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Abstract

This study aimed at the investigation of food waste (FW) conversion to biogas by anaerobic digestion
(AD) and biogas that should be converted to an energy source. The paper is written since it is believed
that the tertiary FW from Europa park in Groningen can contribute to the main goal of the “Making
City” project, which this research is part of, to transform towards smart and low-carbon cities. Biogas
production and conversion to an energy source can contribute to the transition of a future with
sustainable energies. The main goal of this project is to obtain the most efficient energy conversion
technology for optimal use of FW converted by anaerobic digestion to biogas. This is pursued by doing
laboratory experiments on the AD of FW with the addition of trace elements (TEs) and the theoretical
upscaling of two pilot plant reactors available at the ENTEG-building in Groningen. A biogas conversion
to different energy sources like heat and energy, green gas and proteins with the addition of economic
analysis are added to complete the research. The most important results from laboratory experiments
are that the addition of FW with an organic loading rate (OLR) of 5 g VS/L/day and a hydraulic retention
time (HRT) of 24 days in combination with TEs give promising results. However, microbial adaption
seems to impact the AD of FW and acidification occurs at an early stage. A literature review in
combination with experiments and the above-mentioned process settings results in a volumetric
biogas production (VBP) of 3.75 m? biogas/m3/day with a methane fraction of 58%. The output of the
AD of FW in combination with the upgrading of biogas to green gas will give a good working process
with an approximate profit of €6500 per year.
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1. Introduction

The expectation is that 95% of the Dutch population will live in urban areas by 2035 [1]. So, cities will
have an essential role in transitioning from fossil fuel to sustainable energy and preventing climate
change. A city of the future with an annual net-zero energy import and net-zero carbon emission could
be the solution. Groningen strives to be a city that is energy neutral by 2035. However, research has
to be applied in practice to reach a net positive energy district (PED). Groningen North and Groningen
South are selected to participate in a project of MAKING-CITY to apply for (new) technologies like
geothermal heating, solar panels and retrofitting of residential buildings to come to a PED.

AD of FW is also one of those solutions. FW from the Europa Park in Groningen South is a tertiary FW
stream that contributes to a PED. After the digestion of FW, the most efficient use of the biogas
generated is determined by considering upgrading and energy conversion. The goal of this research is
to come to the most efficient energy conversion technology for the optimal use of FW converted by
anaerobic digestion to biogas. This goal leads to different research sub-questions:

e  When is there overloading of the AD process in a batch reactor when adding FW?
e Isit feasible in AD of FW to work with high HRTs and low OLRs on a lab scale?

e Does the addition of TEs work at relatively high OLRs and low HRTs?

e What is the most profitable process of upgrading biogas produced by AD of FW?

In this report, lab-scale experiments are performed for the AD of FW with OLRs up to 10 g VS/L/day
and HRTSs varying from 24 to 583 days. TE addition for higher OLRs in combination with low HRTSs is
also researched. After the “optimal” process settings are found different conversion technologies are
discussed.



2. Theoretical background information

AD of FW to biogas and upgrading this biogas to a sustainable energy source are the main topics of this
research. This section will elaborate more on these two main topics.

2.1. Anaerobic digestion

In this research, the AD of FW is researched. In AD the organic-rich feed will be broken down in the
absence of oxygen by microorganisms. This results in a combination of methane, CO; and digestate.
These products can be used as an energy source (methane), greenhouse input (CO,) or fertilizer
(digestate). A series of reactions called hydrolysis, acidogenesis, acetogenesis and methanogenesis can
convert the substrate (FW) into these products (see, Figure 1) [2].

Complex organic matter

(carbohydrates, proteins and fats)

Hydrolysis

Soluble organic molecules

(sugars, amino acids and fatty acids)

Acetogenesis

Volatile fatty

acids
__Syntrophic acetate

oxidation

Acetoclastic i |
methanogenesis | Hydrogenotrophic
methanogenesis

Figure 1 Anaerobic digestion pathway

In the hydrolysis stage, the large organic compounds (proteins, carbohydrates and fats) in the substrate
will be broken down into smaller and better soluble molecules (sugars, amino acids and long-chain
fatty acids (LCFA)). Looking from a chemical perspective hydrolysis provides the cleavage of chemical
bonds by the addition of water. With altering of the pH since O-H bonds were formed [2].

