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ABSTRACT

The application of lignocellulose biomass as a sustainable resource has gained traction to achieve
a reduction in greenhouse gas emissions. Valorization via hydrothermal carbonization (HTC) of
lignocellulosic biomass is necessary to convert high moisture biomass to solid fuel with a reduced
inorganic content and to improve it biodegradability through hydrolysis of the recalcitrant in
lignocellulose biomass that would enhance the production of biogas in anaerobic digestion process.
Utilization of anaerobic digestion (AD) process for energy demand and supply regulation are still
rare at the industrial scale, probably because they are unstable under some circumstances, such as
variation of process conditions. This drawback can be overcome by developing an adaptive
identifier system that will enhance the stable performance of the online biogas production.

This investigation has focused on the effect of processing parameters on the products of HTC
namely solid fuel or hydrochar, liquid and gas fractions, and utilizing the produced corn stover
hydrochar in AD process to increase biogas production. HTC was conducted in a temperature-
controlled batch reactor with corn stover and deionized water under oxygen-free conditions
obtained by pressurizing the reactor headspace with nitrogen gas. The properties of the hydrochar
and liquid and gas fractions were evaluated as a function of the process temperature (250-350 °C),
residence time (30-60 min) and biomass/water ratio (0.09-0.14). Central composite design (CCD)
modules in a response surface methodology (RSM) were used to optimize processing parameters.
The maximum mass yield, energy yield and high heating value (HHV) of the hydrochar produced
were 29.91% dry weight (dw), 42.38% dw and 26.03 MJ/kg, respectively. corn stover hydrochar
produced at high temperature decreased biogas production while corn stover hydrochar produced
at low temperature increased biogas production. Concentrations of acetic acid and hydrogen gas
were 6.93 g/L and 0.25 v/v%, respectively. Experimental results after process optimization were

in satisfactory agreement with the predicted HHV. The optimal HTC process parameters were

vi



determined to be 305 °C with a 60 min residence time and a biomass/water ratio of 0.114, yielding

hydrochar with a HHV of 25.42 MJ/kg.

The corn stover hydrochar obtained from hydrothermal carbonization at a temperature, residential
time, and biomass/water ratio of 215 °C, 45 min and 0.115 respectively was added to the bioreactor
as a substrate inoculated with food waste and cow dung to generate biogas. A state—space AD
model containing one algebraic equation and two differential equations was constructed. All the
parameters used in the model were dependent on the AD process conditions. An adaptive identifier
system was developed to automatically estimate parameter values from input and output data. This
made it possible to operate the system under different conditions. Daily cumulative biogas
production was predicted using the model, and goodness-of-fit analysis indicated that the predicted

biogas production values had accuracies of >90% during both model construction and validation.

In conclusion, this study demonstrates that corn stover can be converted to solid fuel through HTC.
The corn stover hydrochar produced was compared with pulverized coal utilized in power plant.
Using the adaptive identifier system indicated that data for at least 20 and 140 h were required to
estimate stable parameters related to bacterial and substrate inputs, respectively. It is recommended
to produced corn stover hydrochar at low temperature (100 — 200 °C) and residential time (10 — 30
min) to prevent inhibitor of methanogenesis, for increase production of biogas and utilize the

hydrothermal process water in AD process.
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CHAPTER 1

1. General Introduction

1.1 Corn stover for Bioenergy production

Corn stover consists of the leaves, stalks, and cobs of maize (corn) (Zea mays ssp. mays L.) plants
left in a field after harvest. Such stover makes up about half of the yield of a corn crop. It is a
potential feedstock for bioenergy production that could reduce over dependence on fossil fuel oil.
Recent attention has been focused on second-generation biofuels, which are not generated from
food sources. Sources of second-generation biofuels include crop residues and crops that are grown
solely for energy production, called dedicated energy crops. Examples of dedicated energy crops
are Miscanthus and switchgrass. By requiring fewer reallocations of resources in comparison to
biofuels created from food sources, second generation biofuels may have less impact on
agricultural commodity markets. We focus on the use of corn stover, the non-grain portion of the
corn crop, as a feedstock for bioenergy production. Corn stover could serve as a feedstock for
biofuels, as a substitute for coal in producing electric power, or both. In addition to meeting
renewable energy goals, use of corn stover for energy production may provide a new source of
income for corn growers. It is also lignocellulose biomass that mainly composed of cellulose (~

35% wi/w), hemicellulose (~ 20% w/w), and lignin (~ 12% wi/w).

1.2 Lignocellulosic Biomass

Virtually all biological materials could be converted to biogas, organic acids, alcohol, and other
products of biotechnological interest, but chemical composition plays a critical role in the biomass
selection and is directly related to products yield and overall process efficiency. For example,
lignocellulosics biomass with higher lignin content tends to produce lower methane(Li et al., 2013).

To obtain desired results and optimum pre-treatment efficiency, it is important to get a clear picture



of the lignocellulosic composition to visualize what is going on with lignocellulosic components
during pre-treatment. 3P NMR (phosphorus 31 — Nuclear Magnetic Resonance) is a direct analysis
tool to quantify hydroxyl groups in lignin. Real-time monitoring of lignocellulosic components
during pre-treatment may pave the way to understand pre-treatment impact better and to optimize
maximum sugar recovery. Physical properties of the lignocellulosic material; water-holding
capacity, specific porosity, specific surface area and crystallinity index change with each kind of
pre-treatment applied but to a different extent depending on pre-treatment type, severity, and

lignocellulosic composition.

1.3 Lignocellulosic Biomass Chemical Composition
Lignocellulosic biomass irrespective of their physical appearance shares the same chemical make-
ups; cellulose (30—70%), hemicellulose (15-30%), and lignin (10-25%), and extractives(Monlau

etal., 2013).
1.3.1 Cellulose

Cellulose, [CenH1on+20sn+1, N —degree of polymerization of glucose] the most abundant
polysaccharide, is a constituent of anhydro-glucan units linked together by B, 1-4 glycosidic
linkages in a linear fashion(Fengel, 1992). The hydrogen bonds between glucan units determine
cellulose crystallinity. Furthermore, some chains are irregularly arrayed rendering amorphous
regions intertwined with crystalline cellulose(Taherzadeh & Karimi, 2008). Chain length is inversely
proportional to hydrolysis efficiency(Karimi & Taherzadeh, 2016). It is insoluble in water and dilute
acid and alkaline solutions at room temperature. Cellulose in its amorphous form is most

susceptible to microbial degradation(Monlau et al., 2013).



1.3.2 Hemicellulose

Hemicellulose (CsHgO4)n is a linear and highly branched-heteropolymer composed primarily of
D-xylose, L-arabinose (members of Cs sugar family), D glucose, D-mannose, D-galacturonic acid,
D-galactose, and glucuronic acid (members of Cs sugar family) and C7 sugar 4-Omethyl
glucuronic acid (Soccol et al., 2019). Individual sugars may be methylated or acylated. This group
contains three pentoses (D-xylose, L-arabinose, and D-ribose) and two pentitols (D-arabitol, and
ribitol). The composition is heavily dependent upon the source whether it is derived from
angiosperm (hardwood) or gymnosperm (softwood). Xylose is the principal sugar for angiosperms
and agricultural wastes while glucomannan for softwood. Hemicelluloses have lower molecular
weight, lower DP (degree of polymerization), and less crystallinity with random amorphous
structure compared to highly packed cellulose rendering it more susceptible to hydrolysis than

cellulose(Yoshida et al., 2008).

1.3.3 Lignin

Lignin, the most abundant highly branched natural non-carbohydrate polymer next to cellulose
and hemicellulose; 40% of dry biomass weight (Effendi et al., 2008), is an important component
in plant cell wall providing structural strength. Moreover, to counter it from biotic and abiotic
stresses(Weng & Chapple, 2010). It is composed of phenylpropane alcohols; coniferyl, sinapyl, and
to a lesser extent p-coumaryl which form guaiacyl (G), sinapyl (S), and p hydroxyphenyl units
linked through the (B-O-4) B-aryl ether and 5-O-4 (biphenyl ether). C-C (“condensed”) bonds such
as 5-5 (biphenyl) linkages or a combination of C-C and ether linkages(Rowel RM, 2005).
Furthermore, lignin frequently forms a covalent bond with the surrounding carbohydrate mainly
hemicellulose (Wormeyer et al., 2011). The relative portion of each component varies by plant

species. Coniferyl alcohol is the principal monomer in softwood lignin. Both sinapyl and coniferyl



monomers are the building blocks for hardwood lignin. Other “noncanonical” aromatic monomers
also known to be incorporated into lignin framework(Bonawitz & Chapple, 2010). It provides the
protective cover around the cellulose and hemicellulose as a hydrophobic sheet and has high
significance for AD since lignin concentration varies inversely to methane production(Ahring et
al., 2015).

1.3.4 Extractives

Lignocellulosic biomass may also contain a broad range of extractives based on origin. Extractives
are not accounted for integral parts of the biomass structure(Qian EW, 2013). Extractives could be
divided into two broad categories based on their solubility: hydrophilic (water soluble) and
lipophilic (soluble in non-polar solvents). However, some phenols are on the borderline of the two
said groups(Theander, 1985). Hydrophilic extractives include simple sugars, simple phenolics,
stilbenes, lignans, flavonoids, and tannins. While waxes, fats, fatty alcohols, terpenes, sterols and
steryl esters are the examples of lipophilic extractives. Extractives serve as metabolites, energy
reserves, and protective agents against the microbial enzymic action.

1.4 Hydrothermal Process

Promising technologies for the conversion of lignocellulose waste biomass into bio-based
chemicals and biofuels are hydrothermal (HT) processes, which use sub- and supercritical water
as processing media in Figure 2.1, presents phase diagram of water. Subcritical water is pressurized
water at temperatures above its boiling point at ambient pressure and below the critical point (343

°C, 22.1 MPa).
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Figure 1.1: Phase diagram of water with area of application for hydrothermal treatment; (T¢ —
critical temperature, P¢ — critical pressure).

Within a region close to the critical conditions, system properties become more sensitive to
pressure and temperature changes. By increasing temperature, the density of the liquid phase
decreases, the density of the vapor increases and becomes more similar and finely identical at
critical point. Water above the critical point is named supercritical water and has properties
between liquid-like and gas-like phase(Pavlovi¢ et al., 2013). Generally, HT processes could be
divided into four main processes.

141 Hydrothermal carbonization (HTC)

The first step of HTC reaction of biomass is hydrolysis, where water reacts with extractives,
hemicellulose, or cellulose and breaks ester and ether bonds (mainly B-(1-4) glycosidic bonds),

resulting in a wide range of products, including soluble oligomers like (oligo-) saccharides from



cellulose and hemicelluloses(Erlach et al., 2012). Hydrochar yield as a function of carbonization
temperature and residence time.Gao et al. (2016) report that during the process of hydrothermal
carbonization to convert eucalyptus bark into hydrochar carbonization temperature played an
important role in the yield, physicochemical properties, and thermal behavior of the hydrochar.
Effect of residence time was marginal. Higher temperature enhanced the hydrothermal conversion
of raw material, resulting in lower yield, higher fixed carbon content, higher fuel ratio, higher
heating value, lower O-containing functional groups (i.e., O-H and C-O groups) and a higher
thermal stability of hydrochar. The hydrochar yield decreased with an elevation of carbonization
temperature. Generally, the process usually takes place at moderate conditions (250 °C and 2 MPa)
where carbonaceous bio solid product named “hydro char” is obtained. The same product can be
generated at even higher temperatures (250-800 °C) based on wet pyrolysis. In both cases reactions
normally need several hours \for conversion and has been tested with substantial types of
biomasses(Liu et al., 2013).

1.4.2 Hydrothermal liquefaction (HTL)

Hydrothermal liquefaction (HTL) is one of the most investigated HT process for converting waste
biomass into chemicals and biofuels, where the reaction is performed under medium temperature
and high pressure (280-370 °C, 10-25 MPa) sufficient to keep the water in a liquid state. The main
product is water-insoluble bio-oil (also called bio-crude) with small quantities of water-soluble
products like char (solid residue) and light gases (e.g., H2, CO, CO2, CH4). Bio oil is a mixture of
several oxygenated compounds with an oxygen value of 10 - 20 wt% (Pavlovic et al., 2013). In
hydrothermal processes usually dehydration occurs and results in removing of biomass oxygen
from 40 wt% up to 10 wt%. Therefore, HTL products have lower oxygen content and higher

heating values compared to those from pyrolysis and can be directly used for combustion in coal-



and oil-fired power stations. Since oxygen content of high-quality transportation fuels is less than
1 wt%, bio-oils need to be sufficiently improved to be use instead of gasoline or diesel. This
includes possessing additional physical characteristics like high energy content, a good
combustibility high energy content with a good combustibility, lower viscosity, and the ability to
conventionally store in an effective manner (Tekin et al., 2014).

