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Soybean (Glycine max (L.) Merr.) is one of the legume grains which contains rich protein and oil, and its
phytochemicals such as flavonoids are beneficial for human health. It is commonly used as a medicinal and
traditional food in many Asian countries. In particular, in Japan and Indonesia, most soybeans are processed
into soymilk, tofu, soy sauce, natto (fermented with Bacillus subtilis, popular in Japan), and tempeh (fermented
with Rhizopus oligosporus, commonly consumed in Indonesia). The soybean grade is divided based on specific
seed chemical and physical properties (i.e., seed size and color). The large size of soybean seeds often makes
tofu and soymilk, while the small seeds are preferable to produce natto, tempeh, and soy sauce. Seed coat color
is an important parameter to assess the presence of phytochemicals (anthocyanins, flavonoids, phenol), which
have antioxidant activity. For example, black soybeans have a higher anthocyanin content, while yellow
soybeans have a high isoflavone content. Along with the high demand for soybean products, identifying seed
phenotypic and evaluating phytochemicals content has become necessary. This thesis aims to clarify the
relationship between phenotypic and antioxidants by investigating the phenotype of Japanese and Indonesian
soybeans and evaluating their phytochemical content.

Twenty-six soybean accessions were first selected, of which 23 accessions are commonly consumed in
Japan. These accessions were obtained from the National Agriculture and Food Research Organization (NARO)
Genebank Project and the National BioResource Project (NBRP) for Lotus/Glycine in Japan. All soybean
accessions used in this study were grown in a field at Saito City, Miyazaki Prefecture, Japan, in 2015. The total
flavonoid, phenol, and 12 major isoflavones were determined using high-performance liquid chromatography
(HPLC). Moreover, the antioxidant activity of each soybean accession was examined using an antioxidant-
responsive element (ARE) linked to a luciferase reporter in human HepG2 stable cells. As a result, the relative
ARE luciferase activity rate of 26 soybean accessions varied up to 4-fold, and 22 accessions significantly
increased compared to the negative control. In particular, soybean accessions, namely Williams 82,
Himeshirazu, Akisengoku, Nattou kotsubu, and Akasaya were prominent in relative ARE luciferase activity.
Meanwhile, four accessions (Wase kuro daizu, Kurodaizu [Ao higuu chuu], Koito, and Oni Hadaka) showed no
significant activity. In addition, 22 soybean accessions with high antioxidant activity were not necessarily high

in total phenol or flavonoid content. Correlation analysis revealed that the antioxidant activity had a significant

and positive correlation with the level of total isoflavone content. Moreover, quantitative data on the seed




phenotype showed that the seed coat color correlated with total flavonoid and phenol content.

The diversity of soybeans is also found in Indonesian soybean varieties. Although the amount of soybean
germplasm in Indonesia is relatively small compared to other Asian countries, the variety exhibits high diversity
in agronomical and morphological characteristics. A total of 20 varieties of Indonesian soybeans were obtained
from the germplasm collection of the Indonesian Legumes and Tuber Crops Research Institute (ILETRI),
Malang, East Java, Indonesia. These varieties are widely cultivated in Indonesia and known for their high-
quality products and resistance to pests and diseases. The phenotypic data were examined, which consisted of
quantitative data (weight, seed flatness, seed index) and qualitative data (the color of the seed coat, hilum, and
cotyledon). Next, whole soybean seeds were powdered and extracted to determine the biochemical components,
including crude protein, oil content, total phenol, flavonoid, and antioxidant activity. The antioxidant activity
was examined using the 2,2-diphenyl-1-picrylhydrazyl (DPPH) method and represented by half-inhibitory
concentration (ICso) values. The results showed that four soybean varieties, namely Detam 1, Detam 2, Dering
1, and Grobogan, contained high total flavonoids and total phenols. These varieties also showed low ICs values,
effectively inhibiting free radicals in DPPH solutions with a small amount of soybean extract. However, their
biochemical components, such as protein and oil content, were not necessarily high. Correlation analysis
showed that antioxidant activity correlated with total flavonoids, total phenol, and seed size (seed flatness
index). Therefore, each soybean variety has advantages in its biochemical or antioxidant activity.

