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Abstract

The optimization of bio-CH4 production from spent coffee grounds (SCGs) using anaerobic sludge
(AS) under different inoculum-to-substrate ratios (ISRs) using solid-state batch-fed anaerobic digestion (AD)
reactors was tested. All reactors were operated under mesophilic conditions (37 °C) and run at least in
duplicates. The working volume was fixed at 400 + 20 mL. The initial moisture content of the SCGs was
measured at 58.4%. The tested ISRs were 0.5, 1, 2, 3, 4, 5, and 6 on a volatile solids (VS) basis (g VSas /g
VSsces). The biomethane potential (BMP) was determined after subtracting the blank AS BMP. Reactors
with an ISR of 2 (8g VSas 4g™! VSscas) showed the highest cumulative BMP of 1401 + 137 NmL CH4. However,
reactors with an ISR of 6 (8g VSas 1.33g! VSscas) exhibited the highest specific BMP of 533 £ 22 NmL CHz g
1VSscss. The lowest was attributed to reactors with an ISR of 0.5 with a BMP of 271 + 12 NmL CHz g VSsces,
where after 41 days, anaerobic bioprocesses had not yet ceased. Placed in descending order of specific
BMP, it follows ISR 6 >1ISR4 >ISR3>ISR5>ISR 2 >ISR 1> ISR 0.5. Linear regression showed a clear trend
between the achievable BMP and the ISR used. No pretreatments were applied to enhance
biomethanation. Microbial growth was modelled using the modified Gompertz equation and showed a
near perfect fit to the model (R? = 0.98 to 0.99). The hydrolysis constant (ki) at ISR 0.5 was revealed to be
as low as 0.02 days™, and assumed to be inhibited by high VFA concentrations, especially propionic acid.
The VS reduction was 76.2 £ 12.6% in ISR 0.5 reactors. The COD removal efficiency was 61.6 £ 3.2% in ISR
1 reactors. A total of 5881 kgs of SCG were produced in 2018 at the University of Stavanger (UiS). This can
yield an average of 39088 MJ of heat and 369 kW. of power yearly. This enables SCGs bioprocessing in

sustainable AD biorefineries whilst maintaining the integrity of their circular bioeconomy.
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§1 — Introduction

This section briefly touches upon and introduces some of the elements of this thesis, giving a

general overview as to why this master’s thesis is conducted and what it aims to achieve.

§1.1 — Comprehensive and Brief Overview

The world is changing at an alarming rate. Global population increase, climate change, the
exhaustion of natural resources, and the accessible need for energy, fuel, and resources are only a few of
the challenges we are faced with today. Scientists are exploring appropriate solutions for problems in the
fields of SWM and green/renewable fuel and energy. A proposed method for achieving and implementing
solutions is by examination of the circular bioeconomy and LCA of such wastes. [1] clarifies how a circular
economy differs from a ‘linear economy’ such that wastes from resources are viewed and treated as
resources in of themselves and can be utilized rather than discarded unethically. According to [1], circular
economies are often referred to as “Resources Circulated Economies” which inflict no adverse effect on the
environment, or in some cases, can reverse adverse environmental effects.

It is projected by [2] that the world is looking at an astonishing 2.2 bn tons of MSW per year at a
quote of 1.42 kg MSW capita* day™* by 2025. This comes at an approximate 120% increase from just 2002.
It is forecasted that these numbers will continue to aggressively increase past 2025 if no coherent policies
are applied to subdue them. Household, industry, business, and even agricultural solid wastes end up being
disposed of in incorrect ways, such as incineration and/or landfilling which wildly produce uncontrolled
GHGs. Only some waste ends up being composted, recycled, or utilized in ways that promote
environmental and sustainable biorefineries. MSWs can be separated and exploited as a driver in the shift
towards a sustainable circular bioeconomy to produce a plethora of demanded products. According to [2],
countries such as China, Nigeria, and India, specified as low to middle income, will be hit the hardest in
their fight against waste. But these countries also have the highest potential for using their waste as a
resource. The issue of SWM ties closely to that of water pollution, poverty, air pollution and even branches
into a country’s social condition. An estimated 1,460 mtCO,e of GHGs come directly from the disposal of
MSW worldwide. While the majority of the world is in an uptrend, Europe is in a downtrend. The EU’s
numbers fell from 69 to 32 mtCOze from 1990 to 2007 [2], which is most probably attributed to the
optimistic ‘glass half full approach they have embraced in fighting global carbon reduction and climate

change through implementing and monitoring effective policies.
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GHGs and global climate change have become major news headlines worldwide. Over the course
of the 20™" and 21t century, the heated debate over climate change has made way into our daily lives.
Some people acknowledge it, some do not. Nonetheless, here are the facts according to the IPCC AR5. [3]
clearly expresses that anthropogenic GHG emissions are at their sharpest in accounted history and that this
can weigh heavily on natural systems and societies. The AR5 shows a substantial increase in CHs4, N20O, and
CO> from the 1950s onwards and a collective increase in global ocean and land temperatures. The rise in
CO> alone attributes to a pH increase of 0.1 across all open ocean surfaces, (a massive increase bearing in
mind the combined volume of the oceans). The sectors with the highest GHG emissions are the electricity
and heat, transportation, and agricultural or land-use sectors summing up at 30870 MtCOe in 2010 alone
[3]. However nowadays scientists and researchers are working coherently on technologies such as oceanic
and biochar CCS, CCU, as well as waste biomass valorisation to biofuels and VAPs in anticipation of pushing
us further away from our dependence on crude oil and petrochemical refineries and inching closer to
sustainability through biorefinery novelties.

[4] defines biorefineries as the practical approach for applying a sequence of biotechnologies,
ideally to produce biofuels, biopower, biomaterials, and biochemicals through series of chemical and
physical conversions of waste biomass. Simply put, biorefineries function similarly to petrochemical
refineries with the exception of using biomass as a feedstock instead of crude oil. With a worldwide
adopted positive attitude and an abundance of biomass and municipal organic waste, development in the
field of biorefineries green chemistry has excelled in order to shift us away from premature linear
economies and adopt newer more robust approaches [4]. Some of the basic biorefinery processes and
systems found today are pyrolysis for the production of bio-oil, biochar and syngas, fermentation for the
production of ethanol, and finally AD for the production of bio-CHs and bio-H;. These are but a few
pathways for a biorefinery approach to valorize biomass to biofuels or VAPs. There is however more
complex methods for more selective bioproduction processes.

SCGs are a biomass. They can be found in substantially large quantities around households, cafes,
hotels, factories, and businesses due to the high demand which has infiltrated our lives worldwide. To the
full extent of the authors knowledge, SCGs are not qualitatively separated as an independent waste stream
on the grander scale until now. Research on the valorisation of SCGs have been proposed and documented
by [5], [6] and [7]. SCGs can be converted into biofuels (biogas, biohydrogen, biodiesel, and bioethanol),
biomaterials/biochemicals (biochar, biopolymers, compost, and bioactive compounds) and more
specialized VAPs [7]. SCGs contain a fusion of over 1000 compounds [5] which can function as feedstocks

for individual biorefineries. Certain chemicals are extremely resistant to breakdown and require large
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amounts of Oz and time to degrade, even then their residuals can be highly toxic to the environment they
leach into. Essentially, SCGs are a prime resource of carbohydrates, proteins, lipids, phenolics, and minerals
[6] which make them a prime candidate for biorefinery research options such as AD.

AD is a relatively old technology which utilizes natural occurring phenomena. It is established with
known fundamentals in the areas of research and industry [8]. The current scientific stance on AD is to
utilize its underlying theory and diverge research into combining/orienting numerous process parameters
for increased process efficiency, optimization, and stability depending on the substrate or co-substrates
used [8]. With the developing paradigm shift of the 21t century and the ever-growing problem of waste
and energy, scientists are pushing forward waste-to-wealth technologies such as AD to overcome [9].

The research surrounding SCGs AD dates back to 1983, when it was first considered as a substrate
for bio-CHa production by [10]. Research has come a long way suggesting the AD of SCGs to aid in the
mitigation of this waste which can firstly provide biobased fuel resources, and secondly limit the damage
such waste has on the environment. This innately cranks the shaft that propels us onto a circular renewable

platform for the biorefinery of SCGs biomass.

§1.2 — Research Objectives

A total of four (4) research objectives are to be achieved by this research (as listed below).

a) Determine and calculate the BMP of SCGs in batch mode AD using the AMPTS Il system for
optimized bio-CH4 production by adjusting the ISR.

b) Evaluate the system COD mass balance and determine the VS and COD reduction as well as
the degree of biodegradability at the selected ISRs.

c) Use the modified Gompertz model and the first order hydrolysis model to model BMP and
degradation kinetics at the selected ISRs.

d) Evaluate the theoretical annual CH4 energy output by the AD of SCGs produced at UiS campus

Ullandhaug, Stavanger, Norway.

$1.3 — Word Cloud

The word cloud below (see figure 1.1) represents some of the issue being addressed in this research

and can be considered as a broad generalization of key words associated with this thesis and corresponding

subjects.

3 SEMAAN, Georgeio —(247997)



s
S é
& Carbohydrates 4,
S “:J Ctgrbon Dioxide%gy \S‘,,é‘%
¥ o’?‘\\: ?fa?\‘l%l‘:'lle Added Product “2%,

Figure 1.1 — Word Cloud associated with this research thesis.
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§2 — Literature Review and Theoretical Background

This section will describe, investigate, and explain the underlying theories and terms featured in the
introductory word cloud; figure 1.1. This section intends to act as a focused hub of information on previous
research and theories around AD, SCGs, and more. More importantly, this literature review acts as a

reference point throughout this thesis to describe and tessellate the results and discussion section.

$2.1 — Anaerobic Digestion

A biological waste treatment approach, AD is the title given to the controlled biochemical process
by which a consortia of anaerobic microorganisms break down biodegradable organics in an O, deprived
environment [8], [11]. The fate of electrons in anaerobic systems differ from that of aerobic systems
primarily in two ways. First, anaerobic respiration by Clostridium, Pseudomonas and Streptococcus species
(to name a few) [12], utilize electron acceptors such as nitrate (NOs’), sulfate (SO472), and ferric iron (Fe3*)
instead of O [13]. Second, anaerobic respiration produces considerably less ATP as opposed to aerobic
respiration due to a lower ORP [13], which is why aerobic systems produce more sludge than anaerobic
systems as the produced ATP is primarily funneled into microorganism growth and respiration [14] (see

figure 2.1). Table 2.1 expresses the main advantages and disadvantages of AD operations.

Biogas
60-85%
coD
Biomass
30-60%
In ) Cut In . CoD
100% Agf';’;ff 10-20%  ¥S.  100% — anrg::i
CoD = coD CcoD o CO5 + Ha0
40-70%
coD
Biomass
5-20%
CoD

Figure 2.1 — Distinctions Between Aerobic and Anaerobic Processes (COD Balance Shown) [14], [15].

Table 2.1 — Advantages and Disadvantages of AD Processes.

Advantages Disadvantages

e Reduction of organic-based wastes [16]. e High CAPEX and OPEX [16].
e Waste can be co-digested. Offers higher BMP and || e Heavy metals, ammonia, and other inhibitors can

enhanced quality of CH4[17]. decrease the BMP and lead to reactor failure [18].
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e AD coupling for two-stage processes which can produce || ¢ Requires a stable/constant flow of feedstock into
biohythane (CHa and Hz) as products [19]. digestors to ensure process stability [16], [9].

e Circular bioeconomy through biorefinery/bioenergy || e AD facilities can decrease real estate properties
option. Reduces GHGs [16]. value due to fouls odors of digestion [17].

e Processing costs for post-treatment of digestate.
e Upgraded biogas can serve as natural gas and be injected
Processing  costs  for  pre-treatment  of
into natural gas grids. Digestate can be separated into
feedstock/substrates. Post-processing costs to
H>0 and soil fertilizer [9].
upgrade biogas. [9].

—

Biodegradble Complex Organic Structure ]

v l Hydrolysis
Carbohydrates

Y
Simple Sugars =T Amino
Acids

Y

l Acidogenesis

—

Acetate, Butyrate, Valerate, Propionate, and Hp ]

A 4 i

Acetate, CO,, and H,

l Acetogenesis

—

Methanogenesis
L\ 4 l l ¢

[ Acetoclastic ] [ Hydrogenotrophic ]
[ Biogas = 50 - 75% CH, and 25 - 50 CO» ]

Figure 2.2 — Overview of the Main Biochemical Reactions Involved in AD [20].

Essentially the idea is to inoculate certain feedstocks with anaerobic biomass under certain process
parameters and conditions (see sections §2.4 and §2.5) to maximize COD elimination and CHa recovery. AD
is used mainly to reduce feedstock undesirable effects, by reducing their COD and second, bio-converting
this COD into biogas which can be upgraded in gas processing facilities to yield bio-CHa4. Principle
components such as carbohydrates, proteins and lipids and others are eventually oxidized by a sequence
of biochemical conversions (see sections §2.1.2 to §2.1.5) (see figure 2.2) into subsequent biogas, which
can be collected, processed and used as biofuel (see section §2.1.6). Using a mixed cultured inoculum is

more reliable as it is somewhat already acclimatized to a certain limit of inhibitory compounds without the
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need for pure culture adaptation strategies [32]. The complete and theoretical degradation of feedstocks

can be chemically calculated by the Buswell and Boyle equation (1952) (see equation 1) [21].

b ¢ 3d e
CaHbOCNdSe + (a————+—+—) HZO

(a+b c_3d e) (a b+c+3d+e)co + dNH, + eH,S
278 4 g a) T 3783 g Ty M2 3 T ez

Equation 1 — Buswell and Boyle Equation for Complete Anaerobic Degradation (Including N and S) [21].

The future of AD and biogas is optimistic. Initially, AD has been investigated to primarily treat
organic sewage sludge from WWTPs and animal manure. Recently the utilization shift to treat other sources
of waste such MSW, lignocellulosic biomass, and other organics has increased [22], [23]. AD is being
explored as an appropriate solution to the ever-growing problem of environmental wellbeing. The USA and
China dominate research in AD-related endeavors. Between 2016 and 2017, these 2 superpowers
contributed 11.8% and 29% to research outcome, respectively [24]. Market research suggests that the
global biogas market is on an uptrend and will be sized at 110 bn USD by 2025. A 40 bn USD increase with
a 7.0% CAGR between 2018 and 2025 [25]. Similarly, the European market share for AD is expected to
increase with a CAGR of 7.8% to reach over 75 bn USD by 2026 [26]. Both CAGR rates and global market
shares are expected to continue increasing after their forecasted periods. Linking such opportunistic trends
with the increase in AD research, we can somewhat envision the role AD plays in the near to long term
future. [24] calls for additional research related to the pretreatment of biomass (lignocellulosic), kinetic
modelling, LCAs, case studies, and the optimization and monitoring of processes to incentivize policy

makers and investors to consider AD biorefineries for a circular bioeconomy [27].

§2.1.1 — BMP, Feedstocks, and Pretreatments

BMP experiments are aimed at quantifying the degree of anaerobic biodegradability of a specific
substrate or co-substrates (with known compositions), depending on parameters such as carbohydrates,
proteins, lipids, and fibers within the waste [28]. Therefore, a precise BMP is crucial to determine design,
financial, and management issues in feasibility studies of a new AD plant [29]. The incoming substrate to
an anerobic digestor reactor is called a ‘feedstock’. Issues such as reactor souring, BMP, degradation
kinetics, biogas composition, COD reduction, and energy balances are dependent on the feedstock being
fed into AD reactors and reason the overall feasibility (and lifetime) of an AD reactor. Before building
industrial scale operations, laboratory BMP tests for substrates have to be assessed to determine any and

all inhibitory effects that will eventually lead to reactor failure. Then, pilot scale models are built and
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operated to judge if the process is feasible at even larger scales. On top of that, BMP test trails are essential
for LCAs to determine whether a feedstock is at all appropriate for AD or better suited for other
bioprocesses/biotreatments in their circular bioeconomies.

Almost any organic substrate can be degraded under AD, but this should be taken with a grain of
salt. Some feedstocks serve as excellent substrates with high a biodegradability whilst other are more
tedious and expensive to work with. Substrates classified as lignocellulosic (see section §2.1.1.1) can be
quite problematic due to their sluggish degree of biomethanation i.e. (low BMP) and their recalcitrant
nature (low biodegradability) [30]. This means that they normally require pretreatments, which is a
separate added process, implying added cost and energy into the overall picture.

For the purposes of this experimental thesis, SCGs were employed as the sole substrate for their
laboratory scale batch AD using the AMPTS Il system provided by BPC, Lund, Sweden. SCGs are a solid FW
that have a lignocellulosic nature. The results from these BMP tests were used to draft up a preliminary

heat and power survey for the AD of SCGs generated at UiS campus Ullandhaug (see section §2.6).

§2.1.1.1 — Lignocellulosic Biomass

Scientists have agreed on the importance of lignocellulosic biomass for a broad variety of VAPs
obtained by direct or indirect biorefinery options. Lignocellulosic biomass is the world’s most abundant
natural material. It can be found in agricultural residues, crops, tree wood, and MSW fractions [31]. SCGs
too are of a lignocellulosic nature. Lignocellulosic materials are exploited for their carbohydrate content,
mainly for bioethanol and biogas manufacture [32]. Lignin shields holocellulosic fractions (cellulose and
hemicellulose) rendering them inaccessible for processing. Therefore, pretreatment methods may be
applied to retain the maximum potential from these biomass. The main ‘take home concept’ is that
pretreatments are used to make alterations in the structure of lignin thereby releasing cellulose and
hemicellulose portions. Thereafter, hemicellulose can dissolve and cellulose can be hydrolyzed more
effectively by hydrolytic enzymes generating high sugar yields [32]. Fractions of lignin, hemicellulose and
cellulose widely vary between species. LCH intertwined structures are oriented as shown in figure 2.3.

Lignin stems from a class of phenolic organic polymers which is vital for plant health. It provides the
support and structural rigidity in their cell walls, which tightly forms a shield layer around internal plant
tissue from outsider influence such as microbial infiltration, Oz, and H,O [32]. Lignin content varies but is
within the range of 15 to 40% dry weight [33]. The higher the lignin content in a feedstock the more
opposed it is to hydrolyze. Lignin begins solubilizing at temperatures of 160 to 180°C and breaks down into

its principle phenolic monomers. Phenolic lignin monomers greatly inhibit the activity of methanogenic
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archaea or bacteria, hence negatively affecting the BMP [32]. A double-edged sword argument raises itself
here; how do we pretreat lignocellulosic biomass enough to release their components yet at the same time

hold the structural integrity and limit the formation of inhibitors. This is why [24] calls for research in the

quality of pretreatment methods.

Lignin

()
-8
=
o
@
o

field of feedstock pretreatment to better formulate and understand such events in order to improve the

|
A ¢

Figure 2.3 — Demonstrational schematic of lignocellulosic biomass before and after pretreatment [30].

Hemicellulose is a plant cell wall polysaccharide which acts a medium of connection between
biomass lignin and cellulose segments. Hemicellulose covers approximately 25 to 35% dry weight of all
heterogenous polysaccharides in a lignocellulosic biomass [34]. Hemicellulose is comprised of primarily C5
(xylose and arabinose) and C6 (galactose, glucose, and mannose) oligosaccharides alongside a minimal
concentration of organic acids [32]. They exhibit in polysaccharides viz. xylans, xyloglucans, B-glucans and
mannans [35]. Hemicellulose consists of shorter biopolymers hence embedding in it the ability to be easily
hydrolyzed [32]. Upon thermal treatment of hemicelluloses, the organic acids detach, solubilize, and acts
as a catalyst for further polysaccharide hydrolysis. This acidic environment is more prone to be infested
with inhibitors of the solubilization of hemicellulose and lignin. A powerful pretreatment can lead to the
formation of furfurals, 5-HMF, vanillins, and other phenolic and heterocyclic inhibitors [32], [36]. Inhibitory
compounds can lead to severe negative consequences on subsequent downstream processes, such as low
BMP [36], low CHa4 concentrations, and can even end CHas production [32]. The solubilization of
hemicellulose has proved in of itself an aid to further hydrolyze cellulose. Hemicellulose research is still in
its young stages but indicates to be of value for the production of biobased VAPs from lignocellulosic
biomass [34]. [37] validates that concentrations of 0.6 g 5-HMF L™! was enough to discontinue biohydrogen
production from galactose and enough to restructure the microbial community composition completely.

The cellulose content in biomass is the most variable, and the most unpredictable. Records of 9 to

80% cellulose by composition have been recorded [38]. Cellulose has the empirical formula (CsH100s)n. It is
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an arrangement of a-D-glucose monomers connected by B-1,4 glycosidic bonds. Glucose molecules are
naturally arranged in crystalline/organized structures interwoven into amorphous/non-organized
structures. The degree of arrangement between the organized to non-organized monomers gives the
overall crystallinity of cellulose in a biomass [32]. The tough or recalcitrance nature of lignocellulosic
biomass is attributed to a high degree of crystallinity of cellulose within the lignin-hemicellulose-cellulose
matrix [36]. Reduction of cellulose crystallinity to the amorphous form allows for a more coherent
degradation by enzymatic hydrolysis [36]. Enzymatic hydrolysis, by cellulases, promote the conversion of
cellulose into monomeric glucose which in turn are biochemically converted much quicker and more
efficiently by bacterial fermentation into biogas and other bioproducts [32].

Due to the variability in the composition of the main building blocks in biomass viz. researchers have
been able to use data sets and statistical modelling to predict the influence of varying LCH matrix
compositions on the biodegradability, solubility, and BMP via mathematical correlations [39], [40], [41].
[39] demonstrates this by using a PLS factors prediction model. The BMP of a particular substrate or co-
substrate can be predicted to a high relative degree of accuracy given the lignin and BOD parameters. [41]
proved, by the use of statistical analysis, that the BMP and biodegradability potential of a substrate can be
predicted from the lignin content as an independent variable. [41] also suggested that cellulose and lignin
can be both used as independent variables to determine BMP and biodegradability due to the high R? of
their model. [40] validates this too by using a canonical linear mixture model. The predicted BMP of a
substrate (pBMP) can be forecasted using the composition of cellulose, hemicellulose, lignin, and residuals
as Xc, Xu , XL and xgr respectively, where xc, x4, XL and xg are equal to 1, (see equation 2). The lignin fraction
(xL) is hindering the BMP (due to the negative sign) as seen in the correlation proposed by [40].

The concentrations of lignin, hemicellulose, and cellulose in SCGs play a significant role in their
digestion. By freeing up hemicellulose and hydrolyzing cellulose fractions, pretreatments will allow for an
improved BMP as well as increased process kinetics. The key is to link optimized pretreatment conditions

for the highest levels of bio-CH4 conversion.

pBMP = 378x; + 354xy — 194x; + 313x;

Equation 2 — Predicted BMP Equation Proposed by the Canonical Linear Mixture Model [40].

§2.1.1.2 — Pretreatment Method's

Pretreatment continues to be a hot research topic in the field of SWM and lignocellulosic biomass,
not only for AD but a wide variety of biorefinery approaches. Pretreatment can essentially be grouped into

3 main categories; physical, chemical, and biological as per [42]. In the case of AD, it is essential to combine
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digestion with pretreatments of SCG substrates in order to evaluate the trade-off between the OPEX of
processing and the overall BMP achieved, whilst maintaining a stable digestion. Listed below are some of
the main pretreatment strategies available alongside their mechanism of action (table 2.2). Also, presented
are some of the few pretreatment strategies employed by various researchers today to improve the BMP
of their substrate (table 2.3). Table 2.3 reasons that pretreatments are important methods that can be

utilized for boosting the BMP.

Table 2.2 — Some Lignocellulosic Biomass Pretreatment Strategies and Their Corresponding Mechanism of Action.

Pretreatment

Method Category Mechanism of Action References

Reduces particle size and increases surface area. Reduces degree
Milling Physical | of crystallinity in cellulose. More efficient when combined with [43], [44]
other pretreatments.

Improved enzymatic hydrolysis rate. Enhanced breakdown of the

M|crqwf’ave Physical | crystalline structure of cellulose into glucose. Solubilization of [42], [43]
Irradiation . . . . )
hemicellulose. Paired with acid or alkali pretreatments.
Hydrothermal Pierces into the biomass and hydrating cellulose as well as
(Liquid Hot Physical | solubilizing parts of lignin and hemicellulose. More efficient when [42], [45]
Water) combined with hydrolytic enzymes.