1.4.3 Hydrothermal Gasification (HTG)

Hydrothermal gasification (HTG) is a process in which biomass waste without pre-drying reacts
with water that acts not only as a solvent but also as a reactant under sub- and supercritical
conditions to produce gaseous products, mainly CHa, H2, CO; and C;-C4 carbon gases. As side
products when applying lower temperatures, also some bio-oil, char, and tar are formed, which
decreases the yield of gases. Depending on the temperature the range process can be divided into
three main types: supercritical water gasification, catalyzed near-critical gasification to methane
and aqueous phase reforming.

1.5 Anaerobic Digestion

Anaerobic digestion is a process for biological treatment of organic wastes with production of
methane gas. Four metabolic paths can be identified in this process: two for acidogenesis and two
for methanization (Figure 2.2). In the first acidogenic path (Path 1), glucose is decomposed into
fatty volatile acids (acetate, propionate), hydrogen and inorganic carbon by acidogenic bacteria. In
the second acidogenic path (Path 2), OHPA (Obligate Hydrogen Producing Acetogens) decompose
propionate into acetate, hydrogen, and inorganic carbon. In a first methanization path (Path 3),
acetate is transformed into methane and inorganic carbon by acetoclastic methanogenic bacteria.
While in the second methanization path (Path 4), hydrogen combines with inorganic carbon to

produce methane under the action of hydrogenophilic methanogenic bacteria.
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Figure 1.2: Reaction Scheme of Anaerobic Digestion.

1.6 The Integration of Hydrothermal Carbonization and Anaerobic Digestion.

Integration of hydrothermal processing with anaerobic digestion is gaining interest to maximize
the energetic output from different feedstocks. However, despite numerous reports in the literature,
it is still uncertain which integration strategy is the most effective approach for maximizing energy
recovery. Separation of hydrochars and process waters after hydrothermal treatment for different
applications is one method to integrate HTC and AD. Few studies have investigated the
biomethane generation from hydrochars due to their high recalcitrance to microbial digestion.
Despite this, Luz et al. (2018) found significant yields of biomethane from spent coffee ground
hydrochar, however, the biomethane yields were not compared to untreated coffee grounds. This
approach would require an alternative application for the process water, such as recirculation into
HTC ((Catalkopru et al., 2017) or as a nutrient-rich fertilizer (Chen et al., 2017)).

A more common approach is to separate the hydrochar for use as a solid combustion fuel and

subsequent anaerobic digestion of the process waters (Marin-Batista et al., 2019). However, there



is only limited data on the properties of seaweed derived process waters and the most extensive
studies are based on predictive yields (Smith & Ross, 2016). Wang et al. (2019) investigated the
influence of process water recirculation on the HTC of a Laminaria species, including biomethane
generation from process water digestion. However, this was only conducted at a single HTC
temperature; 220 °C. Anaerobic digestion of process waters bypass the hydrolysis stage, which is
often regarded as the rate limiting step (Monlau et al., 2013), therefore faster degradation rates can
be assumed. However, severe pre-treatments cause the formation of inhibitory by-products,
including furfural, furfuryl alcohol, 5-HMF, formic acid, acetic acid and propionic acid (Nakason
et al., 2018b). The formation of these compounds reduce biomethane yields (Marin-Batista et al.,
2019). Despite this, Heidari et al. (2020) recently simulated the energetic output of combustion
compared to HTC-AD; suggesting HTC-AD is a more suitable conversion option for feedstocks
with high moisture and initial low HHV values. Another approach is to hydrothermally pre-treat
feedstocks at lower HTC temperatures; between 100 °C —200 °C (Ding et al., 2020) and generate
biomethane from the slurry (mixed hydrochar and process water). (Ding et al., 2020) found low
temperature (140 °C) hydrothermal treatment to be the optimal pretreatment for two-stage
digestion of the macroalgae Laminaria digitata when compared with a range of pre-treatments,
such as dilute acid pretreatment and enzymatic hydrolysis. An optimal pre-treatment temperature
of 140 °C was found for both food waste (Ding et al., 2017) and seaweed species S. latissima (Lin
et al., 2019), to produce enhanced biomethane yields from a two-stage process, linked to optimal
carbohydrate solubilization. Increasing the temperatures above 140 °C reduced biomethane yields
due to inhibitory Malliard reactions with food waste and inhibitory by-product formation from S.
latissima. Wang et al. (2019) found hydrothermally treating rice straw at 210 °C significantly

reduced biogas yields by 30%, probably due to the inhibitory nature of the hydrochar. Typically,



hydrothermal slurries generated at higher temperatures are not recommended for anaerobic
digestion. Zhao et al. (2018) investigated the integration strategies of HTC and AD; digesting food
waste hydrochar, process water and a mixed slurry. The addition of hydrochar to the process water
improved biomethane yields by 153% compared to digestion of the process water alone, due to the
hydrochar acting as a surface for microbial interaction. However, these results were not compared
to biomethane yields from the untreated food waste.

1.7 Modelling of Anaerobic Digestion process

It has long been known that organic compounds can be metabolized in anaerobiosis down to a
mixture of methane and carbon dioxide (Renard et al., 1988). It is commonly considered as a two-
step biological process: fermentation (or acidogenesis) and methanogenesis. In the first step,
organic compounds are fermented usually to volatile fatty acids by a group of acidogenic bacteria.
In the second step, the methanogenic archae-bacteria convert the products of acidogenesis, into
methane, CHa, and carbon dioxide, CO>. Recently, the biological process has appeared more
complicated. However, the two-step picture will suffice for this purpose. If, as it is often assumed,
the methanogenic step is rate-limiting, the following state space representation based on mass
balances can be used to describe the dynamical behavior of a continuously fed, completely mixed

anaerobic digestion reactor. The net accumulation of active biomass in the reactor is

dx(t)
dt

= u(®)X() = DX Eq1.1

The net accumulation of substrate biomass in the reactor is

ds(t)

— = = —Ku(®X () = D(OSin(6) = DOS®) Eqlz

The rate of methane gas (product) production is

Q) = Ky p(®)X(®) Eq13
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where

X(t) is the methanogenic bacterial (active biomass) concentration; S(t) is the substrate biomass
concentration in the effluent (g CODI/L); S;,,(t) is the substrate biomass concentration in the
influent (g COD/L); Q(t) is the methane gas (product) production rate (L CHa/h). D(t) is the
dilution rate (day?). u(t) is the specific growth rate (day-!); and K; and K, are the yield
coefficients.

The specific growth rate, u(t), is known to be a complex function of many physicochemical and
biological environmental factors, such as the substrate biomass concentration, S, the active
biomass concentration, X, and the pH or the temperature, and many different analytical expressions
have been suggested to account for these factors in anaerobic waste treatment processes (Sinechal
etal., 1979).

1.8 Problem lIdentification

As global energy demand is increasing at a rate of 2.3%/year. There is a strong need to increase
bioenergy production because of the rising in energy cost and risk of global warming caused by
fossil combustion. Bioenergy, being carbon-neutral and energy sources are important alternative
to fossil fuel. Lignocellulose biomass are potential feedstocks to produce chemical and fuels. Corn
stover is an important source of lignocellulosic biomass in Nigeria, with total production of
approximately 200 million tons per year. Because of its carbonaceous nature, corn stover has
excellent potential to converted to bioenergy. However, the use of corn stover as a solid fuel
feedstock is limited by its low energy density, structural heterogeneity, low heating values and
high moisture content. With only scant amounts used to feed livestock and in the pulp/paper
industries, a huge amount of Nigeria’s corn stover is being discarded or combusted, which causes

pollution of both the air and the landscape.
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Various researchers have made conclusions about improvement of the combustible properties of
lignocellulose biomass such as their moisture content, combustion efficiency, energy density,
heating value and hydrophobic nature. Torrefaction greatly improves the combustible properties
of lignocellulose biomass materials in terms of their moisture content, combustion efficiency,
energy density, heating value and hydrophobic nature. But a degree of uncertainty exists in
torrefaction, especially in the areas of reduction in alkali content from agricultural biomass and
degradation of mill performance in the grinding of torrefied biomass. These challenges result in
agglomeration, corrosion, and a reduction in combustion efficiency due to a higher percentage of
unburned carbon in fly ash. Lignocellulosic biomass contains complex three-dimensional
polysaccharide structures restrict enzymatic degradation by anaerobic microbes during AD.
Therefore, pretreatment of lignocellulosic biomass is necessary to improve its biodegradability

through hydrolysis of the recalcitrant components in lignocellulose biomass.

The need for computer control in biotechnological processes to improve product quality or
to optimize production efficiency is becoming more and more obvious. For the last two decades,
it has been the subject of much research work and has resulted in numerous scientific publications.
The computer control of variables such as temperature or pH has become a routine. But real-life
control applications of the biological variables such as biomass substrate, S, active biomass, X, or
product, P, are developing slowly. There are two main reasons for this. First, basic biological
processes underlying biotechnologies, and their dynamics, only begin to be well understood. They
involve living organisms, the dynamical behavior of which is strongly nonlinear and nonstationary.
Secondly, there is a lack, in most cases, of cheap sensors capable of providing reliable on-line
measurements of the biological and biochemical parameters required to implement high

performances computer control strategies.
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CHAPTER 2

Investigating the effect of processing parameters on the products of

hydrothermal carbonization of corn stover.

2.1 Introduction

Biomass is the waste and residual biological material of plants and animals (Chew & Doshi, 2011).
The application of lignocellulose biomass as a sustainable resource has gained traction to achieve
a reduction in greenhouse gas emissions (Hastings et al., 2009). Near-zero greenhouse gas
emissions can be accomplished by balancing plant biomass production and use in the future (Akhtar
& Amin, 2011). Bioenergy is a potential renewable energy and low-emissions resource, and is
sustainable if its social impact, economics, and environment are well managed (Mohammed, Aliyu,
et al., 2020). Lignocellulose biomass is recognized as an essential source of renewable energy
because of its universal availability, low cost, flexible application (energy or heat production) and
carbon neutrality (Anca-Couce, 2016). However, the capital costs and labor-intensive pretreatment
and processing requirements associated with utilizing lignocellulose biomass must be addressed

before any technique can become widely adopted (Himmel et al., 2007).

Numerous literatures have made conclusions regarding the upgrade of biomass combustion
properties such as their hydrophobic nature, combustion efficiencies, heating values, moisture
content and energy density. Torrefaction significantly improves the combustion properties of
lignocellulose biomass with respect to the aforementioned properties, but a degree of uncertainty
exists in torrefaction, particularly involving a decrease in alkali contents from agricultural residuals
(Paul et al., 2018) and a gradual breakdown of mill performances in the grinding of torrefied
biomass. These challenges result in corrosion, agglomerations and a reduction in combustion

efficiencies due to high percentages of unburned carbon in fly ash. Valorization via hydrothermal
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carbonization (HTC) is particularly suitable for biomass residues with high proportions of
inorganic elements (a high mass fraction of ash content). The benefit of hydrothermal biomass
conversion techniques is that they do not demand drying of biomass, which reduces energy
requirements and process expenditure. The hydrothermal conversion process itself is cost-effective
when compared to other conventional thermal drying techniques ( Zhao et al., 2014). HTC has
received significant attention for converting high moisture biomass to coal-like materials (solid
fuel) with a reduced inorganic content. For example, HTC has been applied in the production of
solid fuels with high energy contents using wine industry waste (Pala et al., 2014), wheat straw
(Reza et al., 2015)tobacco stalks (Cai et al., 2016), olive mill industry residual biomasses (Volpe &

Fiori, 2017), citrus wastes (Erdogan et al., 2015) and pulp mill waste (Wikberg et al., 2016).

