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ABSTRACT

About 530 million dry tons of agricultural biomass are produced annually in the U.S.
(Almomani et al., 2019). Coffee is the second largest agricultural crop produced globally
(9.2 million tons of coffee cherries per year), generating nearly 42% of coffee pulp (CP)
of the total waste produced during coffee processing. Furthermore, approximately 900
million tons of cattle manure (CM) are reported to be generated in the U.S. annually
(U.S. Department of Agriculture, S.C.S., 2018). Anaerobic digestion (AD) is a widely
adopted technology for treating various organic waste streams; however, mono-
digestion of CP is challenging due to the presence of toxic compounds such as caffeine,
free phenols, and tannins. Hence, co-digestion of CP waste with CM could be a strategy
to enhance digestibility and process stability through nutrient balance and dilution of
toxic compounds. Biochemical methane potential (BMP) tests were conducted to select
the optimum inoculum source and feedstock ratio for co-digestion. Nine different kinetic
models (modified Gompertz, Chen and Hashimoto, first-order, transfer, cone,
superimposed, modified Gompertz with second order equation, two-phase exponential,
and multi-stage models) were evaluated to find the best-fit for the BMP experimental
data. In the next phase, the optimum co-digestion ratio was compared with mono-
digestion of feedstocks in semi-continuous studies at mesophilic conditions. The
biomethane production of CP alone and co-digestion with CM was almost similar,
however in terms of process stability, co-digestion yielded better results. The close
monitoring of the start-up period and the use of co-substrate with high buffering

capacity are highly recommended for efficient AD of CP.
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CHAPTER 1

INTRODUCTION

Global waste, owing to global population and economic growth, is expected to increase to
3.4 billion tonnes by 2050 (Kaza et al., 2018). This increase in waste generation has imposed
further stress on existing waste disposal strategies adopted worldwide. Growing concerns on
waste management and energy insecurity due to haphazard consumption of resources have
engendered a rising demand for renewable energy. As a viable alternative to fossil fuels,
anaerobic digestion (AD) can meet the target for the global sustainable development goals,
especially on the aspects of energy security and waste recycling. Furthermore, AD of
biomass helps to overcome the waste disposal with concurrent biomethane and nutrient
recovery. Additionally, the nutrient-rich digestate as a soil amendment could replace 5-7% of

inorganic fertilizer in use (World Biogas Association, 2019).

AD has been adopted worldwide for waste remediation and resource recovery from diverse
feedstocks. From an environmental point of view, the benefits of AD include treatment or
stabilization of organic waste streams, mitigation of greenhouse gases (GHG) emissions, and
nutrient recovery (Shrestha et al., 2017). It is estimated that over 2,200 AD plants are in
operation in the U.S. (American Biogas Council, 2018). However, based on the current
estimate of 87 TWh electricity generation via diverse feedstocks, only 1.6-2.2% of AD’s
potential has been utilized (World Biogas Association, 2019). AD of single feedstock (or
mono-digestion) entails several drawbacks. For instance, (i) seasonal availability of
feedstocks such as agricultural residues, (ii) nutrient imbalance, for e.g., sewage sludge and

animal manures have high nitrogen concentrations, (iii) digester instability due to



accumulation of recalcitrant components like lignin, cellulose, and other toxic compounds,

and (iv) low quality of digestate for agricultural applications (Mata-Alvarez et al., 2014).

Most of the abovementioned drawbacks of AD can be overcome with the adoption of co-
digestion strategy. Co-digestion is the simultaneous digestion of two or more organic wastes
(Mata-Alvarez et al., 2014). The benefits include improved methane yield due to synergistic
effect, balance of nutrients, dilution of potential toxic compounds and heavy metals,
reduction of antibiotic-resistant genes (ARGs) and antibiotic resistant bacteria (ARB), and

safe land-application of generated co-digestate (Karki et al., 2021; Dai et al., 2016).

Coffee is the second most traded agricultural crop in the world (Corro et al., 2014;
Selvankumar et al., 2017). Coffee, which is merchandised worldwide as green coffee beans
(Rojas-Sossa et al., 2017; Esquivel & Jiménez, 2012), has an annual production of 9.2
million tons per year (SAGARPA, 2015). Of the two methods for processing coffee cherries,
the wet method generates coffee pulp (CP), which encompasses 42% of the total waste
produced (Londofio-Hernandez et al., 2020). Although AD serves as an efficient approach
for the proper disposal of agri-wastes/residues, the presence of toxic compounds like tannins,
caffeine, and free phenols in CP wastes can, however, lead to instability in AD system.

Hence, co-digestion of CP is a viable option to overcome such inefficiencies.

There have been only limited studies on the AD of CP (Neves et al., 2006; Selvankumar et
al., 2017; Corro et al., 2014; Juliastuti et al., 2017; Widjaja et al., 2017; Juliastuti et al., 2018;
Chala et al., 2018). This study aims to compare the effects of mono-digestion and co-
digestion of CP and cattle manure (CM) on the methane yield and digester stability. The

objectives of the study are mentioned below:



1. To investigate and optimize the methane yield by adjusting different co-feedstock ratios
of CP and CM via biochemical methane potential (BMP) tests at mesophilic condition.

2. To analyze the differences in stability indicators and performance for mono-digestion of
CP, CM, and co-digestion of CP and CM in semi-batch reactors at different organic loading

rates.



CHAPTER 2

LITERATURE REVIEW

2.1 Anaerobic digestion

Anaerobic digestion is a multi-step process carried out by a complex network of
interdependent microbial communities for the degradation of substrates. AD process is
metabolically divided into four steps: hydrolysis, acidogenesis, acetogenesis, and

methanogenesis as depicted in Figure 2.1.

Hydrolytic bacteria are responsible for enzyme-mediated conversion of complex organic
materials such as carbohydrates, proteins, and fats into simple soluble oligomeric or
monomeric compounds such as soluble sugars, amino acids, and fatty acids in the first stage
of anaerobic digestion, hydrolysis. In acidogenesis, hydrolyzed products are metabolized by
acidogenic bacteria to form intermediary compounds like short-chain fatty acids (SCFAS)
consisting of acetate and other non-acetate SCFAs like butyrate, propionate, valerate, and
other low amounts of lactate, alcohols, Hz, and CO2. The other non-acetate SCFAS, along
with alcohol, are converted into acetate, H,, and CO> via hydrogen-producing acetogenic
bacteria or syntrophic fatty acid oxidizing bacteria in a process called acetogenesis. The final
metabolic stage of AD, methanogenesis, is carried out by methanogens in which methane is
produced either from acetate (by acetoclastic methanogens) or CO2 and Hz (by
hydrogenotrophic methanogens). Based on chemical oxygen demand (COD), about 72% of
methane production occurs from the decarboxylation of acetate, while the remaining via CO>
reduction. Syntrophic acetate oxidation, SAO, to methane brings about the conversion of
acetate first to CO2 and H2, which are subsequently converted to methane by

4



hydrogenotrophic methanogens (Hattori, 2008). Acetogenesis is regarded as
thermodynamically unfavorable unless the partial pressure of hydrogen is kept below 102 atm
via efficient utilization of hydrogen by hydrogenotrophic methanogens (McCarty and Smith,

1986).

The organisms responsible for the hydrolysis and acidogenesis are facultative and obligate
anaerobic bacteria. The most common bacterial genera reported from anaerobic digesters
include Bifidobacterium, Desulphovibrio, Corynebacterium, Actinomyces, Staphylococcus,
Peptococcus, Clostridium, Lactobacillus, Escherichia coli (Sun et al., 2015). However, in
AD systems degrading agricultural biomass, the bacteria mainly belong to the phyla
Firmicutes and Bacteroidetes with bacteria of the class Clostridia the primary group involved
in hydrolysis (Shrestha et al., 2017). The methanogens in anaerobic digestion are archaea
and strict obligate anaerobes which require redox potentials below -300 mV for growth (Sun
et al., 2015; Nguyen & Khanal, 2018). Methanogenic bacteria in anaerobic digestion can be
divided into acetoclastic methanogens which convert acetate into methane and carbon-
dioxide and hydrogenotrophic methanogens which utilize hydrogen. The main acetoclastic
methanogens in the anaerobic digestion include Methanosaeta and Methanosarcina.
Similarly, the hydrogenotrophic methanogens include Methanobacterium, Methanococcus,
and Methanobacillus (Neshat et al., 2017). Furthermore, when acetoclastic methanogens are
not detected, the presence of some Clostridiales able to perform syntrophic acetate oxidizing
activity and dominance of hydrogenotrophic methanogens, Methanoculleus has been detected

(Mata-Alvarez et al., 2014).
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Figure 2.1 Anaerobic digestion pathway for lignocellulosic biomass. Adapted from Khanal

and Li (2017).

2.2 Anaerobic co-digestion
Anaerobic co-digestion, which incorporates the simultaneous digestion of two or more
organic wastes, is a feasible option to mitigate the drawbacks of mono-digestion. The

benefits include improved balance of nutrients, synergistic effect of microorganisms,



improved nutrient recovery, dilution of potential toxic compounds, reduction of antibiotic-
resistant genes (ARGS), ensuing in higher methane yield and improved digestate quality for
application in agriculture (Karki et al., 2021). Co-digestion of agri-wastes/residues allow
conversion of organic waste materials by balancing C/N ratio of feedstock, increasing
buffering capacity, microbial diversity, and lowering the risk of ammonia inhibition as shown
in Table 2.1 (Neshat et al., 2017). The studies on anaerobic co-digestion of lignocellulosic
biomass and cattle manure have been discussed in Table 2.1.

The publications analyzing microbial dynamics suggested that when co-digestion was
applied, the diversity of feedstocks and improved nutrients balance led to a more robust
microbial community (Mata-Alvarez et al., 2014). Firmicutes, especially the Clostridiales
order, Bacteroidetes, and Actinobacteria are the most important phyla involved in co-
digestion processes. Changes in feedstock composition for co-digestion can modify digester
medium, such as VFA and ammonia concentration. This variance can drive to changes in
methanogenic communities. It is observed that Methanosaeta dominate in media with low
VFA and ammonia levels and Methanosarcina , which is considered a mixotrophic
methanogen that can use either acetate or Ho/CO> to produce methane, dominate when VFA
and ammonia concentration are moderate (Karakashev et al., 2006; Mata-Alvarez et al.,

2014).



Table 2.1. Studies on co-digestion of agri-wastes/residues.