Near 100% saccharification and solubilization of hemicellulose.
Acid Chemical | Cellulose is more prone to enzymatic hydrolysis and microbial [43], [46]
degradation. Acid can be recovered.

Cleavage of the lignin-holocellulose bonds. Disruption of the lignin
Alkali Chemical | structure and its polymerization degree. Increasing functional [43], [47]
surface area by swelling.

Sudden venting of high pressure causes implosive
Chemical | decompressions in the biomass, which solubilizes hemicellulose [43], [48]
and parts of lignin.

Steam
Explosion

Lignin undergoes oxidative cleavage by free radicals.
Wet Oxidation | Chemical | Hemicellulose is broken into sugars and then to organic acids. [43], [49]
Amorphous cellulose is hydrolyzed.

Heterotrophic fungi species degrade lignin and hemicellulose (as
Fungal Biological | their C source) allowing cellulose to be accessible to hydrolytic [43]
enzymes.

Cellulase and hemicellulase enzymes aim to increase the
Enzymatic Biological | solubilization by increasing the hydrolytic activities of cellulose [43]
and hemicellulose.

Generally speaking, biological pretreatment methods are the more environmentally friendly but are
not merely in competition with other pretreatments such as chemical or physical. The cost, retention time,

selectivity, and efficiency of biological pretreatments methods weigh in heavily on their feasibility for
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industrial scale AD of lignocellulosic biomass [43]. Usually, pretreatments work better when combined.
Usually in the form of physical/chemical or physical/biological. Most pretreatments can be utilized at higher
temperatures to increase reaction kinetics and pretreatment efficiency. However, this may lead to the
formation of inhibitors such as free radicals, furfural, 5-HMF, vanillin, and so on. Biological pretreatments
operate most efficiently at a certain temperature (usually mesophilic temperatures), but that depends on
the microorganism used. High temperatures take a toll on microbial life (fungi, bacteria, archaea) with an

elevated possibility of denaturing enzymes and stopping their metabolisms.

Table 2.3 — Using Pretreatment Methods to Improve BMP (Using the Prelisted Methods from Table 2.2).

. BMP i
Biomass Tested Pretreatment Notable parameters Egﬁc)rease References
Banana Peelings Milling Decreased particle size from 6mm 9 (50]
to 0.4mm
Microalgal Biomass Microwave 65,400 kl/kg TS —900W — 98 °C -3
; L . 78 [51]
Mixture Irradiation mins
. Saturated H20 vapor — 200 °C -
Rice Straw Hydrothermal 1.55MPa — 10 mins 222 [52]
Sugarcane Bagasse Acid 2% H2S04—121°C— 15 mins 166 [53]
Rice Straw Alkali 9.8% Ca(OH)2 — 25 °C - 6 days 74 [54]
Re5|du§| Manure Steam 180 °C — 15 mins 9 [55]
Fibers Explosion
Res'dﬁfge'\r/'sa”“re Wet Oxidation | 0> deficient — 180 °C — 10 mins 136 [56]
C. subvermispora ATCC 90467 —
Japanese Cedar wheat bran as fungal supplement —
F | 25 57
Wood unga 28 °C—70% relative humidity — 8 [57]
weeks
Microaleal Biomass Enzyme mixture (cellulase,
.g Enzymatic glucohydrolase, xylanse) 1% — 37 15 [58]
Mixture R
C—-6hours

§2.1.2 — Hydrolysis

The word hydrolysis reduces to 2 words, hydro and lysis, which involves the breaking of bonds (/ysis)

in the presence of water (hydro). Organic waste feedstocks are more commonly found in their complex
form. Dense biopolymers serve no purpose to AD acidogenic microorganisms in their natural form. They
must be exposed to physical fragmentation/disintegration and simplified into their corresponding oligomer

and monomer counter parts [8]. This is known as the process of hydrolysis. ‘Pretreatment’ and ‘hydrolysis’
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are different concepts and should not be confused. However, the two are congruent and complementary.
The objective of pretreatment is to alter the structure of lignocellulosic biomass in which improvements
are made that microorganisms can capitalize on [43]. Yet during hydrolysis, the secretion of exocellular
enzymes converts carbohydrates, proteins and lipids into sugars, amino acids, and long chain fatty acids,
respectively (brown lines; see figure 2.2) [8]. In other words, hydrolysis occurs regardless of pretreatment,
but pretreatment gravely enhances the rate of hydrolysis. As hydrolysis is primarily a biological process, it
is highly sensitive to fluctuations in temperature and pH, with an optimum pH of 5 — 7 [8].

Various microorganisms such as C. proteolyticum, P. anaerobicus, C. sporogenes, and others secrete
exocellular enzymes such as cellulases, amylases, gulcanases, proteases, and lipases which hydrolyze both
soluble and particulate fractions of the complex biomass [14]. The kinetics of soluble fractions hydrolysis
corresponds to the Michaelis Menten kinetic reaction. The hydrolysis of particulate fractions corresponds
to the first order kinetics reaction; however, first order models have been too used to model hydrolysis as
a whole. Both ways, it is shown that the amount of substrate to be hydrolyzed strongly influences the rate
constant and conversion efficiency, which is where pretreatments serve their initial role. A successful
hydrolysis conversion correlates to a successful biomethanation process [8]. Hydrolysis remains an
interesting and hot topic of research in order to successfully optimize the breakdown of biopolymers for
various VAP biorefining options [8], especially for a more fluid BMP process.

During the AD of lignocellulosic biomass, hydrolysis is assumed to be the rate limiting step due to
the large polymerization degrees of cellulose and lignin [43]. The recalcitrance of crystalline cellulose and
lignin as well as the operational surface area (active sites) available for enzymes were found to impact the
rate of hydrolysis [36]. A sharp drop in the rate of hydrolysis is expected after the hydrolysis of amorphous
cellulose fibrils is complete, if crystalline cellulose assumes form [42]. For easily biodegradable substrates,
it is generally viewed that hydrolysis is the rate limiting step [59]. For more complex substrates,
acidogenesis and even methanogenesis can be the rate limiting steps. However, it is argued that

acidogenesis may be the rate limiting step when it comes to the AD of SCGs [60].

§2.1.3 — Acidogenesis

Acidogenesis is a natural biochemical fermentation process. It is exploited in biorefinery processes

for the large array of biobased products produced mainly VFAs. Acidogenesis and hydrolysis are two distinct
reactions, but they occur simultaneously. The products of hydrolysis are the reactants for acidogenesis.
Acidogens metabolize hydrolysis by-products such as monosaccharides and amino acids to secrete

intermediary VFAs viz. acetic, propionic, butyric acids typically in the ratios of 75:15:10 to 40:40:20
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respectively [8], [20] (purple lines; see figure 2.2). Besides VFAs, acidogenic processes produce alcohols,
formic and lactic acids, CO, and H, as well as NH3 and H,S (depending on the composition of the substrate
and its hydrolysis by-products). Lipids hydrolyzed into monosaccharides undergo acidogenesis. Lipids
hydrolyzed into LCFAs undergo a conversion via a separate pathway known as acetogenesis (see section
§2.1.4). Acidogenic bacteria such as Clostridium, Escherichia, and Lactobacillus can be used as pure
cultures, however it is best to conjure a mixed culture in order to adapt their encounter to a variety of
hydrolysis by-products [14], [61].

The rate of acidogenesis involuntarily affects the methanogenesis rate and consequently influences
the CHa4 production rate. Also, NH3 and H,S production have proved to affect the kinetics of VFA production
and can lead to a lower BMP and/or reactor souring, especially in a protein potent feedstock [62], [63]. In
general, acidogenesis is the fastest bioconversion process in AD (with rate constants (day?) being at least
3 to 4 times more than hydrolysis) [11] ,[63].

The accumulation of VFAs in a digestor can cause reactor acidification and retard both the CHa4
production rate as well as the cumulative BMP. Insufficient alkalinity (external or internal) can cause pH
fluctuations terminating the activities of methanogens altogether at pH of 5 to 6.5 even if acidogens

function at similar pHs [64].

§2.1.4 — Acetogenesis

Acetogenesis is a crucial intermediary step with a similar objective to acidogenesis; production of
acetic acid/acetate (black lines; see figure 2.2). Intermediary products such as propionic, butyric, formic,
lactic acids, and alcohols from acidogenesis are reduced further and thereby converted by acetogenic
microorganisms to generate H; and acetate as end products [8]. Both H, and acetate are used by
methanogens (see section §2.1.5) i.e. (acetoclastic and hydrogenotrophic methanogens), which secrete
CHa4. To some degree, acetogens modulate reactor conditions against inhibition, VFA acidification, and H;
partial pressure changes as the more complex VFAs have a higher acidity [65].

Unless lipidic LCFAs undergo hydrolysis to monosaccharides they primarily undergo breakdown by
acetogenesis (dashed brown lines; see figure 2.2) [66]. Acetogens utilize LFCAs such as stearic and palmitic
acids and break them down into propionate and then into acetate and H; via B-oxidation pathways [8].
Feedstocks with saturated fatty acid profiles enhance biogas production during their AD. This occurs due
to stoichiometrical intricacies (densely packed C chains in lipids) leading the degradation of LCFAs into high
concentrations of CO, and acetate and then CHa. Overall, LCFAs produce much more acetate per mole

LFCAs than other intermediates broken down by acetogens. More acetate implies more methanogenic
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activity yielding more bio-CHa. Fats produce more biogas per mole (1.2 — 1.6 m? kg fat!), more than proteins
and carbohydrates [14], [67] and that is due to the increase acetate availability when acetogens digest

LCFAs as opposed to simple sugars and amino acids.

§2.1.5 — Methanogenesis

Methanogenesis stems from 2 words, methano and genesis, implying the creation (genesis) of
methane (methano) and indicates the final bioprocess in AD (red lines; see figure 2.2). Acetoclastic
methanogens utilize the acetate raised up in the acetogenesis stage to produce CO; and CHa.
Simultaneously, hydrogenotrophic methanogens utilize H, and CO; to produce CHa (see equations 3 and 4).
Out of all the microorganisms involved in AD, methanogens are by far the most sensitive, for example to
changes in pH and exposure to O; [8]. When determining the BMP of a substrate, is its projected that the
end of methanogenesis is concluded by the plateauing of the cumulative BMP profile [8].

Methanogenesis can also be considered a rate limiting step for two reasons: inhibitory effects and
relatively slow kinetics. Generally speaking, methanogens have a low growth rate (sometimes up to 9 days
1) which leads to the high retention time experienced by BMP tests and operating digestors. They typically
convert the majority of the available COD whether it be acetate or H, with a low growth yield of 0.05 - 0.1
g VSS g COD* [68], [69]. They do not function too well under stress conditions. They survive between pHs
of 5 to 8 but are rapidly rendered inactive under pHs of 7 [69]. Electron acceptors such as O; immediately
disarm methanogenic archaea because of their obligations towards strict anaerobic environments [8], [70].
Two stage AD reactors proved to be extremely practical when dealing with low pH digestates.
Methanogenesis can be treated as a standalone secondary process by retaining methanogens separately
through HRT and SRT recirculation strategies. This produces a high conversion of COD into bio-CHs with
less risks of reactor failure [71]. [72] also used two stage CSTR reactors to upgrade CO; from the biogas

effluent with hydrogenotrophic methanogens by supplementing them with H; to further produce methane.

CH;COOH - CO, + CH,
4H, + CO, — CH, + 2H,0

Equations 3 (Top) - Acetate to methane [73]
Equation 4 (Bottom) — Hydrogen to methane [73]

§2.1.6 — Biogas

As seen in sections §2.1.2 to §2.1.5, lignocellulosic substrates undertake a journey of biochemical

conversions under microbial supervision to eventually become biogas. Issues such as pH change, kinetics,
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inhibitory compounds, symbiotic effects between microorganisms, as well as compositional build of the
feedstock to be digested [69] are all pressing factors that effectively improve/impair the BMP and the CHa
concentration. The typical composition of biogas is shown (see table 2.4). It varies based on substrate and

inoculum properties.

Table 2.4 — Typical composition of biogas (%) [74]

Gas Component Agricultural Waste || Landfill Industrial Waste

CHq 50-80 50-380 50-70
CO; 30-50 20-50 30-50

H2S 0.7 0.1 0.8

N2 0-1 0-3 0-1

H2 0-2 0-5 0-2

02 0-1 0-1 0-1

co 0-1 0-1 0-1

NHs Traces Traces Traces

Known for its fuel abilities in the technology and energy sectors, biogas, especially biomethane is of
great importance in the advancements in circular bioeconomies and sustainability approaches. A rise in
biogas purification and separation technologies are gaining traction to supplement natural gas grids,
powerplants, industries, and homes as well as combustion engines (NGPVs) ultimately reaching a plethora
of new costumers [23], [74], [75].

Chemical refinery plants cooperating with biogas AD plants are essential to modify effluent biogas
into sales gas. However, in the EU only 4.4% of all natural gas use comes from biogas [23], which is still
considered quite low as the EU is in the forefront of the sustainability picture. However, the European
committee for standardization has drafted a technical group by the name TC-408. They are involved in
formulating and drafting EU coherent policies for the further integration of upgraded biogas i.e. (high purity
biomethane) for NGPVs and existing gas grids [23]. On top of that, low income households, for example in
Africa and Asia, have increasingly been assembling decentralized home-made digestors and using the them
for personal heating and cooking.

Removal of gaseous components such as H2S, H20, and CO; is critical for the utilization of biogas.
This raises both its market value (leading to a higher return on investment) and it also increases the heating
values of the gas (HHV and LHV) [74], [75]. Eventually, upgraded biogas with similar compositions and

parameters to that of natural gas can be blended and sold as a single gas stream.
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H,S removal is required for optimal engine and boiler operations. H,O removal is required to avoid
condensation and corrosion issues. CO; removal is required to increase heating values and sales revenues,
also CO; removal is needed to avoid any corrosion from H,COs formation. Siloxanes removal is required to
avoid the rapid deposit onto equipment effectively reducing heat and mass transfer. Nz, Oz, NHs, and other
alienated compound removal is required to purify biogas streams into biomethane utilizable fuel (95% v
CHa/v) [74].

The removal of the aforementioned impurities is achieved by various technologies. The use of
selective membranes (for siloxanes and H,O removal), gas scrubbing (for H20, H.S, NH3, and CO; removal),
biologically by algae and other microorganism (for CO; and H,S removal), glycol absorption (for H,O
removal), and SiO; adsorption (for H,0 removal) are some of the common technologies used to upgrade
biogas [74], [76]. H2 removal is not necessary as it can be utilized alongside bio-CHa as a fuel source known
as bio-hythane. Bio-CHas injection into gas grids requires a maximum amount of processing (biogas

upgrading) in order to satisfy CHs transportation regulations.

§2.2 — Substrates Used for Biogas Production by AD

This section will discuss parameters, processes, and concerns around SCGs, especially in terms of
the literature available concerning their AD for biorefinery processes (see section §2.2.2). Some of the data
presented in this section will be used to supplement gaps in the thesis. This is done because laboratory

workflow was limited and suddenly cut due to the COVID — 19 crisis.

§2.2.1 — SCGs from the General Perspective

Coffee is the world’s 2"¥ most traded commodity and the go-to beverage to the vast majority of
the world’s population [5]. Before any coffee is produced for human consumption it undergoes a series of
processes to reach the final product, which we as consumers see and drink. Green coffee beans
encapsulated within the coffee cherry are harvested, roasted (to a certain degree), and ground (to various
sizes) until they become consumable. Around half of the fruit itself is non-edible exoskeletal layers
(mucilage, hull, skin, pulp, pericarp, and silverskin) which house the green bean [6]. Only about 5 to 10% of
the bean itself finds its way into coffee beverage (depending on the brewing process), the discarded solids
are termed SCGs. Around 90 to 95% of the coffee fruit is wasted, either as excess skin layers or as brewed
SCGs. SCGs and effluents from coffee processing/roasting plants constitute an eminent environmental
concern. Their polluting potency is upheld by the large number of organic components present within them

and their resistance to O, degradation [77]. SCGs are generally transferred to landfills or incinerators and
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in some cases have reported to spontaneously combust leading to large fires [77]. It is estimated that 6
million tons of SCGs are generated worldwide every year [78]. Other than the sheer near costless volumes,
their segregation from other FWs as an economically and industrially viable waste can be easily adopted
with some optimistic policy changes. SCGs are non-edible. This eliminates the ethical food vs. fuel argument

aimed at using edible feedstocks for fuel and energy production.

Table 2.5 — Coffee Consumption Rates for Various Countries and Regions for 2013 [81].

Coumtyregon TR Mo

Finland 65,700 12.08
Norway 45,780 9.01
Denmark 49,320 8.75
Sweden 70,500 7.33
EU? 2,139,900 5.10

EU? 2,495,100 493

USA 1,405,020 4.44
Japan 446,100 3.48

UK 169,680 2.61

1 — Excluding Finland, Sweden, Denmark, and UK from EU as separate states for purposes of comparison.

2 —Including Finland, Sweden, Denmark, and UK into the total EU-28 calculation for purposes of comparison.

3 — Listed in descending order of consumption per capita per year (for the year 2013).

Green coffee production has been generally dominated by Brazil and Vietnam. Whilst Brazil
managed to double its exports between 1990 and 2018, considering the same timeframe, Vietnam
managed to increase their exports by a whopping factor of 20 [79], indicating the possible uses of SCGs in
Asia. On the other hand, coffee consumption has been dominated by EEA states, specifically the Nordic
countries (see table 2.5). Typically it is assumed that 91% of coffee grounds end up as wasted SCGs after
the brewing process [80] which end up as FW and MSW. On top of that, soluble coffee (instant coffee)
production generates about 1.125 kg of SCGs for every 1 kg of soluble coffee produced [77]. Adding on top
of that contaminated water streams from the production process itself, we realize that we are dealing with
massive scattered quantities of waste which need to be dealt with effectively.

It is inevitable that SCGs are produced in any coffee drinking society. As demonstrated by table
2.5, SCGs are predominantly a waste issue all over the world, especially in the EU and other high-income

countries. EU consumption activities has remained relatively constant between 2013 and now.
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FW in Norway is 32% of all waste generated. The more developed a nation becomes, the more
waste it tends to produce. SCGs are included in this calculation of FW and are not considered an
independent stream of waste [82]. According to [82], organic waste across Norway is subjected to the
following: 16% is composted, 21% is used for energy utilization, 4% is incinerated without energy utilization
and 23% is landfilled.

Exoskeletal coffee husks and coffee pulp layers (which make up at least half of all the waste
associated with coffee harvesting) are excellent sources of carbohydrate which can be utilized in
biorefineries for bioethanol and VAPs [77]. Coffee husks have been studied as a source of animal feed,
biofuel, adsorption techniques, and bacterial fermentation but necessary detoxification requirements were
essential to remove theophylline, theobromine, caffeine, and phenolics before bioconversion can take

place [77].

Water/Moisture *—___ ‘/r Caffeine

Cellulose Phenolic Antioxidants
Carotenoids Lignin
Choline Volatile Organics
Pyrroles Carbohydrates
Thiophenes Sterols
Niacin - Vit B3 |__—» Inorganic Minerals

Proteins

Theobromine Tannins Theophylline

Figure 2.4 — SCG Waste and the Various Natural Chemicals That Can Be Exploited for Biorefineries [6], [83], [84].

SCGs are also a source of oil/lipids (known as SCG oil) and contains a large amount of
carbohydrates bound within its fibrous lignocellulosic matrix. SCGs have been proposed by various
researchers as animal feed, biofuel source, adsorbent, and as a source of bioactive compounds [7], [77].
SCGs can be exploited for an abundance of VAPs and biofuels. Updated literature on the use of SCGs in AD
biorefinery studies can be found later in the thesis (see table 2.7), (crimson enclosure is AD; see figure 2.6).
SCGs contain at least over 1000 individual compounds within it. Proteins carbohydrates, lipids, tannins,
lignin, cellulose, cellulose, polyphenols, amino acids and fatty acids, and other volatile organics (see figure

2.4) [7]. These leach into the environment where which they are landfilled and cause serious environmental
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damage, or they are incinerated where GHGs are produced without extracting further VAPs. Table 2.6
shows the LCH and CHNOS composition of SCGs as documented in literature today.

SCGs have been explored as source of solid fuel which can be directly utilized to generate heat
and energy in industrial furnaces and boilers. SCGs have been reported to have a high calorific heat value
of 5960 kcal kg™ SCG [83], higher than that of some species of wood. However, the high moisture content
in SCGs can be an issue in terms of combustibility and designing such boilers. Therefore, utilizing SCGs as a
fuelin the form that it is seems to be counterproductive as the extraction of various valuable chemical VAPs
can have more influence on generating a sustainable circular bioeconomy. After processing SCGs through
biorefineries, one can pelletize the remnants for burning, or even better use them as agro-pellets[7].

Over 90% of all lipids remain in SCGs after their brewing and these can be exploited. Extraction of
lipids by polar and non-polar solvents from SCGs have been tested for biodiesel and bioglycerin production.
However, higher SCG oil extraction yields were observed when using non-polar solvents [85]. SCGs has
been reported to contain between 7.9 — 26.4% oil viz. palmitic and linoleic acids which can be extracted
[85], [83]. SCG oil can be converted into FAME biodiesel by direct transesterification using ethanol and
methanol [83], [7]. The extraction of oil brings with it the extraction of phenols and phenolic derivatives
which enhance the stabilization of biodiesel during periods of storage and transportation. However, the
high concentration of FFAs in SCG oil negatively influences the esterification process limiting the achievable
yield of biodiesel produced [85]. SCG oil has also been investigated in the cosmetic and pharmaceutical
industries as it can aid in blocking ultraviolet irradiation as well boasting antimicrobial properties [85]. SCG
oil has been employed as a C source for the production of PHAs [86], [87]. A degradable bacterial
biopolymer acting as an alternative to petrochemically derived plastics. The high level of FFA supports
bacterial growth and PHA production [85] in so called ‘feast-famine strategies’. [86] and [87] obtained yields
0f 0.82 kg PHA kgt SCG oil and 0.77 kg PHA kg SCG oil respectively. SCGs with elevated FFA concentrations
of palmitic, oleic, and linoleic acids result in sustainable microbial cultures for PHA biopolymer production
[6]. Increased lipid concentrations in may be inhibitory for AD methanogens and subsequently the BMP,
however, the literature so far does not suggest that this is true for SCGs.

Physical and chemical hydrolysis of residual de-fatted SCGs can open up and yield high levels of
carbohydrates which be utilized by various biorefinery processes due to the high concentration of
hemicellulose in SCGs, specifically mannans and arabinogalactans [6]. Detoxification requirements are
somewhat essential when dealing with microorganisms in order to establish successful grounds for
fermentation. But, the direct use of SCGs and its hydrolysates without the removal of phenolics, caffeine,

alkaloids, melanoidins, and FFA fractions has been known to inhibit enzymatic processes in bioethanol
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fermentation [6], [85], [88]. Bioethanol markets are expected to reach 68.95 bn USD by 2022 with a CAGR

greater than 5% between 2017 and 2022, where SCGs have the ability to be a primary contender [89].

Biocomposites

Compost Adsorbents
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— .

1 Bio-CHy4 1
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\ A Spent
Fuel —
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R Grounds
T
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Products | ! Biochar/bio-
N\ s Oil/SyNgas
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Bio-H, Wironmentally Friendly
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Figure 2.5 — Sustainable Biorefinery Approach for SCGs.

Table 2.6 — Composition of SCGs Determined by Numerous Researchers and Their Publications.

Component Concentration Reference
Lignin® 23.90°-27.70 [91] —[92]
Hemicellulose 39.10° - 36.70° [91] —[93]
Cellulose 12.40° — 8.60° [91] —[93]
C - Carbon® 56.10 —51.80 — 52.95 [94] - [95]¢ — [96]¢
O — Oxygen® 34.00 —39.57 —38.07 [94] — [95]% & — [96]°
H — Hydrogen® 7.20—6.40 - 6.76 [94] — [95]¢ — [96]¢
N — Nitrogen® 2.40-2.08-2.10 [94] — [95]¢ — [96]¢
S —Sulphur® 0.14-0.15-0.12 [94] - [95]¢ — [96]¢

@ —Soluble and insoluble lignin combined.

b—g/100 g dry SCGs.

c—As %.

4— Oxygen calculated by difference (from 100%)

¢ — Elemental analysis conducted on Coffea arabica.