Products generated in the hydrolysis phase as acetate, carbon dioxide and hydrogen can be used in
methanogenesis to produce biogas. Large compounds are fermented into volatile fatty acids (VFAs)
(by-products like ammonia, carbon dioxide and hydrogen sulphide will also be formed). The stage of
the degradation of these compounds is called acidogenesis and is provided by acidogenic
(fermentative) bacteria [3].

The acetogenesis provides the digestion of VFAs and other small molecules. Hydrogen is the main
product of this digestion process and is thus called the dehydrogenation phase. Since hydrogen will
release and exhibits toxic effects on microorganisms in the acetogenesis, it is necessary to do this in
symbiosis with the methanogenic archaea (hydrogenotrophic methanogens). Acetic acid and CO; are
formed next to the production of hydrogen. The dominance of organisms within acidogenic and
acetogenic bacteria depends on the substrate [2], [3].



The limiting step in AD of FW is methanogenesis. Acetate, carbon dioxide and hydrogen will be
converted to methane and carbon dioxide. Archaea responsible for this conversion are sensitive to
oxygen. Two groups of archaea involved are acetoclastic and hydrogenotrophic, which produce
methane and carbon dioxide by respective decarboxylation of acetate and the reaction of carbon
dioxide with hydrogen. Acetoclastic methanogens are the most dominant since approximately 70% of
the methane formed is produced through the reduction of acetate [2], [3].

The final composition of CH, from anaerobic digestion is normally in the range of 50-75% and for CO;
between 25-50% [2].

2.2. Anaerobic food waste digestion

FW is an attractive substrate for anaerobic digestion since it has biochemical methane potential (BMP)
of around 460 mL CH4/g VS. This is a relatively high BMP compared to other substrates like wastewater-
activated sludge (157 CH4/g VS) and dairy cattle manure (243 CH4/g VS) [4]. Also, the high availability
in urban areas makes it an interesting resource for AD. However, there are still some issues with the
AD of FW.

2.2.1. High in carbohydrates

A high organic fraction, a structure that is mainly composed of easily degradable carbohydrates and a
low pH are characteristics of FW [4]. Due to this easy degradability, an overproduction of VFAs could
be obtained at an early stage of the digestion process. This overproduction of VFAs will lead to an
overwhelming of methanogens and a decrease in pH if there is no sufficient buffering capacity [5].
Moreover due to this increase of the intermediate VFA products the pH is decreasing and propionic
acid will be formed. However, VFAs in low concentrations are not bad for AD and an amount is needed
for production since it is an intermediate product [6].

2.2.2. Propionic acid

Propionic acid is known to give extra
toxicity since unionized propionic acid can ouT
diffuse through the cell membrane (see,
Figure 2) [7], [8]. Since only propionic acid g
can diffuse through the cell membrane and Choo __I[_ = EN N
not the conjugated base (propionate), the OH T OH
intracellular pH will decrease in contrast to ' '
the extracellular phase. After the propionic L H*
acid crossed the cell membrane it will G
release a proton in response to the pH o Hina o

gradient, resulting in an intracellular pH \)\ ol )\ )
decrease (recovery of equilibrium inside WL © WO ©

the cell). Propionic acid can freely
transverse through the cell membrane
since unionized propionic acid is lipophilic
and propionate is lipophobic [9].

ApH

CH5CH,CO,H + H,0 <> CH3;CH,CO; + H;0*

Figure 2 diffusion of unionized propionic acid through cell a
membrane



The toxicity is dependent on pH since there is an equilibrium between propionic acid and propionate.
With the Henderson-Hasselbach equation, it is possible to determine the ratio between these
compounds, propionic acid is a weak acid with a pK, of 4.87 (see, Figure 3) [10]:

pH dependency FAN and propionic acid

100%
90%
80% propionic acid
70%
60%
50%
40%
30%
20%
10%

0%

——FAN

Relative amount

3 a4 5 6 7 8 9 10 11
pH

Figure 3 pH dependency FAN and propionic acid

However, it is impossible to say that there is one concentration where the process experiences
inhibition of propionic acid or propionate. Literature gives values for no inhibition of propionate on
methane yield up to 2600 mg/L [11]. Next to this, propionic acid will be degraded even at high
concentrations of up to 4200 mg/L [8]. While in other papers inhibition of propionic acid was even
found at low concentrations of 900 mg/L [12]. Since all reactors are in batch configuration, the
differencesin reported inhibition levels are mainly due to the applied operation times in these research
papers. For the highest concentration, there was a longer retention time which results in recovering
of the reactor. The degradation of propionic acid has been reported as a slow process that needs a
high retention time. In the AD process propionate will be degraded to hydrogen, bicarbonate and
acetate by acetogens. This process is highly endergonic and will not occur spontaneously [13], [14]:

(1) CH;CH,CO0™ + 3H,0 < CH;C00™ + HCO3 + 3H, + H* (AG™ = + 76.1%

However, this reaction can be maintained by consumption of the products by methanogenesis [15]
[11], [13], [14]:

(2) 4H, + HCO3 + H* - CH, + 3H,0 (AG" = —135.6 %

Microbial adaption of the inoculum to propionate seems to improve process characteristics [11]. What
is observed in a report by “Han, Green, & Tao, 2020” is that when a concentration of propionic acid is
added to the inoculum of a batch reactor that is already fed with FW, the composition will change over
time to a digester with a composition that has more hydrogenotrophic methanogens (only when the
retention time and propionic acid concentration are high). Also, a shift in syntrophic bacteria is
observed. For propionic acid, it is known that degradation occurs through the cooperation of the
methanogens with syntrophic acetogens for which the hydrogenotrophic methanogens are crucial. So
there is a shift from acetoclastic methanogen to hydrogenotrophic methanogen since acetate
degradation becomes less important.



2.2.3. Free ammonia nitrogen

A problem that arises with the relatively high protein content of FW is a reduction in the C/N ratio. In
a continuous process with high retention times, this results in the accumulation of total ammonia
nitrogen (TAN). In combination with a high pH, this results in the accumulation of free ammonia
nitrogen (FAN) (see, Figure 3). The pK, of ammonia is 9.25 and the equilibrium between ammonia (FAN)
and ammonium is given below [16]:

(3) NH; + H,0 & NH} + OH™

High concentrations of FAN are known as an inhibitor for methanogenesis, especially acetoclastic, the
dominant pathway in producing biogas in AD. In unprotonated form, FAN is possible to diffuse through
the cell membrane like for the propionic acid (see, Figure 2) [5], [17], [4]. Due to this inhibition, the
syntrophic acetate-oxidizing bacteria (SAOB) will become predominant and acetate will be oxidized to
H, and CO; (see Figure 1) [17], [18]:

(4) CH;CO0™ + H* + 2H,0 — 4H, + 20, (AG" = + 95 -2)

This process is thermodynamically stimulated by the removal and consumption of products by the
hydrogenotrophic methanogens generating methane to make it sufficiently exergonic (the sum of
these reactions will not result in an exergonic process) [17], [19]:

(5) 4H, + €O, > 2H,0 + CH, (AG™ = — 32.7-2)

Eventually, the process will break down due to the accumulation of VFAs (propionic acid) since the
hydrogenotrophic methanogens cannot handle the high loadings regenerated through the absence of
the acetoclastic methanogens [7]. The process will not suffer from the inhibition of hydrogen since the
acetoclastic methanogens are already inhibited by the high FAN concentrations.

Different ammonia concentrations are given in the literature to be toxic reaching from 1000 — 3000
mg TAN/L [7], [6], [20], [3], [21]. Reactors where Methanosarcina are dominant (the case for FW) have
moderate inhibition limits to FAN compared to reactors where the Methanosaeta or hydrogenotrophic
methanogens are dominant [21]. This is due to the different microbial communities used, the variances
in reactor parameters like pH or temperature and the different methods used for the calculation of the
FAN concentration [21]. The main reason why it is not possible to use too high HRTs is that the
accumulation of FAN will result in intoxication.

