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ABSTRACT

Sweet sorghum (Sorghum bicolor (L.) Moench), an annual C4 plant, is considered
as a suitable biomass for biofuel production due to its high biomass yields, rapid
growth rate, and low water and nutrient needs. In an integrated biorefinery
concept, sweet sorghum has the potential to produce high-value products such
as animal feed, renewable fuels, chemicals, and fertilisers, unlike any other
annual crop. This integrated biorefinery approach will allow us to utilise the whole
crop biomass more efficiently to generate renewable biofuels, high-value by-
products such as organic acids, thereby enhancing the economic viability of the
project through crop biorefinery concept. The aim of this PhD study is to evaluate
the feasibility of utilising sweet sorghum, grown on fallow land of sugarcane
farming, as a feedstock to produce biohydrogen (Hz), organic acids, and methane
(CH4) in an integrated biorefinery concept. To optimise the individual
bioprocesses, chemical composition analysis and lab-scale experiments were
conducted, followed by a feasibility of farm-scale biogas plant and evaluate the

biogas utilisation options.

Nine sweet sorghum cultivars were grown on sandy loam soil during September
2020 in North Queensland, Australia. At first chemical composition, biochemical
methane potentials, and kinetic models were employed to determine the Hz and
CHa4 potentials. In subsequent batch anaerobic digestion experiments, the effects
of harvest time, inoculum to substrate ratio (ISR), and inoculum source on
methane yields from sweet sorghum cultivars were investigated. The chemical
composition results showed that the total solids (TS) content in the nine sweet
sorghum cultivars ranged between 12.05% (SE-23) and 21.40% w/w (Mega
Sweet). A similar trend was also noticed with volatile solids (VS). The high VS/TS
of 0.89-0.95 and low carbon to nitrogen (C/N) ratio of 40-80 indicates that the
tested cultivars were rich in organic matter and thus can be potential feedstocks
for biofuels production. The carbohydrate content of the tested sweet sorghum
cultivars was 45-60% (w/w) and the lignin content was 16—25% (w/w), indicating
that sweet sorghum is an ideal feedstock for biohydrogen, organic acids, and

methane production. Given that plant height is determined by crop maturity and



internode length, there is a strong relationship between plant height and crop

biomass vyield.

The effect of harvest time (50, 66, and 80 days after sowing, DAS) on chemical
composition and the methane yields of SE-19, SE-45 and Mega Sweet showed
that higher biomass and methane yields were obtained when the crop was
harvested at 80 DAS. After 80 DAS, highest biomass yields of 174 t/ha FM was
obtained for SE-45 followed by 132 t/ha and 71 t/ha for SE-19 and Mega Sweet,
respectively. Methane yields of 168.99, 184.39 and 243.47 NL CHa/kgVSadded
were obtained for SE-19, SE-45 and Mega Sweet after 80 DAS, respectively. The
results demonstrated that longer the crop growth periods, the higher the sweet

sorghum biomass production and, consequently, higher the methane yields.

The effect of inoculum to substrate ratio (ISR) of 2, 4 and 6 on methane yields of
nine sweet sorghum cultivars (SE-1, SE-5, SE-23, SE-35, SE-42, SE-45, SE-81,
SE-86 and Mega Sweet) showed that methane yields increased with increasing
ISR and was also dependent on the chemical composition of sweet sorghum
cultivar. At ISR 2, methane yields ranged from a low 175.93 NL CH4/kgV Sadded
(SE-1) to the highest value of 291.27 NL CHa/kgVSadded (SE-35). Increase in ISR
from 2 to 4 resulted in an increase in methane by 67.6-76.4%. Further increase
in ISR to 6 resulted in an increase in methane yields by 46.8% to 78.1%. Overall,
SE-35 was the best cultivar followed by SE-5, SE-23, SE-42, and SE-45 (342-
349 NL CH4/kgVSadded). Among the tested cultivars, SE-1 had the lowest methane
yields of 175.93-306.86 NL CHa/kgVSadded). On the other hand, SE-35 had the
highest methane yields of 227, 291, and 375.91 NL CH4/kgVSadded and were
obtained at ISRs of 2, 4, and 6 for SE-35, respectively. In our study, we had used
a fixed seed rate per ha. SE-35 had biomass yields of 82.3 t/ha but the low
methane yields of 29.83 tons per fresh matter was due to its lower volatile solids
content. Thus, the SE-81 cultivar was selected as a promising sweet sorghum
cultivar due its relatively high methane yields (3,059.18 m3/ha) and gross energy
yield. The estimated gross energy per ha of the SE-81 cultivar was 29.55 MWh/ha
or equivalent to 37.98 passenger cars per hectare per annum.

Effect of rumen fluid, sewage sludge digestate, and cow manure digestate as

inoculum source on methane yields of SE-1, SE-19, SE-20, SE-35 and SE-122
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was investigated. Results showed that methane yields were profoundly influence
by type of inoculum use. Among the tested inocula, cow manure digestate was
found to be the best inoculum with a maximum methane yield of 241.81-281
NLCHa4/kgVSadded. Although rumen fluid was found to be a good source of
cellulolytic bacteria, cow manure digestate had good proportion of both hydrolytic
bacteria and methanogenic organisms and thus provided an ideal consortium for

a stable anaerobic digestion process.

The effect of organic loading rate (OLR) on biohydrogen production rate and
yields of three sweet sorghum cultivars (Mega Sweet, SE-35 and SE-45 was
investigated in batch dark fermentative H2 reactor studies at 55 °C. Results
showed that biohydrogen yields were dependent on OLR and chemical
composition especially total soluble sugar content of sweet sorghum cultivars.
Highest biohydrogen production of 40.68 NL H2/gVSadded Was obtained for Mega
Sweet at load rate 16 gVS/L. The high biohydrogen production noticed with Mega
Sweet was attributed due to the high concentration of readily available soluble
sugars in Mega Sweet than in SE-35 and SE-45.

Finally, the effect of OLR (0.5-3.5 gVS/L/d) on process performance and methane
yields during the mono-digestion and co-digestion of sweet sorghum with cow
manure in CSTR reactor at 37 °C and HRT of 25 d was investigated. Three sweet
sorghum cultivars: Mega Sweet, SE-45 and SE-35 were used as substrates. The
ratio between sweet sorghum and cow manure during co-digestion was fixed at
85:15 on VS%, respectively. Maximum methane yields of 229.70 NL CHa/kgV Sted
was obtained when sweet sorghum was co-digested with cow manure. The low
methane yields and biodegradability for the mono-digestion of sweet sorghum
could be attributed to high carbon to nitrogen ratio. This study also revealed that
addition of cow manure as a substrate is a viable strategy for improving the
process performance and methane production from sweet sorghum. Based on
the results obtained from the experiments, a feasibility on use of sweet sorghum
cultivated on sugarcane fallow for biogas production in a farm-scale biogas plant
was evaluated. For this feasibility study, sweet sorghum cultivar SE-81 was used.
The amount of SE-81 biomass harvested from 25 ha of fallow land was calculated
to be 1,938 tFM/yr. To assess the feasibility of the proposed study, three different

scenarios on the market opportunities for biogas uses were evaluated:
6



Scenario 1: CHP—Biogas is used for electricity and heat generation in a
combined heat and power (CHP) plant.

Scenario 2: CHP+ BioRNG—Similar to Scenario 1 but the biogas is upgraded to
renewable natural gas (BioRNG) for grid injection.

Scenario 3: CHP + BioCNG—A portion of biogas is used for CHP to generate
electricity and heat to meet the parasitic demand of the biogas plant and the
remaining biogas is upgraded and compressed (BioCNG) for vehicle fuel or
distribution via virtual pipeline (road transport).

Results showed that farm-scale biogas plant (1,300 m?3) when fed at 28.7 t/d of
sweet sorghum and chicken manure can produce biogas production of 840.15
m3/d across all scenarios. In Scenario 1, CHP system (84 kW generator)
produced 2,520 GJ/a of electricity and 2,917 GJ/a of heat. After the meeting the
parasitic energy demands, 523 MWh/a of electricity can be fed to grid. For
Scenario 2, 784 GJ/a of electricity and 965 GJ/a of heat was generated. The
exportable BioRNG was calculated to be 4,652 GJ/a. Whilst, Scenario 3
generated 927 GJ/a of electricity and 1,141 GJ/a of heat. The exportable BioCNG
in Scenario 3 was estimated to be 4,283 GJ/a. The study thus show that Scenario
1 is the most feasible option for growing sweet sorghum on sugarcane fallow and
using the produced biogas for heat and generation in a combined heat and power
plant.

Keywords: Anaerobic Digestion; Biohydrogen; Biogas; Sweet sorghum; Biorefinery;
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CHAPTER 1
INTRODUCTION

One of the current strategies to produce alternative energy id the use of biomass to produce
biofuels and is considered as a viable option for to replace fossil fuels especially in farm
scale applications [1]. Biofuels technologies includes the technologies to produce
bioethanol, biodiesel, biogas and biohydrogen and use them for sustainable transport and/or
energy generation use [2]. Based on the type of biomass feedstocks used, biofuels
technologies are classified as first-, second- and third-generation biofuels. First generation
(1G) biofuels are produced from the edible plant parts of the crops such as maize kernels,
sugarcane juice, sugar beets etc. Second generation (2G) biofuels are produced from
lignocellulosic or structural plant parts of crops and/or plants such as wheat straw,
sugarcane bagasse, sugar beet tops. Third generation (3G) biofuels involve production of

biofuels from cultivated microalgae.

First generation biofuels are shown to have the potential for large-scale production in terms
of energy production and availability of the biomass resources. However, the key challenge
in 1G biofuel technologies is its unsustainability practices due to competition over food for
fuel and land usage for energy crop cultivation [3]. However, viable solutions to overcome
these challenges include crop rotation strategies, biorefinery concepts and use of non-arable
land for growth of energy crops [4]. Among the energy crops, maize, sugar beet and sweet

sorghum has gained a considerable interest for various forms of biofuel production.

Sweet sorghum is a drought tolerant C4 annual grain crop with high biomass yields per
hectare [5]. The crop can grow on marginal lands with low fertiliser and water requirements.
Due to its rich sugar content, it was first introduced as a food crop for sugar production and
subsequently recommended as a viable feedstock for biofuel production [6]. Sweet sorghum
has been predominantly investigated for cellulosic ethanol and biogas production [7].
Although sweet sorghum is mainly cultivated for ethanol production through stalk juice
extraction, anaerobic digestion (AD) of sweet sorghum is gaining equal consideration as an

alternative to natural gas due its simple installation and lower costs of production [8].
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Anaerobic digestion is a sustainable environmental technology that utilises organic wastes
from agriculture, municipality and industries to produce biogas and nutrient-rich digestate.
The produced biogas can be used as renewable energy source for generation of heat and
electricity through cogeneration in a combined heat and power plant (CHP) and/or biogas is
cleaned and upgraded to produce biomethane for injection in the natural gas grid (BioRNG)
or compressed to produce compressed biomethane (BioCNG) for vehicle use. In addition,
nutrient-rich digestate can be used as a biofertilizer and recycle the nutrients (nitrogen and
phosphorus) for cultivation of sweet sorghum [9]. Use of sweet sorghum as feedstock for
hydrogen, Hz (20-40%), methane, CHs4 (50-60%) and carbon dioxide, CO2 (20-40%)
production through AD technology was successfully demonstrated [10]. Similarly, bioethanol
produced from sweet sorghum can be blended with gasoline for transport use and/or as a
solvent for industrial applications.

AD of sweet sorghum is highly sensitive to the process conditions such as temperature, pH,
inoculum to substrate ratio (ISR), hydraulic retention time (HRT) and dry matter content [17].
Therefore, optimisation of AD process is required to improve process performance and
methane yields. In this study, nine different sweet sorghum cultivars were grown during the
fallow period of sugarcane cultivation in Northern Queensland. At first, the effect of harvest
time on crop phenology, biomass yields and productivity along with chemical composition
and methane yields was investigated. Later, the effect of ISR and inoculum source on
methane yields was investigated in batch experiments. The effect of organic loading rates
on biohydrogen and volatile fatty acids (VFAS) production through dark fermentative H2
process was investigated in batch fed reactor at 55 °C. The effect of organic loading rate on
process performance and methane yields during mono-digestion and co-digestion of sweet
sorghum with cow manure was investigated in continuous stirred tank reactor (CSTR) at 37
°C. Finally, a farm-scale biogas plant was designed to evaluate the feasibility of using sweet
sorghum grown on fallow land of 25 ha for biogas production. To assess the feasibility of
the proposed study, three different scenarios were designed with an aim to evaluate the

possible market opportunities for biogas uses.

e Scenario 1: CHP—BIogas is used for electricity and heat generation in a combined heat

and power (CHP) plant.
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Scenario 2: CHP + BioCNG—A portion of biogas is used for CHP to generate electricity
and heat to meet the parasitic demand of the biogas plant and the remaining biogas is
upgraded and compressed (BioCNG) for vehicle fuel or distribution via virtual pipeline
(road transport).

Scenario 3: CHP+ BioRNG—Similar to Scenario 2 but the biogas is upgraded to

renewable natural gas (BioRNG) for grid injection.

1.1 Aim and Objectives

The aim of this study is to assess the feasibility of biohydrogen, organic acids and methane

production from sweet sorghum grown on fallow land of sugarcane cultivation. The main

objectives of the study are as follows.

1.

To study the effect of harvest time on chemical composition and methane yields of sweet
sorghum cultivars.

To study the effect of inoculum to substrate ratio on the methane yields of sweet
sorghum.

To study the effect of inoculum source on methane production rates and yields from
sweet sorghum cultivars.

To study the effect of inoculum to substrate ratio on volatile fatty acid production rates
and yields from sweet sorghum cultivars.

To study the effect of organic loading rate on process performance and biohydrogen
yields during dark Hz fermentation of sweet sorghum cultivars.

To compare the process performance and methane yields during anaerobic mono-
digestion and co-digestion of sweet sorghum with cow manure.

To assess the feasibility of farm-scale biogas plant using sweet sorghum grown for

biogas production and uses.
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CHAPTER 2
LITERATURE REVIEW

Fossil fuels have a global demand for energy and chemical production across the
world. However, considering the time span required for producibility of fossil fuels in
comparison to the consumption poses a major threat to the energy sources available to the
world. Some of the major challenges associated with use of these fuels is the amount of
greenhouse gases (GHG) released during their consumption [18]. Over the years,
researchers have approached this issue with several alternative pathways to produce
energy resources through renewable sources. One of the predominant ways incorporated
to overcome the energy demand is by production of biofuels. Biofuels are produced from
plant based materials or biodegradable wastes using various microbial fermentation
processes [19]. They are highly sustainable, easy to produce and most importantly an
efficient replacement for petroleum-based products. Moreover, in several countries that are
predominant producers of energy crops, they can help reduce the expenses for import of
petroleum products. Biofuels can be classified into several categories based on the raw
materials used: First, second and third generation fuels. First generation fuels rely directly
on energy crops that are also used as food source [20]. The second-generation fuels are
generally manufactured from food or agricultural wastes obtained as residue from agro and
food industries. Considering the amount of sustainable feedstocks available in Australia, the

potential to produce renewable energy is huge and untapped.

Globally, the potential for energy generation using major available feedstocks is 10,100
— 14000 TWh and includes heat, electricity or biomethane generation [21]. Most commonly
used energy crops around the world are corn, sugarcane and wheat. According to the
European Council for Bioenergy, if 7% of agricultural land was to be dedicated for energy
crops for biofuel production, there would be a potential to produce about 3350 -5000 TWh
of energy through AD [22]. European Union (EU) has also set standards for gross
consumptions of bioenergy for each sector as follows; 21% for heating, 34% for electricity
and 10% for transport fuel by the year 2020 [23]. The biogas and biomethane potential in
Australia was about 35 million tons of oil equivalent in 2018 and there is still scope of
improvement [24].
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Australia possesses a large landmass spread across various states with arid and semi-
arid climatic conditions [25]. Furthermore, power generation of Australia is about 3314 GWh
of bioenergy of which about 6% is from renewable energy generation. [27] The applications
of bioenergy resources are not limited to electricity production but can also be applied to

transport fuels, direct heat, biochemicals bioplastics, biofertilizers, detergents, oils, etc. [28].

Currently, commercial production of biofuels using first generation techniques still have
a limited contribution towards fuel economy due to the cost involved in pre-processing,
energy recovery and food to fuel competition. However, reducing the costs and energy input
by optimizing low-cost pre-treatment processes, complete exploitation of biomass and other
waste residues produced during the processes can result in commercialization of energy
crops [29]. Moreover, biogas from energy crops like Sweet sorghum can help thrive local
and regional economies through agriculture and energy [30]. Selection of an appropriate
energy crops is highly depending on the biomass yields, bioenergy potential and low
production costs at a particular region [30]. In a study conducted in Greece, seven different
energy crops were used to evaluate the biogas production considering the climatic and
economic aspects. These results illustrated that use of drought resistant crops that have

high biomass yields were more favourable for dry climatic conditions [31].

2.1 Anaerobic Digestion

Anaerobic digestion (AD) refers to degradation of organic substrates by several
microorganisms in the absence of oxygen to form biogas (methane, carbon dioxide and
trace gases such as H2S, NH3, etc)[32]. The process can be categorized into four steps:

Hydrolysis, acidogenesis, acetogenesis and methanogenesis [34].

2.1.1 Hydrolysis

The hydrolysis of complex organic matter (carbohydrates, proteins and lipids) is carried
out by extracellular enzymes that are excreted by different bacteria. These hydrolysed
molecules include soluble sugars, amino acids, long chain fatty acids (LCFA) and alcohols.
. For instance, the lipids, proteins and carbohydrates react with enzymes such lipases,
cellulases, proteases released by the microorganisms and get reduced to long chain fatty
acids, reducing sugars and amino acids, respectively.. The standard pH for AD process
using lignocellulosic crops is 6.5 -7.5. During the hydrolysis step if the accumulation of VFAs

is large, the pH decreases, thereby inhibiting the AD process. Similarly, higher accumulation
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of ammonia leads to increase of pH above 7.9. Carbon to nitrogen (C/N) ratio is another
major factor in AD process, which is generally maintained at 25 — 30 [35],[36]. Higher amount
of nitrogen leads to higher accumulation of ammonia (NH3) which would directly impact on
lowering methane production.[37]. Therefore, hydrolysis is considered as the rate limiting

step of the whole anaerobic digestion [38].

2.1.2 Acidogenesis

During the acidogenesis step, the products of hydrolysis are converted into short chain
VFAs (acetic acid, propionic acid, butyric acid, valeric acid and caproic acid), alcohols, NHs,
water, carbon dioxide (CO3), etc [39]. Sometimes, excessive amount of substrate can lead
to overaccumulation of VFAs thereby reducing the pH of the system [36]. When the pH of
the system gets extremely low, the methanogenesis process cannot proceed as the growth
of methanogens is inhibited at low pH. Therefore, it is essential to provide optimum ratio of
inoculum to substrate (ISR) to avoid overaccumulation of intermediate compounds e.g.,

VFAs and NHs leading to fluctuation in pH.

2.1.3 Acetogenesis

During acetogenesis the short chain fatty acids such as acetic acid, propionic acid and
butryric acid converted into alcohols and acetate. During this phase to pathways of acetate
production occur. The first phase the homoacetogenic bacteria reduce the hydrogen and
water into acetate. However, these bacteria cease to convert acetate if the hydrogen partial
pressure is higher. During this phase the hydrogenotrophic bacteria start to overtake the

acetate production and gradually decreasing the hydrogen partial pressure..[40].

2.1.4 Methanogenesis

Methanogenesis is the process by which acetic acid, carbon dioxide, and hydrogen
are converted into methane and carbon dioxide [41]. In general, methane concentrations in
lignocellulosic substrates range from 55-60%, while CO2 concentrations range from 25-30%.
Because microorganisms are sensitive to extremely high or low pH ranges, the pH must be
6.5 -7 during this process [42]. High pH range is resulted as an accumulation of ammonia
and nitrate compounds in the system. A brief overview of the AD is demonstrated in Figure
1.
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Figure 1. Overview of Anaerobic digestion process

2.2 Factors effecting Anaerobic Digestion.

As a source of renewable energy, the AD process has several advantages. The energy
consumed during this process is compensated by methane recovery from the AD process
and can be used as fuel or electricity. To improve crop recovery, anaerobic sludge can be
used as a biofertilizer[43]. The operational and construction costs are significantly lower than
those of any other conventional treatment. For instance , The initial infrastructure costs of
biogas plant is much cheaper than installation costs of other renewable energy source such
as solar panels, dams for hydroelectricity, etc. Because it is a biological process, the
retention time is typically long, and the process is highly sensitive to changes in process
parameters, resulting in low methane yields. The following are some of the major factors

that interfere with the AD process.
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It is necessary for all microorganisms to coordinate in order to prevent excessive
accumulation of intermediate products for a stable AD process[44]. A stable anaerobic
digestion under mesophilic conditions requires a pH range of 6.5 to 7.5 [45]. A study
conducted by Cioabla and lonel [46] on wheat bran for production of biogas demonstrated
that highest biogas yields of 68%/32% of CH4/CO2 mixtures were obtained at pH ranges
6.9-7.1. Lower methane yields may be the result of any process that takes place outside of
this range. Similarly, excessive levels of VFAs, ammonia, and trace elements like Mg, Fe,
Pb etc. have a significant impact on the methanogenesis process[47].

2.2.1 Effect of chemical composition of the substrate on methane production
Understanding the mechanisms of anaerobic digestion and determining the process
parameters required for maximum efficiency involves knowing of the chemical composition
of the substrates. Prior to conducting biogas experiments on lignocellulosic substrates, the
following factors must be considered: biomass yields, carbohydrates and lignin content, C/N
ratio, total nitrogen and phosphorus content, total solids (TS), and volatile solids (VS). Crop
biomass yields refer to the amount of plant biomass produced per hectare of agricultural
land. Chemical composition of crop substrates refers to presence of carbohydrates and
lignin for a particular substrate. For developing an optimal biogas process, it is essential to
choose a substrate that has higher cellulosic fraction and lower lignin [48]. However,
determination of lignin composition can also help us to elucidate and develop an optimal
pre-treatment process [49]. Most cases, the higher carbohydrate composition leads to higher
biomethane production. Dry matter content of the substrates, also termed as TS, directly
influences the hydrolysis process [50]. During the AD process, the VS degrade into short
chain fatty acids, reducing sugars, and amino acids. Higher substrate VS leads to greater
accumulation of VFAs, which may result in a decrease in system pH. Similarly, excessive
nitrogen concentration results in increased ammonia production, which increases the pH to
an alkaline state. Nonetheless, if the same process must be modified for VFAs production
and H2 production, it is necessary to maintain a higher substrate VS concentration for
maximum VFAs production [51]. As a result, VS concentration is an important parameter in

determining the best ISR ratio for batch studies and OLR for reactor studies.
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2.2.2 Effect of ISR on methane yields

Inoculum to substrate (ISR) ratio plays a crucial role in the biochemical methane
potential (BMP) testing of any substrate for batch scale applications [52]. Lower ISR ratios
result in higher accumulation of VFAs. VFA accumulation tends to lower the pH of the batch
digestion system [53]. Reduction in pH inhibits the methanogenic microorganisms to
produce methane. In addition, low pH results in a longer lag phase for AD process. A study
conducted on AD of swine wastewater, demonstrated that higher inoculum concentration
promoted higher methane concentration in biogas production [54]. However, at extremely
high inoculum concentrations, the methane production rapidly increases for first few days.
All the substrates are consumed by the microorganisms resulting in gradual decrease in

methane production.

Several studies on studying the effect of Inoculum to substrate ratios have stated that
ISR 2- ISR 4 have the capability to produce maximum methane concentration. A particular
study on co-digestion of slaughterhouse wastes with sewage sludge demonstrated that ISR
4 was the optimum ratio since it produced maximum biogas vyields. Also, there was no
significant change in pH of the system which indicated a stable anaerobic digestion process
when compared with other ISR [55]. Another factor for choosing an optimum ISR is by
estimating the TS % required for each substrate. Increasing the TS of substrate can lead to
increased acidification and ammonia inhibition [56]. Therefore, it is always important to

select an ISR that maintains an optimum TS% and controlled VFA production.

2.2.3 Effect of inoculum source on methane yields

Anaerobic digestion of any substrate also depends on the microbial consortium present
in the inoculum source provided. The source of inoculum provided to the substrates
irrespective of the crop variety has a huge impact on the anaerobic digestion. For most
studies, anaerobic sludge obtained from domestic wastewater treatment plants have been
used [57]. The major reason for this is, it is abundant, renewable, and already has a rich
microbial consortium of fermenting organisms that can be directly used for anaerobic
fermentation processes. In addition, it contains an optimum mixture of microorganisms that
can perform acidogenesis, acetogenesis, hydrolysis and methanogenesis. Anaerobic
sludge used as inoculum is obtained from wastewater treatment plants and have a diverse

consortium of microbes that are responsible for degradation of organic substrates into
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methane carbon dioxide and other trace gases. These microbes are already acclimatized to
mesophilic conditions and can be used in biogas plants. Ina addition they save the extra
added expenses needed to cultivate pure microbial strains in laboratories for the AD

experiments.

However, over the recent years, some researchers have also explored the feasibility
of cattle manure and synthetic microorganisms for enhancing biochemical methane yields
for energy crops [58]. Studies on cattle manure for lignocellulosic crop have demonstrated
that it can reduce the hydrolysis time during an AD process [59]. This phenomenon is due
to the presence of lignocellulytic enzymes in the rumen fluid that can easily digest the
complex lignocellulosic matrix. In addition, The hydrolysed substrate is further digested by
E.coli and certain heterotrophic fungi that act on the VFA and convert them into methane
and carbon dioxide [60]. Although Cattle manure is also produced in large extent and is
renewable, yet its potential is still untapped. Cattle manure has demonstrated several
environmental impacts as it tends to release methane into the atmosphere. Therefore,
utilization of cattle manure as an inoculum source for production of various biofuels and
value added chemicals can help decrease these emissions while utilizing it to produce
biogas via a closed anaerobic digestion process [61]in addition, the cattle manure can be
stored for longer durations without depletion of microbial communities [62]. There is also
tremendous scope for research on cattle manure for producing enzymes and biofuels such

as hydrogen [63].

Rumen fluid is yet another rich source of inoculum obtained from ruminants that feed
on highly fibrous and cellulolytic materials. The major function of rumen fluid is to ferment
plant polymers to short chain fatty acids, carbon dioxide and hydrogen [64].The further
decomposition of the cellulosic compounds occurs in the gut of the ruminants. However,
majority of the methane is produced in the rumen and is released through belching. There
have been several studies on anaerobic digestion of cattle manure using rumen fluid as
inoculum and these studies have said to have improves the methane yields by 2-3 times
when rumen fluid was used. A comparative study conducted by Budiyono and Widiasa [65]
stated that rumen fluid improved the biogas production efficiency two- three times more than
the manure substrate without the rumen fluid. In another study conducted by Xing and Han
[66], an artificial rumen fluid system was established by modifying a continuously stirred tank

reactor (CSTR) that operated 33 -100 days and fed each day with an organic loading rate
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(OLR) 2 gVS/l/d. This method demonstrated secretion of fairly high levels of extracellular
multienzymes, as determined by enzyme content and gel filtration chromatography analysis.
When this rumen fluid was tested with mixture of corn straw and food wastes, a high
biochemical methane potential and biogas production was obtained. Hence, the type of
inoculum source used for anaerobic digestion plays a substantial role in the biogas yield
[67].

