGARU illustrates that access
to higher-value markets does not necessarily guarantee
sustainable market participation. Although a farmer or-
ganization may have sufficient technical capacity and
product quality to enter modern retail markets, maintain-
ing such relationships may remain challenging when fi-
nancial and contractual arrangements are not compatible
with its working-capital capacity. Thus, sustainable
market participation depends not only on product quality
and technical capabilities but also on appropriate pay-
ment systems, contractual arrangements, and buyer—
supplier relationships.

C. Technology Is Only One Part of the Story

The OKIAGARU case suggests that the sustainability
of international agricultural knowledge transfer should
be considered as a sequence of interrelated processes:

I Japanese Agricultural Experience I

l Knowledge Transfer l

I Local Adaption I

' Production and Quality Improvement

l Access to Higher-Value Markets I

’ Institutional and Financial Conditions l

Sustainable Market Participation

Fig. 1 Conceptual Framework of Japanese-Style Agricultural
Knowledge Transfer and Sustainable Market Participation.

The OKIAGARU case suggests that the sustainability
of international agricultural knowledge transfer should
be understood as a sequence of interrelated processes.
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The first four stages primarily concern knowledge ac-
quisition, production capabilities, and local adaptation.
Farmers learn new ways of organizing production and
adapt these practices to local conditions. Improvements
in product quality and consistency can subsequently fa-
cilitate access to restaurants, specialty outlets, and mod-
ern retail markets.

However, the transition from market access to sus-
tainable market participation requires additional condi-
tions. These include the ability to meet quality require-
ments, appropriate payment terms, sufficient working
capital, suitable contractual arrangements, trust, and ef-
fective buyer—supplier relationships [8]. Thus, success-
ful entry into a higher-value market does not necessarily
ensure that the market relationship can be maintained
over time.

This finding is consistent with the value-chain up-
grading perspective. Linking Indonesian smallholders
with modern retail markets requires improvements not
only in product quality but also in network relationships
and governance structures [2]. Similarly, the
OKIAGARU case indicates that improvements in pro-
duction and quality capabilities need to be accompanied
by supportive institutional and financial arrangements
[21[4].

The experience of OKIAGARU therefore leads to a
central proposition of this study: quality opens the mar-
ket, but institutional arrangements determine whether
the relationship can be sustained.

This distinction has broader implications for the in-
ternational transfer of agricultural models. A technically
successful farming system may not achieve institutional
or economic sustainability unless local market arrange-
ments develop alongside production capabilities. There-
fore, sustainable agricultural knowledge transfer re-
quires not only the adaptation of production practices
but also the development of appropriate market, finan-
cial, and institutional conditions.

IV. ConcLusions

This study provides four preliminary conclusions.

1. Japanese agricultural knowledge transfer extends be-
yond production technology. In the OKIAGARU
case, Japanese influence can be observed in produc-
tion planning, quality management, harvesting, sort-
ing and grading, and the stronger integration of pro-
duction decisions with market requirements.

2. Japanese agricultural practices are selectively
adapted rather than directly replicated. Farmers
oprate within different climatic, socioeconomic, la-
bor, farm size, and market environments. The result-
ing model should therefore be understood as a lo-
cally adapted system influenced by Japanese
agricultural experience.

3. Third, OKIAGARU demonstrated its ability to de-
velop higher-value marketing channels, including
restaurant, specialty, and modernretail markets. Its
experience indicates that smallholder based vegeta-
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ble systems can move toward more demanding mar-
kets when production capa-bility, quality manage-
ment, and buyer coordina-tion improve.

4. Fourth, modern-market participation cannot be sus-
tained by product quality alone. The ex-perience
with deferred payment arrangements il-lustrates the
importance of payment systems, working capital,
contractual arrangements, and workable buyer—sup-
plier relationships.

The main implication is that sustainable Japa-nese-
style vegetable farming in Indonesia requires the inte-
gration of technology, farmer learning, local adaptation,
institutional support, and appro-priate market arrange-
ments. The forthcoming comparative survey of 30
OKIAGARU and 30 non-OKIAGARU farmers will
provide quantitative evi-dence to validate these prelimi-
nary findings and examine whether participation is as-
sociated with measurable differences in production
planning, quality management, market access, produc-
tivity, prices, and farm income
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Effects of cricket powder (Acheta domesticus) on growth performance, immune
response, and gene expression of Nile tilapia biofloc culture-based system
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Abstract - The present study evaluated the effects of dietary
cricket (Acheta domesticus) powder on growth performance,
innate immunity, and gene expression in juvenile Nile tilapia
(Oreochromis niloticus) cultured under biofloc conditions.
Fish (initial weight, approximately 14.9 g) were randomly dis-
tributed among five dietary treatments containing cricket pow-
der at 0 (CP0), 25 (CP25), 75 (CP75), 150 (CP150), or 225
(CP225) g kg! diet, with three replicate tanks per treatment
and 20 fish per tank, and fed for 8§ weeks. Growth performance
was significantly affected by dietary treatment (P < 0.05), with
CP150 producing the highest final weight, weight gain, and
specific growth rate, whereas feed conversion ratio and sur-
vival were unaffected. Skin mucus and serum lysozyme and
peroxidase activities were significantly enhanced by cricket
powder supplementation, with the strongest responses gener-
ally observed at CP75—CP150. Similarly, CP75—CP150 mark-
edly upregulated the expression of immune- and stress-related
genes, including hsp70, il-8, tlr7, and trf2, in the head kidney,
whereas expression generally declined at CP225. Intestinal ex-
pression of the growth- and appetite-related genes igfl, igf2,
and galanin was also enhanced at intermediate inclusion levels,
while ghrelin showed its highest expression at CP75. Collec-
tively, these findings demonstrate that moderate dietary inclu-
sion of A. domesticus powder, particularly 75-150 g kg™!, can
support growth, enhance mucosal and systemic innate immun-
ity, and modulate growth- and immune-related molecular re-
sponses in Nile tilapia cultured under biofloc conditions. Ex-
cessive inclusion at 225 g kg™! provided no additional benefit
and generally attenuated these responses.

Keywords— Acheta domesticus, biofloc technology, insect
protein, innate immunity, Oreochromis niloticus

1. INTRODUCTION

Aquaculture has become an increasingly important
component of the global food production system,
providing high-quality animal protein, essential nutri-
ents, employment, and income while contributing sub-
stantially to global food and nutrition security (Bagheri
and Gholamhosseini, 2026). With capture fisheries re-
maining relatively stable and the demand for aquatic
foods continuing to increase, aquaculture is expected to
play an even greater role in meeting future food require-
ments (Mequanent et al., 2026). Nevertheless, the rapid
expansion and intensification of aquaculture are accom-
panied by several challenges, including increasing feed
costs, competition for conventional feed ingredients, en-
vironmental impacts, disease outbreaks, and the need to
improve resource-use efficiency (Ruben et al., 2025).
Feed is particularly important because it represents one
of the largest operating costs in intensive aquaculture,
with dietary protein accounting for a substantial propor-
tion of feed expenditure (Hua et al., 2019). Fish meal has
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traditionally been regarded as a high-quality protein
source because of its favorable amino acid profile, high
digestibility, and palatability; however, its limited avail-
ability, fluctuating price, and concerns regarding the
sustainable use of marine resources have stimulated ef-
forts to identify alternative protein sources (Tignani et
al., 2024). Therefore, the development of nutritionally
adequate, economically viable, and environmentally
sustainable feed ingredients is essential for supporting
the continued growth of aquaculture.

Insect-derived ingredients have emerged as promis-
ing alternative protein sources for aquafeeds because in-
sects can efficiently convert organic resources into nu-
trient-rich biomass and generally contain high
concentrations of protein, essential amino acids, lipids,
minerals, and bioactive compounds (Fantatto et al.,
2024). Several insect species, including black soldier fly
(Hermetia illucens), yellow mealworm (Tenebrio
molitor), and house cricket (Acheta domesticus), have
been investigated as partial or complete substitutes for
conventional dietary protein sources in aquaculture
(Quang Tran et al., 2022). Among these, A. domesticus
is particularly attractive because of its relatively high
protein content, favorable amino acid composition, and
availability from established commercial farming sys-
tems (Oliveira et al., 2026). In addition to supplying nu-
trients, cricket-derived ingredients contain chitin and
other biologically active components that may influence
digestive function, antioxidant capacity, immune re-
sponses, and host metabolism (Stull et al., 2018). Previ-
ous studies have demonstrated that appropriate inclusion
of insect meals can support growth and feed utilization
in several cultured fish species; however, responses vary
considerably depending on insect species, processing
method, dietary inclusion level, fish species, and culture
conditions (Abdolmanafi et al., 2025; Suryadi et al.,
2025). Excessive inclusion may also reduce nutrient uti-
lization because of factors such as chitin content or im-
balances introduced into the formulated diet. Conse-
quently, determining suitable dietary inclusion levels of
cricket powder and evaluating its effects beyond con-
ventional growth parameters are important for establish-
ing its practical value as an alternative feed ingredient
for aquaculture.

Nile tilapia (Oreochromis niloticus) is one of the
most widely cultured freshwater fish species worldwide
because of its rapid growth, omnivorous feeding habit,
adaptability to diverse production environments, and ca-
pacity to utilize a broad range of dietary ingredients
(Wen et al., 2027). These characteristics make Nile ti-
lapia a suitable model for evaluating alternative protein
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sources such as insect-derived ingredients (Elegbede et
al., 2026). At the same time, biofloc technology (BFT)
has gained increasing attention as an intensive culture
strategy for tilapia because it promotes the conversion of
dissolved nitrogenous wastes into microbial biomass
through manipulation of the carbon-to-nitrogen ratio
(Lovejan et al., 2026). The resulting bioflocs can con-
tribute supplementary nutrients to fish while improving
nutrient recycling and reducing water exchange require-
ments (Rai et al., 2025). The simultaneous use of BFT
and alternative feed ingredients may therefore provide
complementary opportunities to improve the sustaina-
bility and resource efficiency of tilapia production
(Emerenciano et al., 2025). Nevertheless, information
regarding the responses of Nile tilapia to graded levels
of dietary A. domesticus powder under biofloc condi-
tions remains limited, particularly with respect to the in-
tegration of growth, mucosal and systemic immunity,
and molecular responses. Therefore, the present study
evaluated dietary cricket powder at 0, 25, 75, 150, and
225 g kg in juvenile Nile tilapia cultured in a biofloc
system for 8 weeks. The effects were assessed through
growth performance, feed utilization, serum and skin
mucus immune responses, and the expression of genes
associated with growth regulation, immunity, and anti-
oxidant defense, with the aim of identifying an appropri-
ate dietary inclusion level for biofloc-based Nile tilapia
production.

II. EXPERIMENTAL

A. Preparation of cricket powder

Cricket (Acheta domesticus) powder was obtained in
a ready-to-use powdered form from a local cricket farm
in Khon Kaen, Thailand. Upon receipt, the powder was
stored in sealed containers under dry conditions until
preparation of the experimental diets.

B. Experimental design

Five experimental diets were formulated based on
the basal formulation described by Van Doan et al.
(2026), with graded levels of cricket (Acheta domesti-
cus) powder incorporated as the test ingredient. The in-
gredient composition and inclusion levels of the experi-
mental diets are presented in Table 1. All diets were
formulated to provide approximately 30% crude protein
and comparable lipid and energy contents, thereby min-
imizing nutritional variation among treatments other
than that associated with the graded inclusion of cricket
powder. The target dietary crude protein level was se-
lected based on our previous study demonstrating that
approximately 30% crude protein adequately supports
the growth of juvenile Nile tilapia under comparable ex-
perimental conditions (Hussien et al., 2025). Accord-
ingly, the experimental diets were formulated to be ap-
proximately isoproteic, isolipidic, and isoenergetic.

All dry ingredients were weighed according to the
respective formulations and thoroughly mixed to ensure
uniform distribution. Oil and water were subsequently
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added, and the mixture was blended until a homogene-
ous dough was obtained. The dough was then processed
through an extruder (Siam Farm Services Co., Ltd.,
Lampang, Thailand) to produce 2-mm pellets. The re-
sulting pellets were air-dried, packed in sealed plastic
bags, and stored at 4 °C until use.

Table 1 Feed ingredients and proximate composition of the
experimental diets

Ingredients (g  CP0O CP25 CP75 CP150 CP225
kg™

Fish meal 250 225 175 100 25
Corn meal 100 100 120 150 0
Soybean meal 350 350 356 360 388
Wheat flour 115 125 114 130 150
Rice bran 150 129 105 37 0
Cricket powder 0 25 75 150 225
Binder 0 10 20 35 164
Soybean oil 0 1 0 3 13
Premix 25 25 25 25 25
Vitamin C 10 10 10 10 10
Total 1000 1000 1000 1000 1000

C. Trial fish, fish management, and water quality

A total of 300 healthy juvenile Nile tilapia (Oreo-
chromis niloticus) was obtained from the Chiang Mai
Aquatic Development Farm, Chiang Mai, Thailand. Be-
fore initiation of the feeding trial, the fish were accli-
mated to the experimental conditions for 14 days. Dur-
ing acclimation, fish were fed a commercial diet
(CP9951; Charoen Pokphand Foods Public Company
Limited, Thailand) twice daily at 08:00 and 16:00 h at
approximately 4% of body weight per day. According to
the manufacturer’s specifications, the commercial diet
contained approximately 30% crude protein, 3% crude
lipid, and =8% crude fiber. Fish were maintained in
continuously aerated 150-L glass tanks under controlled
indoor conditions throughout the acclimation and exper-
imental periods.