Co- Mixin cn  OLR - RT — SMY VSreduct
; . Pretreatment Conditions . (gVvS (days (mLg* ) reduction - pemarks Reference
eedstock g ratio ratio LidY) ) V/Saded) (%)
Cassava Semi-
pulp: 77:23 . Low cyanide accumulation Glanpracha &
Swine (Wiw) No pretreatment contlnuqqs 35 6.0 23 380 82 (0.5 mg L) Annachhatre, 2016
Mesophilic
manure
Cassava Semi- Co-digestion resulted in 159%
pulp: 3:2 No pretreatment continuous 33 35 15 306 61 higher S_MY_compared to Panichnumsin et al.,
Swine (VS) - mono-digestion of cassava 2010
Mesophilic
manure pulp
:t\iz\?\?t Thermo-alkaline 15% higher SMY with
Micrdal 11 pretreatment (10% CSTR 13+ 10 20 240 48 pretreatment compared to Solé-Bundé et al.,
al g (VS) CaOat72°Cfor  mesophilic 2 ' without pretreatment 2017
. 24 h) VFA< LOD
biomass
anZizZHe 73:27 Semi- 174% improvement in SMY Lopez Gonzalez et
regss mud (VS) No pretreatment continuous NA 2.2 24 366 NA compared to mono-digestion of al p2017
Eake Mesophilic sugarcane press mud cake N
zllthe?rcane 7:3 CSTR Co-digestion resulted in 39%
. ) No pretreatment S 41 3.0 28 176 NA decrease in SMY compared to  Janke et al., 2016
cake: (wiw) Mesophilic mono-digestion
Bagasse

C/N: Carbon-to-nitrogen; LOD: Limit of detection; CSTR: Continuous-stirred tank reactor; OLR: Organic loading rate; RT:
Retention time; SMY': Specific methane yield; VS: Volatile solids; COD: Chemical oxygen demand; VFA: Volatile fatty acid;
ALK: Alkalinity; TAN: Total ammonia nitrogen; UASB: Upflow anaerobic sludge blanket; NA: Not available



2.2.1 Coffee pulp

Coffee is the second largest agricultural crop produced in the state of Hawaii. For the 2020-
2021 season, Hawaii produced about 14,000 tons of coffee (cherry basis) from 6900 acres
(USDA, 2021). There are two methods of processing coffee cherry; the dry method is used
for the Coffea canephora (Robusta) coffee variety while the wet method is used for the
Coffea arabica (Arabica) coffee variety (Esquivel et al., 2012; Echeverria et al., 2017,
Pandey et al., 2000). In the wet process, a large amount (about 29% dry-weight of whole
coffee berry) of CP residues are generated, which in turn, represents approximately 42% of
the total waste produced from coffee processing (Corro et al., 2014; Londofio-Hernandez et

al., 2020). The diagram for manual coffee processing to generate CP is outlined in Figure 2.2.

The organic components present in coffee pulp waste (% w/w basis) include carbohydrates
(21-32%), protein (7.5-15.0%), fat (2.0-7.0%), cellulose (63.0%), lignin (17.0%),
hemicelluloses (2.3%), tannins (1.80-8.56%), pectic substances (6.5%), reducing sugars
(12.4%), non-reducing sugars (2.0%), caffeine (1.3%), chlorogenic acid (2.6%), and caffeic

acid (1.6%) (Esquivel et al., 2012; Corro et al., 2014; Rojas-Sossa et al., 2017).

CP disposal requires a sustainably efficient method not only because of the large amount of
waste generation but also because of the high content of toxic agents like caffeine, free
phenols, and tannins (Corro et al., 2014). Methods of waste management for instance,
utilization as an animal feed, substrate for mushroom production, and composting are not
effective without pretreatment due to the presence of caffeine and tannins that serve as anti-
physiological and anti-nutritional factors (Orozco et al., 2008; Esquivel et al., 2012).
Furthermore, CP creates major hindrances in anaerobic digestion systems by decreasing

digester efficiency due to its low pH, and elevated production of volatile fatty acids (Rojas-
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Sossa et al., 2017). Hence, to mitigate these issues, co-digestion of CP with CM is adopted

(Rojas et al., 2003; Corro et al., 2013; Selvankumar 2017).

Pectin layer

Pulp (mesocar
Out%r( skin (exopc)arp)

Silver skin
Parchment (endocarp)

Depulper Cross-section of a coffee cherry

N
. Coffee beans
Coffee pulp
[

Figure 2.2. The diagram of manual coffee pulp processing in coffee farms along with a cross-

section of a coffee cherry (Esquivel et al., 2012).
2.2.1.1 Potential co-substrate: cattle manure

The livestock production sector is accountable towards a 7.1 Gt of CO2 or 14.5% of all
anthropogenic GHG emissions (World Biogas Association, 2019). AD of manure has the
potential to offset 930 to 1260 Mt CO- eq. per year of GHGs or 13 to 18% of the current

livestock-related emissions (World Biogas Association, 2019).

Although animal manure is typically applied to agricultural land, excessive application can

lead to water pollution, GHG emissions, toxicity owing to presence of hormones, and

10



pharmaceutical compounds (Ro et al., 2007). Some of the other manure management
methods such as composting and gasification are costly due to the necessity of additional
processes like dewatering, long retention time, and highly efficient heat recovery system and

hence, are not feasible (Sawatdeenarunat et al., 2016).

About 900 million tons of CM per year are generated in the U.S. (Ma et al., 2020). Cattle
manure contains a highly diverse microbial communities, especially methanogenic bacteria.
However, biogas from CM, alone, is lower compared to manure from other animals because
CM contains poorly degradable leftover lignin complexes from fodder (Tufaner & Avsar,
2016) and ammonia concentrations surpass the requirements for microbial growth (Mata-
Alvarez et al., 2014). Furthermore, anaerobic mono-digestion of CM is unstable because of
low C/N ratio, 5-8 (Dai et al., 2016; Li et al., 2009). This carbon deficiency of CM is
compensated by the presence of feedstocks with high C/N ratio. Co-digestion of animal
manure with various feedstocks results in management of manure and organic wastes,
increased biogas yield, improved fertilizer value of digestate, and mitigation of GHG
emissions (Holm-Nielsen et al., 2009). The studies on anaerobic co-digestion of animal
manure and different lignocellulosic biomass have been discussed in Table 2.2. It is observed
that depending on the feedstocks used, different positive effects can be observed in the co-
digestion systems. Moreover, animal manure can also supplement required micronutrients
which are found typically in low concentrations in agricultural biomass (Tsapekos et al.,
2018). High water content of animal manure is also known to dilute the concentrated organic
compounds existing in agricultural wastes which pose inhibitory effect on the process
(Neshat et al., 2017). Previous studies have mentioned that toxic components of CP like

tannins and phenols can be degraded by a large consortium of microorganisms provided by

11



CM (Selvankumar 2017).
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Table 2.2. Studies on co-digestion of animal manure.

OLR RT SMY )
Co-feedstock Mixing ratio  Conditions CIN kgVSm3d (days (mLg? VSueducion  pomarks Reference
ratio (%)
1) ) V/Sadsea) °

Dairy manure: ] - ) o
Meat and bone 1:0.7:0.3 Semi- 13 27 30 420 47 é)b_zlijtei'tgglnd(;gﬁ]re:::dlTONnTgr;gl_m Andriamanohiarisoa
meal: Crude (VS) continuous ' di es?ion P manana et al., 2018
glycerol g
Chicken manure: 311 Lab-scale semi- 20 Co-digestion resulted in 93.4%
Food waste: Wheat (NA) continuous 22 ('fS) 20 351 42 higher SMY compared to mono- ~ Zahan et al., 2018
straw digestion of chicken manure

Two-phase resulted in 2-fold
Cattle manure: 1:1 Bench scale 1.7 . ; . .
Cheese whey Wiv) two-phase NA (COD) 20 258 83 (sCOD) :)nncer_e;ﬁ:sL nprrg;g::e yield from Bertin et al., 2013
Swine manure: 32 No negative impact on bio-
Olive mill (NA) CSTR NA 44 30 373 71 methanation despite increase in Kougias et al., 2014
wastewater inhibitory compounds (phenols)

. ; No inhibition caused by VFA and
: : Lab-scale semi-

Chicken manure: 2:1 continuous 19 4.8 25 340 NA TAN accumulation in co-digestion Li et al., 2018
Apple pulp (NA) compared to mono-digestion
Swine manure:
Corn stover 121 CSTR _ Enhanced methane production :
(pretreated at 5% (NA) 25 2.0 21 282 NA compared to mono-digestion Ning etal., 2019

NaOH)

All the studies were conducted under mesophilic condition. C/N: Carbon-to-nitrogen; OLR: Organic loading rate; RT: Retention
time; SMY: Specific methane yield; VS: Volatile solids; TS: Total solids; COD: Chemical oxygen demand; sCOD: Soluble
chemical oxygen demand; VFA: Volatile fatty acid; TAN: Total ammonia nitrogen; CSTR: Continuous-stirred tank reactor; NA:
Not available.
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2.3 Digestibility test

Biochemical methane potential (BMP) test is a simple and reliable method to determine the
biodegradability of substrates and thus, their suitability for anaerobic digestion (Kafle &
Kim, 2012). There are several factors in BMP test that determine the biomethane potential of

an organic substrate.

Inoculum to substrate ratio, ISR, is the ratio of VS from inoculum to VS from the substrate
and is a key parameter of BMP tests. It is generally recommended that VS from ISRs should
be between two and four to minimize acidification due to higher portion of VS from easily-
degradable feedstocks; however, for less degradable feedstocks, such as lignocellulosic
feedstocks, an ISR of less than or equal to one can be applied (Holliger et al., 2016). When
collecting data for both BMP determination and kinetic studies, mixing is another important
factor for BMP tests to ensure homogeneous conditions in the BMP serum bottles by
preventing accumulation of substrates in the medium (Angelidaki et al., 2009). The other key
considerations in BMP test include selection of active inoculum which should be
preincubated for 2-5 days at the same temperature from which inoculum was collected before
the start of BMP test; the necessity to correct measured gas to standard temperature and
pressure; selection of appropriate temperature condition depending on feedstock and reactor

stability (Angelidaki et al., 2009; Holliger et al., 2016; Khalid et al., 2011).

However, the limitations in batch experiments are: (i) low reactor volume which cannot
simulate actual digesters, (ii) dependency on microbial communities of inoculum, and (iii)
one-time addition of substrates which is unfeasible as the long-term stability of reactors

cannot be confirmed. Although batch assay studies cannot accurately predict the biogas
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potential as they differ from the continuous systems, they can still serve as a foundation for
the studies on semi-continuous or continuous-stirred tank reactors, CSTR (Tsapekos et al.,

2018).

2.4 Selection of sources of inoculum

Since every AD process is highly dependent on microbial activities, it is essential that a seed
sludge with diverse and active microorganisms that can degrade the substrates during AD are
present. Inoculum should be selected based on the assurance of faster start-up and shorter

acclimation period in AD system (Keating et al., 2013).