There has been very limited research stating the effects of inoculum source used for
lignocellulosic energy crops. Most of the anaerobic digestion processes are conducted using
anaerobic sludge and cattle manure primarily due to their rich microbial consortium and their
abundant reservoirs [68]. A relative study of cattle manure vs rumen fluid, established that
rumen fluid increased the biogas yield of cattle manure to 25-50% than just the cattle manure
[65]. Therefore, a comprehensive study on the potential of rumen fluid in anaerobic digestion
can help in developing an artificial rumen reactor system to improve biogas production on a
large scale [69]. Aside from the microbial community and the origin of inoculum, the chemical
composition of inoculum also plays a crucial role in anaerobic digestion. For instance, during
the anaerobic digestion process excessive amount of protein rich substates tend to produce
ammonia leading to increase in ph to basic. During this the methanogenic archaea shift their
focus towards using the ammonia instead of converting carbon into methane and carbon
dioxide resulting in lower methane yields.. The process inhibition by ammonia can occur due
to change in pH and acclimatization of the microbes [70]. Therefore, choice an appropriate
inoculum also requires adjusting the process conditions such as C/N ratios, pH adjustment

and substrate loading.

2.2.4 Effect of harvest time on methane yields from energy crops

Harvest time and crop varieties are additional physiological factors that play a major
role in biochemical methane yield of lignocellulosic crops. In a study conducted by Boob and
Elsaesser [71], the time of harvest of hay meadows played a major influence in its final
biogas yield. The crops that were harvested at a later growth stage showed less degradation
in the biomass quality. Likewise, a study on Sweet sorghum stated that harvesting it at
growing stages also resulted in diminished cellulose content [72]. To achieve maximum
biogas yield, most crops are harvested in the late flowering stage due to their rich

carbohydrate composition and dry Fiber content. The feedstock harvested at earlier stage
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of maturity is more suitable for cattle feed or ensilage process [73]. Early-stage harvest
would lead to loss of biodiversity of the crop over a long term. Several studies on harvest
time have been performed on miscanthus crop across the globe. Miscanthus is a perennial
crop that can be grown with low inputs and can grow even in unfavourable conditions. A
study conducted by Da Borso and Di Marzo [74] proved that late harvest of miscanthus
provided a higher methane yield proving that dry matter of the crop played a major role in
biogas production. Contrarily, Sweet sorghum tends to have a faster cellulose degradation
rate at various growth stages and the highest cellulose content is observed at flowering
stage [75].

2.2.5 Carbon nitrogen ratio

To obtain a high rate of organic material decomposition and hence maximise the
potential of bioprocesses, the C/N ratio should be continuously adjusted and monitored. The
substrates’ nutritional makeup and the C/N ratio are connected. Co-digestion of animal
manure which has a low C/N ratio, and carbon-rich substrates, such as crop silage, is an
illustration of a balanced C/N ratio [76]. Unfavourable effects on the rate of methane
production and the activity of microbial culture are associated with above- or below-optimal
C/N ratios. The range between 20 and 30 is the AD’s ideal C/N ratio. In addition to the C/N
ratio, phosphorus and sulphur are also crucial for the AD-related bacteria to grow and
function at their full potential.

2.3 Applications of anaerobic digestion

Although anaerobic digestion process was primarily focused on production of biogas
and biofertilizers, it can now be optimized to produce several intermediate products such as
biohydrogen, volatile fatty acids and bioethanol. However in this study he primary focus is
on production of biogas and biofertilisers for developing a biogas refinery to produce
electricity, fuel and fertlizers.2.3.1 Biohydrogen

At present, the prominent methods to produce hydrogen involves fossil fuels energy,
pyrolysis, or water electrolysis. However, these methods consume a lot of energy and prove
detrimental to the environment by releasing pollutants. Nonetheless, biohydrogen
production is an interesting strategy as it is renewable, it's ease of production and low
environment toxicity [77]. Due to its clean, renewable nature and high energy content (122

kJ/g), hydrogen is a potential replacement for conventional fossil fuels [78]. It is regarded
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as a secondary form of energy and can be obtained from natural and biological resources.
H2 fuel has a 2.75-times higher energy yield than hydrocarbon fuels [79]. Water is the main
combustion by-product when hydrogen is utilised, and it may be recycled to produce
additional hydrogen. Hydrogen is a clean fuel that does not emit CO2 or other harmful
pollutants. It has become more well-known as a green energy policy issue because to its
use in fuel cell electricity generation, transportation fuel, and combustion. In addition, H2 gas
is used for steel processing, desulfurization, and re-formulation of gasoline in refineries, and
the hydrogenation of fats and oils to produce a variety of chemicals in the petrochemical
industry. It can be produced in two different methods: photo fermentation and dark

fermentation.

Dark fermentation method for biohydrogen is the most promising method in
comparison to the photo fermentation due to its simple infrastructure, less maintenance and
energy input [80]. Hydrogen production occurs in the first two steps during anaerobic
digestion process i.e., hydrolysis and acidogenesis. During acidogenesis the reduced
monomers such as soluble sugars, amino acids and fatty acids are converted into volatile
fatty acids during which hydrogen is liberated [81]. Acetate and butyrate are major by-
products during biohydrogen production. These chemicals have industrial applications as
food additives, pharmaceuticals, and solvents. Microorganisms such as clostridium,
Enterobacter and bacillus species are the main producers of hydrogen during anaerobic
digestion. These species can either be used as pure cultures or mixed to form cocultures to
improve hydrogen production [82]. Generally it is challenging to isolate pure culture,
therefore most studies are focused towards seeding the anaerobic digestors with mixed flora
obtained as anaerobic sludge or dairy wastes [83]. Although the microbial communities in
the inoculum cannot be controlled, it is possible to adjust the process parameters based on
the type of product that needs to be produced. Theoretical calculation for biohydrogen
production states that for every mole of glucose, 4 moles of hydrogen are liberated [84].
However, the experimental hydrogen yields are much lower owing to the presence of

inhibitory substances such as lactic acid, propionic acids etc., [85].

The production of hydrogen using dark fermentation process is limited to pH 5.5 in
mixed cultured inoculum. However hydrogen production largely depends on the pH,
temperature and the type of substrates [86]. The presence of toxic compounds such as

furfurals can impede the process [87]. In addition, dark fermentation is also largely impacted
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by low substrate conversion, low yields, and low production rate. Unlike anaerobic digestion,
dark fermentation for higher yield of hydrogen production also may require an additional pre-
treatment strategy [88]. Currently, the lower production rate and hydrogen yield during
microbial fermentation are two major issues for commercial production of hydrogen [89]. To
mitigate these issues, researchers are trying to develop integrated production strategies

through several biomass feedstocks for optimizing hydrogen yields.

Improving hydrogen vyields can be achieved in several ways: choosing appropriate
microbial strains, developing a sophisticated bioreactor design and improving the process
conditions [90]. Clostridium thermocellulm is currently the most researched microbial
species for biohydrogen production due to its tolerance at high temperature and capability
to produce several enzymes that can easily degrade complex lignocellulosic materials [91].

Although hydrogen production using dark fermentation is sustainable and
environmentally friendly, it is essential to develop an optimized reactor process for large
scale hydrogen production with significant reduction in production costs. The major cost
factor for biohydrogen production lies in the availability and pre-processing of the raw
materials. While energy crops have an excellent potential for hydrogen production, it is also
necessary to look out for the food to fuel competition for these crops [3]. One way to enhance
biohydrogen production from energy crops is by developing an integrated biorefinery system
incorporating hydrogen production alongside other valuable products such as biogas,
bioethanol, and other value-added chemicals [92]. Through this approach the cost involved
with pre-processing and production of these fuels are balanced by the supply and demand
for these products across the globe. One of the researchers also stated that application of
dark fermentation technologies for biohydrogen production also helps reduce the

infrastructure costs due to reduction of size of bioreactors involved [84].

2.3.2 Volatile fatty acids

Volatile fatty acids (VFA) are intermediate products formed during anaerobic digestion
in which long chain fatty acids, carbohydrates and amino acids are transformed to volatile
fatty acids by acidogenic and acetogenic bacteria. Currently the larger percent of VFAs
utilized for production of value-added chemicals are supplied by petrochemical derivatives
[93]. Biobased production of VFAs through fermentation and digestion processes are not

popular due to their extremely low productivity and limited knowledge on effective substrates
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[93]. However, due to the current demand for alternative pathways to reduce dependence
on fossil fuel derivatives, fermentation and other microbial extraction processes are gaining

importance.

Although biobased production of VFAs is still in the rudimentary phase of production,
large scale production of VFAs has several advantages over petrochemical resources.
Some of the advantages include low environmental effects, low production costs,
abundance of raw materials and enables good waste management practices. But to achieve
the commercialization of VFA production using biorefinery approach it is essential to develop
a robust experimental setup and an optimized process conditions for improving productivity.
Over the past few years, researchers have developed and performed several experiments
for optimization of VFA production using various organic substrates such as wastewater,

agricultural residues and energy crops.

The concept of VFA production through anaerobic digestion is simulated from digestion
of lignocellulytic substance in ruminants. Methanogens present in their rumen fluids tend to
convert VFAs into methane causing belching and bloating in ruminants [94]. Similar to this
system, to enhance VFA production, it is necessary to either reduce or completely eliminate
the methanogenic microorganisms present in the inoculum source [95] Its been
demonstrated that after the components produced during the acetogenesis step during AD
that are hydrogen and carbon dioxide are converted to methane and carbon dioxide by the
methanogens. However, since we are looking to improve hydrogen yields its necessary to
cease the methanogenesis step by the elimination of methanogens in the inoculum.
Methanogens cannot survive higher temperature and acidic conditions..[96]. Therefore, to
reduce the methanogenic process, the inoculum must be heat treated prior to VFA
production. Heat treatment or extreme acidic conditions serves to destroy the methanogenic
bacteria. In addition, VFA production can also be enhanced by overwhelming the system
with substrates, maintaining the pH at a constant 5.5 — 6 or reducing the hydraulic retention
time [95].

Volatile fatty acids can be used to produce wide range commodities such as
pharmaceuticals, food additives, bioplastics, cosmetics, etc. VFA production can be
achieved by several different methods depending on the type of lignocellulosic substrates

and the inoculum source provided. Interrupting the methanogenesis process by
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manipulating process parameters such as pH., ISR ratio and temperature adjustment is the
key to produce higher amount of volatile fatty acids [97]. Temperature plays a dominant role
in VFA production as it interferes with enzymatic activity of microorganism. Studies have
demonstrated that higher temperature ranges up to 65 °C resulted in higher yields of VFAs
with acetic acid as the major fermentation product. However, further increase of temperature
led to gradual decrease of VFA yields. This is possible since the microorganism cannot resist
extreme high temperatures. Therefore, determination of an optimum temperature range for
VFA production is necessary especially when mixed source of microflora is used. The major
volatile acids produced during anaerobic digestion are acetic acid, propionic acid, butyric

acid.

Table 1 illustrates some examples of waste biomass used for hydrogen and volatile
fatty acid production at various operating conditions, most lignocellulosic biomass such as
duckweed, sweet sorghum stalks, sweet sorghum leaves have acetic acid as the major
byproduct during dark fermentation usually in the range of 1- 3 g/L. The maximum hydrogen
of 2.6 mol/mol glucose was observed for sweet sorghum bagasse followed by 2.3mol/mol
glucose. The corresponding acetic acid yield was 2 g/L. Most of the batch studies were
conducted at mesophilic temperature ranging between 35 — 37 ° C. however it is also
important to note that the higher yields in sweet sorghum bagasse were obtained due to
pretreatment with an alkali at elevated temperature.
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Table 1. Coproduction of hydrogen and volatile fatty acid for various organic substrates

Biomass used Operational conditions H:Yields VFA Production Reference
) o 1577 g/L Acetic acid — 14.65%,
) 2.5 L bioreactor at 35°C, stirringrate Cum H2 volume - o ) ) . Noblecourt and
Depackaging wastes Propionic acid-70.70% & Butyric acid — ]
200 rpm, pH regulated at 7 5342 L Christophe [98]

Cane  molasses
Groundnut

cake

Cashew

Bagasse

Cheese whey permeate

Duckweed

Ground wheat residue

Sugarcane vinasse

Sweet sorghum Stalks

deoiled

Apple

10,000 L Batch reactor operated at
37°C with automatic pH Control

Pretreatment with alkaline H20:2
Batch studies with 125 mL serum
bottles at 38°C (24h)

Semi CSTR with sugar (25 g/L),
temperature at 30°C, pH
at5.5

Batch anaerobic studies in 125 mL
bottles at 35°C with 72h incubation

time, pH 7.0

Batch assays at 37°C

Batch fermentation assays at 37 °C

Batch fermentation at 55°C, 12-48

Cumulative H:2
L-1) 3370 + 20 MI/L

12.57 (mLH2/L h)

365.67 mmol
Day

Max Hz production
162.4 mL /gdw

63 ml Hz /g starch

(mL

Ha/L

4.75 mmol Hz gCOD

5.1 mmol/g-substrate

14.65%

Acetic acid — 982 + 24 mg/L, Butyric
acid -1612 + 20 mg/L

Acetic acid — 220 + 3 mg/L, Butyric acid
- 119+ 3 mg/L

Acetic acid — 2.5 g/L, Propionic acid —
2.2g/L.

Acetate -1.04 £ 0.05 g/L, Butyrate- 1.52
+0.09 g/L

Total VFA- 35-40g/|

44,01 mg g-1COD

acetic acid
acid (1.05 g/L)

(1.27 g/L) and butyric

Balachandar and

Varanasi [99]

Silva and Mendes
[100]

Roméao and Silva
[101]

Mu and Liu [102]

Ozmihci [103]

Magrini and de

Almeida [104]

Islam and Zhang
[105]
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Table 1. Coproduction of hydrogen and volatile fatty acid for various organic substrates (contd)

Biomass used

Operational conditions

H. Yields

VFA Production

Reference

Sucrose

Jatropha pruning

Macrocystis
pyrifera biomass

residues

Sweet sorghum

Bagasse

Sweet sorghum leaves

Food waste (FW)

Batch studies

CSTR operated at 37°C

Batch assays at 37°C

Pretreatment with NaOH at S: L -
1:15, 70°C and 4 h followed by batch
scale fermentation at pH 6.8

Acid pretreatment 5.95% HCI and
heat application followed by bench
scale bioreactor 37.5°C, 250 rpm
and 84 h

acidogenic bioreactor (total/working
volume 10/8 m3; L/D ratio 2)

2.3 mol

sucrose Added

Hz/mol

14.5 + 0.8 (ML H2/L-h)

11.38 mL/g (volatile
solids, VS),

2.6 mol/mol C6 sugar

213.14 ml H2/g FS.

54288 L
LH2/kg COD)

(155.10

Acetic acid — 294 + 15mM, Propionic
acid -387 + 17 mM , Butyric acid — 28 +
3 Mm

Acetic acid — 4.3 + 0.5 g/L; Butyric acid

~3.6202gL

0.055 g/g (VS)

Acetic acid — 2.3 g/L

25.77 g L' of VFA composed of acetic
(Hac: 15.2 £ 1.98 g L), propionic (Hpr:
4.89 +1.26 g L") and butyric (Hsu 5.67
+0.96gL™)

Tuncay and

Erguder [106]

Serrato-Nerio and

Diaz-Hinojosa [87]

Zhao
[107]

and Fan

Panagiotopoulos
and Bakker [108]

Rorke and
Gueguim Kana
[109]

Sarkar and

Katakojwala [110]
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2.3.3 Codigestion

Until recently, the knowledge on anaerobic digestion was only focused towards
the optimization of process parameters for the monodigestion of substrates.
Mono digestion of substrates present some major challenges during AD such as
high carbon concentrations leading to overaccumulation of VFAs, slower
decomposition and longer time for biogas production [111]. However, due to
further developments in the research co-digestion studies have substrates with
contrasting characteristics have been recognized while designing a full-scale
biogas plant. Unlike pretreatment of substrates, co-digestion of a carbon rich
substrate with nitrogen-rich substrates has said to improve methane productivity
in the long run [112, 113]. It's also beneficial, especially in farm scale sectors
where there is a lot of livestock manure produced in addition to agricultural wastes
from the harvesting of crops [114]. Codigestion of substrates improves the
nutrient availability for microbes during AD process [115]. Many articles have
proved that the carbon-nitrogen balance is a crucial factor in determining the
methane vyields for a continuously operating reactor [116, 117]. When
lignocellulosic substrates are used as the primary substrate, the most suitable
carbon nitrogen ratio falls in the range of 20-40 [118, 119]. However, choosing a
suitable substrate for codigestion also depends on its availability. Most studies
on codigestion across the world have used animal manure as the codigestion
substrate as they are abundantly available round the year. Besides these wastes
are responsible for greenhouse gas emissions if otherwise left out in the open.
While utilization of animal manure alone also can produce biogas, it can inhibit
methanogenic archaea by releasing excess ammonia leading to system failure
after few runs [120, 121]. While there are several methods to manage livestock
manure in farms, biogas recovery through anaerobic digestion can have several
benefits to farmers ranging from energy recovery, production of mineral rich
digestate or production of compost for crops [122, 123] Some examples of
codigestion of agricultural residues/energy crops with animal manure are
presented in Table 2. It is noticed that carbon nitrogen ratio for most codigestion
experiments lie within the range of 20-30 after addition of nitrogen rich substrates.
While most lignocellulosic crops/biomass have methane vyields of 200-400

NL/kgVSadded after addition of codigestion substrates the methane yields have
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increased by 20-30% of the yields.it is also noticed that the carbon rich substrates
comprised of 60-75% of the feed mixture as compared to nitrogen rich substrates.
Excessive amount of protein rich substrates may lead to accumulation of

ammonia in the reactor leading to slow depreciation of methane yields.
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Table 2. Codigestion of agricultural residues with animal manure

Substrates Operating conditions C/N Methane yields Reference

Cattle manure, chicken manure with maize CSTR; 1:1:1 on VS basis - 6580 m3/day Yangin-Gomec and Ozturk
silage [124]

Rabbit manure (12.3% wi/w), sorghum crops( CSTR 15.1 134 ml CH4/gVS Adrover and Cotabarren
1.3% w/w) and water (86.4% w/w) [125]

Corn stover and Chicken manure CSTR; 4 gVvS/L/d 20 223 £ 7 mL/gVSadded Li and Zhang [126]
Sorghum biomass (95%) and Liguid cow CSTR; 1.49-1.86 kgVS/m3-d; - 295.3 mL/gV Sadded Dareioti and Tsigkou [127]
manure (5%)

sorghum stem and cow manure Batch; ISR 1 25 478 mL/gV Sadded Zhang and Zhang [128]
sugarcane bagasse (30) and fruit/vegetable Batch 2.7L Vats and Khan [129]

waste (70)

Sugarcane bagasse (35%) and poultry waste Batch; ISR 1 23.5 9693 mL Vats and Khan [129]

(65%) 2

Sugarcane bagasse (75%) and mill mud (25%) Batch 24.7  22.2mL/gVS Talha and Ding [130]
Sugarcane bagasse (80.684%) and cow manure CSTR; 3.45 kgVS/m? -day 69 ml/gVvVs Darwin and Fazil [131]

(4.295%)
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2.3.4 Biogas Use

Biogas collected from crop digestion can be burnt in a gas boiler for heating
or in a combined heat and power (CHP) turbine to generate heat and
electricity[132]. Approximately two-thirds of the energy contained in biogas is
converted into heat in CHP units; therefore, year-round heat consumption must
be guaranteed [133]. This is not always possible, as some rural communities may
not require heating in the summer. Utilisation and sale of thermal energy
generated by a biogas cogeneration facility are fundamental to its business model
[134].

Upgrading biogas to natural gas quality (pure methane, termed biomethane)
enables more efficient use of biogas’s energy content. Biomethane can be utilised

as a transport fuel or injected into the natural gas infrastructure for off-site use.

2.3.5 Digestate Management

The digestate resulting from AD of agricultural waste may be rich in
ammonium and other nutrients that are important for plant growth and therefore
could be used as organic fertiliser [135, 136]. Further, substrate type and
composition, nutrient concentration and form (mainly N, P and K) in the digestate
and nutrient requirements of the crop determine whether the digestate/liquid can
be used as fertiliser. Furthermore, co-digestion with other suitable feedstocks can
improve the digestate nutrient composition by diluting toxic compounds and at
the same time improve the economics of the biogas plants by operating at higher
organic load, better buffering condition favouring microbial synergy and growth,
and improving biogas production [137, 138]. For instance, anaerobic co-digestion
with molasses was shown to improve nutrient balance and methane yields of
cattle slurry, chicken manure, and activated sludge [139-141]. Similarly, green
grass and yard waste were shown to ideal feedstocks for fertiliser and soil
amendment due to their high N, P and K content [142, 143]. Furthermore,
digestates produced by AD of clean feedstocks such as yard and agricultural
waste do not pose any health risk associated with pathogenic bacteria that are

noticed in untreated digested residue of animal waste. For instance, digestate
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from mesophilic anaerobic digestion of Sudan grass contained lower
concentrations of N, P and K nutrients and heavy metals than those prescribed
by the European Union [142]. Mostafazadeh-Fard et al. [143] demonstrated the
feasibility of liquid organic fertiliser production through hydrolysis and acidification
without production of biogas in a leachbed reactor. In the above study, fresh grass
clippings containing a mixture of creeping bentgrass (Agrostis stolonifera
“Penncross” and other cultivars), common bermudagrass (Cyndon dactylon),
hybrid bermudagrass (Cyndon dactylon and C. transvaalensis), rough bluegrass
(Poatrivialis) and annual bluegrass (Poa annua), were used to recover N-P—K
and other micronutrients. Results showed that use of higher organic load
produced much higher concentrations of TN-TP-K nutrients in the leachate. The
TN, TP, and K concentrations in the leachate were as high as 10,800, 2315 and
7400 mg/L, respectively, and N-P-K ratios of 1.08-0.23-0.74. Finally,
application of plant-based liquid fertiliser produced from AD of grass waste for the
cultivation of chilli pepper in greenhouses showed to be effective nitrogen source
with comparable or better yields than the inorganic nitrogen source (i.e., chemical
fertiliser at an equivalent nitrogen application rate) for the chilli pepper crop in
soils with low, moderate and high salinity levels [144], [145].

The most common method for managing digestate is to usedas fertiliser
without any prior processing. Its physical and chemical properties significantly
support its agricultural application. Low dry mass, a relatively high organic matter
content, a slightly acidic pH, and an abundance of nitrogen, phosphorus, and
potassium are just some of the parameters that support the use of the product of
anaerobic digestion as a fertiliser. Before using the digestate, however, the
presence of heavy metals and pathogens must be confirmed. Exceeding
permissible standards could render the digestate unusable for fertilisation.
Managing biodegradable waste and manure in this manner can, among other
things, increase energy production from RES, reduce the amount of waste that
decomposes uncontrollably, lower the carbon footprint, and introduce

environmentally beneficial fertilisers to the soil [146].

Nutrient recovery from digestate is necessary to produce an end product
with a high nutrient concentration that is nearly as effective as an organic fertiliser

using a cost-effective separation method.
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The physiochemical properties of the substrates utilised in anaerobic
digestion have a substantial impact on the digestate properties. In addition,
process parameters such as moisture content, hydraulic retention time, and pH

play a role in altering the characteristics of the digestate.

Total solids

During the anaerobic process, the solids are consumed by the microbe and
converted into volatile fatty acids and biogas, resulting in a reduction of the solids
content by up to 60% of the initial material for lignocellulosic plant materials [147].
Nevertheless, the change in TS is dependent on the substrates employed. For
example, energy crops or woody material have greater dry matter due to the
presence of lignin and other non-degradable substrates. In contrast, substrates
such as food wastes, distillery wastes, and slaughterhouse wastes, which
typically contain a greater amount of fats, lipids are degraded up to 70% and

result in a lower dry matter content in the digestate [148]. .

In recent years, the number of biogas plants and/or the amount of raw
digestate produced per day has increased globally, leading to overproduction of
raw digestate for local use. Moreover, local and regional transportation of raw
digestate of more than 5-10 km has shown to exceed the costs of its fertiliser
value [149] and consumes large amounts of fossil fuel [150]. Therefore, solid-
liquid separation of raw digestate has been recommended to reduce the cost of

digestate transportation for use [151].

Solid-liquid separation of digestate is generally carried out by using either
sieves, double circle bow sieve, sieve belt press, sieve drum press, press
screw/auger separator, sieve centrifuge or decanting centrifuge (see e.g. [152]).
the most common solid—liquid separation technology used in full-scale biogas
plants are screw press, screening drum press (vibrating screen) and centrifuge
[153]. Use of precipitating agents such as aluminium sulphate (Al2SOa), ferric
chloride (FeCls), ferric sulphate (Fe2(SOa4)3) and lime (Ca(OH)2), flocculants or
organic polymers (acrylamide) and functionalised chitosan have been shown to

improve and/or facilitate solid-liquid separation [154-156].

The solid fraction of digestate is generally used as nutrient source directly
for crop cultivation and soil conditioner [150] or after composting, as organic

fertiliser [157]. In many biogas plants, the solid fraction of digestate is dried either
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using belt dryer, drum dryer, feed-and-turn dryer, fluidised bed dryer or solar
drying system and even palletised to be sold as bio-fertilisers [155] or solid fuel
[149]. Owing to the high organic fraction as well as high nutrient contents, new
technologies have been proposed for solid digestate valorisation [158], such as
production of biofuel in domestic furnaces [159], production of biochar [160, 161],
post treatments (thermal, alkaline and enzymatic) for methane recovery [162,

163] or bioethanol production .

2.3.6 Methods for digestate separation

Some well-known digestate separation processes include belt press, screw
press, and centrifugation, which separates liquid digestate from solid digestate
[164]. The separation technique used is determined by the consistency of the
digestate and the amount of dry matter required in each fraction. For example, if
the liquid fraction is required, the dry matter content of the fraction must be kept

low to avoid clogging in downstream processing or to make it easy to transport.

Screw Press

These separators are frequently used with substrates containing high fibre
content, such as plant-based wastes or digestate residues derived from wood.
The digestate is pressed against the cylindrical screen by the screw, and the
liquid oozes out into the sieve, where it is collected separately. The solid exits the
end of the separator into a hopper and is collected at the bottom at the conclusion
of the operation. Screw press separators are incapable of separating solids with

minute particles.

Belt Press

A belt press is made of a closed loop of belts wound horizontally by
cylinders. Gravity separates the excess water from the digestate applied at the
beginning of the belt, which is then transported between belts by rotating
cylinders. A solid, rich filter cake is created during this process, which completely
squeezes the water out of the digestate. At the belt press’s far exit, the dewater
filter cake finally leaves. Throughout the entire process, the liquid fraction is

collected at the bottom of the press.
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Decanter Centrifuge

In order to separate slurries with colloids or smaller particles, decanter
centrifuges are typically used. The decanted fraction’s solids content is high in
phosphorous, which is kept intact during the AD.. The digestate is fed into the
centre of the centrifuge, where centrifugal force is used to separate the solids
from the liquid. The outlet is used to release the solid particles that have built up
at the walls after being pushed by the screws. In the meantime, liquid exits the

centrifuge through the opposite ‘end’s outlet.