Following acclimation, the fish were randomly as-
signed to five dietary treatments in a completely ran-
domized design, with three replicate tanks per treatment
and 20 fish per tank. Each tank served as an independent
experimental unit. The five experimental diets contained
cricket (Acheta domesticus) powder at 0, 25, 75, 150,
and 225 g kg diet and were designated CP0O, CP25,
CP75, CP150, and CP225, respectively. The corre-
sponding initial body weights were 14.87 + 0.10, 14.88
+ 0.03, 14.88 + 0.08, 14.90 = 0.00, and 14.87 £ 0.03 g
for the CP0O, CP25, CP75, CP150, and CP225 groups,
respectively. The close similarity in initial body weight
among treatments ensured comparable starting condi-
tions across the experimental groups.

Fish were fed their respective experimental diets
twice daily at 08:00 and 16:00 h at a daily feeding rate
equivalent to 4% of tank biomass for 8 weeks. To ac-
count for changes in biomass during the feeding period,
all fish in each tank were collectively weighed at 15-day
intervals, and the daily feed ration was adjusted accord-
ingly. Continuous aeration was provided to all tanks
throughout the experiment to maintain adequate dis-
solved oxygen and promote biofloc suspension. At the
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completion of the 8-week feeding trial, fish were sam-
pled for determination of growth performance, immune
responses, and antioxidant- and immune-related gene
expression.

Water quality was monitored throughout the experi-
mental period to maintain conditions suitable for Nile
tilapia and biofloc culture. Water temperature, dissolved
oxygen (DO), pH, and total ammonia nitrogen (TAN)
were measured twice daily at 08:30 and 16:30 h. Tem-
perature, DO, and pH were determined using a multipa-
rameter meter (HI98196, Hanna Instruments, Romania),
whereas TAN was measured using a high-range ammo-
nia photometer (HI96733, Hanna Instruments, Roma-
nia). Biofloc volume was determined using an Imhoff
cone according to the method described by Avnimelech
and Kochba (2009). Approximately 5% of the total wa-
ter volume was replaced weekly to maintain stable water
quality and biofloc system performance. Throughout the
feeding trial, mean water temperature, pH, dissolved ox-
ygen, and TAN were 27.8 £ 0.68 °C, 8.03 £ 0.56,5.27 +
0.12mg L', and 0.18 £ 0.03 mg L', respectively.

D. Biofloc formation and management

The biofloc system was established three weeks be-
fore the start of the feeding trial following the freshwater
biofloc protocol described by Van Doan et al. (2026),
with modifications based on (Dey et al., 2026). Briefly,
each 150-L experimental tank was filled with dechlorin-
ated freshwater and supplied with continuous aeration to
facilitate microbial growth and maintain the developing
biofloc in suspension. Biofloc formation was initiated
by adding 1 g of commercial probiotic (PondPlus®,
Bayer, Germany), 2 g of commercial fish feed, 5 g of
molasses, 5 g of dolomite, and 400 g of salt to each tank.
The probiotic was used as a microbial inoculum and was
subsequently supplemented at 1 g tank™* every 15 days
during the feeding trial to support microbial community
establishment and biofloc maintenance. Commercial
feed provided an initial source of organic nitrogen,
whereas molasses served as the external carbon source.
Dolomite was added to support alkalinity and pH stabil-
ity. Salt was applied only during the initial biofloc mat-
uration period and was not routinely supplemented dur-
ing the subsequent feeding trial.

Throughout the experimental period, the carbon-to-
nitrogen (C) ratio was maintained at approximately 15:1
by the addition of molasses containing approximately
40% carbon, following the heterotrophic biofloc ap-
proach described by Avnimelech and Kochba (2009).
Molasses was added approximately 2 h after feeding,
with the required amount calculated according to dietary
nitrogen input, estimated nitrogen excretion, and resid-
ual inorganic nitrogen in the culture water, following the
approach of Cardona et al. (2016). The same carbon-
management procedure was applied uniformly across all
experimental tanks to minimize variation in biofloc con-
ditions among dietary treatments.

Biofloc development was monitored throughout the
maturation and experimental periods, and continuous
aeration was maintained to ensure adequate oxygenation
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and suspension of microbial aggregates. Fish were intro-
duced into the experimental tanks after the three-week
maturation period, when visible and stable biofloc ag-
gregates had become established. Biofloc conditions
were subsequently maintained throughout the 8-week
feeding trial using the same management protocol across
all dietary treatments.

E. Growth performance

At the end of the 8-week feeding trial, fish were de-
prived of feed for 24 h to minimize the influence of gut
contents on body weight measurements. All fish were
subsequently counted and individually weighed to deter-
mine final body weight and survival. Growth perfor-
mance and feed utilization indices were calculated ac-
cording to Helal et al. (2024) using the following
equations: Weight gain (WG, g) = Final body weight (g)
— Initial body weight (g); Specific growth rate (SGR, %
day™') = 100 x [In(final body weight) — In(initial body
weight)] / Experimental duration (days); Feed conver-
sion ratio (FCR) = Total dry feed intake (g) / Total wet
weight gain (g); Survival rate (SR, %) = 100 x Final
number of fish / Initial number of fish

Growth and feed utilization data were calculated for
each replicate tank, with the tank considered the experi-
mental unit for subsequent statistical analysis.

F. Immune response analysis
F.1 Sample collection

At the end of the feeding trial, three fish were ran-
domly selected from each replicate tank for collection of
skin mucus and blood samples. Prior to sampling, fish
were anesthetized with clove oil (5 mL L™) and subse-
quently euthanized under deep anesthesia in accordance
with the guidelines approved by the Chiang Mai Univer-
sity Animal Care and Use Committee (CMU-AASCUC).
All sampling procedures were conducted carefully to
minimize handling stress and animal suffering.

Skin mucus was collected following the procedure
described by Cordero et al. (2016), with minor modifi-
cations. Each anesthetized fish was individually placed
in a polyethylene bag containing 10 mL of 50 mM NaCl
solution, and the body surface was gently massaged in a
head-to-tail direction for approximately 1 min to facili-
tate mucus release. The resulting mucus suspension was
transferred into a 15-mL centrifuge tube and centrifuged
at 1,500 x g for 10 min at 4 °C. The supernatant was
carefully recovered, aliquoted into sterile microcentri-
fuge tubes, and stored at —80 °C until analysis.

Blood collection was performed according to previ-
ously described procedures (Bavia et al., 2024), with mi-
nor modifications. Approximately 1 mL of blood was
withdrawn from the caudal vein of each fish using a ster-
ile 1-mL syringe and transferred immediately into a ster-
ile microcentrifuge tube without anticoagulant. Samples
were allowed to clot at room temperature for approxi-
mately 1 h and subsequently maintained at 4 °C until
centrifugation. Serum was separated by centrifugation at
1,500 x g for 5 min at 4 °C, carefully collected, and
stored at —80 °C until immunological analyses.
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F.2 Lysozyme and peroxidase activities

Lysozyme activity in serum and skin mucus was de-
termined using a turbidimetric assay based on the
method of (Parry et al., 1965), with modifications de-
scribed by Van Doan et al. (2026). Briefly, 100 uL of
skin mucus or 25 pL of undiluted serum was dispensed
in triplicate into a 96-well microplate. Subsequently,
175 pL of Micrococcus lysodeikticus suspension (0.3
mg mL " in 0.1 M citrate—phosphate buffer, pH 5.8) was
added to each well. Following rapid mixing, the de-
crease in turbidity was monitored at 540 nm and 25 °C
using a microplate reader, with absorbance recorded at
30-s intervals for 5 min. A standard curve was con-
structed using hen egg-white lysozyme (0-20 ug mL™;
Sigma-Aldrich, USA), and lysozyme activity was calcu-
lated from the standard curve and expressed as pg mL™.

Peroxidase activity in serum and skin mucus was
determined according to Quade and Roth (1997). Briefly,
5 uL of each sample was added in triplicate to a 96-well
flat-bottom microplate and mixed with 45 pL of Ca?*-
and Mg*'-free Hank's balanced salt solution (HBSS).
Subsequently, 100 uL of substrate solution containing
3,3°,5,5 -tetramethylbenzidine (TMB) and H,O, was
added to initiate the reaction. The substrate solution was
prepared using 40 mL of distilled water, 10 mL of 30%
H,0,, and one TMB tablet (Sigma-Aldrich, USA). The
reaction was terminated by adding 50 uL of 2 M H,SOs,
after which absorbance was measured at 450 nm using a
microplate reader. Blank wells containing all reagents
except serum or mucus were used for background cor-
rection. Peroxidase activity was expressed as U mg™’,
with one unit defined as the amount of enzyme produc-
ing an absorbance change of 1.0 under the specified as-
say conditions.
G. Gene expression analysis
G.1 Tissue collection, RNA extraction, and cDNA syn-
thesis

At the end of the 8-week feeding trial, six fish from
each dietary treatment were randomly selected for gene
expression analysis. Fish were deeply anesthetized with
clove oil prior to tissue collection, and head kidney sam-
ples were aseptically excised. The expression of genes
associated with growth and appetite regulation (ghrelin,
galanin, ef-a, and npy-a), immune response (il-1f, mhc
ii-a, nfkb, and tnf-a), and antioxidant defense (hsp70,
gpx, and nrf2) was subsequently evaluated.

Approximately 25-50 mg of head kidney tissue
from each fish was immediately transferred into a sterile
microcentrifuge tube containing 500 puL of TRIzol rea-
gent (Invitrogen, USA) and stored at —80 °C until RNA
extraction. Total RNA was extracted using the
PureLink™ RNA Mini Kit (Invitrogen, USA) according
to the manufacturer's instructions. RNA concentration
and purity were assessed using a NanoDrop™ One spec-
trophotometer (Thermo Scientific, Wilmington, USA).
Subsequently, 1 pg of total RNA was reverse-tran-
scribed into first-strand complementary DNA (cDNA)
using the iScript™ cDNA Synthesis Kit (Bio-Rad,
USA) following the manufacturer's protocol.
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The head kidney was selected because it represents
a major hematopoietic and immune organ in teleost fish
and is involved in the integration of immune, endocrine,
and physiological responses.

G.2 Quantitative real-time PCR

Quantitative real-time PCR was performed using a
CFX Connect™ Real-Time PCR Detection System
(Bio-Rad, USA) following the procedure described by
Van Doan et al. (2026), with minor modifications. Each
reaction was conducted in a final volume of 10 pL con-
taining 2 pL. of cDNA template (250 ng), 2 pL of gene-
specific primer mixture (4 uM), 5 pL of 2x Universal
SYBR Green Supermix (Bio-Rad, USA), and 1 pL of
DNase-free water.

The amplification program consisted of an initial
denaturation at 95 °C for 30 s, followed by 40 cycles of
denaturation at 95 °C for 15 s and annealing/extension
at 60 °C for 30 s. Following amplification, melt-curve
analysis was performed to verify the specificity of the
PCR products, with sequential steps at 95 °C for 15 s,
60 °C for 60 s, and 95 °C for 15 s. All reactions were
performed in triplicate.

Relative transcript abundance was determined using
the 2" 24Ct method (Livak and Schmittgen, 2001). B-ac-
tin was used as the reference gene for normalization af-
ter confirming that its expression remained stable across
the experimental treatments. Relative expression values
for each target gene were calculated from comparative
threshold cycle (Ct) values and expressed relative to the
control treatment.

H. Statistical analysis

Data were initially examined for normality using the
Kolmogorov—Smirnov test and for homogeneity of var-
iance before statistical comparisons. Percentage data
were subjected to arcsine square-root transformation
when necessary to satisfy the assumptions of parametric
analysis; however, untransformed values are presented
in the tables and figures to facilitate interpretation. Dif-
ferences among dietary treatments were evaluated using
one-way analysis of variance (ANOVA). When a signif-
icant treatment effect was detected, means were com-
pared using Duncan’s multiple range test. The experi-
mental tank was considered the statistical unit for
growth performance and other tank-level measurements.
All statistical analyses were performed using SAS soft-
ware (SAS, 2003). Data are presented as mean + stand-
ard error (SE), unless otherwise specified, and statistical
significance was accepted at P < 0.05.

[II. RESULTS AND DISCUSSION

The effects of dietary cricket (Acheta domesticus)
powder supplementation on the growth performance,
feed utilization, and survival of Nile tilapia cultured un-
der biofloc conditions are presented in Table 2. Initial
body weight was comparable among all dietary treat-
ments, ranging from 14.87 to 14.90 g. Dietary cricket
powder significantly influenced final weight (FW),
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weight gain (WQ), and specific growth rate (SGR) (P <
0.05).