The sources of inoculum have distinct effects on the biodegradability of the substrates
because they are composed of different compositions of microbial community (Raposo et al.,
2011). Animal manure is rich in microbial communities which is crucial for efficient
degradation of toxic components present in various substrates, thus improving biogas
production. Furthermore, digested sludge from municipal wastewater treatment plant
(WWTP) is a suitable source of active and diverse inoculum. A study of CP digestion with
inoculum of different sources concluded that sewage sludge appeared to acclimatize quickly

to CP (Boopathy 1987).

2.5 Kinetic modeling

Mathematical models can reveal the bottlenecks that limit methane production (for instance,
lag phase, substrate inhibition etc.) and highlight the operational conditions (for instance,
organic loading rate, hydraulic retention time, etc.) for the optimization of process efficiency
(Tsapekos et al., 2018). The kinetic analysis provides information on the extent and rate of

biodegradability of a particular substrate and/or a combination of them. Five conventional
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mono-digestion models (modified Gompertz, Chen and Hashimoto, first-order, transfer,
cone) and four models that best depict the two peak degradation exhibited in co-digestion
(superimposed, modified Gompertz with second-order equation, two-phase, and multi-stage
models ) are typically used to estimate unknown Kinetic parameters.

Modified Gompertz model

The modified Gompertz model is an empirical non-linear regression model that describes cell
density in terms of exponential growth rates and lag phase duration. This model was used
when inhibition was observed in the anaerobic digestion process assuming methane
production reflects bacterial growth (Mao et al., 2019). The equation for Modified Gompertz

Model is:

m " exp (1)

G =Gy -exp {—exp [R Go -0t + 1]}

where, Go: Cumulative methane yield (mL/g VSadded); G: Produced methane yield over time t
(mL/g VSadded); Rm: Maximum methane production rate (mL/g VSadded/d); A: Lag phase

(days) and t: Time (days).
Chen and Hashimoto model

This model is adopted during AD of feedstocks with substantial amount of total solids

content (Kafle and Chen, 2016).

Kcn }

G=Ggy-{1—
0{ HRT -y, + Kcy — 1

In this equation, G: Cumulative methane yield at digestion time t (mL/g VSadded); Go:

Methane potential of substrate (mL/g VSadded); Kcr: Chen and Hashimoto constant
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(dimensionless); um: Maximum specific growth rate of microorganisms (1/day) and HRT:

Digestion time or hydraulic retention time (days).
First-order model

The first order model assumes that hydrolysis is the governing process (Li et al., 2015). This
model, however, does not predict the conditions for maximum biological activity, lag phase

and system failures (Kafle and Chen, 2016).
G =Gy - (1 —exp {—Kt})

where, G: Cumulative methane yield at digestion time t (mL/g VSadded); Go: Methane
potential of the substrate (mL/g VSadded); K: Biogas or methane production rate constant (first

order disintegration rate constant) (1/day) and t: Time (days)

In this case, K describes the velocities of degradation and methane production; hence, high K

corresponds to high rates of degradation and methane production (Mao et al., 2017).
Transfer model

Transfer model is derived from the first order kinetic model where the kinetic constant is
substituted for the ratio of maximum methane production rate to methane potential of

substrate (Zahan et al., 2018).
—Rm
G=Ggy- {1 —exp [G—O(t—l)]}

where, G: Cumulative methane yield (mL/g VSadded); Go: Methane potential of the substrate
(mL/g VSadded); Rm: Maximum methane production rate (mL/g VSadded/d); A: Lag phase (day)

and t: Time (days).
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Cone model

Cone model is an empiric model that was developed to evaluate the methane production from
specific substrate in the presence of ruminal microorganism (Lima et al., 2018). The cone
model allows the determination of specific methane production rate and maximum
cumulative methane production. Furthermore, this model estimates the behavior of methane

production by the shape factor (n), which indicates the presence or absence of lag phase.

_ Go
T 1+ (kD)™

Where, G: Cumulative methane yield (mL/g VSadded); Go: Methane potential of the substrate
(mL/g VSadded); k: Cone kinetic constant (1/day); n: Shape factor (dimensionless) [value that

is affected by an object's shape but is independent of its dimensions] and t: Time (days).

Superimposed model

Superimposed model was developed by coupling the first-order kinetic model with modified
Gompertz model and assumes that during the digestion of certain feedstocks, two peaks exist.
The first peak is related to rapid utilization of easily biodegradable substrates, while the

second peak corresponds to the poorly degradable substrates (Wang et al., 2020).

Ry

e-(A—t)+1]}

PCH4(t) = leax[1 - exp(—k ' t)] + PZmax' exp {_exp [P
2max

where Pimax: Maximum methane production potential from the easily biodegradable
substrates (ML/g VSadded); P2max: Maximum methane production potential from the poorly
biodegradable substrates (mL/g VSadded); K: Biogas or methane production rate constant (first
order disintegration rate constant) (1/day); Rm: Maximum methane production rate (mL/g

VSadded/d); A: Lag phase (days); t: Time (days); e: Euler’s number (2.718).
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Modified Gompertz with second-order equation

As the name suggests, this model was developed by coupling the second-order kinetic model
with modified Gompertz model. The Gompertz model was modified to fit the methane
production dynamics in anaerobic co-digestion processes, which typically show two stages of

methane production (Masih-Das and Tao, 2018).

R
] + Yo exp {—exp[ v

m "€
m2

Yi = Ym1 '(/1—t)+1]}

[ t
K+t
where, Yt: Specific biogas production at t (mL/g VS); Ym1 and Ym2: Specific methane yields
at the first and second stages (mL/g VS); Rm: Maximum specific methane production rate
(mL/g VS/d); K: First-stage half saturation time (day); A: Lag phase (days), t: Time (days); e:

Euler’s number (2.718).
Two-phase exponential model

The two-phase exponential model describes the behavior of biogas production in two or more
stages. The two-phase model evaluates the substrate conversion to biogas for each phase

(Limaetal., 2018).
P =Py [1—exp(—ky t)] + Pyo[1—exp(—ky-t)]

where, Po1: Specific methane yield in first phase (mL/g VS); Po2: Specific methane yield in
second phase (mL/g VS); ki: Kinetic rate constant for first phase (1/day); k2: Kinetic rate

constant for second phase (1/day); t: Time (days).

Multi-stage model
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Multi-stage model considers the interactions between each stage for the total biogas
production. This model depicts the behavior of biogas production based on different

substrates, stages, and their interactions (Lima et al., 2018).

P = Ag[1 — exp(—k, - t)] + A[1 — exp(—k; - )]

ko exp (—ky-t) ky-exp(=k;-t)
ky = ky ki =k,

+ A |1

where, As, Ai, Ais: Accumulated methane productions in each stage (mL/g VS); ki and ko:

Kinetic rate constants in each stage (1/day); t: Time (days).

20



CHAPTER 3
MATERIALS AND METHODS

3.1 Feedstocks and inoculum preparation

Fresh CM was collected from Kualoa education center, Honolulu. CM was sorted out to
remove any plant residues and stored at 4 °C. CP waste was collected from Waialua Estate
Coffee and Chocolate (Honolulu, Hawaii) and kept in -20 °C freezer before use. Coffee pulp
waste was blended with water, in the ratio of 2:3 by weight, using Vitamix blender (Vitamix
VMO185A, USA) and was stored again in -20 °C freezer until use. Anaerobically digested
cattle manure (ADCM) was taken from two vertical anaerobic digesters in lab, which was
prepared by mixing cattle manure with water (in the ratio of 1:1), activated with nutrients and
agricultural residues, and kept at mesophilic temperature, 35 + 2 °C. Anaerobically digested
waste activated sludge (ADWAS) from anaerobic digester was collected from Hawaii Kai
sewer treatment plant, Honolulu. All samples were stored at walk-in refrigerator, at 4°C
temperature, before TS (Total Solids), VS (Volatile Solids) and pH analyses. The

characteristics analyses were performed in triplicates.

3.2 Reactor set-up and operation

3.2.1 Phase I: Biomethane potential (BMP) tests

Serum bottles (250-mL) with a working volume of 180 mL were operated at mesophilic
condition, 35 + 2 °C. The BMP bottles were fed with different mixing ratios of CP and CM.
ADCM and ADWAS were used as inocula for each BMP test. The mixing ratio of co-

substrates i.e., 0:1, 4:1, 2:1, 4:3, and 1:0 of CP:CM, by g VS of substrates, were evaluated to

21



find out the effect of different ratios on methane yield. The ratio of substrate to inoculum was
maintained at 1:1, by g VS of substrates, with a total of 2.7 g VS for co-substrates. The serum
bottles were connected to 0.5-L tedlar gas bags for biogas collection. The bottles were sealed
with rubber septa and aluminum caps and the headspace was purged with pure nitrogen gas
for 3 minutes to flush out oxygen from the system. The bottles were incubated in an
incubation shaker at 120 rpm. Blank assays containing only inoculum were used to correct

for the background methane potential of the inoculum.

The BMP tests were terminated after 50 days when daily methane production during three
consecutive days was less than 1% of the accumulated volume of methane. The experiment

was conducted in triplicates.

Gas bag

—

== Syringe needle

Figure 3.1 Setup of serum bottle for BMP study

3.2.2 Phase Il: Bench-scale semi-continuous study

The semi-continuous study was conducted to evaluate the performance and stability of CP
and CM mono-digestions and co-digestion (selected from BMP test, based on the methane

yield). 2-L serum bottles were used with a working volume of 1 L. The reactor consisted of a
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stopper where feed inlet and biogas outlet were inserted. The feedstocks were fed manually
via HSW syringe. The reactors were incubated in incubation shaker and continuously mixed

at 120 rpm at mesophilic conditions.

The operational conditions for semi-continuous study are mentioned in Table 3.1 and the
experimental plan is outlined in Figure 3.2. The experiment was conducted in triplicates. The

schematic of the bioreactor is shown in Figure 3.3.

Table 3.1 Operational conditions during experimental period

Operational parameter Value
Working volume (L) 1.0
Temperature (°C) 35+2
Hydraulic retention time (days) 20, 30
Organic loading rate (g VS/L/day) 1.0,15,20
CP:CM (4:1) CP (1:0) CM (1:0) Control
ADWAS

Figure 3.2 Experimental plan for semi-continuous study
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Gas Feed inlet/outlet

===

‘/
Gas bag

Figure 3.3 Bottle setup for semi-continuous study

3.3 Analytical methods

TS and VS of feedstocks were determined as per Standard Methods (APHA, 2017). The
substrates were analyzed for total carbon and total nitrogen via high temperature combustion
interfaced to an isotope ratio mass spectrometry (IRMS) (Costech, Elemental Analyzer,
USA). pH was measured using titrator (Hach, TitraLab AT1000, USA) with pH probe
(PHCB805). Fiber compositions (neutral detergent fiber (NDF), acid detergent fiber (ADF),
and acid detergent lignin (ADL)) of the feedstocks were analyzed following the AOAC
(2006) methods. The cellulose and hemicellulose contents were calculated using equations:
cellulose = ADF — ADL, and hemicellulose = NDF — ADF.