Corn stover is an important source of lignocellulosic biomass in Nigeria, with total production of
approximately 200 million tons per year. Because of its carbonaceous nature, corn stover has
excellent potential to serve as a raw material to produce coal-like materials (Deng et al., 2016).
However, the use of corn stover as a solid fuel feedstock is limited by its low energy density,
structural heterogeneity, low heating values and high moisture content. With only scant amounts
used to feed livestock and in the pulp/paper industries, a huge amount of Nigeria’s corn stover is
being discarded or combusted, which causes pollution of both the air and the landscape. HTC is a
process of lignocellulose biomass transformation in subcritical or supercritical water under high
pressure and temperature in the absence of oxygen, also known as wet pyrolysis. It can be divided
into three main stages, namely, gasification, carbonization and liquefaction, which vary based on
the processing temperature and residence time. In HTC, a sequence of reactions occurs during
lignocellulosic biomass disintegration, including dehydration, hydrolysis, condensation,

decarboxylation, aromatization and polymerization (Gao et al., 2012). Solid, liquid and gas
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products are derived from this sequence of reactions. The solid is the main product; it has higher
carbon content and increased hydrophobicity relative to the feedstock. The applications of HTC
solids include energy storage (Funke & Ziegler, 2010), carbon-based catalysis (Hu et al., 2010), soil
amendment (Kang et al., 2013), adsorbent (Steinbeiss et al., 2009) and fuel source (Kruse et al.,
2013). The liquid comprises valuable organic chemicals such as acetic acid, glycolic acid, lactic
acid, levulinic acid, formic acid, furfural, succinic acid, hydroxymethyl-furfural, furfuryl alcohol
and propionic acid. The gas fraction mainly comprises hydrogen, carbon dioxide, methane and

carbon monoxide.

Table 2.1 summarizes previous works of HTC process parameters using a classical experimental
design (CED) and responses surface methodology (RSM), as well as solid fuel obtained at
supercritical water (SCW) conditions. However, there are limited studies on the production of solid
fuel at SCW conditions. Table 2.1 shows that previous studies utilized CEDs that change one
variable at a time and does not reveal the effects of interaction and pure squares between process
variables due to a large number of experimental trials, making this approach time consuming. Thus,
based on a previous report of compound models, the optimization of solid fuel yield obtained by
reducing the number of experimental trials has received insignificant attention in this area of
research (Mohammed et al., 2019). In this research, a novel approach to HTC process has been
employed to produce a solid fuel with high yields; this fuel is usually examined by optimizing the
HTC process parameters mentioned in Table 2.1. In addition, effects of individual variables, pure

squares and their interactions have been estimated by using RSM.
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Table 2.1 Literature review on hydrothermal carbonization (HTC) parameters by using
classical experimental design (CED) and responses surface methodology (RSM), solid
fuel produced at supercritical water (SCW) conditions made from corn stover.

Solid fuel
Produced
Previous HTC Parameters using under SCW
Work CED HTC Parameters by RSM Conditions
from Corn
Stover
Temperature (190—
(Zhu et al., 320 °C) and
2016) hydrothermal treatment NA NA
severity (4.17-8.28 min)
(Machado Temperature (175—
etal., 250 °C) NA NA
2018)
. Temperature (170—
(al\l/lo;)eorse)t 200 °C) and residence NA NA
N time (5-20 min)
(Fuertes et o
al., 2010) Temperature (250 °C) NA NA
(Xiao et o
al., 2012) Temperature (250 °C), NA NA
Temperature (180—
(Volpe et 250 °C), residence time
P (0.5-3 h) and NA NA
al., 2018) bi .
iomass/water ratio
(0.07-0.30).
Temperature (122.7-257.3 °C),
(Kang et NA residence time (4.8-55.2 min) and NA
al., 2019) ; '

biomass (0.98-6.02 g/50 mL H20)

Temperature (215.91-384.09 °C), SO::)O' dfj‘éee'd";‘i‘s
This Study NA residence time (19.8-77 min) and P SCW
Biomass/water ratio (0.073-0.157) "
conditions

NA: Not Applicable;

RSM is a flexible mathematical method employed in optimization, modeling and experimental
design. It is an empirical modeling method that relates one or more responses to independent
parameters. It gives statistical indications on individual model terms and interactions (Mohammed
etal., 2019). To develop a complete biosystem for the solid fuel, liquid and gas fractions from corn

stover must also serve as a pathway to sustainable bioenergy generation. Information regarding
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the optimization of HTC process parameters by using RSM is limited to the best of our knowledge.
Therefore, the aims of this investigation are (1) to optimize conditions and determine the effect of
process parameters (the biomass/water ratio, residence time and temperature) on the properties of
the hydrochar, (2) to gain insight into the underlying mechanism during HTC, as well as the
thermal and structural properties of the hydrochar, and (3) to determine the yield and composition
of the liquid and gas fractions, and to assess the feasibility of utilizing them in anaerobic digestion
in future work.

2.2 Materials and Methods

2.2.1 Material Used in this study

The corn stover (New Dent, 105 days) used in this study was harvested from Hokkaido University
Farm. The moisture contents as received were 80 wt%. The collected corn stover was pulverized
into a 10 mm square and dried in a ventilated oven at 105 °C for 24 h. This pretreatment was
conducted to avoid degradation and begin with a dry reference point. Samples were further milled

and sieved to particle sizes of 500 and 800 um.

2.3. Hydrothermal Experimental Setup of Corn Stover

HTC was conducted in a temperature-controlled batch reactor (Model: 122841, SUS 316 Tsukuba,
Japan) at volumes between 160 and 190 mL. For each experiment, the reactor was charged with
1.09t0 2.36 £ 0.002 g of dried sample (corn stover) and 12.64 to 13.91 + 0.03 g of deionized water
to obtain the desired biomass/water ratio. The experimental layout is detailed in Table 2.2.
Deionized water and corn stover were placed in the batch reactor. Oxygen-free conditions were
obtained by pressurizing nitrogen gas to an initial pressure of 4 MPa in the reactor headspace; this

also kept the water boiling during the hydrothermal process (Ushiyama & Shimizu, 2018). Gases were
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obtained by gas trap bag after the reactor was cooled down. Liquid and solid phases of the reaction
solution were separated by vacuum filtration. The liquid fraction, which is rich in acetic acid, will

be used for biogas production in anaerobic fermentation in future work.

Table 2.2. Variables that were in the Central Composite Design for the
Hydrothermal Hydrochar Process.

Factors Unit Code Factor Level
(o) (1) (0) (+1) (to)
Temperature °C 21591 250 300 350 384.09
Residential Time h 0.33 0.5 0.75 1 1.17
Biomass/water Ratio % 0.073 0.09 0.115 0.14 0.157

2.4. Characterization of Raw Corn Stover and Products of HTC

The proximate analysis of raw corn stover and solid fuel was conducted using the ASTM 1762—
84 and 3173-87 method. CHN analysis (CE440, Exeter Analytical, Inc, Coventry, UK) was
performed to determine the carbon, nitrogen, oxygen, and hydrogen content. The high heating
value (HHV) of the solid fuels were determined using a digital calorimeter (Model DCS-196,
Shinjuku Tokyo, Japan). The thermogravimetric analysis (TGA) of corn stover and the hydrochar
were conducted on a Thermo plus EVO Il TG 8120 instrument (Rigaku, Tokyo, Japan). A sample
(10-15 mg) was heated from ambient temperature to 600 °C at a constant ramp rate of 10 °C min—1
under a nitrogen flow rate of 50 mL min—1. The difference in weight after devolatilization and
controlled heating was estimated as the weight loss. Surface morphological characteristics of the
samples were investigated using a scanning electron microscope (SEM) JSM-6301F system (JEOL,
Tokyo, Japan). Samples were place on aluminium stub coated with gold palladium alloys and equal
sided carbon tape employing an ion sputtering device (e101 lon Sputter, Hitachi, Ltd, Tokyo,

Japan) before SEM investigation. Investigation was done under high vacuum conditions, <1.0 x
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10-3 Pa, at a voltage of 10 kV (Shimizu et al., 2020). The liquid fractions were analysed using the
high-performance liquid chromatography-refraction index (HPLC-RI) 1200 Infinity series with
Shodex KS-802 column (Showa Denko, K.K, Tokyo, Japan). Ultrapure water was employed as
the mobile phase. The column temperature and flow rate were set to 60 °C and 0.6 mL/min. A
solution of 0.3% pullulan standard was used to perform for an alignment peak. The injected volume
was 100 pL (Shimizu et al., 2020). Gas chromatography (GC-4000, GL Science, Tokyo, Japan)
was used to analyse the gas fraction. CH4, CO and CO2 were detected using a GC-FID-TCD
interphase (GC with a flame ionization detector and thermal conductivity detector) with hydrogen
as the carrier gas. Hz was detected by GC-TCD (Athika Chuntanapum et al., 2008). Each of these
analyses was replicated three (3) times to minimize errors. The HHV was calculated using the
modified Dulong’s formula shown below as Eq. (2.1), according to previously published work by
(Theegala & Midgett, 2012). Nitrogen, carbon, hydrogen, and oxygen were determined using
elemental analysis (although the percentage content of nitrogen is not used in this formula). The

mass and energy yield of the hydrochar was obtained from Eq. (2.2) and (2.3).

HHV [ Eq 2.1

M]] 335 X wt.%c+ 1423 x wt.%H 15.4 x wt.% O
kgl 100 100 100

) Mass of Produced Hydrochar
Mass Yield = x 100 Eq 2.2
Mass of Raw Corn Stover

HHV of Produced Hydrochar

Energy Yield = Mass Yield X
HHV of Raw Corn Stover

X 100 Eq2.3
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2.5. Experimental Design, Response Surface Methodology Development and Hydrothermal
Process Optimization.

In this work, process variables (temperature, residence time and biomass/water ratios) that
influence the yield of hydrochar were examined using a response surface methodology (RSM). To
avoid laying-off (unnecessary repetition of experiments), a central composite design (CCD) was
employed to gives 20 experimental trials to study the influence of 3 chosen variables on the solid
fuel yield (Table 4.3). The range of parameters that were examined are shown in Table 2.5. Process
temperature was assessed in a range from 250 to 350 °C, the biomass/water ratio varied from 0.09
to 0.14 and the residence time varied from 0.5 to 1 h. Three input parameters were investigated at
low (—1), medium (0) and high (+1) levels, and axial points were added (axial distances; + o =
1.68) for design orthogonality. Six center points were utilized to appraise the lack of fits and pure
errors of the proposed model. Each of these processes was repeated three times. Multiple
regression was employed to fits the coefficients of quadratic model of the response. Quality of the
fitted quadratic model was evaluated by using the significances test and analysis of variances

(ANOVA). The fitted model is shown in Eq. (2.4).

Y = 1o+ mixq + 12Xy + 03Xz + NaX1X + NsxyX3 + NeXoxz + 1N7x7 + ngxs +

NoX3 Eq2.4

Here, Y is the dependent variable (HHV in MJ/kg), n, is the intercept value,n,, n, and n; are the
first order coefficients, 14,75 and n¢ are the interaction coefficients,n,, ng and ng represent the
quadratic coefficients and x;,x, and x3 represents the independent parameters. Local
optimization of RSM was utilized to determine the optimum sets of 3 process input variables to
maximize HHV. The HHV was set at maximum while the inputs variable was set in the range

examined in this study. A desirability function in the RSM module was utilized to search for
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optimal values which gave the maximum HHV. Predicted optimal value was validated by
performing experiments in triplicate using the same conditions as those predicted by RSM. Mean
experimental values were compared with the predicted values to assess the precision of
prediction(Mohammed et al., 2019).

2.6 Results and Discussions

2.6.0 Characterization of Solid Fuel, Liquid and Gas Fraction from Corn Stover

2.6.1 Solid Fuel

The composition and energy properties of the raw corn stover and its hydrochar are presented as a
function of the processing temperature, residence time and biomass/water ratio in Table 2.3. For
comparison, other feedstocks (corn stalk and Opuntia ficus-indica cladodes (OC)) are also included
in Table 2.3. The ash content of the hydrochars increased relative to raw corn stover. This
observation is contrary to published works on HTC of corn stalk(Kang et al., 2019) and
Miscanthus(kambo & Dutta, 2015) but in agreement with the study of Opuntia ficus-indica
cladodes(Volpe et al., 2018). The ash content of the corn stover hydrochar increases from 18 wt.%
of 250 °C, 45 min, to 18.95 wt.% of 300 °C, 77 min, to 25.87 wt.% of 350 °C, 60 min at constant
biomass/water ratios of 0. 115.The increase in ash content may be caused by reprecipitation of
some inorganic material on the solid fuel after a long residence time at high temperatures, as

suggested by Nakason et al. (2018a).