Fish fed the CP150 diet exhibited the highest FW
(95.70 £ 0.23 g) and WG (80.80 = 0.29 g), with both
values being significantly higher than those recorded in
the CPO and CP225 groups (P < 0.05). However, the
CP150 group did not differ significantly from the CP25
and CP75 groups for FW or WG. Fish receiving CP75
also showed relatively high FW (93.37 + 2.25 g) and
WG (78.48 = 2.24 g), whereas the lowest values for both
parameters were observed in fish fed the highest cricket
powder inclusion level (CP225; 88.33 + 3.83 and 72.47
+ 3.84 g, respectively).

A similar response was observed for SGR. The high-
est SGR was recorded in the CP150 group (3.10£0.01%
day '), which was significantly higher than that of the
CP225 group (2.97 £ 0.07% day'; P <0.05), but did not
differ significantly from CPO, CP25, or CP75. In con-
trast, FCR was not significantly affected by dietary
cricket powder inclusion, with values ranging from 1.03
+ 0.07 to 1.08 + 0.05. Survival rate was likewise unaf-
fected by dietary treatment, remaining high across all
groups (90.00-96.67%).

Dietary cricket (Acheta domesticus) powder signifi-
cantly influenced the growth performance of Nile tilapia
cultured under biofloc conditions, with the most favora-
ble responses observed at moderate inclusion levels.
Fish fed CP150 exhibited the highest final weight,
weight gain, and SGR, although these responses were
generally comparable with those of CP25 and CP75,
whereas growth declined at CP225; in contrast, FCR and
survival remained unaffected across treatments. These
findings suggest a non-linear response to cricket powder,
with moderate inclusion supporting better growth than
the highest level tested. Similar responses have been re-
ported in tilapia: field cricket (Gryllus bimaculatus)
meal could replace up to 50% of fishmeal in hybrid red
tilapia without compromising growth or feed utilization,
whereas higher replacement levels reduced performance
(Hanan et al., 2022). In Nile tilapia fry, Perera, A. and
Bhujel, R. (2021)likewise reported improved growth
and feed utilization with increasing field cricket meal re-
placement up to approximately 80%, followed by re-
duced performance at complete replacement. Studies us-
ing A. domesticus specifically have also demonstrated
that its suitability depends strongly on dietary inclusion
level (Perera, A.D. and Bhujel, R.C., 2021). Differences
among studies may reflect fish species and developmen-
tal stage, insect species and age, processing conditions,
dietary formulation, and the proportion of conventional
protein replaced; notably, the developmental stage of 4.
domesticus can substantially affect its protein, lipid, chi-
tin, and protein-digestibility characteristics. The favora-
ble growth at moderate inclusion levels may therefore
be related to the nutritional contribution of cricket pro-
tein and other nutrients, whereas the reduced response at
CP225 could partly reflect increased chitin intake or
changes in nutrient and amino acid availability. High di-
etary chitin has been associated with reduced protein di-
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gestibility and growth in tilapia, although this mecha-
nism was not directly examined in the present study
(Eggink et al., 2022). The biofloc environment may ad-
ditionally have provided supplementary microbial nutri-
ents, contributing to efficient feed utilization across
treatments. Notably, the improved growth at CP75-
CP150 coincided with enhanced expression of igfl, igf2,
and galanin in the present study, suggesting that moder-
ate cricket powder inclusion may support growth
through both nutritional and growth-regulatory mecha-
nisms.

Table 2 Growth performances and feed utilization of the
Nile tilapia fed different levels of dietary insect powder (CP).
Different letter in a row denotes significant difference
(P<0.05). Values are presented as the mean + SE.

CP0 CP25 CP75 CP150 CP225
IW (g) 14.87 14.88 14.88 + 14.90 + 14.87
+0.10 +0.03 0.08 0.00 0.03
FW (g 91.60 91.97 9337= 95.70 £ 88.33+
+ + 2.25% 0.23* 3.83¢
1.31% 1.35%¢
WG(g) 76.73 77.08 78.48 £ 80.80 £ 72.47 £
+ + 2.24% 0.29° 3.84¢
1.23% 1.328¢
SGR 303+ 3.03+ 3.06+ 3.10+ 297+
0.02% 0.02% 0.04% 0.01° 0.07*
FCR 1.08+ 1.08+ 1.03 + 1.06 + 1.07 +
0.01 0.05 0.07 0.02 0.03
SR (%)  96.67 96.67  96.67 + 96.67 £ 90.00 +
+5.77  £5.77 5.77 5.77 5.00
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Data assigned with different letter denote significant
difference in a row (P < 0.05). IW = Initial weight (g); WG =
Weight gain (g); SGR = Specific growth rate (%); FCR = Feed
conversion ratio; SR = Survival rate (%).

The effects of dietary cricket (Acheta domesticus)
powder on skin mucus immune parameters of Nile
tilapia after the 8-week feeding trial are presented in
Table 3. Dietary cricket powder significantly affected
both skin mucus lysozyme activity (SMLA) and skin
mucus peroxidase activity (SMPA) (P <0.05).

Skin mucus lysozyme activity was significantly
enhanced by dietary cricket powder supplementation.
Fish fed the CP75 and CP150 diets exhibited the highest
SMLA values (1.98 + 0.08 and 1.83 £+ 0.09 pg mL™,
respectively), with no significant difference between
these two treatments (P > 0.05). Both groups showed
significantly higher lysozyme activity than the CPO,
CP25, and CP225 groups (P < 0.05). The CP25 and
CP225 groups exhibited intermediate values of 1.77 £
0.04 and 1.64 + 0.09 ng mL", respectively, which were
significantly higher than that of the control group (0.86
+0.06 pg mL™).

Skin mucus peroxidase activity also differed
significantly among dietary treatments (P < 0.05).
According to the superscript groupings reported in Table
3, the CP25 group (0.27 £ 0.08 pg mL™) differed
significantly from all other treatments. The CP75,
CP150, and CP225 groups, with values of 0.37 & 0.06,
0.39 £ 0.07, and 0.24 + 0.09 pg mL™", respectively, did
not differ significantly from one another but were
significantly higher than the CPO group (0.19 + 0.06 pg
mL™).

Table 3 Skin mucus immune parameters of Nile tilapia juve-
niles fed diets containing graded levels of cricket powder (CP)
for 8 weeks. Values are presented as mean + SE.

CP0 CP25 CP75 CP150 CP225

SMLA  0.86+ 1.77+ 1.98 + 1.83 + 1.64 +
0.06° 0.04° 0.08* 0.09° 0.09°

SMPA  0.19+ 027=+ 037+ 039+ 024+
0.06° 0.08* 0.06° 0.07° 0.09°

SMLA: Skin mucus lysozyme activity (ug mL™);

SMPA: Skin mucus peroxidase activity (ug mL-1).

Different superscript letters within the same row indicate
significant differences among treatments (P < 0.05), based on
one-way ANOVA followed by Duncan’s multiple range test
n=9).

Dietary cricket (Acheta domesticus) powder enhanced
the skin mucosal immune response of Nile tilapia, as ev-
idenced by increased lysozyme and peroxidase activities,
with the most pronounced responses generally observed
at moderate inclusion levels, particularly CP75—CP150.
This finding supports growing evidence that insect-de-
rived ingredients can exert immunomodulatory effects
in fish, including enhancement of mucosal defenses. A
recent review identified insect meal as a promising func-
tional ingredient for improving fish mucosal immunity,
while meta-analytical evidence indicates that insect-
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meal supplementation can enhance innate immune re-
sponses, including lysozyme activity, although re-
sponses vary with inclusion level, fish species, and die-
tary composition (Chen et al., 2024; Islam et al., 2024).
The increased lysozyme activity observed here is partic-
ularly relevant because lysozyme is a major component
of fish innate mucosal defense, contributing to bacterial
lysis and activation of other immune mechanisms
(Saurabh and Sahoo, 2008). The immunostimulatory ef-
fect of cricket powder may partly be associated with chi-
tin and other bioactive constituents present in the insect
exoskeleton, as moderate dietary chitin can stimulate in-
nate immune functions in fish (Loh et al., 2020). How-
ever, the absence of a further increase at CP225 suggests
a non-linear response, consistent with a recent meta-
analysis showing that intermediate insect-meal replace-
ment produced stronger immune responses than very
high replacement levels (Chen et al., 2024). Thus, mod-
erate dietary inclusion of 4. domesticus powder may
strengthen the first-line mucosal defense of Nile tilapia
through stimulation of lysozyme- and peroxidase-medi-
ated innate immunity, although the specific contribution
of chitin or other cricket-derived bioactive compounds
requires further investigation.

The effects of dietary cricket (Acheta domesticus)
powder on the serum immune responses of Nile tilapia
after the 8-week feeding period are presented in Table 4.
Both serum lysozyme (SL) and serum peroxidase (SP)
activities were significantly affected by dietary cricket
powder inclusion (P < 0.05).

Serum lysozyme activity increased markedly in fish
receiving cricket powder compared with the control
group. The highest values were recorded in the CP75
and CP150 groups (12.89 = 0.29 and 11.78 £+ 0.44 png
mL™, respectively), with no significant difference be-
tween these treatments (P > 0.05). Both groups exhibited
significantly higher lysozyme activity than the CPO,
CP25, and CP225 groups (P < 0.05). Fish fed CP25 and
CP225 showed intermediate activities of 10.76 + 0.25
and 9.75 £ 0.61 pg mL™, respectively, which were sig-
nificantly higher than that of the CPO group (7.61 £0.18
pg mL™).

A similar response pattern was observed for serum
peroxidase activity. The highest SP activities were de-
tected in fish fed CP75 (0.45+0.07 ug mL™") and CP150
(0.41 £0.09 pg mL"), with no significant difference be-
tween these treatments (P > 0.05). The CP25 and CP225
groups showed intermediate values of 0.38 = 0.02 and
0.33 + 0.09 pg mL™, respectively, whereas the lowest
activity was observed in the CPO group (0.28 £ 0.02 pg
mL™).

Table 4 Serum immune response of Nile tilapia juveniles fed
diets containing graded levels of cricket powder (CP) for 8
weeks. Values are presented as mean + SE.

CPo0 CP25 CP75 CP150 CP225
SL  7.61 £+ 1076+ 1289+ 11.78 £ 9.75 =+

0.18¢ 0.25° 0.29? 0.44° 0.61°
SP 028 + 038 £ 045 = 041+ 033 =+

0.02¢ 0.02° 0.07 0.09° 0.09°
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SL: Serum lysozyme activity (ug mL");

SP: Serum peroxidase activity (ug mL™);

Different superscript letters within the same row indicate
significant differences among treatments (P < 0.05), based on
one-way ANOVA followed by Duncan’s multiple range test
n=9).

Dietary cricket (Acheta domesticus) powder signifi-
cantly enhanced the systemic innate immune response
of Nile tilapia, as reflected by increased serum lysozyme
and peroxidase activities, with the strongest responses
observed at CP75—-CP150. Similar immunostimulatory
effects of insect-derived ingredients have been reported
in fish; for example, superworm (Zophobas morio) meal
increased lysozyme activity in Nile tilapia, while a re-
cent meta-analysis demonstrated that moderate insect-
meal replacement generally elicited stronger innate im-
mune responses than very high replacement levels
(Chen et al., 2024). More specifically, dietary house
cricket (4. domesticus) meal has recently been shown to
enhance lysozyme activity in pangasius, supporting the
immunomodulatory potential of this cricket species
(Ardra et al., 2026). Nevertheless, responses appear to
depend on fish species and dietary inclusion level, as
cricket meal did not significantly affect serum lysozyme
or myeloperoxidase activities in juvenile olive flounder
(Jeong et al., 2021). Such differences may arise from
variation in insect species, processing methods, dietary
formulation, replacement level, fish species, and physi-
ological status. The enhanced serum immune responses
observed in the present study may partly be associated
with chitin and other bioactive components of cricket
powder that can modulate innate immune function; in-
deed, meta-analytical evidence indicates an overall pos-
itive effect of insect meals on fish lysozyme activity
(Eliech Ali Komi et al., 2018). The weaker responses at
CP225 further suggest a non-linear immunomodulatory
effect, whereby moderate cricket powder inclusion may
stimulate humoral defenses more effectively than exces-
sive inclusion. Together with the enhanced skin mucus
responses, these findings indicate that CP75-CP150
may strengthen both mucosal and systemic innate im-
munity in Nile tilapia.
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Fig. 1 The figure shows examined immune-related gene ex-
pression profiles across all five diets.

Dietary cricket (Acheta domesticus) powder signif-
icantly modulated the expression of immune- and stress-
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related genes in the head kidney of Nile tilapia (Fig. 1).
Overall, the transcriptional responses showed a dose-de-
pendent pattern, with intermediate cricket powder inclu-
sion levels generally producing greater upregulation
than the control and the highest inclusion level.