SCGs enjoy exceptional adsorbent capabilities. They exhibit large surface area to volume ratios up
to 1000 m? gt SCGs with a highly dense microporous structure [85]. They are initially finely ground for
brewing purposes and need not further milling by physical means, which effectively cuts costs when using

them as adsorbents. Adsorption of heavy metals viz. copper and lead, nitrobenzenes, phenols, cationic and

organic dyes have all been successfully reported [6], [7], [83], [85]. Also, defatted SCG biochar produced by
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pyrolysis has proved to be effective in its CCS properties as well as its ability to host essential microbial
cultures revitalizing soil conditions [83]. [90] reports that biochar from SCGs can contain upwards of 73.4%
C through its hydrothermal carbonization process.

Niche products from SCG biorefineries, such as bio-oil from pyrolysis, carotenoids, phenols,
polyols, glycerin, and other bioactive compounds can also be obtained (see figure 2.6) as opposed to
landfilling and/or incineration. Therefore, it is important to recognize the effects and options SCGs pose on
a global scale. It is recommended to concoct adequate management and administrative plans for the
separation of SCGs from FW so that they are exploited in regional and cross-national EU biorefineries. On
top of that, studying LCAs to better connect the dots between the generation of SCGs and their final

destinations will certainly aid in the implementation of green circular bioeconomy management options.

§2.2.2 — SCGs from the AD Perspective

SCGs contain combined carbohydrates (mannose, galactose, arabinose, and glucose), amino acids
(alanine, glycine, leucine, isoleucine, lysine, proline, valine, tyrosine, and glutamic acid), and lipids (sterols,
terpenes, behenic, arachidic, linoleic, oleic, stearic, and palmitic acids) amongst a cluster of even more
organic classes [83]. These eventually are bio-converted into CHathrough AD, although some may prove to
be somewhat inhibitory. The BMP of de-fatted SCGs significantly different from that of raw SCGs. As lipids
hold the highest methanation conversion ability by acetogenesis (see section §2.1.4) [14], however a too
high lipid concentration would choke digestion and be problematic for methanogens as aetate overload
[97]. Also, [98] verifies a strong negative correlation (R? = 0.95) between concentration of lignin and the
achievable BMP in solid-state AD. The AD of SCGs and SCG related wastes has been investigated by [10],
[60], [99]-[110]. Below are their collected findings. Table 2.7 is ordered in ascending order of year. AD
literature on coffee pulp, husk, silverskin, and other processing wastes did not fit in the scope of this thesis

and were excluded.

Table 2.7 — Literature on the AD of SCG and SCG related wastes between 1983 and 2018

Biomass Notable parameters, observations, and results Reference
studied/process

e Inoculum — Active digestive sludge from a municipal sewage digestor.
e Mesophilic digestion.
SCGs ® 99% solids conversion. [10]
e Supplemented with Na.
® 56 to 63% CH4 concentration.
e BMP =0.54 m3 biogas kg* dry SCG fed.
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SCGs

e Mesophilic and thermophilic digestion in batch reactors.

e Thermophilic CH4 production rate is approximately 1.5 times higher than
mesophilic digestion.

e Thermophilic hydrolysis rate is nearly double the mesophilic hydrolysis
rate.

e Acidogenesis is the rate limiting step (18 days lag phase) at thermophilic
digestion, not hydrolysis.

e A high propionate concentration due to a high lipid concentration. Led
to a lowered BMP.

(60]

SCGs from instant
coffee processing

e Thermophilic digestion in continuous mode.

e Stable AD process up to an OLR of 4.7 g VS L day™.
e C:N ratio fixed at 30:1 using NHaNOs.

e pH control was necessary.

e High levels of VFAs.

® 56% CH4 concentration.

[99]

Wastewater
containing SCGs

e Mesophilic and thermophilic digestion.

® 87% lipid reduction in mesophilic mode.

® 64% hemicellulose reduction in thermophilic mode.

e Lignin component was not reduced in neither case.

e Optimum OLR in mesophilic mode — 1.3 kg COD m= day ™.

e Optimum OLR in thermophilic mode — 1.6 kg COD m™3 day™.

® 60% VS and COD conversion.

e Inhibitory levels of VFAs in thermophilic digestors.

e 60 — 65% CHa concentration(thermophilic). 65 — 70% concentration
(mesophilic).

e BMP =0.23 L biogas L reactor day™* (thermopbhilic). BMP = 0.34 L biogas
L' reactor day* (mesophilic).

[100]

Co-digestion with
SCGs

® 45% SCGs — 32% Barley — 23% Chicory (co-substrate). BMP = 0.28 m?3
CHaste) kg™* VSinitial.

e Reducing SCGs content by 25% SCG decreased BMP by 0.03 m3 CHa(stp)
kgt Vs.

® 80% reduction in VS.

® 85% biomethanation/COD conversion.

e Hydrolysis constant (kn) = 0.035 day™.

[101]

SCG co-digested
with WAS

e AD connected with a submerged AnMBR (AnMBR 75 g L),

e Thermophilic digestion.

e Phase | to IV — Insufficient micronutrient supply from sole SCGs AD.
Leading to reactor failure.

e Phase VI to IX — WAS (15%) mixed with SCGs (85%).

e Phase IX — COD conversion of 67.4%.

e Phase IX—OLR =11.1 kg COD m?3 day* at an HRT and SRT of 20 days.

e NH4HCO3 (0.12 g N g TSin) added as alkalinity.

® Phase IX —55% CH4 concentration.

[102]

SCGs

Mesophilic digestion in batch reactors.
e BMP between 0.271 and 0.325 m*® CHakg* kg dry organic matter.
e 60% CH4 concentration.

[103]

SCGs co-digested
with other waste
feedstocks

SCGs, FW, Ulva, WAS and Whey co-substrate at 0, 25, 50 and 70%
mixing ratios.

SCG/WAS co-digestion unfavored due to low BMP and CHa production
rate.

SCG:FW ratio of 1:4 showed the highest BMP of 0.308 + 0.016 L CHa g™*
VSin (co-digestion increased yield by 13.1%).

[104]
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e No significant variability in DDGE band patterns (microbial species
dominance) between co-digestions.

e Co-digestion with Ulva decrease the BMP of SCGs, but not as much as
WAS did.

Mesophilic digestion.

SIR of 1.5 (g VSsubstrate 8 VSinocutum = 1.5).

Inoculated with fresh cow manure (100g).

C:N ratio of 22.25. [105],
53.7% CHa concentration. [106]
BMP =296 ml CHs g1 VS.

e Diluting fresh cow manure with 500 mL H20 decreased CH4 content to

36.7% CH4 and decreased the total BMP by approximately 38%.

SCG soluble liquid
fraction

Mesophilic digestion.

Pretreatment = NaOH (8% w/w) for 24 hours.

e Lignin degradation increased by 24%. [107)
SIR fixed at 2 (2 g VSsubstrate 8 VSinoculum). SCG concentration =8 g VS L%

e VS reduction = 35.9 + 0.8% at optimal conditions.

e BMP =392 + 3.0 mL CHs g1 VS.

Alkaline
Pretreated SCGs

e SCG hydrochar produced by hydrothermal liquefication at 180, 220 and
250 °Cfor 1 hour.
SCG hydrochar e [noculated with cow dung. [108]
® 180 °C samples showed highest BMP = 491 mL CHa g VS.
e 70% CH4 concentration.
e Highest CHa4 production rate at 46 mL CHa4 g1 VS day™.

e Varying OLR between 0.7 — 1.6 g COD L' day ! between 5 phases.
e 3:1 ratio by feedstock COD. SCG:Ulva.
e Phase 4 highest COD conversion = 51.8% and VS removal = 44.54%.
5CGs co-digested ¢ p3se 4 BMP =0.19 £ 0.01 L CHa g CODin. [109]
with Ulva e Phase 4 operational OLR 1.5 — 1.71 g COD L day™.
e Phase 4 HRT 25 days.
e Ulva improved biomethanation of SCGs and positively influenced
various methanogens for increased CH4 production rate.

) e Pretreatment = NaOH 0 —0.2M between 60 — 90 °C.
Mild Thermo- e Optimized degree of solubilization (36.4%) at 0.18M NaOH and 90 °C.

o AlkallSeSCG e BMP =163.31 mL g™} CODagces. [110]
retreate S e Increasing NaOH concentrations effects methanogenic consortium in
BMPs by concentrated salt stress.
e Measured the optimum ISR ratio for SCGs/cow manure co-substrate.
Co-digestion SCGs ® Highest BMP measured at ISR 3. Lowest BMP measured at ISR 0.5. 111]

HAc concentration around 300 mg L.
No acidification found. VFA/ALK showed a stable process. Only in ISR 0.5
reactors it was demonstrated that the reactors had failed.

with Cow Manure

AD co-digestion strategies between SCGs and other substrates [101], [102], [104], [109] have
proved to be advantageous in increasing process feasibility and stability. Co-digestion allows for C:N ratio
regulation, replenishing of essential trace elements and micronutrients, increasing buffering capacities, and
disrupting inhibitors such as high VFA concentrations, furfural, and 5-HMF [60], [85].

Propionic acid inhibition was a major setback whenever SCGs digestion took place. COD reduction

is relatively high due to the number of hydrolyzables (hemicellulose, parts of lignin and cellulose, as well as
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proteins, fats, and other minute organics). The AD of SCGs can be achieved with a relatively high COD
conversion as shown in table 2.7 (85 %). COD and stoichiometrical themes are presented in the subsequent
section (see section §2.3). SCGs AD can effectively reduce its volume, increase its stability, and remove
volatile toxic organics. Outlet sludge can then be further processed in a circular bioeconomy fashion
yielding stabilized organic fertilizer or other post-digestion VAPs.

[112] conduced 9 various pretreatments (physical, chemical, and physiochemical) on SCGs to
measure changes in hydrolysis, reducing sugar yield, and lignocellulosic fractions. 8 of the 9 pretreatments
were single pretreatments and the last was a two-stage sequential pretreatment (concentrated
H3PO4/(CH3),CO coupled with NH3 fiber explosion). Reducing sugar yields increased by 170% when
sequential pretreatment was conducted. On top of that, the secondary part of the pretreatment (NHs fiber
explosion) managed to delignify SCGs by a factor of more than half. Such proposed pretreatments can
undoubtedly increase the stability of SCGs AD with or without co-digestion at mesophilic temperatures
without the need for increased HRTs and larger reactors.

One suggestions is to extract the high lipids content prior to pretreatment and AD. This may
meddle with the achievable BMP, but a sustainable biorefinery model is set to gain from this. The
antimicrobial properties of SCG oil can prompt it for use in pharmaceutical or cosmetic industries whilst
defatted SCGs can be subject to pretreatment optimizations as suggested by [112].

[77] argues that research outcomes are still not abundant enough on SCGs biorefinery processes
and that it should be further researched to bioconvert this waste stream into VAPs, biofuels, and more
importantly, niche chemicals. [77] also maintains that current SCG biorefineries are deemed unviable due

to technical or financial issues that precede and advocates for further research.

$2.3 — COD Balances and AD Stoichiometry

This section encompasses the concepts related to the overall AD stoichiometry and COD

measurements, especially related to solid waste COD determinations. The COD mass balance is presented
(see figure 2.7). It is used further in determining the process efficiency and degree of biodegradability of

the AD of SCGs at the different experimental ISRs.

§2.3.1 — COD, COD Balance, and CH4 Production

One of the first laws of science taught is that mass is neither created nor destroyed, it merely
changes from (see equations 5 and 6). This is precisely what happens in AD, incoming substrates (classified

as COD) are reoriented through biochemical processes and finally assume form in CH4 and CO; [15]. AD is
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a complex practice with multifaceted biochemical processes and conversions all working synergistically.
COD is extensively used as a measure of digestor efficiency, health, and biodegradability. For this thesis,
COD balances were used as a measure of the biodegradability of SCGs at different ISRs, by determining the
changes in inlet COD, effluent COD, and gaseous COD (see figure 2.7). COD is a measure of the power of a
pollutant if it was to be completely oxidized (chemically) and is given units of g COD L't or mg COD L. COD
measurements are one the most commonly used control tools that operators use to monitor and
troubleshoot AD process. COD mass balance analysis is calculated to evaluate digestor performance as well
as investigate COD loss at the selected ISRs.

Inlet COD is converted to CHs through anaerobic bacterial processes (see sections §2.1.2 to
§2.1.5), but at the same time some is used to sustain the growth and health of the inoculum. Non-utilized
COD does not change form and exits with the effluent. 100% COD conversion is the ultimate goal for a
complete biomethanation process. However, COD for biomass growth and non-degradable COD limit 100%
biomethanation. Nonetheless, COD mass balances with complete COD accountability is highly desired.

At STP conditions (0 °C and 1 bar), the theoretical CH4 production can be estimated based on the
CODintet supplied. 1 kg inlet COD can be biochemically converted to 0.35 m® CHy4 at STP (see equation 7)
[14], [15]. However, in practice obtaining the maximum theoretical CH4 production is not possible due to
bacterial growth, indigestible COD, and foreign species presence (such as S and N). It is known that the
presence of sulphate (SO4?) will reduce the available COD for CH4 production into H,S causing toxicity
complications for methanogens. At room temperatures (20 °C), the theoretical CH4 production is higher
than 0.35 m3 kg™ CODremoved (it is 0.37 m3 kg™ CODremoved). [113] calls for a standardization of BMP tests at

STP to avoid any faulty or inconsistent results.

o I:}'T' gthane

CODynnyant Anoerobic Digestor COD:myant

Figure 2.6 — COD Mass Balance.
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COD;,, = COD,y;
CODinfluent = CODmethane + CODsludge + CODeffluent

Equations 5 and 6 — COD Mass Balance Equations.

L CH,

CHy ™ gCoD — T gcoD”~ T kgCOD
64 =——7
mol CH,

Equation 7 — Theoretical CHs4 Production at STP.

COD mass balances are used in conjunction with BMP test results allowing them to be compared.
However the exactness of solid-state AD COD mass balances is compromised due to the inability in
accurately measuring and monitoring the COD of solids practically with large variations of error [114]. There
is a need for improvement here. The high number of oxidizable components in SCGs is precisely the reason
behind its toxicity in landfills [5] and its inherent high COD. However, AD of SCGs have shown a COD
conversion of up to 85% under optimized process parameters [101]. [15] suggests that a high COD
methanation efficiency with a low CH4 production rate can incur problems by incomplete accounting of

COD mass balances and can possibly lead to digestor operational difficulties.

§2.3.2 — Solid Substrates, BMPs, and Biodegradability

Initially AD systems were employed to stabilize and treat effluents from WWTPs, which is primarily
why most literature around AD is based on wastewater and organic sludge processing. However, recently
the technology itself has been instigated towards optimization for organic solid waste substrates. Similarly,
COD measurements for wastewater and sludge samples (wet samples) is and has been an established
procedure for some time now. However, that changes for samples with a high solids content where sample
dilution is not possible [115], [116]. Methods for accurately determining solid COD are not yet established.
If they are established, they lack standardization and verification [114], [115]. This creates operational and
technical issues. COD balances are underestimated and cannot be fully used as a way of validating results
and operations. Optimistically, [116]—[119] are investigating new methods that are decisive, safe, accurate,
and quick for determining COD in solids. Doing so reduces uncertainty in the results but more importantly
allows for trustworthy solid-state AD COD mass balance which not only provides valuable information about
the system but is also less time consuming. [119] found that drying solid waste samples triggered a loss of
volatile organics which equated to a 10% error in determining their COD, even when using a new method.

Regardless of the methods used, it is always desirable to standardize AD BMPs in terms of g CODmethane 8%
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CODsubstrate, but this will prove to be misleading if the measured substrate COD is over or underestimated
depending on the method used.

Anaerobic biodegradability is a measure of how successful a substrate is in undergoing digestion
to produce bio-CHs and is evaluated by a BMP test procedure (see section §3) [28]. The degree of
biodegradability equation (see equation 8) is evaluated between 0 and 100%. Effectively it is the ratio
between the BMP obtained and the theoretical BMP that can be obtained if all the feedstock COD was
menthanized [115]. [115] too stresses that a higher content of recalcitrant lignin and crystalline cellulose
will drastically affect the highest achievable degree of biodegradability of that substrate effectively limiting

its bio-CHa4 producing ability and its position in AD biorefineries.

BMP (mL CHysrp/g VS)
350 * CODgypstrate (9 COD/g VS)

Equation 8 — Biodegradability Equation [115].

Degree of Biodegradability = BD (%) =

[120] argues that equation 8 can prove to be faulty as it does not account for new biomass
generation and assumes the complete conversion of 1 g CODin to 350 mL CHa to be true. Instead, [120]
suggests to use a different method to calculate the degree of degradability (see equations 9 and 10). This
removes the need to account for CODsludge as substrate biodegradability is calculated based on BMP rather
than COD. The subscripts (a — e) are assimilated to the subscripts present in equation 1 and the empirical
formula can be calculated from the elemental composition provided (see table 4.2). BMP, denotes
‘theoretical BMP' and BMPeyx, denotes ‘experimental BMP’. The volume of one mole of gas at STP is denoted

by the factor 22,400 (22,400 mL mol?) i.e. (Avogadro’s Law).

9+ @) - -(D)-(5)] 2200

BMPyp), =
h (12a + b + 16¢ + 14d + 32e)
BM Pgy,,
Degree of Biodegradability = BD (%) = ———
BM Py,

Equation 9 (Top) — BMPh of a Substrate Based on its Elemental Composition at STP [120].
Equation 10 (Bottom) — Calculating The Degree of Biodegradability from BMPex and BMP [120].

$2.4 — Process Parameters, Operation, and Conditioning

Designing and operating anaerobic digestors, especially solid-state digestors, is contingent upon

understanding and critically evaluating the different process parameters and factors associated with
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successful digestor performance. Understanding how these parameters and factors work and affect one

another is imperative for both operators and designers.

§2.4.1 — SRT and HRT

SRT and HRT are amongst the most crucial AD process parameters. They effectively dominate the
degree of performance of continuous AD through the regulation of anaerobic biochemical processes (see
section §2.1.2 to §2.1.5). They regulate the contact time between biomass and feedstock. The SRT decides
the type of microorganisms that grow. It dictates which biomass are included in the AD digestate and
therefore controls the extent of the biochemical processes taking place. For example, methanogens require
a much longer SRT than acidogens and so by controlling the SRT, the microbial structure can be
complemented accordingly. By changing the SRT of the AD process, operators can control the biochemical
process taking place depending on the end product needed whether it is complete methanation or VFA
production only. The HRT determines the average length of which hydrolyzed compounds remain in the
digestor before being wasted or recirculated. A shortened HRT will surely decrease the degree of COD
conversion in a continuous AD system. Longer retention times unavoidably means higher CAPEX and OPEX
[121]. For this thesis, HRT and SRT were not determined as the BMP methodology for batch assay AD is

required to run to completion without wasting or recirculation of biomass.

$2.4.2—-0LR

The OLR is another important parameter affecting the quality and degree of digestion. Its name
suggests exactly what it means, organic loading rate; designating the ideal quantity/rate of organics being
loaded on an anaerobic reactor/digestor and is usually calculated as kg COD m=3day™ or kg VS m= day™.
The OLR of a substrate is augmented for that specific substrate or co-substrate. Operators control the OLR
for maximum bioconversion, without compromising quality by overloading or underloading. Operating
above the OLR (overloading) can result in digestor failure and disproportionately increasing VFA
concentrations leading to process souring (decreased pH) which can cease CH4 production [121]. On the
other hand, working below the OLR (underloading) implies an incomplete COD removal as well as increased
CAPEX and OPEX [122].

The ratio of HRT to OLR is comparable to the food to microorganism ratio otherwise known as the
SIR [114]. In continuous mode AD the OLR is used because the incoming substrate COD is fed intermittently
into the digestor. In batch mode the SIR is used as all the COD is fed at the start without further sequential

feeding. The inverse of SIR (g VSsubstrate 8% VSinoculum) 1S ISR (g VSinoculum €1 VSsubstrate). This thesis aims to
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identify the optimum ISR with which SCGs can be digested by employing a batch process operation (see
section §1.2 and §2.5).

§2.4.3 — Solid-state AD vs. Liquid-phase AD

As previously mentioned, the AD method was initially used to treat WWTP effluents (liquid-phase
effluents) in order to further stabilize them, reduce their volume, COD potency, and environmental impact.
Liquid-phase or solid-state AD are also known as wet or dry AD. The TS content of a feedstock determines
whether it is treated by a wet or a dry AD process. The TS range for dry vs. wet digestion is somewhat
unclear and disputed between scientists. However [123] best formulates this. A TS content of 15% and
lower is considered wet AD and a TS content of 20% and higher is dry AD. When the TS content falls
between 15 and 20% the process is denoted as semi-solid AD [123]. Solid-state AD systems offer a wide
array of benefits such as decreased reactor size, lower CAPEX and OPEX, and a lower energy demand [124].
However, solid-state AD suffers from the ever-impending problem of inhibition. On top of that, the
compositional complexity of solids wastes, extremely long retention times (up to 3 times that of wet AD),
the large amounts of inoculum needed, VFA accumulation, as well as designing robust and powerful pumps
able to transport feedstocks of a viscous/high solids nature [123] are some of the undesirable
consequences. The low moisture content of SCGs may prove to be problematic. Decreasing the moisture
content can lead to a lower BMP and decreased mass transfer between hydrolysates and microorganisms
[125]. Also, a decreased moisture content can induce imbalances in alkalinity equilibria.

SCGs, as any other lignocellulosic wastes or MSW, have a high solids content. SCGs have reported
to have a TS of between 32 and 39% [7], which drives their valorization to biofuels and VAPs by processes
such as solid-state AD or solid-state fermentation, respectively. Increasing the TS % content resulted in a
decreased hydrolysis rate constant, lower COD and VS removal, high acetate and propionate
concentrations, and eventually a premature BMP and CHs production rate [123], [126]. Co-digestion for
regulating the TS content of a feedstock is a heavily researched field aimed at bypassing digestor failure.
[124] asserts that research in feedstock pretreatment, operational management, and mainly reactor design

are vital to push forward solid-state AD technologies further into the market.

§2.4.4 — Single-stage AD vs. Multi-stage AD

Multi-stage AD is achieved through regulating the HRTs, SRTs, pHs, and temperatures
autonomously. Doing so, one can split up the anaerobic bioprocesses (sections §2.1.2 to §2.1.5) into

individual processes, finally combining then them together downstream (see figure 2.7). Multi-stage AD
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decouples the processes from each other and allows for independent improvement for subprocess
optimization and prompts operators and plants to control process kinetics more effectively. Two-stage AD
splits hydrolysis and acidogenesis (acetogenesis is considered another form of acidogenesis) from
methanogenesis whereas three-stage systems split hydrolysis, acidogenesis-acetogenesis, and
methanogenesis apart. Single-stage AD combines them all in one reactor.

One of the significant advantages of multi-stage systems is their ability to be spread out in both
space and time allowing for a more customized optimization. Also, [127] noticed that by using a two-stage
AD system, a more selective and enriched microbial consortia followed, which improved buffering capacity
and pH stability. Other than the fact that multi-stage systems can increase BMP and decrease the COD
content of lignocellulosic biomass, they can also be operated for bio-H; production as part of the total COD
mass balance [128]. However, H, fermentation so far is limited in terms of process performance and yield
[128]. Integrated bio-CHs and bio-H; systems are called biohythane fermentation systems and are
considered an encouraging approach to treat lignocellulosic and MSW streams in integrated biorefineries
for a circular bioeconomy. Multi-stage AD requires more CAPEX and OPEX due to a more complex

infrastructure for operating the processes, but its rewards are grand.

45% CH - Wet
~—— %! Single-Stage AD — Smgle-stage —
]
5 ~  Wet - Wet
100% 2
COoD = = Two-stage =
* rl
[ . Dry - Wet
<
— Dry - Wet - Wet
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AD = Three-stage =

— Wet - Wet - Wet

Figure 2.7 — Left: Two-Stage AD System (50% Decrease in Total COD, 20% Increase in CHa Content) [129].
Figure 2.7 — Right: Categorization of Multi-Stage AD Systems [130].

So far, SCGs have not been studied extensively in multi-stage systems. There are more studies
around the AD of coffee husks, pulp, and mucilage in multi-stage AD biorefinery options rather than SCGs.
However, studies on SCGs and SCG wastewater in multi-stage AD and have been conducted temporarily by

[60], [100], [102].
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§2.4.5 — Temperature

All biochemical processes have a certain temperature threshold where they optimally function
within. Once temperatures fall outside of set thresholds, biochemical metabolisms start to change, and
community growth rates rapidly follow. The three main temperature classifications are psychrophilic
(optimum at 10 °C), mesophilic (optimum at 37 °C), and thermophilic (optimum at 55 °C). Microbial
community changes, BMP, process stability, and kinetics are all affected by the selected temperature of
the process. On top of that, enzymes render permanently denatured at high temperatures ceasing growth
of microbial life [13].