The volatile matter (VM) of the raw corn stover obtained was 71.34%, comparable to corn
stalk(Kang et al., 2019) and higher than OC(Volpe et al., 2018). The VM of the raw corn stover
was higher than all the hydrochars produced. The VM in the hydrochar decreased significantly

with the increasing processing temperature (250 to 350 °C) at a constant residence time of 60 min
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and biomass/water ratios of 0.14. This decrease in VM may be attributable to the decomposition

of celluloses and hemicelluloses during hydrothermal treatment.

The highest percentage of fixed carbon obtained in the corn stover hydrochar was 31.30% at the
processing temperature of 350 °C, residence time of 60 min and biomass/water ratio of 0.14,
substantially more than in the hydrochars reported by Cai et al. (2016) and Hoekman et al. (2011).
High fixed carbon and low volatile matter are more highly desirable characteristics for solid
biofuels than raw biomass, which often ignites easily at low temperatures (~250 °C), resulting in
rapid maximum weight loss(Hoekman et al., 2011). The increase in temperature (215.9, 300 and
384.09) and residence time (45 and 77 min) at a constant biomass/water ratio of 0.115 enhances
the carbon content and decreases the percentages of oxygen and hydrogen. This is a result of
decarboxylation and dehydration reactions that take place during HTC, which lead to a decrease
in the ratios of O/C and H/C. The ultimate analysis shows that the content of carbon increases
gradually with the extension of processing temperature (250 and 350 °C) at a constant residence
time and biomass/water ratio of 60 min and 0.14, respectively. This changed of carbon content

trend in hydrochar is consistent with a report developed by Zhu et al. (2016)
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Table 2.3: Comparison of Average Values of Proximate Analysis, Ultimate Analysis
and Energy Properties of Raw Corn Stover Hydrochar with other Types of Biomass
Hydrochars.

Raw Hydrochars
Corn
Propertie St‘;“’ 215.9°C 250°C 300°C 350°C 384.09°C CS(Kan OC(Volp
s This  -0115. 004, L0115 014 0115 getal, eetal,
45min  60min 77 min 60 min 45 min 2019) 2018)
Study
1
Proximate Analysis (SD < 1.25)
Volatile
Matter 7134 5728 6072 5447  42.83 40 74.32 56.88
(%)
Fixed
Carbon 17.67 2472 1952 2658 3130  30.89 18 28.17
(%)
Ash
Content  11.05 18 1975 1895 2587  29.11 3.54 14.95
(%)
Ultimate Analysis (SD < 1.09)
C?(f/b)on 4083 5239  56.67 6207 57.60 54.18 53.44 50.48
0
Hydroge ¢, 4.8 476 493 433 3.7 5.67 4.83
n (%)
O’(‘(Zg)en 4138 2286 1662 1152 995 10.85 39.64 28.94
N‘t(f;%en 1.54 1.95 22 253 225 2.16 1.12 0.81
0
0/C 1.01 0.44 029 0.19  0.17 0.2 0.74 0.57
H/C 1.28 0.92 084 079 075 0.68 0.106 0.095
Energy Properties (SD < 1.67)
HHV
(MI/kg) 16.16 2230 2420 2747 2537 2375 22.82 22.39
HHV
MIkg)® 1472 20.86 2320 2603 23.93 21.75
Energy
Yield (%) 1 4238 2288 4090 3297  29.88 55.70 83

HHV (MJ/kg) # Calculation by formula; CS: Corn Stalk. SD: Standard deviation. OC:
Opuntia Ficus-Indica Cladodes.

The atomic ratios quantitative index is an essential standard for assessing the aromatic contents

and degree of deoxygenation, during HTC of lignocellulose biomass. The H/C and O/C atomic
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ratio provide clues about the aromatic contents; a lower ratio of H/C indicates that the aromatic
contents of the hydrochar is high. The atomic H/C and O/C ratio of corn stover and its hydrochar
are shown in Figure 2.1. Anthracite, coal, lignite and peat are also presented in the same figure for
a coalification comparison. The H/C and O/C ratios of the hydrochar decrease as the residence
time and temperature increase. It was obvious that the hydrochar produced at 384.91 °C shows a
higher degree of coalification compared to the hydrochars produced at 215.9 °C with a similar
residence time and biomass/water ratio, which indicated that demethanation, decarboxylation and
dehydration reaction occur during the HTC process, though the rate of reaction of decarboxylation
was lower than that of the dehydration. This finding similar to one on the HTC of a high moisture
content outlined by Zhu et al. (2016). The hydrochar produced at 300 °C after 77 min with a
biomass/water ratio of 0.115 has the highest carbon content of 62.07 wt.% basis; this value is
comparable to coal material. Thus, these processing conditions were found to be optimal and
would be recommended to produce corn stover hydrochar as a substitute solid fuel for power

generation.
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Figure 2.1: Van Krevelen diagram for raw corn stover and hydrochar.
Differential thermogravimetric analysis (DTG) and thermogravimetric analysis (TGA) were
conducted to examine the thermal disintegration behaviors of raw corn stover and its hydrochar.
As presented in Figure 2.2a, three levels of disintegration were recognized. The first level ranged
from 100 to 250 °C and showed gradual weight loss, mostly from the removals of moisture and
the release of some volatiles. The second level ranged from 250 to 400 °C and mainly involved
the disintegration of cellulose and hemicellulose. At temperatures >450 °C, decomposition was
attributed to the slower thermal breakdown of lignin(\VVolpe et al., 2018). At 600 °C, the final
weight loss of solid fuels increased in the following order: 350 °C < 250 °C < 384.09 °C <

215.91 °C < 300 °C < Raw corn stover.
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As shown in Figure 2.2b, a sharp DTG peak was observed at 320 °C for raw corn stover, likely
because of the high content of volatile matter. The temperature of the DTG peak increased in line
with the increasing processing temperature (250 to 350 °C) and residence time (30 to 60 min)
employed in the production of hydrochar. Significant weight loss was not observed for the
hydrochar produced at 300 °C, which is likely a result of its high carbon content. As the thermal

stability of a solid fuel improves, the air pollution it produces is reduced because of complete
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Figure 2.2: TGA (a) and DTG (b) Curve of Raw Corn Stover and its Hydrochar.
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combustion(Elaigwu & Greenway, 2016),

The corn stover and its hydrochars were examined to determine their microstructures (Figure 2.3)
using SEM. The raw corn stover contained a rigid and well-organized fibril structure. The

hydrochars processed at 215.91 °C and 250 °C depict a rough surface with many discrete droplets
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where the corn stover was slowly degraded. As the processing temperature increased to 300 °C
and 350 °C, more discrete droplets appear on the surface of the hydrochar, and the droplets
gradually increase in size. Finally, granular, and molten structures were formed in the hydrochar
at a processing temperature of 384.09 °C. The highly organized structure of the raw corn stover is
attributable to Van der Waals forces, covalent bond and hydrogen bond in the three-dimensional
binding of hemicellulose, cellulose and lignin(Cantero et al., 2014). With increasing temperature

and residence times, these interactions decrease or disappear as lignin degrades.
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Hydrochar at 350 °C, 0.14, 60 min Hydrochar at 384.09 °C, 0.115, 45 min

Figure 2.3.: Analysis of raw corn stover and solid fuels at 500x magnification.
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2.6.2. Liquid Fraction

HPLC-RI analysis indicated that the major components of the liquid fraction were acetic acid,
glycolic acid, and ethanol. The concentrations of acetic acid, glycolic acid and ethanol ranged from
4.152 t0 6.930 g¢/L, 1.410 to 5.11 g/L and 0.086 to 0.297 g/L, respectively (see Figure 2.4). The
highest concentrations of acetic acid, glycolic acid and ethanol were achieved with a processing
temperature of 250 or 350 °C, a constant biomass/water ratio of 0.14 and a residence time of 60
min. The acetic acid concentration increased with higher processing temperatures, while the
glycolic acid concentration increased with longer residence times, likely because of the oxidation
of glycoladehyde. Hemicellulose and cellulose are hydrolyzed into monosaccharides via the
hydrothermal process(Abdullah et al., 2014). These monosaccharides are unstable, and some of
them are converted into other products such glycoladehyde, furfural and acetaldehyde, which in
turn are converted to acetic acid (at high temperatures) and glycolic acid (at a longer residence
time). The optimal processing conditions to produce acetic acid for an AD process is at a
temperature of 350 °C, a biomass/water ratio of 0.14 and a residence time of 60 min. These
conditions maximize the concentration of acetic acid in the liquid fraction; this result is desirable
because acetic acid is the key feedstock for biomethane production via anaerobic digestion(Zhu et

al., 2016).
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Figure 2.4: Concentration of acetic acid, glycolic acid and ethanol at different temperatures,
residential times, and biomass/water ratios. Each bar represents the mean + standard deviation of
results from three replications.

2.6.3. Gas Fraction

Gas yields from the HTC of corn stover as a function of the processing temperature, residence time
and biomass/water ratio are presented in Figure 2.5. As the processing temperature was increased
from subcritical water conditions to supercritical water conditions (215.91-384.09 °C), H yield
increased from 0.02 v/v% to 0.25 v/v%. The highest concentrations of CH4 (0.135 v/v%) and CO>
(3.5 viv%) were also obtained with a processing temperature of 384.09 °C, residence time of 45
min and biomass/water ratio of 0.115, while the yield of CO yields was maximized at 250 °C, 60
min and 0.14 (0.085 v/v%). This is a result of CO reacting with water vapor in the water—gas shift
reaction to liberate CO2 and H2 (Kruse, 2008). The water—gas shift reactions are favorable at high
temperatures, mainly in supercritical water, and contribute to major yields of H> and CO2(Reddy
et al., 2014). Supercritical water exists at a temperature and pressure above its critical point, which

reduces its density and impedes ionic product formation. Free radical reactions become more facile
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near the critical point of water, therefore gasification (See Equation (2.1)) (steam reforming) and

Equation (2.2) (water—gas shift reaction)) are favored to produce hydrogen and methane.

CH, + H,0 =CO +3H, AHyes°=—205 kj/mol Eq 2.1

CO+H,0 = H, +C0,  AH,o° = +42Kk]/mol Eq 2.2

The formation of hydrogen is endothermic (Equation (2.2)) and the formation of methane is
slightly exothermic (Equation (2.2))(Vlieger et al., 2012). Therefore, hydrogen formation
dominates over methane formation at supercritical conditions, according to Le Chatlier’s
principle(Liu et al., 2013). At 250 °C, 60 min and 0.14, the equilibrium position shifts in the
exothermic direction, in which more water and carbon monoxide are formed, and hydrogen gas is
present only in trace amounts. The CO concentration rises with increasing temperatures of up to
250 °C, and then drastically declines to >250 °C. The CO yield was higher than the yields of
hydrogen and methane at processing temperatures between 225 and 280 °C. This result is like the
findings of In-Gu Lee et al. (2002), and indicates that a significant amount of cellulose and other
substrate in the corn stover was converted to CO over the temperature range 225-280 °C. Some
carbon in the cellulose might have been gasified directly to form CO by pyrolysis. According to
the report of In-Gu Lee et al. (2002), most of the cellulose in supercritical water is first
disintegrated into biocrude (liquid phase) before being transformed into gaseous products. As the
temperature is increased above 300 °C, the yields of carbon dioxide (CO) and hydrogen (H>)
increase, and the production of CO drops off. These results confirm that the steam reforming and

the water—gas shift reaction play a vital role in the production of hydrogen gas and methane.
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Figure 2.5: Concentration of gas at different temperature (Temp), residential time (RT) and
biomass/water ratios (B/W). Each bar represents the mean + standard deviation of result from

three replication.