The expression of hsp70 increased progressively
with increasing cricket powder inclusion up to CP150.
The highest transcript level was observed in the CP150
group, which was significantly higher than those in the
CPO and CP225 groups (P < 0.05), while CP25 and
CP75 showed intermediate expression. Similarly, il-8
expression was significantly elevated by dietary cricket
powder, with CP75 and CP150 exhibiting the highest
expression levels. These groups were significantly
higher than CP0O, whereas expression declined in the
CP225 group.

A pronounced treatment response was also observed
for tlr7. Expression increased substantially from CPO to
CP25 and reached the highest levels in the CP75 and
CP150 groups, which did not differ significantly from
each other. In contrast, tlr7 expression decreased mark-
edly at the highest cricket powder inclusion level
(CP225), although it remained above that of the control.
The expression pattern of trf2 was broadly similar, in-
creasing with cricket powder supplementation and
reaching its highest level in CP150. The CP225 treat-
ment showed lower trf2 expression than CP150.

Dietary cricket (Acheta domesticus) powder mark-
edly modulated immune- and stress-related gene expres-
sion in the head kidney of Nile tilapia, with the strongest
transcriptional responses generally observed at CP75—
CP150, whereas expression declined at CP225. The up-
regulation of hsp70, il-8, and tlr7 suggests that moderate
cricket powder inclusion may enhance cellular stress
protection and innate immune signaling, consistent with
reports that insect-based ingredients can modulate im-
mune-related gene expression and innate defense mech-
anisms in fish (Abdel-Latif et al., 2020; Henry et al.,
2018). In particular, insect-derived chitin and its deriva-
tives have been proposed as important immunomodula-
tory components capable of interacting with pattern-
recognition receptors and stimulating downstream in-
flammatory and defense pathways (Bouanga et al.,
2026; Tor.wattanaphol et al., 2026). Increased tlr7 ex-
pression may therefore indicate enhanced recognition
and activation of innate immune signaling (Pani et al.,
2025), while elevated il-8 expression is consistent with
greater chemokine-mediated recruitment and activity of
immune cells (Reyes-Cerpa et al., 2012). Similarly, the
increased hsp70 expression, particularly at CP150, may
reflect enhanced cellular capacity to respond to physio-
logical stress and maintain protein homeostasis. The de-
cline in expression at CP225 indicates that these effects
were not proportional to cricket powder inclusion and
suggests that excessive inclusion may attenuate the stim-
ulatory response, potentially through changes in nutrient
availability or increased intake of poorly digestible chi-
tin. Overall, the transcriptional responses correspond
well with the enhanced serum and skin mucus immune
parameters observed at CP75—CP150, supporting the
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potential of moderate A. domesticus powder inclusion
to strengthen innate immune and stress-response path-
ways in Nile tilapia.
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Fig. 2 The figure shows examined growth-related gene
expression profiles across all five diets.

The effects of dietary cricket (Acheta domesticus)
powder on the intestinal expression of growth- and ap-
petite-related genes in Nile tilapia are presented in Fig.
2. Dietary cricket powder significantly influenced the
relative expression of igfl, igf2, galanin, and ghrelin (P
< 0.05), with distinct responses observed among inclu-
sion levels.

The expression of igf1 was elevated in fish receiv-
ing intermediate levels of cricket powder, with the high-
est expression observed in the CP75 group, followed
closely by CP150. Both treatments exhibited greater ex-
pression than the control, whereas igfl expression de-
clined markedly in the CP225 group. A comparable pat-
tern was observed for igf2, with the highest transcript
abundance recorded in CP75 and CP150, while CP225
exhibited substantially lower expression. For galanin,
expression increased markedly in response to cricket
powder supplementation, reaching the highest levels in
the CP75 and CP150 groups. In contrast, CP225 showed
significantly lower galanin expression than the interme-
diate inclusion groups.

The expression of ghrelin also responded signifi-
cantly to dietary treatment. The highest transcript level
was observed in the CP75 group, whereas expression
was significantly reduced in the CP150 and CP225
groups.

Dietary cricket (Acheta domesticus) powder signif-
icantly modulated intestinal growth- and appetite-re-
lated gene expression in Nile tilapia, with igfl, igf2, and
galanin generally showing the strongest responses at
CP75-CP150, whereas expression declined at CP225.
This transcriptional pattern broadly corresponded with
the growth results, in which intermediate cricket powder
inclusion supported greater weight gain than the highest
inclusion level. The response of igfl is particularly rele-
vant because the GH-IGF axis is a major regulator of
somatic growth and nutrient metabolism in fish. A re-
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cent study using A. domesticus meal in blue tilapia sim-
ilarly demonstrated that dietary cricket meal altered the
somatotropic axis, with moderate replacement upregu-
lating igfl, whereas higher replacement levels caused
downregulation; these changes were associated with dif-
ferences in growth performance and dietary nutrient bal-
ance. Comparable modulation of growth- and appetite-
related genes has also been reported with other insect-
based diets, including changes in igfl, igf2, and ghrelin
expression in zebrafish and sturgeon. The enhanced igfl
and igf2 expression at moderate inclusion levels may
therefore reflect improved nutrient availability and acti-
vation of growth-regulatory pathways, while increased
galanin and ghrelin expression indicates modulation of
neuroendocrine pathways involved in appetite and en-
ergy homeostasis. However, the decline in these re-
sponses at CP225 suggests that excessive cricket powder
inclusion may alter nutrient availability or dietary bal-
ance, thereby attenuating endocrine signaling. Overall,
the coordinated transcriptional responses at CP75—
CP150 provide molecular support for the favorable
growth observed at moderate cricket powder inclusion,
although further studies measuring feed intake, nutrient
digestibility, circulating hormones, and tissue-specific
protein expression are required to establish the underly-
ing mechanisms.

IV. ConcLusions

The present study demonstrates that dietary cricket
(Acheta domesticus) powder can be incorporated as a
functional feed ingredient for Nile tilapia cultured under
biofloc conditions, with responses strongly dependent
on inclusion level. Moderate inclusion, particularly at
75-150 g kg' diet, supported favorable growth
performance and enhanced both mucosal and systemic
innate immune responses, as evidenced by increased
skin mucus and serum lysozyme and peroxidase
activities. These physiological responses were further
supported by the upregulation of immune- and stress-
related genes in the head kidney and growth- and
appetite-related genes in the intestine. In contrast,
increasing cricket powder to 225 g kg provided no
additional benefit and generally attenuated growth,
immune, and transcriptional responses. Overall, the
findings indicate that 75-150 g kg dietary A.
domesticus powder represents a promising inclusion
range for supporting growth and health of Nile tilapia in
biofloc systems. Further studies should evaluate nutrient
digestibility, intestinal health, disease resistance, and
economic feasibility to confirm its practical application
in commercial tilapia production.
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Abstract— As the foreign population in Japan
continues to grow, ensuring accurate and neutral court
interpreting plays an increasingly vital role in

safeguarding human rights and achieving judicial fairness.

This study presents a systematic review of 26 academic
papers retrieved from the CiNii Research database using

the Japanese keyword "court interpreting(G& & & 37)" to

examine publication trends, the languages covered in
previous studies, and research topics.

An analysis of publication trends indicates a notable
increase in publications during the 2010s, a trend largely
prompted by the introduction of the Lay Judge System
(Saiban-in Seido) in 2009, which directed academic
attention toward comprehension by ordinary citizens.
However, the linguistic distribution shows a certain
imbalance, with English and general overviews occupying
a major portion of the literature. Despite judicial statistics
highlighting a high demand for languages such as
Vietnamese and Nepalese, specialized linguistic research
focusing on these high-demand languages remains
relatively limited.

Regarding research content, institutional issues were
the dominant focus of previous studies, particularly
interpreter certification, working conditions, and the
roles of court interpreters. In contrast, only a few studies
have examined specific linguistic phenomena, such as
translation errors involving negative interrogative
sentences, or emerging technologies such as Al-assisted
interpreting.

These findings highlight several areas that deserve
greater attention in future research. While institutional
issues and English-language interpreting have received
considerable attention, greater emphasis could be placed
on high-demand languages, specific linguistic phenomena
in court interpreting, and the potential application of Al
to support interpreting practice. Ultimately, expanding
research in these underexplored areas may contribute to
improving linguistic support in judicial settings and, more
broadly, support the development of multicultural
coexistence and social innovation in increasingly diverse
local communities.

Keywords— court interpreting, systematic review, research
trends, negative interrogative sentences

1. INTRODUCTION

In recent years, the number of foreign residents in
Japan has continued to increase. According to the latest
statistics from the Immigration Services Agency of
Japan, the number of foreign residents reached
4,125,395 at the end of 2025. [1] In addition, 18,442
foreign nationals were subject to deportation or
departure order procedures in 2025. These figures
show that an increasing number of foreign residents are
involved in legal procedures in Japan.
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This increase has also led to a greater need for
language support in the judicial system. According to
the Supreme Court of Japan (2026), 4,649 foreign
defendants had court interpreters in criminal cases
completed at district courts and summary courts in
2024. These defendants came from 81 countries. [2]
Accurate and neutral court interpreting is therefore
important for protecting the human rights of foreign
defendants and ensuring fair trials. [3]

In this study, “court interpreting” mainly refers to
interpreting services provided in courts. Court
interpreters interpret the statements of foreign
defendants into Japanese and the statements of judges,
prosecutors, defense attorneys, and witnesses into
foreign languages. They therefore play an important
role in communication between foreign defendants and
other participants in court proceedings. [4]

As of April 1, 2025, Japan had 3,244 registered
court interpreters who could provide interpreting in 61
languages. [2] However, the number of court
interpreters has been decreasing while the demand for
interpreting services is increasing. [5] Japan also does
not have a nationwide qualification examination or a
unified training system for court interpreters. As a
result, the skills and training of interpreters may vary
between regions.

Problems related to the quality of court interpreting
have also been reported. For example, The Nihon
Keizai Shimbun reported on October 7, 2024, that a
Filipino woman in Matsusaka City was falsely
convicted in a drug case because of a translation error
in court interpreting at the Tsu District Court. [6] This
case shows that translation errors can have serious
effects on trial outcomes and may reduce trust in the
judicial system.

Based on this background, this study aims to
organize and analyze previous studies on court
interpreting in Japan and identify their research trends
and research challenges. A systematic review was
conducted with a focus on the court interpreter system,
interpreter  training, and problems related to
interpreting.

II. RESEARCH METHODS

This study used the CiNii Research database to
collect academic papers on court interpreting. The
search was conducted in June 2026 using the Japanese
keyword “court interpreting( % #£ i# #V).” A total of
109 papers were identified. After excluding short
reports, papers for which the full text was unavailable,
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and papers that were not related to the purpose of this
study, 26 previous studies were selected for analysis.

These studies were analyzed in terms of publication
trends, target languages, research topics, research
methods, and research challenges.

III. RESULTS AND DISCUSSION

A. Research Trends

The analysis of 26 previous studies showed that the
number of studies increased clearly during the 2010s.
One important reason was the introduction of the Lay
Judge System (Saiban-in Seido) in 2009. As citizens
began to participate in criminal trials, the accuracy and
objectivity of court interpreting became more
important. Researchers therefore began to pay greater
attention to the quality and role of court interpreters.

In recent years, research trends have moved toward
the development of a more stable court interpreter
system and the use of new technologies. In particular,
some studies have discussed Al-assisted interpreting
using technologies such as large language models,
automatic speech recognition, and machine translation.
These technologies are not considered replacements for
human interpreters. Instead, they are discussed as tools
to support interpreters, reduce their workload, and
possibly reduce translation errors. [7]

14
12
10
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M period
Fig. 1 Publication Trends in Research Papers

B. Research Target Languages

The 26 studies showed a clear imbalance in the
languages studied. English was the most common
target language, with 12 studies, followed by studies
that did not focus on a specific language, with 7 studies.
Spanish was studied in 4 papers, Chinese in 3, and Thai,
Tagalog, and Korean each in 2. Other languages were
covered by only one study each.

This distribution does not fully match the language
needs of judicial practice. According to the Supreme
Court of Japan (2026), criminal cases requiring
interpreters involved defendants from 81 countries. [2]
However, no specialized studies were found on
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Vietnamese or Nepalese, despite the high demand for
these languages.

This suggests a gap between practical needs and
academic research. Future studies should therefore
examine a wider range of languages, especially Asian
languages that are increasingly needed in Japanese
courts.

C. Research Focus And Research Gap

The analysis of previous studies shows that most
research has focused on macro-level and meso-level
issues. At the macro-level, 14 studies discussed issues
related to the court interpreting system and working
environment, such as interpreter certification, working
conditions, and support for interpreters. At the meso-
level, 11 studies examined communication in court,
including the roles of court interpreters and the effects
of interpreting on lay judges.

In contrast, only a small number of studies focused
on the micro-level analysis of actual language use in
court. Among the 26 studies, only two examined
specific expressions or sentence structures. One
focused on direct and indirect speech, while the other
examined the translation of negative interrogative
sentences, which can easily cause translation errors. In
addition, only one recent study discussed the use of Al
tools.