From these results, the relationships between the phenotype and their antioxidants in Japanese and
Indonesian soybeans have been uncovered. These findings would support the understanding of the mechanism
by which varietal differences influence the antioxidant activities in soybeans. This information could be

valuable in soybean breeding to generate a cultivar that contains a high amount of antioxidants in the future.
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Lehman's law mentions that software tends to decrease the structure quality while
adapting to environmental changes. The software size will grow and get more complex because
of adapting to the changes. As a result, the code, classes, and modules are expanded and become
complicated. The unstructured accumulation and misarrangement of software components make
the software difficult to understand and maintain.

Refactoring of software structure after the changes is the way to prevent the software
structure quality. Refactoring is an alteration of software's internal structure without affecting
the outer behavior. The refactoring activity starts with finding potential places or areas that have
decreased the structure quality. There are two approaches to knowing the potential area:
measuring the quality using the metrics and finding the smell as an indicator of reducing the
quality. Once the potential area has been found, then refactoring is applied. The refactoring
activity is mostly done at the source code level. Shifting refactoring to design artifacts, such as
class diagrams, is expected to impact the software quality positively. On the other hand, the
Model Driven Software Engineering (MDSE) theory uses the design artifact as an orientation in
software development. However, there has not been enough exploration of the merging of
refactoring and MDSE. In addition, MDSE offers time benefits when applied to refactoring
processes. Finally, bringing the refactoring process to the design artifact enables the refactoring
to be analyzed or implemented from a higher abstraction level and raises awareness of software
structure.

Shifting from the source code to the design artifact brings new challenges in the
refactoring research fields. The design artifact has more abstract than the source code. There is
limited information that lies in the design artifact. The design-level refactoring study is related
to how to find the potential area in the design artifact and how to do the refactoring process
using the design artifact. The main problems are collecting valuable information, finding the
potential area (smell detection), refactoring, and evaluating the result using a class diagram as a
design artifact.

The thesis proposes four approaches to solve the problems in the following direction. First,

the research will use a class diagram as an object of study because it represents architecture




software based on the arrangement of classes. The diagram is described in notation and name
labels in written form. A deep analysis using the natural language processing to the class
diagrams is required to collect valuable information.

Second, classification approaches utilize valuable information to find Blob smell in class.
The Blob smell indicates the decreasing quality of software related to the class. The Blob smell
occurs when a class has too many methods and attributes and has poor cohesion. Therefore, the
refactoring activity will be focused on the class Blob smell.

Third, the class decomposition approach is proposed as one of the refactoring activities to
solve Blob smell. Class decomposition is breaking down large or complex classes into smaller
classes to make them manageable and more cohesive. The class decomposition process uses the
threshold-based agglomerative hierarchical clustering approach by using the class diagram
information to measure the distance between class elements.

Fourth, a comparison study needs to be conducted to determine the impact of design-level
class decomposition on software maintainability. The comparison between the source code that
applies the design-level class decomposition recommendation and the original source code will
show the impact of design-level class decomposition on the software maintainability.

As a research result, several data collected from the class diagram are considered valuable
information. The data is the number of methods, number of attributes, number of relations
between method and method, number of relations between method and attribute, number of
relations between attribute and attribute, the maximum relation capacity in class, and cohesion
value. The valuable information leads to finding Blob smell in a class with an accuracy average
of 80%.

The class decomposition process uses the threshold-based agglomerative hierarchical
clustering algorithm. The clustering process focuses on separating the class element to break the
class into smaller classes. The elements distance measurement uses the syntactic (syn) and
semantic (sem) metrics on the class element's label. The algorithm was also enhanced with
consideration of the cluster's silhouette value (s(i)) and class usability score (CUsability) to
optimize the clustering result. As a result, the class decomposition produces a promising cluster
result with higher silhouette scores compared to the previous approach.