2.7. Mechanism of Hydrothermal Carbonization

Our results confirm that the hydrothermal carbonization of corn stover induces hydrolysis,
dehydration, aromatization, decarboxylation, polymerization, and reforming reactions, as
presented in Figure 2.6. The hydrochar is produced via two reaction pathways: (1) the cleavage of
hemicellulose and cellulose into smaller compounds, such as pentose, hexose, and polysaccharides,
is caused by hydrolysis. The product obtained from hydrolysis undergoes a sequence of
dehydration, fragmentation, and isomerization reactions, forming the main intermediate
Hydroxymethylfurfural and its derivative product. This intermediate further undergoes
condensation and polymerization reactions associated with opposite intermolecular dehydration
and aldol condensation(Funke & Ziegler, 2010; Kumar, 2013). The disintegration of this intermediate
products also yields organic acid which comprises of formic, glycolic, acetic, propenoic and

levulinic acids that reduced the reactions medium pH, and the condition of the solution (liquid
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phase) led to a gradual breakdown of the intermediate; in Figure 2.6, the gradual breakdown of
hexoses and pentose into furfurals and HMF can be seen(Camillo Falco et al., 2011; Funke & Ziegler,
2010; Hoekman et al., 2011). The conversion process of polymers to solid fuel involves keto-enol
tautomerism and intramolecular dehydration because of increased double bonds, which are favored
via an aromatization reaction(Akhtar & Amin, 2011). Hence, the aromatic cluster concentration in
the liquid phase continues to increase because of an aromatization reaction, which reaches a critical
point of saturation to form a burst nucleation(Sevilla & Fuertes, 2009). The outward grows of the
nuclei was formed by linkages and a diffusion of chemical compounds present in the liquid phase
to the surface of nuclei; these linkages form a reactive functional group including oxygen and other
elements such as quinines and ethers(Sevilla & Fuertes, 2009). As the growth stopped, the external
solid fuel particle contained a high concentration of reactive oxygen related to the core (Akhtar &
Amin, 2011). This solid fuel particle that comprises of a hydrophilic shell and hydrophobic core is
in line with the findings of Sevilla & Fuertes, (2009). The furanic and arene proportion is formed at a
high temperature and with a residence time. (2) The degradation of lignin to catechol (phenol) is
also the result of hydrolysis; this intermediate undergoes cross-linking reactions and is
polymerized into hydrochar; the insoluble lignin, which is not totally dissolved at low temperatures,
undergoes a solid—solid reaction like pyrolysis, which produced a high condensed hydrochar with
a polyaromatic structure(Fang et al., 2008). The reaction in the HTC process favors solid—solid
formations due to the small amount of soluble intermediate being used, which results in a low
phenolics hydrochar(Akhtar & Amin, 2011). At a temperature and pressure above the critical point
of water, steam reforming and water—gas shift reactions occur to produce methane, hydrogen, and

carbon dioxide(In-Gu Lee et al., 2002).
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2.8 Effect of Temperature, Residence time, Biomass/water Ratio on Corn Stover
Hydrochar
The combined effects of the three process variables investigated on the properties of the hydrochar

Solid-Solid Reaction

i

Figure 2.6: Pathways of the corn stover hydrochar formation mechanism [adapted
from [(Chew & Doshi, 2011)]].

are visualized in Figure 2.7a—f. The response surface and contour plots of the interactions of
processing temperature and residence time with respect to the HHV of the hydrochar at a fixed
biomass/water ratio of 0.115 are presented in Figure 2.7a, b. The combined plots of temperature
and residence time show the highest HHV of 26.03 MJ/kg at 300 °C and 77 min, while the

minimum HHV of 16.37 MJ/kg is observed at 300 °C and 19 min 8 s. The results of the ANOVA



test are presented in Table 2.4. Temperature and residence time are the most significant variables
influencing the HHV(Wang et al., 2018). This may be attributable to the fact that increased
temperature and residence time improve the degree of intermediates dissolution and subsequent
conversions through polymerization, leading to the formation of secondary char. This is the
predominant mechanism of hydrochar formation (Figure 2.6). The HHV of the hydrochar
decreases at a lower processing temperature and shorter residence time because low solid loading
leads to a slow polymerization rate in the liquid phase, thereby limiting the formation of secondary
hydrochar (Fan et al., 2013). At supercritical conditions for water, the HHV (21.75 MJ/Kkg) of the
hydrochar obtained was lower than the HHV of the hydrochar produced at subcritical conditions
(26.03 MJ/kg). This may be a result of direct gasification of the corn stover constituents. The HHV
of all the hydrochars was higher than raw corn stover; this result agrees with the results of(Kang
etal., 2019; Xiao et al., 2012).

Table 2.4: ANOVA for the High Heating Value [MJ/kg] Response Surface Quadratic Model.

Sum of Mean F- P-
Source df
Squares Square value value
Model 101.72 9 11.30 3.32 0.02
X1 -Temperature 5.63 1 5.63 1.65 0.03
Xz -Residential 54.19 1 54.19 1591 0.00
Time
X3 -Biomass/Water 0.65 1 0.65 0.19 0.02
X1X2 0.49 1 0.49 0.14 0.01 significant
X1X3 1.08 1 1.08 0.32 0.05
Xa2X3 0.10 1 0.10 0.03 0.02
X12 21.91 1 21.91 6.43 0.03
X2? 18.05 1 18.05 5.30 0.01
X2 6.66 1 6.66 1.96 0.03
Residual 34.05 10 341
Lack of Fit 27.86 5 5.57 4,50 0.06
Pure Error 6.19 5 1.24
Cor Total 135.78 19
Std Dev. 1.85 R? 0.85
Mean 19.15 AdJ-R? 0.80 Not
CV.% 9.63 Pred-R? 0.70 significant
Adeg-
PRESS 231.49 o 5.21
Precision
-2Log Likelihood 67.40 BIC 97.36
AlCc 111.85
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Figure 2.7.: Surface and Contour Plots of High Heating Value (a,b), Energy (c,d) and
Mass (e,f) Yield.
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The effects of interactions between the processing temperature and biomass/water ratio (at a
constant residence time of 45 min) on the energy yield of the hydrochar are illustrated in
Figure 2.7c, d. The response surface and contour plot show that as the temperature decreases
from 384.09 to 215.9 °C, the energy yield increases from 29.88 wt.% to 42.38 wt.%, while at
constant a temperature of 350 °C and residence time of 30 min, the energy yield increases
from 14.14 wt.% to 26.40 wt.% with biomass/water ratios of 0.09 and 0.14, respectively. Both
the processing temperature and biomass/water ratio display a strong influence on the
hydrochar yield(Wang et al., 2018). Increased temperatures enable a comprehensive
decomposition of the corn stover and aid the deposition of carbon in the solid fuel. Lower
biomass/water ratios also promote total disintegration of the corn stover, yielding a small
amount of solid fuel(He et al., 2013) Figure 2.7e,f depict the response surface and contour
plots of the temperature and biomass/water ratio with respect to mass yield at a constant
residence time of 45 min. Mass yield is a vital quantitative index that indicates how much the
corn stover is transformed into solid fuel during HTC. The mass yield decreases as the
temperature increases from 250 to 350 °C and biomass/water ratios change (0.09 to 0.14)
because of the decomposition of the corn stover(Wang et al., 2018). The increased temperature
(>200 °C) weakens intramolecular hydrogen bonding in cellulose, increases the polarity of
the CH>OH group and promotes the cleavage of polysaccharides that form hydrochar via a
solid-solid reaction (Figure 2.6). The highest mass yield obtained in this study was 29.91%
with a processing temperature of 215.9 °C, a 45 min residence time and a biomass/water ratio
of 0.115. Our results suggest that it is possible to manipulate processing conditions to adjust

the mass loss of corn stover converted into liquid and gas fractions.
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2.9. Hydrothermal Process Modelling and Optimization of Corn Stover using RSM

The model for HHV detailed in Equation (2.7) was developed using RSM. The experimental data
(Table 2.5) was used to fit the quadratic regression model of Equation (2.4), which describes the
response of HHV to the independent experimental parameters of temperature, residence time and
biomass/water ratios. The quadratic model was appraised by analysis of variances (ANOVA). The
Fisher’s test (F-value) and probability value (p-value) of the model are 3.32 and 0.02, respectively.
Table 4 details the significances of the model at a 95% confident interval (p < 0.05). All quadratic,
interaction and linear terms of the model equation were found to be significant. Performance
assessments of the model were conducted using a statistical index (R? = 0.85 and adjusted R? =
0.80) that showed a good fit and correlation between the experimental and predicted

data(Mohammed et al., 2019).

HHV [’:—é] = —52.849 + 0.302 * X, + 26.77 x X, + 316.06 * X5 + 0.0198 * X, X, —

0.2943 x X, X, + 18.291 * X,X; — 4.93x10™% » X2 — 17.905 » X? — 1087.89 *
X2 Eq (2.7)

The optimization and validation results for the HHV of corn stover hydrochar are presented in
Table 2.5. The predicted responses were formulated by employing a point prediction node beneath
the optimization node in the CCD. Process variables included the temperature, residence time and
biomass/water ratio in the ranges of 250-350 °C, 0.5-1 h and 0.09-0.114, respectively. HHV was
maximized within the experimental range of 16.37-26.03 MJ/kg and the optimal conditions were
suggested by the software at a desirability value of 0.937. Experimental validation of the optimal
conditions was conducted in triplicate; a maximum HHV of 25.73 MJ/kg was obtained, which was
7.75% less than the predicted value. The experimental value was within the variance ranges of
+10 %. The difference between the experimental and predicted result may stem from the adjusted

R? of 0.80 in the quadratic model.
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Table 2.5: Response and Variables Condition of HTC Process Optimization Experiment,
and Average Values of HHV, Energy Yield and Mass Yield.

. Biomass/ Final Mass
Run Temperatu Regdence Water  pressure HHV I_Ener%y Yield
re Time (h) Ratio (Mpa) (MJ/kg)  Yield (%) (%)
1 300 0.75 0.157 14.95 20.73 28.48 20.23
2 300 0.75 0.115 15.95 25.85 31.45 17.91
3 300 0.75 0.115 14.99 23.70 31.26 19.42
4 350 1 0.09 22.45 21.95 19.21 12.89
5 300 0.75 0.115 15.75 24.49 41.46 24.93
6 300 0.75 0.073 12.25 23.23 31.03 19.66
7 384.09 0.75 0.115 26 21.75 29.88 20.23
8 300 0.33 0.115 15.95 16.37 28.36 25.51
9 250 0.5 0.09 10.35 19.85 31.19 23.13
10 250 1 0.14 10.50 23.08 30.16 19.24
11 300 0.75 0.115 15.75 24.05 27.94 17.10
12 215.91 0.75 0.115 8.85 20.86 42.38 29.91
13 300 0.75 0.115 15.25 24.19 24.67 15.01
14 300 0.75 0.115 16 23.91 40.76 25.10
15 250 1 0.09 10.40 23.20 22.88 14.52
16 300 1.170 0.115 16 26.03 40.90 23.13
17 350 1 0.14 23.2 23.93 32.97 20.29
18 250 0.5 0.14 20 19.82 26.40 19.61
19 250 0.5 0.14 10.50 21.44 29.68 20.38
20 350 0.5 0.09 23 18.01 14.14 11.56
Raw 14.72
Samples
HHV
(Optimum) 305 1 0.14 16.34 25.42 - -
HHV
(Validated) 305 1 0.14 16.34 24.45 - -
Standard
deviation 0.016 0.017 0.018
(%0)
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2.10 Conclusions

This study demonstrates that corn stover can be converted to solid fuel through HTC. The corn
stover hydrochar has a high degree of coalification because of its high processing temperature and
long residence time. CCD-RSM was used to optimize processing conditions. The effect of the
temperature, residence time and biomass/water ratio on the properties of the hydrochar were also
examined. The optimal processing parameters predicted using the model were a temperature of
305°C, residence time of 60 min, biomass/water ratio of 0.114 and a pressure of 16.25 MPa. These
conditions were validated experimentally and found to be within 0.0097% of the predicted result.
The ANOVA test revealed that temperature and residence time were the most significant variables
that affect hydrochar yield.

SEM, TGA and DTG were used to reveal significant changes in the morphology, weight loss and
thermal stability of corn stover hydrochar. Our results indicate that hydrochar produced at 300 °C
contains the highest amount of fixed carbon.

HPLC analysis of the liquid fraction revealed that it contains high concentrations of acetic acid
(up to 6.970 g/L). The hydrothermal liquid will be used in an anaerobic digestion in future work
entailing process modeling, control, simulation and optimization of a biomethane production
management system.