Several studies show that , decanting centrifuges are more effective than
screen-based separators at removing total phosphorous and total solids
According to Mgller and Lund [165] the ability of decanter centrifuges to separate
even finer solids led to a higher efficiency of nitrogen separation. The liquid
fraction has inorganic dissolved ammoniacal nitrogen, while the solid fraction

typically contains trace amounts of organic nitrogen (NHs-N).

2.3.7 Biomethane

The final step of the anaerobic digestion process is the production of
biomethane. Methanogenic archaea convert acetate, hydrogen, and carbon
dioxide into methane and carbon dioxide during this process. The methanogenic
archaea can be categorised as either hydrogenotrophic or acetoclastic. The
hydrogenotrophic groups convert hydrogen and carbon dioxide into methane and
water while the acetoclastic groups directly convert acetate into methane and
carbon dioxide [95]. For the majority of lignocellulosic substrates, a mixture of 55
to 40 percent methane and carbon dioxide is generated. Similar to natural gas,
biomethane can produce heat and electricity for industrial or residential use. It
can also be used to power natural gas-powered vehicles [166]. Using agricultural
feedstocks to produce biomethane is one of the most cost-effective methods. This
system reduces transportation challenges and allows farmers to implement on-
site waste management strategies. Additionally, the end products of anaerobic
digestion can be used directly as fertilisers to promote crop growth. [167].
Biomethane is also considered a carbon-neutral fuel because the carbon dioxide
emitted during the AD process is offset by the carbon dioxide absorbed by the
energy crops during their growth period [168]. A recent study suggested that the
implementation of biogas production through AD is an economically and
environmentally viable technology. Therefore, commercial production of methane
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along with other intermediate fuels such as hydrogen, ethanol, etc. is a crucial

step in the development of green technologies. [169].

Biomethane produced through anaerobic digestion is a low carbon gas, as
the carbon dioxide consumed by plant substrates during photosynthesis almost
offsets the carbon dioxide released during biogas production [170]. Biomethane
has multiple applications, including transportation fuels, grid injection for
electricity generation, industrial heating source, and residential use [22, 171].
Additionally, the residue obtained after anaerobic digestion is rich in minerals
such as phosphates and nitrates and can therefore be utilised as fertilisers [172].
Numerous studies on diverse lignocellulosic substrates have been conducted to
produce multiple bioproducts via an integrated biorefinery strategy. This strategy
can aid in the development of a circular bioeconomy that makes more sustainable

and economical use of organic substrates.

2.4 Energy crops as substrates for biogas production
There have been numerous studies on energy crops cultivated in marginal lands,
in crop rotation techniques or fallow land which have proven to be beneficial in

retaining soil nutrients and provide extra market income to the farmers.

Studies on lignocellulosic substrates have proven that they are effective
source for biofuel production due to their high organic component that can be
converted into several forms of liquid fuels (bioethanol, etc.), gaseous fuels
(biogas, biohydrogen, etc.) and solid (biofertilizers). Most of the lignocellulosic
substrates consist of 40-50% carbohydrates, 15-20% Lignin and 20-30%

hemicellulose that vary quantitatively and qualitatively for various substrates.
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Figure 2. Queensland Crop Production forecasts — 2020-2021

Energy crops such as wheat, sorghum, maize have been proved to be
effective substrates in biogas and bioethanol production in major countries like
USA, Brazil, Europe, and Australia. However, the major challenge associated
with the use of energy crops is that they pose a competition over food crops [173].
On the contrary, cultivation of energy crops help conserve the biodiversity and
optimize land management [174]. There have been a wide range of studies
across the globe proving that these substrates have a potential for large scale
energy production and transportation fuel substitution. Meanwhile the food to fuel
conflict in using energy crops can also be avoided by considering various
cropping scenarios such as crop rotation with other food crops, utilization of
marginal lands or using fallow land for energy crop productions. Crop rotation
involves cultivation of two or more crops in the same agricultural land in a span
of few years. For instance, a study was conducted by Murphy and Power [175],
involving three crops wheat, barley and oats were cultivated in 48,000 hectares
of land over a three-year period dedicated 16,000 ha per crop. This study
concluded that total biomethane involving all three crops was 118,188,017 m%/a
when compared to cultivation of wheat alone at 90,482,57 m%a [175]. An article

stated that due to the declining number of livestock’s Poland had 3.6 x 10%ha of
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unused meadows and pastures with good potential for energy production [176].
Likewise, fallow land is another strategy that can be incorporated in bioenergy
production from specific energy crops. Hammar [177] showed that willow grown
on fallow land in Sweden could not only be used to generate energy but also
simultaneously remove carbon from the atmosphere through enhanced soil
carbon sequestration. Yet another article also stated that biogas produced from
grass grown in fallow land helped reduce the emission of greenhouse gases by
79% as compared to diesel fuel [178]. Therefore using fallow land to produce
energy crops biomass production can be achieved without competing with food
or fodder crop demand [179]. Methane yields of some lignocellulosic substrates
obtained from Biochemical methane potential experiments are presented in Table
3.

Table 3. Methane yields of various energy crops/crop biomass

Crops Methane yields References
m3/kgVS

Straw of oat 0.32+0.02 [180]
Straw of rapeseed 0.24+0.02 [180]
Grass silage 0.296+0.02 [187]
Sugar beet tops 0.353+0.003 [181]
Oat straw 0.203+0.025 [182]
Maize 0.205+0.450 [21]
Barley 0.353+0.658 [183]
Hemp 0.355+0.409 [183]
Potatoes 0.276%0.400 [183]
Sorghum 0.295+0.372 [183]

VS: Volatile solids;

2.5 Sweet sorghum as energy crop for biofuel production

Sweet sorghum crop is gaining considerable interest as a lignocellulosic
crop for biofuel production due to its rich carbohydrate composition and ability to
grow in temperate climatic regions [184]. The plant roughly grows to a height of

5m and is a rich source of fermentable sugars when juice is extracted.
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The cultivation of sweet sorghum is expected to be economically
advantageous due to its propagation method involving seeds with a high
multiplication ratio, in contrast to sugarcane which relies on stem cuttings with a
lower multiplication ratio. This crop demonstrates a high degree of adaptability to
unfavourable environmental conditions and necessitates minimal resource
inputs. Water scarcity is a significant constraint on crop productivity in numerous
regions across the globe. According to Dutra et al. [185], Sweet sorghum
necessitates only one-third of the water needed for sugarcane and half of the
water needed for maize. Sweet sorghum is considered to be a sustainable and
renewable feedstock option for the production of bioethanol. It is well-known for
its ability to efficiently utilise water and nitrogen resources [186]. The potential
impact of drought on the survival and sugar production of sweet sorghum is
negligible. According to Almodares et al. [187], in regions characterised by hot
and arid climates, the cultivation of Sweet sorghum can result in a production of
80 tonnes of stalks, 5 tonnes of grains, and 15 tonnes of green leaves per hectare.
The crop's ability to adapt to arid farming conditions rendered it a viable option
for the production of biofuels. According to Vinutha et al. [188], the cultivation of
Sweet sorghum crop can be effectively managed with minimal fertiliser
application, distinguishing it from other feedstocks such as sugarcane, maize and
sugar beetroot. Improper utilisation of nitrogen-based fertiliser not only
contributes to the release of greenhouse gases but also escalates the
expenditure associated with inputs. The application of nitrogen has a significant
impact on various yield parameters, including dry matter yield, stem juice yield,
brix, fermentable sugar vyield, theoretical juice ethanol vyield, theoretical
lignocellulosic ethanol yield, and total theoretical ethanol yield, with the exception
of brix [189]. The measurement of plant height is a significant characteristic of
plant structure that exhibits a strong association with biomass productivity.
Undoubtedly, Sweet sorghum cultivars exhibit a remarkable height exceeding
three metres, enabling them to generate a substantial amount of biomass ranging
from 58.3 to 80.5 tonnes of fresh stems per hectare specifically in semi-arid
regions [190]. The hybrid’s impressive biomass yield per hectare at all latitudes
(up to 95 tonnes of fresh biomass per ha per cycle) is a result of their high
photosynthetic efficiency (3—4%). Several cultivars of sorghum, including sweet,
grain, and high energy varieties, were subjected to testing in order to assess their

anaerobic biodegradability. According to Pazderu et al. [191], the fibre content of
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the stalk, leaves, and partially the panicle is a determining factor for the
production and quality of biogas (methane yield). Continuous ripening results in
an increase in barely fermented lignin content and a decrease in fibre

degradability.

The average area of cultivation of sweet sorghum is 470,000 ha and
160,000 ha in Queensland and NSW annually. About 60% of total Australian grain
sorghum is cultivated in Queensland due to its warm climatic conditions. As
shown in Figure 2, currently sorghum is the highest produced crop in Queensland
with yields reaching up to 2.6 t/ha [192]. There have been numerous studies on
Sweet sorghum demonstrating that it is a feasible alternative to sugarcane and
maize for production of biofuels [193]. In addition, it is also used for ensilage as
feed for cattle manure and VFA production. A particular study attempted to
produce bacterial cellulase using Sweet sorghum substrate [194]. In another
attempt an effective strategy to produce hydrogen through an integrated two step
fermentation of Sweet sorghum stalks using alkaline pre-treatment and
enzymatic hydrolysis [195]. Another study was performed on whole Sweet
sorghum plant to produce biobutanol where 100000 tonnes/year dry Sweet
sorghum stalks could produce a maximum biobutanol of up to 10,000 — 14,000
t/'year [196]. These studies have established that sweet sorghum is a viable

substrate for several forms of biofuel production.

Often research on Sweet sorghum around the globe is focused towards
optimizing the fermentation processes from juice extracted from the stalk [197].
Sweet sorghum was first introduced in the United States in the year 1852 for its
rich composition of carbohydrate [198]. Although it has been primarily grown as
sugar substitute to sugarcane, it has also been discovered as a potent feedstock
for various biofuel products. Ethanol produced from sorghum consumes only the
starch leaving protein rich by-products that can be used as cattle feed [199].
Similarly, sorghum used in biogas production leaves a mineral rich filter cake that
can be use as biofertilizers [128] Therefore, the energy-food cycle is restored with
limited waste liberated. In addition, Sweet sorghum is highly suitable for dry and

horrid climatic conditions and can be grown 1-2 times a year [24].
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A study conducted on carbohydrate rich crops stated that as the plant matures
the carbohydrates are translocated from the stalks to the head to make starch for
seeds [200]. This suggests the increase in the biogas yields when the Sweet
sorghum varieties reach the flowering stage [201]. Also, sugar content in the
Sweet sorghum tends to be the highest when there is low rainfall and extreme
sunny weathers [202]. Sweet sorghum has been investigated as a drought
tolerant crop, with rich genetic diversity that can sustain in low water, nutrients
and has a short growth period. Therefore, due to these characteristics, instead
of competing with arable land for food crops, it can also be cultivated in marginal
lands converted into agricultural land [202]. Despite the excellent potential for
sweet sorghum crops in biohydrogen and volatile fatty acid production, there is
no sufficient data to determine the worldwide biorefinery potential of sweet
sorghum as a whole crop.

2.5.1 Hydrogen production from sweet sorghum

Sorghum biomass contains a high amount of sugars that can be easily
fermented, making it a great choice for producing hydrogen through fermentation.
While numerous studies have investigated the impact of environmental factors
on hydrogen production from different synthetic substrates and wastes, there is
still a lack of information on the statistical optimization of environmental factors
for biohydrogen production from sweet sorghum using mixed cultures. The
potential production of hydrogen from sweet sorghum was calculated assuming
efficiencies that seem presently within reach for the thermophilic fermentation
This meant that for the fermentative conversions, efficiencies of 80% of the

theoretical maximum were used in the calculations.

2.5.1.1 One-stage hydrogen production

In several experimental trials, Sweet sorghum plants were subjected to a
process of leaf and stem removal, followed by the extraction of available sugars
using water at a temperature of 30°C, as described in[203].The portion of the
sample that consisted of easily accessible sugars contributed to 7.5% of the total
production of Hz, while the leaves and stems contributed to 53.2% and 39.3%
respectively. The cumulative hydrogen (Hz) evolution observed from the three
fractions was equivalent to that of the homogenised whole plants. In their study,
Ntaikou et al. [203] employed a mesophilic pure culture of R. albus to generate
hydrogen gas from wet Sweet sorghum biomass. The researchers documented
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a hydrogen productivity of 14.5 L Hz2/kg wet sorghum biomass, which is equivalent
to approximately 58 L H2 /kg dry biomass. Similarly, lvanova and Rakhely [204]
reported an H: yield of 1.75 mol Hz/mol Hexose when Sweet sorghum whole

plant was used.

In a study conducted by Antonopoulou et al. [205] on batch fermentative H2
production, it was observed that the maximum rate of Hz production per kilogram
of wet sorghum biomass was 2,550 mLH2 per day, with a retention time of 6
hours. In a separate investigation conducted by Nagaiah et al. [206], the
researchers employed the Sweet sorghum variety SSV74 to investigate the
impact of pH, substrate to inoculum ratio, and incubation temperature on the
generation of Hz. The highest amount of H2 produced was 328 mL per 3.25 g of
glucose equivalents under the optimal conditions pH 6.0, substrate to inoculum
ratio of 0.75 and incubation temperature of 35°C. The impact of substrate loading
rate on H2 yield accounted for 53% in the optimised fermentation parameters,
resulting in a significant increase of 190% in overall Hz yields. According to
Nagaiah et al. [206], the utilisation of Sweet sorghum stalk juice has been
proposed as a promising prospective resource for the production of hydrogen
through fermentation. Some additional literature for one-stage and two-stage

hydrogen and methane production are presented in Table 4.

2.5.1.2 Two-stage hydrogen and methane production from sweet sorghum

Two-phase systems provide the potential for optimising the biological
process due to the fact that the conversion of an organic substrate into methane
involves a four-step process, with each step being carried out by multiple bacterial
species [207]. These bacterial species exhibit distinct preferences for specific
environmental variables, including variations in pH and temperature, which are
crucial for their optimal growth and metabolic activities. In the context of a single-
phase biogas process, all four processes occur within a singular fermenter,
wherein the temperature and pH conditions are carefully adjusted to
accommodate the requirements of the methanogenic archaea. The organisms at
the top of the food chain are considered to be the most sensitive, whereas the
hydrolytic bacteria exhibit greater flexibility and adaptability to the environmental

conditions of the methanogenic bacteria [208].

48



Table 4. Literature on one-stage/two stage fermentation of energy crops

Substrate
Sweet sorghum biomass
Wheat straw hydrolysate
Sugarcane bagasse
Rye Straw
Grass silage
Lipid-extracted microalgae biomass
Corn stover
Beer lees

Garden Waste (GW)

Sorghum biomass

Sweet sorghum extract

Sweet sorghum biomass

Wheat straw hydrolysate

Sorghum

Inoculum
Indigenous microflora

Anaerobic granular sludge

Cow manure

Anaerobic sludge

Clostridium butyricum AS1.209
Mixed microflora

Co-culture C. Saccharolyticus/

C. bescii

Ruminococcus albus

Indigenous microflora

Indigenous microflora

Activated sludge

Activated sludge

Hydrogen yield
10.4 L kg/VS
89.1 L kg/VS
0.14 Nm?3 Hz /kg TOC
134.71 dm3/kgVSs
6.46L/kgVS
46.0L/kgVS
68.0L/kgVS
53.0L/kgVS

98.3L/kgVS

59 | Ha/kg FM

10.51 L Ho/kg FM

10.4 L/kgVS

44 mlH2/g TS

211 mlH2/g TS

Methane yield

107L/kgVS

2.6 Nm? CHa/kg TOC
189.94 dm3/kgVs
495 L/kgVs

393.6L/kgVS

322 + 10 L /kg (CODy)

35.3 L CHa/kgsorghum

234 ml CHalg TS

438 ml CHa/g TS

References
[205]
[209]
[210]
[211]
[212]
[213]
[214]
[215]

[216]

[203]

[217]

[205, 218]

[219]

[219]
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A recent study conducted by Giordano et al. [220], evaluated a simple
bench-scale batch procedure for measuring the biochemical hydrogen and
methane potential of organic substances as a two-step simulated process. The
hydrogen yields achieved in this investigation, using the byproducts of the potato-
processing sector, ranged from 153 to 186 L H2/kgVS. These values exhibit a
minor decrease compared to the findings reported by Xie et al. [221], which
ranged from 200 to 271 L H2/kgVS. However, the above authors utilised fresh
potatoes as a substitute for food trash, whereas this study employed actual food
waste, perhaps resulting in a decreased quantity of readily biodegradable organic
material due to industrial processing.

In conclusion, the optimisation of key parameters such as VLR (Volatile
Fatty Acid Loading Rate), substrate-to-biomass ratio, and F/M (Food to
Microorganism) ratio is crucial in order to achieve maximum biohydrogen
generation. C. tyrobutyricum, the predominant bacteria responsible for hydrogen
generation in the hydrogen bioreactor, is believed to be utilising lactate and
acetate as substrates for the creation of biohydrogen [222]. Meanwhile
adjustment of pH for two stage reactors is crucial as hydrogenotrophic microbes
require acidic conditions (pH 5.5) while methanogenic archaea require a pH of
6.8-7.5[223]. The two-stage process is more stable than the single-stage process
because it selects and enriches different bacteria in each anaerobic reactor,
controls the acidification phase in the first digester, and prevents the inhibition of

the methanogenic population in the second digester [224].
2.5.2 Methane production from sweet sorghum

The methane yields of several sorghum substrates used as energy crops
were reported in the literature [225-228]. For instance, Mahmood and Ullah [229]
tested 14 sorghum cultivars and reported methane yields of 250-354 NL
CHa/kgVSadded. However, the methane vyields per ha in the above study from
(3,924 to 7,120 Nm? per ha) were higher than in the present study, which were
ranging from 1,664 to 3,059 (Table 7). The discrepancy is attributed to the fact
that cultivars with high biomass yields per ha and methane yields had resulted in
the overall high methane yield per hectare, and vice versa. Similarly, Sambusiti
and Ficara [230] reported methane yields ranging from 270 NL CHa/kg to 335 NL
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CHa/kgVSadded for five untreated Sweet sorghum hybrids and observed that
alkaline pretreatment did not improve the methane yields (288 — 336 NL
/kgVSadded). The above result suggests that the effect of sodium hydroxide
pretreatment on methane yields is dependent on the composition and type of
substrate employed. Finally, methane yields reported in this study were also
within the values of 232-316 NL CH4/kgVSadded Mahmood and Honermeier [231],
216-316 NL CHa/kgVSadded Barbanti and Di Girolamo [232] and 338 NL
CHa/kgVSadded [233] reported for sorghum cultivated at higher latitudes and
temperate climates. The results thus suggests that methane yields from sorghum
are not much influenced by the extent of its cultivation but by the degradability of

biomass and its chemical composition.

2.6 Techno economic feasibility study for biogas plant

An economic operation of energy crop digestion can only be achieved if high
crop and biogas yields can be achieved at reasonable low investment-, raw
material-, and production costs, according to practical experience[183].
Additional benefits, such as gate fees for co-substrates, on-farm local crop
production, and subsidized feed-in power tariffs, significantly enhance the overall
economics and must be carefully considered when evaluating the economic
process. One major question that arises while setting up a biorefinery is if the
feedstock is immediately available around the premises or need to be transported
from certain distance. In most cases, setting up a biorefinery closer to the farms
growing the energy crops is beneficial [234]. choosing a feedstock that has high
dry matter content >50% reduces the chances of degradation of organic matter
prior to anaerobic digestion. However, in case of wet feedstocks, options such as
drying operations, silage preservation can be considered to avoid carbohydrate
degradation. A mechanical pretreatment is necessary to reduce the particle size
in order to prevent clogging or provide sufficient surface area for microorganism

to degrade the substrates.

The entire anaerobic digestion system requires integrated tanks, mixers,
covers, and heating systems. A complete mix digester usually only has one large
tank. Within this tank, all phases of digestion take place (mixing, moisture
addition, hydrolysis, methane production and extraction, and so on). Depending
on their size and required throughput capacity, multiple digester tanks can be
used in parallel to increase overall production rate. Typically, continuous mixing
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is accomplished by injecting biogas back into the organic material, either
hydraulically with high-velocity mixing jets or mechanically with propellers or
turning wheels. To prevent corrosion, digester tanks can be made of reinforced
concrete (precast or cast in place), stainless or carbon steel, and their interiors
can be coated with glass or painted epoxy. The circular tank walls are protected
by a tank cover. These fixed or floating covers expand and contract in response

to changes in interior gas pressures.

The AD is influenced by process parameters such as temperature, pH, trace
elements, NHs accumulation, and volatile fatty acids. In general, a mesophilic
digester for AD is adequate for the climate in Queensland [235]. During the winter,
additional energy input may be necessary to maintain a constant temperature for
the AD process. This can be reduced by closing down the digester temporarily
for maintenance inspections. Organic loading rate and Hydraulic retention time
are the two major deciding factors for improving the methane yields. Generally,
in case of lignocellulosic substrates high biogas yields are achieved when a high
OLR and low HRT is maintained [236]. However, selecting an optimum OLR and
HRT completely depends on the physiochemical composition of the substrates.
However, an HRT below 10 days is not recommended in order to prevent the
washout of the useful microbes in the reactor. Likewise, extremely high OLRs
>3kg/VS/day may lead to overaccumulation of volatile fatty acids or NHs that can
inhibit the AD process leading to lower methane yields. In order to determine the
optimum HRT and OLR for the large-scale digester it is important to conduct
several lab scale studies with analytical evidence. pH adjustment is another
parameter that needs to be monitored on a daily basis in order to maintain the
stability of the AD process. pH is directly influenced by the presence of VFA’s or

ammonia in the reactor.

In addition to the basic process requirements for developing a farm-scale
biorefinery, a number of additional factors must be considered to assure the
biorefinery’s viability. Prior to further biogas upgradation, a desulfurization unit is
required to prevent contamination of the upgradation unit by trace quantities of
H2S, NHs, etc. that are released from the biogas produced during AD. Before
composting or further pretreatment for fertilizer application, the digestate
produced by anaerobic digestion must undergo a hygienization process due to

the presence of pathogens that are detrimental to humans. The hygienization
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procedure involves heating the digestate to temperatures between 70 and 120
°C to prevent the growth of pathogens that are harmful to the environment [237].
Prior to land application as fertilizer, the digestate must be collected in final
storage containers in all scenarios. To prevent the emission of greenhouse gases
such as methane and ammonia, storage containers must be fitted with gas-tight
covers. The additional biogas production collected from digestate storage tanks
typically reimburses cover investments within a brief period. Additionally,
covering the storage containers prevents the plant from emitting odors. Periodic
residual fermentation potential experiments must be conducted on the to-be-
stored digestates in order to ensure complete degradation. Lastly, odor- and
ammonia-emitting emissions from the land application of digestates as fertilizer
must be prevented through the use of appropriate application technologies. In
most instances, digestates can be applied directly to adjacent agricultural land

after production.

Biorefinery concept has been an attractive pathway for many industrialists
looking to develop a sustainable way for biofuel production. The sequential
production of several substances from a single raw substrate will help in reducing
overall operational and capital costs of the biorefinery. In addition, the expenses
used to develop and run the process is balanced by the biofuels, biofertilisers and
energy output [238]. Some studies on sequential production of hydrogen, VFA

and methane using a single substrate are shown in Table. [239, 240].

Based on the scale of operation, quantity of agricultural wastes/feedstocks
the biogas digesters can be classified into centralised or farm scale plants. Large-
scale digesters (i.e., hundreds to thousands of cubic metres) have historically
been more common in developed nations due to higher infrastructural and capital
investment requirements. The biogas produced though the AD is used for
combined heat and power (CHP) purposes, injected as RNG into the natural gas
grid or upgraded for use as transportation fuel. A centralised or combined system
codigests agricultural leftovers, food waste, the organic part of MSW, and animal
manure from multiple farms. A portion of the digestate is returned to the farms
under this model to be used as fertiliser, while the remainder is sold to other
farms. Currently, few countries like Denmark, Finland or Germany are the
pioneers in centralised biogas plants having a capacity of above 8000m? [241].

Farm-scale AD plants are often constructed in big dairy or swine farms or small
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croplands and have digestion capacities ranging from 200 to 1,200 m3. They
combine agricultural waste and other readily available organic matter, such as
energy crops grown on the same farm, with animal manure from one to three
farms [242].

The economic advantages associated with the establishment and operation

of a biogas plant.

e The minimisation of foreign imports of fossil fuel supplies

e The reduction in demand for fertilisers, chemical herbicides, and
pesticides can be achieved by implementing compost production
from anaerobic digestate.

e The treatment method effectively reduces the demand for fossil
energy by directly utilising energy produced, such as biogas,
electricity, and heat.

e The generation of revenue by means of selling compost and energy
(such as biogas, electricity, and heat) to the public or the public grid.

e The utilisation of digestate as a biofertlizer has been shown to have
long-term benefits on soil structure and fertility, leading to improved
soil and agricultural output.

e The reduction of landfill area and the subsequent decrease in land
costs[243]

In order to maximise profitability and contribute to glasshouse gas (GHG)
mitigation, it is advisable for biogas plants to consider utilising additional
substrates that possess a negative price, such as food waste, animal manure. By
incorporating these substrates into their operations, biogas plants can not only
enhance their attractiveness as viable options, but also capitalise on the potential
for higher profits through energy recovery [244]. One important aspect to consider
is the utilisation of animal manure, namely its valorisation through the energetic
conversion into biogas. This can be achieved through the implementation of co-
digestion plants that combine manure with energy crops. Such an approach has
the potential to enhance the profitability of the operators managing these plants.
Manure possesses the potential to be utilised in biogas plants without incurring
any cost, and its utilisation is often linked with subsidies [245]. A study conducted
by Song and Zhang [246] also suggested that The utilisation of crop straw for
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lignocellulosic biomass hydrolysis encounters challenges, which restrict its
practical application. Consequently, it is imperative to conduct relevant
investigations to enhance fermentation technology. These studies should
encompass the determination of the ideal carbon to nitrogen ratio for co-
digestion, examination of the impact of crop straw pretreatment, and exploration
of the role of microbes in the fermentation process. The viability of generating
heat and electricity through biogas combined heat and power (CHP) systems
appears to be unfavourable once the subsidy schemes are no longer in effect.
Due to the increasing presence of intermittent renewable energy sources such
as solar and wind, the rates of electricity in the day-ahead market have
significantly decreased, rendering the operation of biogas economically
unfeasible. Conversely, the substantial integration of intermittent renewable
energy sources within energy networks creates an opportunity for biogas
combined heat and power (CHP) systems to operate exclusively during periods

characterised by elevated balancing prices.

Few instances on farm scale biogas plant utilizing energy crops and animal

manure are as follows.

Mussoline and Esposito [247] conducted a technoeconomic study on co-
digestion of untreated rice straw with piggery wastewater manure using two pilot-
scale experiments by varying temperature and feed volume. Using these values,
assuming a 100-ha rice farm, two hypothetical farm-scale scenarios were created
(taking into account both untreated and pretreated rice straw). In either case,
100,000 m3 CHas can be produced annually, producing 328 MWh. Likewise,
Akbulut [248] conducted a techno-economic analysis of power generation from
the anaerobic digestion (AD) process in a specific biogas plant situated in
Cicekdagi, Kirsehir. This study primarily investigated the implementation of an
integrated manure management strategy on a farm, utilising anaerobic digestion.
The hydraulic retention time (HRT) of the anaerobic digestion (AD) plant, which
had a volume of 2713 m?, was observed to be 33 days. During this period, the
plant exhibited consistent and stable operations, resulting in a total biogas yield
per hour of around 2851.6 m2. In the given circumstances, the daily production of
electricity energy and heat energy amounts to 277.99 kWh and 320.76 kWh,
respectively. Animal manure, energy crops, and agricultural residue feedstock in

the AD process in farm practices provide environmentally safe digestate disposal.
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On the other hand, the use of organic fertilizer allows for integrated waste
management with energy generation. The following studies offer significant
insights that can be applied by policymakers or other proponents of sustainable
technologies. The adoption of sustainable technologies is frequently an extremely
fragile and lengthy process.

