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ABSTRACT

Although the anaerobic digestion of aquatic weeds has been attempted all over the world,
few studies focus on the relationship between anaerobic digestibility and chemical compositions. The
biomass harvested from waterbody has variety of aquatic weeds species, and species composition and
chemical composition in each species might vary with the change of season. In this doctoral thesis,
development of the estimation method of annual methane productivity from seasonality of the
chemical composition and species composition of harvested aquatic weeds was performed as follows:
seasonal changes of the chemical compositions and estimation of monthly methane potential of
harvested aquatic weeds from lake Biwa (Study 1), correlation analysis between chemical
composition and anaerobic digestibility calculated by fitting to modified Gompertz model (Study 2).
In study 1, among three species harvested in monthly from Spring to Fall, chemical composition was
changed seasonally in two species, but another species did not change, indicating that life cycle of
aquatic weeds affects the seasonality of the chemical composition. On the other hand, although
methane yield were significantly varied, the difference was larger in each species: thus, methane
potential of harvested aquatic weeds can be mainly determined depending on the species
compositions. Estimation of monthly methane potential of aquatic weeds harvested from Lake Biwa
was low in autumn to spring seasons (171-186 mL g-VS™!) due to the predominance of P. maackianus.
In study 2, significant correlations were obtained between cellulose/lignin and ultimate methane yield,
cellulose/hemicellulose and maximum methane production rate, and hemicellulose content and T80,

respectively. From the equations explaining each kinetic parameters and annual estimated chemical
6



compositions of harvested aquatic weeds, anaerobic digestibility was estimated. In Study 3, ADMI1

was developed and simulated for the aquatic weeds biomass, incorporating these relationships. As a

result, the ADMI1 was able to estimate the methane production of water plant biomass with high

accuracy. In the general discussion, the operational stability of the continuous treatment was estimated

by the model and discussed for the social implementation of this treatment.



Chapter 1

General Introduction

1.1. Environmental and social issues associated with overgrowth of aquatic weeds

Aquatic weed is a vascular plant that grows in or near water and is either emergent,
submergent or floating. Generally, aquatic weeds play essential roles in providing a habitat and
spawning ground of fishes, preventing algal bloom, including harmful algae by absorbing nutrients
in the aquatic biotope, and providing oxygen into water (Gallegos et al. 2018). However, in the last
decades, excessive growth of aquatic weeds has occurred worldwide (Figure 1-1). The triggers
causing overgrowth of aquatic weeds are considered as follows; introduction of high-growth
(invasive) alien species, eutrophication by increasing nutrient loading from industrial effluent,
domestic wastewater, and agriculture (Pugliese et al. 2015), and no more comprehensive collection
of aquatic weeds for utilization (Ban et al. 2018).

Excessive propagation of aquatic weeds is causing severe environmental issues and
economic losses. For example, in India, approximately 1.32 to 2.06 Mha (9 — 14% of wetland) was
infested by aquatic weeds (Space Applications Centre, 2011). Especially, the overgrowth of Salvinia
molesta, Hydrilla verticillate, and Eichhornia crassipes in lakes and marshes have caused a decrease
in the availability of irrigation water due to transpiration as well as economic damage due as it hinders
hydraulic power generation (Kaur et al., 2017). In Lake Victoria, severe economic losses in
transportation and fisheries, accounting for 350 million US Doller per annual was caused by the

propagation of water hyacinth E. crassipes (Mkumbo and Marshall, 2014). In Lake Biwa, one of
8



western Japan’s reservoirs and the largest lake in Japan, the overgrowing aquatic weed has caused

severe social, economic and environmental issues such as sailing disturbances, a decrease in fishery

catches, and landscape issues (Haga et al., 2006; Maruno et al. 2016). Furthermore, excessive growth

of aquatic weeds has deteriorated the water quality in Lake Biwa; therefore, managing the excessive

growth of aquatic weed biomass has been considered a national-scale problem. In order to promote

the harvesting and treatment of aquatic weeds, the Ministry of the Environment and Shiga Prefecture

implemented the policy “Plan for Conservation of Lake Water Quality” and “Mother Lake 21 Plan”,

respectively (Ministry of the Environment, 2010; Scientific Committee for Comprehensive

Conservation of Lake Biwa, 2010). Currently, around 5,000 tons of macrophytes in Lake Biwa were

harvested with 0.3 billion yen per year (Shiga Prefecture, 2018). It directly affects people who depend

on aquatic ecosystem services for their livelihood, health and recreational opportunities. The

propagation of alien aquatic weeds affects to biodiversity. They can be mediated by competitively

excluding or out-competing the less robust native species, preying on native species, or altering the

natural aquatic or riparian habitat in which they reside. They can also adversely impact the

recreational and amenity use of infested watercourses by restricting angling, boating, swimming and

other water-based leisure pursuits (Stokes et al. 2004; Minchin 2007).

To solve these problems and protecting ecosystem, biomass in waterbody should be reduced.

The primary option to reducing aquatic weeds is physical removal (harvest). However, several

management options such as applying herbicides, modifying the bottom by covering concrete, and

biological removal are also attempted. Because a sustainable amount of aquatic weed biomass should
9



be remained to maintain the beneficial function of aquatic weeds, physical removal is considered the

most suitable method for managing biomass. The introduction of physical removal of aquatic weeds

requires post-treatment for harvested biomass at the same time. In most cases, harvested biomass was

piled in land and just left without any treatment or was incinerated after sun drying. Thus, the

establishment of an effective utilization process of harvested aquatic weeds can contribute to the

promotion of a recycling-based society.

1.2. Treatment of harvested aquatic weeds

As a treatment of harvested aquatic weeds, sustainable methods of converting harvested

aquatic weeds into useful products have been examined including e.g., anaerobic digestion (Koyama

et al., 2014), bioethanol (Rabemanolontsoa and Saka, 2012), feed for livestock (Tewabe et al., 2016)

and composting (Jain and Kalamdhad, 2018). Typically, harvested biomass is piled up for several

days, and transferred and has been either incinerated or composted. Incineration is considered to be

unfeasible due to the high moisture content (80-95%wet-weight) of aquatic weed. Currently,

composting has been the main treatment method of aquatic weeds in Lake Biwa. Composting is

advantageous in nutrient recycling in low treatment cost, but it is still not competitive against

chemical fertilizer mainly due to the long treatment time and the difference between the fertilizer

application time and the growth period of the aquatic weeds (Shiga Prefecture, 2012). In addition,

harvested macrophytes often contains harmful contaminants such as fish hook, which can be a risk

for farmers to get injury or contamination to the crops by using macrophyte compost. With the same
10



reason, utilization of aquatic weeds to animal feed is limited. On the other hand, bioethanol
fermentation has recently been attempted for renewable biofuel production from aquatic weeds.
Bioethanol is advantageous in transportation by its liquid form. However, it is widely known that
bioethanol fermentation of lignocellulosic biomass has a significant drawback: high cost for the
addition of enzymes.

Recently, anaerobic digestion has been receiving attention for the effective treatment method
of aquatic weeds. This method treats biomass with high moisture content, such as aquatic weeds.
Anaerobic digestion involves a series of metabolic reactions in which complex components of the
substrate are sequentially converted to methane which is used for energy. Numerous studies
performed the anaerobic digestion of various species of aquatic weeds and extensive methane yield
range of 66418 mL g-VS™! (Abbasi et al., 1990; Kobayashi et al., 2014; Koyama et al., 2014;
Fujiwara et al., 2019) has been recorded. Koyama et al. (2014) revealed that the methane yield of
aquatic weeds differs between species due to differences in the lignin contents. Lignin is a key
component that affects digestibility since it has a low degradability and coats cellulose and
hemicellulose, thereby limiting the attachment of enzymes and microbes to the others cell wall
components (Mussatto et al. 2008). This is because, although some aquatic weed species have the
same methane potential as food waste, the methane potentials of other species are lower. Thus,
lignocellulosic components affect to the anaerobic digestibility of harvested aquatic weeds (Figure 1-

2).

11



1.3. Establishment of model predicting methane productivity and its application

To assume the treatment process of anaerobic digestion, the variation of methane potential

should be evaluated. BMP from a mixture of food waste drastically varied due to the seasonal

variation of components ratio (Karai et al., 2018). In the case of harvested aquatic weeds, BMP of

harvested aquatic weeds may vary due to seasonal variations in both of species composition

depending on biomass abundant of each species and chemical composition depending on the species

maturity and lifecycle may lead to the variation through a year. Numerous studies performed

correlation analysis between chemical composition and BMP of plant biomass such as straw, cannary

grass, and weed biomass, and found out the significant correlation. However, there were few studies

investigating not only the cumulative methane yield but also the production rate. Numerous studies

have applied kinetic models in the study of the anaerobic digestibility of substrate (Buitron et al.,

2019; Kafle and Kim, 2013; Koyama et al., 2016). Modified Gompertz model was often applied,

which can identify the anaerobic digestibility as ultimate methane yield, maximum methane

production rate, lag phase, and T80 (the required period to finish 80% of the ultimate methane yield).

By linking these kinetic parameters and chemical composition, the degradability of each components

could be clarified.

1.4. Objectives

Overall research objective of this Ph.D. thesis is to clarify the key parameters determining the

anaerobic digestibility of aquatic weed and establish the predictive model of anaerobic digestibility
12



from chemical composition. The specific objectives were: to investigate the seasonality of the

lignocellulosic components and methane yield of harvested aquatic weeds (Chapterll); to clarify the

relationships between lignocellulosic components and their anaerobic digestibility and develop to a

mathematical model for estimating annual methane recovery (Chapterlll). Finally, validation of the

obtained model and based on the validated in General Discussion part.