2.2.4. Low in trace elements

FW also has a relatively low amount of TEs compared to other substrates for AD, like dairy cattle
manure and wastewater activated sludge [4], [5]. In several studies, this lack of TEs is seen as the
fundamental reason for the accumulation of VFAs in the AD of FW over time, since TEs are essential in
methanogenesis [15], [5].

Background information on the methanogens that consist of multiple microorganisms is required to
understand the necessity of TEs. Methanosarcina are the dominant methanogens in AD with an
abundance of 70-80% followed by other methanogens like Methanosaeta (+ 10%) and other archaea
mainly for the hydrogenotrophic methanogens [15]. Methanosarcina produces methane from all three
metabolic pathways: acetate, CO,+H; and methyl compounds. Moreover, Methanosarcina are
assumed to have a relatively high tolerance to high concentrations of ammonia, salt and acetate [15].
Acetate is the sole substrate of Methanosaeta, and are the only methanogens that use acetate as the
sole substrate. Other archaea contribute to hydrogenotrophic methanogenesis. In good-running
digesters, the acetate-consuming methanogens are well available [15]. However, with the addition of
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FW this composition of methanogens will shift to a composition that results in digester failure. This is
caused by the low TE concentration in FW [15]. From research is observed that the composition will
shift to a composition where the Methanosaeta are dominant (+ 80%) and Methanosarcina will slowly
disappear [15], [8]. Once these Methanosaeta are dominant and the hydrogenotrophic methanogens
are oppressed the methanogenesis will slow down. The reaction for the syntrophic acetogens to
convert propionate is not favourable anymore since the product will be slower removed [15].

In Table 1 the micronutrient composition of the methanogens is given. For nutrient concentration in
the feed of the AD, a value equal to or twice the minimal nutrient concentration is required [22].
However, the total amount of methanogens in the reactor first has to be known to do something with
this composition (dependent on the substrate). A nutrient concentration that is too high can also lead
to digester failure, however, such high values (e.g. Co = 35-950 mg/L and Ni = 35-1600 mg/L) are not
obtained for AD of FW [5]. Observed from different experiments is that Fe is an element that is required
in high concentrations, without the addition of Fe the digestion will fail [23].

Table 1 element composition of methanogens

Units Concentration

Fe | mg/kg 1800
Ni | mg/kg 100
Co | mg/kg 75
Mo | mg/kg 60
Zn | mg/kg 60
Mn | mg/kg 20
Cu | mg/kg 10

Since the concentration of TEs in FW and the TE requirements for methanogens differ a lot there is a
need for the addition of these elements. This can be done by the addition of TEs to the substrate (FW)
or by co-digestion with a TE-rich substrate.

First, the addition of TEs to the FW is discussed. The main trace elements are Ni, Zn, Co, Mo, Fe, Se and
W all with their strengths in the AD process (see Appendix A) [5]. OLR will play an important role in the
determination of the addition of TEs in the AD of FW. A common issue with the addition of TEs to a
reactor is that they exit the reactor with effluent [5]. The TE concentrations are based on reports from
“Zhang, et al., 2019”, "Zhang & Jahng, 2012” and “Banks, Zhang, Jiang & Heaven” since the same
characteristics of the substrate, inoculum and digester parameters are observed (see Appendix A)

Co-digestion is less discussed in this report but is not less attractive for the digestion of food waste. In
co-digestion, two or more organic substrates are added to a digester that fills in each other
shortcomings, e.g. in micro- and macronutrients, C/N ratio or buffer capacity. Possible co-substrates
for co-digestion with FW are sewage sludge, dairy cattle manure, paper waste, rice etc.. [4].
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2.2.5. Digester foaming

Digester foaming is a problem that can cause the failure of the digestion process. Foaming is a result
of the accumulation of gas in the liquid phase when it is not possible to rise. As a consequence, the
volume of the digestate keeps increasing and eventually digester failure due to blockage of gas tubes
occurs. There are multiple causes for digester foaming. Surface active materials come in with the
substrate or are formed in the digester by microorganisms and can be proteins, fatty acids, detergents
and other compounds. They are formed when there is an overfeeding and input of inhibitors [5].
Another reason is the sudden change in physiochemical conditions like a rise in temperature and/or a
decrease in pH. Due to this sudden change the CO; that is dissolved as carbonic acid and HCO5™ will be
released. It is possible to control the foaming with anti-foaming additives that contains inert chemicals
and has surface active properties.