2.8 Pilot scale study on sweet sorghum

From the diverse studies conducted on Sweet sorghum , it can be inferred that
Sweet sorghum has a great potential for production of multiple products through
a biorefinery approach [249]. As stated by Kaparaju and Serrano [250],
production of several biofuels through a single substrate is an effective approach
leading to large scale production of sustainable fuels. They developed an
integrated process that incorporated simultaneous production of ethanol from the
pre-treated liquor and biogas production from the solid pre-treated residue. Itis a
challenge to any biofuel sector to produce an economically viable and sustainable
biorefinery.

Since Sweet sorghum has demonstrated an excellent potential for both
bioethanol and biogas production there is a positive scope for developing a multi-
stage reactor system to simultaneously produce hydrogen, VFAs, Bioethanol and
Biogas. A study conducted by Barcelos and Maeda [251] demonstrated that
Sweet sorghum whole crops has the capacity to produce 13,600 L ethanol.ha™
with 79% of conversion efficiency. Another study demonstrated that Sweet
sorghum for bioethanol production could solve fuel issues by increasing the
octane number of gasoline and reduce the overall greenhouse gas impacts to the
environment especially in hot and dry countries [184]. Subsequent anaerobic
digestion of ethanol stillage can be an attractive strategy for complete utilization
of sweet sorghum substrate as it utilizes all the remaining components that could
not be degraded during fermentation. In addition, it also enriches the nutrient
content of the digestate during biogas production which can be used as a

biofertilizer to enrich crop characteristics [252].

In an attempt to produce biofuels from Sweet sorghum, Yu and Zhang [253]
developed a method for ethanol fermentation from Sweet sorghum juice followed
by pre-treatment of bagasse in order to produce butanol. This study
demonstrated that a biorefinery approach to produce multiple bioproducts

improves the demand for sweet sorghum biorefinery. Therefore, an integrated
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modelling of a pilot scale plant is required provide a deeper insight from farm to
biorefinery continuum of sweet sorghum substrate. In addition setup of
biorefineries in rural sectors has been said to increase the economic and rural

development especially to farmers [254].

Despite the several obstacles involved in cultivation of Sweet sorghum , the
current economic, rural and scientific conditions highly favour the use of Sweet
sorghum over conventional crops such as sugarcane, maize in Australia [255].
An economic feasibility study on Sweet sorghum whole crop in biobutanol
production suggested that complete process of sugar extraction, pre-treatment of
Sweet sorghum bagasse and production of biobutanol resulted in a higher
butanol yield than untreated stalk and bagasse. P. Nghiem and M. Nguyen [256],
attempted to simulate a biorefinery for sweet sorghum whole crop to
simultaneously produce fuel ethanol and co-produce industrial value-added
products such axaxanthin and D-ribose from the fermented bagasse. This study
also demonstrated that combination of sweet sorghum stalk juice with the
glucose extracted from residual solids of enzymatic hydrolysis, resulted in higher
ethanol concentration. This study directs us towards the susceptibility of recycling

of co-products to improve biofuel yields.

In due course, selection of appropriate crop for bioenergy production should
be based on its high biomass yield, high biogas potential and low production costs
[257]. It can be proposed that sequential combination of several biochemical
processes in a single biorefinery approach can help exploit maximum potential of
organic substrates and help in development of a sustainable solution for
renewable energy. Thus, this study aims to develop an integrated process for
integrated production biohydrogen, VFA, and biogas from the whole sweet

sorghum crop. The overview of the project is shown in Figure 3.
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Figure 3. Complete illustration of Biorefinery application for sweet sorghum energy crop.
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CHAPTER 3
METHODOLOGY

3.1. Substrates and Inocula

Nine commercial sweet sorghum cultivars were screened for their suitability in
biohydrogen, and methane production. The samples used in these screening
experiments were obtained from Singh Farming, Cairns, North Queensland in
2020. These cultivars were used in the study on the effect of Inoculum to
substrate ratio on Biochemical methane potential and chemical composition.
Meanwhile , three cultivars among the nine cultivars were used in the batch scale
hydrogen production and codigestion experiment study using CSTR. Similarly,
five sweet sorghum cultivars (SE-1, SE-19, SE-20, SE-35 and SE-122) were
obtained from a farm in South Australia. These cultivars were used in the study
on the effect of inoculum source on biochemical methane potential and VFA
production. All samples were shredded to approximately 1 cm particle size by
using garden shredder (Ozito 2400W). Samples were further oven dried at 45°C

for 3-4 days and stored hermetically in plastic containers until further use.

Table 5. Sweet sorghum cultivars used in this study.

.No. Sweet sorghum cultivar
SE-1

SE-5

SE-19
SE-20
SE-23
SE-35
SE-42
SE-45
SE-81
SE-86
SE-122
Mega Sweet

©O© 00 N O 0 b WDNPFPW

T
N R O

Cow manure was collected from a dairy research station at the College of

Veterinary Sciences, Gatton Campus, University of Queensland, Queensland.
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Three different Inocula were collected and used in this study. Rumen fluid was
collected from a fistulated cow at the College of Veterinary Sciences, Gatton
Campus, University of Queensland, Queensland. Anaerobically digested material
from a full-scale biogas plant treating sewage sludge and source separated
organic fraction of municipal waste (Luggage Point, Queensland Urban Utilities,
Brisbane) was collected and stored at 4 °C until further use. Prior to the start of
the experiments, inoculum was degassed by incubating at 37 °C for 5-7 days until
all the residual methane was released [258]. For the experiments, inoculum was
subjected to heat-treatment by boiling it for 30 minutes to inactivate methanogens

and to enrich spore-forming Hz-producers [259].

3.2 Effect of harvest time on chemical composition and methane yields of

sweet sorghum cultivars

Three sweet sorghum cultivars (SE-19, SE-45 and Mega Sweet) were selected
for this study. These varieties were harvested at three different crop growth
stages, generally correspond to the vegetative (50 days after sowing DAS),
flowering (66 DAS) and pre-maturity stage (80 DAS). Harvested biomass was
transported quickly to laboratory and stored as described in Section 3.1. Batch
experiments were performed in 500 ml glass bottles with a working volume of 400
mL. To each assay, 250 mL of anaerobically digested material from a full-scale
biogas plant treating sewage sludge (Luggage Point, Queensland Urban Ultilities,
Brisbane)was used as inoculum. Substrates were added to achieve an inoculum
to substrate ratios (ISR) of 0.3, 0.6 and 2 calculated as VSinoculum t0 VSsubstrate ON
weight basis (w/w). Distilled water was added to achieve the designed working
volume. Headspace in the assays was purged with pure nitrogen (N2 99.99%) for
3 minutes to create anaerobic conditions. Assays were prepared in triplicate.
Prepared assays were sealed immediately with butyl rubber stoppers and caps
and incubated statically at 37 °C. Assays with inoculum alone were used as
controls and the methane produced from the control assays was subtracted from
the sample assays. The gauge pressure (in mbar) in the headspace was
measured by using a pressure transducer and absolute pressure was calculated.
The methane concentration in the assay was analysed by using gas

chromatograph (GC). Description on the chemical analyses and GC analyses is
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presented in Section 4.1 Chemical composition of the samples before and after

the experiment are presented in Error! Reference source not found..

3.3 Effect of inoculum to substrate ratio on methane yields of sweet

sorghum.

Nine sweet sorghum cultivars (SE-1, SE-5, SE-23, SE-35, SE-42, SE-45, SE-81,
SE-86 and Mega Sweet) were selected to study the effect of inoculum to
substrate ratio at three different ISR’S (2,4 and 6).. The designed ISR ratios were
based on the literature data [260]. To each assay, 90 mL of inoculum and a known
amount of substrate were simultaneously at an inoculum to substrate ratios (2,4
and 6) on volatile solids basis. Distilled water was used to achieve the desired
working volume of 100 mL. Thereafter, the assays were prepared and incubated

as mentioned in Section 3.2.

3.4. Effect of inoculum source on methane production rates and yields from

sweet sorghum cultivars.

The effect of inocula sources on methane production rates and yields from sweet
sorghum was performed by using rumen fluid, anaerobically digested sewage
sludge and cow manure as inoculum source. Five sweet sorghum cultivars SE-
1, SE-35, SE-20, SE-35 and SE-122 obtained from a farm in South Australia were
used in this study. Batch experiments were conducted in 161 mL glass serum
bottles at 37 °C. To each assay, a known amount substrate and inoculum (90
mL) were added to achieve the designed ISR ratio of 2 on VS basis. Distilled
water was used to achieve the desired working volume of 100 mL. Thereafter,
the assays were prepared and incubated as mentioned in Section 3.2. and

incubated statically at 55°C. Assays with inoculum alone were used as controls.

3.5. Effect of inoculum to substrate ratio on volatile fatty acid production

rates and yields from sweet sorghum cultivars.

The effect of ISR of 0.3, 0.6, and 2 on the VFA production rates and yields was

conducted in batch experiments using 161 mL glass serum bottles. Sweet
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sorghum cultivars SE-1. SE-19, SE-20, SE-35, and SE-122 were used as
substrates. Anaerobically digested material from a full-scale biogas plant treating
sewage sludge and source separated organic fraction of municipal waste
(Luggage Point, Queensland Urban Utilities, Brisbane) was used as inoculum
(refer to Section 3.1). Prior to experiments, inoculum was subjected to heat
treatment by pre-heating at 90°C for 15 minutes to inhibit the hydrogen and
acetate consuming methanogenic archaea. [259]. To each assay, 90 g of heat-
treated inoculum and the required amounts of substrates were added to achieve
VSsubstrate t0 VSinocuum ratio of 0.3, 0.6, and 2, respectively. Distilled water was
added to attain a liquid volume of 100 ml and pH was adjusted to 5.5 with 2 N
NaOH or 5M HCI. The prepared bottles were then sealed as mentioned above in
Section 3.2 and incubated statically at 55°C. Assays with inoculum alone were

used as controls.

3.6 Effect of organic loading rate on process performance and biohydrogen

yields during dark Hz fermentation of sweet sorghum cultivars.

Three sweet sorghum cultivars (Mega Sweet, SE-35 and SE-45) were dried at
45°C for three days, milled and stored in vacuum bags until further use.
Anaerobically digested material from a full-scale biogas plant treating sewage
sludge and source separated organic fraction of municipal waste (Luggage Point,
Queensland Urban Utilities, Brisbane) was used as inoculum (refer to Section
3.1). Prior to experiments, inoculum was subjected to heat treatment by pre-
heating at 90°C for 15 minutes to inhibit the hydrogen consuming methanogenic
archaea [261].

Three laboratory-scale batch bottles were used as the reactors for the dark
fermentative H2 production studies. The H2 reactor temperature was
maintained at 55 °C by using a thermostatically controlled water bath
which provides an accuracy of £0.1°C. The working volume for H2 reactor
was 2 L. The reactor contents were mixed mechanically at a range of 50—
90 rpm. The gas volumes produced were recorded with gas meters. The
H2 reactors were operated at 4 d HRT, pH of 5-5.5 and organic loading rate

(OLR) of 16 kgVS/m3/d. The pH of the reactor was monitored every day manually
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adjusted to 5.5 using 1M sodium hydroxide The fresh matter was calculated on

the basis of organic loading rate and adjusted with distilled water.

3.7 To compare the process performance and methane yields during
anaerobic mono-digestion and co-digestion of sweet sorghum with cow

manure.

The effect of OLR on process performance and methane yields during the
mono-digestion and co-digestion of sweet sorghum with cow manure was
conducted using two laboratory-scale continuous stirred tank reactors
(CSTR). Reactor 1 (R1) was fed with equal mixture of sweet sorghum cultivars
(SE-35(33%, SE-45 (33%) and Mega Sweet (33%)) alone and the second
reactor (R2) was fed with sweet sorghum mixture (85%) and cow manure (15%)
on VS basis of the designed OLR.The reactor temperatures were maintained
at 37x0.1 °C. The working volume for both reactors were 10 L and the
reactor contents were mixed mechanically at a range of 50—90 rpm. The
timer-controlled stirrer was able to mix the reactor contents for 10 min at
every 2 h interval. The produced biogas was monitored by using gas
meters (Rittermilligas counter, Ritter GmBH, Germany). Both the reactors
were operated at HRT of 14 d, pH of 7.5 and organic loading rate (OLR)
of 0.5 - 3 kgvS/m?3/d. Samples from the reactors were collected and

analysed on weekly basis.

3.8. To assess the feasibility of farm-scale biogas plant using sweet

sorghum grown for biogas production and uses.

3.8.1 Biogas plant design calculations and assumptions

A farm-scale biogas plant was designed to carry out a technical feasibility study of using
sweet sorghum grown on fallow land of 25 ha in Tablelands, Queensland. The plant is
located at a sugarcane farm in Tablelands, Queensland. Based on the best methane
yields obtained in the BMP study, sweet sorghum SE-81 was selected as the feedstocks.
Chicken manure was used as co-substrate to obtain an optimal C/N ratio of 30:1. The
biogas plant will be operated all year round with some days allocated for repair and

maintenance. The plant will operate 24/7 and is expected to be equipped with sufficient
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instrumentation and telemetry to allow for remote access and control of the plant. An

estimated operational period of 8,300 h/year was considered.

The plant will be operated as follows:

o Sweet sorghum will be harvested during the crop growing season and ensiled with
lactic acid for round the year supply of feedstock.

o Chicken manure will be delivered to biogas plant 5 days/week.

o Biogas generation 24/7, year-round with 95% plant availability

o BioCNG/RNG/electricity production 24/7, year-round

o Power demand (where applicable) 24/7, year-round

o Liquid digestate discharge 24/7, year-round

o Solid digestate offtake 4-5 days/week, year-round.

Microsoft® Excel was used in conducting feasibility study. The first step in the
analysis was to add the chemical analysis, methane yields obtained from batch
scale and CSTR experiments. Biogas plant was designed based on the amount
of sweet sorghum produced from 25 ha of fallow sugarcane land. SE-81 was the
cultivar selected and it can produce 1,9838 t/y of biomass. Using the C/N ratio of
SE-81, the amount of chicken manure required to achieve an optimal C/N ratio of
30:1 was calculated.

Feed was prepared by mixing the substrates and water to achieve a total solids
content of 8%. The feed was prepared once in a week and the prepared feed was
fed semi-continuously once in a day Monday through Sunday. An equal amount
of digestate was removed and pumped to post-storage tank. The digestate was
stored for 1 month before it is used on the sugarcane fields as biofertilizer. Screw

press was used to separate the digestate into solid and liquid fractions.

To assess the feasibility of the proposed study, three different scenarios were
designed with an aim to evaluate the possible market opportunities for biogas

uses.

e Scenario 1: CHP—BIogas is used for electricity and heat generation in a
combined heat and power (CHP) plant.

e Scenario 2: CHP + BioCNG—A portion of biogas is used for CHP to generate
electricity and heat to meet the parasitic demand of the biogas plant and the
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remaining biogas is upgraded and compressed (BioCNG) for vehicle fuel or
distribution via virtual pipeline (road transport).
e Scenario 3: CHP+ BioRNG—Similar to Scenario 2 but the biogas is upgraded

to renewable natural gas (BioRNG) for grid injection.

For the purpose of energy calculations, the following conversion values were
used. 1 m3 of biomethane has 9.96 kW of energy production potential. Methane
conversion efficiency in a CHP was 85% efficiency with 42.4% electrical and
42.6% for heat efficiencies, respectively. Biogas loses of 1% was assumed during
the biogas storage, 2% during the biogas upgrading and compression processes.
Decanter centrifuge was used for the digestate separation into solid and liquid
fractions. A fuel consumption rate of 12.66 km/m? of biomethane in passenger
car was assumed. Average travel distance of 10,000 km per year was assumed
for passenger cars. Transport distance for trucking chicken manure was 20 km
and rigid truck (17t capacity) was used in the study. Biogas was stored in a
separate double membrane biogas storage tank for up to 6hrs. Energy required
for biogas upgrading was 1.08 MJ/m?3 raw biogas whilst the electricity requirement
for compression of upgraded biomethane was 1.08 MJ/m? biomethane. The
upgraded biomethane was compressed to 250 bars and bottled in 50 kg gas
bottles.

Density of methane (0.7157 kg/m3) and CO:2 (1.98 kg/m?) were used to calculate

the mass of methane and COa.

3.9 Kinetic modelling

Kinetics of methane production and hydrolysis constant values were evaluated
by using three different kinetic modelling tools such as first-order. Ultimately the
model with lower % difference and lower root mean square error (RMSE%) is

assumed to be the best fit.

3.9.1 First-order kinetic modelling

First-order model is the simplest model used to predict the hydrolysis constant

with the assumption that hydrolysis is the rate limiting step [262]. This model
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helps predict the time delay and methane yields during the process (Equation 1).
The time delay corresponds to the lag phase during which the bacteria try to

acclimatize in the environment [263].
B(t) = BO* (1 — exp(—kt)) Q)

Where Bo = maximum specific methane production potential of the substrate
(NmML CHa4/gVSadded), knyd is the hydrolysis rate constant (d™'), B(t) = cumulative
methane yield at digestion time t (d) (NmL CHa/gVSadded).

3.9.2 Modified-Gompertz modelling

Gompertz model was first used to identify the relation between specific growth
rate and bacterial population density [264]. However, it has been modified further
to Modified-Gompertz, with the assumption that methane production rate in batch

digestion is proportional to growth rate of methanogenic bacteria.

B(t) = BO*exp {— exp [% x(A—1t)+ 1]} (2)
Where, B(t) = cumulative methane vyield at digestion timet(d) (NmL
CHa4/gVSadded), Bo is the maximum specific methane production potential of the

substrate (NmL CHa/gVSadded), Rmax = maximum methane production rate (NmL
CHa/gV'S added), A = lag phase (day), t = time (day), e = exp (1) = 2.7183.

3.9.3 Chen and Hashimoto model

Chen and Hashimoto assumed that organic matter degradation is directly
proportional microbial growth rate. It also helps to predict the ultimate biochemical
methane potential, if all the substrate is degraded [263].

G(t) = Gox (1-——2—) 3)

Um*HRT+ Kcyg—1

Where, G(t) = cumulative methane yield at digestion time t(d) (mL
CHa /gVSadded), Go is the maximum specific methane production potential of the
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substrate (mL CHa4/gVSadded), pm = maximum specific growth rate of
microorganisms (1/day), Kcn = Chen and Hashimoto kinetic constant (dimension

less), HRT = digestion time or hydraulic retention time (days).

3.10 Analytical methods and calculations

Total solids (TS) and volatile solids (VS) were analysed according to the Standard
Methods [265]. Soluble sugars from starchand inulin were extracted by using a
mild acid hydrolysis method and quantified with the anthrone method [266].
Structural carbohydrates (cellulose and hemicellulose) as well as uronic acids,
i.e., galacturonic and glucuronic acids coming from cellulose, hemicelluloses and
pectins were quantified in triplicates using a strong acid hydrolysis according to
the protocol described elsewhere [267] .

Cellulose and hemicelluloses contents were estimated as shown below :
Cellulose (%TS) = Glucose (%TS)/1.11
Hemicelluloses (%TS) = [Xylose(%TS) + Arabinose (%TS)}/1.13

where, 1.11 is the conversion factor for glucose-based polymers (hexose
sugars) to monomers and 1.13 is the conversion factor for xylose-based polymers

(pentose sugars) to monomers.

Proteins were determined by multiplying Total Kjeldhal Nitrogen (TKN) with 6.25
[268]. TKN was analysed by the standard method using a Buchi digestion unit
K438 and a Buchi 370-K distillator/titrator [162]. VFA composition in the liquid
phase, i.e. acetic (C2), propionic (C3), butyric and iso-butyric (C4 and iC4), valeric
and iso-valeric (C5 and iC5) and caproic (C6) acids, were determined by using a
gas chromatograph fitted with a flame ionization detector (FID) as per the protocol
described elsewhere [269]. Finally, Total phenols in liquid fractions where
determined by using a microtube test (Spectroquant, Merck) followed by a 4-

aminoantipyrine colorimetric measurement after a two-hundred dilution [270].

Biogas volume in the H2/CHa4 reactor experiments was monitored by gas meters

(Ritter Milligascounter, Ritter, Germany). Biogas composition (CH4, COz2, H)
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were analysed by using a gas chromatograph (Shimadzu 2014) equipped with
thermal conductivity detector (TCD).

The biogas production potential (defined as Hz or CH4 potential) of the substrates
In one-stage process were given as the amount of H2 or CH4 produced in ml/gVS
added. In some Hz assays, Hz content in the biogas phase was shown to peak at
various times. In such cases the higher peak value was used in calculating H2

potential.

BMPt _ ml CH4sample assay— Ml CH4inoculum assay (4)
VSadded

where (ml CHs4 sample assay — ml CH4 inoculum assay) is the net methane
volume (ml) obtained from the one substrate only, adjusted to the standard
temperature (0 °C) and pressure (1 atm) condition (STP); VSadded IS the mass of
substrate VS in the sample bottle (g).

The following conversion factors were used to convert the g of organic compound
to their equivalent gCOD:1.07 for carbohydrates, 2.91 for lipid, 1.5 for protein,
1.066 for acetic acid; 1.512 for propionic acid, 1.816 for butyric and iso-butyric

acids, 2.036 for valeric and iso-valeric acids [271].

3.11 Statistical Analyses

The results of the chemical analysis and methane and biohydrogen yields were
presented as the mean values with standard error of the mean of the three
replicates used in the study (n=3). Methane yields were subjected for one-way
analyses of variance (ANOVA), or t-test followed by Tukey's post hoc test using
IBM SPSS Statistics® software. The significant test was fixed at a significance
level of 0.05 (p < 0.05).
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4.1 Effect of harvest time on chemical composition and methane yields of

sweet sorghum cultivars

4.1.1 Effect of harvest time on chemical composition of sweet sorghum cultivars

Three sweet sorghum cultivars SE-19, SE-45 and Mega Sweet were harvested
at 50, 66 and 80 days after sowing (DAS). The harvesting times at 66 and 80
DAS were related to the periods between the mid-stage of inflorescence (earing)
and the mid-stage of milk ripeness. The chemical composition of the tested sweet
sorghum cultivars harvested at 50, 66 and 80 DAS is presented in Table 6.
Overall, TS content and VS/TS ratio of the sweet sorghum cultivars increased
with increase in crop maturity. However, TS content in SE-45 decreased from
23.2% after 66 DAS to 22.55% after 80 DAS, apparently due to the loss of soluble
sugars after flowering stage. This was also indicated by the higher nutrients
content in the crop from the later harvest (Table 6). The opposite was true with
SE-19 and Mega Sweet cultivars. These findings are consistent with those of
Chattha and Hassan [272], Ram and Suresh [273], and Ashiq and Sartaj [274],

who also reported a significant increase in DM yield with increasing maturity.

At 80 DAS, TS and VS content in SE-19 and Mega Sweet were 26.25% and
26.2%. The corresponding values for SE-45 was 22.55. TKN content varied from
26.37 gN/kgTS in SE-45 to 5.24 gN/kgTS in SE-19 (50 DAS). After 66 DAS, TKN
content was reduced to 10.13 gN/kgTS in SE-19 and 9.36 gN/kgTS in SE-45
(Table 6). Carbon content had low variation among the tested cultivars with the
values ranging from 43 to 45% TS after DAS 66. The C/N ratio of the tested
cultivars varied from 21 (SE-19) to 25.6 (Mega Sweet) after 50 DAS. The
corresponding C/N ratios after 80 DAS were 34.6 in Mega Sweet and 60 in SE-
19 indicating that nitrogen assimilation is dependent on the crop growth stage
and varied from flowering to dough stage in the tested cultivars. It is also
observed that the both carbon and nitrogen content decreased throughout the
harvest periods. The Carbon content of all three cultivars decreased from 35.90-
76.07 (DAS 50) to 42.50-43.16 (DAS 80).
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Table 6. Effect of harvest time on chemical composition of sweet sorghum cultivars harvested at 50, 66 and 80 DAS.

: : : Total
Total solids Volatile solids _ . . .
Davs after sowin Kjeldahl Total Kjeldahl Nitrogen Carbon  Nitrogen
Sample y (DAS) 9 (@ wiw) (% wiw) Phosphorus CIN
(g/kg TS) (g/kg TS) %TS %TS

SE-19 50 13.65 12.67 5.86 26.37 35.90 1.68 21.15
SE-45 50 12.41 11.25 0.97 5.24 76.07 3.30 23.22
Mega Sweet 50 14.24 13 6.18 34.97 61.66 2.39 25.58
SE-19 66 24.78 23.32 1.41 9.36 44.47 0.85 52.4
Mega Sweet 66 22.64 21.03 1.46 9.67 45.54 0.71 66.1
SE-45 66 23.2 22.15 1.21 10.13 42.84 0.65 64.87
SE-19 80 26.25 25.02 2.21 7.58 43.16 0.72 60.02
SE-45 80 22.55 21.53 2.62 9.40 42.66 0.98 43.54
Mega Sweet 80 26.2 24.76 2.14 7.79 42.52 1.22 34.44
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4.1.2 Effect of harvest time on methane yields of sweet sorghum cultivars

The effect of harvest time on methane production from SE-19, SE-45 and Mega
Sweet cultivars was determined in batch experiments at 37 °C and the results are
presented in Figure 4 and Table 7. Results showed that harvest time and cultivar
type had a profound influence on methane yields. Methane production started
immediately with all tested cultivars and at all harvest times. However, higher
methane production rates and yields were noticed with cultivars harvested at 66
and 80 DAS than at 50 DAS.

After 50 DAS, Mega Sweet had the highest methane yields (108.64 NL
CHa/kgVSadded) than SE-19 and SE-45. However, there was no significant
difference in the methane yields among the three tested cultivars after 66 DAS.
After 80 DAS, highest methane yields of 243.47 NL CH4/kgVSadded Was obtained
for Mega Sweet. The corresponding methane yields obtained for SE-19 and SE-
45 after 80 DAS were 168.99 and 184.39 NL CHa/kgV Sadded, respectively.

The results for sorghum cultivars in this study were comparable to those of Amon
and Amon [275] , who reported BMP values for winter wheat at the milk stage,
dough stage, and at maturity of 0.254, 0.228, and 0.245 LCHa4/gVSadded,
respectively. The vast majority of research indicate a gradual decrease in the
growth of biomass as it reaches maturity. The duration required for plant biomass
to reach a plateau and cease significant development varies depending on the
specific cultivar and environmental conditions, typically occurring within a range
of 90 to 100 days after sowing (DAS). This phenomenon typically takes place
prior to the complete maturation of the plant, as a result of the distinct impact of
the continuous buildup of assimilates in the stem and reproductive structures,
along with the shedding of dead leaves. In contrast, research on a number of
other crop species, including reed canary grass [276], switchgrass [277],
napiergrass [278], cereals [275], and maize [279], also discovered a declining
effect of progressive maturity and harvest date on SMY of these crops. The lignin
content of many grass species rose throughout increasing maturation, as shown
by Dien and Jung [280]; it may therefore be inferred that the same holds true for

sweet sorghum cultivars used in this study..
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Figure 4. Effect of harvest time (50, 66 and 80 DAS) on methane yields from SE-
19, SE-45 and Mega Sweet incubated in batch assays at 37 °C.
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Table 7. Biomass yields, and methane yields obtained for the tested sweet

sorghum cultivars harvested after 50, 66 and 80 DAS.