13



(a) Role of suitable biomass aquatic weeds

Wave extinguish

(b) Influence of aquatic weeds with biomass

Figurel-1. Tolerance and problems of aquatic weeds in aquatic ecosystem. (a) Role of suitable

biomass aquatic weeds, (b) Influence of aquatic weeds with biomass.
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Chapter II

Seasonal variation in the chemical composition and methane potential of

harvested aquatic weeds

2.1. Introduction

Generally, seasons are the main factor affecting biomass yield, growth speed, and maturity
for plant biomass. (Santamaria and Hootsmans, 1998; Hoffmann and Rooney, 2014; Dragoni et al.,
2015). Previous studies have revealed that the chemical composition of plant biomass such as maize,
faba bean residue, rye, Cocksfoot, giant reed, Timothy, and some others changes seasonally and
depends on the maturity level of the biomass (Schittenhelm, 2008; Hiibner et al. 2011; McEniry et al.
2013). Therefore, seasonal changes in the chemical composition, especially the amount of
lignocellulosic components, may affect methane yields of plant biomass (Godin et al., 2015). Kandel
et al. (2013) reported that seasonal changes in the chemical components, such as lignin content and
cellulose content, significantly affected the methane yield of canary grass. Although the seasonality
of the total biomass, total carbon, total nitrogen, starch contents, and biogas yield of aquatic weeds
has already been reported, the seasonality of the methane yield and its relationship with the
lignocellulose contents have not. The lifecycle and growth stages of aquatic weeds differ depending
on the species, indicating that the chemical composition may change and thereby affect the methane
yield. Kandel et al. (2013) reported the relationships between the seasonal changes in the chemical

composition and methane yield of reed canary grass. In addition, Lake Biwa, located in temperate

16



area, experience four distinct seasons. The optimal temperature and light intensity allow the highest

aquatic weed growth rates to differ between species (Imamoto et al. 2008), leading that the species

composition can vary seasonally. Therefore, the seasonal variation of both of chemical composition

and species composition might affect the methane potential of harvested aquatic weeds. To assess the

possibility for implementation of anaerobic digestion, approximate methane potential and its

seasonality should be evaluated.

2.2. Materials and methods

2.2.1.Substrate and inoculum

Potamogeton maackianus, Elodea nuttallii, and Egeria densa, which are the dominant aquatic

weeds in Lake Biwa (Figure 2-1), were harvested from the lake monthly from June to October in

2015 and used as substrates. The harvested macrophytes were dried at 80 °C for 12 hours and milled

into particles smaller than 3 mm to prevent bias from variations in the chemical composition between

different parts of the plants (i.e., leaf, stem, and root). The milled macrophytes were used for the

biological methane potential (BMP) test and chemical composition analysis. Mesophilic anaerobic

sludge was collected from the Hokubu Sludge Treatment Center, Kanagawa Prefecture, Japan,

treating sewage sludge and wastewater. The collected sludge was stored for two days at 371 °C in a

walk-in, temperature-controlled laboratory to allow the removal of the residual substrate.

17



2.2.1. Batch anaerobic digestion

A biomethane potential (BMP) test was conducted to evaluate the anaerobic digestibility of
the harvested macrophytes. Deionized water was added to the dried macrophytes to increase the
moisture content to that of the initial samples. An automatic methane potential test system (AMPTS
II) supplied by Bioprocess Control was used for the BMP tests. The substrate and 300 mL of seed
sludge were added to a 500-mL medium bottle, resulting in a volatile solids (VS) ratio of 1:2, and
topped up to 350 mL with distilled water. The headspace of the batch reactors was initially purged
with N> gas to ensure anaerobic conditions, and the reactors were placed in a water bath controlled to
37+1 °C. The BMP tests then commenced and continued until day 14 after confirming that biogas
production had ceased. The mixture in each bottle was stirred using a rod and an electric motor. The
non-methane gases, such as carbon dioxide and hydrogen sulfide, in the generated biogas, were
removed in 80-mL vials containing a 3 M solution of sodium hydroxide (NaOH). The amount of
biomethane released from each reactor was then measured by the device according to the liquid
displacement and buoyancy principles. Three blanks were tested, and activity tests with cellulose
powder as a substrate were conducted to determine the gas yield from the inoculum itself and confirm
the methane productivity (314+5.3 mL g-VS™). All tests and blanks were conducted in triplicate, and

the net methane production values were calculated.

18



2.2.2. Analytical parameters

The total solids (TS) contents were determined from the weights of samples dried oven at

105 °C until a constant weight was reached. The VS contents were then determined after drying at

550 °C for four hours in a muffle furnace. The lignocellulose, total carbon, total nitrogen contents,

and methane yields were also measured. Standard methods from APHA (2005) were followed in the

analysis of TS and VS. The lignocellulose (cellulose, hemicellulose, and lignin) contents were

measured with a fiber analyzer (Model: A-200, Ankom, USA) by according to a detergent method

(Van Soest et al. 1991). The total carbon and nitrogen were measured by elemental analysis using a

CHN analyzer (Model: EA 1110, CE Instruments, Italy). Protein contents were calculated by

multiplying the total nitrogen content by 6.25 (Triolo et al., 2011).

2.3. Results and discussion

2.3.1. Seasonal variation of chemical composition

The chemical composition of the aquatic weeds harvested from Lake Biwa was shown in

Table 2-1. The average TS and VS content of E. densa and E. nuttallii were similar, while lower than

those of P. maackianus. These results agreed with previous reports for fresh aquatic weeds (Kobayashi

et al. 2014; Koyama et al. 2014). A previous study revealed that the C/N ratio of aquatic weeds, such

as E. densa, P. malaianus, and H. verticillate ranged from 8.5 to 12.9 (Rabemanolontsoa and Saka,

2012; Kobayashi et al. 2013). In this study, similar ratios of 10.09 to 12.45, 11.18 to 13.79, and 10.02

to 13.48 for E. densa, E. nuttallii, and P. maackianus were obtained, respectively.
19



The seasonal changes in the chemical composition of each aquatic weed species are shown in

Figure 2-2. While the chemical compositions of E. densa and E. nuttallii varied seasonally, P,

maackianus did not. The lignocellulose contents of E. densa and E. nuttallii, consisting of lignin,

hemicellulose, and cellulose, decreased in August and increased in October. In August, the levels of

substances not measured in this study increased. Previous studies have revealed that aquatic weeds

contain approximately 20% starch and 15% lipid (Kobayashi et al., 2014; Rabemanolontsoa and Saka,

2012). Therefore, most of the substances not lignocellulosic components may be starch and lipid.

During summer, these two species develop lateral branches that are poor in lignocellulose to

efficiently photosynthesize (Yarrow et al., 2009; Zehnsdorf et al., 2015). E. densa and E. nuttallii are

native species of South America and are commonly found in tropical climates (Carrillo et al. 2006).

These species have yearly life cycles in tropical areas. However, in temperate zones, such as Lake

Biwa, these species follow annual life cycles (Haramoto and kushima, 1988) (Figure 2-3 and 2-4). It

is known that E. densa and E. nuttallii remove their leaves, roots, and apical buds (Van Wijk, 1988),

which contained a lower concentration of lignin than the stems (Zhang et al., 2014; Rueda et al.,

2016). Therefore, these aquatic weed species become stem-main from summer to autumn. The content

of some of the lignocellulose components, particularly the lignin content of E. densa and E. nuttallii,

became higher during the autumn. However, P. maackianus is a perennial plant and does not defoliate

in winter (Imamoto et al. 2008). Therefore, the chemical composition of P. maackianus did not vary

compared to the other two species. According to the above results, the aquatic weed species having

an annual lifecycle would change the chemical composition with the season.
20



2.3.2. Seasonal variation of methane yields

Figures 2-5 represent the methane productions of each aquatic weed species. In all conditions,
methane production almost finished ultimately within four days. Tonon et al. (2017) reported that
methane production from duckweed almost finished within ten days. Koyama et al. (2014) reported
that methane yield from aquatic weeds was almost completed within 7-14 days. These results are
related to the high accessibility of the substrate to enzymes and microorganisms. The moisture content
of fresh aquatic weed biomass is high (>90%) and may lead to rapid decompositions than terrestrial
plants with a rigid structure and low moisture content. In addition, the higher amount of soluble
exocellular polymers in the aquatic weeds may also contribute to the fast methane production.

The seasonal changes in the methane productivity of each aquatic weed species were Figure 2-
6. The seasonal variations in the methane yields differed between each macrophyte species. The
methane yield of E. nuttallii varied significantly, ranging from 211.6-251.5 mL g-VS™! and 189.2-
284.1 mL g-VS™!. This fluctuation is related to the seasonal changes in the chemical composition.
However, the methane yield of P. maackianus varied slightly from 139.8-164.7 mL g-VS™! as the
chemical composition of P. maackianus did not change seasonally. The methane potentials of E. densa
and E. nuttallii are similar to those of the manures of calves, cattle, piglets, sows, pig fatteners (197-
417 mL g-VS!; Triolo et al., 2011), which are already implemented to treat in anaerobic digestion.
This indicates that these two species are easily degradable and could be implemented as substrates

for anaerobic digestion. The methane yield of E. densa varied little, despite the seasonal changes in
21



the lignin content, while the methane yield of E. nuttallii varied seasonally with the change of lignin
content. However, the methane yield of P. maackianus was remarkably lower than that of the other
two species, indicating that the differences in the methane yields between different species were more
extensive than those between different months for the same species. According to these results, the
methane yields of the seasonally harvested aquatic weeds varied depending on the species
composition. Therefore, the actual methane yield of the seasonally harvested aquatic weeds can be

estimated according to the seasonal variations in the species composition.