2.3. biogas as an energy source

This report intends to come to the most efficient conversion of FW to an energy source. At the start of
the project, the conversion of biogas into an energy source was also the focus of the report. However,
due to problems with financing and regulations, the upgrading is based only on theory. It is important
to not only take the energy conversion efficiency but also the possibility of storage [24]. The discussed
solutions are heat and electricity, green gas and proteins.

2.3.1. biogas to electricity and heat

The upgrading of biogas to electricity and heat is a method widely used for the conversion of biogas
produced at wastewater treatment plants (WWTPs). The generation of heat and electricity is done by
a combined heat and power (CHP) system. For these CHP units, the biogas does not need any upgrading
requirements and thermal energy will be used for heating (otherwise wasted thermal energy).
Produced heat can be used for the plant itself or heating buildings (in this case campus Zernike). CHP
units have an approximate conversion efficiency of 30% for electricity and 55% for heat [25]. However,
heat is a source that needs to be immediately used. Electricity can also be generated from other
sources like solar panels and wind turbines (there is already an overloading of the net at peak
moments).

2.3.2. biogas to green gas
The upgrading of biogas is an alternative that is attractive since the storage of green gas will not be a
limiting factor. The total storage capacity of gas in the Netherlands include 12.5 billion m? [26].

There are several applied technologies for the upgrading of biogas to green gas. In this report, there is
a focus on the more well established technologies in the industry. The discussed technologies are
pressure swing adsorption (PSA), membrane separation (MS), water scrubbing (WS) and chemical
absorption (CA).

PSA is a technique based on the adsorption of gasses on an adsorbent bed through pressure
fluctuations. For biogas, the CO, will adsorb in the pores of the adsorbent material at relatively high
pressure resulting in a gas stream enriched with the less strongly adsorbed components (methane).
This is because there is a difference in molecular dimensions of methane (0.38 nm) and CO;(0.34 nm).
For adsorbent material, there can be made use of zeolites, activated carbon, silica gels and activated
alumina. PSA technology shows a methane slip of 1.8% to 2% [27], [28], [29].

MS is a technique that removes gasses such as CO,, H,O and NH; from biogas and is already widely
used in the natural gas industry. In this technique, a membrane made of polymeric materials is exposed
to biogas. These membranes are permeable to CO,, H,O and NHs, which results in a gas rich in methane
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that is possible to flow through this methane without being removed. Membrane technology shows a
methane slip of 1% to 2% and a CO, removal efficiency of 98% [28], [30].

WS and CA are techniques based on the differences in solubility between CO, and methane in water
or amine solvents. In these techniques, the biogas is compressed and injected at the bottom of a
washing column filled with water or amine solvents. The scrubber packing facilitates contact between
gas and liquid resulting in the adsorption of CO, and methane coming out of the top of the reactor. A
difference between water and amine solvents is the difference in selectivity to CO;, which makes it
possible to operate chemical absorption in smaller units. Next to this amine solvents are effective at
almost atmospheric pressure while water scrubbing is at an elevated pressure between 4 and 6.5 bar
[28], [31].

2.3.3. biogas to proteins

In the Netherlands, there is a lot of livestock but there is a lack of land, so importing protein from Brazil
is an applied option. Another option is to add a protein production plant in addition to anaerobic
digesters. This sounds like a strange way of producing protein since the protein first will be demolished
and then will be produced again. However, since this can be done in a way through the gas phase quite
pure products can be obtained without contaminants. In this field, there are multiple options for the
production of a protein with substrates that are (mostly) available at an AD plant. Currently, multiple
companies are focussing on the production of proteins in this way (Feedkind (Calysta) and uni bio) and
research currently going on in the Netherlands called “power-to-Protein”.