The design-level class decomposition using threshold-based agglomerative hierarchical
clustering produces a set of recommendation classes to implement at the source code level. The
comparison of the original class and decomposed class at the source code level shows promising
results. The statistical analysis comparing the quality metrics score shows high differences
between the original and decomposed classes. Moreover, in case quantifying the impact, the
result of the statistical analysis shows the rank biserial value of 0.69, which can be interpreted
as being very large. As the final result, the design-level class decomposition approach has a very
large, positive, and significant effect on software maintainability.
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Many species of small mammals are kept as zoo animals and pets worldwide
although the proper management to improve reproductive outcomes and social environments
of small mammals has not been well established. The social environment experienced by the
offspring is crucial for normal behavioral development of the individual. Therefore, social
separation during early life can cause various problems when raising animals. It has been
reported that these problems affect the development of the brain nervous system, resulting in
changes in the behavioral tendencies of laboratory mice and rats. On the other hand, diurnal
precocial rodent models are rare although those are frequently kept as zoo animals and pets.
Among those, Octodon degus has attracted a lot of attention in recent years because it exhibits
high intelligence and strong social attachment despite its small body size.

The period after sexual maturity is longer than the developmental period in the life
history of O. degus. However, previous studies have reported only short-term effects of early
life stress on the degu development, and few have followed the same individuals long enough
to assess the effects of early life stress on it after sexual maturity. Hence, it is important to
reveal the long-term effects of early-life social separation on the behavioral tendencies of the
individual. In addition, how the social environment in the early postnatal period affects
reproductive activity is also an important issue. This is because that the pregnancy time is
quite a long and correct and frequent estimation of the reproductive status and progress of
individuals are difficult in the O. degus. Furthermore, it is desirable that such surveys can be
conducted not only in laboratory but also in outdoor conditions such as zoos. From these
viewpoints, we conducted the studies to elucidate the long-term effects of social separation
on the behavioral development of offspring and to establish the approach to estimate
reproductive status by measuring body temperature.

The dissertation consists of four chapters.
Chapter 1 described the background and purpose of the dissertation.

Chapter 2 described the long-term effects of early-life stress (ELS) induced by social
separation on individual behaviors later in life using the social and precocious species
Octodon degus. Four experimental groups were established a positive control group of
mothers and siblings from six litters comprised the socially housed (SH) group, while pups




from seven litters were randomly assigned to three treatments: pups experiencing no
separation (NS) treatment while their siblings did; repeated bouts of consecutive separation
(CS); intermittent separation (1S). The date of birth confirmation was set as Postnatal day 0
(PNDQ), and behavioral tests were conducted on PND21, 50, and 245 to compare behavioral
trends. Bodyweights were also measured to compare gain trends. There were no obvious
effects of ELS on the bodyweight gain, but ELS had "direct" and "indirect" effects on
behavioral tendencies of degus. ELS was correlated with higher hyperactivity, and
hyperactivity increased with more frequent separation. A noteworthy finding is that
individuals in the NS (IELS) group, who did not experience parental separation themselves,
but had siblings who did, exhibited changes in behavioral trends like those who experienced
separation (DELS) later in life. In addition, we illustrated differences in the pattern of changes
in behavioral tendencies between males and females across groups, with the largest
differences between the sexes observed in the SH group compared to the DELS and IELS
groups.

Chapter 3 discussed the effectiveness of measuring body temperature (Ty) for
predicting the reproductive profile of female small mammals both under laboratory and field
conditions. To establish the study approach to estimate reproductive status by measuring Tp
fluctuation during reproduction, we focused on wild mice, Apodemus speciosus, whose body
size and reproductive characteristics are equivalent to those of laboratory mice, because data
for laboratory mice could become the best reference. Ty fluctuation was monitored for four
breeding events in the laboratory and for three in the field. Individual variation in Ty
fluctuation during reproduction was larger in the field than in the laboratory, while its
temporal pattern was clearer in the field than in the laboratory. Ty fluctuating patterns
according to the progress of the reproductive stage were similar between the laboratory and
the field. Daily mean Ty increased after the start of pregnancy, decreased during late
pregnancy, rapidly increased after parturition, and remained higher through the lactation
period. In particular, the following three characteristics should be apparent indices of
parturition: increase of daily mean Ty and daily minimum Ty in early pregnancy, decrease of
daily max Ty and daily mean Ty, in late pregnancy, and increase of daily max Ty, at the day of
parturition. These results indicate that measuring Ty enables us to predict the reproductive
profile of female A. speciosus, both under laboratory and field conditions.