2.3.3. Estimation of annual methane potential

Figure 2-7 shows the species composition and theoretical monthly methane yield (TMMY) of
the harvested aquatic weeds. The dominant species remarkably varied seasonally. In April, the most
abundant harvested aquatic weed was P. maackianus, and its ratio was gradually decreased over the
summer. In contrast, the ratios of E. nuttallii and H. verticillata increased from June to August. In the
fall, the ratio of P maackianus increased again and constituted over 50% of the harvested aquatic
weeds. The seasonality of species composition might be regulated by the different responses of each
aquatic weed growth rate to water temperature. Imamoto et al. (2008) reported that P maackianus
and E. nuttallii relative had high growth rates at low temperatures, and H. verticillata was higher at a
high temperature (Imamoto et al., 2008). These results corresponded to the seasonal predominance of
E. nuttallii in May, H. verticillate from June to August, and P. maackianus in the fall. Along with the

seasonal changes in the species composition, the TMMY varied from 171-231 m? ton-VS™!. Notably,
22



the TMMY decreased to 75% from August to September with an increase in the abundance of P
maackianus, which had a low BMP. With the continuous anaerobic digestion of a less biodegradable
substrate, undegraded solid components likely remain in the reactor, leading to the washing-out of
microorganisms. To avoid a failure in the anaerobic digestion process, pre-treatment or co-digestion
would be required for increasing the methane yield when P. maackianus becomes the dominant

species in Lake Biwa.
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Figure 2-1. Sampling point of aquatic weeds.
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Table 2-1. Proximate and ultimate analysis of harvested aquatic weeds.

(a) Egeria densa

June July August  September October  Average SD
TS
CFM) 8.8 9.7 7.8 8.0 8.6 0.9
VS
CFMD) - 7.9 8.2 6.4 6.2 7.2 1.0
Moisture 91.2 90.4 92.2 92.1 91.4 0.9
oEND . . . . . .
Total carbon 342.0 314.5 310.4 301.3 317.1 17.5
(mg g-VS™)
Total nitrogen
(g s VS 29.0 253 30.8 243 27.3 3.1
C/N (%) _ 11.8 12.5 10.1 12.4 11.7 1.1
(b) Elodea nuttallii
June July August  September October  Average SD
TS
FM) 7.9 8.2 10.5 11.0 9.4 9.4 1.3
VS
o FM) 6.4 6.9 9.1 9.2 8.3 8.0 1.3
Moisture
CoFM) 92.1 91.8 89.5 89.0 90.6 90.6 1.3
Total carbon. 30 5 3933 305.2 328.5 357.0 3225 21.3
(mg g-VS™)
Totalnitrogen o) o 944 23.1 29.4 25.9 25.9 2.3
(mg g-VS™)
CIN (%) 12.4 11.9 13.2 11.2 13.8 12.5 1.0
(c) Potamogeton maackianus
June July August  September October — Average SD
TS
oFMD) 12.9 15.1 13.3 15.8 11.6 13.7 1.7
VS
M) 11.3 11.7 11.8 13.8 10.6 11.8 1.2
Moisture
M) 87.2 84.9 86.7 84.2 88.4 86.3 1.7
Total carbon 435 9913 311.4 3425 368.8 329.8 29.7
(mg g-VS™)
Total mitrogen 217 25.9 342 317 277 52
(mg g-VS™)
C/N 13.5 13.4 12.0 10.0 11.6 12.1 14
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Chapter III

Relationships between the lignocellulosic components and anaerobic digestibility

3.1. Introduction

The ratio of each lignocellulosic component would influence the anaerobic digestibility since
lignocellulosic components are covered/linked to each other. Previous studies on terrestrial plants
reported that cellulose/lignin or (cellulose + hemicellulose)/lignin significantly affects methane yield
(Liu et al., 2015; Wang et al., 1994) due to the coverage of lignin to cellulose and hemicellulose.
Clarifying the relationships between lignocellulosic components and not only methane yield but also
these kinetic parameters makes it possible to understand the characteristics of anaerobic digestibility
by only analyzing its lignocellulosic composition. To understand the anaerobic digestibility of
substrate, a kinetic model such as modified Gompertz was applied in numerous studies. Linking
lignocellulosic components and kinetic parameters may help to assume significant pre-treatment
options, appropriate operational conditions such as hydraulic retention time (HRT), and estimation of

approximate methane recovery for implementation of anaerobic digestion of aquatic weeds.

3.2.  Materials and methods
3.2.1. Substrate and inoculum

For the substrates, nineteen samples of freshwater aquatic weed used were harvested from
Lake Biwa, Shiga prefecture, and Japan (35°20'N, 136°10'E). The data of lignocellulosic
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compositions and BMP tests of Egeria densa, Elodea nuttallii, and Potamogeton maackianus were

used from Study 1. Spirodela polyrhiza and Trapa japonica were harvested in August 2018, and

Hydrilla verticillata was harvested in August, September and October 2015. All harvested aquatic

weeds were dried at 80°C for 12 hours, milled, and passed through a 2 mm sieve as same as study 1.

The milled aquatic weeds were then used for BMP tests and lignocellulose composition analysis. For

the seed sludge, the mesophilic anaerobic sludge from Hokubu Sludge Treatment Center, Kanagawa

Prefecture, Japan, was applied. The collected sludge was left for 2 — 4 days in the temperature-

controlled room at 37 £+ 1°C to allow for the removal of the residual substrate.

3.2.2. Batch anaerobic digestion

To evaluate the anaerobic digestibility of aquatic weeds, the BMP tests were conducted. An

automatic methane potential test system (AMPTS II) supplied by Bioprocess Control (Sweden) was

applied for the tests. Identical medium bottles with an effective volume of 300 mL were used as

reactors. The substrate and seed sludge were added to the medium bottle in a volatile solids (VS)

basis ratio of 1: 2. To make an anaerobic condition, reactors were purged with N>. The BMP tests

were performed at 37 + 1°C for 14 days with a stirring setting of 10 seconds mixing and 10 seconds

resting at the speed of 120 rpm. Generated biogas in digester flows into flowmeter via 80 mL vials

containing 3 M solution of sodium hydroxide (NaOH) to remove the non-methane gases, such as

carbon dioxide and hydrogen sulfide. The amount of biomethane was then measured by the device

according to the liquid displacement and buoyancy principles. All tests and blanks were conducted in
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triplicate, and the net methane production values were calculated. Furthermore, additional BMP tests
were conducted to investigate the anaerobic digestibility of cellulose and sugars composing
hemicellulose contained in aquatic weeds. According to the report of saccharified sugars composition
in aquatic weeds (Rabemanolontsoa and Saka, 2012), crystalline cellulose and various hemicellulosic
sugars such as arabinogalactan (AG), Xylo-oligo saccharide (XOS), glucomannan (GM), beta-glucan

(BG) were selected as substrates.

3.2.3. Analytical parameters

Total solids (TS), volatile solids (VS) and methane yield were measured and analyzed using
the standard procedure from APHA (2005). Lignocellulose (cellulose, hemicellulose and lignin)
contents were measured by a detergent method as specified by Van Soest et al. (1991) using a fiber

analyzer (Model: A-200, Ankom, USA). Methane yield was measured using AMPTS II.

3.3.  Results and discussion
3.3.1 Kinetics parameters obtained by modified Gompertz model

Lignocellulosic components and kinetic parameters calculated by fitting to the modified
Gompertz model were shown in Table 3-1. Contents of cellulose, hemicellulose and lignin contents
in previously recorded ranges of 217 — 518 mg g-VS™!, 7.1 — 226 mg g-VS-1 and 38 — 206 mg g-VS"
I respectively (Giingdren Madenoglu et al., 2019; Kaur et al., 2019; Kist et al., 2018; Kobayashi et

al., 2014; Li et al., 2019; Rabemanolontsoa and Saka, 2012), which are similar to the result of this
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research. All fitting results to the modified Gompertz model were high R* values of more than 0.96,
indicating high reliability on obtained parameters. Ultimate methane yields in this study were 139 —
281 mL g-VS™!. The maximum methane production rate showed 30 — 119 mL g-VS-1 day’!, which is
higher than fruits waste (4.2 — 42.8 mL g-VS™! day!; Sanjaya et al., 2016), livestock manures (5.5 —
25.2 mL g-VS™! day!; Kafle and Chen, 2016) and common reed (13.0 — 25.6 mL g-VS™! day’!;
Dragoni et al., 2017 ) and similar to or lower than food waste (40.6 — 148 mL g-VS™! day!, Alibardi
and Cossu, 2015; Marano6n et al., 2020). Especially, E. densa, E. nuttallii and H. verticillata showed
a high maximum methane production rate, indicating these species were easily degradable. Because
of the relatively short lag phase, 0.00 — 0.66 days, suggests all aquatic weed species were readily
accessible for microbes. T80 of aquatic weeds were 1.9 — 4.2 days, which were shorter than that of
corn stover (22 — 35 days, Wei et al. 2015), food waste (11.5 — 14.5 days, Marafién et al. 2020), and
municipal solid waste (11.1 —22.2 days, Dasgupta and Chandel, 2019) respectively, indicating that a
most of easily degradable substances in aquatic weeds were rapidly decomposed in the short period,
and thereafter, relatively uneasily degradable compounds were decomposed gradually. These
variations in anaerobic digestibility parameters may affected by the variations of chemical

compositions, especially lignocellulosic components.