The research of “Power-to Protein” with close relations to different WWTPs in the Netherlands is
focussed on the recovery and valorisation of ammonia from the wastewater cycle. The ammonia that
is recovered from the rejected water of a WWTP is used in combination with hydrogen, oxygen and
CO; to produce proteins. These single-cell proteins are produced by lithotrophic hydrogen oxidizing
bacteria. The equation is as follows:

21.36 Hy + 6.21 0, + 4.09 CO, + 0.76 NHs = C4 90H7 1301 89No 76 + 02

The ammonia can be recovered by air stripping and is based on the increase of pH and temperature.
An increase in the pH can be obtained with the stripping of CO,. An advantage of FW is that it has a
high protein content resulting in high ammonia concentrations. Moreover, higher retention time in
combination with an OLR of 5 g VS/L/day will result in higher ammonia levels, which favours the reclaim
of ammonia and reduces costs [32], [33]. For the increase of pH, it might be interesting to have a look
at the process of the tanks in series since the obtained pH of the second tank is then 8.4 instead of
7.32 in only 1 tank [34]. A benefit of ammonia stripping is a reduction of TAN in the digestate which
reduces costs in the processing of digestate. For this protein production, the CO; can be recovered by
potential stripping from the biogas [35]. There is also a need for a large amount of hydrogen. Hydrogen
can be produced from biogas by steam methane reforming (SMR) [35].

The final product has a protein content of 70% and can be used as an alternative to fish meal and soja
proteins [35]. If the product will be used for human consumption there first have to be focussed on
food regulations within “Novel Food Verordering (EG) nr. 258/97)”, this is not the case for this protein
yet [35].

There is also the possibility to make microbial protein from natural gas by Methylococcus capsualtus.
This is already done by FeedKind® where they obtain 3-4 kg microbial protein per m? reactor volume
per hour. In this project, there has been made use of a U-Loop fermentation to make sure the gasses
have a lot of surface area to react with. The produced proteins are already used as pig feed [36].
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3. Materials and methods

The setup of the different experiments and the analysing methods are discussed in the materials and
methods section. Starting with the analytical methods for the experiments supplemented with the
characteristics of the reactor sludge and substrate.

3.1. Analysing methods

In this subsection, the different analysis methods are discussed with compact background information
on why these factors are of importance. For a more extensive working procedure appendices, B and C
can be consulted. All measurements are done in triplicate if not mentioned otherwise. The samples
are taken from three different tubes with different lengths to make sure a good reflection of the true
reactor sludge is given. The samples are analysed on the same day as the samples were taken, except
for the continuous experiments with a HRT of 24 days. These samples are stored in the freezer until
analysis.

3.1.1. COD, TS, VS and ash

For determination of the amount of available substrate that can be used for the production of biogas
the COD, TS, VS and ash contents are measured. COD and VS are reflections of the organic fraction in
the substrate, which is the feed of the micro-organisms in the bioreactor. TS, VS and ash contents are
determined by the APHA standard methods, 2540 E [37]. For the COD, the substrate sample is diluted
and homogenized before measurements. There is made use of COD measuring kits LCK 514 and LCK
304 following protocol (Hach, US).

3.1.2. FAN and TAN

For the determination of the FAN and TAN, it is possible to measure the ammonium concentration
(NH.*). Before measurement, the sample is first centrifugated (15763 RCF, 30 min, 4 °C), filtrated (45
um) (to avoid scattering of the particles by light [38]) and diluted. Hereafter the ammonium measuring
kits LCK 303 and LCK 503 are used following protocol (Hach, US). To determine the FAN concentration
from the ammonium measurements there is made used the ideal equilibrium between NH3 and NH4*:

NHs + H,0 & NH} + OH~

To come from NH4*to FAN this equation can be used (determined for 25 °C, since this is the room
temperature):

K, * (TAN)

K, * NH}
K, + 1078

FAN = e

ith: TAN = FAN + NH}) - FAN =
Where K, is the acid dissociation constant at temperature T. The TAN value is used to determine the
FAN concentration at working temperature (37 °C). From this equation, it can be observed that the
impact of the pH on FAN is large. The pH is measured with a VOS-70002 for every sample and is also
measured in-line in the reactor itself.