Chapter 4 concluded this dissertation and illustrated future works.
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XA F 2%, /NTF (Rosaceae) ¥+ F =& (Rubus) TS, THEE OREFGEMOREE D H
5, REICEEND TV b7 = FORRMEMRSNER STV 5. BATHORESHEMLTE
0, WIRRHF TOREECE EELT, WNEIZ LD E LEERHITO T AXRY —FEERTLE I T
WD, TARY =X, JORMEMEICZ L B TOREE N KIS TH Y, JUNZR & OBEHTOR
ERNEETHY, R TIET 7 OBARE 2RI L 72 HE R AZHEC L0 B OB AN EKA 5T
W5, KR, TERBARECH ST T A F 2 (R parvifolius) X, AARSEIZHAL, BRELEIS
HREWEE LTHMHER TS, ZhBEBE XL FOMEEITo 7.

FT, FUIRATFIOERMEICET 2B Z1T O 720, BARREDNS 149 EIRIE L,
HERRR DNA TdHh % Maturase K (MatK) i35 L U% DNA Td % Internal transcribed spacer (ITS) 38 1k
®D DNA > —7 = AT & T 72, T OREE, MatK fEig 3 ARSI IZ E A EERNR LT,
MR bR SN oo, L LD, ITS I CIIBERE B DTV v a A F I DOITF;
RA B RPRE, ABRENSIUNCBAET DD LRRY, 2002 A4 FITHHTEDLZ LR
HoNnE7RoT.

I, REOBEREIER S ZHET 2720, (RIFAFE 4, 7 A —6 Wl L7 7 v 7~
U—2@fEIZBT 2T T =y, R 72 ) — A BLXOBBLEEOFHE 21T > 72, W oH
HIZBWTHERTI ARY —THDH ‘Blackcap’” (JP1) BLT ‘BlackJewel’ 23MlLod o F 2 & Lhilig
LTHERBWEI RSN, £z, ZRLODORERT AXNY —IT3RHEIRT o o7 =0Tho
cyanidin-3-xylosylrutinoside 73 & £ 1TV 7=,

EBIZ, TANY =L HIFRICAAET 2T U, FILOMEMELBR L. KT AXRY —

‘Indian Summer’ &G U v a A F I OREBMERE IR TICBWCHEE R EZ /R L, EF72R
LERVBHER CE Iz, o, ZFRVMEELRL, SEMEO AR RE S, BRI o
T A REEPBEWEE L LAEICE N T2, S 5IT, ABFPE THEEMER D 23 E N 2 & & RS
L7 BT ARY —JP1 & OFEMZHEEZIT > 7. 15 D7z F24E 1L Simple sequence repeat ~ — 77 —IZ &
D MEREVE SRS S AT, E T2, FERTHERE BCP2 DZFIZ = /b b F B 21T\, # A5 4 (2n=4x=28)
ZER LU H ORI R 2R L, RS L TR RE S, IEWRREE AR L.

iED X ST, fERBART UV ul FITDT ARY —FRE~OFHOAREEENS TR S, £
7o, BARBRENOINE LT U A F AFEREHEIGHETZ T TR, B BROBEERBIZEIR &
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The effect of antibiotic-resistant bacteria and antibiotic—
resistant genes released from wastewater treatment plants on
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Antimicrobials are one of the crucial therapeutic modalities in the treatment of infections
caused by microorganisms. However, the emergence of antibiotic-resistant bacteria (ARB),
which are ineffective against antibiotics, poses a global public health threat, and the WHO warns
that by 2050 the mortality rate from antibiotic-resistant infections will exceed the mortality rate
from cancer. As wastewater treatment plants (WWTPs) are facilities for collecting and treating
municipal wastewater, high proportions of ARB are universally discharged into rivers after
treatment. However, it is difficult to completely remove the ARB contained in wastewater,
indicating that WWTPs may be a reservoir of ARB in the water environment. Despite this
potential risk, there is very little information and knowledge about the persistence of ARB in
WWTPs, the behavior of them during various treatment processes, and the impact of ARB
released from WWTPs on the bacteria present in rivers. So, in this study, the antibiotic resistance
prevalence and survival of Escherichia coli (E. coli) in wastewater were investigated in Chapter
2, the antibiotic resistance prevalence and survival of E. coli and other coliforms in each
treatment process of an urban WWTP were monitored in Chapter 3, and the acquisition of
antibiotic resistance of E. coli in river water was investigated in Chapter 4.