3.3.2 Relationships between chemical compositions and Kkinetic parameters
Figure3-1 showed the relationships between lignocellulosic components and anaerobic

digestibility parameters from the modified Gompertz model. Lignin content showed a significant
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negative correlation with the methane yield (Figure3-1 (c), p < 0.05). A similar result was reported

by Koyama et al. (2014), while Kobayashi et al. (2014) reported no significant relationship. The

difference in the results in the result of this study and the findings of Kobayashi et al. (2014) may be

due to variations in the operational periods. Therefore, the relationship between lignin and ultimate

methane yield may change with the operational period in the BMP test. To discuss the potential and

challenges for utilizing the aquatic weed as feedstock, BMP results in shorter operational periods (15

— 30 days) would be desirable. Cellulose showed a significant positive correlation with the ultimate

methane yield (Figure 3-1 (a), p < 0.05) and maximum methane production rate (Figure 3-1 (d), p <

0.05). The amount of cellulose in the biomass would have contributed to the ultimate methane

production since cellulose is composed of only glucose, which is a degradable substance for anaerobic

digestion (Mussatto et al., 2008). Hemicellulose content was not correlated with ultimate methane

yield. Hemicellulose is a chain of hetero-polysaccharides with a short-branch consisting of various

sugar units such as mannose, arabinose, xylose, glucose and galactose with lower polymerization

degree in the range of 80 — 200 (Rabemanolontsoa and Saka, 2013). Generally, hemicellulose has

been considered a readily biodegradable component because hemicellulose is hydrolyzed with weak

acid and heating (Peng et al., 2012). Unexpectedly, hemicellulose had a significant negative

correlation with the maximum methane production rate (Figure 3-1 (e), p < 0.01) and positive

correlation with T80 (Figure 3-1 (h), p < 0.05). These results imply that hemicellulose of aquatic

weed is not much easily degradable. The detailed insight for the low hemicellulose degradability will

be discussed in the following sections. Incidentally, no correlation was recorded between the lag phase
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and lignocellulosic components, suggesting lignocellulosic components did not enhance or inhibit the
microbial activity in early degradation steps during anaerobic digestion. Regarding to other non-

lignocellulosic components, they did not have significant correlations with any kinetic parameters.

3.3.3. Relationships between lignocellulosic ratios and Kinetic parameters

The complicated linkage existing between cellulose, hemicellulose, and lignin may affect
others' degradability. The relationship between the ratio of the lignocellulosic components
(cellulose/lignin, hemicellulose/lignin, cellulose/hemicellulose) and anaerobic digestibility (ultimate
methane yield and maximum methane production rate) were analyzed to investigate the synergetic
effect of the complicated linkage between three cell wall components (Figure3- 2). T80 and lag phase
did not show significant correlations with any ratio of lignocellulosic components. The ultimate
methane yield of aquatic weeds was adequately expressed by cellulose/lignin (R* = 0.657) and the
maximum methane production rate by cellulose/hemicellulose (R* = 0.829), respectively, as shown
in Figure 3-2. This apparent relationship between cellulose/lignin and ultimate methane yield may
have resulted from the resistance of cellulose to degradation due to the masking effect of lignin and
adsorption of the enzyme cellulase by lignin (Koyama et al., 2016). According to Liu et al. (2015), a
significant linear correlation between cellulose/lignin and BMP in agricultural residues such as corn
stover, wheat straw, and sugarcane bagasse was reported, indicating that methane yield from
lignocellulosic biomass (i.e., both terrestrial plants and aquatic weeds) can be predicted by

cellulose/lignin. The strong correlation of cellulose/hemicellulose and maximum methane production
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rate could be related to the coverage of cellulose by hemicellulose, which accounts for the

recalcitrance of cell walls (Kumagai and Endo, 2018).

3.3.4. Investigation of factors determining the degradability of hemicellulose

To investigate how hemicellulose affects anaerobic digestibility of lignocellulosic biomass,
BMP tests of sugars composing hemicellulose such as arabinogalactan (AG), xylo-oligo saccharide
(XOS), glucomannan (GM), beta-glucan (BG) were performed. Figure 3-3 shows the result of BMP
tests of sugars composing hemicellulose. Crystallized cellulose was also tested its BMP for
comparison. Ultimate methane yield of crystalized cellulose recorded a methane yield value of 354
ml g-VS! (Table 3-2), suggesting easily degradable. Maximum methane production rate and T80 of
crystalized cellulose were 111.1 mL g-VS™ day™! and 4.9 days, respectively. Comparing crystalized
cellulose with AG, GM and BG, a higher maximum methane production rate (75.2 — 143.8 mL g-V§~
!'day™!) and shorter T80 (2.4 — 5.1 days) and almost the same ultimate methane yield (361 — 382 mL
g-VS™!) were recorded. On the other hand, XOS showed a lower methane yield of 286 mL g-VS™.
Furthermore, XOS showed 2.5 — 4.8 times lower maximum methane production rate (29.8 mL g-VS™!
day ') and 1.5 — 3.3 times longer T80 (7.9 days) than other hemicellulosic sugars. XOS is the polymer
of xylose which accounted 22 to 70% of hemicellulosic sugars in E. densa, E. nuttallii, P. maackianus,
H. verticillata and water hyacinth (Rabemanolontsoa and Saka, 2013). Similar to this study, BMP
tests of xylose performed by Li et al. (2018) recorded methane yield of 203 mL g-VS™, and lower

maximum methane production rate than other hemicellulosic sugars. Therefore, the amount of xylose
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might relate to the low degradability of hemicellulose in aquatic weeds.

To evaluate the effect of xylose on anaerobic digestibility of aquatic weeds, xylose amount

was estimated by multiplying hemicellulose contents in this study and proportion of hemicellulosic

sugars in each biomass obtained by Rabemanolontsoa and Saka (2013). Notably, the maximum

methane production rate showed stronger significant positive correlation with estimated xylose

amount (Figure 3-4) than that with hemicellulose (Figure 3-2 (i)). This result accorded to BMP tests

of hemicellulosic sugars which suggested that xylose has a low degradability. These results imply that

the low degradability of hemicellulose is related to xylose in aquatic weeds; thus, xylose amount or

its ratio on lignocellulosic components possibly affect kinetic parameters of the methane production.

The maximum methane production was also adequately expressed with cellulose/estimated xylose (p

< 0.005) (Figure3-5). The results of fitting between cellulose/estimated xylose and maximum

methane production rate suggest that the low degradability of xylose limits the degradation of

cellulose. Furthermore, the structural features of the xylose in hemicellulose also might contribute to

the strong correlation recorded. Xylose is the main component of the linear polysaccharide such as

xyloglucan and arabinoxylan, and other hemicellulosic sugars such as rhamnose, arabinose and

galactose form a branch of the primary linear polymer (Rennie and Scheller, 2014). Thus, a high

xylose ratio in hemicellulosic sugars probably indicates a high linear polymerization of hemicellulose

that will be high resistant to degradation. The work of Terrett and Dupree (2018) shows that xylose

composes the hemicellulose-lignin module via to ferulate which is a phenol composing lignin.

Grabber et al. (1998) reported that during the enzymatic degradation of maize, decreasing the cross-
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linking of xylan (a group of hemicellulose) to lignin with ferulate improved degradation efficiency.
Following the gradient degradation of xylose during the anaerobic digestion, the masking effect of
lignin on lignocellulose was possibly moderated. These results show that presence of the steady
amount of xylose linked with cellulose and lignin can regulate the degradability of lignocellulosic

biomass.

3.3.5 Comparison of the effect of lignocellulosic components on anaerobic digestibility between
aquatic weed and terrestrial plants

The relationships between the ratio of lignocellulosic components and anaerobic digestibility
of terrestrial herbaceous plants and aquatic weeds were performed (Figure 3-6). The relationship
between cellulose/lignin and ultimate methane yield including the aquatic weeds and terrestrial
herbaceous plants was fitted to an equation, y = 61.7 In(x) + 170.4, n= 94, R>= 0.60 (Figure 3-6, (A)).
This result indicated that the adsorption of cellulase by the lignin and limitation of cellulose
degradation were almost to the same degree in the terrestrial herbaceous plants and aquatic weeds.
Cellulose/hemicellulose and maximum methane production rate was not fitted in the same model; y
=29.6 In(x) + 34.7, n= 33, R*= 0.47 in aquatic weeds and y = 12.1 [n(x) + 16.2, n= 61, R?>= 0.44 in
terrestrial herbaceous plants (Figure3-6). The model including aquatic weeds and terrestrial plants
was fitted to y = 32.7 In(x) + 18.1, n= 94, R*= 0.57. Aquatic weeds had a higher maximum methane
production rate compared to the terrestrial herbaceous plants. The differences recorded in the biomass