These findings indicate a clear research gap.
Previous studies have mainly discussed how to
improve the court interpreting system and how court
interpreters should perform their roles. However,
detailed studies of how specific linguistic structures
cause translation errors remain limited. Research on the
practical use of Al-assisted interpreting is also still at
an early stage. [8]

Future court interpreting research should therefore
move beyond general institutional discussions and pay
more attention to micro-level linguistic problems. It
should also examine the possibilities and limitations of
Al-assisted interpreting and develop practical measures
to reduce translation errors.

IV. CoNcLusioNs

This study systematically reviewed 26 previous
studies on court interpreting in Japan using the CiNii
Research database. Three main findings were identified.

First, research increased during the 2010s, partly
because of the introduction of the Lay Judge System in
2009. Recent research trends have shifted toward
improving the court interpreter system and exploring
Al-assisted interpreting.

Second, the target languages of previous studies
were highly unbalanced. English was the most
common target language, while languages with
increasing practical demand, such as Vietnamese and
Nepalese, received little research attention. This shows
a gap between practical needs and academic research.
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Third, previous studies mainly focused on macro-
level institutional issues and meso-level
communication issues. Micro-level research on specific
linguistic structures and translation errors remains
limited. Research on Al-assisted interpreting is also
still limited.

Based on these findings, future research should
expand its focus to languages that are highly needed in
actual court settings. It should also examine specific
linguistic structures that may cause translation errors
and explore the possibilities and limitations of Al-
assisted interpreting. These research directions may
contribute to better language support for foreign
defendants and greater fairness in the judicial system.
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Analysis of Transitive and Intransitive Verb Choice in Chinese-Japanese
Courtroom Interpreting

Yuejuan Xu

Graduate School of Regional Innovation Studies, Mie University, Tsu, Japan
E-mail: [626D007@m.mie-u.ac.jp]

Abstract— Accurate legal interpreting requires not only
propositional accuracy but also careful control of gram-
matical form. Japanese frequently distinguishes intransi-
tive, tranmsitive, passive, and causative constructions,
whereas Chinese often expresses comparable event struc-
tures through word order, unmarked result-state clauses,
#(ba-) and ¥ (bei-)constructions, resultative complements,
aspect markers, and context. This pilot study examines
whether first-language background is associated with dif-
ferent constructional choices in bidirectional Chinese-Jap-
anese courtroom-style interpreting. Eight bilingual partic-
ipants, four Japanese-L1 and four Chinese-L1 speakers,
completed 12 controlled items. The findings show that both
groups preferred state-oriented expressions in result-fo-
cused events, while the Chinese-L1 group more often made
causation explicit in one critical item. These results suggest
that transitivity choice reflects event construal and target-
language preferences rather than simple one-to-one trans-
fer.

Keywords— court interpreting, Chinese-Japanese interpret-
ing, transitivity, agency, responsibility

1. INTRODUCTION

Court interpreting is an essential part of multilingual
access to justice. In Japan, interpreted communication is
used in police interviews, prosecutor interviews, and
criminal trials, and previous studies have pointed to con-
tinuing concerns about interpreter roles, monitoring, and
inaccurate interpretation [1-3]. Small linguistic changes
may also affect how testimony is understood [3,4].

Transitivity is particularly relevant to Chinese-Japa-
nese interpreting because the two languages package
event structure differently. Japanese has many intransi-
tive-transitive verb pairs, such as aku/akeru (open) and
wareru/waru (break), and also uses passive and causa-
tive constructions. Chinese often expresses similar
meanings through unmarked state clauses, SVO order,
ba- and bei-constructions, resultative complements, as-
pect markers, and contextual inference. Previous work
also suggests that event type influences the choice of
Japanese intransitive, transitive, and passive forms [5].

These alternatives are not semantically neutral in le-
gal discourse. "The glass broke," "he broke the glass,"
and "the glass was broken" distribute attention differ-
ently across the result, the actor, and the causal relation.

Previous studies have examined courtroom interpret-
ing quality and Japanese transitivity separately. Lee [3]
showed that omitted subjects and other inexplicit ex-
pressions may create ambiguity in courtroom interpret-
ing, while Sugimura [5] showed that event type influ-
ences the choice of Japanese intransitive, transitive, and
passive forms. However, little research has examined
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these two issues together in Chinese-Japanese court-
room interpreting. In particular, it remains unclear
whether interpreters with different first-language back-
grounds make different grammatical choices when the
source allows more than one possible construal, or
whether those choices modify agency, causation, inten-
tionality, and linguistic responsibility.

This pilot study therefore asks (1) how Japanese-L1
and Chinese-L1 interpreters differ in construction
choice and (2) whether their choices preserve or modify
agency, causation, intentionality, and linguistic respon-
sibility. Eight bilingual participants completed a con-
trolled task of 12 independent courtroom-style utter-
ances.

II. EXPERIMENTAL

A. Participants

Eight bilingual participants took part in the pilot
study. Four were native speakers of Japanese with ad-
vanced Chinese proficiency (HSK 5-6), and four were
native speakers of Chinese with advanced Japanese pro-
ficiency (JLPT N1). Translation and interpreting experi-
ence varied, and the task was not designed as a test of
certified professional court interpreters. The groups are
referred to as Japanese-L1 (J1-J4) and Chinese-L1 (C1-
C4).

Table 1. Participant groups

Group L2 Background
Japanese-L1 HSK 5-6  Advanced Chinese; experience varied
Chinese-L1  JLPT N1 4-7 years of Japanese study; some written

translation experience

B. Materials

The task contained 12 independent courtroom-style
utterances: six Japanese-to-Chinese items and six Chi-
nese-to-Japanese items. The materials were adapted
from Chinese courtroom discourse and public materials
related to the Sun Yang CAS hearing, then simplified to
focus on construction choice rather than specialized le-
gal terminology. The items formed six semantic pairs
ranging from state descriptions to clearly human-caused
events. When participants found an item unclear be-
cause some information was implicit or omitted, they
were allowed to ask for limited contextual clarification.



Three representative items illustrate the design. Item
8 tested whether an implicit causal relation would be
made more explicit: Shinzoku to no koryi ga sukunaku,
hikokunin no shinri jotai wa okiku henka shimashita ka?
(With limited contact with relatives, did the defendant's
psychological state change greatly?). Item 10 tested
treatment of a Japanese passive: Ketsueki sanpuru wa
saishtiteki ni genba ni nokosareta to iu koto desu ne. (So,
the blood sample was finally left at the scene, right?).
Item 11 tested explicit human agency: Anata ga toji, chi-
chioya o tsumazukasete, ano yo0 na jotai ni shita no desu
ne. (You caused your father to trip and put him in that
condition, right?).

Table 2. Stimulus design

Pair Main event type Constructional issue
1 No clear agent Completed event
2 State Continuing state
3 Resulting state State vs passive
4 Causal relation Added causation
5 External intervention Voice choice
6 Human-caused event Agent and result

C. Procedure

Before the task, participants were told to imagine that
they were working as interpreters in a Japanese court-
room. For Japanese source items, they were instructed
to treat the utterance as spoken by a Japanese judge and
interpret it for a Chinese-speaking witness. For Chinese
source items, they were instructed to treat the utterance
as spoken by a Chinese-speaking witness and interpret it
for a Japanese judge.

Each source utterance was presented orally in Japa-
nese or Chinese, and participants interpreted it into the
other language. If they could not hear the utterance
clearly, it was repeated. All test items were independent
sentences and did not form a continuous story. If partic-
ipants considered the meaning of an item ambiguous,
they were allowed to ask for clarification. Clarification
was provided in the same language as the source item:
in Japanese for Japanese source items and in Chinese for
Chinese source items.

All interpretations were audio-recorded with the par-
ticipants’ consent and were used as research data. The
recordings were subsequently transcribed verbatim.
Hesitations, pauses, self-corrections, repetitions, and
other features of the participants’ actual spoken produc-
tion were retained in the transcripts.

O PEAEA
(3 #EEA
\i4 Witness

,~

BARAHHE
HARE
Judge

Fig. 1 Role Configuration Shown to Participants Before the
Interpreting Task.
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D. Coding and Analysis

The analysis focused on two levels. First, the gram-
matical construction selected in the target language was
identified. Second, changes in agency, causation, inten-
tionality, and linguistic responsibility were examined.
Added rang/shi or suoyi where the Japanese source did
not clearly express causation was treated as stronger
causation; added guyi (intentionally) was treated as
stronger intentionality. Japanese passives rendered as
unmarked Chinese result-state clauses were treated as
passive neutralization. Grammatical transitivity and se-
mantic agency were analyzed separately.

Interpreting performance was also reviewed qualita-
tively using Lee's [6] three criteria: accuracy, target-lan-
guage quality, and delivery. Because the sample was
small and no independent second coding was conducted,
the results are reported descriptively rather than with in-
ferential statistics or reliability coefficients.

III. RESULTS AND DISCUSSION

A.Japanese-L1 Group

The Japanese-L1 participants tended to use state-ori-
ented expressions when the actor was backgrounded, but
more agentive and causative expressions when a human
actor was explicit.

1) Passive neutralization. In Item 10, the Japanese pas-
sive nokosareta (was left) was rendered by all four par-
ticipants without Chinese bei. Examples such as
xueyang zuizhong liu zai xianchang (the blood sample
finally remained at the scene) shifted the focus from an
implied external actor to the resulting state. This was
coded as passive neutralization.

The propositional outcome was largely preserved, but
the grammatical representation of external intervention
was reduced. Because an unmarked Chinese result-state
clause is natural in this context, this shift was not treated
simply as a lexical error. Instead, it was coded as a con-
structional change that made the resulting state more ex-
plicit than the external actor.

2) Added causation. In Item 8, the Japanese source jux-
taposed limited family contact and a change in the de-
fendant's psychological state without an explicit causa-
tive marker. Most participants kept the two states
separate, but one added suoyi (therefore), making the
causal relation more explicit and thus strengthening cau-
sation.

3) Explicit agency and intentionality. Item 11 explicitly
foregrounded "you" as the person who caused the fa-
ther to trip. Participants generally preserved agency
through ba, rang, and nongcheng (cause to become).
One participant additionally used guyi (intentionally),
which was not present in the source and therefore
strengthened intentionality and potentially linguistic re-
sponsibility. Another participant produced the non-
standard expression gei ni de fuqin diedao. Although



gei is not a standard causative marker in this construc-
tion, the following nongcheng still encoded a causal re-
sult. Agency and causation were therefore treated as
preserved, while the grammatical form itself was
treated as non-standard.

4) Transitivity without strong agency. In Item 12, par-
ticipants mainly used the transitive ushinau (lose). Alt-
hough grammatically transitive, "lose a job" represents
the subject mainly as an affected participant rather than
an intentional agent. The Chinese reflexive ziji (self)
was also ambiguous, and several participants interpreted
the troublemaker and the person losing the job as the
same person.

5) Post-interviews. Japanese-L1 participants reported
difficulties with culture-related expressions such as ¥f
LA (sanitation office), four-character expressions such
as ZZ By 3Ly (make a living), verb choice, and insuffi-
cient context. Some described learning Chinese event
structure through patterns such as ba, shi, and jiang.
They also found spoken interpreting harder than transla-
tion with written text, and rapid production sometimes
led to errors. One Japanese-L1 participant with many
years of interpreting experience identified Item 12 as
ambiguous and noted that it could support multiple in-
terpretations. The participant further explained that ex-
cessive clarification may sometimes lead the Japanese
or Chinese side to question the appropriateness or faith-
fulness of the interpretation, adding that they had expe-

rienced such questioning on several occasions in the past.

B. Chinese-L1 Group

1) Stable state choice but unstable tense. Iltem 4 showed
a consistent state-focused pattern. All four participants
rendered Chinese liangzhe (was still on) with the Japa-
nese intransitive tsuku, using forms such as tsuite iru or
tsuite imashita; none used transitive tsukeru or a passive.
However, some used present tense where the past was
expected, showing stable voice choice but less stable
tense marking.

2) Variation in transitivity and voice. Item 9 produced
clear competition among %%% (remain), 77" (leave),
F%H % (can leave), and 7% S 415 (be left). The Chi-
nese liu zai xianchang did not determine one Japanese
voice choice, so interpreters selected different event
construals. One passive rendition also changed source
permission into a completed event, reducing accuracy.

3) Stronger explicit causation. Item 8 showed the clear-
est group tendency. All four Chinese-L1 participants

used shi or rang (cause/make) in their Chinese renditions.

The causal relation was therefore more explicit than in
the source. One rendition used rang ni juede (make you
think), adding an experiencer and partly changing the
meaning.
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This was the most systematic causation-related pat-
tern in the Chinese-L1 group. The Japanese source
placed two situations next to each other without an overt
causative marker, whereas the Chinese renditions en-
coded a cause-result relation grammatically. The shift
was therefore analyzed as increased explicitness of cau-
sation rather than as a change in grammatical transitivity
alone.

4) Explicit agency but unstable event representation. In
Item 11, participants generally preserved the human ac-
tor with ba or rang. One rendition, ba fuqin bandao le
(caused the father to fall), closely matched the source.
Others replaced tsumazukaseru (cause to trip) with ex-
pressions meaning "remain in that condition" or "lie
there." Thus, agency was relatively stable, while lexical
and event representation were less stable.