In Chapter 2, changes in the relationship between the number of E. coli strains, phylogenetic
groups (phylogroups), and resistance profiles to antimicrobial agents were investigated in batch
experiments on municipal wastewater from two different WWTPs during a 14-day aerobic
mixing condition. The results confirmed that B2 was the dominant phylogroup of antibiotic-
resistant E. coli strains that commonly remained after the aerobic batch 14-day experimental

period, including the most significant extended-spectrum B-lactamase (ESBL) -producing




resistance, as well as an increasing proportion of antibiotic resistance in the surviving E. coli
strains. In Chapter 3, three monitoring surveys were conducted at an urban WWTP to investigate
the resistance rates of ESBL-producing E. coli and other coliforms in each treatment process.
Although the final chlorination process reduced E. coli and other coliforms, it was observed that
ESBL-producing E. coli and coliforms remained viable in the treated water and were discharged
into the river. In addition, some opportunistic pathogens such as Klebsiella and Enterobacter,
which have ESBL-producing genes, were also detected in the treated water. In Chapter 4,
resistance transmission experiments were conducted to determine whether ESBL-producing E.
coli transfer resistance genes to Shiga toxin-producing E. coli (STEC) in rivers and as well as
their conjugation rates. It was confirmed that ESBL-producing E. coli remaining in the treated
effluent can transfer the resistance to STEC in the river. It was confirmed that ESBL-producing
E. coli remaining in the treated effluent can transfer the resistance to STEC in the river. The
resistant E. coli were delivered to the river from the treated water of the WWTP and a pathway
exists for E. coli in the river to acquire resistance.

The main finding of the study is that WWTPs serve as reservoirs of ARB and ARGs, and they
pose a potential risk to human health. The study confirms that the release of effluent from a
WWTP containing ARB and ARGs can contribute to the spread of resistance in the water
environment, and the incomplete removal of ESBL-resistant bacteria during treatment can lead
to the outflow of these bacteria into receiving rivers. This study was conceived on the basis of a
WWTP to reduce the risk of resistance of this bacterium in the living environment, which is a
novel and unique attempt to determine the spread and development of resistance by re-culturing
E. coli in an in vitro experiment. WWTPs are not sufficiently effective in reducing the risks
posed by current ARB and new treatment technology innovations are needed, and the results of
this study could provide strong evidence for evaluating new systems. If the processes by which
resistance is acquired in the water environment can be identified, it could make an important
contribution to improving sanitary contamination in the management of this water environment.
This study is expected to be an important study of resistant bacteria from Japan to the world, as