Methane yields

Sweet Biomass
DAS | sorghum yields 0%
Cultivar (t/ha) (NmM3/kgVSadded) | (NM3/kgTS) | (Nm3/tFM) (Nm3/ha/a) Ir?crease
SE-19 81 0.055 0.01 10.95 889.22 -
50 SE-45 79 0.061 0.01 6.89 541.55 -
Mega 61 0.109 0.02 14.13 865.16
Sweet -
SE-19 111 0.148 0.03 31.92 3549.05 37.16
66 SE-45 102 0.155 0.04 34.39 3501.25 39.35
Mega
Sweet 60 0.155 0.04 32.68 1954.46 70.32
SE-19 132 0.169 0.04 42.26 5561.54 32.54
80 SE-45 174 0.184 0.04 39.71 6893.37 33.15
Mega
Sweet 71 0.243 0.06 60.29 4268.59 44.86

74




300

243.47

50 50 50 50 BE BB BE BB 30 B0 30 B30
2 2 2 2 2 2 2 2 2
SE-19 SE-45 Mega Sweet Inoculum @ SE-19 SE-45 Mega Sweet Inoculum @ SE-19 SE-45 Mega Sweet Inoculum @
50 DAS 66 DAS B0 DAS

BB Cum methane yields (LCH4/ g¥5s added) —0—W5 removal

Figure 5. VS removal (%) and mean methane yields obtained for sweet sorghum cultivars SE-19, SE-45 and Mega Sweet
harvested at 50, 66 and 80 DAS.
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4.1.3 Assessment of digestate quality of the three cultivars harvested at DAS
50,66 and 80

The effect of harvest time on digestate of assays from SE-19, SE-45 and
Mega Sweet cultivars was determined and the results are presented in Table 8
and Table 9. The change in pH values observed in digestates primarily result
from the decomposition of volatile fatty acids (VFA) and the generation of
ammonia (NHs) during the anaerobic digestion process. It is noticed that at
slightly higher pH values , there is higher ammonia accumulation in the assays
after 30-day incubation period. Additionally, there is decrease in ammonia
concentration from DAS 50 (977.68 — 1060.50 mg/L) to DAS 80 (871.63 — 880.72
mg/L). This can be attributed to higher carbon nitrogen of the cultivars at later
harvest stages. However, ammonia accumulation in each of the assays are

negligible to inhibit the methanogenesis process as it is < 3 g/L.

Table 8. Digestate parameters of BMP assays of three studied cultivars at
50,66 and 80 days after sowing (DAS).

NO2-N NOx-N NH4-N PO4-P

Sample pH DAS mg/L

SE-19 7.45 50 1.33 64.32 977.68 54.74
SE-45 7.43 50 0.74 65.11 1060.50  55.65
Mega Sweet 7.42 50 1.09 64.86 1050.40 54.54
SE-19 7.48 66 0.00 79.79 926.17 103.02
SE-45 7.46 66 1.01 78.78 894.86 63.63
Mega Sweet 7.39 66 0.00 79.79 903.95 89.89
SE-19 7.41 80 0.00 77.77 874.66 79.79
SE-45 7.38 80 1.01 76.76 880.72 65.65
Mega Sweet 7.35 80 0.00 76.76 871.63 108.07

As shown in Table 9, the amount of volatile fatty acids (VFAs) exhibited a
slight increase with increase in DAS of the cultivar added in the assay and
unregulated pH. However, it is noteworthy that these concentrations remained
significantly lower compared to those observed under alternative pH
circumstances. The results of this study provide confirmation that acidogenesis
is effectively suppressed at the pH range 6.8- 7.5. Acetic acid was the major VFA
component in all assays ranging up to 69- 89% of the total VFA composition.
Additionally, the acetic acid composition also decreased as the DAS increased.
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These results were in line with a study conducted by Kreuger and Prade
[281],The hemp substrate harvested in July and August exhibited a consistent
trend of lower pH levels and higher concentrations of volatile fatty acids (VFAS)
compared to those collected in September and October. However, it is

noteworthy that the pH values of all the analysed samples remained above 7.
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Table 9. Digestate quality of 3 sweet sorghum cultivars at DAS 50,66 and 80

- Total  Acetic  Propionic iso- Butyric iso- Valeric 4-Methyl Hexanoic

Sample DAS Ethanol Propanol Butanol i . Butyric 4 Valeric ; valeric )
Hexanol  VFA acid acid 4 acid ; acid : acid
acid acid acid

SE-19 50 0.9 0 0 0 45.7 40.7 3 0 0 0 2 0 0
SE-45 50 0 0 0 0 39 30.8 4.2 0 0 0 0 0 4
Mega Sweet 50 0 0 0 0 35.8 29.5 4 0 0 0 2.3 0 0
SE-19 66 0 0 0 0 76.75 64.29 10.26 0 0 0 2.2 0 0
SE-45 66 0 0 0 0 43 27 0 0 6.1 0 1.8 2.6 5.5
Mega Sweet 66 0 0 0 0 46.8 29.62 11.92 0 3.01 0 2.25 0 0
SE-19 80 0 0 0 0 8 6.2 0 0 0 0 1.8 0 0
SE-45 80 0 0 0 0 38.5 25.2 0 0 5.3 0 2.1 0 5.9
Mega Sweet 80 0 0 0 0 80.1 50.2 0 0 184 1 2.5 0 8
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4.1.4 Energy production potential for studied sweet sorghum cultivars at various

harvest times.

To evaluate the best sweet sorghum cultivar as feedstock for methane production
in a farm-scale biogas plant, biomass yields and methane yields per hectare were
calculated by using the biomass yields per hectare. In addition, methane yields
based on VS, TS and FM were also calculated. The results are presented in Table
7and Figure 4. As expected, biomass yields per hectare increased with increase
in crop duration. After 80 DAS, highest biomass yields of 174 t/ha FM was
obtained for SE-45 followed by 132 t/ha and 71 t/ha for SE-19 and Mega Sweet,
respectively. Overall, highest methane yields per tonne of VS and fresh biomass
were obtained with Mega Sweet (80 DAS) than with SE-19 and SE-45. With only
71 t/ha of biomass yields, Mega Sweet had the lowest methane yields on per
hectare basis. Interestingly, SE-45 with biomass yields of 174 t/ha and methane
yields of 0.184 Nm3/t VSadded, had the lowest methane yields per t of FM and
highest methane yields of per hectare (Table 9). The highest methane yields of
6,893.37 Nm? CHa/ha noticed for SE-45 is equivalent to a gross energy potential
of 66.59 MWh/ha or 85.57 passenger cars transport fuel consumption (Table 10).
Due to the apparent low biomass yields per hectare, the methane yields per
hectare for Mega Sweet remained relatively low (4268.59 m3 CHa/ha).

The level of methane yields obtained in this experiment, i.e. 6,893.37 Nm3 CHa/ha
at DAS 80 (Table 10), is higher than that obtained in studies conducted at
intermediate latitudes under temperate climate by Mahmood and Honermeier
[231] (4,100 Nm?3 /ha); Barbanti et al. (2014) Barbanti and Di Girolamo [232]
(6,000 Nm? /ha) and [282] (3,653 Nm?3/ha). This was the result of higher Dry
biomass yields (DBY) despite equivalent Specific Methane yields (SMY).

79



Table 10. Methane yields per hectare, gross energy potential per hectare, heat,
and electricity generation potential along with vehicle fuel and the kilometres

driven per hectare of sweet sorghum cultivars harvested at 50, 66 and 80 DAS.

0]
Cultivar Gross energy CHP (85%) BiOCNG Passenger
DAS potential _ (kWh/ha) cars
(MWh/ha/a) | Electricity Heat (km/ha)
(KWhe/ha | (kWhy/ha
SE-19 8.59 3,642.08 | 3,659.26 | 871.43 11.04
5o | SE-45 5.23 221811 | 222857 | 530.72 6.72
Mega 8.36 3,543.56 | 3,560.27 | 847.86 10.74
Sweet
SE-19 34.28 | 14,536.34 | 14,604.91 | 3,478.07 44.06
66 | SE45 33.82 | 14,340.57 | 14,408.21 | 3.431.23 43.46
g/lega 18.88 8,005.15 | 8,042.91 | 1,915.37 24.26
weet
SE-19 53.72 | 22,779.19 | 22.886.64 | 5,450.31 69.04
80 | SE-45 66.59 | 28.234.15 | 28,367.33 | 6,755.51 85.57
Mega 41.23 | 17,483.48 | 17,565.95 | 4,183.22 52.99
Sweet

Note: 1m3/ton biomethane produces 9.66KWh energy; CHP is calculated as 85% of Gross Energy
Potential (Heat — 42%; Electricity — 42%); BioCNG — 98% Biomethane produced.

4.1.4 Kinetics of methane production during the anaerobic digestion studied
substrates at different harvest times.

Table 11 presents the kinetic parameters for first-order and modified Gompertz
models for the cumulative methane production for the three tested sweet
sorghum cultivars SE-19, SE-45 and Mega Sweet harvested at 50, 66 and 80
DAS. These parameters are used to establish a fit between the experimental and
the predicted methane yields. Hydrolysis process is considered as the rate-
limiting step in the first-order kinetic model, whereas the bacterial growth and
inhibition process is considered as the rate-limiting step of the modified Gompertz
model [283].

The hydrolysis coefficient, knyd, in the first-order kinetic model described the rate
of hydrolysis of the substrate. A large knyd value implies that the hydrolysis of the
substrate is at a faster rate. Overall, Mega Sweet had the highest knya value of
0.21 d* (50 DAS), 0.20 d* (66 DAS) and 0.06 d* (80 DAS) indicating that the

80



rate of hydrolysis for Mega Sweet was the fastest among the three tested cultivars
and at all three harvest times (Table 11). This would be possible due to the
presence of higher amount of soluble organic compounds in Mega Sweet than in
SE-19 and SE-45. This was also evident from the highest ultimate methane yields
(Bo) noticed for Mega Sweet than for SE-19 and SE-45. It can be noticed that the
knyd value decreased with an increase in the harvest time (Table 11). On the other
hand, the B, value increased with an increase in the harvest time. Both these
results indicate that the rate of hydrolysis decreased with maturity.

Modified Gompertz model uses three parameters for the prediction of
methane production from the assays. Maximum methane potential of the assay
(Bo), specific rate constant (Rm) and the lag phase (A). Results showed that lag
phase decreased with crop maturity. SE-19 had the highest lag phase of 1.56 d
at 50 DAS. The corresponding values for SE-45 and Mega Sweet were 0.7 (Table
11). The higher value of Rm will result in a faster rate of methane production. Rm
showed an increasing trend with harvest time. Cultivars harvest at 66 DAS had
the highest Rm than at 50 and 80 DAS. Among the cultivars, Mega Sweet had the
highest Rm at all harvest times. However, highest Rm values noticed at 66 DAS
did not result in highest Go values indicating accumulation of organic acids and
methane production was inhibited. Thus, it can be concluded that harvest time

had a profound influence on both methane production and its rate of production.
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Table 11. Kinetic parameters for first-order and modified Gompertz models for the three sweet sorghum cultivars harvested at 50, 66 and
80 DAS and incubated in batch experiments at 37 °C.

First order Modified Gompertz
Substrate DAS Exp BMP Bo t-delay khyd R? RMSE % % Difference Rmax A Go R? RMSE % % Difference  Tao Tert
SE-19 50 52.34 56.13 1.76 0.14 0.9872 6.89 0.75 496 154 53.87 0.9907 5.86 1.25 16.55 15.01
SE-19 66 147.90 303.70 0.00 0.02 0.9649 13.28 12.88 5.79 0.00 190.05 0.9755 11.11 11.31 2142 21.42
SE-19 80 159.29 254.32 0.00 0.03 0.9218 16.50 3.99 5.72 0.00 456.13 0.9502 13.17 3.03 25.97 25.97
SE-45 50 55.03 58.98 1.39 0.14 0.9836 7.32 1.61 519 0.72 56.50 0.9746 9.11 1.29 2217 21.45
SE-45 66 155.27 161.08 0.33 0.13 0.9738 8.88 1.34 14.03 0.45 154.07 0.9828 7.20 0.96 13.66 13.21
SE-45 80 184.15 237.73 0.00 0.05 0.9770 9.70 1.27 10.16 0.50 193.77 0.9853 7.75 1.14 20.44 19.94
Mega Sweet 50 98.76 101.51 0.93 0.19 0.9862 6.15 0.92 10.61 0.00 99.43 0.9732 8.56 0.22 10.31 10.31
Mega Sweet 66 145.61 150.25 0.10 0.20 0.9847 5.81 1.46 19.85 0.00 145.24 0.9701 8.12 0.36 16.02 16.02
Mega Sweet 80 234.31 291.41 0.01 0.06 0.9941 4.80 0.08 12.94 0.00 248.81 0.9872 7.05 0.03 1474 14.74

Note: DAS- Days after sowing; SD: Standard Deviation; Expt BMP: Experimental Biochemical methane yields (NmML/gVSadded); Rmax = Maximum methane production
rate (NmL/gVS.d); (Go): Maximum cumulative methane yield (NmL/gVSadded); A = lag phase (d); (Bo): Maximum cum methane yield (NML/gVSadded); Knyd (d1): Hydrolysis
constant; T-delay: Time delay (d).
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Figure 6. Kinetic parameters during the anaerobic digestion of three sweet sorghum cultivars incubated in batch digestion at DAS

50,66 and 80
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It can be observed that the difference between experimental and model data
decreased as DAS increased from 50 to 80. This is obviously due to the higher
carbon content in the biomass present at DAS 80 and thus required a shorter
adaptation time for the methanogenic bacteria to overcome the inhibition due to
metabolites. This is evident from the decreasing lag value for the assays as DAS

increased gradually (Table 11).

The data shows that all cultivars exhibited the best Rmax value ranging from
10.61-19.84 at DAS 80. The longest lag phase was seen when cultivar SE-19
was utilized at all DAS, with a duration ranging from 0.72 to 1.54 days The
observed occurrence can be attributed to the higher lower carbon nitrogen ratio
and lower volatile solids compared to the other two cultivars resulting in lower
methane yields.. The correlation coefficients (R? - 0.997-0.999) for the various
inoculum sources indicate that the first order model exhibit strong correlations
and are better suited for modelling methane production and estimating the lag
phase. Compared to the first order kinetic model, the modified Gompertz model
produced a smaller difference between the measured and predicted gas vyield
and a larger R? value. Among the two utilized models, the modified Gompertz

model was found to be more compatible with experimental findings.

Technical digestion time (T90), defined as the time required to produce
90% of the maximum methane production was calculated to analyse the
performance of the process. T90, as an indicator of the methane production rate,
is generally used to estimate the hydraulic retention time of a continuous reactor.

The Too for all cultivars decreased with each DAS i.e., 16.55-25.97 days for
DAS 50, 13.66 — 22.17 days for DAS 66 and finally 10.31-16.02 days for DAS 80.
The result mentioned showed that the DAS 80 cultivar’s duration was shorter than
the cultivars harvested at DAS 50 and 66.

84



4.2 Effect of ISR ratio on methane yields from sweet sorghum

4.2.1 Chemical composition of the studied sweet sorghum cultivars

The effect of ISRs of 2, 4, and 6 on methane yields from nine sweet sorghum
cultivars was determined in batch experiments at 37 °C. Table 12 presents the
chemical composition of the studied sweet sorghum cultivars. Results showed
that TS content in the nine sweet sorghum cultivars ranged between 12.05% (SE-
23) and 21.40% w/w (Mega Sweet). A similar trend was also noticed with VS. The
high VS/TS of 0.89-0.95 indicates that all the tested cultivars were rich in organic
matter and are considered as ideal substrates for biogas production. This result
agrees with past studies were substrates having high VS/TS where rich in organic
matter [284]. The carbon content in sweet sorghum cultivars was more or less
similar. SE-1 had the highest carbon content of 48.8 %TS whilst SE-42 and SE-
23 had the lowest carbon content of 47.0 %TS. On the other hand, nitrogen
content in the tested cultivars was in the range of 0.6 to 1.10 %TS. Thus, carbon
to nitrogen (C/N) ratio ranged from a low 43.33 (SE-45) to high value of 81.36
(SE-1). However, the optimum C/N ratio for anaerobic digestion (AD) is 20-30:1
and is considered to provide sufficient nitrogen that can promote the growth of
microbes and boost the degradation of organic carbon [285]. Nonetheless high
VS/TS and C/N ratios indicates that the substrates are rich in carbon that maybe
difficult to degrade during the AD process due to the presence of lignin and
hydrolysis might be the rate limiting step for these substrates. The concentrations
of TKN and TKP in the substrates are presented inTable 12. TKN values ranged
from 4.79gN/kgTS in SE-1 to 7.11gN/kgTS in Mega Sweet. Conversely, SE-23
had the highest TKP (2.50 gN/kgTS). The chemical composition of sweet
sorghum determined in this study were in line with literature data. The carbon
nitrogen ratio of sweet sorghum in this study were similar to literature studies and
ranged from 11-36.9 Gunaseelan [286]; 36-48 Sambusiti and Ficara [287] The
cellulose composition in % also ranged between 6.2 — 34.5% FM. Sorghum and
other forms of terrestrial biomass feedstocks generally exhibit total solids
contents within the range of 20% to 40% dry matter[288]. The anaerobic
fermentation of these substrate, with minimal water addition, allows for reduced
energy requirements for heating the feed, increased organic loadings, and

smaller digester volumes and/or longer hydraulic retention times (HRTS)
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compared to fermentation systems with more diluted feeds (less than 20% dry

matter).

The soluble sugar, carbohydrate and lignin content in the studied cultivars
is presented in Table 13. Total soluble sugar content varied from cultivar to
cultivar and was shown to be dependent on the plant height and duration. Plant
height is highly correlated with crop biomass yield as plant height is dependent
on the crop maturity and internode length [289, 290]. The longer the sweet
sorghum plant remain in vegetative stage, the greater the number of leaves and
nodes it will produce. Thus, late-flowering cultivars are generally taller than early
flowering cultivars. On the other hand, in the hybrids, plant height is controlled by
dwarf genes and attain same number of leaves and leaf area by shortening of
internode length [291]. The high total soluble sugar content in the SE-86 cultivars
than in SE-5 or SE-23 cultivars is attributed to the fact that sugar accumulation
generally takes place in stem and thus tall plants tend to accumulate more total
soluble sugars[292] . In the present study SE-86 is 3.26 m tall compared to SE-5
(2.8 m) or SE-23 (1.96 m). The number of leaves for taller plants with heights
>2.5 also increased to 13- 14. However, higher leaves do not necessarily
guarantee higher total soluble sugars further indicating that soluble sugars are
predominantly located in the stalk of sorghum cultivars rather than leaves. These
results agree with previous studies where sucrose concentration in Sweet
sorghum was shown to increase rapidly after flowering [293] and was shown to
correlate with carbohydrate metabolism enzymes and the onset and extent of
sugar accumulation in both sugarcane (Saccharum spp.) and sweet and grain
(non-sweet) sorghums [294-296]. However, a decline in sucrose-degrading
activity was shown to be a prerequisite for sugar accumulation [297]. However,
there is no apparent difference in activities of specific enzymes and higher stem

sugar concentration in sweet vs grain Sweet sorghum cultivars [298]
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Table 12. Chemical composition of sweet sorghum cultivars

Substrate

Inoculum
SE-1
SE-5

SE-23
SE-35
SE-42
SE-45
SE-81
SE-86
Mega Sweet

TS VS
(% wiw) (% wiw)
2.98 2.07
20.31 19.32
15.24 14.29
12.05 10.71
14.25 13.11
19.67 18.54
18.26 17.24
19.36 18.25
19.61 18.54
21.40 19.83

Moisture
(%)
97.0
79.6
84.7
87.9
85.7
80.3
81.7
80.6
80.3
78.6

VSITS

0.70
0.95
0.94
0.89
0.92
0.94
0.94
0.94
0.95
0.93

C N
(%TS) (%TS)
345 6.2
488 0.6
487 07
470 1.0
478 1.1
470 0.9
477 11
484 0.8
473 0.8
475 1.

C/N

5.5
81.3
69.5
47.0
43.5
52.2
43.3
60.5
59.1
47.5

TKN TKP
(gN/kgTS) (gP/kgTS)
55.9 26.8
4.7 15
5.9 15
8.5 2.5
6.0 1.8
5.2 2.3
6.9 15
6.0 2.2
5.7 1.7
7.1 2.3
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The cellulose content in the tested sweet sorghum cultivars ranged between
25.80 and 37.50 %TS. SE-42 had the highest cellulose content (37 %TS) whilst
the lowest cellulose content was noticed in SE-81 (25.81 %TS). A similar trend
was also noticed with hemicellulose and lignin. However, no significant difference
in the lignin composition across the tested cultivars was noticed suggesting that
the cellulose content did not increase proportionately with increase in lignin
content. Both these results suggests that biomass yields were directly related to
the total insoluble sugars especially with carbohydrate and lignin composition in
a cultivar (Table 13). In Sweet sorghum, carbohydrates are generally
accumulated and stored in the stems. This limits the amount of carbohydrates
available for storage in the grain [299]. Opposite is true with grain sorghum, where

most of the carbohydrates are diverted and stored in the grain [291].
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Table 13. Plant height, biomass yields (65 days after sowing, DAS) along with total soluble and insoluble sugar content in the nine sweet

sorghum cultivars.

Substrate HPelﬁgnr: ¢ Number Fresh Tot;t;glrlible Cellulose  Xylan  Arabinan Galactan  Lignin s-(I)—I?JtSIle in;r;Latl)le S-:-J%t:rls
(m) of leaves Biomass (t/ha) (%TS) (%TS) (%TS) (%TS) (%TS) (%TS) S(?/%Z;S Sugars (t/ha) (t/ha)
SE-1 1.86 11 67 12.3 33.2 18.2 1.6 2.4 19.2 8.24 37.12 45.36
SE-5 2.8 14 57.4 1.4 31.8 18.4 15 2.4 24.5 0.80 31.05 31.86
SE-23 1.96 12 78.4 1.4 35.5 19.3 11 1.7 22.3 1.10 45.16 46.26
SE-35 2.56 12 82.3 3.1 30.3 17 0 2.1 24.4 2.55 40.66 43.21
SE-42 3.93 14 67 2.1 375 211 14 2.3 251 141 41.74 43.15
SE-45 3.58 14 58.4 11.9 28.1 16.4 1.2 21 23.2 6.95 27.92 34.86
SE-81 3.12 14 77.5 9.2 25.8 14.4 1 1.8 23.2 7.13 33.33 40.46
SE-86 3.26 13 70.8 13.5 27.5 15.6 1.1 2 22.8 9.56 32.71 42.27
Mega Sweet 2.88 13 46.9 9.6 26.9 15.3 13 1.9 241 4.50 21.29 25.80
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Figure 7. Bubble plots representing relationship of chemical composition and cumulative methane yields from the tested nine sweet
sorghum cultivars.
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4.2.2 Effect of ISR on biochemical methane potential of studied substrates

Results on the effect of ISR ratios of 2, 4, and 6 on the methane yields of nine
sweet sorghum cultivars are presented in Table 12 and Figures 8 to 10. Results
showed that ISR had a profound influence on methane production, with methane
yields increasing with increase in ISR ratio. This is due to the fact that use of
higher amount of inoculum will lead to an improved biodegradability due to high
microorganism per assay and have sufficient amount of inoculum to overcome
the inhibition due to metabolites and/or can adapt to inhibition [300]. Methane
production started immediately in all assays with a slight lag phase (0.5 to 1.2
days) at ISR 2. No lag phase was noticed at higher ISRs of 4 and 6. However,
higher methane production rates and yields were noticed at ISR 6 than ISR 4 and
2 (Figure 8 and Table 14).

Methane production rates and yields were also influenced by sweet
sorghum cultivars. Highest methane yields were obtained for SE-35 at all tested
ISR ratios indicating that higher the organic matter, and better VS/TS ratio, the
higher the methane yields (Table 13). Further, high methane yields obtained for
SE-35 at all tested ISR ratios could also be due to lowest C/N ratio of 43.5 among
the studied sweet sorghum cultivars (Table 12). The optimal C/N ratio for AD
process is around 20-30:1 [285]. On the other hand, the low methane yields
noticed for other tested cultivars suggests that the high C/N ratio might have led
to build-up of organic acids and lack of sufficient inoculum to adapt, especially at
low ISR of 2 [301]. This limitation can be overcome by addition of more inoculum
or codigestion with nitrogen rich substrates such as slaughter waste or food

wastes that can adjust the C/N ratio optimal for AD process.

The BMP of each cultivars found in this study when the ISR ratio was greater
than 2 is significantly similar than the range discovered in the literature (280-366
LCHa4 /kgVSadded) [279]. Likewise similar studies on inoculum to substrate ratios
conducted by Alzate and Mufioz [302] and Zhou and Zhang [303] have both
reported a comparable pattern in methane yields in relation to substrate loading.
They found that the highest methane yields were achieved at inoculum to
substrate ratios of 2 and 1.67, respectively. Therefore, it can be inferred that

higher methane yields are achievable when inoculum to substrate ratios lie within
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2-6 for lignocellulosic substrates. In addition, influence of cultivar on methane
yields in our study were in the range of 175 - 227 NL/gVSadded. These results are
consistent with those of several previous studies where sweet sorghum hydrids
were used for methane production. Herrmann et al.[304] reported that sorghum
hybrid (Sorghum bicolor x Sudanese) VS-based methane production was 317.1
Nm3/Mg. The production of methane in Mahmood and Honermeier's [231] study
was comparable to that observed in the current investigation. Nevertheless, these
authors reported a higher VS-based production of methane for Rona 1-387
Nm3/Mg than the results of the current study—349 Nm3/MgVsS (337 Nm3 /Mg TS).
In the Czech Republic, Pazderu et al.[191] noted that methane production was
substantially affected by sorghum hybrids and varied between 207 and 246
Nm3 /Mg TS. In a separate study conducted in Germany, sorghum hybrids
produced biogas at substantially different rates [201]. The most significant
determinants of methane production from sorghum are hybrid selection and the
choosing of an appropriate harvesting date [305]. According to the findings of
Herrmann and Idler [306], crops exhibiting lower amounts of acid detergent fiber
(ADF) and acid detergent lignin (ADL) were associated with higher methane
output. Thus, it can be inferred that sorghum cultivar in our study has a reduced
methane output as the lignin content is higher. Moreover, the methane vyield
derived from the biochemical methane potential (BMP) test frequently exceeds
the yield observed in continuous studies. According to the findings of Richards et
al. (1991), the BMP test demonstrated that sorghum has the potential to achieve
a methane yield of 320 mL-CHa4/g-VS when subjected to a temperature of 55°C.
In their study, Sambusiti and Ficara [287] documented a methane yield of 269
mL-CHa/g-VS through a biochemical methane potential (BMP) test conducted at
a temperature of 35°C. Notably, this methane yield was achieved without any

form of pretreatment, using a Sorghum Sudanese hybrid as the substrate.
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Figure 8. Effect of ISR (2,4 and 6) on methane yields during the anaerobic

digestion of nine sweet sorghum cultivars in batch experiment at 37°C.
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Figure 8 and Table 14 presents the methane yields obtained at the tested
three ISR ratios for the nine sweet sorghum cultivars. At ISR 2, methane yields
ranged from a low 175.93 NL CH4/kgVSadded (SE-1) to the highest value of 291.27
NL CHa/kgVSadded (SE-35). Increase in ISR from 2 to 4 resulted in an increase in
methane by 67.6-76.4%. Further increase in ISR to 6 resulted in an increase in
methane yields by 46.8% to 78.1%. Overall, SE-35 was the best cultivar followed
by SE-5, SE-23, SE-42, and SE-45 (342-349 NL CHa/kgVSadded). Among the
tested cultivars, SE-1 had the lowest methane yields of 175.93-306.86 NL
CHa/kgVSadded). Despite SE-1 having a cellulose content >30 %TS and lower
lignin content of 19.20 %TS, lower methane yields were obtained for this cultivar.
This suggests that the AD efficiency cannot be calculated solely based on the
carbohydrate composition as it is also influenced by other physiochemical factors
of the cultivar as well as process conditions provided for AD.