5) Result-focused loss and learning background. In Item
12, participants varied between nakunaru (become
lost/disappear), ushinau (lose), and the non-standard
passive-like nakusareta. The ambiguity of ziji again in-
fluenced reference and causation. Post-interviews also
showed difficulty with tense and legal terminology;
some participants had studied Japanese transitive and in-
transitive verbs at school but no longer clearly remem-
bered the rules.

6) Post-interviews. The Chinese-L1 participants re-
ported somewhat different difficulties from the Japa-
nese-L1 participants. They found specialized or context-
specific terms difficult to interpret, including iH.[F] (in-
terrogation/questioning), & H (inspector/examiner),
and |25 (front passenger seat). They also reported
difficulty in selecting corresponding verbs across Chi-
nese and Japanese. One participant further questioned
the ambiguity of Item 6, noting that JJ could be rendered
in Japanese as naifu (knife), hocho(kitchen knife), or
katana (blade/sword), and that these lexical choices
could lead to different interpretations of the object and
potentially different attributions of responsibility.

C. Cross-Group Comparison

The two groups did not show a simple Japanese-L1 =
intransitive / Chinese-L1 = transitive contrast. Both
groups used state-oriented expressions when the source
foregrounded a state rather than an actor. The clearest
descriptive group difference appeared in Item 8: only
one Japanese-L1 participant explicitly strengthened cau-
sation, whereas all four Chinese-L1 participants used shi
or rang. In Item 11, both groups generally preserved an
explicit human actor, but Japanese-L1 renditions some-
times added intentionality, while Chinese-L1 renditions
showed greater lexical instability in representing the
caused event. Item 12 further confirmed that grammati-
cal transitivity cannot be equated with semantic agency.



Overall, L1 background interacted with event type, tar-
get-language conventions, lexical access, and pro-
cessing conditions.

These findings partly support previous work showing
that event type influences transitivity choice [5]. How-
ever, the present data do not support a fixed L1-based
preference for one grammatical voice. When an item pri-
marily described a state, participants in both groups
tended to preserve that state-focused construal. A clearer
group difference emerged when the source allowed the
causal relation to remain implicit, suggesting that L1
background may influence how interpreters resolve
some underspecified causal relations, while target-lan-
guage conventions remain important.

From a courtroom-interpreting perspective, these
shifts matter because grammatical choices can change
how explicitly an actor, causal relation, or intention is
represented. This is consistent with Lee's [3] discussion
of inexplicit courtroom language, in which interpreters
may need to decide whether information left implicit in

the source should be made explicit in the target language.

The present results therefore suggest that evaluation of
legal interpreting should consider not only propositional
accuracy but also changes in event construal.

IV. ConcLusions

This pilot study examined transitivity-related choices
in bidirectional Chinese-Japanese courtroom-style inter-
preting. The findings indicate that interpreters did not
mechanically map Chinese ba/bei structures onto Japa-
nese transitive/passive forms or vice versa. Instead,
choices depended strongly on whether an event was con-
strued as a state, an externally caused result, or an ex-
plicitly human-caused action. Japanese-L1 participants
frequently neutralized a Japanese passive when inter-
preting into Chinese, while Chinese-L1 participants
showed a stronger tendency to make causation explicit
in Item 8. Both groups generally preserved explicit hu-
man agency, although some renditions strengthened in-
tentionality or changed the specific event meaning. Only
two participants asked for clarification when they en-
countered potentially ambiguous items. Most partici-
pants interpreted the sentences according to their own
understanding and did not appear to recognize that the
ambiguity could influence the linguistic attribution of
responsibility.

Because only eight participants were included and
coding was conducted by one researcher, the results
should be treated as descriptive. Future work should in-
crease the sample, use independent coding, and test
whether these linguistic shifts affect listeners' judgments
of agency or responsibility. Even so, the present findings
show that transitivity choice is a meaningful component
of legal interpreting accuracy and should be considered
in interpreter training.
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NOTES

1) The 12 items used in this study were developed on the
basis of Sugimura’s [5] classification, with particular
reference to Categories 5—10. These categories represent
human-induced events in which attention is directed to
the result of an action.

2) The interpretations produced by the eight participants
were transcribed, but are omitted here for reasons of
space.
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A Study on Career Education in High Schools

-Focusing on High School Students Who Aspire to Become Teachers-
Satoshi Ikawa
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Abstract— IIn an era often referred to as the “100-Year
Life” or the “VUCA Era,” the concept and research sur-
rounding career education are likely to become increas-
ingly important going forward.In this study, we con-
ducted a survey targeting students aspiring to become
teachers.

Keywords— Education,Career,

1. INTRODUCTION

The “High School Career Guidance Handbook”
(Ministry of Education, Culture, Sports, Science and
Technology, 2011) (U strongly calls for “the promotion
of career education that enables each individual to ac-
quire ‘life skills,” develop a clear sense of purpose—
[omitted|—form a sound work ethic and professional
outlook, and become self-reliant as members of society
and professionals.”

According to Shimomura (2008) ), recent career de-
velopment theories indicate that the meaning of “decid-
ing” one’s career path has changed significantly. He
states, “Traditionally, it was sufficient to ‘decide’ one’s
career path at a single point in time—upon graduation
from school. Today, however, simply ‘deciding’ at the
time of graduation makes it difficult to have prospects
for a stable life over the long term after graduation.”

In this study, we established Super’s “Career Devel-
opment Theory” and Krumboltz’s “Theory of Planned
Happenstance” as a framework for developing a career
education program. This is because we believed that in
school-based career education, it is important to place
emphasis not only on pre-established plans but also on
how to create “serendipity” through ‘“encounters.”
Therefore, the author targeted high school students in-
terested in education (including those aspiring to be-
come teachers) with the aim of “intentionally” creating
opportunities for “serendipity” for students, thereby of-
fering them an additional option in their career develop-
ment.

II. FACTORS CONTRIBUTING TO THE SO-CALLED
“TEACHER SHORTAGE”

In recent years, the issue of “teacher shortages” has
been covered more frequently in various media outlets,
including social media.

According to the Reiwa 7 “Teacher Shortage” Fact-
Finding Survey (2026)®, the factors contributing to the
so-called teacher shortage include: (1) an increase in the
number of young teachers due to expanded hiring result-
ing from recent mass retirements stemming from the age
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composition of the teaching workforce, coupled with a
rise in the number of teachers taking maternity and pa-
ternity leave; (2) the expansion of special education clas-
ses and the enhancement of instructional systems to
adapt to changes in the educational environment; and (3)
in some regions, competition with private companies
and the outflow of teachers.

Furthermore, according to the Report on the Results
of Initiatives to Enhance the Attractiveness of the Teach-
ing Profession (2022)®, a survey of students (fourth-
year undergraduates) enrolled in universities and other
institutions offering teacher training programs found
that the most common reason—accounting for 55.9%—
for not taking teacher training courses aimed at obtain-
ing a teaching license was “a stronger desire to pursue
careers outside the teaching profession, such as in the
private sector.” Another reason cited was “I felt anxious
about the workplace environment and actual working
conditions based on information obtained from school
staff,” which accounted for 21.8%.

As this survey indicates, the teacher shortage and the
issue of enhancing the appeal of the teaching profession
are pressing challenges. In teacher recruitment exams
across prefectures, there is a noticeable trend of declin-
ing applicant numbers for certain school types and sub-
jects.

To address these challenges, prefectural and munici-
pal boards of education are organizing “projects to en-
hance the appeal of the teaching profession” and holding
seminars centered on the theme of “job satisfaction.”
However, other challenges identified in this survey in-
clude: “(D The spread of negative perceptions, such as
those circulating on social media through campaigns
like ‘#Teacher’s Baton, and (2 the frequent spotlight
placed on opinions expressed by students’ parents.”

The Report on the Results of Initiatives to Enhance
the Appeal of the Teaching Profession (2022) states,
“Traditionally, teaching was considered a profession
with relatively high prestige in society and was attrac-
tive to students.”

In essence, isn’t the teaching profession one that is
familiar to children and something they aspire to? While
I was enrolled in a graduate program in the College of
Education, whenever I had the opportunity to discuss
motivations for becoming a teacher with faculty mem-
bers and friends there, “admiring a teacher I respect”
was frequently cited as one of the reasons. There were
also those whose motivation stemmed from having par-
ents who were teachers, leading them to want to become
teachers themselves.



Therefore, the author conducted a practical investiga-
tion using theoretical frameworks to examine how stu-
dents aspiring to become teachers transform over time,
by implementing various initiatives and intentionally
creating opportunities for them to think concretely about
their career goals.

III. THEORY

A. D,E,Super Life-Career Rainbow

Super, a researcher in career psychology, represented
a person’s life career using the “Life Career Rainbow”
model, as shown in the figure. He chose to use the Life
Career Rainbow to illustrate his argument that the
lifespan, life space, life course, and major life roles are
all comprehensively interrelated.

Figurel,D,E,Super(1980), The Life-Career Rainbow

Komikawa (2023) ©states, “Throughout our lives, we
assume various roles: child, learner (student), person en-
joying life (leisure-seeker), citizen, worker (laborer),
family member (household member), and others. These
roles overlap as we age, and the concept of the ‘life ca-
reer rainbow’ represents the process of fulfilling them in
a balanced manner. Career development refers to an in-
dividual’s ability to autonomously assume these roles
across life stages, and career education is the process of
supporting individuals so they can develop their careers.”

B. J. D. Krumboltz’s “Planned Happenstance Theory”

Like Super, John Krumboltz conducted research on
life careers, but he focused on the significance of
“chance” in one’s career.

Traditional career theories have emphasized the set-
ting of clear goals and plans for achieving them. How-
ever, with the rapid pace of social change in recent years,
the kind of systematic career planning seen in the past
has become increasingly difficult. Consequently,
Krumboltz proposed the theory of “planned haphazard-
ness” (Krumboltz, Mitchell, & Levin, 1999)”), aiming
not to simply leave one’s career to chance, but to inten-
tionally increase the probability of serendipitous events
occurring, thereby harnessing “serendipity” for career
development.

The reason Krumboltz focuses on “serendipity” is re-
lated to his own career. Krumboltz explains, “I hap-
pened to ride my bike down a street I didn’t usually take
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and ‘by chance’ ran into a friend I hadn’t seen since kin-
dergarten. We eventually started playing tennis together,
and when I consulted my tennis coach about which ma-
jor to choose in college—a decision I was struggling
with—he recommended psychology, the field he had
majored in, so [ began studying psychology” (Watanabe,
2022)®. His own career is closely tied to this theory.

Subsequently, Krumboltz collected numerous exam-
ples similar to his own and, after verifying them, found
that chance events were associated with behaviors that
led to career opportunities.

According to Krumboltz (1999), traditional career
counseling has often focused on “treating” indecisive-
ness and helping individuals set clear career goals. How-
ever, “many unexpected events and contingencies occur
every day, making it impossible to accurately predict the
future,” and “it is foolish to devote one’s life to a single
path when the environment is constantly changing.”
Therefore, “refrain from making career decisions”; “ra-
ther than deciding your future now, it is far better to keep
an open mind while actively seeking opportunities, as
fixating too much on a single profession narrows your
perspective.” Krumboltz advocates “taking action to
create new opportunities even when the outcome is un-
certain, capitalizing on serendipitous events, keeping
your options open at all times, and making the most of
whatever life brings.”

IV. RESEARCH SUBJECT AND METHODS

At High School A, as part of the “Comprehensive In-
quiry Period” for second-year high school students, a
long-term project was carried out in which nine students
aspiring to become teachers conducted lessons at an el-
ementary school. During this process, the students col-
laborated with active teachers to develop lesson plans
and interacted with teachers from the types of schools
the students hope to work at in the future.

Aprils Proposal of a “Research
Question”
May Visit to elementary

schools (3 and 5th
grades) and classroom
observation (1st session)

Jule Preparation of lesson
plans
July Visit to elementary

schools (3rd grade) and
classroom  observation
(2nd session) Collabora-
tion with active elemen-
tary school teachers, in-

cluding exchange
activities and lesson plan
development (Un-

planned Event 1)

August




September Creation of teaching aids
for use in class
Class rehearsal
planned Event #2)
* Classroom instruction
at C Elementary School
in City B (Actual Les-
son)

October (Un-

November
December

Research Project Presen-
tation (Project Comple-
tion)

The terms “Unplanned Events” listed in the schedule
were not originally included in the plan formulated by A
High School; rather, they were intentionally introduced
by the author as “unplanned events.”

V. CONCLUSIONS

In this study, we aimed to help students expand their
future possibilities by implementing a career education
program as part of the “Comprehensive Inquiry Time”
curriculum in high schools.