Daily biogas production was collected in a 5-L Tedlar gas bag (CEL Scientific Corporation,
CA, USA). The guantification of biogas production was done by using a Ritter Drum Type

Gas Meter (Ritter TG 0.5/5, Germany). The gas volumes quantified were normalized to
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standard temperature (273K) and pressure (1 atm), using ideal gas law equation PV=nRT,
and reported as NmL. Biogas composition (CH4 and CO2) was measured using micro-gas
chromatography at 80°C (Agilent, 490 Micro GC System, USA). Daily methane yield was
calculated and recorded as NmL CHa4/g V Sadded.

The digestate samples from the reactors were centrifuged at 4,000 rpm in 15 min (Eppendorf
5810R, Germany) and filtered through 0.2 um syringe filter (Whatman 1822-047, UK). The
filtered samples were then analyzed for total VFAs, SCOD, and TAN. Both pH and
VFA/ALK of the samples were measured every day. The samples were also analyzed for TS,
VS, total VFAs, individual VFAs every week, while those for sCOD, and TAN were
analyzed for each OLR period when the methane yields reached pseudo-steady state.

Total VFA to total alkalinity (VFA/ALK) or FOS/TAC ratio was analyzed every two days
using an autotitrator (TitraLab AT1000, Hach, Germany) with FOS/TAC software (HACH,
Germany). The VFA/ALK ratio was recorded as mass ratio of acetic acid (HAc) equivalent
over CaCOs equivalent.

Individual VFA (acetic, propionic, butyric, iso-butyric, valeric, and iso-valeric acids) were
determined once every week using gas chromatography equipped with flame-ionization
detector (GC-FID) (GC2014, Shimadzu, Japan). Helium was used as the carrier gas at a flow
rate of 2 mL/min. The temperature was programmed to increase from 50°C to 180°C at a rate
of 20°C/min, and held for 10 min, the split ratio was 20, the purge flow was 1 mL/min, and
injector and detector temperatures were 250°C each. The samples for individual VFA
analysis were first reduced to pH < 2 with H3sPO4 and then filtered through 0.2 um syringe

filter to convert VFA to unionized from and remove residues, respectively.
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3.4 Co-digestion performance index calculation

The co-digestion performance index (CPI) or synergistic index was calculated to evaluate the
synergistic effect of co-digestion for varying feedstock mixing ratios. The index was
determined as the ratio of observed to expected methane yields. The expected methane yield
of a mixture was estimated as the weighted average of methane yields from mono-digestion
of individual feedstocks. CPI values depict the possible interactions in co-digestion

processes; antagonistic (CPI <1), additive (CP1=1), and synergistic (CPI >1).
3.5 Models evaluation

Nine kinetic models were analyzed and compared to find the best-fit to the experimental
data. The unknown parameters were estimated for all the models and determined by non-
linear regression using the Solver tool of the Microsoft Excel program. The values were
selected based on the least sum of the squares of the differences between predicted and

experimental values of cumulative specific methane production.

The goodness of fit and capability of the kinetic models to describe the biodegradability
process was evaluated using the coefficient of determination (R?), adjusted coefficient of

determination (R? Adj), root mean square error (RMSE), and Akaike’s information criterion

(AIC). The coefficient of determination (R?) was calculated using following equation:

_ Zi(yi,exp - Yi,est)2

RZ=1 s
Zi(Yi,exp - Y)

where Yiexp: Observed data point; Yiest: Predicted data point based on model; Y: Mean of the
observed data.

The adjusted coefficient of determination (R? Adj) was calculated using following equation:
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(1-RY)(N-1)
(N-p—-1)

R2Adj= 1-

where R%: Coefficient of determination; p: Number of predictors; N: Total number of
observations.
The RMSE values represent deviation between predicted and measured values. RMSE was

evaluated by the following equation described by EI-Mashad et al. (2013):

RMSE = \/Zi(Yi,exp - Yi,est)2
n

where, Yiexp: Observed data point; Yiest: Predicted data point based on model; n: Number of

experimental data points (observations).

AIC, like the F test, was based on the balance in the change of goodness of model fitting vs.

the number of model parameters. AIC was calculated as follows:

2N(N + 1)

AIC = l(RSS)+2>< +
B ™ n (n—=N-1)

where RSS: Residual sum of squares; n: Number of data points; N: Number of model
parameters.

3.6 Statistical analysis

The data for BMP tests were analyzed for the highest methane yields based on complete
randomized design with analysis of variance (ANOVA) and post-hoc Tukey’s Honest
Significant Difference (HSD) test. The data for semi-continuous study were analyzed based
on factorials with complete randomized design based on the operating factors including

biogas yield, biogas composition, methane yield, pH, VFA, sCOD, and VS removal. All
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statistical analyses were done on R statistical package with p-value of 0.05. Furthermore,
principal component analysis (PCA) was conducted to understand the interactions between

different parameters using R statistical package.
3.7 Estimation of energy production from semi-continuous study

Energy production (Ep) evaluation from the stable condition at OLR 1.0 g VS/L/day of semi-
continuous study for both mono-digestion of CP and co-digestion (CP:CM 4:1) was
performed. It was possible to estimate the Ep per g VS of CP and CP:CM using the methane
yields from respective conditions. Considering typical efficiencies of a combined heat and
power (CHP) system, the Ep was converted to thermal (Ethermal output) and electrical (Eeiectricity

output) €nergies according to following equations:

Erhermat outpue = Ep X 0.85 X 0.66

EElectricity output — Ep x0.85 x0.33

where, 0.85 is the efficiency of the combustion engine; 0.66 is the conversion factor of Ep to

Ethermat output @and 0.33 is the conversion factor of Ep to Eeiectricity output (Paranhos et al., 2020).

Furthermore, the electricity input to power the equipment of the digester (geiectricity Input) Was

calculated as:

EElectricity input — EElectricity output x 0.09

where, Eelectricity output IS the energy output as electricity and 9% is the percentage of the

electricity required to power digester-related equipment (Rojas-Sossa et al., 2017).
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CHAPTER 4
RESULTS AND DISCUSSION

4.1 Feedstocks and inoculum characteristics

The characteristics of CP in this study was compared with that of other studies and
mentioned in Table 4.1. It was observed that the hemicellulose content in CP used in this
study was less than that found in other studies, while the content of cellulose and lignin were
almost similar. Same comparison was also done for CM and mentioned in Table 4.2. The CM
used in this study had similar characteristics with that of other studies in terms of fiber
content. The characteristics of both feedstocks and inocula are briefly summarized in Table
4.3. Typically, lignocellulosic residues with high C/N ratio are co-digested with nitrogen-rich
feedstocks to balance nutrients and improve the buffering capacity of the AD system (Karki
etal., 2021; Zheng et al., 2015). However, it is interesting to note that the C/N ratio of both

CP and CM in this study were similar at about 30% of TS.
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Table 4.1 Comparison of CP characteristics of the present study with other studies. Mean + S.D.

Parameters Unit This study Gurram et al., 2016 Chala et al., 2018 Battista et al., 2016  Widjaja et al., 2017
C/N ratio N/A 27.44 (1.81) n.a. 18.4 n.a. n.a.

pH N/A 3.74 (0.05) n.a. n.a. n.a. n.a.

Cellulose %, dry basis  29.63 (0.75) 23.00 31.60 (1.74) 31.30 58.36
Hemicellulose %, dry basis  4.25 (0.77) 20.00 8.50 (1.42) 11.20 21.80

Lignin %, dry basis  21.15 (0.74) 22.00 15.50 (1.64) 23.40 5.05

CP: Coffee pulp; C/N: Total carbon/ Total nitrogen; N/A: Not applicable; n.a.: Not analyzed.
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Table 4.2 Comparison of CM characteristics of the present study with other studies; Mean (S.D.).

Parameters Unit This study Weietal.,, 2015 Bahetal., 2014  Cestonaro etal., 2015 Josephetal.,, 2019  Xavier et al., 2015
C/N ratio N/A 30.66 (2.66) 17.01 15.35 15.00 17.20 n.a.
pH N/A 6.98 (0.05) n.a. 8.68 8.97 n.a. 6.97 (0.14)
Cellulose %, dry 20.95 (0.73)  15.15(0.78) 26.68 18.30 26.60 (0.24) 23.76 (1.25)

basis
Hemicellulose %, dry 18.29 (0.90)  20.14 (1.40) 26.70 19.80 18.80 (0.98) 16.07 (1.13)

basis
Lignin %, dry 15.17 (0.64)  6.49 (0.15) 11.92 n.a. 14.20 (0.34) 10.65 (0.22)

basis

CP: Coffee pulp; C/N: Total carbon/ Total nitrogen; N/A: Not applicable; n.a.: Not analyzed.
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Table 4.3 Feedstocks and inoculum characteristics; Mean (S.D.)

Parameter Unit CP CM ADCM ADWAS
TS %, wet basis 6.74 (0.07) 15.36 (0.07) 3.42 (0.01) 3.08 (0.01)
VS %, wet basis 6.43 (0.07) 12.72 (0.03) 2.49 (0.01) 1.98 (0.35)
pH N/A 3.74 (0.05) 6.98 (0.05) 8.06 (0.03) 8.00 (0.05)
TC %, dry basis 44.90 (0.63) 40.27 (0.25) n.a. n.a.

TN %, dry basis 1.64 (0.10) 1.32 (0.11) n.a. n.a.

C/N ratio N/A 27.44 (1.81) 30.66 (2.66) n.a. n.a.
Cellulose %, dry basis 29.63 (0.75) 20.95 (0.73) n.a. n.a.
Hemicellulose %, dry basis 4.25 (0.77) 18.29 (0.90) n.a. n.a.

Lignin %, dry basis 21.15 (0.74) 15.17 (0.64) n.a. n.a.

TAN mg/L n.a. 8.30 (1.09) n.a. n.a.

CP: Coffee pulp; CM: Cattle manure; ADCM: Anaerobically digested cattle manure; ADWAS: Anaerobically digested waste
activated sludge; TN: Total nitrogen; TC: Total carbon; C/N: Total carbon/ total nitrogen; TS: Total solids; VS: Volatile solids; TAN:
Total ammonia nitrogen; N/A: Not applicable; n.a.: Not analyzed.
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Table 4.4 Summary of BMP results; Mean (S.D.)