the country lags behind in investigating ARB and ARGs in the water environment.
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Long-term Leaching Behavior and Geochemical Modeling of
Cement Solidified Industrial Waste Incineration Fly Ash
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Waste incineration is a widely used treatment method, necessitating sustainable approaches for
the proper recycling of large volumes of incineration ash to mitigate environmental impacts and
reduce landfill space consumption. Studies have focused on the potential of recycling
incineration ash as a replacement for natural aggregates in civil engineering applications, such
as road construction. In this thesis, the aim is to investigate the long-term evolution of leachate
chemistry, mineralogical transformation, and heavy metal fixation performance of recycled
roadbed material using boiler fly ash obtained from industrial waste incineration of waste tires
and biomass. In Chapter 1, the background, main objectives, significance, and structure of this
thesis dissertation are described. Furthermore, the existing research gaps in using cement-
solidified incineration ashes as a recycled aggregate in road construction and the necessity to
predict the long-term leachate quality are also presented. In Chapter 2, a critical review of the
literature concerning waste incineration ashes and geochemical modeling applications with
waste disposal and recycling are compared. The literature review attempts to provide an
assessment of the current state of knowledge in this field, supported by a comprehensive list of
modeling methodologies relevant to various types of waste incineration ashes originating from
municipal and industrial waste. Chapter 3 focuses on describing the mineral and chemical
characteristics of the raw boiler fly ash (BFA) and a cement-solidified material using the same
ash (SFA). By performing standardized batch leaching tests, it was confirmed that the BFA
material contains a significant amount of soluble heavy metals like Pb that could pose a threat
to the environment. Using the cement solidification technique an adequate mixing ratio was
established to produce solidified fly ash (SFA) to reduce the leachability of heavy metals. To
evaluate the effects of cement solidification chemical and mineral analysis was conducted on
both BFA and SFA. The mineral composition of BFA shows a predominance of anhydrite,
calcite, and calcium silicate. On the other hand, SFA exhibited a composition comprising quartz,
calcium aluminum silicate, gypsum, and calcite. The environmental impact of utilizing SFA as
a road base aggregate was assessed through standardized regulatory batch leaching tests. In
addition, field samples from a 5-year pilot test site that utilized SFA were analyzed.
Encouragingly, the results demonstrated that the concentrations of Cd, Pb, As, T-Cr, and Ni
were all found to be below the limits of permissibility. Furthermore, the pH-stat tests reveal a




decline in the concentration of released heavy metals in SFA, even when subjected to highly
acidic conditions (pH < 4) compared to that of the BFA sample. Although the results show
favorable attributes of SFA in reducing heavy metal leachability it is concluded that further
studies examining the effectiveness in the long term need to be evaluated. Consequently, in
Chapter 4 column leaching experiments spanning 20 months were conducted. The experimental
setting consisted of representing an acidified environment and saturated conditions. By
constantly collecting leachate samples the monitoring of the long-term leaching of major ion
components (Ca, Na, Cl, K, and SO4) and heavy metals from the SFA was achieved. Leachate
sample analysis showed that the mineral and chemical composition of the SFA material acts as
a pH buffer maintaining an alkaline composition. On the other hand, significant heavy metal
concentration detected could not pose a threat to the environment, and “prewashing” of the SFA
material before its utilization is recommended. Furthermore, considering the duration and
conditions of the experiment representing more than 100 years of leaching, a further
understanding of the long-term leaching process through numerical modeling needs to be
considered. In Chapter 5, the application of geochemical modeling and numerical models are
evaluated to simulate the column-leaching experiment conditions. Initially, geochemical
speciation modeling using PHREEQC was employed. The modeling results suggest that, under
the experimental conditions, the main mineral composition of the SFA material may comprise
calcium compounds such as ettringite, portlandite, gypsum, and anhydrite. HYDRUS-1D and
its HP1 component were used to simulate the column leaching conditions using the Dual-
porosity model. An adequate fit between modeled and measured data was obtained for pH and
major ion components. The results indicate that mineral solubility plays a significant role in the
release of major ion components and acts as a pH buffer maintaining alkaline conditions.
Chapter 6 presents the conclusions on the characteristics and modeling of SFA material. The
study enhances our understanding of incineration ash, particularly in terms of leachability and
environmental impact. Recycling these materials for sustainable applications shows promise,
but the presence of hazardous heavy metals and their long-term leaching rates must be
considered. The research emphasizes the significance of proper waste management strategies
and the need for ongoing investigation into sustainable waste utilization in engineering
applications. Notably, despite the presence of hazardous heavy metals, the study suggests that
SFA exhibits significantly low leaching rates over a long-term period, offering valuable insights
for sustainable waste management practices.
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Establishment of estimation model of agrivoltaic systems
maximizing for both photovoltaic electricity generation and
agricultural production using photosynthetic photon flux density
under solar panels based on solar irradiation data
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Chapter 1. Introduction

Climate change and increasing food demand are global issues that require immediate attention.
The introduction of solar panels to mitigate climate change and farmland to produce more food
for a growing population require land, but the world finally understands that the world's land is
limited after witnessing the deforestation of precious tropical rainforests and local forests such
likes Satoyama that sustained ecosystems. The agrivoltaic system, which involves installing solar
panels above farmland, can simultaneously solve climate and food issues. However, current
systems tend to reduce agricultural production and delay the harvest period due to shading by the
solar panels. A delayed harvest period impacts the income of farmers who wish to sell produce
at specific times.