Most AD facilities operate in the mesophilic range due to increased stability and favorable energy
balances [125]. However, scientific attention has shifted towards TPAD and thermophilic digestion because
these techniques allow for further reduced COD content and possible increases in BMP and CH4 production
kinetics [8].

TPAD is a physical pretreatment method as well as a multi-stage model of operation. Operating
multi-stage operations in different temperature ranges allows better assimilation of hydrolysis,
acidogenesis, and acetogenesis before methanogenesis commences. TPAD is a more realistic option to
optimize biochemical processes in conjunction with pH, HRT, and OLR to accelerate hydrolysis and
acidogenesis processes which are considered rate limiting steps in the AD of SCGs [60], [131].

According to authors knowledge, TPAD systems have been studied and investigated
fundamentally for AD use with lignocellulosic biomass, let alone SCGs. The compositional complexity of
SCGs has proved to be tough on bioprocesses such as hydrolysis, acidogenesis, and acetogenesis and TPAD
can help untangle some of these issues. Also, psychrophilic AD of SCGs has not been studied, but the high
level of COD in SCGs is not suited for psychrophilic AD. Mesophilic and thermophilic AD studies on SCGs are

more prevalent and can be found earlier in this thesis (see table 2.7).

§2.4.6 — pH and Alkalinity

Together with temperature changes, pH and alkalinity changes also enable desired/undesired
effects on microbial processes which can lead to total reactor failure if unmaintained. A neutral pH (6.5 —
7.5) is desired for maximum synergy between all the species of microorganisms in a digestor and
maximizing the BMP [15], [125]. However, the optimization of hydrolysis/acidogenesis requires a much
lower pH of 5.5 — 6 and sometimes even lower. This can completely halt methanogenic activity, which do
not operate below a neutral pH of 7. This gives another reason as to why multi-stage digestors are gaining

importance [127]. VFAs and dissolved H,COs can be inhibitory to microorganisms without sufficient
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alkalinity to help equilibrate. Falling below neutral pHs suffocates the BMP and CHa production rate and
excessively increase the potency of VFAs (especially propionic and valeric acid in the case of SCGs AD [60]).
In consequence, propionate and valerate decreases the CH4 production rate by at least a factor of 2 as
opposed to acetate and butyrate [132]. Formic acid too is toxic to methanogenic archaea.

Alkalinity can be added to combat the sudden changes in pH, either by adding external regulating
agents or by the inoculating with an inoculum with an inherently high alkalinity. Also, alkalinity can be
produced in the form of NH4(HCO)3, if the substrate has a high concentration of proteins, as N biochemically
rearranges after NHsz production [14]. However, a too high protein concentrations can produce too much
NHs and be inhibitory to AD systems altogether causing NHa* inhibitions.

The VFA/ALK ratio is often used to monitor AD stability. A VFA/ALK of 0.8 and above is presumed
to be unstable and a factor of 0.4 and below acknowledges stability [114]. Some argue that instability starts

with a VFA/ALK ratio of 0.3 rather than 0.4.

§2.4.7 — Nutrients and Inhibition

This sub-section aims to demonstrate the various types of inhibition tied to AD processes and how

their effect plays a role on the BMP of SCGs.

§2.4.7.1 — VFA Accumulation

As previously mentioned, VFA concentration and composition play a paramount role on
methanogenic behavior, which can sprawl processes downhill quickly if not closely remediated. An increase
in the COD concentration of VFAs viz. propionate and valerate (as SCGs are saturated in LCFAs) will decrease
pH and lead to digestor failure if no proper alkalinity is present [14], [18], [60]. This calls for the optimization
of the acetogenesis step. [63] acknowledges that different AD systems react differently to what is
considered ‘normal’ levels of VFA based on substrate and microbial compositions. However, certain limits
uphold to determine whether reactor failure is bound. [99] observed a surge of VFA concentration (a tad
shy of 3 g VFAs L'!) when digesting SCGs at thermophilic conditions at high OLRs of 3.4 g VS L' day™ and
even above 2 g VFAs L' when the OLR was cut by half suggesting that the OLR plays a relatively important
role in minimizing VFA production when digesting SCGs and other lignocellulosic feedstocks. [133] claims
that a propionic acid concentration of 0.9 g L't can be detrimental for methanogens, at the same time,
concentrations up to 2.4 and 1.8 g L! for acetic and butyric acid respectively upheld and showed no

inhibitory signs suggesting the nature of the VFA in question changes how AD systems react to it. [113]
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proclaims quality benchmarks for a suitable AD inoculum; VFA concentrations should be less than 1 g

CH3COOH L't and an alkalinity of 3 gCaCOs L™ or more are considered good starting points.

§2.4.7.2 — C:N Ratio and TAN

Another important substrate-based factor that determines a reactors accomplishment is the C:N
ratio. Especially when it comes to the AD of lignocellulosic biomass. Anaerobic microorganisms depend on
carbon and nitrogen from the substrate as their food source, for activities such as growth, reproduction,
and production of enzymes. The ideal C:N ratio is disputed amongst researchers but lies somewhere within
the range of 20 to 35 C:N, but it varies between substrates used and the operating temperature [8], [125].

A low C:N ratio results in accumulation of VFAs which rapidly consume alkalinity and destabilize
the pH integrity of a system and eventually inhibits methanogens and their metabolism [134]. A high C:N
ratio manifests high nitrogen deficiency, returning lowered microbial growth rates and consequently
decreased BMPs [135]. SCGs have also reported an array of C:N ratios which fall either short or towards
the lower end of the proposed range. [7] summarizes the available C:N ratios found in literature (17:1,
23.7:1, 23.3: and 16.9 + 0.1:1 as C:N). Balancing the C:N ratio in SCGs and other solid organic wastes can
be overcome by co-digestion with higher C:N ratio wastes such as wastewater, activated sludge, and corn
straw [125]. The C:N ratio of the SCGs used in this thesis is found in table 4.2.

TAN is the measure of the NH3/NHa* equilibrium in an AD system. Nitrogen is essential to AD
bioprocesses. NHs is produced in AD processes by the biological degradation of the substrate (see equation
1) and assimilates into NH4* at lower pHs. TAN inhibitions occur by changes in pH which heavily disrupts
biochemical functions especially in methanogens [18]. NH3 from the AD of SCGs comes either from
proteins, non-protein nitrogenous compounds, or a combination of the two [83]. NHs, usually referred to
as free ammonia is the source of inhibition. NH4* is not merely as dangerous. It is recognized that NH3
concentration of about 100 mM NHs are completely inhibitory to methanogenic activity whereas roughly
100 mM NH4* does 90% less damage [125].

The amounts of proteins and non-protein nitrogenous compounds in SCGs are considered
somewhat limiting in terms of TAN supplementation. [102] reports that NHs levels were well below
inhibitory thresholds and at some stages would require nitrogen boosting due to a relatively low C:N.
Similar nitrogen boosting methods for the AD of SCGs were also reported by [10], [100]. None have
reported severe inhibition caused solely by ammonia or other nitrogenous means.

Last but not least, figure 2.8 shows how the aforementioned process parameters and conditions

(section §2.4) work in synergy to optimize the BMP of a substrate or co-substrate.
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Figure 2.8 — Optimization and Conditioning of AD Process Parameters [136].

§2.5 - ISR

This section will go over what the ISR means and what it resembles. In fact, the ISR is a crucial
process parameter touched upon previously (see section §2.4.2). Section §2.5.1 will give a brief overview
of the ISR and the scientific outcomes surrounding it. Section §2.5.2 aims to identify the knowledge gap
surrounding optimal ISR SCGs AD which is the driving force behind this thesis and one of the research

objectives (see section §1.2).

§2.5.1 — Introducing the ISR (or SIR)

The ISR is a standard parameter which operators specify for AD bioreactor design and operation.
Similar to organic loading, it affects and determines the maximum BMP and CH4 production rate attainable
in AD bioreactors [29]. The ISR depends on both inoculum and substrate characteristics and intrinsically
changes between different operations. Microorganism biochemical reaction kinetics differ based on the
ISR chosen [114]. As a baseline, the portion of inoculum in a reactor should be higher than the substrate as
this regulates moisture levels, mass transfer rates, as well as supplementation of alkalinity, nutrients and
essential elements for healthy growth and metabolism [113]. [137], [138] demonstrates how different
inocula react differently to substrates. Researchers advise to use a mixed culture inoculum accustomed

towards the substrate if possible.
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For recalcitrant lignocellulosic substrates it is recommended that the ISR be lowered below 1
[113], [114]. This allows for the acclimatization of microorganisms to the substrate granting successful
hydrolysis and acidogenesis conversions [139]. However, low ISRs take longer to establish a complete BMP
profile. However, for an undiscovered substrate, a wide range of ISRs should be studied to establish a
complete overview by monitoring any signals of reactor damage or overload [113]. Determining the
optimum ISR for digestion or co-digestion sheds valuable insight on the limiting biodegradation kinetics as

well as verifying the highest BMP with the highest CHa production rate. SIR is the inverse of ISR.

Table 2.8 — Literature Available on the AD of Various Substrates for ISR/SIR Optimization.

Biomass studied Notable parameters and observations Reference

e SIRs of 0.5, 1, 1.35, and 2.3 g VS g VS tested using both granular and
suspended sludge inocula.
e Alkalinity adjustments of 37 mg NaHCOs g COD was enough to keep
granular sludge from VFA overload at all SIRs. Suspended sludge with 37
Kitchen FW mg NaHCO3 g COD ended up with a pH of 5.5 at the three highest SIR. [137]
e Both sludges failed with low alkalinity except at SIR of 0.5.
e The highest BMP was at SIR = 0.5 with highest biodegradability for both
inocula.
e Optimization of SIR is more important that the inocula source, although the
inocula source does affect the BMP to some degree.

e Thermophilic solid-state digestion at SIRs 0.5, 1,2, and 3 g VS gt VS.
Co-digestion pig e 1.8x higher utilization efficiency at SIR 0.5 than 3.
urine and rice straw e BMP=257+5 m3t’1 VS without VFA or NH3 inhibition.
e Rice straw C:N is 75.2. Pig urine stabilizes co-substrate C:N at 23:1.
e 83.3% in VS reduction at ISR 0.5, nearly 10% more than ISR 3.

[140]

e Mesophilic digestion at ISRs 1, 1.5, 2, and 3 g VS g VS.
e Initial Alkalinity addition of 9100 mg CaCOs L and VFA/ALK ratio was less
Maize Bran than 0.4, i.e. (stable). [139]
e ISR 1 had the highest BMP =233 ml CHa,ste g1 VS, but deemed insignificant
compared to the other ISRs.
e Stable CH4 concentration at 59% for ISR 1.

e Mesophilic digestion of 4 wastes (winery waste, cotton gin waste, olive
pomace, and juice industry waste) with 3 inocula (anaerobic sludge, landfill
leachate, and thickened anaerobic sludge) at SIRs 0.25, 0.5, 1, and 2.
Solid Agro-industrial ® Low SIR (0.25 and 0.5) gave the best BMP for all substrates. Higher SIR
Waste indicated AD inhibition. [138]
e Anerobic sludge was the favored inoculum. Landfill leachate and thickened
anaerobic sludge lacked necessary nutrient and microbial consortia loads.
e Kinetic modelling optimization. 3 parameter models for high SIR, and 2
parameter models for lower SIRs.

e Microalgal mixture A, B, and C tested at SIRs 0.5, 1, and 3 with thermal
hydrolysis, ultrasound, and biological pretreatments at concentrations of

i 3,10,and 20 g TS kg*.
M|§roalgae ' i 4 o [141]
mixtures e The maximum BMP =395+ 11 ml CH4 g+ VS and BD was 70 + 3% at SIR of

0.5 and 10 g TS kg* for mixture A.
e A 4-day lag phase at ISR 3 due to VFA accumulation. No notable NH4*
inhibition.
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e Thermal hydrolysis on mixture B at 170 °C increase the BMP by 62% at ISR
of 0.5.

e Mesophilic digestion at ISRs 0.015, 0.03, 0.06, 0.12,0.25, 1, 2,and 4gVS g
Lys.
Reconstituted MSW  ® Strongly correlated decreasing lag phase with increasing ISR. [142]
e Strongly correlated increasing CHa4 production rate with increasing ISR.
e Weak positive correlation between an increased BMP and an increasing
ISR. Possibly due to readily available hydrolysis by products.

e Mesopbhilic digestion at ISRs 3.67, 1.83, 0.92, and 0.46 g VS g VS.

Whole corn stillage Alkalinity addition of 4000 mg CaCOs L.
residue from

e Highest CH4 concentrations of 65.4 %. [143]

bioethanol plant e VS and COD removals are 83 £ 1 and 86 + 3 %, respectively at ISR 0.46.
e BMP =458 ml CHa, stp g1 VS at ISR 0.46.

e Measured the optimum ISR ratio.

Co-digestion SCGs Highest BMP measured at ISR 3. Lowest BMP measured at ISR 0.5. [111]
with Cow Manure

e Acetic acid concentration around 300 mg L.
No acidification found. VFA/ALK showed a stable process except at ISR 0.5.

It is evident from table 2.8 that the ISR is a fluctuating parameter that is hard to identify without
laboratory and pilot scale research. Nonetheless, it is an important parameter as it dictates the
accountability of an AD process. Choosing the wrong ISR can influence biochemical reaction kinetics

resulting in digestor failure.

§2.5.2 — Knowledge Gap/Research Ingenuity

As the world unfolds in wake of the impending paradigm shift towards integrated circular
bioeconomies and biorefineries, the AD of lignocellulosic biomass can prove to be a useful bioprocess to
minimize anthropogenic environmental impacts whilst simultaneously producing biofuels. The AD of SCGs
has previously been previously studied (see table 2.7). However, the knowledge gap falls with regard to the
optimal ISR for digestion of SCGs with the highest COD and VS reduction. This was conducted and published
by [110] at the same time as it was conducted here at UiS. This was revealed during the COVID — 19 crisis.
Ultimately, there are knowledge gaps with regard to the various pretreatments SCG have been subjected
to for optimal bio-CHa4 production. Due to the COVID — 19 misfortune, only the first part (ISR optimization)
was conducted. Part two of this thesis (pretreatment selection at the optimal ISR) and part 3 (pretreatment
optimization) were not conducted. The chosen yet not completed pretreatments were:

1) Microwave assisted NaOH pretreatment.

2) Agueous NH3 soaking pretreatment.

3) Hydrothermal pretreatment.

4) Dilute HCl pretreatment.
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§2.6 — Bio-CH, Evaluation for A Local SCG AD Facility

Biogas can generate bioelectricity and bioheat streams. Norway characterizes very well in terms
of urban and regional planning. Cities and towns are well connected through a vast network of interworking
roads and highways. Also, the vast areas of uninhabited space make it easier for centralized power
generation and transmission. It also helps that Norwegian policy is oriented towards green sustainable
circular bioeconomy solutions making it more applicable to implement centralized cost-effective biogas
solutions. One can also inject bio-CH4 into the existing regional or national gas grid. In Stavanger, waste
management options and regulations are overlooked by the municipality. This simplified section alongside
sections in chapters 3, 4, and 5 seek to consider the case study for the AD of SCGs produced at UiS, campus

Ullandhaug.

§2.6.1 — Overall Concept

Considering the volume of SCGs per capita produced, Norway places second with 9.01 kg SCGs per
person per year. Various social, economics, and environmental benefits can be derived from the AD of SCGs
considering the volumes produced nationally. Waste reduction through means other than incineration or
landfills improve soil fertility, renewable energy generation, removal of detrimental COD fractions,
environmental conditioning, as well as job creation. These trump cards in the hands of local and national
authorities have the ability to incentivize further research, project funding and investment schemes.

The evaluations for CHs energy and heat estimation comes from the proposed equations in [144].
However, [143] assumes a linear connection between BMP and field operation which may result in the
overestimation of the total CHa volume and energy potentials. This case study also assumes a constant flow
of SCG feedstock being supplied from UiS, which is not the case due to winter, summer, and Easter breaks.
Equations 11 — 13 focus on the theoretical description of how the AD of UiS produced SCGs can generate

heat and electrical energy potentials [144]. The definitions of the variables in equations 11 — 13 is as such:

e vCH,— Total potential volume of CH4 produced (dam?).
e Eap—Annual electrical energy potential (MW, year™).

e Hap—Heating potential (TJ year™).

e - Available amount of SCGs to be digested (tons).
e f,—Ratio of VS to VSi.e. VS/TS or VSts (unitless).

e b —VSreduction for the proposed process (unitless).
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g — The BMP achievable by the suggested BMP test of SCGs (see chapter 4) (dam® CH4 ton?VS).
cCH4 — Achievable CH4 concentration in biogas (m3 m= or %).
qCH4 — Heating potential of CHs (MJ m?3).

ne — Engine generator efficiency (unitless).

vCHy,=q * fy,s* b x g x cCH,

Esp = m * VCHy x qCH, * 1,

HAD = m * UCH4_* qCH4

Equation 11 (Top) — Estimation of the Total Volume of CHa Produced from the AD of SCGs [144].

Equation 12 (Middle) — Estimation of the AD Electrical Energy Potential [144].

Equation 13 (Bottom) — Estimation of the AD Heating Potential [144].
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§3 — Materials and Methods

This chapter presents detailed descriptions of the various analytical experiments and methods
used for determining the BMP of SCGs at the chosen ISRs. This encompasses the characterization of the
substrate and inoculum used, setting up of the batch reactors within the AMPTS Il equipment, BMP
calculations, modified Gompertz fitting, hydrolysis modelling, and the initial and final characterization of
reactor COD and VS. All laboratory works during this study were performed at the UiS campus Ullandhaug,
Kjglv Egelands hus, Laboratories A and C wing, unless stated otherwise. Two separate experiments were
conducted, termed ‘batch 1’ and ‘batch 2’. The COVID — 19 lockdown took place in the middle of batch 2.

All results are given as average + standard deviation.

§3.1 — Substrate and Inoculum

SCGs were donated by SiS Bokkafeen (UiSs largest on-campus café) for this thesis. The coffee
species studied was Coffea arabica and was harvested in Brazil. Solberg & Hansen AS is responsible for
roasting, processing, packaging, and distributing the beans within Norway. The coffee beans were roasted
for espresso brewing purposes, which highly disrupts the intercellular structure of the beans as opposed
to lighter roasting technigues [84]. A high loss in organic nitrogen is seen in espresso roasted beans. During
brewing, espresso beans are ground extra finely and tightly packed in a filter cake while superheated water
(up to 90 °C and 9 bar) [84] extracts as sugars, proteins, fats, caffeine, and carotenoids. The remnants are
the collected SCGs. The SCGs were further grinded by a standard mortar and pestle and sieved through a
25 um sieve manufactured by VWR®. Later, they were dried at (103 °C for 24 hours) until the moisture fell
below 10% wt%.

Anaerobic sludge was obtained from the WWTP (Sentralrenseanlegg Nord Jaeren) operated by VAR
at Randaberg, Norway. The WWTP treats influent wastewater for 400000 person equivalents and the
produced sludge is then transferred to the AD section of the facility to further accommodate biogas
production and COD removal. IVAR also receives FW, fish sludge and waste, and septic wastes which they
co-digest alongside primary and secondary sludge. Anaerobic sludge was obtained from reactor 3. AD
reactor 3 operates at 17 to 18 days of HRT and SRT without the recirculation. The inoculum used in the

BMP test assays was not preincubated beforehand.
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Figure 3.1 — Experimental Flow Diagram

Both the inoculum and the substrate were stored in a walk-in fridge kept at 4 °C away from moisture
and were subjected to standard characterization (TS, VS, pH, VFA, ALK, NH4*, COD, TSS, and VSS) as

proposed by [29], [113], [114], [120]. The above schematics demonstrates the experimental flow chart.

§3.2 — AMPTS and BMP assays

This section covers the equipment (AMPTS) used in determining the BMP of SCGs at the selected

ISR. Also, records of sample preparation and control as well as data handling is demonstrated in this section.

$3.2.1 — AMPTS and BMP

The BMP method is a laboratory test which provides important information about the
biomethanation of a substrate or co substrate as well as the rate of bio-CH4 or biogas production and its
biodegradability potential [113], [114]. This information can prove to be extremely valuable in industrial
scale AD bioprocesses as they can be used to track process performance [114]. Varying experimental
conditions allows for a general understanding of the trends different parameters have on the process. In
was kept the same.

The AMPTS Il apparatus is manufactured and distributed by BPC AB in Lund, Sweden. It takes on a
modern automized approach for determining the BMP of substrates on a laboratory scale with a high
degree of precision and accuracy [145], without the need for bulk and complicated equipment. The AMPTS
can also be used in determining the specific methanogenic activity (SMA) or the residual gas potential (RGP)
of sludges but was restricted to the BMP methodology for this thesis. The experimental setup can be seen
below (figure 3.2). The AMPTS can be coupled with a GC-FID or GC-TCD to determine the quality of bio-CHa

in the outlet biogas, however that was not done in this thesis due to limited laboratory facilities.
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Figure 3.2 — AMPTS II. From Left to Right: Gas Volume Counter, CO2 and Acid Gas Absorption, Reactor Incubation Unit, AMPTS

|l Software

Moving from right to left, figure 3.2 shows the sample incubation unit that holds room for 15 500
mL reactors to hold the amalgam with a rotating motor head to ensure mixing of the digestate. Biogas is
produced continuously until the AD biochemical reactions cease.

Consequently, biogas passes to the gas absorber unit through Tygon® tubing where the removal of
CO, takes place. The CO; absorber is an alkaline solution (3M NaOH, 80 mL) used to absorb acid gases in
the biogas and works similarly to a gas scrubber. The blue color comes from adding the pH indicator

thymolphthalein. The procedure for the preparation for the blue NaOH solution can be found in the AMPTS

manual [145]. The absorber units can remove up to 2.9 L equivalent of CO; [145]. They change color from
dark blue to colorless upon saturation. CO; is the main removed fraction of biogas but the NaOH can absorb
other acid gases such as H3S.

Finally, the gas volume counter device is connected to the software on the provided computer and
records the amount of CHs which leaves the absorption unit. The gas counter is pre-calibrated by BPC AB.
The efficiency of the gas absorber is high [145] but some CO; gases escape it and end up being assumed as
CHa4 as the gas volume counter does not distinguish between gas species and assumes everything that
passes through it to be CHa. Also, the potential for other gases such as Nz, H2S, and NH3 to escape the
process and be assumed as CHa is also high giving room for the overestimation of the BMP of SCGs [146]
[147]. This issue can be resolved by using a GC-FID or GC-TCD. An integrated data collecting system is
consistent with the gas volume measuring device and communicates remotely to the computer which
records and displays the results. The data can be downloaded from the software into a Microsoft Excel™

CSV file for further analysis.
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§3.2.2 — SCG Batch BMP assays

This section will describe the sample preparation process as well as the usage of the AMPTS
equipment. The experiments were carried out mainly from January to mid-March 2020 until the COVID —

19 pandemic where laboratory access was heavily restricted.

§3.2.2.1 — Sample Preparation

Before any BMP testing can commence, a primary characterization of the TS and VS of the substrate
and the inoculum is required. This determines the necessary mass and volume of SCGs, and anaerobic
sludge needed. The ISR is achieved by varying the VS concentrations of sludge and substrate within the
reactor at a specified amount in terms of g VSinoculum 8 VSsces. 6 different tests were used to determine the
density of sludge by weighing the mass a specific volume of sludge using a 10 mL adjustable pipette. This
method is more susceptible to random error though. After concluding the mass and volume characteristics,

it was a matter of weighing in the required masses of homogenized AS for a specific VS concentration.

§3.2.2.2 — SCGs Batch Assays

A total of 2 batches were investigated. Each batch contained 15 reactors (5 triplicates). Batch 1 was
conducted whilst fixing the VS of SCGs in the reactor and alternating the VS of inoculum to attain the
required ISRs (0.5, 1, and 2). In batch 2, the VS of the inoculum was fixed and the VS of SCGs was alternated
to reach the required ISRs (3, 4, 5, and 6). Both BMP assays were ran to completion such that it satisfies
the criteria proposed by [113]. Batch 1 ran for 41 days with the exception of ISR 0.5 which took too long to
start. The need to stay on schedule and run batch 2 saw the premature removal of ISR 0.5 from batch 1.
Batch 2 ran for 23 days. The composition and ISRs for batches 1 and 2 can be seen in the tables below

(tables 3.1 and 3.2). The experimental ISR is calculated based on the concentrations of reactants used, it

serves as a reference to the theoretical ISR. 5 reactors were a positive control. Another 4 reactors were
blank references. Starch was used as a control for batch 1. D-glucose was used as a control in batch 2. Both
batches used the same AS inoculum. Dried SCGs were used a substrate rather than wet SCGs. Handling of
the substrate can be seen in section §3.1.