may be due to the ratio and structural differences, such as xylose ratio in the aquatic weeds and
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terrestrial herbaceous plants. By multiplying the proportion of hemicellulosic sugars from
Rabemanolontsoa and Saka (2013) and hemicellulose contents in aquatic weeds in the present study,
the amount of xylose in the biomass was estimated. The maximum methane production rate was
adequately expressed with cellulose/estimated xylose (p < 0.005) on an equation including both
aquatic weeds and terrestrial plants (Figure3-8), with a higher R?> compared to the
cellulose/hemicellulose ratio. Cellulose/estimated xylose ratio in terrestrial herbaceous plants was
recorded in a small variation between 0.80 — 3.26, while in aquatic weed, a wide variation of 3.21 —
35.92 was recorded. Maximum methane production rate also showed a narrow range of 9.8 — 36.0
mL g-VS™! day ! in terrestrial herbaceous plants and a wide range of 45.5 — 119.4 mL g-VS™! day !
in aquatic weeds. These results might be led to the difference in the ratio of xylose in hemicellulosic
sugars, which in aquatic weeds showed a smaller value of 22 — 50% while terrestrial plants showed a
high and narrow range of 60-80%, reported by Rabemanolontsoa and Saka (2013). Consequently, the
higher variation of xylose in aquatic weeds may lead to the difference in maximum methane
production rate, although terrestrial herbaceous plants showed small variations of the xylose amount
and maximum methane production rate. To our knowledge, this is the first result that revealed clear
correlations between cellulose/lignin and ultimate methane yield in aquatic weeds, and between
cellulose/hemicellulose, cellulose/xylose and maximum methane production rate in lignocellulosic
biomass, including aquatic weeds, making it possible to clarify the effect of lignocellulosic

components and the ratio on the methane productivity.
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Figure 3-1. Relationship between lignocellulosic compositions (cellulose, hemicellulose
and lignin) and anaerobic digestibility (ultimate methane yields, maximum methane

production rate and T80). Solid lines represent p < 0.05.

43



Maximum methane

O Elodea nuttallii ® Ligeria densa ® Potamogeton maackianiis
- @ Hvdrilla verticillata A Svirodela volvrhiza A Trava faponica
©
g= 300 @) 300 1) 300 <)
=0 0] o @
< = 200 A 200 - 200 1
L oo
g
2 é, 1001 y=620me+131.6 199 1 y=s541mp+1428 100 7
g R? = 0.657 R® = 0.376
5 0 T T 1 0 T T T T 1 0 T T T T 1
0 5 10 15 0O 2 4 6 8§ 10 o 2 4 6 8 10
(d - (e -
o, 150 (y)= 19.41In(x)+ 54.3 150 3(z2 40.2 In(x) +34.4 150 O
&% 120 4 CP Rz2=0255 120 4 R2=0820.0 120 -8}
=y © o
w90 - 90 4 90
,g b A0 A ® 60 A 60 A ®
Eg 30 1 30 1 30 -
0 ] T 1 0 T 1 T T 1 0 T T T T 1
0 5 10 15 0 2 4 6 8 10 0O 2 4 6 8 10
Cellulose/lignin Cellulose/hemicellulose Hemicellulose/lignin

Figure 3-2. Relationship between the ratio of lignocellulosic components (cellulose/ lignin,

cellulose/hemicellulose, and hemicellulose/lignin) and anaerobic digestibility (ultimate

methane yield and maximum methane production rate). Solid lines represent p < 0.05.
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Figure 3-3. Methane yields of sugars composing cellulose and hemicellulose. XOS: xylo-

oligo saccharide, GM: glucomannan, B-glucan: beta-glucan, AG: arabinogalactan.

Vertical bars represent standard deviation.

45



Table 3-2. Obtained parameters by fitting to modified Gompertz model

Bo Um A 5 T80
Substrate | | :
(mL g-VS™) (mL g-VS™ day™) (d) (day)
Cellulose 354.1 111.09 1.98 0.990 4.93
B-glucan 372.5 75.24 0.59 0.995 5.14
Glucomannan 382.3 143.77 0.00 0.985 2.44
Arabinogalactan ~ 360.9 117.93 0.23 0.996 3.06
Xylo-oligo
. 259.1 27.90 0.00 0.965 8.28
saccharide
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Figure 3-4. Relationship between maximum methane
production rate and estimated xylose. Obtained equation was
y =-0.72x + 112.5, R = 0.809 ( p < 0.005).
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(k) Dragoni et al. (2017). Solid lines represent p < 0.05, and
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cellulose/estimated xylose in aquatic weeds and terrestrial plants. (a) This study,
(b) Koyama et al. (2014), (c) Kist et al. (2018), (d) Li et al. (2020), (e) Triolo et al.
(2011), (f) Melts et al. (2014), (g) Dahunsi et al. (2019), (h) Li et al. (2017), G) Chen
et al. (2019), () Kandel et al. (2013), (k) Dragoni et al. (2017). Solid lines
represent p < 0.05, and plot line represents p > 0.05.
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ChapterIV
Establishment of ADMI1 inserting the effect of the lignocellulosic components

and their ratios

4.1. Introduction

The relationship between the kinetic parameters of the anaerobic digestibility (methane production
and maximum methane production rate) and lignocellulose components obtained by the modified
Gompertz equation suggested that the coverage structure by each lignocellulose component
determined the anaerobic digestibility of aquatic weeds. By fitting the modified Gompertz model,
anaerobic digestibility could be quantified and evaluated. However, in order to estimate the optimum
operating condition and the treatment performance for the implementation, more experiments were
needed to accumulate more knowledge regarding the relationship between each anaerobic digestion
parameter and the actual treatment performance. This is because the regression equation obtained in
this analysis is limited to the conditions in which the substrate and sludge are fed in the VS ratio of
1:2. Therefore, the coefficient in the regression equation is expected to change continuously from the
actual continuous methane fermentation process in which the bacteria concentration increases or
decreases during the treatment period. Therefore, in order to use the relationship between
cellulose/hemicellulose ratio obtained by the Gompertz equation, it is necessary to further analyze
how the coefficients change under the conditions of different substrates and sludge VS ratios. This is

quite a challenging approach because treatment efficiency in semicontinuous operation, considered
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to be used as a treatment operation of the aquatic weeds in implementation, is influenced by lots of

parameters such as organic loading rate, hydric retention time, feeding rate and so on.

As well as the modified Gompertz model, the anaerobic digestion model (ADM1) has been

developed as a model for anaerobic digestion (Batstone et al., 2002) and has attracted much attention

in recent years. In anaerobic digestion, the components in the feedstock are degraded to low molecular

compounds by continuous microbial metabolism, as shown in Figure 4-1, and the gaseous

components, which are part of the final product, are transferred from the liquid phase to the gas phase.

ADMI1 mathematically simulates these biochemical steps (decomposition, hydrolysis, acid

production, acetic acid production, methane production) and physicochemical processes (ion

association/dissociation, vapor-liquid equilibrium) to approximate the component concentrations and

gas production. The mathematical reaction equations of the components in ADM1 are summarized in

Table 4-1 and 4-2. The concentration variation of the components can be explained by the

concentration of the component, the concentration of microbes, the absorption efficiency of microbes,

the degradation rate constant, the maximum reaction rate coefficient, and the inhibition functions.

Furthermore, different from the modified Gompertz model, ADM1 can estimate not only the methane

fermentation characteristics but also the actual bacteria concentration and the concentration of each

component in the reactor. This allows not only to compare treatment performance but also to predict

optimal operating conditions and process failure through simulation.

Although ADMI1 is considered a valuable method to simulate methane fermentation, the

application to aquatic weeds needs to incorporate the effect of lignocellulose coating structure as
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described in chapter III. Anaerobic Digestion Modelling Task Group belonged to International Water

Association (IWA) firstly developed ADMI for sewage sludge (Batstone et al., 2002). In this original

ADMI, cellulose and hemicellulose are treated as carbohydrates and lignin as an inactive component

not involved in the degradation. Therefore, there would be a possibility of overestimating the methane

production due to ignoring the degradation limitation of cellulose and hemicellulose by the lignin. In

the previous study using an aquatic weed, H. verticillate, lignin and cellulose were treated as inactive

components (Chen et al., 2016). However, Chapter III clarified that cellulose was a component that

contributed to methane production. While the model developed by Chen et al. (2016) may fit well for

biomass with high lignin content, it may not fit well for aquatic weed biomass with low lignin content.

Furthermore, both previous studies considered starch and hemicellulose as the same component and

did not take into account the differences in their degradability. The degradability of cellulose and

hemicellulose might be affected by the lignin coating structure.

In Chapterlll, I found that the lignocellulose component affected the anaerobic digestibility of

aquatic weeds. By including these effects in ADMI, it may be possible to estimate the anaerobic

digestibility in the semicontinuous operation. Hence, the objective of this study was to develop a

model that can simulate methane production from the chemical composition of aquatic weeds, and

ADMI1 was developed, and its accuracy was evaluated.
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4.2.Materials and methods

4.2.1. Overview of each reaction process in ADM1

4.2.1.1.The distribution rate of components in miniaturization

As shown in Figure 4-1, the miniaturization process separates the organic mixture into

carbohydrates, proteins, lipids, and inert components. In the hydrolysis process, carbohydrates,

proteins, and lipids are hydrolyzed to produce monosaccharides, amino acids, and high fatty acids. In

the acid generation and acetic acid generation processes, monosaccharides, amino acids, and higher

fatty acids are used to generate volatile fatty acids, namely, valeric acid, butyric acid, propionic acid,

and finally acetic acid and hydrogen are generated. The methanogenic process produces methane

from acetic acid and hydrogen. In each of the processes of acid production, acetic acid production,

and methane production, part of the components to be decomposed is used for the growth of the

fungus itself (Yi, ;). In the hydrolysis process, all carbohydrates and proteins were considered to be

converted to monosaccharides and amino acids, respectively, while 95% of lipids were considered to

be converted to higher fatty acids (palmitic acid in the equation) and 5% to monosaccharides

(glycerol), based on the calculation of the degradation reaction of palmitic acid triglyceride. For the

distribution rates of the acid/acetic acid formation and methane formation processes, the values

recommended by the ADMI1 report were adopted.