This method, where there is made use of the ideal equilibrium, overestimates the FAN concentration
up to 37% when compared to the “MINTEQA2 Equilibrium Speciation Model”. However, it is possible
to use the modified Davies equation which gave better results (only a 1% difference from the model).
For this equation, the measurement of different ions like unprotonated VFAs and metals is necessary
[21].
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3.1.3. HPLC

HPLC measurements make it possible to detect and quantify the amount of VFA. The measured VFAs
in the samples are formic acid, acetic acid, propionic acid and butyric acid. The column used for these
experiments is the: “Rezex™ ROA-Organic Acid H + (8%)” with the dimensions: 300*7.8 mm. The
settings of the HPLC are:

e Flow: 0.5 mL/min

e Mobile phase: 2.5 mM H,S0,
e Temperature: 50 °C

e Runtime: 60 min

e Detection: UV 210 nm

The VFA concentration is measured by making stock solutions of the four VFAs before every
measurement of 0.1 M. Comparison of the measured samples with the surface area of the peaks in the
stock solution results in a final concentration of these VFAs. It can be assumed that the VFAs are
detected in their protonated form since the mobile phase is 2.5 mM H,SO,. To see if the VFA is in its
conjugated base form there can be made use of the Henderson-Hasselback equation:

pH = pK, + logﬂ

[HA]

Where the pKa is the acid dissociation constant that describes the acidity of a particular molecule, HA
is the acid and A is its conjugated base. Since the sum of the acid and its conjugated base is known it
is possible to determine the concentrations of each separately.

3.1.4 GC

The focus of this research is on the total production of methane, it is important to determine the biogas
composition of the anaerobic digesters. The biogas samples are taken with “E-Switch®” PVDF gas
sampling bags after the gas meter instrument.

The "Thermo Scientific C2V-200" micro GC is used to measure these biogas compositions. The settings
of the GC are:

e Flow: 3 mL/min

e Mobile phase: Helium

e Column temperature: 60 °C

e Injection/detection temperature: 120 °C
e Runtime: 20 seconds

e Detection: thermal conductivity

e Column: GCC200-U-BND

The working principle of the GC is the same as for an HPLC. There are chosen only select samples 11-
15 to make sure the gas from the last sample is flushed out the GC.

3.1.5. FOS/TAC

A FOS/TAC measurement is based on the ratio between volatile fatty acids (FOS) and total inorganic
carbon (TAC) and can also be used as individual parameters. The TAC parameter is based on the basic
buffer capacity and is determined through titration of a fermentation substrate sample from its original
pH to a pH value of 5 (mg/L CaCOs). The FOS value is determined by a second titration step from a pH
of 5 to a pH of 4.4 (mg/L CH3COOH). The FOS/TAC measurements are based on the Nordmann method
and are easy to use for fast evaluation of the reactor sludge [6]. An advantage of this method is that
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there can be a response to the acidification of the reactor before the pH decreases. The FOS/TAC
measurement is done by AT1102 - Titralab AT1000-titrator (Hach, US).

This method is used to check if it works and is only possible with “big” samples (15 mL of filtrated
sludge) and therefore not applicable to most of the experiments in this report

3.1.6 Total gas batch reactor
The total gas in the batch reactor experiments is determined and is calculated by looking at when the
gas production was the same as in the 24 h before the measurement (see figure.

FW (0.04 g VSFW /g VSreactor)
2000 %
1700

1400

1100

Biogas (mL)

800
500

200

11000 1 2 3 4 5 6 7 8 9 10
Days

Figure 4 gas production with FW addition of 0.04 g VS/ g VS

3.1.7. Metal analyses

For the detection and quantification of TEs (Mn, Fe, Se, Co, Ni, Zn, Cu, W and Mo) there has been made
use of an ICP measurement, performed by “Wetsus”. However, the destruction of the material by a
microwave is included in this study.

For this destruction, there has been made use of a “MARS 5” (Microwave Accelerated Reaction System)
by CEM Corporation with “XP-1500 Plus” tubes.

. The settings are:

e Max. Power: 1200 W
e Ramp time: 15 min

e Hold time: 15 min

e Temperature: 200 °C

As a reagent, there is made use of the minimal addition of 10 mL 65% HNOs. Before the samples are
added to the tube there has been made use of a 105 °C oven to make sure all water is evaporated and
it is possible to add more organic material since the maximum load is 0.5 g.