4.2.3 Kinetics of methane production rates and yields with the nine cultivars at
ISR ratios 2,4 and 6

The kinetics of the methane production was studied through first-order model and
the modified Gompertz equations. The models were used to analyse the methane
production potential (Bo), the maximum methane production rate (Rmax) and lag
phase (d) parameters. These parameters were obtained after adjusting the
experimental data to the first-order model and to the modified Gompertz equation
in order to identify the best fit and to analyse the influence of the ISR on the kinetic
parameters. A summary of the kinetic parameters obtained from both models is
presented in Table 14. The experimental data of methane production was
compared with the equivalent parameters B, and G, obtained from first-order and
modified Gompertz equations, respectively. It can be observed that the difference
between experimental and model data increased as ISR increased from 2 to 6,
in particularly with first-order model. This is obviously due to the low amount of
inoculum present at ISR 2 and thus required a longer adaptation time for the
methanogenic bacteria to overcome the inhibition due to metabolites. This is
evident from the higher lag value for the assays incubated at ISR 2 (Table 12).
The results also showed that first-order model best fitted the experimental data
mainly because no lag phase was observed. The first-order model does not
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consider the presence of a lag phase and describes the AD process once the
exponential phase of methane production has started. However, when the
process needs longer adaptation periods modified Gompertz equations fits better

and is evident from the higher determination coefficients (R?).

It can be observed that the highest Rmax value was noticed for SE-35 followed by
SE-23 and SE-5 (Table 14). The value of time delay A determines the minimum
time required for biogas production [307]. Despite higher biogas production rate,
the time constant for SE-35, according to Gompertz model, was higher than the
substrate producing lower biogas yields such as Mega Sweet. This could be
possible due to the readily available sugars in Mega Sweet that are easily
degraded to produce biogas. In addition, the time delay (A) constant decreased
with increase in ISR indicating that the growth rate of microorganisms was faster
at higher inoculum loading rates than lower loading rates. Similarly, hydrolysis

constant in first-order modelling decreased with increase in ISR.

Irrespective of the ISR, the Too for all cultivars had similar ranges (24 — 29
days). This suggests that in spite of higher inoculum addition, the substrate has
reached its maximum degradability by Teo. Additionally, Tet increased with
increase in ISR for all cultivars. Maximum Tett was noticed for SE-86 (29.46 days)
and minimum Tert of 24.38 for SE-5. Higher R? values and shorter lag phases
were observed for Modified Gompertz model . Therefore, it can be inferred that
Modified Gompertz model best fitted the current experimental results.
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Table 14. Experimental and modelling methane yields obtained at different ISR for the tested sweet sorghum cultivars.

First- Modified
Cultivar ISR g)l\(/lpli SD order T RMSE % Gompertz "
Bo delay Kiyo R® % Difference "™ A Go R® Difference % Tef
2 175.93 15.1 188.61 1.22 0.07 1 4.09 2.80 9.61 0.93 166.62 0.98 6.96 28.30 27.37
SE-1 4 262.35 11.2 274.76 0.02 0.07 0.99 6.88 3.86 14.73 0 24281 0.97 8.73 2782 27.82
6 306.86 142 333.14 0 0.06 0.99 6.73 341 15.73 0 290.7 0.97 7.24 28.14 28.14
2 208.05 9.81 214.27 0.46 0.09 1 2.90 2.74 12.69 0.1 194.88 0.99 7.21 26.99 26.89
SE-5 4 283.27 2.24 285.69 0.02 0.1 1 3.86 3.06 19.62 0 261.25 0.98 8.35 2443 24.43
6 349.76 11.9 366.52 0 0.08 0.99 541 2.19 20.67 0 331.95 0.97 6.09 24.38 24.38
2 198.37 95 206.9 0.32 0.09 1 2.44 1.35 12.29 0 188.79 0.99 560 24.32 2432
SE-23 4 280.37 17.7 283.77 0.09 0.1 1 2.93 1.81 20.53 0 262.95 0.98 6.66 21.47 21.47
6 342.45 11.3 350.59 0 0.08 0.99 5.14 3.66 20.81 0 317.93 0.97 8.07 26.71 26.71
2 227.48 12.8 2384 0.75 0.08 1 2.69 1.95 13.93 0.58 21451 0.99 6.61 27.05 26.46
SE-35 4 291.27 16.2 301.22 0.39 0.09 1 3.71 2.09 17.82 0 275.19 0.98 6.36 24.32 24.32
6 375.91 14.8 414.29 0 0.07 1 4.09 1.81 19.81 0 360.04 0.98 599 27.33 27.33
2 179.66 20.8 236.24 0.07 0.04 1 4.92 0.36 8.16 0.42 181.05 0.99 3.67 28.49 28.07
SE-42 4 260.29 7.3 336.06 0 0.04 1 3.90 0.90 11.06 0 266.96 0.99 3.39 2830 28.30
6 342.47 10.7 433.63 0 0.04 1 5.20 1.08 14.31 0 350.94 0.99 290 2856 28.56
2 214.3 11 273.84 0.71 0.05 1 3.32 0.11 10.03 1 214.02 0.99 4,19 2854 27.53
SE-45 4 297.6 3.57 395.87 0.07 0.04 1 2.47 0.14 12.87 0.2 303.26 0.99 3.63 2833 28.13
6 341.86 9.52 446.3 0 0.03 1 13.68 13.98 13.96 0.6 360.64 0.99 17.45 28.82 28.62

Note: SD: Standard Deviation; Expt BMP: Experimental Biochemical methane yields (mL/gVS); Rmax = Maximum methane production rate (mL/gVS. d); Go: Maximum

cumulative methane yield (mL/gVS); A = lag phase (d); Bo: Maximum cum methane yield (mL/gVS); knya (d1): Hydrolysis constant; T-delay: Time delay (d).
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Table 15. Experimental and modelling methane yields obtained at different ISR for the tested sweet sorghum cultivars (Contd).

First- Modified
Cuivar ISR XU SD order - AMSE 9% Gompertz o
Bo delay Khya R? % Difference ™ A Go R? Difference ' Ter
2 216.31 11.3 245.53 0.24 0.06 1 2.06 0.61 11.08 0.08 210.83 0.99 4.71 27.05 26.97
SE-81 4 291.87 1.39 306.49 0 0.08 1 4.46 3.04 16.57 0 27481 0.97 7.05 26.66 26.66
6 334.31 3.78 344.61 0 0.07 0.98 9.33 6.08 17.8 0 310.86 0.96 8.87 28.44 28.44
2 213.75 12.2 242.33 0.2 0.06 1 3.46 1.72 10.57 0 206.51 0.99 5.84 28.03 28.03
SE-86 4 286.7 22.8 313.72 0 0.06 1 4.35 2.87 14.77 0 272.75 0.98 6.81 27.81 27.81
6 290.94 9.43 316.05 0 0.06 0.98 9.42 6.29 13.9 0 273.54 0.96 8.12 29.46 29.46
2 207.47 14.8 259.42 0 0.05 1 3.12 1.83 9.18 0 206.28 0.99 5.01 28.86 28.86
'\S/IV?Ig:t 4 284.55 11.8 325.6 0 0.06 1 4.85 2.44 13.49 0 277.86 0.98 5.43 28.02 28.02
6 333.93 13.2 389.88 0 0.05 0.99 7.58 2.98 15.15 0 330.29 0.98 4.21 28.37 28.37

Note: SD: Standard Deviation; Expt BMP: Experimental Biochemical methane yields (mL/gVS); Rmax = Maximum methane production rate (mL/gVS. d); Go: Maximum

cumulative methane yield (mL/gVS); A = lag phase (d); Bo: Maximum cum methane yield (mL/gVS); knyd (d1): Hydrolysis constant; T-delay: Time delay (d).
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4.2.4 Correlation of chemical composition parameters and methane yields using
principal component analysis

Table 16 presents the principal component analysis (PCA) results to analyse the
relationship between chemical composition, biomass yields, total/volatile solids
and, C/N ratio on methane yields. Results showed that methane yields and the
other parameters were significantly correlated, as indicated by correlation
coefficients over 0.6. To determine a meaningful association between several
operational factors and total methane production, a Pearson correlation matrix
was used. According to Table 13, Positive loading was visible in the first factor
space for cumulative methane yields, lignin, and biomass yields (>0). A similar
positive loading was also noticed with feed VS and the C/N ratio in the second
factor space, F2. The biplot was drawn for these two components because,
according to the screen plot, F1 and F2 account for 70% of the variation in the

analysis.

Table 16.Prinicpal component analysis showing the relation between different

parameters at three loadings.

F1 F2 F3
FM VS (%) -0.008 0.850  -0.305
C/N -0.536 0.586 0.347
Cellulose -0.868  -0.475  -0.106
Hemicellulose -0.889 -0.357 -0.268
Lignin 0.410 -0.486 -0.662
Biomass yields (t/ha) 0.012 -0.513 0.751

Methane yields (NL CH4/gVSadded) 0.939 -0.218 0.123

Figure 10 shows that Mega sweet, SE-86, SE-81, and SE-45 all have similar
characteristics and can be grouped together. Table 17 also provides a detailed
explanation of how the factors influence the grouping of these observations.
According to this graph, lignin%, biomass yields, and cum methane yields have
a negative impact on these cultivars while having a positive impact on the plant

SE-35. This is explained by Table 12, which shows that the highest methane and
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biomass yields of SE-35 resulted in higher cum methane yields. Nonetheless, the
cultivars SE-45, SE-81, SE-86, and Mega Sweet produce less methane and
contain more volatile solids. As a result, it can be deduced that these cultivars
were grouped together based on volatile solids content. This statement can be
corroborated from Table 12, where the volatile solids range from >20% cultivars
fall beyond 20%.
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Table 17. Correlation factors between variables and observations

Variables FMVS C/N Cellulose  Hemicellulose Lignin .Biomass Cum methane yields
(%) yields (t/ha) (NL CH4/kgV Sadded)
FM VS (%) 1 0.319 -0.341 -0.224 -0.156 -0.494 -0.287
C/N 0.319 1 0.144 0.194 -0.589 -0.072 -0.498
Cellulose -0.341 0.144 1 0.967 -0.048 0.173 -0.726
Hemicellulose -0.224 0.194 0.967 1 -0.009 -0.038 -0.775
Lignin -0.156 -0.589 -0.048 -0.009 1 -0.149 0.433
Biomass vyields (t/ha) -0.494 -0.072 0.173 -0.038 -0.149 1 0.167
Cum methane yields
(NL CH4/KgVSadded) -0.287 -0.498 -0.726 -0.775 0.433 0.167 1
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4.3 Effect of inoculum source on methane production rates and yields from
sweet sorghum cultivars

4.3.1 Chemical composition of inoculum on substrates

The effect of different inocula sources such as rumen fluid along with
anaerobically digested cow manure, and sewage sludge on methane production
rates and yields of five sweet sorghum cultivars (SE-1, SE-19, SE-20, SE-35 and
SE-122) obtained from South Australia was studied. The chemical composition
of three inocula is presented in Table 18. It is noticed that the C/N ratio of both
cow manure digestate and rumen fluid fall in the range of 10-16 while sewage
sludge digestate had a C/N ratio of 6. For a stable anaerobic digestion process,
a C/N ratio ranging between 20-40 was reported as an optimal ratio. On the other
hand, sweet sorghum cultivars were rich in carbon source and have significantly
higher C/N ratio of 24.7-30.3. One of the reasons for lower methane production
from these substrates can be attributed to lack of nitrogen supplements during
the AD process. As a result, changing inoculum source to a nitrogen rich medium
such as manure or slaughterhouse or food wastes are beneficial to improve the
methane yields of sweet sorghum. In addition, microbiology composition of the
inoculum is a primary factor that influences the biochemical methane potential of

the substrates.

Table 18. Chemical composition of five sweet sorghum cultivars and three

inocula used for this study

TS Vs Moisture  C N TKN TKP
substrate o vy @wiw) VTS @ewiw)  (%TS)  (%TS) SN (gNKkgTS) (g PikgTS)
SE-1 26.56 2583 097 73.44 445 18 24.72 16.93 1.74
SE-19 43.9 4189 095 561 455 16 28.44 15.36 1.95
SE-20 4174 398 095 5826 455 15 30.33 16.31 1.28
SE-35 26.8 2529 094 732 427 16 26.69 16.42 2.10)
SE-122 31.15 2881 092 68.85 435 19 2289 18.79 252
gzzg;omc 2.98 207  0.69 97.02 32.36 519  6.24 50.59 28.35
dC.OW Manure 435 329  0.76 9565  38.9 29 1341 2559 13.24

igestate
Rumen fluid 201 199  0.68 97.09 2955 214 13.81 17.76 10.54
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4.3.2 Effect of different inoculum source on methane yields of sweet sorghum

cultivars

The effect of inoculum source on methane production rates and yields of five
sweet sorghum cultivars is presented in Figure 11 and Table 19 respectively.
Results showed that inoculum had a profound influence on the methane
production rates and methane yields. With sewage sludge and cow manure
digestate, methane production started immediately and showed a higher
methane production rate than with rumen fluid for the initial 20 days of incubation.
On the other hand, methane production in assays with rumen fluid showed a lag
phase of 1-2 and the production rates were low for the initial 20 days. Thereafter,
methane production rates in assays with cow manure digestate were higher than
with rumen fluid and sewage sludge. Overall, higher methane yields were
obtained with cow manure digestate followed by rumen fluid than with sewage
sludge. The methane yields clearly indicate that hydrolysis of lignocellulosic
feedstocks was the rate limiting step and was influenced by different inoculum
sources [308]. Among the tested inoculum sources, rumen fluid contains large
quantities of cellulolytic bacteria that can efficiently degrade complex
lignocellulosic structures into simple sugars, as determined by microbiological
analysis (Data not sown). Matsuki et al. [309] reported that methane production
increased by 1.5-3 times when the substrate was pre-treated with rumen fluid
prior to anaerobic digestion. Despite the addition of rumen fluid, which has lignin-
degrading microorganisms and fibrolytic microorganisms capable of anaerobic
lignin degradation the degradation of lignocellulosic components into volatile fatty
acids (VFAs) remained poor, as demonstrated by measurements of methane
yields and chemical composition of the digestate. These results were also in
agreement with a similar study conducted by Takizawa and Baba [310]. However,
the maximum methane production was noticed when cow manure digestate was
used as inoculum. It is also noticed that VFA accumulation was the lowest for
cow manure. While rumen fluid is rich in cellulolytic microorganisms, digestate
from cow manure is rich in both hydrolytic and methanogenic microorganisms. A
similar study conducted also stated that highest removal of carbohydrates were
removed from cow manure digestate which resulted in higher methane

production [311]. Furthermore, cow manure digestate contains an additional
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source of trace elements and nitrogen, which further improves the C/N ratio in

assays.
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Figure 11. Methane yields of five sweet sorghum cultivars with anaerobic

sludge , rumen fluid and cow manure digestate
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Mean cumulative methane yields with the studied inocula sources rumen fluid
and anaerobic sewage sludge are presented in Table 16. Results showed that
methane yields were profoundly influenced by the tested inocula sources.
Methane yields in assays incubated with rumen fluid was 172.45-249.75 NL
CHa/kgVSadded. The corresponding values with anaerobic sewage sludge and
cow manure digestate were 114.19-215.35 NL CH4/kgVSadded and 241.82 —
281.43 NL CHa/kgV Sadded, respectively.

Table 19. Cumulative methane yields of sweet sorghum for different inoculum

source.
) Anaerobic sewage Cow manure
Rumen Fluid )
sludge digestate
Sweet sorghum
cultivars Cum CHa yields Cum CHa yields Cum CHa yields

(NL CHa4/kg-V Sadded) (NL CHa4/kg-V Sadded) (NL CHa4/kg-V Sadded)

SE-1 172.45+7.45 215.3546.49 246.99+9.74
SE-19 211.24+9.33 114.19+7.53 241.82+2.08
SE-20 214.89+2.87 207.919.05 281.43+2.32
SE-35 249.73+£7.45 167.35+13 248.01+£3.75
SE-122 216.67+10.1 202.09+13 256.08+2.33
Inoculum source 28.82+3.51 90.7+53.5 41.1+1.13

With rumen fluid, relatively high methane yields were noticed with all sweet
sorghum cultivars except for SE-1 (Figure 11). The increase in methane yields
over SE-1 was 49.22-84.99%. The improved methane yields noticed in assays
with rumen fluid was probable due to the difference in the chemical composition
of the sweet sorghum. Rumen fluid is premeditated to breakdown cellulose and
lignin so that cattle can easily digest the complex lignocellulosic crops [312].
Rumen fluid is generally rich in hydrolytic bacteria that can easily degrade the
complex carbohydrates and proteins from crops [69]. Some studies suggest that
rumen fluid consists of certain bacterial species that can liberate cellulolytic
enzymes that cannot be normally degraded by anaerobic sludge and thereby
improve methane yields [313],[309]. Therefore, use of rumen fluid as inoculum to
improve the hydrolysis and hydrogen/VFA production from lignocellulose
substrate through two-stage AD process consisting of first-stage dark H:

fermentation and second-stage methane fermentation can improve the hydrolysis
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and methane yields from the methanogenic reactor and the overall energy

balance.

In the present study, rumen fluid produced 4-fold higher VFAs than with anaerobic
sludge demonstrating that rumen fluid is much more efficient in hydrolysis than
anaerobic sludge [314]. Further, ammonium concentration increased sharply in
assays incubated with rumen fluid especially at the initial stages of the incubation.
Although rumen fluid was found to be more potent inoculum source for anaerobic
digestion, it is necessary to account for the ammonia production. Excessive
ammonia production in the AD indicates that the microorganisms have degraded
the proteins to produce amino acids and ammonia [315]. However, as the pH
increases, the microorganism cease methane production and focus on degrading
the ammonia to stabilize the pH thereby resulting in lower methane yields.
Although it is not feasible to produce rumen fluid on a large scale, there is a scope
for extracting the rumen fluid bacteria and enriching them via an artificial rumen
fluid system. In addition, the potential of rumen fluid for biohydrogen production
needs to be investigated. Unlike rumen fluid, cow manure is essentially another
rich source of anaerobic mixed culture for AD of lignocellulosic crops [316]. In
addition to high nitrogen content, cow manure digestate already contains
cellulolytic microbes from the rumen of the cattle and thus it has perfect balance
of the microbial consortium required for a stable AD process. Finally, it is also
noticed in Figure 11, that the lag phase for hydrolysis in all assays incubated with
cow manure digestate was lower than rumen fluid. Therefore, use of cow manure
digestate as an inoculum source for anaerobic digestion of sweet sorghum is an
ideal option for rural biogas plants. As can be seen in our study that cow manure
digestate produced the highest methane yields for all cultivars. In fact, the
methane yields of all cultivars were increased by 14-43% respectively as
compared to anaerobic sludge. The methane yields were also consistent with
similar study conducted by Riau and Burgos [317], where rye grass and black
oats were used to produce 276-287 NL CH4/kgVS when cow manure digestate

was used.

The VFA results for five sweet sorghum cultivars (SE-1, SE-19, SE-20, SE-
35 and SE — 122) for various inoculum sources are presented in Table 20. lItis
noticed that total VFA ranged from 21.51 — 68.94 mg/L for anaerobic sludge ,
5.16 — 17.02 mg/L for cow manure digestate followed by 1.93- 4.49 mg/L for
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rumen fluid, the accumulation of total VFA was observed for anaerobic sludge
as an inoculum source at end of the BMP assay. The VFA results for five sweet
sorghum cultivars (SE-1, SE-19, SE-20, SE-35 and SE - 122) for various
inoculum sources are presented in Table 20. It is noticed that total VFA ranged
from 21.51 — 68.94 mg/L for anaerobic sludge ,5.16 — 17.02 mg/L for cow manure
digestate followed by 1.93- 4.49 mg/L for 112 rumen fluid. While the maximum
accumulation of total VFA was observed for anaerobic sludge as an inoculum
source at end of the BMP assay. Total VFA measured at the end of the BMP test
cannot be used to represent the maximum accumulation of total VFA during a
BMP. Essentially there is no correlation between maximum accumulation and the

VFA concentration at the end.
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Table 20. Effect of inoculum source on digestate of five sweet sorghum cultivars at ISR 2

. . 4-

acid acid acid
SE-1 AS 2 0 0 0 0 30.69 18.63 7.56 0 2.7 0 1.8 0 0
SE-122 AS 2 0 0 0 0 2151 13.05 2.61 0 0 0.81 2.16 0 2.88
SE-19 AS 2 0 0 0 0 23.13 16.83 0 0 3.06 0.72 2.52 0 0
SE-20 AS 2 0 0 0 0 68.94 42.57 3.96 0 4.5 0 1.98 0 15.93
SE-35 AS 2 0 0 0 0 31.32 15.12 1.35 0 3.15 0 2.07 4.5 5.13
SE-1 CMD 2 0 0 0 0 10.18 2.12 0.24 0.52 0.85 0.14 0.33 4.1 1.88
SE-122 CMD 2 0 0 0 0 12.6 2.22 0.21 0.16 0.52 0 0.27 8.49 0.73
SE-19 CMD 2 0 0 0 0 5.16 1.49 0 0.13 0.58 0 0.28 1.75 0.93
SE-20 CMD 2 0 0 0 0 17.02 1.77 0.22 0.34 0.7 0.14 0.25 12.64 0.96
SE-35 CMD 2 0 0 0 0 9.46 2.15 0.22 0.29 0.54 0.29 0.25 4.76 0.96
SE-1 RF 2 0 0 0 0 2.55 1.48 0.34 0 0.24 0.25 0.24 0 0
SE-122 RF 2 0 0 0 0 4.49 1.82 0.35 1.18 0.28 0.67 0 0.18 0
SE-19 RF 2 0 0 0 0 2.43 1.52 0.23 0 0.14 0.26 0.19 0 0.09
SE-20 RF 2 0 0 0 0 2.37 131 0.41 0.41 0 0.25 0 0 0
SE-35 RF 2 0 0 0 0 1.93 1.03 0.34 0 0.27 0.28 0 0 0

Note: AS: Anaerobic sludge; CMD : Cow manure digestate; RF: Rumen fluid;
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In their study, Wang and Zhang [318] examined the impact of varying
concentrations of volatile fatty acids (VFAs) on the growth of methanogenic
microorganisms and the subsequent production of methane. The researchers
observed that the presence of propionic acid at concentrations below 300 mg/L
did not affect the activity of methanogenic and acidogenic bacteria. However, a
notable suppression of these bacterial activities was observed when the initial
propionic acid concentration reached 900 mg/L. Degradation of fibrous or
cellulosic materials is likely to produce a higher molar proportion of acetate and
a lower proportion of propionate. This is corroborated by the extremely low
propionic acid yields() in Table 20 for all inoculum sources. However, feed with
low fibre content would be expected to result in a reduction in the acetate:
propionate ratio during rumen fermentation [319]. Methane is produced mainly
when feedstocks are fermented to acetate and butyrate, with propionate yielding

gas only due to buffering of acid [320].

4.3.3 Kinetics of methane production rates and yields with various inoculum

sources

A summary of the kinetic parameters obtained for both first order and modified
Gompertz models is shown in Table 21. The experimental methane yields data
was compared with the equivalent parameters Bo and Go obtained from first order
and modified Gompertz equations, respectively. For rumen fluid, modified
Gompertz model fitted well with the experimental data. On the other hand, first
order model fitted well for the experimental data obtained with anaerobic sludge.
The first order model best fitted the experimental data with anaerobic sludge
mainly because no lag phase was observed. The first order model does not
consider the presence of a lag phase and describes the AD process once the
exponential phase of methane production has started. However, when the
process needs longer adaptation periods modified Gompertz equations fits better
and is evident from the higher determination coefficients (R?) for assays

incubated with rumen fluid.

The data shows that the SE-20 exhibited the best Rmax value when used with

anaerobic sludge. Conversely, the SE-122 demonstrated the highest Rmax value
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when combined with rumen fluid and cow manure digestate. The longest lag
phase was seen when rumen fluid was utilized as the source of inoculum, with a
duration ranging from 2.4 to 5.7 days. The observed occurrence can be attributed
to the buildup of volatile fatty acids (VFAS) resulting from the metabolic activity of
cellulolytic bacteria during the hydrolysis stage of anaerobic digestion [321]. As a
result, the process of methanogenesis in rumen fluid exhibited an extended
period. The correlation coefficients (R? - 0.997-0.999) for the various inoculum
sources indicate that the first order model exhibit strong correlations and are
better suited for modelling methane production and estimating the lag phase.

The Too values for all cultivars were showing similar values for each inoculum
source used i.e., 16.95 -19.89 days for anaerobic sludge, 16.41 — 24.27 days for
rumen fluid and finally 20.64 — 24.25 days for cow manure digestate. The result
mentioned showed that the cow manure digestate’s AD duration was shorter than
that of the control group. Additionally, a shorter lag phase, higher T90, and higher
methane production rate were found in the cow manure digestate through
combined analysis of the maximum cumulative methane production potential
[241.82 - 281.43 NL CHa/kgVSadded], indicating that using cow manure digestate

could hasten the AD process and produce more methane at a faster rate.
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Table 21. Experimental and modelling methane yields obtained for the tested sweet sorghum cultivars incubated with rumen fluid, cow

manure digestate and anaerobic sludge at ISR 2.