4.2.1.2.Rection rate equations

For the miniaturization process and the hydrolysis process, the degradation rate of
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component p; is expressed by a linear equation that depends on the concentration of component i (X;)
[kg-COD/m?].
pi =kmi * Xi
where, kn i [day'] represents reaction rate constant. The degradation rate of component i in
the acidogenesis and methanogenesis process is expressed by following the Monod equation.
=k Sy
pl - m,le,i_I_Si [}
where, ki i [day!] and K, [kg-COD/m’] represent maximum specific reaction rate and rate
constant, respectively. /; is an inhibition function that indicates the effect of pH and
hydrogen/ammonia concentration on reducing the reaction rate (inhibiting the reaction). As an
example, the pH inhibition function /,z,; is shown.
If pH>pHur,i

IpH,iZI

pH <pHuw/

2
Ly = expl—3 < pH — pHy; )
pH.t pHy; — pHyL;

where pHyy,; and pHj,; are the pH inhibition function thresholds for component i. For the

reaction rate constant k», the ADM1 report value was adopted.

4.2.1.3. Inorganic carbon, nitrogen balance, and liquid-gas equilibrium

In the acidogenesis process, along with the degradation of monosaccharides (Ss.), amino acid
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(Saa), propionic acid (Spr), and acetic acid (Suc), carbon dioxide is produced. In the methanogenesis
process, CO; is consumed to produce methane from hydrogen (Sy2). The reaction rate of carbon
dioxide pCO; [kmol/m> /day] can be explained following equation (coefficient represents the
conversion factor from kgCOD to kmol).
Pco, = 0.0068pg, + 0.0032p4, + 0.0084p,,, + 0.0184p,. — 0.0166pp,
Since ammonia (NH3), an inorganic nitrogen component, is produced by the decomposition
of amino acids and consumed by the growth of the microbes, the reaction rate pyms [kmol/m?/day]

can be expressed by the following equation.

dS,, 1 ~CdX;
dt 160 4. dt

l

pNH3 = 0007

where, S, is amino acid concentration, and X; is seven kinds of microbe concentrations.

For hydrogen, methane, and carbon dioxide (CO2), the gaseous component is treated in
addition to the liquid component. The mass transfer rate between liquid and gas, pT,i[kmol/day], is
calculated by the following equation, assuming that the mass transfer between liquid and gas follows
the Henry's law.

pri = Kia(Siqi/Tcop/mor) — KniPgas,i

where Siig.i 1s the concentration of component i in the sludge [kmol/m3 ]. K, is Henry's
constant for component i, and COD conversion factor rcopmor[kg/kmol] is g-COD per mol for each
component. Also, pgasi[bar] is the partial pressure of the gas of component i and is obtained by the

following equation.

Pgas.i = Sgas,iRT
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where Squs,i [kg-COD/m3 ] represents the concentration of component i in the gas phase.

4.2.2. Estimation procedure

Data for the chemical composition of the aquatic weeds as well as their methane productions

were based on aquatic weeds analyzed in the previous chapter. The ratios of the chemical

compositions of the aquatic weeds were used for the distribution rate of the fed substrate to the other

components. Table 4-3 and 4-4 shows the value of fundamental parameters of ADM1 and seed sludges

used in this study. Table 4-5 represented the distribution rate of the aquatic weed samples used in this

study. ADM1 by the International Water Association (IWA) was used for the decomposition rate

constant and bacterial compositions of the sludge. The 36 components are composed of organic

components (15), bacteria (7), inorganic components (2), gas components (3), and ionic components

(9). In addition to the fermentation reaction of organic matter, the balance of inorganic carbon and

nitrogen, ionic equilibrium, and gas equilibrium were calculated.

4.2.3. Alterations in ADM1 developed in this study

In the model developed in this study, cellulose and hemicellulose contained in carbohydrates

were established as separate parameters. Furthermore, lignin content has been treated as an inert

component in the previous study, but in this study, it was independently set as a component in order

to model the effect of lignin coating. The distribution coefficients of cellulose and hemicellulose in

the miniaturization process were determined as follows to model the amount of undegraded cellulose

and hemicellulose due to the lignin coating.
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feell,xe = Meell,xe X (Meell xe /(Meell,xe Hiigxe*3.383))

fhemi,xe = Mhemixe X (Mhemi,xc /(Mhemixe TigxeX1.123))

fxixe = Mxixe + (Meellxe ~Teell,xe) + ( Mhemixe ~Themi,xc)
where feelixe, fhemixe, fligxe, and fxixc denote the distribution ratio from fed substrate to each component,
and Mcellxe, Mhemixe, and myixc represent the percentage of each component in the chemical
composition of aquatic weeds. The parentheses on the right side indicate the coverage of lignin to
cellulose and hemicellulose, and the higher percentage of lignin led to the larger the percentage of
undecomposed cellulose and hemicellulose (fxix¢). In addition to the correction factors of 3.383 and
1.123 shown in above equations, the reaction rates of cellulose, hemicellulose and lignin (kiyq, s.a= 10,
knyd, cei=3, knya nemi=1) were calculated by the least-squares method and applied to the model developed

in this study.

4.3.Results and discussion
4.3.1. Estimation results

Figure 4-2 shows the estimated results of methane production in original ADM1. The methane
productions of the aquatic weeds obtained in the batch tests were 150-250 mL g-VS!, while that of
the original ADM1 was estimated to 500-700 mL g-VS™. In the original ADMI, cellulose and
hemicellulose are treated as easily degradable carbohydrates. The previous studies (Kandel et al.

(2011), Koyama et al. (2014)) and this study revealed that lignin limits the degradation of cellulose.
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Since the model did not take into account the effect of the coating structure of lignin and hemicellulose

on the degradation rate, the estimated values may have greatly overestimated the measured values.

Therefore, this model is not suitable for simulating methane fermentation in aquatic weeds.

The ADMI fitting to H. verticillate in previous study (Chen et al. 2016) was used to compare with

the measured values in batch experiment (Figure 4-5 to 7). Although the values were relatively close

to those of the original ADM1, the cumulative methane yields were lower than the measured ones in

all condition. The model in the previous study treated cellulose and lignin as undegraded components.

The difference between the estimated and measured values was caused by ignoring the methane

production by the cellulose. The simulated values obtained in P. maackianus, which has a high lignin

content, were relatively close to the measured value than those of other species. This indicates that

when the lignin content is high, cellulose was not decomposed and as aresult methane production is

decreasing. Therefore, although the models reported in the previous studies can be the better

estimation results for the aquatic weed biomass with high lignin content, the accuracy of the

estimation results will be greatly reduced when the lignin content was low.

The estimation results by developed ADM1 in this study are shown in Figure 4-8 to 4-10. The ADM1

obtained in this study, which takes into account the effect of lignocellulose composition, showed

almost the same values as the measured values under all conditions. This result indicates that the

lignocellulose coating structure of aquatic weeds determines their anaerobic digestibility.

Furthermore, the model indicates that the lignin coverage limits the degradation of cellulose and

hemicellulose. The accuracy analysis of the model shows that the model can estimate the methane
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production with an accuracy of R? = 0.984. Therefore, it can be concluded that the lignocellulosic
components and the coverage structure have a great influence on the anaerobic digestibility and the
production rate in aquatic weeds. Furthermore, the chemical composition of aquatic weeeds is
characterized by the fact that they contain about 20% protein and less than 10% starch and lipid, even
though the species is different (Rabemanolontsoa and Saka, 2013). Therefore, changes in the
anaerobic digestibility of aquatic weeds are considered to be mainly influenced by the content of
lignocellulose components. In this study, we developed a model to estimate the degradation rate and
amount of cellulose and hemicellulose based on the lignocellulose component ratio. Therefore, the
estimationby developed ADM1 was consistent with the actual results even for aquatic weeds with
different lignocellulose components ratios. This model may also be used to estimate the performance
of the methane fermentation process in semicontinuous treatment.
4.3.2. Simulation with different lignocellulosic components

To evaluate the effect of lignin coating structure on the methane production, simulations were
performed (Figure 4-11). In this simulation, chemical compositions of substrate was assumed to 300
mg g-VS™! of cellulose, different amount of the lignin to make different cellulose/lignin ratio, and
inert as a remain. The simulation suggested that 300 mg g-VS™! of cellulose potentially have a
methane potentials of 150 mL g-VS™ (= 500 mL g-cellulose™!). However, when the cellulose/lignin
decreased to 0.4, methane yield showed 42 mL g-VS™!. Due to the coating of cellulose by lignin,
73.3% of the methane yield possibly be decreased in the simulated conditions. Figure 4-12

represented the relationships between cellulose/lignin ratio and simulated methane yield. There was
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a clear significant correlation, suggesting that the lignin coverage on the cellulose was successfully

simulated in this model.

61



Inert particle | Substrate

Inert soluble

Carbohydrates Proteins Lipids
\ 2 / L v
Monosaccharide Amino acid LCFA
\ 4 l
> Propionate _ VA. BU <
» L 2
v \ 4 v
Acetate P . H,
> CH,, CO,

Figure 4-1. Reactions flow chart for anaerobic digestion modified from Oskar et al., 2014.