ADCM ADWAS

CP:CM (g VS) 1:0 4:1 2:1 4:3 0:1 1:0 4:1 2:1 4:3 0:1
SBY (NML/g VSadeq) 381.58  342.86 328.85 302.63 204.09 448.80 377.28 366.86 368.92 27413
gV Sadded (15.93) (5.22) (1.24) (7.78) (2.73) (4.34) (5.10) (27.02) (7.56) (5.55)

SMY (NmL/g 24698 23037 21696 21124  157.83 26613 23346 22855 23880  195.38
VSadded) (10.82)  (3.44) (1.77) (4.60) (2.28) (6.22) (2.34) (17.92)  (L62) (5.34)
Co-digestion N/A 1.01 1.00 1.01 N/A N/A 0.93 0.94 1.01 N/A
performance index, 1

Lag phase, A (days)  1.35 1.54 1.75 1.47 2.41 0.68 0.82 0.40 0.79 5.17
Too (days) 18.8 15.1 21.8 217 30.2 14.0 19.0 20.7 21.8 32.0
Terr (days) 17.4 135 20.1 20.3 27.8 13.4 18.2 20.3 21.0 26.9
Teo (days) 14.0 11.9 14.0 14.0 21.2 6.9 11.2 12.9 15.2 25.2
Terr (days) 12.7 10.4 12.3 12,5 18.8 6.3 10.3 12,5 14.4 20.0

The data are the average of three replicates with standard error. ADCM: Anaerobically digested cattle manure; ADWAS:
Anaerobically digested waste activated sludge; CP: Coffee pulp; CM: Cattle manure; SBY: Specific biogas yield; SMY': Specific
methane yield; VS: Volatile solids; N/A: Not applicable.
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Figure 4.1. Daily methane yields (a,b) and cumulative methane yields (c,d) of co-digestion of coffee pulp and cattle manure at
different ratios (1:0, 4:1, 2:1, 4:3, and 0:1). The figures on the left (a, c) represent the data for ADCM (Anaerobically digested
cattle manure), while the figures on the right (b,d) represent ADWAS (Anaerobically digested waste activated sludge) inocula.
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Figure 4.2. Specific biogas and methane yields of co-digestion of coffee pulp and cattle manure at different ratios (1:0, 4:1, 2:1, 4:3,
and 0:1) and different inocula. The letters above the bar graph denote statistical significance. ADCM: Anaerobically digested cattle
manure; ADWAS: Anaerobically digested waste activated sludge; CP: Coffee pulp; CM: Cattle manure.
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4.2 Performance of anaerobic reactors during phase |

4.2.1 Methane yield

The results of BMP tests of co-digestion of coffee pulp and cattle manure at different mixing
ratios (0:1, 4:1, 2:1, 4:3, 1:0) and two different inocula (ADCM and ADWAS) at mesophilic
conditions are mentioned in Table 4.4. The methane yield was significantly impacted by
inoculum and feedstock mixing ratios (p< 0.001). Mono-digestion of coffee pulp CP:CM
(1:0) gave the best results in both inocula indicating that CP alone is more readily degradable
feedstock compared to CM and different co-digestion mixing ratios. The methane yield for
CP mono-digestion was in great agreement with that observed in other BMP study reported
by Chala et al. (2019). The highest specific methane yield in ADWAS inoculum was 266.13
NmML/g VSadded and that of ADCM was 246.98 NmL/g VSadded. Mono-digestion of cattle
manure CP:CM (0:1) resulted in the lowest specific methane yield in both inocula, 157.83
NML/g VSadded for ADCM and 195.38 NmL/g VSagded for ADWAS inocula. This 24%
increase in the methane yield at ADWAS inoculum could be because ADWAS inoculum is

more prone to degrading refractory components of substrates than ADCM inoculum.

Mono-digestion of coffee pulp CP:CM (1:0) gave the best results in both inocula and about
18 % increase in biogas yield for ADWAS inoculum compared to ADCM inoculum. The
specific biogas yield in ADWAS inoculum was 448.80 NmL/g VSadded and that of ADCM
was 381.58 NmL/g VSadded. Mono-digestion of cattle manure CP:CM (0:1) resulted in the
lowest specific biogas yield in both inocula, 204.09 NmL/g VSadded for ADCM and 274.13
NmML/g VSadded for ADWAS inocula. Since the methane yields for different mixing ratios 4:1,
2:1, and 4:3 were not statistically significantly different, inferences regarding the second-best

result could not be drawn from ADWAS inoculum.
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The co-digestion performance index (CPI) values estimated for the BMP runs from the
observed data ranged from 0.93 to 1.02, showing that co-digestion had no substantial
synergistic or antagonistic effects on the digestibility of CP and CM, regardless of their
mixing ratios and inocula. This suggests that although CP alone and higher mixing ratio of
CP with CM is advantageous in terms of generating higher methane yield, the methane yield

so produced does not correspond well with an improved synergistic effect of co-digestion.

4.2.2 Kinetic Modeling

Kinetic modeling of methane production was performed for all the feedstocks as previously
mentioned. Data modeling for the feedstocks depicts the kinetic parameters estimated by
fitting the modified Gompertz, Chen and Hashimoto, first-order, transfer, cone,
superimposed, modified Gompertz with second-order equation, two-phase exponential, and
multi-stage models to the experimental data obtained from BMP tests. As observed from
Table 4.5, the kinetic models were validated based on the values of error functions (R2 Adj,
RMSE, and AIC) that minimize the differences between experimental and predicted data

(Limaetal., 2018; Adarme et al., 2019).

All models resulted in a R? of higher 0.97, indicating the best fit of the model to the
experimental data. However, R? alone should not be used to validate the suitability of the
model and the combination of R? Adj, RMSE, and AIC values should be considered.
Comparing the quality of fits provided by all the kinetic models evaluated using R? Adj and
RMSE values, it was observed that, on average, the modified Gompertz with second-order
equation model best-fitted the experimental data for methane production. The modified
Gompertz with second-order equation assumes that biogas production occurs in two stages,

readily degradable and recalcitrant (Masih-Das and Tao, 2018). AIC values, on the other
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hand, did not correspond well with the R? Adj and rMSPE values. Based on AIC values, cone
model best fitted the experimental data on average (34.45), for mono-digestion (37.52) and

co-digestion (32.00).

The methane production potential is one of the parameters for validating the model. Among
the nine models used, the multi-stage kinetic model showed the least difference (0.1-5.3%)

between the experimental and predicted methane yield followed by cone model (1.7-10.9%).

Lag-phase time (A) depicts microbial adaptation to the substrates. Lag period of mono- and
co-digestions of coffee pulp and cattle manure was shorter in ADWAS compared to ADCM
inoculum, except in the case of mono-digestion of cattle manure. This could be possible
because ADWAS as an inoculum provides diverse consortia of microorganisms to degrade
the toxic components of coffee pulp. Contrastingly, lag period of mono-digestion of cattle
manure in ADCM inoculum was shorter than in ADWAS inoculum possibly because the
microorganisms in ADCM inoculum could be more acclimatized to degrade cattle manure.
Furthermore, the value of cone constant (n >1) indicates presence of lag phase. The mono-
digestion systems had higher n values in ADWAS compared to ADCM while the co-
digestion systems had lower n values in ADWAS compared to ADCM inoculum. This value
was in conjunction with modified Gompertz and modified Gompertz with second-order

equation models.
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Table 4.5. Summary of Kinetic analysis using different models.

_ ADCM ADWAS
Models Parameter Unit 1:0 41 2:1 4:3 0:1 1:0 41 2:1 43 0:1
Methane
production ML/g VSadded G, 256.89  253.66  223.94 21625  162.80  258.37 22317  221.90  229.90 24811
potential
Difference % 4.01 3.35 3.22 2.37 3.15 3.00 4.61 3.00 3.87 26.99
First-order 1/day K 0.09 0.10 0.10 0.10 0.07 0.27 0.22 0.19 0.15 0.03
kinetic constant
goeff'c.'e“t."f N/A R’ 09888 09862 09895 09908 09908 09747 09679 09934 09832  0.9721
First order etermination
model Adjusted
coefficient of N/A RZAdj 009850 09807 09860 09871 09872 09675 09588 009901 09776  0.9582
determination
Root mean N/A RMSE  11.77 13.35 10.34 9.79 6.88 15.38 14.54 7.13 11.08 13.26
square error
Akaike’s
information N/A AIC 50.38 47.87 48.05 42.91 37.26 60.37 59.25 34.49 49.30 43.19
criterion
Methane
production ML/g VSadded Go 24337 24135 20859 20458 14691  248.00 20574 20839 20449  191.91
potential
Difference % 1.48 1.69 4.01 3.25 7.43 7.31 13.48 9.67 16.78 1.81
Maximum
B methane mL/g VSaise/d  Rm 21.85 21.98 23.00 20.76 14.33 69.77 61.92 45.61 51.15 11.32
Modified  production rate
Gompertz [ ag phase days A 135 1.54 175 1.47 2.41 0.68 0.82 0.40 0.79 5.17
model Coefficient of )
lent N/A R 09949  0.9980 09910  0.9934 09729 09831 09430 09459  0.8978  0.9986
determination
Adjusted
coefficient of N/A R2Adj 09918 09965 09855 09885 009526 09746 09145  0.8918  0.8364  0.9972
determination
Root mean N/A RMSE  6.97 4.57 8.24 6.91 10.15 12.14 19.25 20.06 26.78 3.06

square error
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Akaike’s

information - AIC 45.76 36.30 48.76 42.94 49.08 59.93 69.15 55.98 69.98 29.65
criterion
Methane
production ML/g V Sadded Go 316.33 309.33 273.73 260.28 204.51 290.47 253.42 251.98 266.05 365.82
potential
Difference % 28.08 26.04 26.16 23.22 29.58 9.15 8.55 10.26 11.41 87.23
Chen and
Chen Hashimoto N/A KCH 19.15 18.59 17.27 17.51 21.14 18.06 20.70 150.15 86.38 51.60
and Kinetic constant
Hashimoto ~ Maximum
model specific methane  1/day K 1.87 1.96 1.80 2.05 1.64 6.22 5.84 34.52 16.07 1.36
production rate
Coefficient of ) R’ 09779 09744 09792 09811 009882 09635 09723 009978 09933  0.9681
determination
Adjusted
coefficient of N/A RzAdj 14.28 15.82 12.16 11.61 6.65 17.80 13.40 4.20 6.83 13.65
determination
Root mean
N/A RMSE  316.33 309.33 273.73 260.28 204.51 290.47 253.42 251.98 266.05 365.82
square error
Akaike’s
information N/A AIC 65.85 65.51 62.97 60.57 51.64 73.59 67.91 48.10 52.57 64.59
criterion
Maximum
methane mML/g V Sadded/d Rm 21.85 21.98 23.00 20.76 14.33 69.77 61.92 45.61 51.15 11.32
production rate
Methane
production mL/g VSadded G0 261.78 260.16 222.67 220.31 158.08 259.01 217.55 219.62 217.60 214.86
potential
Transfer Difference % 5.99 6.00 2.63 4.30 0.16 2.75 7.32 4.06 9.74 9.97
model
Lag phase days A 0.22 0.20 0.51 0.24 0.70 0.12 0.26 0.03 0.24 1.28
SOEff'C.'e”t_Of N/A R 0.9849 09797 09913 009866  0.9915  0.9747 09630 09914 09586  0.9653
etermination
Adjusted
coefficient of N/A RzAdj 0.9759 0.9645 0.9861 0.9766 0.9851 0.9621 0.9445 0.9828 0.9338 0.9305