The yields of Hz, CO2 and CHgs in the gas fraction are higher at supercritical conditions than at
subcritical conditions. The HHV of the hydrochar is higher at subcritical conditions (26.03 MJ/kg)
than at supercritical conditions (21.75 MJ/kg). The highest mass and energy yields (29.91% and
42.38%, respectively) were obtained with the following processing parameters: a residence time
of 45 min, biomass/water ratio of 0.115, processing temperature of 215.91 °C and pressure of 8.85
MPa.
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CHAPTER 3

Modeling anaerobic digestion of lignocellulose biomass for sustainable biogas
production

3.1 Introduction
As the consumption of energy increase globally, fossil fuel resources deteriorate because of

overexploitation and likely to scare or extinct in future generation, therefore, developing renewable
energy and alternative fuels is a promising solution to this situation (Wang et al., 2021; Wu & Xia,
2015). The emission of carbon and pollutant from burning of fossil fuel over the years as great
impact to environment (Kambo & Dutta, 2014). To reduce the over dependence of fossil fuel
consumption and pollutant emissions, exploitation of renewable energy resources like wind and
solar power systems is required (Esen & Yuksel, 2013)Click or tap here to enter text.. Although
environmental condition affects the amount of renewable energy produce by wind and solar power
systems which are currently the main systems used to generate renewable energy around the world
(Hamed & Alshare, 2021; Yoshida et al., 2020). These systems are terms as variables renewable
resources. To increase the supply of renewable energy which are the key factors in the attainment
of sustainable development goals, the used of lignocellulose biomass as a renewable and
sustainable resources is needed which is not affected by environmental change (Yoshida et al.,
2020). The production of lignocellulosic biomass is estimated to be 200 billion tons annually.
Improper management of these lignocellulose biomass can cause pollution in both air and
environment (Liang et al., 2020; Mohammed, Na, et al., 2020; Zhang et al., 2016). The conversion
of lignocellulose biomass into biogas is a potential alternative for green energy to meet world
demand and ensure an adequate future supply of clean energy and fuel (Mohammed, Aliyu, et al.,
2020; Salman et al., 2017). A system in which energy is generated from lignocellulose biomass

would be robust and could compensate for fluctuations in the outputs of other renewable energy
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resources. AD can be applied to convert lignocellulose biomass to biogas, and it is also an
important technique because it concurrently recovers energy and treat waste (Codignole Luz et al.,
2018; Song et al., 2019). Additionally, the digestate which is a by-product of AD can be utilized

as soil improver.

The numerical optimization of AD process has been extensively studied for bioenergy production
and wastewater treatment due to its ability of converting energy crop or organic waste into biogas
in the absence of oxygen (Kil et al., 2017). The anaerobic transformation of organic matter is a
complex bio-chemical process involving numerous bacterial populations which make the process
nonlinear and uncertain, therefore, difficult to predict and simulate. For this purpose, design,
modelling, and simulation of AD process have attracted a considerable amount of attention over
decades. As a basis for modeling and simulation of AD process, many mathematical models of
AD process have been established and used to identify ways of decreasing operating costs and
improving process stability. Méndez-Acosta et al. (2010) utilized a dynamic model to improve the
process stability of AD by regulating the concentration of volatile fatty acid and total alkalinity
which are inhibitors of the process. In addition, a feeding management strategy to compensate for
variation between demand and supply of energy production is established by Mauky et al. (2016).
Therefore, there have been few efforts to utilize the benefits of AD for energy demand and supply
regulations, and the models facilitate exact prediction of biogas generation and offer flexibility
and robustness in different operating conditions. Though, in terms of practicability, the
development of a model for controlling biological variables such as substrate concentration,
bacterial concentration, and product (biogas production) are still developing (Blumensaat & Keller,
2005; Hassam et al., 2015). This is because they consist of living organisms which behavior are

dynamic, nonstationary, and nonlinear. There is also lack of cheap sensor that is efficient of
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offering reliable online measurement of the bio-chemical parameter that is needed to execute high
performance of computer control strategies. It is clumsy to ascertain all the parameters involve in
ADML1 for each operating condition experientially when a simplified model for the prediction of
biogas generation will be preferred. From the viewpoint of practicability at the commercial scale
of biogas plant, a simplified model of biogas production and parametric study of the model
constants were established by (Arzate et al., 2017; Bernard et al., 2001; Hassam et al., 2015; Kil et al.,
2017; Lubenova et al., 2002; Mejdoub & Ksibi, 2015; Simeonov & Queinnec, 2006). Although, the Kinetic
parameters in these simplified models are varying drastically because of the abstract reaction
dynamics, some parameters are obtained from literature while other are determined by conducting
series of experiments (Martinez et al., 2012), these make it difficult in determining the values of
the parameters effectively which hinders the use of this models in control process. Yoshida et al.
(2020) established another simplified model for biogas production and developed an adaptive
identifier system to estimate parameters from data acquired while a process is being performed.
This adaptive identifier system has a control signal with polynomial functions of real and equal
roots, meaning there is only one tuning parameter. This makes estimating the parameters,
controlling the process, and predicting biogas production possible. In this study, the polynomial
function of the control signal was modified to have real and unequal roots, meaning there are two
tuning parameters which makes it flexible adjustment. However, to the best of authors knowledge,
there is limited studies on modeling AD of lignocellulose biomass for sustainable biogas

production.

It is possible to use AD to mitigate variations in the power outputs of other renewable energy
sources because current practice is to run an AD system using the same amount of waste each day

and to keep raw material input consistent. Quickly changing raw material inputs can excessively
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affect the fermentation state and cause poor fermentation (Lauterbock et al., 2012). An improved
model for predicting biogas production taking the fermentation state into account is required. A
state—space model can describe an unobserved fermentation state, including substrate variables
(corn stover hydrochar and food waste) and the bacteria concentration, from data from biogas
analyses. It is important to estimate the variables used in the model. The aim of this study is to
develop a state—space model appropriate for controlling biogas generation and an adaptive
identifier that can automatically estimate the key parameters representing the input and output

characteristics of the AD process from experimental data.

3.2Materials and Methods
3.2.1 Flow during hydrothermal carbonization and anaerobic digestion

The HTC and AD process is shown as a flow diagram in Figure 3.1. The corn stover hydrochar
used in the study was prepared as described in detail by Mohammed, Na, et al. (2020). The food
waste used in the study was collected from a cafeteria at Hokkaido University. The food waste was
ground using a food processor, then small portions were placed in bags and frozen. To prepare the
feedstock, a portion of food waste (which had a high nitrogen content) was mixed with paper to
achieve a C/N ratio of ~40 to decrease inhibition by ammonia that can be caused by AD of N-rich
feedstock (Nakajima et al., 2016; Yoshida et al., 2020). Corn stover hydrochar was then mixed
with the ground food waste at a mass ratio of 2:1. The prepared feedstock was then placed in a
horizontal cylindrical bioreactor (effective volume 0.235 m3) which was kept at ~52 °C and stirred

frequently to allow degassing and to ensure that the feedstock was adequately mixed.
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Figure 3.1: Hydrothermal carbonization and anaerobic digestion flow diagram. Corn stover feedstock was
used to prepare hydrochar in the hydrothermal carbonization (HTC) unit, then the hydrochar was mixed
with food waste and added to the anaerobic digester. Biogas was collected using a gas trap bag and the
digestate from the biorefinery system was disposed of.

The biogas that was generated was stored in a gas trap bag. Some digestate was collected when
the feedstock was added and the remaining digestate (excluding the returned digestate) was treated
as surplus. The volatile compound and total solid contents of the feedstock were ~35% and ~40%,
respectively. The sludge in the reactor remained at the thermophilic temperature of 52 °C. The
HTC and AD processes were therefore classed as dry thermophilic techniques that would minimize

digestate emissions because no water needed to be added (IEA, 2001).
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3.3  State-Space Model of AD

Some assumptions about the AD process were made to simplify developing the model. The
reactions that converted the input organic components (the substrate) to the output (biogas) were
included in the model. A semi-batch bioreactor was used, and the sludge was completely mixed.
The volume of sludge in the bioreactor was kept constant at 0.2 m3. The substrate concentration
m(t) and bacteria concentration z(t) were the state variables that characterized fermentation in
the bioreactor. The substrate and bacteria concentrations in the feedstock were treated as
manipulated variables wu,(t) and u,,(t), respectively, and the biogas concentration was treated as
the controlled variable Q(t). The simplified bioreactor using these variables is shown in Figure

3.2. The mathematical AD model was built based on mass balance theory.

/—-ﬁ

l
u(t) M —) ()

Qo)

z(t) m(t)
NG /

Figure. 3.2 Graphical representations of the semi-batch-type bioreactor used for anaerobic digestion
(u,(t) = bacterial input (kg/ (m3 h)), u,,(t) = substrate input (kg/ (m® h)), z(t) = bacteria concentration
(kg/m?®), m(t) = substrate concentration (kg/m?), and Q(t) = biogas flow rate (m%/h))

The state equation consisted of two differential equations, one for bacterial growth and the other

for substrate disintegration. A logistic difference equation was used to indicate bacterial growth
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because it is an efficient equation that is used in population biology (Mejdoub & Ksibi, 2015). The
substrate disintegration equation was used to indicate substrate degradation in line with bacterial
growth. The output equation was used to describe the biogas flow rate caused by biogas production
through substrate decay and bacterial growth (May, 1976). The growth rates used in these
equations were given by a modified Monod equation (Bastin & Dochain, 1990). The mathematical
model of AD was constructed by concatenating the two differential equations and one algebraic

equation, as shown in Eq. (3.1).

@%ﬂmmo—wdoQ—Z“)

) +u, ()

< dTZEt) == %u(m)Z(t) + U (0) Eg.(3.1)

1
| y® = (L r0m) + Lasa) v2(®

max

B m(t)
— Hmax e 700 (0 + bm2 ()

p(m)

In Eq.(3.1), z(t) is the bacteria concentration (kg/m3), m(t) is the substrate concentration
(kg/m3), y(t) is the gas generation rate (m3/h), u,(t) is bacterial input (kg/(m3 h), u,,(t) is
substrate input (kg/(m3 h), u(m) is the specific growth rate (h~1), a is the autolysis rate (h™1),
Zmax 1S the bacteria-carrying capacity (kg/m3), w is the bacterial cell yield, Lg, and Lq, are gas
generation coefficients, v is the sludge volume (m3), b is the inhibition coefficient, K, is the
dissociation constant (kg/m?), and p,,4, is the maximum specific growth rate (h™).

Perturbation theory was applied near the point at which equilibrium was reached using the
nonlinear model by ignoring the second-order and higher-order terms after Taylor expansion of
the two-variable functions, as shown in Egs. (3.2)-(3.5), to give the linear-time state—space

model shown in Eq. (3.6).
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The method described next was used to derive Eq. (3.6). First, temporal changes in the state and

the output variables of the AD system were considered using Eq. (3.2).

ax()
at

y(@®) = gX(@®),0)

FX(@®),U(t),t) Eq.(3.2)

Assuming that the reactions were near equilibrium, Eq. (3.2) was transformed into Eq. (3.3).

ax(t ] ]
1Y = F(Xoq + X'(0), Ueg + U' (D), ) Eq.(3.3)

y(t) = g(Xeq +X'(0), t)

In Eq. (3.3), (Xeq, Ueq) is the equilibrium point and (X'(¢), U'(¢)) is the perturbation.

The right-hand side of Eq. (3.3) was rewritten by ignoring the second-order and higher-order

terms after Taylor series expansion of the two variables to give Eq. (3.4).

F(Xeq + X'(6), Upq + U'(£),) = F(Xeq, Ueq t) + (X'(6) 5= +

ax(t)
U'(6)- Ua(t))F(X(t),U(t), t)| ) Eq. (3.4)
eq,Yeq
_ ) a9
y(®) = g(Xeq) + X' (1) E Ol

Finally, Eq. (3.6) was obtained by substituting the equilibrium point in Eq. (3.4) into Eq. (3.5).

ax(t) _ oF ® 9F
dt ox(t) (XeqUeqt) ox(t) (Xeq.Ueqit)

U(t) Eq.(3.5)
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dg

y(t) = RS -

X(t)

The substitution above gave Eq. (3.6) in the form

dXx(t)
dt

Y(t) = CqX(t)

= A X(t) + B4U(t)

oF

ai; Q12
A = — =
T 9X(t) (XeqUeq t) [a21 azz]
B = oF _ [p1a blz]
T 9U(t) (XeqUeqit) b1 by
=29 =[C11 C12],

q ax(t) (Xeqrt)

where a,4, a4, 51, 422, b11, b12, b21, b2y, €11, and ¢y, are all Jacobian elements.

d

0@, 0,0 2 = um) - yz(0 (1 - ) +1,(0)
dm(t) 1

RE@©,U(0,0; T3 = = p(m)z(t) + wn(0)

1
9X(©),0;0(0) = (Lay - um) + Lasa ) v ()

FX(O),U(@), t) = f[E@®),U), t)]

f(X(@®),U(), )

X (t) therefore represents matrices containing coefficients of the vectors of the state variables and

U(t) represents the vectors of the manipulated variables that are partial derivative matrices for the
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equilibrium point of the Jacobian matrix. These parameters provide information about the

characteristics of the AD process under the relevant operating conditions.