LCFA: Long chain fatty acid, Va: Valerate acid, Bu: Butyrate acid.
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Table.4-3: Applied parameters for the fundamental parameters.

Parameter Value Unit

N, 0.0376/14 kmole kgN-COD-!
N; 0.06/14 kmole kgN-COD!
N,. 0.007 kmole kgN-COD-!
Cye 0.02786 kmole kgC-COD"!
Cy 0.03 kmole kgC-COD!
Cu, 0.0313 kmole kgC-COD"!
Cp 0.03 kmole kgC-COD!
C; 0.022 kmole kgC-COD!
Cq 0.03 kmole kgC-COD!
Cy 0.0313 kmole kgC-COD!
C,. 0.03 kmole kgC-COD'!
o 0.95 B

Cs, 0.0217 kmole kgC-COD!
fio 0 0.19 -

T su 0.13 -

forosu 0.27 -

fieu 0.41 .

Niac 0.08/14 kmole kgN-COD!
Ciu 0.025 kmole kgC-COD!
Coro 0.0268 kmole kgC-COD!
C,. 0.0313 kmole kgC-COD!
Cpae 0.0313 kmole kgC-COD"!
Y., 0.1 B

fi2.2 0.06 -

L 0.23 -

T 22 0.26 -

foro.aa 0.05 -

ficaa 0.4 B

C.. 0.024 kmole kgC-COD!
Y. 0.08 -

Ye 0.06 -

Yo 0.06 -

Yo 0.04 .

Copa 0.0156 kmole kgC-COD!
Yae 0.05 -

Y, 0.06 -
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Table.4-3: Applied parameters for the chemical compositions of the seed sludge
(Oskar et al. 2014)

Components Concentrati_?n Components Concentrati_?n
(g-COD L) (g-COD L")

1 Ssu 0.001 22 Xac 0.76056
2 Saa 0.001 23 Xm 0.31702
3 Sta 0.0001 24 X1 25.61739
4 Sva 0.0001 25 Scat 0.04

5 Stu 0.0001 26 San 0.02

6 Spro 0.0001 27 Svam 0.0116

7 Sac 0.0001 28 Stum 0.01322
8 Sh2 2.36E-09 29 Sprom 0.01574
9 Sehs 2.36E-06 30 Saem  (0.19724
10 Sic 0.039 31 Scro3-  (.14278
11 Sin 0.013 32 Snms3 0.00409
12 St 0.009 33 H2 1.02E-05
13 X 0.3087 34 CH4 0

14 Xeh 0.02795 35 CO; 0.0141
15 Kpr 0.1026 36 Stac 0

16 Xii 0.02948 37 Kiact 0

17 Xsu 0.42016 38 Xinco 0

18 Xaa 1.17917 39 Seca 0.001

19 X 0.24303 40 X 0
20 Xes 0.43192 41 Xy O
21 Xoro 0.1373 42 X 0
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Figure 4-2. Simulation models and experimentally obtained actual data of batch anaerobic

digestion by using chemical compositions of seed sludge and Egeria densa. Used ADM1 was

cited from Batstone et al. 2002, which was fitted by the BMP results of sewage sludge. Solid

line represents batch result and dot line means simulation result.
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Figure 4-3. Simulation models and experimentally obtained actual data of batch anaerobic
digestion by using chemical compositions of seed sludge and Elodea nuttallii. Used ADM1
was cited from Batstone et al. 2002, which was fitted by the BMP results of sewage sludge.

Solid line represents batch result and dot line means simulation result.
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Figure 4-4. Simulation models and experimentally obtained actual data of batch anaerobic

digestion by using chemical compositions of seed sludge and Potamogeton maaciankus.

Used ADM1 was cited from Batstone et al. 2002, which was fitted by the BMP results of

sewage sludge. Solid line represents batch result and dot line means simulation result.
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Figure 4-5. Simulation models and experimentally obtained actual data of batch anaerobic digestion
by using chemical compositions of seed sludge and Egeria densa. Used ADMI1 was cited from
Chen et al. 2016, which was fitted by the BMP results of Hydrilla verticillate. Solid line represents

batch result and dot line means simulation result.
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Figure 4-6. Simulation models and experimentally obtained actual data of batch anaerobic digestion
by using chemical compositions of seed sludge and Flodea nuttallii. Used ADM1 was cited from
Chen et al. 2016, which was fitted by the BMP results of Hydrilla verticillate. Solid line represents

batch result and dot line means simulation result.
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Figure 4-7. Simulation models and experimentally obtained actual data of batch anaerobic digestion
by using chemical compositions of seed sludge and Potamogeton maackianus. Used ADM1 was
cited from Chen et al. 2016, which was fitted by the BMP results of Hydrilla verticillate. Solid line

represents batch result and dot line means simulation result.
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Figure 4-8. Simulation models and experimentally obtained actual data of batch anaerobic digestion

by using chemical compositions of seed sludge and Egeria densa. Used ADM1 was developed in

this study, inserting the relationships of lignocellulosic components and their ratios.Solid line

represents batch result and dot line means simulation result.
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Figure 4-6. Simulation models and experimentally obtained actual data of batch anaerobic digestion
by using chemical compositions of seed sludge and Flodea nuttallii. Used ADM1 was cited from
Chen et al. 2016, which was fitted by the BMP results of Hydrilla verticillate. Solid line represents

batch result and dot line means simulation result.
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Figure 4-10. Simulation models and experimentally obtained actual data of batch anaerobic

digestion by using chemical compositions of seed sludge and Potamogeton maackianus. Used

ADMI1 was developed in this study, inserting the relationships of lignocellulosic components and

their ratios. Solid line represents batch result and dot line means simulation result.
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Figure 4-11. Simulation of batch anaerobic digestion of cellulose with different
cellulose/lignin ratios. Used ADM1 was developed in this study, inserting the
relationships of lignocellulosic components and their ratios. The value described in

the right of each line represented cellulose/lignin .
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Chapter V
General discussion
5.1. Estimation of the performance during semicontinuous anaerobic digestion of P

maackianus

In Chapter 1, we discussed the problem regarding overgrowing aquatic weeds all over the world
as general discussion. Chapter 2 suggested that the seasonal changes of the species compositions
affected the stability of the annual methane recovery. Chapter 3 clarified that anaerobic digestibility
of the aquatic weeds had relationships with lignocellulosic components and their ratios. In Chapter 4,
The ADM1 was developed to inserting the effect of lignocellulosic components. In this General
Discussion, from the model developed in ChapterlV, the treatment performance was estimated based
on the literature values in semicontinuous anaerobic digestion experiments of untreated P
maackianus (Koyama et al. 2017). The parameters such as the digester volume, hydraulic retention
time (HRT), and organic loading rate (OLR) were set to be the same with previous study (Effective
volume: 4.5 L, HRT: 40 days, OLR: 1.0 g-VS™' L! day™!). Figure 5-1 shows the comparison between
experimental result of Koyama et al., (2017) and the simulation result by the developed model. In
Koyama et al. (2017), the methane production rate became unstable in the early stage of operation
with the value of approximately 80 ml L' day'. During this period, it was considered that the
microorganisms changed, resulting in temporary instability of the treatment performance. Thereafter,
methane production rate was stabilized at around 170 ml L' day!. The simulation resulted the
methane production rate being 174 mL L ! day™' which was almost equivalent to those in the stabilized

period. This model does not take into account the inhibition to microorganisms and/or the change in
79



the microbial community due to the change in the substrate and other factors such as temperature,
inhibitory compound productions and so on. Therefore, the difference in the methane production
between model and measured values in the early stage of the operation would be caused. pH also had
a difference in the early stage of operation, as same as methane production rate, but after stabilized,
it showed almost the same value as in the previous study. Therefore, although it may not be well
estimated due to the composition of the substrate and the condition of the sludge in the start-up of the
experiment, the developed model can estimate the treatment performance under semicontinuous
operation, as long as the sludge acclimation is completed.

This study and Koyama et al. (2017) used seed sludge collected from Hokubu Sludge Treatment
Center, Yokohama, Japan, treating sewage sludge. To investigate the feasibility of the developed
model, The simulation was also performed with the semicontinuous anaerobic digestion of E. densa
using seed sludge obtained from a mesophilic digester treating food waste (Kobayashi et al., 2015).
The simulated methane production rate showed a similar value (300 — 370 mL L' day™) with the
previous study (374-386 mL L! day!). The simulation results with low VFAs concentrations and
stable pH suggested that the anaerobic digestion of E. densa could be stably treated. Although the
methane production in semicontinuous operation was successfully estimated by the simulation, more

feasibility analysis will help to understand the effect of the difference in seed sludge.
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5.2. Estimation of organic load tolerance in semicontinuous anaerobic digestion of aquatic

weeds having different degradability

In order to estimate the highest HRT conditions that can be stably treated in the semicontinuous

anaerobic digestion of aquatic weed biomass, the estimation was performed with increasing the

inflow amount. Chemical compositions of an aquatic weeds P. maackianus were cited from Koyama

et al., 2017, and applied to the developed model. The simulation was performed in HRT 40, 30, and

25 days by increasing the amount of substrate inflow step by step. The operation period in each HRT

condition was set to three times the period of HRT (HRT40: Day 0-120, HRT30: Day 120-210,