determination
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Root mean

N/A RMSE  11.98 14.34 7.86 9.96 5.67 14.83 15.56 8.02 17.13 14.43
square error
Akaike’s
information N/A AIC 55.50 54.61 47.92 48.77 39.75 63.94 64.89 43.14 61.93 51.37
criterion
Methane
production ML/G VSacded G, 25873  250.72 22397  216.88  166.82 25654  229.63  242.64 26471  200.99
potential
Difference % 4.76 2.16 3.23 267 5.70 3.74 1.67 6.17 10.85 2.87
Cone kinetic 1/day k 0.14 0.14 0.15 0.15 0.11 0.40 0.33 0.25 0.19 0.07
constant
Shape factor n 1.79 2.14 1.84 1.87 161 2.05 1.49 1.12 1.02 271
Cone .
model geoti‘:‘;]clﬁa“ttlgg N/A R’ 09972 09984  0.9997 09997 09961 09923 09811 009985 09932  0.9995
Adjusted
coefficient of N/A R'Adj 09955 09972 09996 09994 09932 09884 09717 09970 09891  0.9990
determination
Root mean N/A RMSE  5.13 4.30 1.38 153 3.97 8.24 11.22 3.33 6.91 1.99
square error
Akaike’s
information N/A AIC 40.23 35.35 16.62 18.80 34.05 52.19 58.35 30.86 45.59 23.62
criterion
Methane
production ML/g VSacded Pk 107.08 12382 11025 13827  88.95 131.09 11817 11319 11919  134.60
potential
Methane
production ML/g VSacded Pomx 14141 12382 11025  78.27 88.95 131.30 11841 11319 11919  134.60
potential
Difference % 0.61 0.90 1.63 251 12.72 1.43 1.34 0.96 0.18 37.78
Superimpo .
sed model Maximum
methane ML/g VSage/d ~ Rnm 0.12 0.23 0.21 0.14 0.08 0.84 0.59 0.01 0.02 0.10
production rate
Kinetic constant ~ N/A K 0.10 0.07 0.06 0.07 0.05 0.08 0.07 0.28 0.27 0.03
Lag phase days A 1.95 231 1.48 223 271 0.80 0.98 7.17 9.57 6.65
Coefficientof R’ 09978 09999  0.9994 09989 09946 09980 09985 009963 09929  0.9995

determination
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Adjusted
coefficient of
determination
Root mean
square prediction
error

Akaike’s
information
criterion

N/A

N/A

N/A

RAdj
rMSPE

AIC

4.57

57.35

107.08

0.99

39.88

123.82

2.18

44.04

110.25

2.94

57.25

138.27

4.68

64.69

88.95

4.27

54.01

131.09

3.18

48.12

118.17

5.62

94.16

113.19

7.37

65.95

119.19

1.86

78.72

134.60

Modified
Gompertz
with
second
order
equation

Specific methane
yield at first
stage

Specific methane
yield at second
stage

Difference

Maximum
specific methane
production rate
First-stage half
saturation time

Lag phase

Coefficient of
determination
Adjusted
coefficient of
determination
Root mean
square error
Akaike’s
information
criterion

mL/g VS

mL/g VS
%
mL/g VS/d

days
days

N/A

N/A

N/A

N/A

le

Ym2

91.26

172.65

6.85

15.85

10.14

1.77

0.9976

0.9936

481

58.28

129.45

141.47

10.39

20.66

11.01

3.51

0.9997

0.9991

1.59

47.44

108.79

137.01

13.29

15.631

16.26

1.73

0.9991

0.9977

2.56

46.91

117.06

130.22

17.07

17.290

19.53

1.84

0.9988

0.9957

3.02

57.68

167.67

64.54

47.13

9.83

36.93

2.31

0.9953

0.9836

4.35

63.51

130.83

151.82

6.21

67.44

6.66

1.01

0.9994

0.9987

2.25

41.22

154.75

108.21

12.63

66.25

10.23

1.16

0.9981

0.9957

3.54

50.30

227.92

24.69

10.53

30.818

5.22

1.34

0.9996

0.9978

1.66

77.14

228.15

51.06

16.92

39.198

9.35

0.92

0.9985

0.9959

3.26

51.27

129.47

128.24

31.90

9.39

45.60

6.57

0.9997

0.9981

1.42

74.90

Two-phase
exponential
model

Methane
production
potential
Methane
production
potential

mL/g VS

mL/g VS

Po2

23.85

233.04

43.29

210.37

34.72

189.22

42

75.97

140.29

25.14

137.66

118.07

243.66

70.29

174.99

113.89

116.70

148.63

96.27

35.18

212.93



Difference
Kinetic rate

constant for first

phase

Kinetic rate
constant for
second phase
Coefficient of
determination
Adjusted
coefficient of
determination
Root mean
square error
Akaike’s
information
criterion

%

day?

day?
N/A
N/A
N/A

N/A

ki

ka

R’ Adj
RMSE

AIC

4.01

0.09

0.09

0.9888

0.9776

11.77

62.38

3.35

0.10

0.10

0.9862

0.9678

13.35

62.80

3.21

0.10

0.10

0.9895

0.9790

10.34

60.05

2.38

0.10

0.10

0.9908

0.9785

9.79

57.84

3.15

0.08

0.08

0.9908

0.9786

6.88

52.20

35.92

0.01

0.29

0.9769

0.9585

14.89

70.01

5.06

0.04

0.29

0.9764

0.9576

12.83

67.04

0.89

0.08

0.35

0.9983

0.9950

3.56

45.79

2.55

0.07

0.40

0.9942

0.9884

6.46

51.58

26.99

0.03

0.03

0.9721

0.9163

13.27

64.19

Multi-stage
model

Accumulated
methane
production in
each stage
Accumulated
methane
production in
each stage
Accumulated
methane
production in
each stage

Difference

Kinetic rate
constant
Kinetic rate
constant
Coefficient of
determination

mL/g VS

mL/g VS

mL/g VS

%
day?
day?

N/A

As

Ass

ki
ka

RZ

0.02

34.47

212.17

0.13

0.22

0.21

0.9986

1.97

1.97

240.13

0.55

0.27

0.21

0.9984

1.00

0.84

214.43

0.32

0.15

0.54

0.9998
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4x10°°

2x10*

210.61

0.30
0.15
0.63

0.9992

3x10°°

4x10°

157.71

0.08
0.10
0.79

0.9961

4.5%x10°°

2x10*

252.67

5.33
1.29
0.42

0.9857

2.32

183.72

59.24

5.06

0.04

0.31

0.9764

2.33

142.87

85.39

0.89

0.08

0.31

0.9983

2.34

122.21

120.36

2.55

0.07

0.40

0.9942

4x10*

3x10*

202.70

3.74
0.11
0.11

0.9934



Adjusted

coefficient of N/A R2Adj 0.9962 0.9943 0.9994 0.9973 0.9864 0.9678 0.9470 0.9900 0.9846 0.9606
determination

Root mean

square error

Akaike’s

information N/A AIC 53.16 62.18 35.00 54.24 61.99 73.45 76.04 87.79 63.58 95.63
criterion

N/A RMSE  3.62 4.00 1.33 2.43 3.95 11.28 12.83 3.56 6.46 6.24

The table represents summary of kinetic analysis at different mixing ratios (1:0. 4:1, 2:1, 4:3, and 0:1) and different inocula for mono-
digestion and co-digestion of coffee pulp and cattle manure. ADCM: Anaerobically digested cattle manure; ADWAS: Anaerobically
digested waste activated sludge; N/A: Not applicable.
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Figure 4.3. Fitting BMP data to (a,b) First-order model; (c,d) Modified Gompertz model; (e,f) Chen and Hashimoto model; (g,h)
transfer model; (i,j) Cone model; (k,I) Superimposed model; (m,n) Modified Gompertz with second-order equation; (0,p) Two-phase
model; and (q,r) Multi-stage model. CP:CM indicate different ratios of coffee pulp and cattle manure by g VS of substrates; ADCM:

Anaerobically digested cattle manure; ADWAS: Anaerobically digested waste activated sludge. The lines indicate model data and
markers indicate BMP experimental data.

49



4.3 Performance of anaerobic reactors during phase 11

4.3.1 Methane yield

Stable operation was only achieved at OLR of 1.0 with an average methane yield of 241.01 +
8.43,58.72 £ 6.49, and 221.63 + 16.76 NmL/g VSadded for CP mono-digestion, CM mono-
digestion, and co-digestion (CP:CM 4:1) respectively. Compared to the results of
biochemical methane potential (BMP), the methane production of the semi-continuous study
for CP mono-digestion and co-digestion are more than 90%, suggesting good performance of
reactor. For CP mono-digestion, the semi-continuous study yielded about 91%; while CM
mono-digestion yielded 30% and co-digestion resulted about 95% of the BMP results.
Methane production recorded in this study was in great agreement with AD reactors fed with
CP reported by Chala et al. (2018). The methane yields for CP mono-digestion and co-
digestion significantly reduced with the increasing OLRs while that of CM mono-digestion
was not different. The methane yields for CP mono-digestion and co-digestion reduced by

23% and 37%, respectively as the OLR increased from 1 g VS/L/day to 1.5 g VS/L/day.

The co-digestion mixing ratio was changed to CP:CM 3:2 from CP:CM 4:1 as a solution to
improve the stability since the CM mono-digestion reactor showed relatively higher stability,
although the lowest methane yield. Furthermore, changing the co-digestion mixing ratio
reduced the methane yield by 33%. This suggests that the inhibitory stage was already
observed for both CP mono-digestion and co-digestion from OLR of 1.5 g VVS/L/day.
Similarly, the stability of CM mono-digestion systems started being unstable at 2.0 g
VS/L/day. As another strategy for the system recovery, the retention time of reactors were

changed from 20 days to 30 days. While it was possible to operate the co-digestion system
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for the duration of 30 days, the methane yield was still low. The reduction in methane
composition and methane yield at high OLR indicates inhibition of methanogens, likely due
to the accumulation of VFA. The performance of the reactors in terms of methane yield, pH,
VFA/ALK, % VS reduction, total and individual VFAS generation are summarized in the

Table 4.6.
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Table 4.6: Summary of semi-continuous study of anaerobic mono-digestion and co-digestion of coffee pulp and cattle manure.