The current definition of career education states that
“a ‘career’ is understood as the totality of the sequence
and accumulation of experiences through which a per-
son, in the process of fulfilling various roles, discovers
the value of those roles and their relationship to the self.”
However, we currently live in an era of rapid change—
often referred to as the “100-Year Life” or the “VUCA
era”—where predicting the future and making plans has
become difficult. We believe that traditional career edu-
cation may become less effective in this era of high un-
certainty. In high school, for students whose “future path
is already clear” before entering college, deciding on a
path may seem straightforward; however, for those
whose “future path is not yet clear,” it may become a
“burden.”

Given the concerns about uncertainty in the future, I
believe it is important to move beyond the traditional
“career guidance education”—which focuses solely on
statistics such as college acceptance rates—and instead
prioritize career education that extends beyond enroll-
ment and graduation.

Therefore, drawing on Krumboltz’s “Theory of
Planned Happenstance,” the author concluded that in
school-based career education, it is important to place
emphasis not only on pre-established plans but also on
how to create “chance encounters” through “encounters.”

The results of the practice revealed the following
points: D By “intentionally” creating “chance encoun-
ters,” we were able to provide students with a diverse
range of options and offer a potential path even to stu-
dents whose future plans were undecided; @ It became
clear once again that high school-university partner-
ships and corporate lectures (special classes) are con-
ducted with the aim of creating opportunities for future
career development; while it is unclear which path each
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student will ultimately choose, these activities serve as
“encounters” designed to provide such “opportunities.”

Looking back objectively on this practical experience,
I believe it was no mere “coincidence” that I was given
the opportunity to conduct my practicum at A High
School. Furthermore, regarding coincidental events (D
and @), because I made specific proposals, neither the
interaction between the student in () and the practicing
elementary school teacher—nor the development of a
lesson plan—nor the pre-performance rehearsal in (2
actually took place.

concluded that “coincidence” is something that is
perceived from an “objective” perspective. While it may
be difficult to recognize something as a “coincidence”
in the moment, when looking back on one’s career later,
one can infer that “this event” was a coincidence.

VI. Issue

I will discuss the reflections and challenges regarding
Project. My reflections on Project (D I focused too much
on the “question,” and (2) my own lack of proficiency in
creating lesson plans.

Regarding(D), while the main objective of this teacher
project was to gain hands-on experience in the profes-
sion of “teaching,” I placed too much emphasis on the
“question,” which resulted in my lesson plans and other
materials not turning out as intended. Regarding point
@), 1 keenly felt my own lack of competence. Although
I have previous experience creating lesson plans for
middle and high schools, creating lesson plans for ele-
mentary school is a completely different matter, and I
was acutely aware of my shortcomings. In this project, I
was able to use sample lesson plans provided by volun-
teers as a reference; however, [ believe that without them,
the project would not have achieved the level of success
it did.

(3) In a sense, this ended up “reinforcing” the desire
to become a teacher among high school students who
were already interested in the profession; I believe that
if they had had the opportunity to consider options other
than teaching, they might have been able to think more
deeply about their own futures.

One challenge is the small number of students aspir-
ing to become teachers. This project had only nine par-
ticipants, which was significantly fewer than I had an-
ticipated. The high school where I conducted this
practicum has eight classes of second-year students, so
having only nine students from among them is quite a
small number. However, a preliminary survey revealed
that the reason these nine students aspire to become
teachers is largely due to “admiring their elementary and
middle school teachers” and “family influence.” This
time, I participated in a project that is already conducted
annually; however, if I were to conduct such a project in
the future, I would like to provide a more detailed expla-
nation—including what activities will be carried out—
before the project begins, in order to spark the students’
interest.



It is likely that the environment surrounding teachers
will continue to change day by day. Negative media cov-
erage of teachers—regarding issues such as overtime
hours and harassment—shows no signs of abating.
However, as a current high school instructor, I find my
work deeply rewarding. This stems from the joy of
teaching, the students’ reactions to me, and seeing them
excel during school events. I believe this research will
have some significance if, in the future, it can have even
a small impact—however modest—on those aspiring to
become teachers, those with even a passing interest in
teaching, and even those with no interest at all.
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Abstract— This study examines the association between tel-
ework and marriage intentions among young unmarried
adults in Japan using panel data and hybrid models. Tele-
work availability, rather than telework frequency, was
positively associated with women’s marriage intentions,
while regional differences were observed. The findings
highlight the importance of flexible working arrangements
for family formation.
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1. INTRODUCTION

Japan has experienced a long-term rise in both non-
marriage and delayed marriage. As the young popula-
tion and the number of births continue to decline, iden-
tifying the conditions under which young people wish to
marry has become an important issue not only in family
sociology and population studies but also in regional
policymaking.

Marriage should ultimately be a matter of individual
values and personal choice. In Japan, however, marriage
and childbearing remain closely linked, and the large
majority of births occur within marriage (Hertog & Iwa-
sawa, 2011; Iwasawa, 2017). Understanding the factors
that shape marriage intentions is therefore important for
examining the social conditions surrounding family for-
mation. From a policy perspective, the objective should
not be to encourage marriage itself, but rather to create
an environment in which those who wish to marry are
able to realize that intention.

Previous research has shown that marriage intentions
and marital behavior are associated with individual char-
acteristics such as age, educational attainment, employ-
ment status, income, and whether an individual has a ro-
mantic partner (Yu & Hara, 2020; Raymo et al., 2021).
In particular, economic stability has been shown to be
important for men’s attitudes toward marriage, whereas
women’s marriage intentions are associated with their
prospects for remaining employed while balancing work
and family life (Yu & Kuo, 2017; Yu & Hara, 2020).

Marriage intentions, however, may be influenced not
only by individual characteristics but also by broader so-
cial conditions, including regional employment oppor-
tunities, demographic composition, and transportation
infrastructure. Much of the existing literature has fo-
cused on national trends or broad comparisons between
urban and rural areas, and relatively few studies have
situated individual regions within wider national pat-
terns (Takahashi, 2025). Although it is difficult to obtain
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sufficiently large samples at the prefectural level, exam-
ining regional characteristics on the basis of nationwide
analyses remains worthwhile.

This study therefore focuses on the Tokai region,
which includes Mie Prefecture, and examines its pat-
terns of marriage intentions through comparisons with
Japan as a whole and with the Kanto region. Particular
attention is paid to telework, which has become increas-
ingly widespread in recent years. The study investigates
how both the availability of telework arrangements and
the frequency of telework are associated with the mar-
riage intentions of young unmarried adults.

Telework is expected to reduce the burden of com-
muting and help individuals balance work and personal
life. At the same time, frequent telework may reduce op-
portunities for face-to-face interaction (Graham et al.,
2023). The association between telework and marriage
intentions may therefore vary according to the frequency
of telework and the regional context.

Against this background, this study has three objec-
tives: first, to examine the association between telework
and marriage intentions at the national level; second, to
compare the Kanto and Tokai regions; and third, to in-
terpret the findings for the Tokai region, including Mie
Prefecture, in light of its regional context.

I1. PREVIOUS RESEARCH

Research on marriage intentions has shown that
young people’s attitudes toward marriage are shaped not
only by individual values but also by economic and so-
cial conditions (Raymo et al., 2021). Across East Asia,
delayed marriage and non-marriage have been associ-
ated with increasing employment insecurity, rising
housing and education costs, and difficulties in balanc-
ing work and family life (Raymo et al., 2015). In Japan,
stable employment and sufficient income increase the
likelihood of marriage, particularly among men,
whereas non-regular employment and low income may
make marriage more difficult (Esteban-Pretel & Fu-
jimoto, 2022).

The relationship between income, employment status,
and marriage intentions is not necessarily straightfor-
ward. Some individuals may become less willing to
marry because of disadvantaged economic circum-
stances, while others may retain a desire to marry but
assess their chances of realizing that desire as low.
Moreover, individuals with strong marriage intentions
may be more likely to seek stable employment or make
employment decisions with their future married life in
mind. It is therefore necessary to exercise caution when



concluding, on the basis of cross-sectional differences
between individuals, that employment conditions or in-
come directly generate marriage intentions.

Whether an individual has a romantic partner is also
likely to be strongly associated with marriage intentions.
However, conventional cross-sectional analyses cannot
easily distinguish whether entering a romantic relation-
ship strengthens marriage intentions or whether individ-
uals who already have strong marriage intentions are
more likely to form such relationships. To identify the
factors associated with marriage intentions, it is there-
fore necessary to examine not only differences between
individuals but also changes occurring within the same
individual over time.

Regional conditions also shape marriage and family
formation. Regions differ in the size and gender compo-
sition of their young populations, industrial structures,
employment opportunities, transportation systems, and
the extent of migration associated with education and
employment. Metropolitan areas tend to offer relatively
large young populations and more opportunities to meet
potential partners. At the same time, long commuting
times and high living costs may make the transition to
married life more difficult. In non-metropolitan areas,
living and housing costs may be lower, but the outmigra-
tion of young people and the limited availability of op-
portunities to meet potential partners may present signif-
icant challenges.

Mie Prefecture includes both areas that are closely
connected to the Nagoya metropolitan region and moun-
tainous or coastal areas experiencing substantial popula-
tion decline. In northern Mie, commuting and travel to
schools in Aichi Prefecture are relatively common. In
contrast, particularly in southern Mie, some areas face
substantial outmigration of young people and significant
constraints on mobility. Given this internal diversity, it
would be inappropriate to classify marriage intentions in
Mie Prefecture simply as either “urban” or “rural.”

In recent years, telework has attracted attention as a
means of relaxing geographical constraints on employ-
ment and increasing the feasibility of living outside ma-
jor urban areas while coordinating work and personal
life. Employment in or movement to a company that per-
mits telework may reduce the burden of commuting and
enable individuals to form a more concrete image of
their future family life (Tan et al., 2024). For women in
particular, the prospect of remaining employed after
marriage and childbirth may help sustain their intentions
to marry (Yu & Kuo, 2017).

Nevertheless, marriage intentions may not increase
linearly with the number of days spent teleworking.
Working from home for most of the week may reduce
face-to-face interaction with colleagues and increase
feelings of social isolation (Graham et al., 2023). In ad-
dition, individuals who telework frequently may dispro-
portionately include those with heavy workloads or
those employed in particular professional occupations.
It is therefore important to distinguish between having
access to telework arrangements and actually using tel-
ework at a high frequency.
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This study employs a hybrid model that separately es-
timates within-person changes over time and between-
person differences. This approach makes it possible to
distinguish, for example, between the possibility that in-
dividuals with stronger initial marriage intentions are
more likely to select employers that permit telework and
the possibility that an individual’s marriage intentions
change after they begin working for an employer that
permits telework.

III. DATA AND METHODS

This study uses the refresh sample of the Japanese
Life Course Panel Survey for the Youth, conducted by
the Institute of Social Science at the University of Tokyo.
The analytical sample consists of 789 unmarried indi-
viduals aged 20-31 who responded to the survey in both
2021 and 2022, yielding a total of 1,578 person-year ob-
servations.

The regional analyses focus on the Kanto region—
Tokyo, Kanagawa, Saitama, Chiba, Ibaraki, Tochigi,
and Gunma Prefectures—and the Tokai region—Aichi,
Shizuoka, Gifu, and Mie Prefectures. Respondents who
moved between 2021 and 2022 were excluded from the
regional analyses. Separate models were estimated for
men and women at the national level and for the Kanto
and Tokai regions.

The dependent variable is marriage intention. Re-
spondents who answered that they “definitely want to
marry” or “would prefer to marry” were coded as 1,
while all other respondents were coded as 0. The pri-
mary explanatory variables are the availability of tele-
work arrangements and the frequency of telework, cate-
gorized as one to four days per week and five or more
days per week.

The models control for age, educational attainment,
annual income, employment status, company size,
working hours, intention to remain employed,
coresidence with parents, the presence of a romantic
partner, and the desire to have children. Detailed defini-
tions of the variables are omitted because of space con-
straints.

The analysis employs a hybrid model. This method
combines advantages of fixed-effects and random-ef-
fects models and enables the simultaneous estimation of
within-person changes and between-person differences.
It therefore allows the association between changes in
telework conditions and marriage intentions to be exam-
ined while taking time-invariant individual characteris-
tics into account to some extent.

Because the sample from Mie Prefecture alone is lim-
ited, the present study uses the national analysis as its
foundation and explores regional characteristics through
the results for the Tokai region, which includes Mie Pre-
fecture.



IV. ResuLts

A. National Results

At the national level, beginning to work for an em-
ployer that permits telework was positively associated
with an increase in marriage intentions. The coefficient
for the full sample was 0.192. In the gender-specific
analyses, a statistically significant positive association
was observed only among women, with a coefficient of
0.251.

This result suggests that, particularly for women, a
workplace environment that allows employees to choose
flexible working arrangements when necessary may be
more closely associated with marriage intentions than
the actual frequency of telework.

By contrast, neither teleworking one to four days per
week nor teleworking five or more days per week was
clearly associated with marriage intentions. At the na-
tional level, therefore, the availability of telework as an
institutional option may be more important than the
number of days on which telework is actually used.

Among the other variables, the desire to have children
was consistently and strongly associated with marriage
intentions. Respondents with a romantic partner also
tended to have stronger marriage intentions. However,
changes in whether the same individual had a romantic
partner were not clearly associated with changes in mar-
riage intentions.