Both batches fixed the working volume at 400 mL based on the 615 mL VWR® borosilicate glass
bottle reactors that housed the digestion process. The headspace volume (215 mL) is compliant with similar
authors [113], [145]. Distilled water was added to raise the final working volume to 400 mL when it was
needed.

Before starting up the experiment, each reactor was flushed with pure N gas for at least 5 minutes.
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This allowed for an anaerobic environment to be established within the reactor. Although [29], [113]
support using CO2/N, (20/80% v/v) as a flush gas, that mixture was not available. Adding CO; into the flush
gas allows for a replenished alkalinity prior to start up. However, [120] claims that using a CO2/N3 flush gas
showed no significant difference in the BMP results obtained as opposed to flushing with N2 alone.

The AS inoculum used came from a mesophilic AD reactor and so the batch process temperature
was set at 37 °C. The temperature was checked daily. The water bath was filled every other day to insure it
against drying out. The water in the water bath was added until the water level was above the liquid level
inside the reactors to confirm homogenous mesophilic conditions and optimal heat transfer.

The brushless motors produced by BPC AB allowed for the same mixing regime over all the reactors
in question, as they were connected to the same motor controller. The mixing strategy chosen was 600
seconds of mixing at half speed i.e. (100 RPM) [145] and 60 seconds resting. This strategy was chosen to
enable maximum contact (maximum mass transfer) between the SCGs and its hydrolysis products and the
microorganisms as SCGs have a much higher specific gravity and settle rather quickly.

The CO> gas absorbers were checked daily and were not allowed to become saturated (colorless)
as that would severely tamper with the actuator inside the gas measuring device giving an extremely false
reading of the ultimate BMP. Extra NaOH/indicator bottles were prepared and stored such that it was easy
to change the absorption unit immediately as the color changed from dark blue to light blue avoiding the

event of saturation (colorless).

Table 3.1 — Composition of the Reactors in Batch 1 (ISR 0.5, 1, and 2).

Batch 1
Inoculum Substrate
Cell N E i tal ISR Th tical ISR
e ame gVs mL g Vs g xperimenta eoretica
1 Blank 1 4 182 - -
2 Blank 2 4 184 - - - -
3 Blank 3 4 183 - -
4 Control S1 4 186 4.87 4.87
5 Control S2 4 184 4.86 4.86 - -
6 Control S3 4 185 4.87 4.87
7 ISRO.5x1 2 91 4 4.43 0.50
8 ISRO.5x2 2 91 4 4.42 0.50 0.5
9 ISRO.5x3 2 91 4 4.42 0.50
10 [SR1x1 4 182 4 4.42 0.99
11 [SR1x2 4 184 4 4.42 1.00 1
12 [SR1x3 4 186 4 4.43 1.01
13 ISR2x1 8 369 4 4.42 2.01
14 ISR2x2 8 367 4 4.44 1.99 2
15 ISR2x3 8 370 4 4.43 2.01
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Table 3.2 — Composition of the Reactors in Batch 2 (ISR 3, 4, 5, and 6).

Batch 2
| I Substrat
Cell Name g Vnsocu U:IL g V: stra Z Experimental ISR Theoretical ISR
1 Blank4 | 8 | 368 | - | - | - -
2 Control G1 8 369 2.02 2.02 i i
3 Control G2 8 368 4.01 4.01
4 ISR3x1 8 371 2.67 2.95 3.04
5 ISR3x2 8 372 2.67 2.96 3.04 3
6 ISR3x3 8 368 2.67 2.94 3.02
7 ISR4x1 8 370 2 2.21 4.03
8 ISR4x2 8 371 2 2.23 4.02 4
9 ISR4x3 8 373 2 2.22 4.05
10 ISR5x1 8 371 1.6 1.77 5.07
11 ISR5x2 8 372 1.6 1.77 5.05 5
12 ISR5x3 8 372 1.6 1.75 5.12
13 ISR6x1 8 372 1.33 1.49 6.05
14 ISR6X2 8 371 1.33 1.47 6.08 6
15 ISR6X3 8 370 1.33 1.47 6.06

All SCGs used was pre-dried and no pretreatment was applied. Parts 2 and 3 of this thesis were
focused towards pretreatment, but due to COVID, lab access was restricted. No alkalinity was added to the

reactors. Glucose was used as it is easily biodegradable. Starch was used to check the inoculum activity.

$3.3 — BMP Calculations

VCHy scs — VCHy prank

BMP =
Mys sces

BMPscgs = BMPyygsces T Y (SDpiani)? + (SDscgs)?

Equation 14 (Top) — Determining the BMP (NmL CHa g VSscas added) from AMPTS Assay Data [145].
Equation 15 (Bottom) — Displaying the BMP as Average * Standard Deviation [113].

BMP test results can be expressed in a variety of ways. Most commonly in the units of mL CHs g

VSadded however g COD CH4 g CODadded is also viable and interesting because it alternates between 0 and
1 (0 being low BMP and 1 being the highest BMP achievable). The BMP is be calculated by equation 14 and
is presented as shown in equation 15. vCHa sces is the cumulative CH4 of each reactor and vCHa piank is the
cumulative CHg yield from the blank reactors. mvsscss is the concentration of VS used in the BMP assay and
can be obtained from tables 3.1 and 3.2. Biodegradability assessments at different ISRs can be compared

to the theoretical BMP (see section §2.3.3).
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$3.4 — VS and COD Reduction

Measuring VS and COD reduction for solid substrates is quite tricky. Solids in the AD digestate fluid

tend to settle rather quickly and so sampling techniques are not adequate enough to cover human and
random error. Nevertheless, when sampling for COD and VS, it was made sure the digestate was as
homogenous as can be by pipetting whilst stirring both the liquid and solid contents. This technique is
certainly liable to give deviated results as solid-state AD is a relatively new area of research. Equation 16 is
used to calculate VS and COD removal efficiencies. Both COD and VS removal efficiencies were standardized
against the amount of inoculum they held as shown in equation 17. The batch nature of the BMP means
only initial and final measurements are taken, denoted by the subscripts i and f, respectively. | stands for

inoculum and S for substrate.

COD or VS; — COD or VSs
)* 100
COD or VS;

COD or VS = COD or VS;,s — COD or VS,

Equation 16 (Top) — Removal efficiency from COD or VS based on initial and final characterization.
Equation 17 (Bottom) — Standardizing the removal efficiency against blank reactors.

COD or VS Removal Ef ficiency (%) = (

§3.5 — Kinetic Modelling

Two types of kinetic modelling were performed. The non-linear ‘modified Gompertz’ regression was
done on SigmaPlot V10.0 for Windows by SyStat Inc. First order hydrolysis modelling was completed using
the solver tool in Microsoft Excel™ for Windows. Equations 18 and 19 demonstrate the models applied. For
the modified Gompertz modelling, a group of representative points over the whole data set (whole
reaction) were used. For the first order hydrolysis model, only the first 5 days of the experimental results
were used [29]. Hydrolysis is the first biochemical reaction to start and the first to end, and usually lasts
between 5 to 7 days.

The modified Gompertz model’s significance is that it sheds information about the microbial
concentration changes (cell growth and decay) over the AD process. The modified Gompertz model allows
the BMP data to be modelled for optimal bio-CH4 production kinetics in batch reactors as there is a pre-
assumed relationship between microbial growth and decay and the BMP achievable [148]. BMP: is the
cumulative bio-CHs yield. BMP« is the maximum bio-CHs attainable. Rmax is the maximum bio-CHg
production rate. e is Euler’s number (2.71828). A is the lag phase measured in days.

The first order hydrolysis kinetic model uses linear regression to determine the hydrolysis constant

(kn) from the linear part of the BMP curve over the first 5 days. The aim is to demonstrate the differences
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in hydrolysis changes of SCGs based on their selected ISR regime only.

Rmax
BMP, = BMP,, * exp { — exp amp) A=t xe+1

1 (BMPOO — BMPt)
n BMP,

Equation 18 (Top) — Modified Gompertz Kinetic Model for Microbial Growth [60], [105].
Equation 19 (Bottom) — First Order Hydrolysis Kinetic Model for Enzymatic Hydrolysis [29].

= —kh*t

$3.6 — Analytical Procedures

The analytical technigues used to monitor changes during the experimental process are discussed
here. No sacrifice reactors were prepared and so all reactors were characterized at initial and final digestion

stages.

§3.6.1 — pH and Conductivity

The pH of the anaerobic sludge was taken as soon as it arrived at the laboratory from IVARs
sentralrenseanlegg at Nord Jaeren. Also, prior to incubation and N; flushing, pH was adjusted to 7 in each
reactor using 3M HCl acid. pH was taken immediately when the reactors were opened after gas production
plateaued. pH measurements were also taken to determine VFA and ALK (see section §3.6.4).

The pH probe was calibrated whenever it was used, using pH buffers 4 and 7. The pH electrode used
was the SenTix 41 manufactured by WTW GmbH. Another pH electrode was used for measuring VFA and
alkalinity). That pH electrode was inbuilt with the TitroLine® 5000 titrator. Conductivity measurements
were used to determine the total amount of dissolved solids. The probe used was the Tetra Con® 325

manufactured also by WTW GmbH.

$3.6.2-COD

Both total and soluble COD measurements were taken before and after digestion. Soluble COD
(sCOD) was done by centrifuging the contents of the digestor at 13000 RPM for 15 minutes at 4 °C by a
Heraeus SepaTech Biofuge 17R centrifuge. Samples from the supernatant were pipetted and diluted into a
known volume of distilled water. Total COD (tCOD) mesasurments were taken by directly pipetting a set
volume of digestate into a set volume of distilled water without centrifugation. COD absorbance
measurements were standardized against the COD of various glucose concentrations. Calculating the COD

reduction for batch 2 was no possible due to the COVID pandemic.
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All COD measurements were done using the Spectroquant® COD Cell Test kits as well as the
Spectroquant® Pharo 300 spectrophotometer. To determine COD, digestion took place in a specialized
heater at 148 °C for 2 hours. Measurement was conducted when the vials cooled down to room
temperature. SCGs COD was measured using the test kit #1.14555.0001 (500 — 10000 mg COD L1). Five
replicates were conducted by weighing the difference of the vials three times to determine the amount of
sole SCGs in the vials. 1 mL of distilled water was added to these tests as per the accompanying manual
#1.14555.0001. The rest of the COD tests conducted in this research used the test kit #1.09773.0001 (100
—1500 mg COD L1). 2 mL was pipetted into these vials. All tests were conducted at least in triplicate, some

tests were conducted more often.

$3.6.3—-TS and VS

SCGs, anaerobic sludge, and AD digestate were all characterized for TS and VS. All tests conducted

were at least in triplicates. Biogas is generated from the VS content in SCGs, so knowing the VS decrease of
the process is favored. VS reduction from ISRs 3, 4, 5, and 6 was not taken due to the COVID pandemic.

TS measurements were taken by weighing the sample in a porcelain dish and heating it in an oven
at 105 °C for 24 hours. After cooling the sample in a desiccator, it was weighed again and ignited in a muffle
furnace at 550 °C for 2 hours where it was cooled in a desiccator and weighed again. Volatile organic matter
can get burned off in the oven or while transporting the sample to the desiccator giving an erroneous

reading, especially in solid substrates such as SCGs.

Miotal — Mgish

TS (%) = * 100

Mgsample — Mgish

m —m i
VS (%) — total volatile + 100
Mtotal — Mdish
Equation 20 (Top) — Calculating TS % by Weight Difference [149].
Equation 21 (Bottom) — Calculating VS % by Weight Difference [149].

TSS and VSS tests were conducted using a 0.45 um filter and a known volume of inoculum, according
to the standard procedure. TSS and VSS measurements were only conducted on the anaerobic sludge.
Using a pipette, a certain volume of sludge was filtered through a vacuum filter. Afterwards, heating at 105
°C for 24 hours, and burning at 550 °C for 2 hours was done, as stated above. The tests were conducted in
triplicate. The control tests were empty filter papers (3) that were combusted at 550 °C, to determine the
fraction of volatile matter combusted from the filter as opposed to the sample. Equations 22 and 23 show

the TSS and VSS calculation. Masses are in mg, volumes are in mL.

48 SEMAAN, Georgeio —(247997)



(mfilter+solids - mfilter) * 1000

TSS (mg L™Y) = Vrtrered
iitere

(mfilter+solids - mfilter+solids burned) * 1000

VSS (mg L™1) = Vrtrered
Litere

Equations 22 (Top) — Calculating TSS by Weight Difference.
Equation 23 (Bottom) — Calculating VSS by Weight Difference.

$3.6.4—VFA and ALK

VFA and ALK measurements were conducted using the TitroLine ® 5000 automatic titrator. The VFA
and ALK of all samples was determined based on a 5-point titration method proposed by [150] with the
supplementary software “TITRA 5”. Although [150] filtered his digestate before titration, in this experiment
the digestate was not filtered as solid SCGs do not contribute to VFA and ALK. The TITRA 5 program
automatically calculates the VFA and ALK concentrations after specifying the required variables such as pH,
conductivity, volume, and temperature. VFA and ALK concentrations were calculated as mg CHsCOOH L
and mg CaCOs L%, respectively. All VFA and ALK tests were done in triplicates. The VFA and ALK of ISRs 3, 4,
5, and 6, were not determined due to the COVID pandemic.

Using 0.1M HClI, a defined volume of acid was pipetted into a beaker with a known volume of
digestate diluted with distilled water. The solution was stirred using a magnetic stirrer at low RPM to
minimize CO; transfer into the solution. The titration commenced and the volumes of acid used at pHs 6.7,

5.9, 5.2, and 4.3 were noted. The conductivity was also noted using the undiluted volumes of digestate.

83.6.5 — NH,*

Triplicate NH4* measurements were conducted on the inoculum only. This was done to check it
against the requirements proposed by [113]. The Spectroguant® Ammonium Cell Test kits #1.14544.0001
(0.5 — 16.0 mg NH4—N L) in conjunction with the Spectroquant® Pharo 3000 spectrophotometer were
used. NH4* testing was done when the anaerobic sludge was brought to the laboratory and was still warm.
Distilled water samples were used as blanks to calibrate and standardize NH4* absorbance measurements.

0.5 mL of filtered diluted anaerobic sludge sample was pipetted into the vial. One dose of NH4 — 1K

was dosed into the vial and shook. The vial rested for 15 minutes before it was measured.

§3.6.6 — Elemental Compositional Analysis

Dry SCGs samples were sent to Yonsei University, Seoul, South Korea. Glucose, xylose, lignin,

proteins, fats, and elemental analysis tests were conducted at the Department of Civil and Environmental
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Engineering.

Elemental Analysis was conducted using the Thermo Fisher Scientific™ FLASH 2000 CHNS elemental
analyzer. Oxygen concentrations were calculated as the difference between 100 and CHNS concentrations
as %. The data is shown in table 4.2. The data is to be used in conjunction with data presented in table 2.6
and experimental data from experiments conducted at UiS. Carbohydrate content (glucose and xylose) was
measured using an HPLC—RI with a 300 x 7.8 mm Aminex HPX—87P ion exclusion column using deionized
water as eluent at 85 °C.

Acid soluble and insoluble lignin, proteins, lipids, and fats measurements were conducted according

to the “Chemical Analysis and Testing Laboratory Analytical Procedures” manual composed by the NREL.

§3.7 — Energy and Power Assessment for the AD of SCGs at UiS

The two main coffee receiving bodies at UiS Campus Ullandhaug are SiS and UiS. SiS distributes its
coffee to SiS Bokkafeen and the on-campus canteens such as ‘SiS Optimisten” and others. UiS receives
coffee for its faculties, administrative buildings, and staff. SCGs produced by student organizations at the
student house “StOr” were not considered in this case study. Emails were sent to SiS and UiS asking for
their coffee consumption numbers and both complied willingly to provide such numbers by email. The heat
and energy production estimation was evaluated by using the equations in section §2.6.1 provided by [144]
and is displayed in section §4.6.

SiS provided information about the quantities of coffee it receives in a single academic year. Using
these values and the generalized relationship of 91% discarded SCGs in the brewing process [80], it can
give an understanding of the amount of SCGs SiS produces annually.

UiS however could not provide us with consumption numbers, but rather the cost of all coffee
purchases in one year. Contact with the seller “WaterLogic Norge AS” confirmed the price of 1 kg of coffee
to be sold at a rate 120 Norweigian Kroner to UiS. Given their price per kg, and the total purchased over a
single academic year, as well as the relationship derived by [80], it becomes a simple calculation to calculate
the SCGs production at UiS facilities.

The academic year considered for this study is 2018. It is important to note this metholodogy is
quite open for errors however it is a start. Not all the coffee used in the form of beans, it can be instant
coffee/capsules too. Not all the coffee is bought at 120 NOK kg?. Also, this study assumes that all coffee

purchased is used within that same year, which is not the case, some coffee is not used immediately and is

stored.
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§4 — Results and Discussion

This chapter is broken down into, a) substrate and inoculum characterization; b) bio-CH4 production

performance for ISRs studied; c) kinetic models and biodegradability; d) COD and VS removal efficiency and

COD mass balance analysis; e) pH, VFA, and ALK; and finally f) energy and power assessment for SCGs

generated at UiS. Further after, discussion of the data takes place.

The results for this thesis are divided into two parts, those prior to the COVID — 19 pandemic with

complete numerical support, and those that were half complete without numerical support as lab access

was stopped. Results are displayed as either initial or final.

§4.1 — Solid and Inoculum Characterization

Table 4.1 — Initial SCGs and Inoculum Characterization.

Parameter Units SCGs — Substrate Anaerobic Sludge — Inoculum
TS % 92.1+0.1 3.2+0.09
A % 90.4 £ 0.05 2.2+0.05
VSts % 98.2 £0.03 69.1+0.5
tCOD - 1.49 +0.07° 32699 + 2637°
sCOD mg COD L N.A. 2520 £ 308
tCOD/VS gCoDg!Vs 1.65 + 0.07 1.51+0.13
TSS gTssL? N.A. 12.50+2.16
VSS gVss Lt N.A. 9.46+£1.29
pH - N.A. 7.5+£0.07
ALK asmg CaCOs L N.A. 2229 +241
VFA as mg CH3COOH N.A. 212+7.9
NH4* mg NHs—N L1 N.A. 1537+ 38.9
3 g COD g*'SCGs.
b —mgCOD L™
Table 4.2 — SCGs Characterization Conducted at Yonsei University, South Korea
Parameter Unit SCGs value
C-H-N-S-0 % —% — % — % —% (dry mass) 52.35-7.04-2.27-0.09 -38.25

Empirical Formula -

C:N Ratio mol C/mol N
Glucose %
Xylose %

C1553H24830852N585
26.89:1
17.8+3.1
13+04
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Acid Soluble Lignin % 4.4+0.6

Acid Insoluble Lignin % 21.1+1.8
Proteins % 24 +2.7
Other (fats, lipids, extractives) % 283+3.2

The physicochemical results can be seen (tables 4.1 and 4.2). The SCGs used contain an incredibly
high VSts ratio and consequently a low ash content of 1.8 + 0.03%. The combination of high VS/low ash
makes SCGs a suitable substrate to be used in AD bioprocesses, although some issues may be encountered
due to insufficient micronutrient supplementation [151]. 5 runs for quantifying the inoculum density were
done, to determine the VS parameter of the sludge in terms of mass rather than volume, at 982 gsjudge L
Ludge. Table 2.6 is to be used in conjunction with table 4.2. This way the theoretical BMP can be calculated
via the concentration of LCH fractions and CHNOS fractions from literature as well as CHNOS fractions for
the specific SCGs used in this study (sent to South Korea).

Itisimportant to note that the SCGs used in this AD BMP study were pre-dried to a moisture content
of less than 10% which resembles the high VS in table 4.1. However, the wet SCGs obtained from SiS
Bokkafeen initially have a TS of 37.2 + 0.2%, a VS of 36.5 + 0.2%, and a moisture content of 58.4 + 1.1%, but
these SCGs were not used in the batch tests. The AS inoculum used comprised of a high concentration of
water (light inoculum), hence the low solid content. Elevated moisture levels harbor a secure environment
in which microorganisms interact maximally to produce bio-CHa, which is why there was no sever inhibitory
signs for ISRs 1 and above. Finding the most favorable ISR for SCGs digestion relies heavily on a secure
healthy environment in which microorganisms flourish without VFA, NH4*, other inhibitors, and maximal
mass transfer.

The initial characterization of SCGs (tables 4.1 and 4.2) fit the descriptions proposed by [7], [83] in
terms of TS, VS, CHNOS, proteins, and fats. The COD of SCGs was measured to be 1.49 + 0.07 g COD g
SCGs. This is measured as conveyed in section §3.6.2. The COD of the feedstock (especially when it is a
solid), is an essential parameter and must be measured successfully. The COD of solid substrates has proven
to be somewhat troublesome due to the rigidity in their lignin superstructure. However, measuring the
‘complete’ oxidation of SCGs using the proposed Spectroquant® vials method is incorrect for two reasons.
Spectroquant® vials are designed for liquids such as wastewater, algae cultures, or hydrolysates. Secondly,
the solid nature of SCGs will give a false reading due to the extremely high solids content (92 %). [152] uses
a similar (COD Spectroquant® vials), yet adjusted method to the one used in this thesis to determine the
COD of a solid substrate. The method described by [152] can be used to monitor dry AD processes. It is

important to note that the standard deviation measured is low (0.07 g COD g SCGs). Nonetheless, the
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method requires further standardization to be considered complete.

The C:N ratio obtained from the substrate matches other SCGs tested (see section §2.4.7.2). 26.89:1
falls between 20:1 and 35:1, which is the optimum C:N ratio for microbial bioprocess. A moderate ratio of
26.89:1 allows SCGs to have a stable digestion with adequate of N supplementation to microbial life [153].
Also, it allows it to be used as a co-substrate to bioaugment and alter low or high C:N ratio feedstocks such
as rice flour and wheat straw for a more coherent digestion and successful growth of the different microbial
groups (especially methanogens) [153]. The elemental analysis of the inoculum was not conducted and so
the empirical formula was not calculated. However, the average empirical formula of the inoculum (and
newly grown biomass) is standardized to be CsH;0:N by [14].

Through personal communication with IVAR, the inoculum used matches very well the
characteristics from the IVAR laboratory. The VFA/ALK ratio of the inoculum is 0.1 + 0.01, which is
considered to be a stable non-inhibiting inoculum as per [114]. The pH of the inoculum measured at IVAR
remains relatively stable until it reaches the UiS laboratories where the pH is measured again at 7.5 £ 0.07.
The pH is also in accordance with [113] thresholds. The NH4* concentration is well below the required limit
and proves the inoculum to be non-inhibiting [113]. The moderate concentration of fats and lipids (table

4.2) deem SCGs a valid feedstock for AD.

§4.2 — BMP Batch Assays and CH, production

The figures below show the total bio-CHa4 production over the course of the BMP test (figures 4.1

and 4.2). Figure 4.1 shows the cumulative bio-CHs production whereas figure 4.2 shows the specific bio-
CHa production per g VSsces loaded. Residual CHs from the inoculum blanks were subtracted from the
cumulative and specific BMPs. Blank and positive control reactors to measure the inoculum activity were
held but are not displayed to keep figures 4.1, 4.2, 4.5, and 4.6 from getting overly congested. The ISR BMP
curves are plotted as triplicate averages with their standard deviation error bars.

The daily bio-CHa production is presented, (figures 4.5 and 4.6). A correlation curve between the
ISR of SCGs AD and their respective BMPs is drafted, (figures 4.3 and 4.4). Lastly, table 4.3 gives the
numerous presentations of the BMP at the different ISRs, as well as the normalization of the BMP at STP as
called for by [29]. The data is processed and presented as proposed by equations 14 and 15. An important
factor to consider is the flush gas concentration. Using a pure N; flush gas to fashion an anaerobic
environment will somewhat overestimate the overall BMP of a substrate as it destabilizes the carbonate

equilibrium and gives a slightly erroneous reading [113], [145].
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Figure 4.1 — Cumulative CH4 Production from SCGs at the Selected ISRs.