Unit Retention time
20 days 30 days
OLR g VS/L/day 1.0 1.0 1.0 15 15 15 15 2.0 15 15 2.0
System N/A cP CM afi?'v' cP CM &E’SM (C;g'\" CM cP (C4F:’i():'\" cM
Duration days 1-32 1-32 1-32 33-101 33-70 33-70 71-107 71-107 115-139 111-139 127-139
H 7.12 7.26 7.14 6.96 7.08 6.94 7.13 7.04 7.54 7.40 7.44
P (0.05) (0.04) (0.05) (0.08) (0.07) (0.06) (0.06) (0.06) (0.04) (0.02) (0.02)
Methane mL/g 241.01 58.72 221.63 196.20 56.21 162.03 108.99 61.50 82.10 99.12 36.73
yield V Sadded (8.43) (6.49) (16.76) (8.62) (4.50) (13.99) (13.91) (1.33) (13.32) (12.75) (5.46)
CHacontent % 56.16 53.76 57.86 54.57 53.52 53.90 54.44 52.84 52.49 43.44 52.75
(0.50) (0.80) (0.76) (1.19) (0.35) (2.02) (0.00) (0.00) (0.42) (0.75) (1.10)
VS removal % 79.99 89.12 81.07 85.46 86.87 83.57 80.17 81.76 49.69 59.70 73.81
(3.31)  (0.50) (2.58) (0.53) (0.54) (0.62) (0.82) (0.50) (1.66) (1.81) (5.28)
VEA mg/L 45,23 40.31 26.71 615.67 236.58 444,30 123.35 52.98 648.52 209.59 45.47
(2.95)  (5.69) (2.33) (8.78) (76.56) (61.96) (35.34) (25.95)  (130.29)  (38.48) (7.14)
Acetate mg/L 34.08 31.03 21.86 332.84 156.49 331.17 96.89 33.73 375.79 167.47 45.47
(3.56)  (2.33) (1.67) (76.56) (45.68) (98.05) (18.06) (7.26) (7.14) (67.82) (4.32)
Propionate mg/L 6.08 4.20 4.087 146.30 24.14 68.90 13.93 10.20 241.90 33.71 21.35
(2.33) (0.00) (0.34) (61.96) (2.46) (8.90) (0.44) (1.62) (38.48) (4.62) (2.03)
TAN mg/L <2 ?586 353) <2 <2 122 (4) <2 <2 ?24 5527) <2 <2 %(;) :;83)3

815.33  1067.67 842.00 1446.33 1054.67 1105.00 1068.00 1412.00  1902.67 991.00 1344.00

sCOD mg/L (17.39) (3821)  (39.61)  (13568)  (78.23)  (39.85)  (153.07)  (68.79)  (206.12)  (105.83)  (22.54)

OLR: Organic loading rate; CP: Coffee pulp; CM: Cattle manure; VFA: Volatile fatty acids; TAN: Total ammonia nitrogen; TN: Total
nitrogen; sCOD: Soluble chemical oxygen demand. The values in the table indicate average with (Standard deviation)
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Figure 4.6. Daily biogas production for all the systems in the semi-continuous studies. CP: coffee pulp; CM: Cattle manure; SMY:
Specific methane yield; OLR: Organic loading rate; RT: Retention time. The arrows indicate addition of KOH. The blue box indicate
retention time of 20 days while the green box indicate retention time of 30 days.
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4.3.2 pH

pH of the reactors significantly decreased for all the systems as the OLRs increased from 1.0
to 1.5 g VS/L/day (p <0.001) as observed in Figure 4.7. As the optimum pH of AD system
ranges from 6.8 to 7.4, once the pH of the reactors reached 6.80, pH adjustment was done for
CP mono-digestion and co-digestion with KOH, as depicted in Figure 4.8. The pH
adjustment was only done for the CP mono-digestion and co-digestion reactors. Although,
CM mono-digestion always maintained optimum pH condition, there was a slight decrease in
its pH with the OLR increase. pH is an important parameter for early inhibition detection and
depicts the imbalance in microbial activity, especially methanogens. Decrease in pH always
corresponds with decrease in methane yield, however in this study, adjustment of pH still had
no consequence in the improvement of the methane yield or the recovery of the reactors. It is
important to mention KOH addition to CP mono-digestion reactor was two folds more than
that of co-digestion reactor. Furthermore, the sudden increase in pH for all the systems for
co-digestion and CM mono-digestion and CP mono-digestion around days 105 and 115
respectively, is attributed to the addition of biochar. Biochar was added as a strategy for
system recovery; however, it did not cause any improvement. This could be because the
inhibition stage had already started for all the reactors and perhaps, any system recovery

strategy should be adopted early in the AD process and not later.
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Figure 4.7. Comparison of pH within and among different OLRs and systems. The higher the
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represent statistical significance ( p<0.001).
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4.3.3. VFA/ALK ratio

The VFA/ALK ratio is an important indicator of early reactor failure. The VFA/ALK ratio of
over 0.4 indicates reactor failure and hence the reactors were stopped feeding until the ratio
dropped to the values of <=0.3. In this study, the VFA/ALK ratio increased with an increase
in OLR as depicted in Figure 4.9. The VFA/ALK ratio of reactors at OLR of 1.0 g VS/L/day
was about 0.26 £ 0.02 in average which was within the recommended VFA/ALK ratio (0.2)
for a stable reactor. With the increase in OLR from 1.0 to 1.5 g VVS/L/day, the VFA/ALK
ratio raised up to 0.39 £ 0.09 for CP mono-digestion, 0.36 + 0.04 for CM mono-digestion,
and 0.38 = 0.04, respectively. However, this increase still depicted stable operation and
corresponded with the increase in methane production. CP mono-digestion resulted in the
highest methane yield and hence VFA/ALK ratio was higher with lower pH during AD. The
CP mono-digestion and co-digestion systems suffered highly from VFA/ALK fluctuations
throughout the AD process. While changing the retention time from 20 to 30 days lowered
the VFA/ALK ratio briefly for co-digestion, the improvement was not for long-term and

hence the reactor could not be continued more than 30 days.
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4.3.4 Total VFA

The total VFA concentration significantly increased corresponding to the increase in OLRs
(p<0.001). At OLR of 1.0 g VVS/L/day, all the reactors resulted in less than 50 mg/L VFA as
Hac/L and were not significantly different. This, in addition to high pH and low VFA/ALK,
supported stable biogas production. This resulted in minimum variance in VFA production
between different systems. This could be because at OLR of 1.0 g VVS/L/day, all the reactors
were underfed. It is to be noted that under all conditions, the VFA accumulation was the
highest for CP mono-digestion followed by co-digestion and CM mono-digestion, as
expected. Furthermore, the increase in OLR to 1.5 g VVS/L/day resulted in higher VFA
accumulation. There was an increase in high VFA accumulation on day 51 for all the reactors
at OLR of 1.5 g VS/L/day, which corresponded well with the drop in methane yield and pH.
Retention time of 30 days had some positive impact on the co-digestion reactor where there
was significant reduction in the VFA accumulation (p<0.01). However, for mono-digestion
of CP, there was no improvement, which corresponded to the low methane yield and failure
of the system. CM mono-digestion, on the other hand, had no significant VFA accumulation

compared to the other two reactors.

4.3.5 Individual VFA

For all the reactors at all conditions, acetate and propionate were the main VFA components.
At low OLR of 1.0 g VS/L/day, acetate was the main VFA component (60% of total VFA)
followed by propionate. Acetate accumulation is one of the precursors of inhibited
methanogenesis which results in severe process instability from organic overloading
.However, during the high VFA accumulation period, which was concurrent with low

methane yield, higher propionate accumulation was also observed. It is to be mentioned that
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although there was higher VFA accumulation among systems and OLRs, the total and
individual VFA accumulation was still lower than the inhibitory values (i.e., <1500 mg/L for
acetate and <250 mg/L for propionate. Moreover, both acetate and propionate concentrations

in co-digestion systems decreased at higher retention time.

4.3.6 VS removal

The summary of the VS removal of the reactors at all conditions are mentioned in Table 4.6.
With the increase in OLR from 1.0 g VVS/L/day, the VS removal of all the reactors increased
briefly. This especially corresponded well with the increase in VFA accumulation and drop
in both pH and methane yields. However, the VFA accumulation was not conducive to the
stability of the reactors, and hence the methane yields for all the reactors started decreasing.
Increasing retention time to 30 days showed no improvement to the % VS removal which
lowered to about 60% for co-digestion system. The lower VS removal for all the systems
during retention time of 30 days could be because of lack of robust microbial community,
which might have impacted the necessary contact between hydrolytic enzymes with
recalcitrant substrates, when being operated at higher OLRs. However, it does not explain the
increase in VFA accumulation especially for CP mono-digestion, which could be because the

system was highly unstable.

4.3.7 Other parameters

The total ammonia nitrogen (TAN) of CM mono-digestion reactor was < 500 mg/L during all
the periodical analyses. However, in terms of CP mono-digestion and co-digestion reactors,
the TAN was always <2 mg/L throughout AD. This low TAN could be because of the low
total nitrogen content in CP and since co-digestion mixing ratio has higher CP content, the

co-digestion followed the same trend. The sCOD values were highly in agreement with the
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total VFAs. The increase in OLR resulted in higher sCOD values for both CP mono-
digestion and co-digestion which resulted in the higher VFA accumulation. Furthermore, the
increase in sSCOD value for CP mono-digestion corresponds with the increase in VFA at
retention time of 30 days. The same holds true for the co-digestion where decrease in SCOD
agreed with the decrease in VFA. The higher the sCOD in the system, the higher the

disconnect between VFA formers and syntrophs.
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Figure 4.10. Comparison of sCOD at OLR of 1.0 and 1.5 (top left) and retention time of 20 days and 30 days for OLR of 1.5 g
VS/L/day (bottom central). The higher the OLR, the darker the shade of column. The patterned fills indicate retention time of 30 days.
CP: coffee pulp; CM: Cattle manure; sSCOD: Soluble chemical oxygen demand. The letters represent statistical significance.
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4.4 Mass balance of reactors in the semi-continuous study

The results of VS balance represent the VS of digestate, and the VS recovery of the sample
utilized in the forms of CH4 and CO». As observed from Figure 4.11, the VS content in
digestate of CM mono-digestion was the highest followed by the lowest CH4 and CO-
content. The VS balance for CP mono-digestion and co-digestion yielded similar results. The
increase in OLR resulted in 14% reduction in the VS content in digestate for CP mono-
digestion which suggests higher soluble substrate for microbial communities, thereby
improving carbon recovery in the forms of CH4 and CO.. This was in high correlation for co-
digestion at retention time of 30 days where higher VS content in digestate for co-digestion
at retention time of 30 days corresponded with lower sCOD in the digestate. However, for
CP mono-digestion, it was not true which could be because of the high fluctuations of CP
mono-digestion system during retention time of 30 days. Furthermore, the increase in CO>
with the increase in OLR suggests that acetoclastic methanogenesis pathway might have been

utilized.
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Figure 4.12. Comparison of VS balance within and among different OLRs and systems: (a) comparison between systems at OLR of
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4.5 Principal component analysis

Figure 4.13 shows the scores plot based on various parameters. Both figures show PC1 and
PC2, which explained 40.8% and 27.5% of the total variability, respectively. From the plots,
it can be interpreted that the increase in CP content in the co-digestion mixture increased the
total VFA (acetate and propionate) and SMY as seen clustered together. Furthermore, SMY
was correlated with VS removal. However, VS removal was negatively correlated with
sCOD, which holds true as higher sCOD means VFA accumulation which can inhibit VS

removal.