3.3.1 Parameter Estimation System

A z-transformation was performed on the state—space model to give the discrete input and output
relational expressions shown in Eq. (3.10) taking Egs. (3.7)- (3.9) into consideration. This is
equivalent to performing the Laplace transformation for discrete time but replacing the operator in
the Laplace transformation with a delay operator. The z-transformation of Eq. (3.6) is shown in

Eq.(3.7),

g 'X(p) = A4,X() + B,U(t)

y(p) = CeX(p), Eq.(3.7)
where g~ is the delay operator.

The coefficient of the variable on the left-hand side of Eq. (3.7) is a scalar variable, so Eq. (3.8)

was derived from Eq. (3.7).

X(p) = (a7 = 4g)" (B,U(®) + X(0))

y(p) = C.X(p) Eq.(3.8)

The initial value was therefore not considered in this study and Eq.(3.10) was obtained by

combining the two expressions shown in Eq. (3.8) as shown below.

y(®) = Co(q™1 — Aq) ' B,U(t)

where

~1 adj(sl —Ay)
_1[ —A 1 — a q
(q q) det(sl - Aq)
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_ 1 q7' — ay; ai; ]
q 2+ (—ay; — az)q ! + (a11a3; — a12a31) Qi gt —apn

Eq.(3.9)

A(@y(p) = B(@U(p),

where

A(q) = q—z + (—a;; — azz)q_l + (11022 — A12051) = q—z + alq_l + a;

and

B(q) = [c11(q7" —azz) + c12031 11015 + c12(q71 = ay1)]

= [blq_l + b2 b3q_1 + b4] Eq (310)

The original parameters of the model shown in Eq. (3.6) were changed to a,, a, and by, b,, b3, b,.
Once the values had been estimated, biogas generation y(p) could be predicted by inputting the
bacteria and substrate concentrations in the feedstock U (k) into Eq. (3.10). An adaptive identifier
was developed using the adaptive identification theory to estimate the parameters from real
operational data (Byrne & Abdallah, 1995; Yoshida et al., 2020). The adaptive identifier shown in
Figure 3.3 was used as the control system. Input and output data were multiplied by the filter to
produce the control signals {;4,{12,{51,{52,{3,and {, in the adaptive identifier. The control
signals were multiplied by the operating parameters and then integrated, and the linear relationship
between output and the parameters with the proportionality constant as the control signal was

derived using Eq. (3.11).

y(®) =h(@Qe P (p)
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o' = [by, b,, b, b, w+ 21— a, wX2A—a,]"

Y(p) = [¢11 (D), {12(p), {21 (D), $22(p), {3(p), {4 ()]
Eq.(3.11)

The mechanism involved in the operation of the adaptive identifier shown in Figure 3 was

verified using Eq. (3.11).

y(p) = h(Q)(b1(11(P) + b312(p) + b2021(P) + bsla2(p) + (@ + 1 — a1){3(p)
+ (wXxA1— az)(z}(P))

-1

_ q
y() = h(q) (b1 RN CEEYD) u,(p) + bs CEEDICEET) u,(p)
q—l
MCYomay Torann LUl Ry oy s Toremnpn Lt
q—l
+(w+1-ay) CEEDIED! w)y(p)
1
+(wX1—ay) DI w)y(p))
3 biq ! + bs b,q '+ b,
~ @ <(q-1 VR R AR R RSV T R
(w+Dgt—a;+(wx1)—a,
G e v P
Eq. (3.12)
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Figure 3.3. Adaptive identifier. U(p) is the feedstock input (kg/(m3 h)), u,(p) is the bacterial input
(kg/(m3 h)), u,, (p) is the substrate input (kg/(m3 h)), y(p) is the biogas flow rate (m3/h), y,,(p) is the
scaled biogas flow rate (L/h), {11, {12, (21, {22, {3,and , are control signals, a,, a, and by, b,, b3, b, are
parameters, h(q~1) is the filter, n, is a scaling coefficient related to the bacterial output, n,, is a scaling
coefficient related to the substrate output, A and w are control system design constants, ¥, (p) is the
predicted scaled biogas flow rate (kg/(m3 h)), e(p) is the error (m3 /h), K,,; is the coefficient for the least-
squares method, and ¢ is an estimated parameter.

The parameters used in Eq. (3.10) were integrated into ¢ using Eq. (3.11). If the matrix element

values were obtained as described above, the amount of biogas generated could be predicted using

Eq. (3.10) The difference between the measured output value and the value calculated using the

estimated parameters was defined as the output error e(p) and calculated using Eq. (3.13).

e(p) = y(p) — (@ YP(p)
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The recursive least-squares algorithm was applied to Eq. (3.13) with m datasets representing
inputs and outputs assuming that the estimated parameters with minimized errors were valid. The

least-squares estimates of the parameters were obtained using Eq. (3.14),
Pm = Wmi) " Y

where
Y=l y2) - ymm]

and

Ym =D P(2) - Ppm]". Eq.(3.14)

The parameters b,, b,, bs, b,, a; and a, were determined using the recursive least-squares
algorithm, then the roots and coefficients of Eq. (3.10) for the system was estimated using the

stepwise function shown in Eq. (3.15).

y(©)
(K2 @) 4 Kz,e BED)y, 4 (Kmye(@E D) 4 Kmye(BED) )y, if a? —4a, >0
((Kz1 + Kzz)e(“(t‘f))) u, + ((Km1 + sz)e(“(t‘f))) Uy, if a2 —4a, =0,
(Kzle(‘“(t_f))cos(w(t -7))+ Kzze(‘ﬁ(t‘f))sin(w(t - T))) Uy + -

L (Kmle(‘“(t‘f))cos(a)(t -1))+ sze(‘ﬁ(t‘f))sin(w(t - T))) Uy, ifa?—4a, <0

Eq.(3.15)
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For Eq. (3.15), if the discriminant function is a? — 4a, > 0, the a, B, Kz;, and Kz, values can be

calculated using the equations.

Kz = (BE) | g, = (Bl

a— —a

Km; = (b?’;—m), and Km, = (%),

and if the discriminant function is a? — 4a, < 0, the a, w, Kz;, and K z, values can be calculated

using the equations

a ’—az —abs+b
a =71,(1) B Tl+a2,KZ1=b1,KZZ=b2,Km1=b3,and sz =%,

where 7 is a time constant, @, fare the roots of the function and Kz, Kz,, Km,,and Km, are

coefficients related to the bacteria and substrate concentrations, Therefore, the bacterial and
substrate solutions for the AD system were deduced, from Eq. (3.15), to be Egs.(3.16) and

(3.17), respectively.

Yz—model = (Kzle(a(t_r)) + Kzze('g(t_f))uz Eq. (3.16)

Ym-moder = (Kmye@¢=D) 4 Km,e(FED))y,, Eq. (3.17)
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In Egs. (3.16) and (3.17), ¥, _modet a0 Ym_moder are the amounts of biogas generated calculated

from the bacterial and substrate concentrations, respectively.

The goodness-of-fit index (GFI) shown in Eq. (3.18) (Yoshida et al., 2020) was used to quantify

the accuracy of the model predictions using the estimated parameters.

_ __y®@)-9()
GFI [%)] = 100 (1 y—(p)_mean(y)) Eq. (3.18)

The adaptive identifier included a switch relating to substrate inputs because the AD process had
two inputs and one output. This allowed all the parameters to be estimated with or without substrate
input data. The filter h(q™1), scaling coefficients n, and n,,, and control system design constants

A and w were tuned to give the desired estimates.

58



70
60 |
50

—11 —21 3 —4

40
30

G

20 |
10

-10

Time [h]
50

I —12 —22 3 —4
40

30

20

G

10

-10
0 24 48 12 96 120 144 168

Time [h]

Figure 3.4: Control signals related to bacteria and substrate inputs (1) and outputs (11). ¢; is the control
signal and the numbers in the figure legends are the subscript i values for the control signals.

59



12

F | E==Organic mass [Kg] A
10 Spsaeey == Mass [Kg] |
[ HEH R ——Qrganic Loading Rate
8 F | E B R .
6 F B B
Az - H R B ’
4k 2 S 1 BB T
2 r
Oﬁ.ﬁ.....l......l......l......l ...... MEAEAER
9/30 10/7 10/14 10/21 10/28 11/4
40
=35 | I
E30 |
)
2 25 |
S
= 20 F
[&]
>
315 |
o
Q10
(@)
2
m 5
9/30 10/7 10/14 10/21 10/28 11/4

Time [Weekly]

Figure 3.5: Experimental data used to construct the model and perform a simulation for the feedstocks (1)
and for biogas generation (I1)
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Table 3.1: Tuned constants for the adaptive identifier

h(q_l) n, Nim A w
1 0.025 0.0004 0.35 0.25

h(q™1) is the filter, n, and n,, are scaling coefficients related to the bacteria and substrate outputs,

respectively, A and w are control system design constants.

3.4 Simulation Data

The substrate concentration was determined from the loss of mass when the feedstock was heated
to 105 °C for 24 h and then 600 °C for 3 h. Biogas production was determined hourly using a wet
gas meter (W-NKDa-0.5B; SHINAGAWA) and recorded using a data logger (Data mini LR 5000;
HIOKI). The data used in the simulation were experimental data collected in the laboratory in 2018
(Figure 3.5). Bacterial input at 0 h was defined as the amount of substrate in the digestate at the
beginning of the process(Shimizu & Yoshida, 2021). Feedstock input was determined at 0, 52, and
104 h. Data for 3 d (i.e., 72 h) from 30 September 2018 when no feedstock was added and for 7 d
(i.e., 168 h) from 07 October 2018 when feedstock was added were used to estimate the parameters

when developing the model.
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Eg. (3.10). The numbers in the legend are the subscript i values. a; is a parameter on the output side of
Eqg. (3.10) and b; is a parameter on the input side of Eq. (3.10).
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of Eq. (3.10). The numbers in the figure legend are the subscript i values. a; is a parameter on the output
side of Eq. (3.10) and b; is a parameter on the input side of Eq. (3.10).
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Data for 7 d (i.e., 168 h) from 21 October 2018 were used to validate the model. The organic
loading rates for the model construction period and the model validation period were different, at

1.47 and 1.24 (kg- volatile solid)/ ((m® digester) d), respectively.