As shown in figure 4.1, the different reactors produced different volumes of bio-CHa over the course

of the study. Most notably is ISR 2 (8 g VSinoculum 4 87 VSscas), producing a total CHs volume of 1401 + 137

NmL CHa. Reactors with ISR 0.5 (2 g VSinoculum 4 g VSsces) took approximately 10 days to start and had a low

level of CHa production throughout the whole 41 days of study compared to the rest. Hence, its curve does

not plateau because the process was deemed too slow and shut down prematurely before ending leading

us to consider slow kinetics and/or inhibitory parameters. More importantly is figure 4.2 which gives insight

on the specific BMP based on the amount of substrate initially loaded. According to table 3.1, ISR 2 showed

the highest concentration of SCGs in relation to other ISRs chosen. This boosted the breakdown of the

substrate and allowed for the increase in total bio-CHs4 production. Inversely, table 4.3 signifies the

relationship between the SCGs concentration and BMP achievable. Loading more substrate is not

necessarily better for optimizing bio-CHas yields as seen by ISR 0.5.
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Figure 4.2 — Specific CH4 Production (BMP) at the Selected ISRs Based on the Loaded Substrate (As g VSsces).

The difference between figure 4.1 and 4.2 is that figure 4.2 layers the BMP curves in terms of the
amount of loaded substrate. We can then clearly see that ISR 6 is the most CH4 producing unit. ISR 6 tops
CHa production at 533 +22 NmL CH4 g1 VSscas. The least producing is ISR 0.5 as the reaction was incomplete.
ISR 0.5 produced up to 271 + 12 NmL CHa4 g1 VSsces by day 41. ISR 5 produced less than ISR 4, but with the
largest sources of error (see figures 4.3 and 4.4). According to [111], digesting SCGs yielded a propionic acid
concentration of 3366 mg L which explains the limitation of the BMP achieved even after 41 days of
digestion in ISR 0.5 reactors. This occurs due to the high load of SCGs on an inoculum which cannot accept
such high loading and is unable to convert them successfully. This is shown by the stagnant lag phase
needed for acclimating to the substrate. This leads to a destabilized process ecology and premature bio-
CHa production as seen in figure 4.2. This can be confirmed using an HPLC to test VFA concentration at ISR
0.5, but that was unavailable.

Figure 4.3 shows how the ISR affects both cumulative CHs vields as well as specific yields based on
dosage. Linear plot fittings show a weak downtrend (R? = 0.644) between increasing the ISR and the
cumulative volume of CH4 produced (green lines, right axis). On the contrary, a weak uptrend (R? = 0.754),

is observed for the specific BMP for its respected ISRs (red lines, left axis). Figure 4.4 shows the same data
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as figure 4.3 but uses a 2" degree polynomial to obtain a correlation between BMP and ISR. The 2" degree
polynomial gives a better correlation (R? = 0.795) as opposed to a linear correlation (R? = 0.754). According
to the correlation in figure 4.4, the optimum ISR was calculated to be 6.5 (by differentiation of 2" degree
polynomials) and then falls beyond that. However, this might not be the case when using a different
inoculating agent.

The large concave engulfment around ISR 5 occurs due to a failure in one of the reactors. The
AMPTS apparatus did not respond to CH4 production signals, giving less data to work with. Hence, the lower
bound of ISR 5 aligns with that of ISR 2 which is theoretically and practically incorrect. Also, one of the ISR
2 reactors experienced failed gas production due to undetermined reasons. Surely, this disturbs the
correlation and their R? values as calculated in figures 4.3 and 4.4. However, it is clear that there is a
connection between ISR and BMP for SCGs AD.

It is projected that ISR above 6 will also yield below 500 mL CHa, stp g VS. This occurs due to the
diminishing concentration of substrate with increasing ISR which lowers the BMP drastically as

demonstrated by the quadratic relationship in figure 4.4.
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Figure 4.3 — The Correlation Between Bio-CHs Production from SCGs and the ISR Dosed (Linear).
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Figure 4.6 — Specific Bio-CH4 Production Rate Profiles Relative to the g VSsces Initially Loaded.

Figures 4.5 and 4.6 show the CHa flowrate profiles. Tallying up the results of figures 4.5 and 4.6
yields the data in figures 4.1 and 4.2, respectively. The highest daily production rate of 367 + 41 NmL CHa
day?is produced by ISR 2 around day 2/3 (see figure 4.5). However, based on the g VSsces loaded, it is
observed from figure 4.6 that ISR 4 has a production rate of 97 + 16 NmL CH4 day™® g VSsces also at day
2/3. All BMP profiles showed 2 intensified bio-CH4 production surges (shown as 2 successive humps). The
first surge, which happened almost immediately (day 2/3), can be attributed to the conversion of readily
available COD. The high concentration of FFA and LCFAs from SCGs can result in a delayed bio-CH4
production surge as observed between days 3 and 8, where hydrolysis slows down. However, for ISR 0.5,
the delayed gas production can be seen between days 10 and 30 implying some form of inhibition or
inactivity. Also, ISR 1 did not demonstrate any sharp increase or decrease in CHa production which can be
attributed to an increased VFA concentration. Although HPLC analysis would shed more light on the matter.
All reactors with ISR above 1 are considered to have a high resistance towards failing. ISR 1 is borderline.
ISR 0.5 failed.

Normal conditions are measured at 1 atm and 20 °C whereas STP is measured at 1 bar and 0 °C,

accounting for the removal of water vapor to form dry bio-CHa.
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Table 4.3 — Maximum BMP Parameters Achieved for the Selected ISRs.

Reactor BMP—mLCHs,srpg?COD BMP—NmLCHsg'VS BMP—mLCHssrg?VS BMP—gCODg?'COD

ISR 0.5 0.15+0.01 271+12 256+ 11 0.44 +0.03
ISR 1 0.19 £ 0.02 330+31 312 +29 0.54 + 0.06
ISR 2 0.20 £0.02 350 + 36 330+ 34 0.57 £ 0.06
ISR 3 0.25+0.01 436+ 12 412 +11 0.71+0.04
ISR 4 0.30 £ 0.04 525+ 63 496 + 59 0.86 + 0.04
ISR 5 0.23 +£0.06 410+ 110 387 +£104 0.67+0.18
ISR 6 0.30 £ 0.02 533+22 503 +21 0.87 +0.05

§4.3 — Biodegradability and Process Kinetics

In this thesis, biodegradability is calculated based on two methods. First, using the lignocellulosic
composition of SCGs available in literature (see table 2.6). Second, using the compositional analysis from
the average values of CHNSO found in literature (see table 2.6). Lastly, comparing the results from CHNSO
literature studies to the CHNSO experiments conducted at Yonsei University, South Korea (see table 4.2).
Table 4.4 below summarizes the main parameters. Equations 1, 2, 9, and 10 are applied here to calculate
the theoretical BMP (BMP+,). All biodegradability calculations above 100% are considered incorrect. The
parameter of interest is CHNSOvonsei. CHNSO and LCH (top 2 rows) serve as a reference and comparison for

the experimental outcomes.

Table 4.4 — Theoretical BMP based on LCH or CHNSO compositions

BMPh (mL CHa, stp
Name Composition (%) Equations Used
g VSscas)
LCH — (Table 2.6) L (25.8) —C(10.5) —H (37.9) — Residual (25.8) 226.3 Equation 2 - [40]
CHNSO — (Table 2.6) C(53.61)—H (6.78) — N (2.19) =S (0.14) — O (37.21) 592.3 Equation 9 - [120]
CHNSOvonsei C(52.35)—H (7.04) - N (2.27) — S (0.09) — O (38.25) 593.4 Equation 9 - [120]

[40] uses lignin, cellulose, and hemicellulose (LCH) data to calculate the BMPr, of substrates.
However the model proposed by [40] (equation 2) is subject to very large ranges of error sometimes
ranging up to 150%. It is evident from column 1 in table 4.5 (BD LCH %) that the model does not fit for
SCGs, as biodegradability thresholds go over 100 % and even reach 200%. However, using the
compositional characteristics of SCGs we can see that CHNSO data from this study of previous studies fit
extremely well to demonstrate the final biodegradability of the AD of SCGs in anaerobic sludge inoculum.

The highest biodegradability was that of ISR 6 and, however ISR 4 closely followed. ISR 5 showed a large
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deviation. However, it is thought that ISR 5 is similar to ISR 4 and 6 but would require further justification.
BD CHNSO is quite close to BD CHNSOyonsei. This is due to the fact that CHNSO analysis of previous
SCGs display similar compositions as the ones used in this thesis. This shown by their BMPt,, which differs

by only 1.1 mL CHq stp g VSscas only.

Table 4.5 — Biodegradability for the ISRs. Based on the Selected Method for Determining BMP i.e. (Table 4.4).

Reactor BDLCH (%) BDCHNSO (%) BD CHNSOvonsei (%)

ISR 0.5 113+5 43+2 43+72
ISR1 138+ 18 53+7 53+7
ISR 2 146 + 21 56+8 56+8
ISR 3 182+7 70+3 69+3
ISR 4 219+ 37 84+ 14 84+14
ISR5 171+ 65 65+ 25 65+ 25
ISR 6 222+13 85%5 85+5

Lastly, as per section §3.5, microbial and process kinetics are modeled via the modified Gompertz
model over 41 days, and the enzymatic degradation hydrolysis model using the first 5 days. Both models
employ the results from figure 4.2. The lag phase (A) for ISR 4 was modeled as negative indicating an active
inoculum producing gas prior to incubation.

The modified Gompertz parameters resemble a tight fitting towards microbial growth curve
parameters returning R?s of 0.98 and above. Modified Gompertz parameters shed light on how microbial
biomass interact with the substrate in question and relates feedback on how to sustain continuous AD
operation of SCGs at their respective ISRs.

The hydrolysis constant was calculated according to initial CH4 production in the first 5 consecutive
days. Most notably, is the kn for ISR 0.5 which is significantly lower than any other ISR. This suggests reactor
overloading which resulted in a decreased BMP, increased VFA concentrations (see table 4.9) failing these
reactors. ISR 2 had the highest hydrolysis rate constant, allowing it to produce bio-CHathe quickest. On the
other hand, ISR 6 had the highest BMP at 0.87 + 0.05 g COD g* COD with a lower kn than ISR 2 indicating

that the ISR plays a major role in deciding the biodegradability, hydrolysis kinetics, and BMP of SCGs.

Table 4.6 — Modified Gompertz Model and First Order Hydrolysis Model Kinetic Parameters.

Reactor BMPe (NML CH4g1VS)  Rmax (NmL CHs g VS day?) A (day) R? kn (day)
ISR0O.5 266+9 12.5+0.5 10.5+0.2 0.98 0.02 +0.00
ISR1 330+28 38.1+5.1 0.9+0.3 0.99 0.14 £0.02
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ISR 2 348 + 34 52.3+6.9 03+0.2 0.99 0.22 £0.02
ISR 3 436+ 1 549+0.6 0.2+0.0 0.99 0.16 £0.01
ISR 4 522 +59 64.4+6.6 -0.1+0.3 0.99 0.20 £0.04
ISR5 408 + 110 59.2+4.9 05+0.3 0.99 0.20 £ 0.06
ISR 6 530+ 14 57.7+1.4 01+0.1 0.99 0.15+0.00

§4.4 — COD Mass Balance and COD/VS Reduction

COD mass balances illustrate the distribution of organic fractions in AD systems. A well accounted

COD mass balance can prove to be vital for design and operation of large-scale energy efficient AD system:s.
COD and VS removal efficiencies for batch 1 (ISRs 0.5, 1, and 2) were identified and calculated based on the
initial and final characterization of COD and VS concentrations during the 41-day test period. Due to the
COVID — 19 pandemic and imposed laboratory restrictions, COD and VS removal efficiencies for ISRs 3, 4,
5, and 6 (batch 2) were not identified. Only initial characterization was conducted for batch 2. These are

not showed below. The COD mass balance is shown for batch 1.

§4.4.1 — COD and VS Removal Efficiency

Testing and calculation for COD and VS reduction is done according to sections §3.4, §3.6.2 and
§3.6.3. Table 4.7 shows the results for batch 1. Figure 4.7 shows initial and final COD characterization for
batch 1. A clear correlation between ISR and COD/VS reduction remains inconclusive due to the lack of

results at higher ISRs. Figure 4.7 shows the different COD fractions measured (as a percentage of tCODin).

A clear increase in sCODin and sCODeffis seen as the ISR is increased from 0.5 to 2, due to the increase of
SCGs available in the reactors. However, tCODeff seems to decrease and then increase which is erroneous
and needs further standardization. Both COD and VS removal efficiencies were controlled against the COD

and VS of the inoculum (see equation 17).

Table 4.7 — COD and VS Removal Efficiencies. Taken as Triplicate Average and Corrected for the Inoculum.

Reactor COD reduction (%) VS reduction (%)

ISR0.5 49 +16.2 76.2+12.6
ISR1 61.6+3.2 68+4.3
ISR 2 46.8+7.8 56.5+3
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Figure 4.7 — Influent and Effluent COD Characterization. Taken as Triplicate Average and Corrected for Inoculum COD.

§4.4.2 — COD Mass Balance

As per equation 6, CODinfiuent at t = 0 was measured and CODefriyent at t = 41 days was also measured.
The COD measurements taken were diluted 30 to 50 times to facilitate the COD vial concentration range.
CODgas i.e. bio-CH4 COD was theoretically calculated using equation 7 and the experimental values obtained
are in table 4.3. Table 4.8 shows the breakdown of the COD fractions. COD mass balances for ISR 3, 4, 5,
and 6 were not available due to COVID — 19. CODypiomass o CODsludge Was not measured in this study but is
assumed be between 5 — 20% for microbial growth. The COD balance column in table 4.8 is calculated

based on equation 24 below, which comes as a modification to equations 6 and 7.

ans
350mL CH4' TP + CODeffluent
COD balance (%) = —o0as = C20erjtuent. _ 2
° CODinfluent CODinﬂuent

Equation 24 — COD Mass Balance Equation Used in this Thesis

Table 4.8 — COD Mass Balance at the Selected ISRs

COoD CcoD
CODinfluent (mg CODefﬂuent(mg CODgas (mg
Reactor reduction balance
COD) COD) COD)

(%) (%)
ISR0.5 5488 + 1096 2680 +418 2926+ 126 49 +16.2 102 +22
ISR1 8727 + 859 3373 +620 3566 + 331 61.6+3.2 80+11
ISR 2 13739 + 635 7333+1281 3771+ 389 46.8+7.8 81+10

62 SEMAAN, Georgeio —(247997)



Influent COD for ISRs 3, 4, 5, and 6 were measured however effluent COD was not. CODinfluent Was
8752 £+ 815, 4976 £ 45, 3920 £ 1131, and 2832 + 815 mg COD for ISRs 3, 4, 5, and 6, respectively showing
a clear decrease in CODinfluent With increasing ISR. ISR 1 and 2 mass balances show a maximum of 80 and
81% respectively. This is solidified by assuming that CODsjudge contributed from 2 to 20% for microbial
growth [14], [15]. This allows for a somewhat complete (100%) COD mass balance. However, ISR 0.5 does
not account for CODsiugge and yet the COD mass balance is overestimated at 102%. This can be due to an

incomplete process and/or the assumption of elevated VFA concentrations.

$4.5 — pH, VFA, and ALK

Table 4.9 shows pH changes across all batch 1 reactors. Also, table 4.9 shows VFA and ALK

concentrations in the digestate in order to determine plausible indications of reactor failure. The addition
of coffee lowered the pH of the inoculum from 7.50 + 0.07 (table 4.1) to pH (column 2, table 4.9). The
higher the ISR, the lower the difference between the two pHs. This indicates that SCGs have a pH lowering
effect when they come in contact with the inoculum. ISR 0.5 reactors has the lowest start pH due to the
highest concentration of SCGs solids present. The pH column (column 2) indicates the pH when SCGs and
the inoculum were mixed before adjusting the pH to 7. pHinitial (column 3) indicates the pH after adjustment
to 7. pHsinal (column 4) is the pH when the reactors were finally opened on day 41. As discussed before, pH,

VFA, and ALK measurements for batch 2 were not completed.

Table 4.9 — pH, VFA, and ALK Results.

Reactor pH pHinitial pHfinal VFA (mg HAc L'Y) ALK (mg CaCOs L) VFA/ALK

ISR 0.5 7.01+£0.02 7.01+£0.01 6.83+0.13 280+ 27 982 £+ 68 0.29 + 0.05
ISR1 7.14 +£0.01 7.00+£0.01 7.59 £0.02 284 + 50 2371+ 301 0.12 £0.03
ISR 2 7.21+£0.01 7.00+0.01 7.66 £0.07 507 £ 88 4206 £ 283 0.12 £ 0.03

PHrinal was measured for ISR 3, 4, 5, and 6. However VFA and ALK concentrations were not. pHfinal
was 7.66 + 0.01, 7.65 + 0.03, 7.71 £ 0.02, and 7.60 £ 0.21 for ISR 3, 4, 5, and 6, respectively. We can see
that pHsinal had stabilized at 7.66 for ISRs 1 and above, indicating a successful digestion and little to no NH3
inhibition.

It is assumed that SCGs have little to no alkalinity embedded within their solid structure. Hence, the
inoculum used plays a crucial role in stabilizing the pH and minimizing VFA overwhelming. It can be seen
that the VFA/ALK values for ISR 0.5 are at least double that of ISR 1 and 2 which is attributed to the rapid

consumption of inoculum alkalinity by the heavy production of VFAs at this low ISR [111], [113]. Technically,
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the VFA/ALK ratio of ISR 0.5 is 25% well below the attributed value (0.4) which determines failure at this
ISR. However, it is also argued that a VFA/ALK of 0.3 is considered failed or near failed. It is decisive though
to assume the reaction failed completely without running ISR 0.5 reactors to completion again. The lowered
CHa yield and production rate as well as the delayed lag phase argues that ISR 0.5 is not best for CHa
production from SCGs. The pH in ISR 0.5 reactors was significantly lower than all other reactors in batch 1
and 2. This indicates the overload in VFA concentration, relating to the extended hydrolysis as well as the
reduced alkalinity to 982 mg HAc L. ISR 0.5 reactors showed a pH lower than 7 when they were opened,
which indicates methanogenic inhibition. Finally, ISR 2 reactors had noticeably more VFAs present but were

backed by even more alkalinity (4206 + 283 mg CaCOs; L2).

$4.6 — Energy and Power Calculations for SCGs at UiS

This section aims to quantify the overall energy and heat production output from an AD unit
digesting solely SCGs from UiS campus Ullandhaug within the characteristics obtained in this study. The
method proposed by [144], is able to demonstrate both the heat and electrical potential of the bioproduced
CHa. Information associated with this section is found in §2.6.1 and §3.7. Equation 11 estimates the bio-
CHa4 volume by digesting SCGs at ISR of 6 (the highest producing ISR). Equation 12 evaluates the potential
electrical energy that can be derived from SCGs digestion at ISR 6 in MW, year . Equation 13 demonstrates
the heating potential at SCG digestion at ISR 6 in TJ year™. Hap and Eap for ISR 1 are given to show the
comparison in heat and energy potential by simply optimizing the ISR.

Through private communication with SiS and UiS personnel, it is demonstrated that SCGs used at
UiS campus Ullandhaug amounted to 5881 kg coffee in 2018 (based on consumption statistics from SiS and
purchasing statistics from UiS). This amounts to an average of 16.1 kg coffee consumed per day on campus.

If the value column is split, the left side indicates ISR 1 values and the right side indicates ISR 6

values. cCHa4 was not measured in this study. The value of cCH4 is obtained from average values in table 2.7.

Table 4.10 — Parameters to Calculate vCHa, Hap, and Eap.

Parameter Value Reference
q-—tons 5.3521 This study — Section §4.6
fvs = unitless 0.982 This study — Table 4.1
b — unitless 0.68 0.682 This study — Table 4.7
g—dam? tons! VS 0.312 0.503 This study — Table 4.3
cCHa—m3m3 0.599° This study — Table 2.7
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Ne=% 34 [144]

qCHs—MJm?3 36.3 [144]

1—0.91 kg SCGs produced from 1 kg coffee consumed [80]. Based on 5881 kg coffee consumed in 2018.

2 — No documented values for VS reduction at ISR 6 due to COVID related issues. Instead, VS reduction of ISR 6 was
taken to be equal to ISR reduction of ISR 1. However, VS reduction for ISR 6 should be higher than ISR 1.

3 —Taken as average bio-CHa concentration from SCG produced biogas. [10], [99], [100], [102], [103], [105], [106], [108].

Table 4.11 — Hapand Eap (Heat and Energy) Production at ISRs 1 and 6.

Reactor vCHa (m3 CH42018%) Hao (M] 20181) Eap (kWe 20187)
ISR1 668 24245 229
ISR6 1077 39088 369

For 2018 alone, theoretically digesting SCGs produced at UiS campus Ullandhaug would have
yielded 369.2 kW, of electrical power and 39088 MJ of heat energy at ISR 6. We can see that the ISR plays
a crucial role in the quantity of bio-CH4 producible (668 m? vs. 1077 m3). By simply shifting the operational
ISR from 1to 6, a 61 % increase in heat and power production can be observed.

From an investments and operational perspective, understanding how the ISR plays a role in
deciding the maximum BMP achievable is crucial to maximizing bio-CHa4 production and profits while
simultaneously reducing the organic strength (COD) of the waste. The construction and operation of an on-
campus AD biorefinery seems unreasonable due to noise, odor, CAPEX, and energy generation issues.
However, this does not rule out the need to review and critically asses the cost vs. benefits to draft up
suitable alternatives for minimizing SCGs waste on campus for regional biomaterial, biopolymer, or bio-CH4
production [8], [111]. CAPEX and OPEX feasibility studies for building and maintaining a digester solely for
SCGs (or any sole lignocellulosic biomass) has yet to be determine the success and profitability of these
digestors. Putting numbers into perspective, SCGs from UiS are only 0.013 % of Norwegian produced SCGs.
A rough estimate for the AD of all Norwegian based SCGs (see table 2.5), yields approximately 2873 MW,
(2873000 kWe,) if they were digested at ISR 6. Given this, the complete digestion of SCGs all over Norway
at ISR 6 still falls quite shy of the overall power consumption statistics for Norway. Let alone digesting SCGs
for a 11,000-student university appears to be an unsustainable method for utilizing these SCGs. SCGs
produced on campus can surely be used in other biorefinery process and are not limited to AD, however
further research and feasibility assessments are to be considered here too for enhancing SCGs biorefinery

approaches for a regional and national circular bioeconomy.
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§5 — Conclusion

Coffee is a renowned beverage worldwide. Phenomenal volumes of SCGs are generated from all

levels of the distribution and supply chain. The predominantly organic nature of SCGs leaves them as prime

candidates for solid-state AD for biogas and bio-CH4. The BMP for digesting SCGs at incremental ISRs has

been tested using anaerobic sludge as the inoculum using the AMPTS Il biogas measurement system. It was

shown that the ISR plays a critical role in optimizing bio-CHa production from SCGs as the concentration of

SCGs and its components can be inhibitory towards anaerobic microorganisms at low operational ISRs.

Although some of the results appear to be erroneous, more repetitions are required to concisely

conclude over the data. Especially, after COVID — 19 affected batch 2 results. Nonetheless, the experiments

conducted were successful in answering the research questions posed in section §1.2.

The following conclusions are made.

® ISR 2 (g VSinoculum g% VSscas) produced the most bio-CHs at 1401 + 137 NmL CHs. However, the

specific BMP results showed that ISR 6 produced the most bio-CH4 per g VS of loaded substrate at
503 + 21 mL CHa, stp g8 VSscas i.e. (0.87 £ 0.05 g COD g COD) and this is confirmed in its
biodegradability potential. Moreover, the 2" degree polynomial correlation between the ISR and
the attainable BMP suggests that a higher ISR of 6.5 is able to produce more bio-CH4 under the
experimental conditions given in this thesis.

COD measurements were wildly varied due to the solid nature of SCGs. The highest VS reduction
was ISR 0.5 at 76.2 + 12.6%. The highest COD reduction was attributed to ISR 1lat 61.6 + 3.2%. The
COD mass balances for ISR 1 and 2 were considered complete and accounted for all parameters.
However, VS/COD reduction and COD mass balances was not calculated for batch 2.
Biodegradability according to CHNSO analysis proved to be highest for ISR 6 at 85 + 5% with a BMP+
0f 593.4 mL CHa, stp g2 VS.