Inoculum source First-order Modified Gompertz
Substrate Exp BMP Bo t-delay khyd R? RMSE % % Difference Rm A Go R? RMSE % % Difference  Teo Teit

AS SE-1 215.35 215.62 0.16 0.13 0.9971 2.64 1.00 19.90 0.00 202.98 0.9788 7.16 1.83 1891 18091
AS SE-19 11419 110.26 0.00 0.18 0.9759 6.49 212 13.77 0.00 105.54 0.9248 11.45 440 17.15 17.15
AS SE-20 207.90 203.41 0.00 0.16 0.9902 4,52 0.65 22.69 0.00 192.36 0.9619 8.93 2.80 18.25 18.25
AS SE-35 167.35 165.05 0.09 0.14 0.9949 3.44 241 1595 0.00 155.66 0.9794 6.90 1.35 19.29 19.29
AS SE-122 202.09 201.09 0.53 0.15 0.9954 3.45 0.24 19.39 0.10 192.06 0.9847 6.33 0.57 17.06 16.95
RF SE-1 173.26 182.29 5.09 0.11 0.9890 6.58 0.24 11.85 3.88 174.24 0.9957 4.10 220 2258 18.70
RF SE-19 221.00 249.07 2.63 0.07 0.9895 6.00 2.82 11.84 242 215.03 0.9878 6.47 6.26 26.84 24.42
RF SE-20 223.51 250.67 570 0.09 0.9785 9.75 4.10 1468 553 226.10 0.9921 5.91 0.36 2194 16.41
RF SE-35 265.54 31841 2.48 0.06 0.9917 5.33 2.96 13.35 250 264.87 0.9918 5.28 6.64 26.57 24.07
RF SE-122 236.60 249.83 291 0.08 0.9780 8.88 9.01 14.89 3.01 220.43 0.9793 8.63 12.65 25.51 22.50
CMD SE-1 246.99 242.06 0.86 0.13 0.9962 4.23 4.49 21.78 0.71 226.96 0.9880 7.51 8.58 23.81 23.09
CMD SE-19 241.82 247.29 0.85 0.09 0.9964 4.39 4.32 16.78 0.68 223.75 0.9873 8.28 8.45 2593 2525
CMD SE-20 281.43 283.08 0.59 0.12 0.9983 2.79 2.77 2199 0.23 265.72 0.9897 6.79 6.08 22.36 22.12
CMD SE-35 248.01 251.40 1.36 0.11 0.9978 3.50 2.94 19.28 1.12 232.85 0.9919 6.75 6.71 23.36 22.24
CMD SE-122 256.08 252.99 1.36 0.14 0.9981 3.16 3.26 23.52 1.14 239.53 0.9926 6.19 6.80 21.78 20.64

Note: AS: Anaerobic sludge; CMD : Cow manure digestate; RF: Rumen fluid; SD: Standard Deviation; Expt BMP: Experimental Biochemical methane yields (mL/gVS); Rmax = Maximum
methane production rate (mL/gVS. d); (Go): Maximum cumulative methane yield (mL/gVS); A = lag phase (d); (Bo): Maximum cum methane yield (mL/gVS); knyd (d%): Hydrolysis constant;
T-delay: Time delay (d);
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4.4 Effect of ISR on volatile fatty acid production rates and yields from

sweet sorghum cultivars.

The aim of this study is to identify sweet sorghum cultivars that can produce
excessive amounts of volatile fatty acids (VFA) for bioplastic production.
Production of VFAs for bioplastics can be achieved by optimising the hydrolysis
and acidogenesis step of conventional two-stage anaerobic digestion process.
This will promote VFA production and accumulation in the hydrolysis reactor and
inhibit the methanogenesis. Inhibition of methanogenesis can be performed by
adjusting the pH, adding a chemical inhibitor, such as 2-bromoethanesulfonate
(BES), by the presence of Oz, as well as by increasing the substrate loading. In
this study, the effect of 0.3, 0.6 and 2 ISR ratios on VFA production from five
sweet sorghum cultivars was investigated. Anaerobic digestion was performed at
an initial pH of 7.5 and pH was not adjusted thereafter during the 30-d incubation.
The chemical composition of sweet sorghum cultivars used in this study is
presented in Error! Reference source not found.. Chemical analyses showed
that TS content varied from a low 26% w/w to 43.9 %w/w. Among the tested
cultivars, SE-18 and SE-20 had the highest TS content. In addition, SE-20 also
possesses a high C/N ratio and relatively high TKN content compared to other
cultivars (Table 17) .
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Total VFA and the concentration of individual VFA components are presented in
Table 20 and Figure 12 . Highest total VFA value of 5.4 g/L was reported for SE-
20 followed by SE-122 (1.6 g/L) at ISR 0.3. Total VFA at ISR 0.6 and 2 were well
below the 50 mg/L. The composition of VFAs and their concentrations also varied
at the tested ISRs and was dependent on the composition of sweet sorghum
cultivars. Among the VFASs, acetate (22-73% of total VFA) was the dominant VFA
followed by propionate and butyrate in all assays incubated at ISR of 0.3.
However, higher amount of propionate (68% of total VFA of 1.6 g/L) was noticed
in SE-122. Among the studied substrates, SE-20 is the only cultivar that produced
all VFAs. The major composition of VFAs in SE-20 at ISR of 0.3 was acetate
(40%) followed by caproic acid (32%), propionate (10%) and butyrate (9%). On
the other hand, SE-122 had propionate (68%) followed by acetate (22%) as the
dominant VFAs.
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Figure 12. Percentage volatile fatty acids during the anaerobic digestion of sweet
sorghum cultivars at ISR 0.3, 0.6 and 2 incubated in batch assays at 37 °C.
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Table 22. Effect of ISR on VFA production (mg/L) for sweet sorghum cultivars

Cultivars ISR Total VFA Acetic acid Propionic acid iso-Butyric acid Butyric acid iso-Valeric acid Valeric acid Caproic acid
0.3 70.92 45.99 5.94 2.88 1.17 2.52 0

SE-1 0.6 37.62 17.82 0 2.79 0.99 3.15 3.51
2 30.69 18.63 7.56 2.7 0 1.8 0

0.3 237.15 85.68 6.21 4.68 4.23 119.79 2.7 0

SE-19 0.6 26.82 17.1 3.33 0 2.52 144 243 0
2 23.13 16.83 0 0 3.06 0.72 2.52 0

0.3 5,419.26 2,180.16 549.54 139.59 484.2 173.43 116.19 1,746.45

SE-20 0.6 216.27 148.32 8.1 2.43 6.93 2.16 3.15 39.69
2 68.94 42.57 3.96 0 4.5 0 1.98 15.93

0.3 45.63 21.51 3.87 0 3.78 0.72 1.71 9.63

SE-35 0.6 29.07 16.47 1.35 0 3.24 0 2.25 5.76
2 33.93 15.12 1.35 0 3.15 0 2.07 5.13

0.3 1,578.33 349.74 1,075.05 13.41 7.2 115.92 6.39 4.68

SE-122 0.6 22.05 13.77 0 0 2.79 0 1.98 3.51
2 21.51 13.05 2.61 0 0 0.81 2.16 2.88
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Although the assays demonstrated the presence of VFAs, there was no
significant change in the pH of the system. Flow injection analysis of the assays
indicated the presence of ammonium and nitrates, which possibly might have
influenced the pH. Higher accumulation of ammonium, nitrogen leads to inhibition
of methanogenesis process [322]. Previous studies have shown that low ISR
ratios can enhance VFA and hydrogen production [228]. The maximum total
volatile fatty acid production was observed for SE-20 at ISR 0.3 (5419.26 mg/L)
with acetic acid comprising of 60% of total VFAs. however, the TVFA
concentration at the end of the batch test decreased from 5419 mg/L to 68.94
mg/L with increase in ISR. Likewise, SE-122 also showed similar VFA
concentrations ranging from 1578.33mg/l at ISR 0.3 to 21.51 mg/L at ISR 2. This
indicates that extremely low Inoculum to substrate ratios below 0.5 can be used
to optimize dark fermentation process to produce hydrogen and volatile fatty
acids. Among the studied cultivars, SE-20 also produced high caproic acid
concentration of 1746.45 mg/L at ISR 0.3.

Using the VFA to COD conversion factors, the total VFA in mgCOD and the
calculated VFA yield (mgCOD/gVS) are presented in Table 15. Results showed
that highest VFA yields of 495.95 mgCOD/gVS was obtained with SE-20 followed
by SE-122 (130.6 mgCOD/gVS). Both these results indicate that SE-20 is an ideal
feedstock for hydrogen/VFA production. The high VFA yields in SE-20 could be
attributed to the biomass composition and high solubilization of the organic
materials to VFA production at ISR 0.3.
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Table 23. Total VFA (mgCOD) and individual VFA components (mgCOD) along with the VFA yields (VFAmgCOD/gVS) produced during

the anaerobic digestion of sweet sorghum cultivars at ISR 0.3, 0.6 and 2 in batch assays at 37 °C.

Cultivars ISR Total VEA Acetic Propionic iso-Butyric Butyric iso-Valeric Valeric Caproic VFA yield
acid acid acid acid acid acid acid (VFAmgCOD/gVS)
0.3 70.75 49.03 8.98 0.00 5.23 2.38 5.13 0.00 4.01
SE-1 0.6 40.24 19.00 0.00 0.00 5.07 2.02 6.41 7.75 4.57
2 39.86 19.86 11.43 0.00 4.90 0.00 3.66 0.00 13.57
0.3 375.92 91.33 9.39 8.50 7.68 243.89 5.50 0.00 21.34
SE-19 0.6 35.72 18.23 5.03 0.00 4.58 2.93 4.95 0.00 4.05
2 30.09 17.94 0.00 0.00 5.56 1.47 5.13 0.00 10.25
0.3 8,738.32 2,324.05 830.90 253.50 879.31 353.10 236.56  3854.42 495.95
SE-20 0.6 291.25 158.11 12.25 4.41 12.58 4.40 6.41 87.60 33.06
2 98.73 45.38 5.99 0.00 8.17 0.00 4.03 35.16 33.62
0.3 61.85 22.93 5.85 0.00 6.86 1.47 3.48 21.25 3.51
SE-35 0.6 42.78 17.56 2.04 0.00 5.88 0.00 4.58 12.71 4.86
2 43.92 16.12 2.04 0.00 5.72 0.00 421 11.32 14.95
0.3 2,301.02 372.82 1625.48 24.35 13.08 236.01 13.01 10.33 130.60
SE-122 0.6 31.52 14.68 0.00 0.00 5.07 0.00 4.03 7.75 3.58
2 30.26 13.91 3.95 0.00 0.00 1.65 4.40 6.36 10.30
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4.5 To study the effect of organic loading rate on process performance and
biohydrogen vyields during dark H2z fermentation of sweet sorghum

cultivars.

In this study, the effect of one-stage reactor configuration consisting of batch dark
fermentative Hz reactor was used to assess the biohydrogen yields from sweet
sorghum cultivars. Sweet sorghum cultivars Mega Sweet, SE-45 and SE-35 were
used as substrates. Batch dark fermentative biohydrogen experiments were
operated for 20 days. Results are presented in Table 25 and Figure 15. Results
showed that biohydrogen production rate increased systematically with increase
in OLR for all tested sweet sorghum cultivars. The high biohydrogen production
noticed with Mega Sweet indicates the presence of high concentration of readily
available soluble sugars in Mega Sweet than in SE-35 and SE-45. This also
suggests that pretreatment step is necessary to improve biohydrogen yields from
SE-45 and SE-35.
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Table 24. Composition of 3 cultivars used in biohydrogen production

TS VS C

Sample % (wWiw) % (Wiw) Moisture VS/TS (%TS) N)%TS) C/N  TKN (g/kgTS) TKP (g/kgTS)
SE-35 14.25 13.11 85.75 0.92 47.78 1.06 45.25 0.86 0.27
SE-45 18.26 17.24 81.74 0.94 47.67 1.12 42.53 1.26 0.28
Mega Sweet 21.4 19.83 78.6 0.93 47.49 1.01 47.04 1.52 0.50
Anaerobic sludge 2.71 2.00 97.29 0.74 38.43 591 6.51 54.67 24.03
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Table 25. Effect of organic loading rate (OLR) on process performance and methane yields during the anaerobic mono-digestion of sweet
sorghum at 55 °C in CSTR.

Mean . . . . . .
. Biogas Daily H2 H2 yields i Acetic Propionic  Butyric
Cultivar ( \(/)SL/II:_Q/ d) rgg)ugc?i)n production H2 (%) Production (NL Hz/kg- pH ?‘rrll_h“_l\; Acid Acid Acid (-LY 'jf)
9 P (L) (mmL feed) (NmL/L/d) VSed) g (mg/L) (mg/l)  (mglL) 9
SE-35 14 33.87 018 4355 21.35 305 534 45450 343115 18952 66439 444517
16 184.61 059  44.47 139.43 2440 539 12593 164386  112.72 1'35883' 3.278.50
SE-45 14 308.09 134 5217 230.35 1649 523 694.88 1.253.60 45.77 388.72 1.688.09
16 106.15 030 4050 57.50 359 511 372.69 199150  166.97 1'04697' 3.208.14
g"ﬁggt 14 688.08 075 2523 18.39 132 526 3889 217339 16221 1'37960' 3.795.56
16 3,360.00 350 38.07 650.90 4068 521 233 218093  140.74 930.62 3,449.48
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The TVFA production rate reached up to 5g/L suggesting the potential application
for all cultivars in commercial volatile fatty acid production. Simultaneously it is
observed that ammonia production was higher for Mega Sweet (694.88mg/L)
which was 2 times higher than SE-35. The volatile fatty acid rich slurry shows
acetic acid as the dominant acid followed by butyric acid and can be integrated
to produce bioplastics using an additional fermentation reactor. The volatile fatty
acid composition obtained in this study were in line with similar studies in
literature. Zhu and Stadnyk [323] conducted a study where potato waste was
used as a substrate for the production of biohydrogen. The resultant process
yielded acetic acid and butyric acid at concentrations of 1866 and 1372 mg/L,
respectively. It must be emphasized that no pretreatment was performed prior to
the start-up pf the reactor. Based on the above results, it can be inferred that the
optimal HRT for hydrogenic reactor is 2 days. The decreased hydrogen yield for
all cultivars indicates the influence of pH and over accumulation of VFA’s in the

system. The optimum pH for hydrogen production lies between 4.9-5.5.
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Figure 13. Biohydrogen production rates and yields during the anaerobic

dark fermentation of sweet sorghum cultivar Mega Sweet
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Figure 14. Biohydrogen production rates and yields during the anaerobic

dark fermentation of sweet sorghum cultivar SE-45
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Figure 15. Biohydrogen production rates and yields during the anaerobic
dark fermentation of sweet sorghum cultivar SE-35

According to Xie and Cheng [221], it is theoretically possible to convert 1 mol of
glucose into 4 mol of hydrogen and 2 mol of methane in a dark fermentation
process. The energy derived from hydrogen in this process might potentially
contribute to 37.6% of the total energy recovery. However, achieving a molar ratio
of 4 mol-Hz/mol glucose is not feasible in practical applications due to the creation
of many metabolites, including butyrate and propionate, as well as the generation
of cell biomass [324]. Furthermore, it is worth noting that the organic wastes in
guestion may also contain protein and lipids, in addition to carbohydrates.
However, it is important to acknowledge that these particular components are not
considered ideal substrates for hydrogen synthesis. Conversely, they do serve
as favourable substrates for methane production. The primary metabolite seen in
our study for the purpose of hydrogen generation was butyrate followed by acetic
acid [325].

The H: yields (24.40-40. 68 NL H2/kgV Sadded) Obtained in this study matched

yields from other solid substrates obtained in literature. For instance, waste from
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the production of bean curd yielded 14-21 mL H2/gVS, rice yielded 31-61 mL
H2/gVS [326], wheat yielded 10-43 mL H2/gVS, cabbage yielded 26-62 mL
H2/g°VS, and rice yielded 19-96 mL H2/gVS [327], paper and pulp mill (42.1 mL
H2/gVS) [328]. However, it would seem that under these conditions, there is little
chance of producing energy from grass silage by dark fermentation. In their
studies, Zhang et al. (2007) and Zhang and Fan [329] investigated the process
of hydrogen production from corn stalks using dark fermentation. They achieved
a maximum hydrogen yield of 149 ml/gVS utilising pure cultures. Likewise,
several others also reported improved hydrogen yields after using acid
pretreatments and mixed cultures. For instance, Hz yields of 1.73 mol H./mol,
2.61 mol/mol and 107.9 ml/g-TVS were reported by Pattra and Sangyoka [330],
Lu and Lai [331] and Pan and Zhang [332], respectively.

Table 26. Hz, energy yields of the three sweet sorghum cultivars.

. Biomass . . Annual energy
Cultivar yields Hydrogen yields  Biohydrogen production
t/ha (Nm3 CH4/t-FM)  mé3/ha kWh/ha
SE-35 82.30 0.40 32.94 98.82
82.30 3.20 263.28 789.83
SE-45 72.00 2.84 204.63 613.89
72.00 0.62 44.60 133.81
Mega Sweet 49.00 0.26 12.83 38.48
49.00 8.07 395.28 1,185.83

Conversion factors of 3 kWh per 1 Nm3 have been used for H2[333]

Previous studies have revealed that it is still viable to produce Hz from
energy crops like sweet sorghum without first pre-treating the substrate.
According to other studies [323, 334, 335], the potential for energy production per
hectare in the form of Hz from sweet sorghum through dark fermentation under
these conditions remains low when compared to CHa4 production. The annual
energy production in the form of hydrogen from one hectare of sweet sorghum
would only be roughly 12.83-395.28 m3ha, which is equivalent to about 1.12
MWh/ha, based on the current results from batch testing (Table 26). The yields
of hydrogen from these energy crops could be increased considerably more
under ideal experimental settings. The Hz yield from sweet sorghum was average

and did not have a yield as high in energy as the CHa yields in the Section 4.2.
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To boost total energy efficiency, effective pre-treatment technologies or two-
stage systems (combined H2 and CHs synthesis) may be required if sweet

sorghum or other lignocellulosic material is to be utilized for H2 production.

4.6 To compare the process performance and methane yields during
anaerobic mono-digestion and co-digestion of sweet sorghum with cow
manure.
4.6.1 Effect of chemical composition of cultivars on methane yields

The effect of chemical composition on methane yields from the three sweet
sorghum cultivars was determined in CSTR experiments at 37 °C. Table 27
presents the chemical composition of the studied sweet sorghum cultivars.
Results showed that TS content in the three sweet sorghum cultivars ranged
between 14.25% (SE-45) and 21.40% w/w (Mega Sweet). A similar trend was
also noticed with VS. The high VS/TS of 0.89-0.95 indicates that all the tested
cultivars were rich in organic matter and are considered as ideal substrates for
biogas production [292]. This result agrees with past studies were substrates
having high VS/TS where rich in organic matter. The carbon content in sweet
sorghum cultivars was more or less similar (Table 1). SE-35 had the highest
carbon content of 47.78 %TS whilst SE-45 and Mega Sweet had the lowest
carbon content of 47.49 %TS. On the other hand, nitrogen content in the tested
cultivars was in the range of 1.01 to 1.12 %TS. Thus, carbon to nitrogen (C/N)
ratio ranged from a low 42.53 (SE-45) to high value of 47.04 (Mega Sweet).
Nonetheless high VS/TS and C/N ratios indicates that the substrates are rich in
carbon that maybe difficult to degrade during the AD process due to the presence
of lignin and hydrolysis might be the rate limiting step for these substrates. The
concentrations of TKN and TKP in the substrates are presented in Table 27. TKN

values ranged from 0.86 gN/kgTS in SE-35 to 1.52 gN/kgTS in Mega Sweet.

Table 27. Chemical composition of three sweet sorghum cultivars and cow

manure used in this study

TS % VS % Moisture C N TKN TKP
Sample oy ) @wiw) VTS wers) @rs) N (gikgTs)  (gikgTS)

SE-35 1425 13.11 85.75 092 47.78  1.06 45.25 0.86 0.27
SE-45 1826 17.24 81.74 0.94  47.67 112 4253 1.26 0.28
Mega 21.40 19.83 78.60 093  47.49 1.01 47.04 1.52 0.50
Sweet

Cow 1464 11.64 85.36 079 4345 281 15.49 25.16 12.23
Manure
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Anaerobic

2.71 2.00 97.29 0.74 38.43 5.91 6.50 54.67 24.03
sludge

The effect of organic loading on process performance and methane yields during
mono-digestion of sweet sorghum (Reactor, R1) and co-digestion of sweet
sorghum with cow manure (Reactor, R2) is presented in Table 28 and Table 29
and Figure 16 and Figure 17. Three different sweet sorghum cultivars were used
during the reactor studies. The three cultivars and their feeding times are as
follows: Mega Sweet (Day 0 to 13), SE-35 (Day 16 to 27) and SE-45 (Day 30 to
116). After the initial start-up, both reactors were operated at an OLR of 0.5
gVS/L/d (Day 1 to 13) and fed with Mega Sweet cultivar. Methane production
responded to 0.5 OLR. Biogas production in R1 was 2,450 mL/d with methane
content of 60.43%. The calculated methane yields obtained at 0.5 OLR during
mono-digestion in R1 were 297.10 NL CHa/kg-VSted. A similar response was also
noticed during co-digestion of sweet sorghum with cow manure in Rz but resulting
in lower methane yields of 279.10 NL CH4/kgV Sted.

The increase in methane yields with increase in OLR from 0.5 to 1.0 was
obviously due to optimised digestion performance through improved C/N ratio
and use of existing buffering capacity of the inoculum.

Increase in OLR from 0.5 to 1.0 (Days 16-27) and from 1.0 to 1.5 (Days 30-44)
and to 2.0 (Days 45-83) resulted in a decrease in methane yields in R1 (Table
23). During this period methane yields decreased from 276.79 to 142.76 NL
CHa/kgVSted. At the same time, methane yields in Rz also followed the same trend
but the decrease in methane yields was less dramatic in Rz than in R1. Methane
yields in Rz decreased from 297.10 (0.5 OLR) to 137.07 (2.0 OLR) NL
CHa/kgVSted. The possible reason for lower methane yields in Rz than in R1 was
obviously due to the relative increase in the amount of cow manure during this

period.

A further increase in OLR from 2 to 2.5 gVS/L/d (Days 85-97) and then to 3
gVS/L/d (Days 100-116) resulted in a sharp increase in methane production rate
and yields in R2. On the other hand, methane production rates and yields
decreased sharply in R1 when fed at OLR of 3 gVS/L/d. This decrease in methane
yields in R1 was attributed due to lack of nitrogen and trace elements in the

reactor that are essential for microbial metabolism and/or insufficient buffering
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capacity after completion of 4 HRTs. Sweet sorghum cultivars used in this study
had a high C/N ratio of 47.4 (Mega Sweet), 43.5 (SE-35) and 43.4 (SE-45). On
the other hand, cow manure had a C/N ratio of 15.49 (Table 27). Thus, the C/N
ratio in R1 and R2 were below the optimal C/N ratio of 20-40 that is required for
a stable anaerobic digestion process [336]. These results are in agreement with
previous study where the increased specific methane yields during co-digestion
was also attributed due to the synergistic effects of a more balanced nutritional

composition and C/N ratio of the two feedstocks Lehtomé&ki and Huttunen [182].
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Table 28. Effect of organic loading rate (OLR) on process performance and methane yields during the anaerobic mono-digestion of sweet
sorghum at 37 °C in CSTR.

. Biogas Daily .

OLR Operation Mean B|qgas production Methane Methane Methane yields TVFA NHas-N TKN VS

production content . (NL CH4/kg- pH Removal
(gVvS/L/d) Days (mL/mL o Production (mg/L) (mg/L) (mg/L) o

(mL/d) feed) (%) (NmL/L/d) VSred) (%)
0.5 Day 1to 13 2,450.22 11.45 60.43 148.55 297.1 7.46 27.02 362.09 603.48 18
1 Day16to 27 2,814.48 12.7 58.92 166.46 166.46 7.46 43.49 957.48 1595.8 45.78
15 Day30to44 4,240.03 22.81 61.14 259.02 172.68 7.46 53.2 681.08 1135.133 62.98
2 Day 45 to 83 4,769.46 27.21 59.89 285.51 142.76 7.44 1,264.73 462.58 770.9667 74.03
25 Day86to97 8,995.23 41.61 58.02 519.5 207.8 7.43 60.45 740.14 1233.567 80.87
3 Day100to 116 4,966.29 32.75 59.29 293.66 97.89 7.48 41.81 502.48 837.4667 83.99
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Table 29. Effect of organic loading rate (OLR) on process performance and methane yields during the anaerobic co-digestion of sweet

sorghum with cow manure at 37 °C in CSTR.

Mean Biogas

Daily

OLR . . Biogas Methane Methane Methane yields TVFA NHa-N TKN VS
(QVSIL/d) Operation Days production production content (%) Production (NL CHa/Kg-Vieq) H (ma/L) — (ma/l) Removal
0 0,
(muay  (MEmLfeed) (NmL/L/d) g 9 9 (%)
Day 1to 13 2,441.75 623.68
0.5 11.35 57.15 137.89 276.79  7.39 35.21 374.21 20
Day 16 to 27 3,469.10 1,851.667
1 16.33 56.7 196.36 212.88 7.49 76.41 1,111.00 50.34
Day 30 to 44 4,983.64 1,287.917
15 25.87 58.17 292.37 184.68 7.38 55.47 772.75 56.1
Day 45 to 83 4,989.14 1,368.55
2 28.96 57.96 289.71 137.07 7.35 29.68 821.13 74.21
Day 86 to 97 8,470.34 1,402.417
2.5 37.85 55.98 470.75 222.39 7.4 43.15 841.45 79.85
Day 100 to 116 8,146.32 250.816
3 45.22 59.37 486.5 229.76  7.38 601.38 150.49 82.49
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Figure 16. Process performance and methane yields during the anaerobic

mono-digestion of sweet sorghum cultivar SE-45 in CSTR at 37 °C.
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Figure 17. Process performance and methane yields during the anaerobic co-

digestion of sweet sorghum cultivar SE-45 with cow manure in CSTR at 37 °C.
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Overall, 2.5 gVS/L/d was found to be the optimal OLR during the mono-digestion
of sweet sorghum. However, reactors can be operated at an OLR of 3 gVS/L/d if
co-digestion with cow manure was practised. Maximum methane yields of 229.70
NL CHa4/kgVSted could be obtained when sweet sorghum was co-digested with
cow manure at 85:15 ratio on VS basis and operated at HRT of 25 d under
mesophilic conditions. This was evident from a relatively stable process and
higher methane yields in Rz than in R1 throughout the experimental period. The
pH in both reactors R1 and Rz remained stable and there was no accumulation of
ammonia or VFAs in the reactors (Table 28 and Table 29). The result also
suggests that use of cow manure as co-substrate at 15% of total feed VS with
sweet sorghum was sufficient to improve the process stability and methane yields
through introduction of cellulolytic microorganisms and buffering capacity. The
sharp decrease in methane yields in R1 at an OLR of 3 gVS/L/d suggests that of
25 d HRT was not sufficient for efficient degradation at this OLR owing to the
increased carbon source but insufficient nitrogen through sweet sorghum alone
[182]. Nevertheless, the methane production seen in continuous experiments
was much lower compared to the methane yield achieved in batch experiments.
In a study conducted by Sambusiti and Ficara [269], a mesophilic continuously
agitated reactor was used to determine the methane yield of a Sorghum
Sudanese hybrid. The obtained methane yield was 237 NL-CH4/kg-VSted. The
organic loading rate (OLR) during the experiment was maintained below 1.8 kg-
VS/m3/d. In a study conducted by Jerger and Chynoweth [288], it was found that
a mesophilic continuous stirred-tank reactor (CSTR) attained a methane yield of
260 NL-CH4/kg-VStea While utilizing 'Rio" sweet sorghum (Sorghum bicolor (L.)
Moench.) as the substrate. This result was obtained under two different organic
loading rates (OLR) of 1.6 and 3.2 gVS/L/d. However, the methane yields in the

monodigestion reactor obtained in this study were in line with the literature

This study suggests that anaerobic co-digestion of sweet sorghum with cow
manure should be carried out at an OLR of 2.5-3.2 gVS/L/d with 15% of total feed
VS should be coming from cow manure. The increase in process stability and
methane yields of 7% at OLR of 2.5 can improve the overall economics of farm-
scale biogas plant. The increased revenue could cover the costs for cow manure
purchase and the associated transport costs. Further, use of cow manure can

improve the digestate nutrient quality and also the sale of digestate as a
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biofertilizer. However, pretreatment of sweet sorghum and/or use of other co-
substrates such as chicken manure or slaughterhouse waste within 20 km of the
farm-scale biogas plant could further improve the methane yields and economics

of farm-scale biogas production.