This finding suggests that having a romantic partner
may not itself strengthen marriage intentions. Rather, in-
dividuals who already have strong marriage intentions
may be more likely to have a romantic partner. Educa-
tional attainment, income, employment status, and
working hours showed only limited associations with
marriage intentions.

Tablel. Hybrid Model Estimates

The national results suggest that economic and em-
ployment conditions may affect the likelihood that indi-
viduals are able to realize their desire to marry more
strongly than they affect the desire to marry itself.

B. Results for the Kanto Region

The Kanto sample consisted of 564 observations, in-
cluding 242 observations for men and 322 for women.
Working for an employer that permitted telework was
not clearly associated with marriage intentions.

Among women, however, teleworking one to four
days per week was positively associated with marriage
intentions at the 10 percent significance level, with a co-
efficient of 0.174. No statistically significant association
was found for teleworking five or more days per week.

As in the national analysis, the desire to have children
was consistently and positively associated with marriage
intentions. Among men, longer working hours tended to
be associated with weaker marriage intentions, and non-
regular employment also showed a negative tendency.

C. Results for the Tokai Region

The Tokai sample consisted of 176 observations,
equally divided between men and women, with 88 ob-
servations for each group. Individuals working for em-
ployers that permitted telework tended to have stronger
marriage intentions. A statistically significant positive
association was found particularly among women, with
a coefficient of 0.366.

Regarding the frequency of telework, teleworking
one to four days per week was positively associated with
marriage intentions among women, with a coefficient of
0.508. By contrast, teleworking five or more days per
week was significantly and negatively associated with
marriage intentions among men, with a coefficient of —

of Marriage Intentions

Block National Kanto Region Tokai Region
within between within between within between
term All Male Female All Male Female All Male Female All Male Female All Male Female All Male Female
Demographic Characteristics
University Degree - - —|-0.004 -0.008 0.001 —_ - -0.006 0.072 -0.034 —_ - —_ -0.014 -0.046 0.002
— — —|©.018)  ©.029  (0.022) — —|  0.033) (0062  (0.040) — — —| 0039 ©077)  (0.044)
Personal Annual Income 0.035 0.057 -0.005 0.016 0.014 0.018 -0.002 0.084 -0.005 0.016 -0.010 0.014 -0.266 0.079  -0.7361 0.023 0.023 0.069
0.049)  (0.063)  (0.072) |(©.011)  (0.015  (0.019) 0.069)  (0.078)  (0.117)]  (0.015)  (0.021)  (0.029)| (0.197  (0.163)  (0.397)]  (0.039)  (0.050)  (0.047)
Employment Status
Non-regular Employment -0.090 -0.168 -0.044 -0.043 -0.097* 0.005 -0.078 0.06 0.026 -0.031 -0.205F 0.034 -0.309 -0.235 -0.531 -0.074 -0.142 -0.136
(0.099)  (0.142)  (0.143)  [(0.028)  (0.047)  (0.035) 0.202)  (0.258)  (0.295)  (0.046)  (0.105)  (0.047)|  (0.311)  (0.779)  (0.735)|  (0.089)  (0.129)  (0.102)
Self-employed / Other -0.014 -0.016 -0.070 0.03 0.029 0.03 -0.092 -0.131 0.084 0.05 -0.039 0.092 -0.061 0.920% -1.400* 0.02 0.076 -0.199
(0.118)  (0.156)  (0.188)  [(0.040)  (0.058)  (0.057) 0.187)  (0.218)  (0.282)]  (0.072)  (0.125)  (0.081)]  (0.511)  (0.529)  (0.559)|  (0.074)  (0.105)  (0.199)
Not Employed 0.056 -0.123 0.2491 -0.025 -0.085 0.028 -0.019 -0.436 0.274 -0.036 -0.055 -0.017 -0.014 — 0.649 -0.339* -0.502* -0.216
0.108)  (0.170)  (0.145)  [(0.051)  (0.071)  (0.068) 0.202)  (0.348)  (0.242)]  (0.089)  (0.127)  (0.129)]  (0.561) —  (0.606) (0.135)  (0.218)  (0.212)
‘Working Conditions
Working 8+ Hours per Day -0.031 -0.030 -0.020 0.01 -0.045 0.048 -0.138 -0.505* 0.102 0.011 -0.003 0.029 0.02 0.515 -0.534 =0.118F  -0.244** -0.237
(0.080)  (0.121)  (0.114)  [(0.034)  (0.049)  (0.052) (0.139)  (0.200)  (0.203)]  (0.053)  (0.088)  (0.074)|  (0.235)  (0.393)  (0.586)|  (0.062)  (0.091)  (0.142)
Company Size (300+ Employees) -0.034 -0.014 -0.032 -0.004 -0.005 -0.002 0.05 0.16 -0.016 0.032 -0.013 0.014 -0.013 -0.166 0.235 -0.066 -0.122 -0.029
0.072)  (0.105)  (0.106)  [(0.021)  (0.033)  (0.027) 0.137)  (0.185)  (0.205)]  (0.034)  (0.058)  (0.045)| (0.193)  (0.189)  (0.396)|  (0.049)  (0.083)  (0.055)
Workplace Environment
Telework Available 0.192* 0.116 0.251* -0.004 -0.020 -0.023 0.149 0.129 0.235 -0.020 0.034 -0.095 0.136 0.451 0.208 0.160% 0.074 0.336%*
(0.080)  (0.113)  (0.116)  [(0.030)  (0.045)  (0.042) (0.115)  (0.201)  (0.154)]  (0.056)  (0.072)  (0.084)|  (0.384)  (0.435)  (0.530)]  (0.084)  (0.08)  (0.101)
Telework Frequency
Teleworking 5+ Days per Week  [-0.058 0.139 -0.125 0.02 0.036 0.026 -0.081 0.126 -0.072 0.016 -0.002 0.075 0.504 -0.201 0.635 -0.223 -1.445%** -0.2801
(0.194)  (0312)  (0.237)  [(0.047)  (0.075)  (0.062) 0.260)  (0.391)  (0.362)]  (0.076)  (0.105)  (0.111)|  (0.421)  (0.423)  (0.481)] (0.185)  (0.254)  (0.151)
Teleworking 1-4 Days per Week [-0.152 -0.096 -0.175 0.041 0.044 0.074 -0.150 -0.101 -0.170 0.036 -0.127 0.1741 0.252 -0.049 -1.225 0.064 0.216 0.508*
0.093)  (0.148)  (0.123)  [(0.044)  (0.079)  (0.056) 0.138)  (0.202)  (0.202)]  (0.070)  (0.105)  (0.095)|  (0.344)  (0.335)  (0.832)] (0.157)  (0.176)  (0.200)
Intention to Continue Working -0.052 0.019 -0.089 -0.010 -0.005 -0.001 -0.047 -0.001 -0.058 -0.006 0.079 -0.053 -0.3381 0.354 -0.475* -0.039 -0.089 0.04
(0.053)  (0.088)  (0.068)  [(0.020)  (0.035)  (0.026) 0.089)  (0.131)  (0.120)]  (0.036)  (0.065)  (0.049)|  (0.19)  (0.302)  (0.200)]  (0.042)  (0.064)  (0.038)
Family and Life Course
Living with Parents -0.099 -0.005 -0.154 -0.018 0.004 -0.0451 0.022 0.4191 -0.203 0.028 0.022 0.005 0.213 0.4 -0.096 -0.058 0.002 -0.046
(0.082)  (0.146)  (0.099)  [(0.019)  (0.032)  (0.027) (0.166)  (0.229)  (0.200)]  (0.033)  (0.054)  (0.048)|  (0.275)  (0.315)  (0.527)|  (0.044)  (0.082)  (0.052)
Has a Romantic Partner 0.018 0.068 -0.009 0.038* 0.013 0.042* -0.036 -0.173 0.036 0.096%** 0.113* 0.103** -0.115 -0.5791 0.141 -0.068 -0.040 -0.1511
0.072)  (0.132)  (0.087) [(0.017)  (0.031)  (0.021) (0.146)  (0.258)  (0.185)]  (0.027)  (0.045)  (0.033)| (0.187)  (0.343)  (0.265)|  (0.048)  (0.073)  (0.079)
Desire to Have Children 0.551%**  0.534***  0.560*** |0.191***  0.218***  0.178*** 0.559%**  0.552%**  (.547*** 0.149** 0.182* 0.088( 0.633*** 0.626%*  0.710%** 0.159* 0.242* 0.226*
0.038)  (0.059)  (0.052) [(0.028)  (0.047)  (0.038) 0.062)  (0.081)  (0.098)]  (0.048)  (0.084)  (0.061)| (0.133)  (0.203)  (0.195)| (0.071)  (0.105)  (0.091)
Observations 1578 688 890 1578 688 890 564 242 322 564 242 322 176 88 88 176 88 88
Adjusted R? 0.435 0.440 0.420 0.435 0.440 0.420 0.450 0.478 0.424 0.450 0.478 0.424 0.398 0.366 0.516 0.398 0.366 0.516
“p<.10, *p<.05. **p<.0l. ***p<.00l,
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1.445, and also showed a negative tendency among
women.

In the Tokai region, moderate telework was therefore
positively associated with marriage intentions, whereas
high-frequency telework tended to be associated with
weaker marriage intentions.

As in the national analysis, the desire to have children
was positively associated with marriage intentions.
Among women, a stronger intention to remain employed
tended to be associated with weaker marriage intentions.
Among men, longer working hours tended to be associ-
ated with weaker marriage intentions.

Because the sample size for the Tokai region is lim-
ited, these results should be interpreted as exploratory
findings.

V. DiscussioN

Because the number of respondents from Mie Prefec-
ture alone is limited, the present study cannot statisti-
cally identify characteristics specific to the prefecture.
Nevertheless, the results for the Tokai region, which in-
cludes Mie Prefecture, provide several implications for
understanding marriage and family formation in the re-
gion.

First, women in the Tokai region who worked for em-
ployers that permitted telework tended to have stronger
marriage intentions. Many residents of Mie Prefecture
commute not only within the prefecture but also to
neighboring areas such as Aichi Prefecture. Flexible
working arrangements may therefore reduce the burden
of commuting and make it easier for individuals to envi-
sion balancing employment and family life.

Telework may consequently be understood not only
as part of work-style reform but also as a factor related
to the settlement of young people and their family for-
mation.

Second, teleworking one to four days per week was
positively associated with women’s marriage intentions
in the Tokai region, whereas teleworking five or more
days per week showed a negative tendency among both
men and women. This result suggests that increasing the
number of telework days may not in itself be beneficial.
Instead, an environment that combines flexible working
arrangements with opportunities for face-to-face inter-
action may be more important.

Third, among the variables other than telework, the
desire to have children was most strongly associated
with marriage intentions. A stronger intention to remain
employed among women and longer working hours
among men were negatively associated with marriage
intentions.

These findings suggest that young people’s marriage
intentions are closely connected to their working ar-

rangements and expectations regarding their future lives.

They also highlight the importance of creating condi-
tions that support employment stability and the reconcil-
iation of work and family life.

Furthermore, employment conditions and demo-
graphic trends differ substantially across areas within
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Mie Prefecture. Policies should therefore take account
of the actual living and working conditions of young
people in different parts of the prefecture.

Although this study is exploratory, identifying re-
gional characteristics through comparisons with national
trends provides a meaningful basis for considering fu-
ture policies related to marriage and family formation at
the regional level.

V1. CoNcLUSION

Using data from the 2021 and 2022 waves of a panel
survey of young adults, this study examined the associ-
ation between telework and marriage intentions among
young unmarried adults in Japan as a whole and in the
Kanto and Tokai regions. The analysis employed hybrid
models to distinguish within-person changes from be-
tween-person differences.

At the national level, working for an employer that
permitted telework was positively associated with mar-
riage intentions, particularly among women. In the To-
kai region, both the availability of telework arrange-
ments and teleworking one to four days per week were
positively associated with women’s marriage intentions.
By contrast, teleworking five or more days per week
showed a negative association or tendency among both
men and women.

The desire to have children was consistently and pos-
itively associated with marriage intentions across both
the national and regional analyses.

These findings suggest that marriage intentions may
be associated not so much with the frequency of tele-
work itself as with the availability of an environment in
which flexible working arrangements can be selected.
The associations also varied by region and gender, high-
lighting the need to consider regional employment con-
ditions and living environments.

This study has several limitations. First, the analysis
is restricted to two survey waves, 2021 and 2022, and
therefore cannot adequately capture long-term changes.
Second, the sample sizes for the Tokai region and Mie
Prefecture are limited, requiring caution in interpreting
the results. Third, this study examines marriage inten-
tions rather than actual transitions into marriage.

Future research should use longer-term panel data to
examine the transition from marriage intentions to actual
marital behavior. It is also necessary to accumulate fur-
ther data on individual regions, including Mie Prefecture.

The perspective adopted in this study—identifying
regional characteristics through comparison with na-
tional trends—provides one useful approach to under-
standing the realities of marriage and family formation
at the regional level.
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