All modified Gompertz modelling parameters fit optimally with the digestion process returning a
regression of 98% and higher, and it reassured that the highest producing reactors were ISR 6. On
the other hand, hydrolysis rate modelling showed relative similarity of kn in the range of 0.14 to
0.22 day* for ISRs 1 to 6. ISR 0.5 showed a much lower kn at 0.02 day* and a VFA/ALK ratio of 0.29
+ 0.05 indicating imminent failure at ISR 0.5 and hence a reduced BMP of 256 + 11 mL CHa, ste g
VSscas.
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e Theoretically, the annual energy production from bio-CHa4 using SCGs produced by UiS and SiS is
estimated to be 39088 MJ of heat and 369 kW, of electrical power for all SCGs digested in 2018.
These numbers are expected to remain relatively stable going forward. Digestion at ISR 6 over ISR

1 gave a 61% increase in energy output.

Intrinsically, the biorefinery option is enabled for the bioconversion of SCGs to bio-CHa biofuel.
Hence, reducing the effect of SCG wastes on the environment and enabling their circular bioeconomy. This
comes into play effectively to generate investment through new refined technologies for a more
sustainable environment. SCGs are an interesting organic waste with ways to be used other than AD.
Researchers should continue investigating this waste for other biorefinery options, other than solid-state

AD.
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§6 — Future Works/Recommendations

The following recommendations/follow ups for this thesis and its surrounding works are presented.

1. Repetition of ISR 5 to conclusively determine the trend between ISR and BMP. Also, repetition of

entire batch 2 reactors to assess COD/VS reduction as well as their COD mass balance.

2. AD of SCGs under continuous reactor conditions to deduce the favorable OLR and HRT.

3. Refining the model proposed by [40], to better deduce BMP++ of lighocellulosic substrates based on

their lignin, hemicellulose, and cellulose (LCH) fractions.

4. TPAD of SCGs to enhance process kinetics and limit the generation of inhibitors at low ISRs.

5. Testing various pretreatments on SCGs to allow for a maximum biodegradability and COD

conversion to bio-CHa. (This was the next phase in this thesis but was unfortunately cut short due to

COVID — 19 related issues).

6. Optimizing process parameters for a select pretreatment at ISR 6 to further develop and model the

changes in BMP according to set pretreatment conditions. (This was the next phase in this thesis

but was unfortunately cut short due to COVID — 19 related issues).

7. SWOT analysis/techno-economic analysis/reactor design for generating biogas through SCGs AD

biorefineries at UiS or the Stavanger area.

68 SEMAAN, Georgeio —(247997)



§7 — References

(1]
(2]

(3]

(4]

(5]
(6]

(7]
(8]
[0l

(10]
(11]
(12]

(13]
(14]

(15]
(16]
(17]
(18]

(19]

[20]
[21]
[22]
(23]

[24]

A. Murray, K. Skene, and K. Haynes, ‘The Circular Economy: An Interdisciplinary Exploration of the Concept and
Application in a Global Context’, J. Bus. Ethics, vol. 140, no. 3, pp. 369-380, 2017, doi: 10.1007/s10551-015-2693-2.

D. Hoornweg and P. Bhada-Tata, ‘What a Waste: A Global Review of Solid Waste Managment’. Urban Development &
Local Government Unit, World Bank, 2012, [Online]. Available:
https://openknowledge.worldbank.org/handle/10986/17388.

Core Writing Team, R. K. Pachauri, and L. Meyer, ‘Climate Change 2014: Synthesis Report. Contribution of Working
Groups |, Il and Il to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change’. IPCC, Geneva,
Switzerland, 2014, [Online]. Available: https://www.ipcc.ch/report/ar5/syr/.

M. FitzPatrick, P. Champagne, M. F. Cunningham, and R. A. Whitney, ‘A biorefinery processing perspective: Treatment
of lignocellulosic materials for the production of value-added products’, Bioresour. Technol., vol. 101, no. 23, pp. 8915—
8922, 2010, doi: 10.1016/j.biortech.2010.06.125.

D. Peshev, D. Mitev, L. Peeva, and G. Peev, ‘Valorization of spent coffee grounds — A new approach’, Sep. Purif. Technol.,
vol. 192, pp. 271-277, 2018, doi: 10.1016/j.seppur.2017.10.021.

R. Campos-Vega, G. Loarca-Pifa, H. A. Vergara-Castafieda, and B. D. Oomabh, ‘Spent coffee grounds: A review on current
research and future prospects’, Trends Food Sci. Technol.,, vol. 45, no. 1, pp. 24-36, 2015, doi:
10.1016/j.tifs.2015.04.012.

A. E. Atabani et al., ‘Valorization of spent coffee grounds into biofuels and value-added products: Pathway towards
integrated bio-refinery’, Fuel, vol. 254, p. 115640, 2019, doi: 10.1016/j.fuel.2019.115640.

J. N. Meegoda, B. Li, K. Patel, and L. B. Wang, ‘A Review of the Processes, Parameters, and Optimization of Anaerobic
Digestion’, Int. J. Environ. Res. Public. Health, vol. 15, no. 10, 2018, doi: 10.3390/ijerph15102224.

N. B. D. Thi, C.-Y. Lin, and G. Kumar, ‘Waste-to-wealth for valorization of food waste to hydrogen and methane towards
creating a sustainable ideal source of bioenergy’, J. Clean. Prod., vol. 122, pp. 29-41, 2016, doi:
10.1016/j.jclepro.2016.02.034.

A. G. Lane, ‘Anaerobic digestion of spent coffee grounds’, Biomass, vol. 3, no. 4, pp. 247-268, 1983, doi: 10.1016/0144-
4565(83)90017-3.

D. J. Batstone et al., “The IWA Anaerobic Digestion Model No 1 (ADM1)’, Water Sci. Technol., vol. 45, no. 10, pp. 65-73,
2002, doi: 10.2166/wst.2002.0292.

D. D. Mara and N. J. Horan, Eds., Handbook of Water and Wastewater Microbiology. London ; San Diego: Academic
Press, 2003.

M. T. Madigan, Brock Biology of Microorganisms, Global Edition. Pearson Education M.U.A.

G. Tchobanoglous and Metcalf & Eddy, Inc, Eds., Wastewater Engineering: Treatment and Resource Recovery, 5. ed.,
internat. student ed. New York, NY: McGraw-Hill, 2014.

M. Henze, M. van Loosdrecht, G. A. Ekama, and D. Brdjanovic, Eds., Biological Wastewater Treatment: Principles,
Modelling and Design. London: International Water Association Publications, 2008.

V. Blonskaja and J. P&ldnurk, ‘Utilisation options for biodegradable kitchen waste in Estonia. SWOT analysis.’, in The 9th
International Conference ‘Environmental Engineering 2014’, Vilnius, Lithuania, 2014, doi: 10.3846/enviro.2014.006.

L. De Baere and B. Mattheeuws, ‘Anaerobic Digestion of the Organic Fraction of Municipal Solid Waste in Europe’, p.
10.

Y. Chen, J. J. Cheng, and K. S. Creamer, ‘Inhibition of Anaerobic Digestion Process: A Review’, Bioresour. Technol., vol.
99, no. 10, pp. 4044-4064, 2008, doi: 10.1016/j.biortech.2007.01.057.

C. Cavinato, A. Giuliano, D. Bolzonella, P. Pavan, and F. Cecchi, ‘Bio-hythane production from food waste by dark
fermentation coupled with anaerobic digestion process: A long-term pilot scale experience’, Int. J. Hydrog. Energy, vol.
37, no. 15, pp. 11549-11555, 2012, doi: 10.1016/j.ijjhydene.2012.03.065.

K. R. Manchala, Y. Sun, D. Zhang, and Z.-W. Wang, ‘Chapter Two - Anaerobic Digestion Modelling’, in Advances in
Bioenergy, vol. 2, Y. Li and X. Ge, Eds. Elsevier, 2017, pp. 69-141.

S. Achinas and G. J. W. Euverink, ‘Theoretical analysis of biogas potential prediction from agricultural waste’, Resour.
Effic. Technol., vol. 2, no. 3, pp. 143-147, 2016, doi: 10.1016/j.reffit.2016.08.001.

J. B. Holm-Nielsen, T. Al Seadi, and P. Oleskowicz-Popiel, ‘The future of anaerobic digestion and biogas utilization’,
Bioresour. Technol., vol. 100, no. 22, pp. 5478-5484, 2009, doi: 10.1016/j.biortech.2008.12.046.

N. Scarlat, J.-F. Dallemand, and F. Fahl, ‘Biogas: Developments and perspectives in Europe’, Renew. Energy, vol. 129,
pp. 457-472, 2018, doi: 10.1016/j.renene.2018.03.006.

Y. V. Fan, C. T. Lee, and J. J. Klemes, ‘The update of anaerobic digestion and the environment impact assessments
research’, Chem. Eng. Trans., vol. 57, pp. 7-12, 2017, doi: 10.3303/CET1757002.

69

SEMAAN, Georgeio —(247997)



[25]

(26]

(27]

(28]

[29]

(30]

(31]
(32]
(33]
(34]
(35]
(36]

(37]

(38]

(39]

(40]

(41]

(42]
[43]
[44]

(45]

A. Gupta and A. Singh Bais, ‘Biogas Market Size By Substrate (Organic Waste, Sewage Sludge, Energy Crops, Others), By
Size (<500 kW, 500 kW - 3 MW, >3 MW), By Technology (With Pre-hydrolysis, Without Pre-hydrolysis), By Process
(Landfill, Sewage Sludge, Anaerobic Digestion {Wet AD, Dry AD}, Pyrolysis & Gasification), By Application (Residential,
Commercial, Industrial) Industry Analysis Report, Region Outlook, Competitive Market Share & Forecast, 2019-2025’,
Global Market Insights, USA, Market Forecast GMI1238, 2019. [Online]. Available:
https://www.gminsights.com/industry-analysis/biogas-market.

A. Gupta and N. Paranjape, ‘Europe Anaerobic Digestion Market Size By Feedstock (Organic Waste, Sewage Sludge,
Energy Crops, Others), By Application (Residential, Commercial, Industrial), By Process (Wet AD, Dry AD), Industry
Analysis Report, Country Outlook, Application Potential, Price Trend, Competitive Market Share & Forecast, 2020 —
2026’, Global Market Insights, USA, Market Forecast GMI2067, 2020. [Online]. Available:
https://www.gminsights.com/industry-analysis/europe-anaerobic-digestion-market.

J. Vasco-Correa, S. Khanal, A. Manandhar, and A. Shah, ‘Anaerobic digestion for bioenergy production: Global status,
environmental and techno-economic implications, and government policies’, Bioresour. Technol., vol. 247, pp. 1015—
1026, 2018, doi: 10.1016/j.biortech.2017.09.004.

M. Lesteur et al., ‘Alternative methods for determining anaerobic biodegradability: A review’, Process Biochem., vol.
45, no. 4, pp. 431-440, 2010, doi: 10.1016/j.prochio.2009.11.018.

I. Angelidaki et al., ‘Defining the biomethane potential (BMP) of solid organic wastes and energy crops: a proposed
protocol for batch assays’, Water Sci. Technol. J. Int. Assoc. Water Pollut. Res., vol. 59, no. 5, pp. 927-934, 2009, doi:
10.2166/wst.2009.040.

X.-J. Ji, H. Huang, Z.-K. Nie, L. Qu, Q. Xu, and G. T. Tsao, ‘Fuels and Chemicals from Hemicellulose Sugars’, in
Biotechnology in China Ill: Biofuels and Bioenergy, F.-W. Bai, C.-G. Liu, H. Huang, and G. T. Tsao, Eds. Berlin, Heidelberg:
Springer, 2012, pp. 199-224.

J. D. McMillan, ‘Pretreatment of Lignocellulosic Biomass’, in Enzymatic Conversion of Biomass for Fuels Production, vol.
566, 0 vols, American Chemical Society, 1994, pp. 292-324.

A.T. W. M. Hendriks and G. Zeeman, ‘Pretreatments to enhance the digestibility of lignocellulosic biomass’, Bioresour.
Technol., vol. 100, no. 1, pp. 10-18, 2009, doi: 10.1016/j.biortech.2008.05.027.

A. J. Ragauskas et al., ‘Lignin Valorization: Improving Lignin Processing in the Biorefinery’, Science, vol. 344, no. 6185,
2014, doi: 10.1126/science.1246843.

N. Ahmad and M. R. Zakaria, ‘Chapter 8 - Oligosaccharide From Hemicellulose’, in Lignocellulose for Future Bioeconomy,
H. Ariffin, S. M. Sapuan, and M. A. Hassan, Eds. Elsevier, 2019, pp. 135-152.

A. Ebringerova, Z. Hromadkova, and T. Heinze, ‘Hemicellulose’, in Polysaccharides I, vol. 186, T. Heinze, Ed.
Berlin/Heidelberg: Springer-Verlag, 2005, pp. 1-67.

G. Brodeur, E. Yau, K. Badal, J. Collier, K. B. Ramachandran, and S. Ramakrishnan, ‘Chemical and Physicochemical
Pretreatment of Lignocellulosic Biomass: A Review’, Enzyme Research, 2011. .

P. Anburajan, A. Pugazhendhi, J.-H. Park, P. Sivagurunathan, G. Kumar, and S.-H. Kim, ‘Effect of 5-hydroxymethylfurfural
(5-HMF) on high-rate continuous biohydrogen production from galactose’, Bioresour. Technol., vol. 247, pp. 1197-
1200, 2018, doi: 10.1016/j.biortech.2017.09.001.

L. Lin, F. Xu, X. Ge, and Y. Li, ‘Chapter Four - Biological treatment of organic materials for energy and nutrients
production—Anaerobic digestion and composting’, in Advances in Bioenergy, vol. 4, Y. Li and X. Ge, Eds. Elsevier, 2019,
pp. 121-181.

R. Bayard, X. Liu, H. Benbelkacem, P. Buffiere, and R. Gourdon, ‘Can Biomethane Potential (BMP) Be Predicted from
Other Variables Such As Biochemical Composition in Lignocellulosic Biomass and Related Organic Residues?’, BioEnergy
Res., vol. 9, no. 2, pp. 610-623, 2016, doi: 10.1007/s12155-015-9701-3.

S.T. Thomsen, H. Spliid, and H. @stergard, ‘Statistical prediction of biomethane potentials based on the composition of
lignocellulosic biomass’, Bioresour. Technol., vol. 154, pp. 80-86, 2014, doi: 10.1016/j.biortech.2013.12.029.

J. M. Triolo, S. G. Sommer, H. B. Mgller, M. R. Weisbjerg, and X. Y. Jiang, ‘A new algorithm to characterize
biodegradability of biomass during anaerobic digestion: Influence of lignin concentration on methane production
potential’, Bioresour. Technol., vol. 102, no. 20, pp. 9395-9402, 2011, doi: 10.1016/j.biortech.2011.07.026.

M. J. Taherzadeh and K. Karimi, ‘Pretreatment of Lignocellulosic Wastes to Improve Ethanol and Biogas Production: A
Review’, Int. J. Mol. Sci., vol. 9, no. 9, pp. 1621-1651, 2008, doi: 10.3390/ijms9091621.

Y.Zheng, J. Zhao, F. Xu, and Y. Li, ‘Pretreatment of lignocellulosic biomass for enhanced biogas production’, Prog. Energy
Combust. Sci., vol. 42, pp. 35-53, 2014, doi: 10.1016/j.pecs.2014.01.001.

L. Kratky and T. Jirout, ‘Biomass Size Reduction Machines for Enhancing Biogas Production’, Chem. Eng. Technol., vol.
34, no. 3, pp. 391-399, 2011, doi: 10.1002/ceat.201000357.

T. Rogalinski, T. Ingram, and G. Brunner, ‘Hydrolysis of lignocellulosic biomass in water under elevated temperatures
and pressures’, J. Supercrit. Fluids, vol. 47, no. 1, pp. 54—63, 2008, doi: 10.1016/j.supflu.2008.05.003.

70

SEMAAN, Georgeio —(247997)



(46]

[47]

(48]

(49]
(50]
(51]

(52]

(53]

(54]

(55]

(56]

(57]

(58]
(59]

(60]

(61]

(62]

(63]

(64]

(65]
(66]

[67]

(68]

R. R. Gonzales, P. Sivagurunathan, and S.-H. Kim, ‘Effect of severity on dilute acid pretreatment of lignocellulosic
biomass and the following hydrogen fermentation’, Int. J. Hydrog. Energy, vol. 41, no. 46, pp. 21678-21684, 2016, doi:
10.1016/j.ijhydene.2016.06.198.

H. Tarkow and W. C. Feist, ‘A Mechanism for Improving the Digestibility of Lignocellulosic Materials with Dilute Alkali
and Liquid Ammonia’, in Cellulases and Their Applications, vol. 95, AMERICAN CHEMICAL SOCIETY, 1969, pp. 197-218.
M. P. Garcia-Aparicio, I. Ballesteros, A. Gonzdlez, J. M. Oliva, M. Ballesteros, and M. J. Negro, ‘Effect of inhibitors
released during steam-explosion pretreatment of barley straw on enzymatic hydrolysis’, Appl. Biochem. Biotechnol.,
vol. 129-132, pp. 278-288, 2006, doi: 10.1385/abab:129:1:278.

L. Appels et al., ‘Anaerobic digestion in global bio-energy production: Potential and research challenges’, Renew.
Sustain. Energy Rev., vol. 15, no. 9, pp. 4295-4301, 2011, doi: 10.1016/j.rser.2011.07.121.

S. K. Sharma, I. M. Mishra, M. P. Sharma, and J. S. Saini, ‘Effect of particle size on biogas generation from biomass
residues’, Biomass, vol. 17, no. 4, pp. 251-263, 1988, doi: 10.1016/0144-4565(88)90107-2.

F. Passos, M. Solé, J. Garcia, and I. Ferrer, ‘Biogas production from microalgae grown in wastewater: Effect of microwave
pretreatment’, Appl. Energy, vol. 108, pp. 168-175, 2013, doi: 10.1016/j.apenergy.2013.02.042.

R. Chandra, H. Takeuchi, and T. Hasegawa, ‘Hydrothermal pretreatment of rice straw biomass: A potential and
promising method for enhanced methane production’, Appl. Energy, vol. 94, pp. 129-140, 2012, doi:
10.1016/j.apenergy.2012.01.027.

M. Badshah, D. M. Lam, J. Liu, and B. Mattiasson, ‘Use of an Automatic Methane Potential Test System for evaluating
the biomethane potential of sugarcane bagasse after different treatments’, Bioresour. Technol., vol. 114, pp. 262-269,
2012, doi: 10.1016/j.biortech.2012.02.022.

Z. Song, G. Yang, X. Han, Y. Feng, and G. Ren, ‘Optimization of the Alkaline Pretreatment of Rice Straw for Enhanced
Methane Yield’, BioMed Research International, 2013. .

E. Bruni, A. P. Jensen, and I. Angelidaki, ‘Comparative study of mechanical, hydrothermal, chemical and enzymatic
treatments of digested biofibers to improve biogas production’, Bioresour. Technol., vol. 101, no. 22, pp. 8713-8717,
2010, doi: 10.1016/j.biortech.2010.06.108.

R. Biswas, B. K. Ahring, and H. Uellendahl, ‘Improving biogas yields using an innovative concept for conversion of the
fiber fraction of manure’, Water Sci. Technol., vol. 66, no. 8, pp. 1751-1758, 2012, doi: 10.2166/wst.2012.298.

R. Amirta, T. Tanabe, T. Watanabe, Y. Honda, M. Kuwahara, and T. Watanabe, ‘Methane fermentation of Japanese
cedar wood pretreated with a white rot fungus, Ceriporiopsis subvermispora’, J. Biotechnol., vol. 123, no. 1, pp. 71-77,
2006, doi: 10.1016/j.jbiotec.2005.10.004.

F. Passos, A. Hom-Diaz, P. Blanquez, T. Vicent, and I. Ferrer, ‘Improving biogas production from microalgae by enzymatic
pretreatment’, Bioresour. Technol., vol. 199, pp. 347-351, 2016, doi: 10.1016/j.biortech.2015.08.084.

V. A. Vavilin, B. Fernandez, J. Palatsi, and X. Flotats, ‘Hydrolysis kinetics in anaerobic degradation of particulate organic
material: An overview’, Waste Manag., vol. 28, no. 6, pp. 939-951, 2008, doi: 10.1016/j.wasman.2007.03.028.

Q. Li, W. Qiao, X. Wang, K. Takayanagi, M. Shofie, and Y.-Y. Li, ‘Kinetic characterization of thermophilic and mesophilic
anaerobic digestion for coffee grounds and waste activated sludge’, Waste Manag., vol. 36, pp. 77-85, 2015, doi:
10.1016/j.wasman.2014.11.016.

A. D. Smith, M. Landoll, M. Falls, and M. T. Holtzapple, ‘15 - Chemical Production From Lignocellulosic Biomass:
Thermochemical, Sugar and Carboxylate Platforms’, in Bioalcohol Production, K. Waldron, Ed. Woodhead Publishing,
2010, pp. 391-414.

J. E. Robbins, S. A. Gerhardt, and T. J. Kappel, ‘Effects of total ammonia on anaerobic digestion and an example of
digestor performance from cattle manure-protein mixtures’, Biol. Wastes, vol. 27, no. 1, pp. 1-14, 1989, doi:
10.1016/0269-7483(89)90026-8.

I. Angelidaki, L. Ellegaard, and B. K. Ahring, ‘A mathematical model for dynamic simulation of anaerobic digestion of
complex substrates: Focusing on ammonia inhibition’, Biotechnol. Bioeng., vol. 42, no. 2, pp. 159-166, 1993.

K. Wang, J. Yin, D. Shen, and N. Li, ‘Anaerobic digestion of food waste for volatile fatty acids (VFAs) production with
different types of inoculum: Effect of pH’, Bioresour. Technol.,, vol. 161, pp. 395-401, 2014, doi:
10.1016/j.biortech.2014.03.088.

K. Hanaki, T. Matsuo, and M. Nagase, ‘Mechanism of inhibition caused by long-chain fatty acids in anaerobic digestion
process’, Biotechnol. Bioeng., vol. 23, no. 7, pp. 1591-1610, 1981, doi: 10.1002/bit.260230717.

D. G. Cirne, X. Paloumet, L. Bjornsson, M. M. Alves, and B. Mattiasson, ‘Anaerobic digestion of lipid-rich waste—Effects
of lipid concentration’, Renew. Energy, vol. 32, no. 6, pp. 965-975, 2007, doi: 10.1016/j.renene.2006.04.003.

T. Kobayashi, K.-Q. Xu, Y.-Y. Li, and Y. Inamori, ‘Evaluation of hydrogen and methane production from municipal solid
wastes with different compositions of fat, protein, cellulosic materials and the other carbohydrates’, Int. J. Hydrog.
Energy, vol. 37, no. 20, pp. 15711-15718, 2012, doi: 10.1016/j.ijhydene.2012.05.044.

G. Lettinga, S. Rebac, and G. Zeeman, ‘Challenge of psychrophilic anaerobic wastewater treatment’, Trends Biotechnol.,
vol. 19, no. 9, pp. 363-370, 2001, doi: 10.1016/S0167-7799(01)01701-2.

71

SEMAAN, Georgeio —(247997)



(69]

[70]

[71]

[72]

(73]
[74]

[75]

[76]
[77]

(78]

[79]
(80]
(81]

(82]

(83]

(84]
(85]

(86]

(87]
(88]

(89]

[90]
[91]

[92]

M. J. Mclnerney and M. P. Bryant, ‘Basic Principles of Bioconversions in Anaerobic Digestion and Methanogenesis’, in
Biomass Conversion Processes for Energy and Fuels, S. S. Sofer and O. R. Zaborsky, Eds. Boston, MA: Springer US, 1981,
pp. 277-296.

D. H. Zitomer and J. D. Shrout, ‘Feasibility and benefits of methanogenesis under oxygen-limited conditions’, Waste
Manag., vol. 18, no. 2, pp. 107-116, 1998, doi: 10.1016/50956-053X(98)00008-7.

B. Rincdn, R. Borja, M. A. Martin, and A. Martin, ‘Evaluation of the methanogenic step of a two-stage anaerobic
digestion process of acidified olive mill solid residue from a previous hydrolytic—acidogenic step’, Waste Manag., vol.
29, no. 9, pp. 2566-2573, 2009, doi: 10.1016/j.wasman.2009.04.009.