Moreover, the increase in CM content in the co-digestion mixture was negatively correlated
with the total VFA (acetate and propionate) content and SMY. No correlation was observed
between CM content and sCOD and VS removal. Although, pH was positively correlated
with CM content, the contribution of pH to the variance is low. Hence, it can be inferred that
while increase in CP content resulted in total VFA accumulation (especially propionate) but
higher SMY, the increase in CM content led to lower SMY but no inhibition from VFA

accumulation .
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CHAPTER 5
ENGINEERING IMPLICATIONS

AD is a promising technology for producing renewable bioenergy from agricultural
wastes/residues. However, mono-digestion of AD inherits many disadvantages which can be
overcome by anaerobic co-digestion. Few engineering implications can be considered for the

study of AD of CP, CM and co-digestion which are included below:

> In this study, inhibition was observed for all systems after the OLR increase. The two-
stage AD process, one for acidogenesis and the other for methanogenesis, can be a better
solution to acidity caused by elevated concentration of VFA. Both phases should be
optimized for the microbial growth in the individual phase.

» CP mono-digestion and co-digestion, as observed in this study, resulted in high
accumulation of VFA. Hence, CP as a substrate or co-substrate (in higher ratio) provides a
good approach for biohydrogen production. This is achieved through dark fermentation
where operational parameters such as pH and retention time are controlled to inhibit
methanogenesis and produce H.. This has also been observed in a study reported by
Hernandez et al. (2014). The biohydrogen, so produced, can be used in fuel cells to produce
electricity or in internal combustion engines.

> Bioaugmentation could also be an option to improve hydrolysis rate during AD of
agricultural biomass, especially during CM mono-digestion. It should also be noted that
routine bioaugmentation would be more efficient compared to one-time bioaugmentation to
avoid the microbial wash-out. Furthermore, CP also contains other toxic compounds such as
caffeine and tannins, which have been reported to be removed by biodetoxification through

solid-state fermentation using Rhizopus oryzae (Londofio-Hernandez et al., 2020).
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» Co-digestion approach used in this study can also have a higher potential to be used as
soil amendment due to total nutrient levels and nutrient bioavailability. However, the AD
process needs to be optimized to produce stable co-digestate. The co-digestate so produced
can be applied for composting, vermi-composting, mushroom cultivation, and black soldier
fly farming. The co-digestate can also be used for production of biochar which can then be

used for a wide array of environmental applications.

Thus, the optimization of CP mono-digestion and co-digestion systems need to be conducted
in AD based biorefinery concept for the generation of biogas as well as biobased products

concurrent with waste remediation as a sustainable approach.
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CHAPTER 6
CONCLUSIONS

Maintaining stable conditions for CP mono-digestion, CM mono-digestion and co-digestion
systems was particularly challenging at high OLRs. This could be due to the microbial wash-out
at lower retention time (20 days). Furthermore, the VFA accumulation during CP mono-
digestion and co-digestion systems due to higher share of CP could result in kinetic and
thermodynamic imbalance between VFA-producing fermenters and VFA-consuming syntrophs.
Although the strategies such as pH adjustment using KOH, changing the mixing ratio of CP:CM
from 4:1 to 3:2 (by VS), and increasing the retention time from 20 to 30 days were conducted, no
long-term improvement in methane yield or stability in the reactors were observed. The major

conclusions of this study are:

» The OLR increase from 1.0 to 1.5 g VS/L/day resulted in proportional increase in total
VFA concentration, VFA/ALK ratio that caused reduction in pH, which served as early
warning indicators for AD processes.

» During inhibitory stage, accumulation of acetate and propionate was observed for CP
mono-digestion and co-digestion systems. Rapid accumulation of acetate corresponded with
the reduction of methane yield which is indicative of methanogenesis inhibition and potential
reactor failure.

» Mono-digestion of CP and co-digestion in this study was limited to OLR of 1.5 ¢
VS/L/day. CM mono-digestion was, however, operated until OLR of 2.0 g VS/L/day during
which inhibition stage started.

» pH adjustment was only helpful for maintaining the optimum pH range and provided no

benefit to long-term solution for the stability of system. CP mono-digestion required two
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times more addition of 1M KOH than co-digestion which suggests that addition of manure
was beneficial at supplementing alkalinity to the system.

> Increasing retention time to 30 days decreased the VFA accumulation in co-digestion
system, however, the methane yield was still low, and the system could not be operated for
more than 30 days, suggesting accumulation of other inhibitory compounds, and reduced

microbial communities.
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CHAPTER 7

ENERGY PRODUCTION ESTIMATION

Energy production (Ep) estimation was performed to evaluate the feasibility of coffee pulp
mono-digestion and co-digestion in the Waialua estate coffee and chocolate farm (Honolulu,
Hawaii). Coffee cherry yield per acre was estimated to be 3999 pounds per acre for the season of
2020-21 (USDA, 2017). Based on the total acres of land for coffee farming in Waialua estate
coffee and chocolate, about 770 kg of cherries were generated per day. Since, coffee pulp
accounts for 43.2% of total weight of coffee cherry (wet basis), about 331 kg/day of coffee pulp
was estimated to be produced. For coffee pulp mono-digestion, considering the stable methane
production from this research study at OLR of 1 g VS/L/day and HRT of 20 days, about 25 kWh
of net energy in the form of electricity and 55 kWh of net energy in the form of heat could be
produced daily. The total Ep in the form of combined heat and power (CHP) was observed to be
80 kwh/day. Furthermore, 194 kg/day of digestate could be produced which can then be used for

composting or other land applications.

Similarly, for co-digestion (coffee pulp: cattle manure at 4:1 by VS basis), the total Ep in the
form of CHP was observed to be 70 kWh/day, with 205 kg/day of digestate production. Only
14% increase in net energy output was observed for CP mono-digestion compared to co-
digestion. Hence, through this crude analysis, it is demonstrated that it might be feasible to co-
digest manure along with coffee pulp as a multi-waste management concept. This seems
especially possible for small state like Hawaii where ranches are in close proximity from coffee

farms.
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Figure 6.1. Energy production estimation of CP mono-digestion in Waialua Estate coffee and chocolate. CP: Coffee pulp; OLR:

Organic loading rate; HRT: Hydraulic retention time; CHP: Combined heat and power.
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Figure 6.2. Energy production estimation of co-digestion (CP:CM 4:1) based on coffee cherry yields of Waialua Estate coffee and
chocolate and CP:CM ratio evaluated in this study. CP: Coffee pulp; CM: Cattle manure; OLR: Organic loading rate; HRT: Hydraulic
retention time; CHP: Combined heat and power.
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CHAPTER 8

FUTURE RESEARCH DIRECTIONS

Based on the crude energy production estimate, anaerobic mono-digestion of CP or co-digestion
with CM has been understood to be feasible in the coffee farms. However, there have not been
enough research studies analyzing coffee pulp feedstocks. Hence, from the findings of this
research study, following research directions are recommended for the future studies of mono-

and co-digestion of CP and CM:

» The CP characteristics analysis needs to be done to get a comprehensive profile of the
inhibitory components during mono-digestion and co-digestion. As CP contains toxic
compounds such as polyphenols, it is essential to analyze their content throughout the AD
process.

» Fiber analysis needs to be done to analyze the content of cellulose, hemicellulose, and
lignin reduction in each condition. As hemicellulose is easily degradable compared to
cellulose and lignin, hemicellulose content corresponds to higher methane generation.
Therefore, it would be interesting to see if the inhibitory stage observed in this study was due
to accumulation of inhibitory compounds such as cellulose and lignin.

» Since enzymes are required for hydrolysis, enzymatic activity assessment of the inoculum
before using it as inoculum for AD reactors might also provide a better approach to ensure
suitable inoculum selection.

» Microbial analysis needs to be carried out to get a definite answer on the change in
microbial structure and function throughout the AD process. It would be interesting to see the

differences in microbial communities between mono-digestion and co-digestion systems.
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» Furthermore, correlating the change in microbial community structure with operational
parameters would help to elucidate the factors that can be controlled to improve the

robustness of microbial communities in a bio-engineered system.
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APPENDIX A
EXPERIMENTAL SETUP

(b) Cattle manure

Figure A.1. Collection of feedstocks.
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Figure A.2. BMP bhottle setup.
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Figure A.3. Bench-scale semi-continuous reactor setup.
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APPENDIX B
ADDITIONAL DATA ON REACTOR PERFORMANCE
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Figure B.1. % TS trend in the semi-continuous study. CP: Coffee pulp; CM: Cattle manure; TS: Total solids; OLR: Organic loading
rate; CM: Cattle manure; RT: Retention time.
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APPENDIX C
PUBLICATIONS AND AWARDS

Peer-reviewed publications:

> Chuenchart, W., Karki, R., Shitanaka, T., Marcelino, K.R., Lu, H., Khanal, S.K., 2021.
Nanobubble technology in anaerobic digestion: A review. Bioresour. Technol. 329, 124916.

> Karki, R., Chuenchart, W., Surendra, K.C., Shrestha, S., Raskin, L., Sung, S., Hashimoto,
A., Khanal, S.K., 2021. Anaerobic co-digestion: Current status and perspectives. Bioresour.
Technol. 330, 125001.

> Karki, R., Chuenchart, W., Surendra, K.C., Sung, S., Raskin, L., Khanal, S.K., 2021.
Anaerobic co-digestion of various organic wastes: Kinetic modeling and synergistic impact
evaluation. (Submitted)

> Recovery strategies for inhibited anaerobic digestion systems. (In progress)

Conference:
Karki, R., Chuenchart, W., Surendra, K.C., and Khanal, S.K.*. Anaerobic co-digestion of coffee
pulp and cattle manure for enhanced biomethane production. 2021 International Conference on

Sustainable Biowaste Management, April 12-14, 2021, Hong Kong SAR, P.R. China (Poster

presentation).

Award:

Outstanding Poster Award, International Conference on Sustainable Biowaste Management,

2021, Hong Kong SAR, P.R. China (2021).
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