4.7 To assess the feasibility of farm-scale biogas plant using sweet

sorghum grown for biogas production and uses.

The feasibility of sweet sorghum cultivated on sugarcane fallow and use of
produced biomass for biogas plant in a farm-scale biogas plant was evaluated.
For this feasibility study, sweet sorghum cultivar SE-81 was used based on the
methane yields obtained in Section 4.1. It was assumed that sweet sorghum was
grown on a rotational basis over 25 ha of fallow land of the total 226 ha of
sugarcane land. The amount of SE-81 biomass harvested from 25 ha of fallow
land was calculated to be 1,938 tFM/yr. As the carbon content in SE-81 was
48.4%, 621 tFM/yr of chicken manure was used as co-substrate to achieve an
optimal carbon to nitrogen (C/N) ratio of 30:1. Further, 7,900 m3/yr of water was
required to achieve a total solids (TS) content of 8% in the feed. The
characteristics and methane yield of sweet sorghum SE-81 and chicken manure

used in the study are presented in Table 30.

Table 30. Characteristics of sweet sorghum and chicken manure used in

the study.
Parameters Sweet sorghum | Chicken manure
Biomass (tFM/a) 1938 621
TS (Yow/w) 19.4 74.31
VS (%TS) 94.3 83
Methane yields (Nm®/kgVSadded) 0.216 0.271
Methane content (%) 55 62

To assess the feasibility of the proposed study, three different scenarios were
designed with an aim to evaluate the possible mass and energy balances along

with the market opportunities for biogas uses (Table 31).

e Scenario 1: CHP—BIogas is used for electricity and heat generation in a

combined heat and power (CHP) plant.
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e Scenario 2: CHP + BioCNG—A portion of biogas is used for CHP to generate
electricity and heat to meet the parasitic demand of the biogas plant and the
remaining biogas is upgraded and compressed (BioCNG) for vehicle fuel or
distribution via virtual pipeline (road transport).

e Scenario 3: CHP+ BioRNG—Similar to Scenario 2 but the biogas is upgraded
to renewable natural gas (BioRNG) for grid injection.

Under both Scenarios 2 and 3, the carbon dioxide (COz2) will be recovered and

liquified to be sold as food grade BioCOs..

Table 31.Biogas use options for the three studied scenarios.

Project Scenario 1 Scenario 2 Scenario 3
parameters
Biogas use Electricity generation, |30% electricity 30% electricity
grid supply generation, generation,
CHP 70% biogas 70% biogas
upgrading upgrading
CHP + BioCNG CHP + BioRNG
Biogas plant Electricity Electricity Electricity
outputs Digestate BioCNG BioRNG
BioCO: BioCO-
Digestate Digestate
Grid electricity No No No
required
for biogas plant

4.7.1. Farm-scale biogas plant design and operation
The farm-scale biogas plant concept and process flowchart for CHP generation
(Scenario 1) and for CHP + BioCNG with additional BioCO:2 production (Scenario

2) are presented in

Table 32, Figure 18 and Figure 19 , respectively. The process flowchart for
Scenario 3 is not presented as it is similar to Scenario 2, with only minor changes
in biomethane use equipment. Sweet sorghum will be harvested during
December (Section 4.1) and the produced biomass will be ensilaged and stored
as silage in concrete bunker silos. Two concrete bunker silos (10 m x 4.5 m x 2.5
m) were considered for the ensilation process. Lactic acid bacteria at the rate of

4-5% on fresh weight basis will be used for ensilation process. Possible storage
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losses were not considered in this study. On the other hand, chicken manure (1.7

t/d) will be procured from poultry farms in Mareeba, Queensland.

The feeding technology consists of maceration coupled with an augur feeding
system and feed buffer tank. At first, sweet sorghum (5.31 tFM/d) will be
macerated, mixed, homogenised and fed into the buffer tank. In the buffer tank,
chicken manure (1.7 t/d) is added along with process water (265 kL/d) and liquid
fraction of the digestate, to adjust the solids content to <8%. The feed buffer tank
(200 m?3) was designed to prepare feed for seven working days (Monday through
Sunday). Feed rates were designed so that the feedstocks will be consumed
evenly throughout the year. The prepared feed (28.65 t/d) is then fed to the biogas
reactors (Figure 18 and Figure 19).

One semi-continuously stirred tank reactor (16.8 m diameter x 5.9 m height)
system (1,300 m?) with a working volume of 1,005 m?® was designed to enable
the implementation of the proposed co-digestion system in a farm-scale biogas
plant. CSTR technology is widely applied in the European biogas plants for a
range of residues including energy crops and livestock manure AD [337]. The
reactors have mechanical agitators to mix the reactor contents. The rectors will
be operated at an organic loading rate (OLR) of 2 kgVS/m?/d, hydraulic retention
time (HRT) of 35 d and process temperature of 37 °C. The well-insulated upright
galvanised steel CSTR reactor has sufficient headspace for biogas to evolve and

flow to a post-storage tank.

The biogas and digestate produced from the farm-scale biogas plant is stored in
a biogas storage tank (250 m3) and the post-storage tank (840 m?3), respectively.
Every day, 28.7 tFM/d of digestate is produced (Figure 18 and Figure 19).
Digestate is separated into solid and liquid fractions by using a decanter
centrifuge (1.6 m3h). The solid fraction is sold to compost facility or used on the
farm as soil conditioner. On the other hand, liquid fraction is sent to pasteurisation
(70 °C for 1 h) to kill the zoonotic pathogens. The pasteurised liquid fraction is
either returned as process water to dilute the incoming feedstock or sold as liquid

fertilisers.

Table 32. Plant sizing parameters for the studied farm scale biogas plant

Plant sizing Scenario 1 | Scenario 2 | Scenario 3
Sweet Sorghum (tFM/d) 5.31 5.31 5.31
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Chicken manure (tFM/d) 1.7 1.7 1.7
Water (kL/d) 21.64 21.64 21.64
Feed (t/d) 272 272 272
Feed tank (m?®) 200 200 200
Feed prepared for (Days) 7 7 7
Feed solids (TS% w/w) 8 8 8
Total reactor volume (m?3) 1,300 1,300 1,300
Reactor working volume (m?3) 1,104 1,104 1,104
Number of reactors 1 1 1
Biogas storage tank (m?®) 250 250 250
Biogas storage time (h) 6 6 6
Digestate storage tank (m?) 840 840 840
Digestate storage time (Month) 6 6 6
Pasteurisation tank (m?) 2.3 2.3 2.3
Decanter centrifuge (kWh/d) 102 102 102
CHP plant size (kW) 84 26 26
CHP electrical efficiency (%) 39.4 38.2 38.2
CHP thermal efficiency (%) 49.3 49.1 49.1
Biogas upgrading unit ((m%nh raw biogas) NA 35 35
Operation hours (h) 8,300 8,300 8,300
Diesel for transport of feedstock (L/a) 1,960 1,960 1,960
Natural gas for parasitic heating (m3/a) 707 67,242 61,694

The biogas train consists of a biogas blower, desulphurisation unit and a flare. In
Scenario 1, 840 m%/d of desulphurised biogas is fed to the CHP plant (84 kW) by
a biogas blower (20,160 m?3/h) to produce heat and electricity (

Table 32). One stationary internal combustion engine MAN 110 kW (MAN E0836,
6 cylinder and 1500 rpm (50 Hz)) with a combined electrical and thermal
conversion efficiency of 88.7% was used (Engine version LE 302 for special gas).
After meeting the parasitic electricity needs, the surplus electricity is fed to the
grid. Heat from the CHP plant (Coolant heat 77 kW and exhaust heat, 55kW,
based on 120 °C) is used internally for heating the reactors.

In Scenario 2 &3, approximately 268 m3/d of biogas (32% of total production) is

fed to the CHP plant (26 kW) to produce heat and electricity to meet the parasitic

demands of the biogas plant. One stationary internal combustion engine MAN 80
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kw (MAN EO0834, 4 cylinder and 1500 rpm (50 Hz)) with a combined electrical
and thermal conversion efficiency of 87.2% was used (Engine version LE 322 for
special gas). After meeting the parasitic electricity needs (134 GJ/a), the surplus
electricity is fed to the grid (784 GJ/a). Heat from the CHP plant (Coolant heat 61
kW and exhaust heat, 35 kW, based on 120 °C) is about 2,938 GJ/a and is used
internally for heating the reactors. However, a deficit of 2,326 GJ/a of thermal

energy makes the plant to import 65,535 m3/a of natural gas.

The remaining biogas (571 m3/d) is fed to a membrane biogas upgrading unit (30
m3/h raw biogas) coupled with CO: recovery and liquefaction plant (10 m3/h) to
produce BioCNG and bioCOz, respectively. The PurePac Mini biogas upgrading
system (30-60 Nm?3/h raw biogas) and CO:2 recovery system, manufactured by
Bright Biomethane (the Netherlands) was considered. A methane yield of 99.5%
is guaranteed in this highly efficient membrane upgrading technology. A 2%
biomethane slip was considered during biogas upgrading. This reflects the worst-
case scenario within the range (1-2%) usually observed in upgrading
technologies (Mufioz et al., 2015). In case of emergency, biogas can be flared on
site by using the biogas flare (2 x 350 m3/d).
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Figure 18. Process flow diagram for Scenario 1 (CHP Pathway from biomethane)
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4.7.3 Mass balance

Table 33 presents the mass balance for the studied three scenarios. For all three
scenarios, anaerobic co-digestion of 1,938 t/a of sweet sorghum with 621 t/a of
chicken manure and 7,908 kL/a of water will produce 306,653 Nm?3a of biogas
(376 t/a) and 10,083 t/a of digestate. Separation of the digestate into solid and
liquid fractions by using a decanter centrifuge resulted in 2,521 t/a of solid fraction
and 7,562 t/a of liquid fraction. The solid fraction (11.2 %TS) accounted for 25%
of the total digestate (Table 37). The liquid fraction had a solids content of 2.4%.
This liquid fraction will be used as process water to dilute the feedstocks to

achieve 8% solids or sold as liquid fertiliser.

Table 33. Mass Balance of anaerobic co-digestion of sweet sorghum (SE-81) with

chicken manure.

Mass Balance Scenario 1 | Scenario 2 | Scenario 3
Sweet sorghum (tFM/a) 1,938 1,938 1,938
Chicken manure (tFM/a) 621 621 621
Water (kL/a) 7,908 7908 7,908
Digester loading rate (kgvVS/m*d) 2 2 2
Total digester capacity (m®) 1,104 1,104 1,104
Hydraulic retention time (d) 35 35 35
Digester operating temp (°C) 37 37 37
Methane produced (N m®/a) 180,378 180,865 180,865
= Methane produced (t/a) 129.10 129.44 129.44
Carbon dioxide produced (N m3/a) 126,274 126,572 126,572
= Carbon dioxide produced (t/a) 250.02 250.61 250.61
Biogas produced (N m?/a) 306,653 307,437 307,437
= Biogas produced (t/a) 376 377 377
Digestate produced (t/a) 10,083 10,083 10,083

4.7.4 Energy balance for the studied scenarios

Table 34 shows with the energy balance for the studied scenarios. Loading the
reactor at 28.7 t/d of feed rate yielded a daily biogas production of 840.15 m?/d
across all scenarios. In Scenario 1, the use of biogas for electricity and heat
generation in a CHP system (84 kW generator) produced 2,520 GJ/a of electricity
and 2,917 GJ/a of heat. Considering the energy performance of Scenario 1, the
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biogas plant has an installed capacity of 0.07 MW. For Scenario 2, a smaller CHP
plant (26 kW) can be installed in addition to biogas upgrading unit to take care of
the parasitic energy demands. Heat and electricity generation in Scenario 2 were
784 GJ/a of electricity and 965 GJ/a of heat. Similarly, CHP of 31 kW was used
in Scenario 3 to generate 927 GJ/a of electricity and 1,141 GJ/a of heat.

Table 34. Energy balance during the anaerobic co-digestion of sweet sorghum

(SE-81) with chicken manure for the three studied scenarios

Energy balance Scenario 1 | Scenario 2 | Scenario 3
Waste transport fuel direct (GJ/a) 70 70 70
Waste transport fuel indirect (GJ/a) 8 8 8
CHP electricity produced (GJ/a) 2,520 784 927
= CHP electricity produced (kWh/a) 700,122 217,818 257,577
Generator Capacity (kW) 84 26 31
CHP Heat produced (GJ/a) 2,917 965 1,141
Biomethane produced (m?a) -- 129,669 119,557
CHP supplied parasitic electricity (GJ/a) 503 784 927
CHP supplied parasitic heat (GJ/a) 2,938 2,938 2,938
Imported decanter electricity (GJ/a) 134 134 134
Imported natural gas for heat energy (GJ/a) 25 2,321 2,114

From Scenario 1, it can be estimated that aside from the electricity demand for
the farm-scale plant about 1,883 GJ/a of electricity can be fed to the electricity
grid. This is equivalent to 523 MWh/a of exportable electricity. However, all the
electricity produced in Scenario 2 and 3 will be utilized for farm-scale biogas plant
operations. On the other hand, 4,652 GJ/a of biomethane (BioRNG) can be
exported to natural gas grid in Scenario 2. Correspondingly, 4,283 GJ/a of
compressed biomethane (BioCNG) in Scenario 3 can be sold as vehicle fuel for

transport vehicle.
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Table 35. Exportable energy from the studied scenarios

On-site boiler / CHP Scenario 1 | Scenario 2 | Scenario 3
Energy in methane produced (GJ/a) 6,461 6,461 6,461
Generated electricity (GJ/a) 2,520 784 927
Generated heat (GJ/a) 2,917 965 1,141
Exportable electricity (GJ/a) 1,883 0 0
= Exportable electricity (MWh/a) 523 0 0
= Exportable electricity (MW) 0.06 0 0
Exportable heat (GJ/a) 0 0 0
= Exportable heat (MWh/a) 0 0 0
Energy in upgraded CH4 ((GJ/a)) 0 4,652 4,283

4.7.5 Parasitic electrical demand

The parasitic energy demands for Scenarios 1, 2 and 3 are presented in Table
36. For all scenarios the electricity demand for digester, pasteuriser, biogas
holder and feed tank were calculated and presented. Results show that the
parasitic energy demands were 3,575, 3,856 and 3,999 GJ/a, for Scenarios 1, 2
and 3, respectively. In all three scenarios, parasitic electricity demand was met
by the CHP electricity. A small amount of electricity (134 GJ/a) was imported for
operation of the decanter centrifuge for digestate separation. On the other hand,

to meet the parasitic heat demands, natural gas had to be imported at 25, 2,321

and 2,114 GJ/a for Scenarios 1, 2, and 3, respectively.

Table 36.Parasitic energy demand for all studied scenarios

Embodied Energy Scenario 1 Scenario 2 Scenario 3
Digester (GJ/a) 111.7 111.7 111.7
Pasteuriser (GJ/a) 1.9 1.9 1.9
Biogas holder (GJ/a) 1.6 1.6 1.6
Feed Tank (GJ/a) 0.3 0.3 0.3
CHP (GJ/a) 7.2 6.4 6.5
Biogas upgrading (GJ/a) 0 195 248.6
Digestate separation (GJ/a) 14 14 14
Digestate storage (GJ/a) 11.8 11.8 11.8
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4.7.6 Digestate management and use

Annually 10,083 t of digestate was produced. The solids content of the digestate
was 4.6%. A decanter centrifuge was used to separate the digestate into solid
and liquid fractions in an attempt to improve the nutrient content. Table 37
presents the nutrient composition and fertiliser values of the various digestate
fractions. N, P20s, and K20 fertilisers were calculated based on the N, P, K
content of the feedstocks. Digestate as such was made up of 1:0.9:0.3 of N, P20s,
and K20. The corresponding values for solid fraction of digestate was 1:0.9:0.3
N: P20s: K20, respectively. Drying and/or sale of the solid as soil conditioner
would generate some additional revenue. The solid fraction can be sold for $10/t
based on its nutritional content. The liquid fraction, on the other hand, had N:
P20s: K20 concentration of 1:0.2:0.9 and can either be recycled as process water
or sold at $80/t to replace inorganic fertilizers. Alternatively, digestate can also be
used as biofertilisers for the cultivation of sweet sorghum and/or sugarcane and
thereby reduce the costs associated with the purchase of inorganic fertilisers.
Concentrate the nutrients in the whole digestate or in liquid fraction may require
higher investments but can generate additional revenue. The feasibility and
economic viable of increasing the concentration of nutrients in digestate or liquid

fraction was not carryout in this study.

Table 37. Mass balance of nutrients in the digestate before and after solid-liquid

separation using a decanter centrifuge.

Digestate Composition Parameters | Solid fraction (kg) | Liquid fraction (kg)
Scenario 1-3 TS (%) 11.1 24
N 4,517 10,540

P20s 4,491 2,418

K20 1,181 7,900
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Table 38 presents the annual greenhouse (GHG) emissions that could be
avoided on adopting farm-scale biogas plant for generating renewable biogas
and using it for heat and electricity generation (Scenario 1), BioCNG (Scenario 2)
and BioRNG (Scenario 3). The avoided GHG emissions were compared to coal-
based grid electricity and natural gas based thermal energy. Diesel was the fuel
used for the transport of waste. Total GHG emissions from fossil fuel use in the
transport of 621 t/a of chicken manure has been estimated to be 6.23 tCO2-e/a.
Emissions from the transport of sweet sorghum was not included as the feedstock
Is available on site. GHG emissions from import of natural gas to meet the thermal
demand of biogas plant was 1.43, 136.31 and 125.06 tCO2-e/a for Scenario 1, 2
and 3, respectively. Similarly, import of electricity for decanter centrifuge of 34.14
tCO2-e/a was accounted for Scenario 2 and 3 only. Renewable energy in the form
of heat and electricity generation in Scenario 1 could replace 512.77 tCO2-e/a of
emissions generated from equivalent heat produced from natural gas and
electricity from coal, respectively. Similarly, use of biogas for BioCNG production
and use in Scenario 3 could avoid 281.37 tCO2-e/a emissions from natural gas.
The corresponding value for Scenario 2 on the use of biogas for BioRNG
production and use could avoid 304.77 tCO2-e/a. Finally, the annual emissions
saved on the use of anaerobic digestate in the studied scenarios is about 31,000
tCOz2-e/a. Overall, the net GHG emissions avoided in Scenario 1 were 536.10
tCOz2-e/a, which is 342.88-389.16 tCO2-e/a more than the values obtained for
Scenarios 2 and 3. The study thus show that Scenario 1 is the most feasible
option for growing sweet sorghum on sugarcane fallow and using the produced

biogas for heat and generation in a combined heat and power plant.

It should be noted that the total investment required for the project was not
examined in this study and is beyond the scope of the study. Moreover, the
economic viability of the project was not evaluated as the viability of the project
is dependent on the revenues generated through the sale of electricity, BioRNG
and/or BioCNG in the respective scenarios. The feedstock cost of $40/t of chicken
manure could incur an operating cost of $24,840 per annum. Other operating
costs would include fossil fuel electricity cost at $160/MWh to meet parasitic
electrical and heating demand of the biogas plant, ensilation costs of $0.16/kg

and biomethane grid connection cost of $0.8/GJ.
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Table 38. Annual greenhouse gas (GHG) emissions (tCO:z-e/a) avoided for

implementation of the farm-scale biogas plant under all studied scenarios.

Emission from fossil fuel Scenario 1 | Scenario 2 | Scenario 3
Transport of chicken manure 6.23 6.23 6.23
Import of electricity for decanter centrifuge -- 34.14 34.15
Imported natural gas for heat demand of AD
plant 1.43 136.31 125.07
Electricity Generation -512.77 -- --
BioRNG -- -304.77 --
BioCNG -- -- -281.37
Biofertilisers (Nitrogen fertiliser) -31.00 -31.00 -31.00
Avoided GHG emissions 536.10 193.22 146.94

The revenues for farm-scale biogas plant would originate from the sale of
electricity to grid injection through feed-in tariffs at $85/MWh, BioRNG to grid at
$8.5/GJ, $16/GJ for BioCNG, green certificates at $3/GJ and $200/t for
uncompressed food-grade BioCO2. Sale of solid digestate at $10/t as soil
conditioner and Australian Carbon Credit Units (ACCUs) at $30/t CO2-e would
generate additional revenue but are not guaranteed. Inclusion of ACCUs and
green certificates can improve the overall economics of the project. However,
ACCUs are not currently available in Australia for such projects. But it is
anticipated that ACCUs could be introduced in the future for selected bioenergy
projects and is regulated by the Clean Energy Regulator (CER). As the ACCUs
represent the project’s emissions reductions, the project proponents can receive

funding by entering their projects into a CER-run competitive auction.
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5. CONCLUSION

This study demonstrates that the anaerobic digestion process can
effectively convert sweet sorghum cultivars into hydrogen and/or methane. The
present study aimed to investigate the impact of harvest time, inoculum to
substrate ratio (ISR), and inoculum source on methane production from sweet
sorghum cultivars in following batch anaerobic digestion studies. The chemical
analysis revealed that the total solids (TS) content of the nine sweet sorghum
cultivars varied from 12.05% (SE-23) to 21.40% w/w (Mega Sweet). A similar
trend was also observed in relation to volatile solids (VS). The observed high
VS/TS values ranging from 0.89 to 0.95, along with a low carbon to nitrogen (C/N)
ratio ranging from 40 to 80, suggest that the examined cultivars include a

substantial amount of organic matter.

The sweet sorghum cultivars that were evaluated also revealed a
carbohydrate content ranging from 45% to 60% (w/w), whereas the lignin level
ranged from 16% to 25% (w/w). These findings suggest that sweet sorghum
possesses favorable characteristics as a feedstock for the generation of
biohydrogen, organic acids, and methane.

The effect of different harvest times (50, 66, and 80 days after sowing, DAS)
on the chemical composition and methane yields of SE-19, SE-45, and Mega
Sweet varieties was investigated. The results indicated that harvesting the crop
at 80 DAS resulted in increased biomass and methane yields. Following 80 days
after sowing (DAS), the cultivar SE-45 showed the maximum biomass production
of 174 t/ha fresh matter (FM), whereas SE-19 and Mega Sweet achieved biomass
yields of 132 t/ha and 71 t/ha, respectively. The methane yields for SE-19, SE-
45, and Mega Sweet were measured as 168.99, 184.39, and 243.47 NL
CHua/kgVSadded, respectively, after 80 days after sowing (DAS).

The effect of inoculum to substrate ratios (ISR) of 2, 4, and 6 on the methane
yields of nine different sweet sorghum cultivars (SE-1, SE-5, SE-23, SE-35, SE-
42, SE-45, SE-81, SE-86, and Mega Sweet) was studied. The results indicated
that methane yields showed an increase as the ISR increased, while also being
influenced by the specific chemical composition of each sweet sorghum cultivar.
At an inoculum to substrate ratio (ISR) 2, the methane production exhibited a

wide range of values, with the lowest recorded vyield being 175.93 NL
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CHa/kgVSadded, and the maximum value seen at 291.27 NL CH4/kgVSadded. The
increase in the Inoculum to substrate ratio (ISR) from 2 to 4 led to a corresponding
increase in methane levels ranging from 67.6% to 76.4%. The methane yields
experienced a significant rise of 46.8% to 78.1% as a direct consequence of
further raising the initial solid-to-liquid ratio (ISR) to 6. Within these cultivars, it
was observed that SE-1 had the lowest methane yields, ranging from 175.93 to
306.86 NL CHa4/kgVSadded. In contrast, it was noticed that SE-35 exhibited the
most notable methane vyields, measuring 227, 291, and 37591 NL
CHa/kgVSadded, Which were achieved at ISRs of 2, 4, and 6 for SE-35,
respectively. The SE-35 cultivar had the highest biomass yields, reaching 82.3
t/ha. However, its per hectare methane yield was very low at 29.83 m3/tFM, which
can be attributed to its low plant population. Therefore, the SE-81 cultivar was
chosen as a potentially advantageous sweet sorghum cultivar based on its
comparatively high methane yields of 3,059.18 m3ha and overall energy vyield.
The SE-81 cultivar was found to have an estimated gross energy yield of 29.55
MWh/ha, which is equivalent to the energy consumption of approximately 37.98

passenger automobiles per hectare per year.

Rumen fluid, sewage sludge digestate, and cow dung digestate as inoculum
sources on the methane yields of SE-1, SE-19, SE-20, SE-35, and SE-122
revealed a significant impact on methane yields of each cultivar. The results of
the experiment indicated that cow dung digestate had the highest efficiency as

an inoculum, yielding methane in the range of 241.81-281 NL CHa4/kgV Sadded.

The influence of organic loading rate (OLR) was studied within the range of
0.5-3.5 gVS/L/d to determine the efficiency of the anaerobic digestion process
and the resulting methane yields. In the context of mono-digestion of sweet
sorghum, it was determined that an optimal organic loading rate (OLR) of 2.5
gVS/L/d was observed. In the context of co-digestion, it is recommended to
operate the reactor at an Organic Loading Rate (OLR) of 3 gVS/L/d. The co-
digestion of sweet sorghum with cow dung resulted in a maximum methane
output of 229.70 NL CHa/kgVSadded. The results of this study also indicate that the
use of cow manure as a substrate represents a feasible approach for enhancing

both the operational efficiency and methane generation from sweet sorghum.

The evaluation of the feasibility of utilizing sweet sorghum cultivated on

sugarcane fallow for biogas production in a farm-scale biogas plant was
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conducted based on the data obtained from the experiments. The quantity of SE-
81 biomass obtained from a 25-hectare area of uncultivated land was determined
to be 1,938 metric tons of fresh matter per year. The results of this study show
that a biogas plant with a capacity of 1300 m3, when supplied with a daily
feedstock of 28.7 t of sweet sorghum and chicken manure, can produce a daily
biogas production of 840.15 m?3 under various conditions. In the first scenario, the
combined heat and power (CHP) system, which consists of an 84 kW generator,
generated an annual electricity output of 2,520 GJ and a heat output of 2,917 GJ.
Following the conclusion of the conference, it has been determined that a total of
523 MWh per annum of power can be supplied to the grid in order to satisfy the
parasitic energy requirements. In Scenario 2, the generation of electricity
amounted to 784 GJ/a, while the production of heat reached 965 GJ/a. The
calculated annual energy output of the exportable BioRNG was determined to be
4,652 GJ. In Scenario 3, the power generated amounted to 927 GJ/a, while the
heat generated reached 1,141 GJ/a. The projected amount of exportable BioCNG
in Scenario 3 was 4,283 GJ/a. The outcomes of this study indicate that Scenario
1 is the most viable choice for cultivating sweet sorghum on sugarcane fallow
land and utilizing the resultant biogas for heat and electricity generation in a

combined heat and power facility.
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