I. Bassani, P. G. Kougias, L. Treu, and |. Angelidaki, ‘Biogas Upgrading via Hydrogenotrophic Methanogenesis in Two-
Stage Continuous Stirred Tank Reactors at Mesophilic and Thermophilic Conditions’, Environ. Sci. Technol., vol. 49, no.
20, pp. 12585-12593, 2015, doi: 10.1021/acs.est.5b03451.

T. Fenchel, G. M. King, and T. H. Blackburn, ‘Chapter 1 - Bacterial Metabolism’, in Bacterial Biogeochemistry (Third
Edition), T. Fenchel, G. M. King, and T. H. Blackburn, Eds. Boston: Academic Press, 2012, pp. 1-34.

X. Y. Chen, H. Vinh-Thang, A. A. Ramirez, D. Rodrigue, and S. Kaliaguine, ‘Membrane gas separation technologies for
biogas upgrading’, RSC Adv., vol. 5, no. 31, pp. 24399-24448, 2015, doi: 10.1039/C5RA00666..

M. Persson, O. Jonsson, and A. Wellinger, ‘Biogas Upgradin to Vehicle Fuel Standards and Grid Injection’, International
Energy  Agency, Paris, France, IEA Report EU BiogasMax, 2006. [Online]. Available:
https://www.ieabioenergy.com/publications/biogas-upgrading-to-vehicle-fuel-standards-and-grid-injection/.

N. Abatzoglou and S. Boivin, ‘A review of biogas purification processes’, Biofuels Bioprod. Biorefining, vol. 3, no. 1, pp.
42-71, 2009, doi: 10.1002/bbb.117.

A. Franca and L. Oliveira, ‘Coffee Processing Solid Wastes: Current Uses and Future Perspectives’, in Agricultrual
Wastes, New York: Nova Science Publishers Inc, 2009.

A. T. Getachew and B. S. Chun, ‘Influence of pretreatment and modifiers on subcritical water liquefaction of spent
coffee grounds: A green waste valorization approach’, J. Clean. Prod., vol. 142, pp. 3719-3727, 2017, doi:
10.1016/j.jclepro.2016.10.096.

International Coffee Organization, ‘Exports of all forms of coffee by all exporting countries’, Interational Coffee
Organisation, London. [Online]. Available: http://www.ico.org/new_historical.asp?section=Statistics.

M. Vitézova et al., “The Possibility of Using Spent Coffee Grounds to Improve Wastewater Treatment Due to Respiration
Activity of Microorganisms’, Appl. Sci., vol. 9, no. 15, p. 3155, 2019, doi: 10.3390/app9153155.

International Coffee Organization, ‘Disappearance (consumption) in selected importing countries’, Interational Coffee
Organisation, London. [Online]. Available: http://www.ico.org/new_historical.asp?section=Statistics.

Statistisk Sentralbyra, ‘Framskrivninger av organisk avfall for 2001-2020’, Statistisk Sentralbyra, Norway, Government
Published Statistics, 2004. [Onlinel]. Available:
https://www.ssb.no/a/publikasjoner/pdf/notat_200438/notat_200438.pdf.

S. K. Karmee, ‘A spent coffee grounds based biorefinery for the production of biofuels, biopolymers, antioxidants and
biocomposites’, Waste Manag., vol. 72, pp. 240-254, 2018, doi: 10.1016/j.wasman.2017.10.042.

A. llly and R. Viani, Eds., Espresso coffee: the science of quality, 2nd ed. Amsterdam ; Boston: Elsevier Academic, 2005.

A. Kovalcik, S. Obruca, and |. Marova, ‘Valorization of spent coffee grounds: A review’, Food Bioprod. Process., vol. 110,
pp. 104-119, 2018, doi: 10.1016/j.fbp.2018.05.002.

S. Obruca, S. Petrik, P. Benesova, Z. Svoboda, L. Eremka, and I. Marova, ‘Utilization of oil extracted from spent coffee
grounds for sustainable production of polyhydroxyalkanoates’, Appl. Microbiol. Biotechnol., vol. 98, no. 13, pp. 5883—
5890, 2014, doi: 10.1007/s00253-014-5653-3.

M. V. Cruz et al., ‘Production of polyhydroxyalkanoates from spent coffee grounds oil obtained by supercritical fluid
extraction technology’, Bioresour. Technol., vol. 157, pp. 360-363, 2014, doi: 10.1016/j.biortech.2014.02.013.

E. E. Kwon, H. Yi, and Y. J. Jeon, ‘Sequential co-production of biodiesel and bioethanol with spent coffee grounds’,
Bioresour. Technol., vol. 136, pp. 475-480, 2013, doi: 10.1016/j.biortech.2013.03.052.

Markets and Markets, ‘Bioethanol Market by Feedstock (Starch-Based, Sugar-Based, Cellulose-Based), End-Use
Industry (Transportation, Pharmaceuticals, Cosmetics, Alcoholic Beverages), Blend (E5, E10, E15 to E70, E75 to E85),
and Region - Global Forecast to 2022’, Markets and Markets, USA, Market Forecast CH5530, 2017. [Online]. Available:
https://www.marketsandmarkets.com/Market-Reports/bioethanol-market-131222570.html.

D. Kim, K. Lee, D. Bae, and K. Y. Park, ‘Characterizations of biochar from hydrothermal carbonization of exhausted coffee
residue’, J. Mater. Cycles Waste Manag., vol. 19, no. 3, pp. 1036—-1043, 2017, doi: 10.1007/s10163-016-0572-2.

R. Lavecchia, F. Medici, S. Patterer, and A. Zuorro, ‘Lead Removal from Water by Adsorption on Spent Coffee Grounds’,
Chem. Eng. Trans., vol. 47, pp. 295-300, 2016, doi: 10.3303/CET1647050.

L. Yang, Q. (Sophia) He, P. Havard, K. Corscadden, C. (Charles) Xu, and X. Wang, ‘Co-liquefaction of spent coffee grounds
and lignocellulosic feedstocks’, Bioresour. Technol., vol. 237, pp. 108-121, 2017, doi: 10.1016/j.biortech.2017.02.087.

72

SEMAAN, Georgeio —(247997)



(93]

[94]
[95]
(96]

[97]

(98]
(99]
[100]
[101]

[102]

[103]
[104]

[105]

[106]

[107]

[108]
[109]
[110]
[111]

[112]

[113]
[114]
[115]

[116]

[117]

S. I. Mussatto, L. M. Carneiro, J. P. A. Silva, I. C. Roberto, and J. A. Teixeira, ‘A study on chemical constituents and sugars
extraction from spent coffee grounds’, 2011, Accessed: Apr. 10, 2020. [Online]. Available:
https://pubag.nal.usda.gov/catalog/877928.

D. R. Vardon et al., ‘Complete Utilization of Spent Coffee Grounds To Produce Biodiesel, Bio-Oil, and Biochar’, ACS
Sustain. Chem. Eng., vol. 1, no. 10, pp. 1286-1294, 2013, doi: 10.1021/sc400145w.

T. Kan, V. Strezov, and T. Evans, ‘Catalytic Pyrolysis of Coffee Grounds Using NiCu-Impregnated Catalysts’, 2013. .

K. Somnuk, P. Eawlex, and G. Prateepchaikul, ‘Optimization of coffee oil extraction from spent coffee grounds using
four solvents and prototype-scale extraction using circulation process’, Agric. Nat. Resour., vol. 51, no. 3, pp. 181-189,
2017, doi: 10.1016/j.anres.2017.01.003.

I. Angelidaki, S. P. Petersen, and B. K. Ahring, ‘Effects of lipids on thermophilic anaerobic digestion and reduction of
lipid inhibition upon addition of bentonite’, Appl. Microbiol. Biotechnol., vol. 33, no. 4, pp. 469-472, 1990, doi:
10.1007/BF00176668.

L. N. Liew, J. Shi, and Y. Li, ‘Methane production from solid-state anaerobic digestion of lignocellulosic biomass’,
Biomass Bioenergy, vol. 46, pp. 125-132, 2012, doi: 10.1016/j.biombioe.2012.09.014.

D. Kostenberg and U. Marchaim, ‘Solid Waste from the Instant Coffee Industry as a Substrate for Anaerobic
Thermophilic Digestion’, Water Sci. Technol., vol. 27, no. 2, pp. 97-107, 1993, doi: 10.2166/wst.1993.0084.

R. M. Dinsdale, F. R. Hawkes, and D. L. Hawkes, ‘The mesophilic and thermophilic anaerobic digestion of coffee waste
containing coffee grounds’, Water Res., vol. 30, no. 2, pp. 371-377, 1996, doi: 10.1016/0043-1354(95)00157-3.

L. Neves, R. Oliveira, and M. M. Alves, ‘Anaerobic co-digestion of coffee waste and sewage sludge’, Waste Manag., vol.
26, no. 2, pp. 176-181, 2006, doi: 10.1016/j.wasman.2004.12.022.

W. Qiao, K. Takayanagi, M. Shofie, Q. Niu, H. Q. Yu, and Y.-Y. Li, ‘Thermophilic anaerobic digestion of coffee grounds
with and without waste activated sludge as co-substrate using a submerged AnMBR: System amendments and
membrane performance’, Bioresour. Technol., vol. 150, pp. 249-258, 2013, doi: 10.1016/j.biortech.2013.10.002.

T. Vitéz, T. Koutny, M. Sotnar, and J. Chovanec, ‘On the Spent Coffee Grounds Biogas Production’, Acta Univ. Agric.
Silvic. Mendel. Brun., vol. 64, no. 4, pp. 12791282, 2016, doi: 10.11118/actaun201664041279.

J. Kim, H. Kim, G. Baek, and C. Lee, ‘Anaerobic co-digestion of spent coffee grounds with different waste feedstocks for
biogas production’, Waste Manag., vol. 60, pp. 322-328, 2017, doi: 10.1016/j.wasman.2016.10.015.

F. C. Luz, S. Cordiner, A. Manni, V. Mulone, and V. Rocco, ‘Anaerobic digestion of coffee grounds soluble fraction at
laboratory scale: Evaluation of the biomethane potential’, Appl. Energy, vol. 207, pp. 166-175, 2017, doi:
10.1016/j.apenergy.2017.06.042.

F. C. Luz, S. Cordiner, A. Manni, V. Mulone, and V. Rocco, ‘Anaerobic Digestion of Liquid Fraction Coffee Grounds at
Laboratory Scale: Evaluation of the Biogas Yield’, Energy Procedia, vol. 105, pp. 1096-1101, 2017, doi:
10.1016/j.egypro.2017.03.470.

F. Girotto, M. C. Lavagnolo, and A. Pivato, ‘Spent Coffee Grounds Alkaline Pre-treatment as Biorefinery Option to
Enhance their Anaerobic Digestion Yield’, Waste Biomass Valorization, vol. 9, no. 12, pp. 2565-2570, 2018, doi:
10.1007/s12649-017-0033-8.

F. C. Luz et al., ‘Spent coffee enhanced biomethane potential via an integrated hydrothermal carbonization-anaerobic
digestion process’, Bioresour. Technol., vol. 256, pp. 102-109, 2018, doi: 10.1016/j.biortech.2018.02.021.

J. Kim, H. Kim, and C. Lee, ‘Ulva biomass as a co-substrate for stable anaerobic digestion of spent coffee grounds in
continuous mode’, Bioresour. Technol., vol. 241, pp. 1182-1190, 2017, doi: 10.1016/j.biortech.2017.06.012.

D. Kim, J. Kim, and C. Lee, ‘Effect of Mild-Temperature Thermo-Alkaline Pretreatment on the Solubilization and
Anaerobic Digestion of Spent Coffee Grounds’, Energies, vol. 11, no. 4, p. 865, 2018, doi: 10.3390/en11040865.

C. Akyol, ‘In search of the optimal inoculum to substrate ratio during anaerobic co-digestion of spent coffee grounds
and cow manure’, Waste Manag. Res., p. 0734242X2091473, 2020, doi: 10.1177/0734242X20914731.

R. Ravindran, S. Jaiswal, N. Abu-Ghannam, and A. K. Jaiswal, ‘Two-step sequential pretreatment for the enhanced
enzymatic hydrolysis of coffee spent waste’, Bioresour. Technol., vol. 239, pp. 276-284, 2017, doi:
10.1016/j.biortech.2017.05.049.

C. Holliger et al., ‘Towards a standardization of biomethane potential tests’, Water Sci. Technol., vol. 74, no. 11, pp.
2515-2522, 2016, doi: 10.2166/wst.2016.336.

J. Filer, H. H. Ding, and S. Chang, ‘Biochemical Methane Potential (BMP) Assay Method for Anaerobic Digestion
Research’, Water, vol. 11, no. 5, p. 921, May 2019, doi: 10.3390/w11050921.

P. Buffiere, D. Loisel, N. Bernet, and J.-P. Delgenes, ‘Towards new indicators for the prediction of solid waste anaerobic
digestion properties’, Water Sci. Technol., vol. 53, no. 8, pp. 233-241, 2006, doi: 10.2166/wst.2006.254.

F. Raposo, M. A. de la Rubia, R. Borja, and M. Alaiz, ‘Assessment of a modified and optimised method for determining
chemical oxygen demand of solid substrates and solutions with high suspended solid content’, Talanta, vol. 76, no. 2,
pp. 448-453, 2008, doi: 10.1016/j.talanta.2008.03.030.

C. M. W. Harnadek, N. G. H. Guilford, and E. A. Edwards, ‘Chemical Oxygen Demand Analysis of Anaerobic Digester
Contents’, STEM Fellowsh. J., vol. 1, no. 2, pp. 2-5, 2015, doi: 10.17975/sfj-2015-008.

73

SEMAAN, Georgeio —(247997)



[118]

[119]

[120]

[121]

[122]

[123]
[124]
[125]
[126]
[127]
[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]
[136]

[137]

[138]

[139]

[140]

F. Raposo et al., ‘An interlaboratory study as useful tool for proficiency testing of chemical oxygen demand
measurements using solid substrates and liquid samples with high suspended solid content’, Talanta, vol. 80, no. 1, pp.
329-337, 2009, doi: 10.1016/j.talanta.2009.06.071.

G. D. Zupanci¢ and M. Ro$, ‘Determination of Chemical Oxygen Demand in Substrates from Anaerobic Treatment of
Solid Organic Waste’, Waste Biomass Valorization, vol. 3, no. 1, pp. 89-98, 2012, doi: 10.1007/s12649-011-9087-1.

F. Raposo et al., ‘Biochemical methane potential (BMP) of solid organic substrates: evaluation of anaerobic
biodegradability using data from an international interlaboratory study’, J. Chem. Technol. Biotechnol., vol. 86, no. 8,
pp. 1088-1098, 2011, doi: 10.1002/jctb.2622.

M. M. Kabir, G. Forgacs, and I. Sarvari Horvath, ‘Biogas from Lignocellulosic Materials’, in Lignocellulose-Based
Bioproducts, K. Karimi, Ed. Cham: Springer International Publishing, 2015, pp. 207-251.

Z.Zuo, S. Wu, W. Zhang, and R. Dong, ‘Effects of organic loading rate and effluent recirculation on the performance of
two-stage anaerobic digestion of vegetable waste’, Bioresour. Technol., vol. 146, pp. 556-561, 2013, doi:
10.1016/j.biortech.2013.07.128.

R. Kothari, A. K. Pandey, S. Kumar, V. V. Tyagi, and S. K. Tyagi, ‘Different aspects of dry anaerobic digestion for bio-
energy: An overview’, Renew. Sustain. Energy Rev., vol. 39, pp. 174-195, 2014, doi: 10.1016/j.rser.2014.07.011.

Y. Li, S. Y. Park, and J. Zhu, ‘Solid-state anaerobic digestion for methane production from organic waste’, Renew. Sustain.
Energy Rev., vol. 15, no. 1, pp. 821-826, 2011, doi: 10.1016/j.rser.2010.07.042.

A. Khalid, M. Arshad, M. Anjum, T. Mahmood, and L. Dawson, ‘The anaerobic digestion of solid organic waste’, Waste
Manag., vol. 31, no. 8, pp. 1737-1744, 2011, doi: 10.1016/j.wasman.2011.03.021.

F. Liotta et al., ‘Modified Anaerobic Digestion Model No.1 for dry and semi-dry anaerobic digestion of solid organic
waste’, Environ. Technol., vol. 36, no. 7, pp. 870-880, 2015, doi: 10.1080/09593330.2014.965226.

G. K. Anderson, B. Kasapgil, and O. Ince, ‘Microbiological study of two-stage anaerobic digestion during start-up’, Water
Res., vol. 28, no. 11, pp. 2383-2392, 1994, doi: 10.1016/0043-1354(94)90054-X.

B.-C. Si et al., ‘Continuous production of biohythane from hydrothermal liquefied cornstalk biomass via two-stage high-
rate anaerobic reactors’, Biotechnol. Biofuels, vol. 9, no. 1, p. 254, 2016, doi: 10.1186/s13068-016-0666-z.

S. Ghanimeh, D. Al-Sanioura, P. E. Saikaly, and M. El-Fadel, ‘Comparison of Single-Stage and Two-Stage Thermophilic
Anaerobic Digestion of SS-OFMSW During the Start-Up Phase’, Waste Biomass Valorization, 2019, doi: 10.1007/s12649-
019-00891-8.

D. P. Van et al.,, ‘A review of anaerobic digestion systems for biodegradable waste: Configurations, operating
parameters, and current trends’, Environ. Eng. Res., vol. 25, no. 1, pp. 1-17, 2019, doi: 10.4491/eer.2018.334.

W. Lv, F. L. Schanbacher, and Z. Yu, ‘Putting microbes to work in sequence: Recent advances in temperature-phased
anaerobic digestion processes’, Bioresour. Technol., vol. 101, no. 24, pp. 9409-9414, 2010, doi:
10.1016/j.biortech.2010.07.100.

B. K. Ahring, M. Sandberg, and I. Angelidaki, ‘Volatile fatty acids as indicators of process imbalance in anaerobic
digestors’, Appl. Microbiol. Biotechnol., vol. 43, no. 3, pp. 559-565, Jul. 1995, doi: 10.1007/BF00218466.

I. H. Franke-Whittle, A. Walter, C. Ebner, and H. Insam, ‘Investigation into the effect of high concentrations of volatile
fatty acids in anaerobic digestion on methanogenic communities’, Waste Manag., vol. 34, no. 11, pp. 2080-2089, 2014,
doi: 10.1016/j.wasman.2014.07.020.

Zeshan, Obuli. P. Karthikeyan, and C. Visvanathan, ‘Effect of C/N ratio and ammonia-N accumulation in a pilot-scale
thermophilic dry anaerobic digester’, Bioresour. Technol.,, wvol. 113, pp. 294-302, 2012, doi:
10.1016/j.biortech.2012.02.028.

M. Kayhanian, ‘Ammonia Inhibition in High-Solids Biogasification: An Overview and Practical Solutions’, Environ.
Technol., vol. 20, no. 4, pp. 355-365, 1999, doi: 10.1080/09593332008616828.

M. A. Khan et al., ‘Optimization of process parameters for production of volatile fatty acid, biohydrogen and methane
from anaerobic digestion’, Bioresour. Technol., vol. 219, pp. 738-748, 2016, doi: 10.1016/j.biortech.2016.08.073.

L. Neves, R. Oliveira, and M. M. Alves, ‘Influence of inoculum activity on the bio-methanization of a kitchen waste under
different waste/inoculum ratios’, Process Biochem., vol. 39, no. 12, pp. 2019-2024, Oct. 2004, doi:
10.1016/j.procbio.2003.10.002.

F.-M. Pellera and E. Gidarakos, ‘Effect of substrate to inoculum ratio and inoculum type on the biochemical methane
potential of solid agroindustrial waste’, J. Environ. Chem. Eng., vol. 4, no. 3, pp. 3217-3229, Sep. 2016, doi:
10.1016/j.jece.2016.05.026.

F. Raposo, C. J. Banks, I. Siegert, S. Heaven, and R. Borja, ‘Influence of inoculum to substrate ratio on the biochemical
methane potential of maize in batch tests’, Process Biochem., vol. 41, no. 6, pp. 1444-1450, Jun. 2006, doi:
10.1016/j.procbio.2006.01.012.

L. Meng et al., ‘Influence of feedstock-to-inoculum ratio on performance and microbial community succession during
solid-state thermophilic anaerobic co-digestion of pig urine and rice straw’, Bioresour. Technol., vol. 252, pp. 127-133,
Mar. 2018, doi: 10.1016/j.biortech.2017.12.099.

74

SEMAAN, Georgeio —(247997)



[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

M. E. Alzate, R. Muiioz, F. Rogalla, F. Fdz-Polanco, and S. I. Pérez-Elvira, ‘Biochemical methane potential of microalgae:
Influence of substrate to inoculum ratio, biomass concentration and pretreatment’, Bioresour. Technol., vol. 123, pp.
488-494, 2012, doi: 10.1016/j.biortech.2012.06.113.

A. Boulanger, E. Pinet, M. Bouix, T. Bouchez, and A. A. Mansour, ‘Effect of inoculum to substrate ratio (I/S) on municipal
solid waste anaerobic degradation kinetics and potential’, Waste Manag., vol. 32, no. 12, pp. 2258-2265, 2012, doi:
10.1016/j.wasman.2012.07.024.

C. Eskicioglu and M. Ghorbani, ‘Effect of inoculum/substrate ratio on mesophilic anaerobic digestion of bioethanol plant
whole stillage in batch mode’, Process Biochem., vol. 46, no. 8, pp. 1682-1687, 2011, doi:
10.1016/j.procbio.2011.04.013.

X. F. Lou, J. Nair, and G. Ho, ‘Potential for energy generation from anaerobic digestion of food waste in Australia’:,
Waste Manag. Res., 2013, doi: 10.1177/0734242X12474334.

BioProcess Control Sweden AB, ‘AMPTS Il & AMPTS Il Light Automatic Methane Potential Test System Operation and
Maintenance Manual’, Lund, Sweden, Laboratory Manual, 2016. [Online]. Available:
https://www.bioprocesscontrol.com/media/1511/bioprocess-control-manual-ampts-ii-ampts-ii-light.pdf.

S. Stromberg, M. Nistor, and J. Liu, ‘Towards eliminating systematic errors caused by the experimental conditions in
Biochemical Methane Potential (BMP) tests’, Waste Manag., vol. 34, no. 11, pp. 1939-1948, 2014, doi:
10.1016/j.wasman.2014.07.018.

B. Wang, I. A. Nges, M. Nistor, and J. Liu, ‘Determination of methane yield of cellulose using different experimental
setups’, Water Sci. Technol., vol. 70, no. 4, pp. 599-604, 2014, doi: 10.2166/wst.2014.275.

I. Syaichurrozi, Budiyono, and S. Sumardiono, ‘Predicting kinetic model of biogas production and biodegradability
organic materials: Biogas production from vinasse at variation of COD/N ratio’, Bioresour. Technol., vol. 149, pp. 390-
397, 2013, doi: 10.1016/j.biortech.2013.09.088.

Environmental Protection Agency, ‘Method 1684 - Total, Fixed, and Volatile Solids in Water, Solids, and Biosolids’, U.S.
Environmental Protection Agency, Washington, Methodology EPA-821-R-01-015, 2001.

T. P. W. Vannecke, D. R. A. Lampens, G. A. Ekama, and E. I. P. Volcke, ‘Evaluation of the 5 and 8 pH point titration
methods for monitoring anaerobic digesters treating solid waste’, Environ. Technol., vol. 36, no. 7, pp. 861-869, 2015,
doi: 10.1080/09593330.2014.964334.

A. A. Lawal, A. U. Dzivama, and M. K. Wasinda, ‘Effect of inoculum to substrate ratio on biogas&nbsp;production of
sheep paunch manure’, Res. Agric. Eng., vol. 62, no. No. 1, pp. 8-14, 2016, doi: 10.17221/30/2014-RAE.

L. André, A. Pauss, and T. Ribeiro, ‘A modified method for COD determination of solid waste, using a commercial COD
kit and an adapted disposable weighing support’, Bioprocess Biosyst. Eng., vol. 40, no. 3, pp. 473-478, 2017, doi:
10.1007/s00449-016-1704-8.

Y. Li, L. Li, Y. Sun, and Z. Yuan, ‘Bioaugmentation strategy for enhancing anaerobic digestion of high C/N ratio feedstock
with methanogenic enrichment culture’, Bioresour. Technol., vol. 261, pp. 188-195, 2018, doi:
10.1016/j.biortech.2018.02.069.

75

SEMAAN, Georgeio —(247997)