HRT25: Day 210-250). The simulation resulted that the treatment performance was stable in the

conditions of HRT40, 35, and 30 days, respectively (Figure 5-2), but in the condition of HRT 25 days,

the growth of acetic acid-degrading bacteria could not keep up with the circulation rate of sludge,

resulting in the accumulation of organic acids in the reactor, and thus acidification occurred. In the

previous study evaluated tolerance to HRT in semicontinuous anaerobic digestion of highly

degradable aquatic weed, E. densa, the methane production rate was also decreased when the HRT

became less than 25 days (Kobayashi et al. 2015). It was considered preferable to operate the

semicontinuous anaerobic digestion of aquatic weeds with HRT of more than 30 days to maintain

stable treatment performance. The applicability of this developed model for semicontinuous

anaerobic digestion of aquatic weeds, including both easily and hardly degradable species, was

validated.
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5.3. Estimation of anaerobic digestibility of the aquatic weed biomass harvested from Lake

Biwa

Three-year treatment performance was simulated in the semicontinuous methane fermentation
experiment of harvested (five dominant species mixed) aquatic weeds from Lake Biwa. Data on the
species composition of the harvested aquatic weeds were derived from the previous study in 2015
(Ohmi Environment Conservation Foundation, 2015). Five species occurred predominantly from
April to December, but only P. maackianus was dominant during the winter season (January-March).
The chemical compositions of the aquatic weeds were applied by the results in this study. Because
approximately 4,000 tons-wwt of aquatic weeds have been harvested per year in Lake Biwa, substrate
input was assumed to be 10 tons wet weight per day (=4000 tons/ 365 days). The simulation was
performed from 1% May (Day 0). The HRT was set to 30 days when hardily degradable aquatic weeds,
P. maackianus, could be stably decomposed in Section 4.2.

Figure 5-3 shows the seasonality of the chemical composition of harvested aquatic weeds from
Lake Biwa. Especially, cellulose, hemicellulose, and lignin contents were fluctuated throughout the
year, although protein, lipid, and carbohydrate contents did not change. Based on the changes in these
compositions, the variation of methane recovery in three-year operation was estimated. The estimated
results are shown in Figure 5-4. The results showed that anaerobic digestion of harvested aquatic
weeds could be treated without the failure caused by acidification and/or discharge of microbes.
However, the range of methane production rate was 200-400 L m™ day. The higher methane

production was estimated in the winter season, although P. maackianus was low degradable aquatic
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weeds. P. maackianus has 1.5-2.0 times high VS content than other aquatic weed species, thus, the
methane production rate seems not to decrease in the winter season. It is assumed that the feeding
amount will change daily for the actual operation. Therefore, the variation of feeding amount may
lead to the failure of the reactor operation. To investigate the capacity of the fluctuations of substrate-
fed amount, simulations were performed (Figure 5-5). The simulation results suggested that a 15%
(11.5 ton/day) increment of the fed amount may lead to failure, although the 10% (11 ton/day)
increment can maintain the treatment stability. Therefore, to maintain the treatment stability, the
variation of the fed amount should be monitored not to the excess of 11 tons in the actual operation.
The amount of methane that could be collected was approximately 2565 - 3861 m> per month.
From this value, the amount of electricity sold for each month was calculated. As assumptions for the
calculation, the combustion heat of methane is considered to 55.54 MJ/kg, and generated biogas is
converted to electricity with 30% electricity efficiency. In Japan, the tariff of generated electricity
from biogas is currently 39 JPY (tax exclusive) per kWh (Ministry of Economy Trade and Industry
(METI), 2020). Required electricity for the operation of anaerobic digester and the surrounding
equipment was assumed to 10% of generated electricity, and the rest of generated electricity was sold.
As a result, it was estimated that the annual income from electricity sales could be approximately 3
million yen. In the simulation of this study, the HRT was set at 30 days, which was adopted from the
result of simulating the semicontinuous anaerobic digestion of P. maackianus. In summer season, the
percentage of P. maackianus in the harvested biomass was low and the percentage of other easily

degradable aquatic weeds also increases. Therefore, the biogas production efficiency may be further
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improved by changing the HRT depending on the season. In addition, the winter period is dominated

by the low degradable P. maackianus. Koyama et al. (2016) reported that the rate of increase in

methane production by alkaline treatment was greatly enhanced in P. maackianus with high lignin

content.

5.4. Future study

5.4.1. Applications for the other inland water area

This study focused on the treatment of overgrowing aquatic weeds in Lake Biwa. Similar to

Lake Biwa, many areas worldwide have been suffering from the overgrowth of aquatic weeds. The

model could be applied to these water bodies to facilitate the estimation of methane fermentation

treatment performance. Several studies have revealed that over two aquatic weed species co-exist in

the same aquatic ecosystem (Toron et al. 2017; Aloo et al., 2013; Chappuis et al.,2014). On the other

hand, although the overgrowth of aquatic weeds is a major problem in many parts of the world, such

as Lake Parentis Biscarrosse (Lake PAR.) in France (Rajagopal et al., 2013) and Chirata dam in

Indonesia (Syaichurrozi, 2017), there are no reports on there are no reports on the seasonality of

species composition. The model established in this study can be used to more accurately estimate

methane production and treatment performance by investigating the seasonality of species

composition of aquatic weed biomass in lakes, especially since the model can be estimated even when

the main composition changes.
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5.4.2. Application of pre-treatments to developed ADM1

From the results of this study, a high ratio of lignin and hemicellulose was considered the

limiting factor to the anaerobic digestion of aquatic weeds. Low cellulose/lignin and low methane

yield were recorded in P. maackianus. To increase the methane production from this species,

removing lignin by alkaline and fungi pre-treatments might be significant. Koyama et al. (2015)

reported that alkaline pretreatment can enhance the methane yield of P. maackianu by 51% while that

of E. nuttallii was increased by 24%. S. polyrhiza and P. maackianus showed lower

cellulose/hemicellulose ratio with lower maximum methane production rates, although most of the

others aquatic weeds showed low cellulose/hemicellulose. Therefore, the application of acid and

steam explosion pre-treatments might be effective to enhance methane production rate which can

derive and consequently remove hemicellulose from the substrate (Gonzales et al., 2016;

Theuretzbacher et al., 2015). The predictive equations developed in this study cannot be used to

estimate the anaerobic digestibility of pretreated lignocellulosic biomass. This is because the

estimation methods depend on the lignocellulosic structure, although most pre-treatment methods

disrupt and dissolve the lignocellulose structure. However, in the future, by clarifying the relationship

between the lignocellulose composition ratio and the increment in methane yield by pre-treatment, it

may be possible to calculate the optimal balance between the costs of pre-treatment and the benefits

incurred from the increase in methane recovery. In previous studies, ADM1 has been applied to

pretreated lignocellulosic biomass. There is a possibility that it can be applied to aquatic weeds

biomass as well, however, there has been no reported case. In addition, the model is based on the
85



structure of lignocellulose, but the relationship may change with pre-treatment. For example, it is

known that alkali treatment removes the bonds of lignin, while acid treatment solubilizes most

hemicellulose. Therefore, whether this model can be applied to the raw materials after pre-treatment

needs to be studied in the future.

5.4.3. Modifications of the ADM1 developed in this study

The flexibility of this model needs to be further evaluated as future studies for social

implementation. For example, differences in seed sludge, operating temperature, and the structure of

the reactor may affect the activity of microorganisms. Ivan et al. (2009) demonstrated increasing

levels of ammonia decreased microbial diversity and thus treatment performance was decreased.

Peces et al. (2018) performed long term continuous anaerobic digestion experiment with four different

seed sludges, resulted the different treatment efficiency depending on the seed sludge, although most

previous study of ADM1 have been applied the chemical compositions of seed sludge from previous

study, as well as this study. Therefore, by clarifying the effect of microbial structure on anaerobic

digestibility and linking to the ADM1, a higher reliability predictive model may be established.
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Figure 5-1. Simulation models and experimental data of semicontinuous anaerobic
digestion by using chemical compositions of seed sludge and Potamogeton maackianus.
Chemical compositions and experimental data were quoted from Koyama et al., 2017.
Used ADMI1 was developed in the present study, inserting the relationships of
lignocellulosic components and their ratios. Solid line represents batch result and dot line

means simulation result.
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Figure 5-2. Simulation results of semicontinuous anaerobic digestion of Potamogeton
maackianus under different HRT conditions (HRT40: Day 0-120, HRT30: Day 120-210,
HRT25: Day 210-250). Chemical compositions was quoted from Koyama et al., 2017.
Used ADMI1 was developed in the present study, inserting the relationships of

lignocellulosic components and their ratios.
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Figure 5-3. Simulation models and experimental data of semicontinuous anaerobic digestion
by using chemical compositions of seed sludge and Egeria densa. Chemical compositions and
experimental data were quoted from Kobayashi et al., 2015. Used ADM1 was developed in the
present study, inserting the relationships of lignocellulosic components and their ratio. Yellow
zone in (a) methane production rate represents the experimental value reported in the previous
study.
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Figure 5-4. Simulation results of three-years semicontinuous anaerobic digestion of harvested

. : . . 3. -
aquatic weeds from Lake Biwa. Operational conditions were assumed that 10 m day ofharvested

aquatic weeds were treated by 300 m digester with HRT 30 days. Chemical compositions were

calculated by species compositions of harvested aquatic weeds from Lake Biwa (Ohmi
Environment Conservation Foundation, 2015) and the chemical compositions of each aquatic

weed species analyzed in this study. Used ADM1 was developed in the present study.
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