3.5 Results and discussion

The tuning constants for the control system when the adaptive identifier was used to generate the
control signals (which are shown in Figure 3.4) are shown in Table 3.1. The bacterial and substrate
inputs appeared as several pulse-wave signals because the AD flow used a semi-continuous system.
As shown in Figure 3.5, the pulse-wave input signals were converted into a control signal that

changed continually according to the input.
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Figure 3.8: Data used to construct the model related to substrate models (1) and (1) for
cumulative biogas generation determined using Eq. (3.17)
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The parameters estimated using data collected when feedstock had not been added are shown in
Figure 3.6. The estimated parameters were very variable at first but slowly stabilized as the amount
of data acquired increased and became stable at ~20 h (Yoshida et al., 2020). This indicates that
data need to be collected for at least 20 h to estimate the parameters related to bacterial input. The
parameters estimated from data collected when feedstock had been added (i.e., for identification
of adaptation caused by ‘turning on the switch’ by adding substrate) are shown in Figure 3.7. The
parameter estimates varied greatly at the beginning of the experiment but became stable at 140 h.
Therefore, data needed to be collected for at least 140 h to estimate the parameters related to
substrate input. This was slightly different from the time found by (Yoshida et al., 2020) after
assessing the composition of the substrates in a bioreactor. Biogas generation predictions made
using a model constructed with the estimated parameters for the substrate and bacteria are shown
in Figures 3.8 and 3.9 made using models (1) and (I1) cumulative biogas generation. The bacteria
and substrate models did not effectively predict the amount of biogas inside the bioreactor because
of the disturbance caused by agitation (stirring) and inhibition likely to slow down degradation of
the substrate while the cumulative biogas generation by the models revealed high prediction
accuracy. The results of the validation tests performed using different data to the data used to
construct the model are shown in Figure 3.10. This was carried out to confirm the accuracy of the

prediction model.
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(1) from data acquired from 14 October 2018 to 21 October 2018 using Eq. (3.15)
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The initial bacteria concentrations for the period in which the data used to construct the model
were acquired (30 September 2018 to 7 October 2018) and for the period in which the data used
to validate the model were acquired (14 October 2018 to 21 October 2018) were different. The
initial bacteria concentration for 30 September 2018 to 7 October 2018 was 28 kg/m? and the
initial bacteria concentration for 14 October 2018 to 21 October 2018 was 25 kg/m3. The amount
of biogas generated predicted using the validation data had a low GFI (—81.91%) because
degassing (caused by agitation) and heating strongly affected the hourly data. Cumulative biogas
generation data are shown in Figure 3.10. This indicated that the predictions were good. The GFI
for the dataset was 97.45%. The simulation results acquired using Eq. (3.12) are shown in Figure
3.11. The model correctly reproduced the dynamics of the system for the test periods, although
there was some variability. At the beginning of the test period the amount of biogas generated was
underestimated by the model because of destabilization, but the amount of biogas generated
stabilized over time and the predictions became good. The GFI for the cumulative amount of
biogas generated per day is shown in Figure 3.12. The predicted amount was >80% of the actual
amount even at the lowest value except on day 4 of period 3, which started on 14 October 2018.
This indicated that the parameter estimation system and model developed in this study gave very
accurate predictions for periods of 1 d or more. The parameter estimation system and model could
therefore be used to predict biogas generation during AD under various operating conditions. For
a real plant it would, however, be necessary to continually consider variations in operating
conditions such as the feedstock composition. This could be overcome by introducing an oblivion
factor to limit input data for the parameter estimation system to, for example, only the last 72 h.
Estimated parameters would therefore be adaptively controlled in response to changes in the

operating conditions to allow the amount of biogas produced to be predicted accurately.

69



W
o
1

e Model Exp

N
(6)]
T

N
o
T

Gas Generation rate [L/h]
H
ol

10
5 B
0 1 1 1 1 1 1 J
0 24 48 2 96 120 144 168
Time [h]

Figure 3.11: Experimental data and data predicted using Eq. (3.12) plotted against time

100
__ 80
=,
= 60
LL
IS
o 40 |
(%21
(3]
S
S 20
o
O

0

1 2 3 5 6 7

4
day

Figure 3.12: Goodness-of-fit values for the cumulative amount of biogas generated for each day
ina 7 d period from 21 October 2018

70



3.6 Conclusions
The aim of this study was to develop an adaptive identifier system of anaerobic digestion process

for sustainable biogas production to allow renewable energy supplies to be stabilized. A model
and parameter estimation system were established for AD processes with various operating
conditions. The adaptive identifier control system automatically estimates parameters from input
and output data. Using the adaptive identifier indicated that data for at least 20 and 140 h were
required to estimate stable parameters related to bacterial and substrate inputs, respectively. The
model and estimated parameters made accurate predictions. Future work should be focused on
constructing sustainable biogas production systems integrating predictive model biogas generation

control. Such systems would allow renewable energy to be stabilized.
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CHAPTER 4
4. General Discussion.

Corn stover hydrochar produced in HTC can be used as a substitution of coal. Here, pulverized
coal was compared to hydrochar as a reference fuel. The hydrochar of close physicochemical

properties of reference coal was considered as a useable hydrochar in this research.

The corn stover hydrochar carbon content increased and oxygen content decreased with increase
in both HT temperature (215.9 °C and 300 °C) and residential time (45 min and 77 min) except for
350 °C and 384.09 °C and residential time (60 min and 45 min) hydrothermal process. In this
process carbon content started to decrease and oxygen content started to increase compared to the
hydrothermal process of 350 °C for 77 min. Here it can be noticed that cellulose is converted into
glucose, the media became acidic, and a portion of glucose is further converted into HMF. Then
for increasing temperature at 350 °C, HMF is rehydrated to produce levulinic acid and formic acid.
On the other hand, the hydrothermal process water pH was decreased, and it worked as an acid
catalyst to reduce the gasification temperature. This was another probable reason to reduce carbon
content of hydrochar of 350 °C for 77 min residence time. The decomposed lignin monomers might

have some bonding with alkali matter which produced ash.

Mass yield and energy yield of corn stover hydrochar samples were reduced for increase in both
hydrothermal temperature and residential time. Similar result was found by Paul et al. (2018). A
minor variation of mass yield and energy yield between residence times from 60 min to 30 min at
250 °C was observed; but this variation was increased for increase in hydrothermal process

temperature. The mass yield at 250 °C in 30 min was 19.61 % and in 60 min it was 19.24 %.

The HHV increased as the temperature and residential time both increases, but it was observed

more pronounced in temperature. The HHV of hydrochar produced at 250 °C for 60 min and 30
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min residence time were 23.08 MJ/kg and 19.82 MJ/Kkg, respectively. But the HHV of hydrochar
at 350 °C for 60 min and 30 min residence time were 21.95 MJ/kg and 18.01 MJ/kg, respectively.
From Table 2.5, it can be observed that at 300 °C for 45 min residence time, produced hydrochar
had HHV of 23.70 MJ/kg which is high when compared with hydrochar produced at 350 °C (21.95

~18.01 MJ/kg).

Lignocellulose biomass in hydrothermal carbonization process reaction rate is exponentially
proportional to its process temperature but directly proportional to the residence time. For this
reason, hydrothermal process temperature is more important than its residence time. On the other
hand, in subcritical stage water's physicochemical properties are significantly affected by reaction
temperature (Kruse et al., 2013). Lignin portion of lignocellulose biomass contains the highest
HHYV among its three components such as lignin, cellulose, and hemicellulose. Lignin has 23.3 to
26.6 MJ/kg HHV whereas cellulose and hemicellulose have 17.6 to 17.9 MJ/kg HHV. Hence, for
the thermal stability of lignocellulose biomass components from most to least, the order is Lignin
> Cellulose > Hemicellulose. Hemicellulose is degraded at 180 °C to 200 °C and cellulose is
degraded at 200 °C to 220 °C and both are called polysaccharide (hemicellulose and cellulose). In
the hydrothermal carbonization process, the polysaccharide portion of biomass is degraded into
the water-soluble organics at the maximum amounts at 45 min residence time within the maximum
temperature of 300 °C and above this temperature it is further degraded into HMF and other organic

acids such as levulinic acid and formic acid (Weingarten et al., 2012).

The main aim of producing hydrochar in hydrothermal carbonization process is to use it as the
substitute of coal, especially the pulverized coal or coal dust. As corn stover is a lignocellulosic
biomass, which is completely broken down in plant cell and it is immediately converted into a

lignite-like product named hydrochar . The HHV of pulverized coal (Australian subbituminous
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coal) is 26.86 MJ/kg (Paul et al., 2018)and the coal (lignite- Anthracite) is 15 - 27 MJ/kg. Hence,
hydrochar with the highest mass yield and closest HHV of the pulverized coal was criterion to

choose the hydrothermal carbonization process conditions.

HPLC-RI analysis indicated that the major components of the liquid fraction were acetic acid,
glycolic acid, and ethanol. The highest concentrations of acetic acid, glycolic acid and ethanol
were achieved with a processing temperature of 250 or 350 °C, a constant biomass/water ratio of
0.14 and a residence time of 60 min. The acetic acid concentration increased with higher
processing temperatures, while the glycolic acid concentration increased with longer residence
times, likely because of the oxidation of glycoladehyde. Hemicellulose and cellulose are
hydrolyzed into monosaccharides via the hydrothermal process(Abdullah et al., 2014). These
monosaccharides are unstable, and some of them are converted into other products such
glycoladehyde, furfural and acetaldehyde, which in turn are converted to acetic acid (at high

temperatures) and glycolic acid (at a longer residence time).

Gas yields from the HTC of corn stover was analyzed by Gas chromatography, As the processing
temperature was increased from subcritical water conditions to supercritical water conditions
(215.91-384.09 °C), Hzyield increased from 0.02 v/v% to 0.25 v/v%. The highest concentrations
of CH4 (0.135 v/v%) and CO- (3.5 v/v%) were also obtained with a processing temperature of
384.09 °C, residence time of 45 min and biomass/water ratio of 0.115, while the yield of CO yields
was maximized at 250 °C, 60 min and 0.14 (0.085 v/v%). This is a result of CO reacting with water
vapor in the water—gas shift reaction to liberate CO> and H (Kruse, 2008). The water—gas shift
reactions are favorable at high temperatures, mainly in supercritical water, and contribute to major

yields of H, and CO2(Reddy et al., 2014).
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The amount of biogas generated predicted using the validation data had a low GFI (-81.91%)
because degassing (caused by agitation) and heating strongly affected the hourly data. Cumulative
biogas generation data are shown in Figure 3.10. This indicated that the predictions were good.
The GFI for the dataset was 97.45%. The simulation results acquired using the adaptive identifier
model are shown in Figure 3.11. The model correctly reproduced the dynamics of the system for
the test periods, although there was some variability. At the beginning of the test period the amount
of biogas generated was underestimated by the model because of destabilization, but the amount
of biogas generated stabilized over time and the predictions became good. The GFI for the
cumulative amount of biogas generated per day is shown in Figure 3.12. The predicted amount
was >80% of the actual amount even at the lowest value except on day 4 of period 3. This indicated
that the parameter estimation system and model developed in this study gave very accurate
predictions for periods of 1 d or more. The parameter estimation system and model could therefore

be used to predict biogas generation during AD under various operating conditions.
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CHAPTER5
5. General Conclusion and Recommendation

Chemical components of corn stover hydrochar and hydrothermal process water varies with its

process temperature and residence time.

Useable corn stover hydrochar were produced at all processing temperature and residence time in
this study because their HHV were comparable with coal except corn stover hydrochar produced
at processing temperature of 215.9 °C and residence time 45 min. Energy yield of corn stover
hydrochar produced at 215.9 °C for 45 min was the highest (16.16 MJ/kg of raw dry corn stover)
among the whole processes. It is recommended that freshly harvested corn stover from the field

should be used to produces hydrochar.

Anaerobic digestion of corn stover hydrochar produced at processing temperature of 215.9 °C and
residence time of 45 min, is a better feed stock of biogas production but it is recommended that
inhibitory chemicals such as phenolic compound and furfural should be below the inhibition limit.
From my preliminary investigation among three selected residence times (30, 45 and 60 min) for
a given temperatures of 215.9 °C, 300 °C and 350 °C respectively, 30 min residence time was the
lowest producer of these two inhibitory chemicals. These two inhibitory chemicals were produced
low amount at 215.9 °C for 30 min hydrothermal condition and the hydrochar produced at same
condition was not considered as a useable energy source (substitution of coal). The biogas that was
produced at the three selected condition were 300 °C for 60 min (377 L/kg Vs), 350 °C for 45 min
(362 L/kg Vs) and 215.9 °C for 30 min (447 L/kg Vs). Thus, corn stover hydrochar produced at
low temperature resulted in an increased in biogas production due to increased hydrolysis of the

hemicellulose fraction of the corn stover while the HTC of the corn stover produced at high
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temperature led to inhibition and thus limit the amount of biogas production due to the production

of phenol and furfural which are known to be methanogenesis inhibitors.

The corn stover hydrochar AD digestate would be nutrient enriched liquid fertilizer available to
apply into the maize field. It could improve about one third of corn stover containing nitrogen and

other nutrients.

The possibility of more nutrient’s retrieval will reduce the chemical fertilizer use in maize field,
which will improve maximum resources and reduce greenhouse gas emission. It is also noticeable
that the liquid hydrothermal process uses water at the subcritical phase. Therefore, the pressure
inside reactor stays at a very high level. For commercial application of this operation, it is
recommended that the high-pressure hydrothermal equipment with proper safety should be
considered. The facility of producing sustainable bioenergy system and biofertilizer should also

be available near the maize field.

The adaptive identifier control system automatically estimates parameters from input and output
data. Using the adaptive identifier indicated that data for at least 20 and 140 h were required to
estimate stable parameters related to bacterial and substrate inputs, respectively. it is recommended
that Kalman filter algorithm should be employed in parameter estimation of bacteria and substrate

concentration for optimum production of biogas.
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