To maximize the effectiveness of the agrivoltaic system introduction, establishing a model that
determines the correct cultivation start date to ensure the ideal harvest period for specific crops
under solar panels, calculates agricultural production and renewable electricity generation, and
calculates the expected income of farmers is important.

Previous studies aroused interest in the agrivoltaic system among farmers and investors.
However, motivated farmers and investors still require effective models to provide specific
information at the location where they plan to set it up for their decision making regarding the
system introduction.

The study established a model that calculates the amount of electricity generation and the
production of agricultural products under solar panels from a single variable, solar irradiation
data considering the ease of use for farmers and investors as users.

Chapter 2. Estimation of photosynthetic photon flux density under solar panels based on solar
irradiation data using all-climate solar spectrum model

This study focused on the photosynthetic photon flux density and employed an all-climate solar
spectrum model to calculate the photosynthetic photon flux density accurately on farmland
partially shaded by solar panels and supporting tubes. The calculated data were validated using
the photosynthetic photon flux density sensors.

To calculate the photosynthetic photon flux density under the solar panels, it is essential to weigh
the direct and diffused components shaded by the solar panels separately because they have
different spectrums. A method to quantify the shading was explored here by solar panels and their
supporting tubes for the direct and diffused component as the sun moves. The calculation formula




was established by defining the sun’s moves and the positions of solar panels and their supporting
tubes in terms of elevation and azimuth angles from the observation point.

It was found that the waveform based on the calculation formula for the photosynthetic photon
flux density under the solar panels reproduced the same tendency as the measured photosynthetic
photon flux density. To evaluate this trend numerically, the measured and calculated
photosynthetic photon flux density were compared using the standard residuals. The result of this
study showed that the standard residual values were high negative value in more frequencies.
This indicates that the calculated photosynthetic photon flux density tends to be higher than the
measured it. This difference probably occurred because the established calculation formula
targets the shading provided by the solar panels and supporting tubes but does not cover the
shading provided by the other system structures and could be improved by increasing the number
of days to be analyzed for the entire structure of the system. Improvements in the calculation
formula are thought to clarify also through the development of a model to evaluate the agrivoltaic
system, this study moves on development of the model.

Chapter 3. Estimation Model of Agrivoltaic Systems Maximizing for both Photovoltaic
Electricity Generation and Agricultural Production

Incorporating an existing model that calculates the amount of electricity generated by solar
irradiation, this study established a model to estimate the correct start date of cultivation for solar
panel covered crops to ensure the correct harvest date and determines the expected income of
farmers by calculating agricultural production and electricity generation using the photosynthetic
photon flux density under the solar panels established in chapter 2. Using taro cultivation in
Miyazaki Prefecture as a case study, the model estimated that the start date of cultivation should
be brought forward by 23 days to ensure the ideal harvest period and agricultural production. This
would prevent an opportunity loss of USD 16,000 per year for a farm area of 10,000 mz,
Furthermore, an additional income of USD 142,000 per year can be expected by adjusting shading
rates for the cultivation and non-cultivation periods.

Chapter 4. Conclusion

The advantage of this model is that the amount of renewable electricity generation and
agricultural production by the introduction of the agrivoltaic system can be calculated using a
single variable, solar irradiation. This simplified model is an effective tool for farmers who have
long experience in the target area and can empirically predict the impact of environmental and
weather changes on agricultural production. On the other hand, the model, which does not
consider environmental and weather impacts, may mislead farmers and investors who are
inexperienced in the target area.

The growth of agricultural products depends on various environmental factors, such as
temperature and rainfall, and is not solely determined by solar irradiation. Therefore, this study
focused on photovoltaic electricity generation and agricultural growth estimated from solar
irradiation as a first step towards a more comprehensive evaluation based on complex factors.
Establishing models from various environmental variables by utilizing advanced methods such
as Al is a subject for further study.
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