After the degradation, the samples need to be diluted to a 2% HNO; matrix. Which results in dilution
factors of 124 and 188 for FW and sludge.
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3.2. Substrate and inoculum

The inoculum that is used is anaerobic sludge from the WWTP of Garmerwolde. Characteristics of
samples are given in the tables below:

Table 2 Anaerobic sludge Garmerwolde

Parameters Units  Anaerobic sludge Garmerwolde
Density | g/cm*®  1.00 £ 0.02
Total solids (TS) | % 1.8+0.3
Volatile Solids (VS) | % 1.3£0.2
VS/TS | % 71.2+4.4
COD | mg/L 21213 +7947
TAN | mg/L 1837t 161
FAN | mg/L 158 +14
pH | - 7.85+0.02
Formic acid | mg/L 0£0
Acetic acid | mg/L 33146
Propionic acid | mg/L  21+30
Butyric acid | mg/L. 0%0

This research there is made use of a FW sample that is prepared by blending a collection of household-
and restaurant FW. This FW is first kept in a freezer and thawed in a cooling room (8 °C) 6 days before

measurements were done.

Table 3 FW
Parameters Units Diluted FW° FWP
Density | g/cm® - 1.10 + 0.03"
Total solids (TS) | % 21.6+0.75 39.1+1.4
Volatile Solids (VS) | % 20.3+0.1 36.9+0.2
VS/TS | % 94.4+2.9 94.4+2.9
COD | mg/L 227525+ 62049° 431524 + 117682
TAN | mg/L 180 +2° 341 +4
FAN | mg/L  0%0° 0+0
pH | - 4.18¢ 3.90
Formic acid | mg/L 5108 + 379° 9688 + 719
Acetic acid | mg/L 0+0° 0+0
Propionic acid | mg/L 113 +1¢ 214 +2
Butyric acid | mg/L 66 +114° 125+ 216

2 There was only taken 1 big sample where all measurements are done in triplicate.

® The normal FW was based on the diluted FW

¢ Duplicate
4 One measurement
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3.3.1. Batch reactor set-up

The first experiment is executed in an airtight 2L “Applikon”
reactor configurated as a batch reactor. The working volume of
the reactor is 1700 mL and is filled with anaerobic sludge of the
WWTP of Garmerwolde (see Table 2). The temperature of the
reactor is regulated by a “Tamson TC.3” water bath and a
temperature sensor inside the reactor of “applikon®” displayed
at an “applikon® ADI 1010” bio controller. The temperature is
setto 37.1+2.4 °C (from 30 random observations, one per day).
An “IKA® Eurostar 40 digital” laboratory stirrer provides the
stirring and is changed to a “P100 applikon®” stirring motor
controlled by an “ADI 1012 applikon®” motor controller for the
last batch experiment. The speed of the stirring motor is set to
120 rpm. The gas flow is measured by a “Ritter MGC-1 V3.4
PMMA_R” (1 tick per 0.94 mL) flowmeter. A “Consort SP22x ”
glass electrode is used for measuring pH and an “SKxxT”
electrode for conductivity, displayed both at the “Consort
C3060”. The run of the reactor before the first addition of an
energy source is 34 days. A syringe was used to add the
undiluted FW to the reactor. Before each experiment, the
amount of volume that is added is also rejected from the reactor
to maintain a constant working volume.

Figure 5 Applikon reactor

3.3.2. Continuous reactor (syringe pump)

The second run is performed in an airtight “applikon®” reactor, continuously fed by a
“Syringepump.com NE-1000X" syringe pump. The working volume used is in the same ratio as for the
potential upgrading to a pilot plant reactor (1400 mL) and is filled with anaerobic sludge of the WWTP
of Garmerwolde (see Table 2). The temperature of the reactor is regulated by a “Tamson TC.3” water
bath and temperature is controlled by a temperature sensor inside the reactor of “applikon®”
displayed at an “applikon® ADI 1010” bio controller. The reactor temperature is 36.4 + 1.4 °C (from 28
random observations, one per day). The mixing is provided by a “P100 applikon®” stirring motor
controlled by an “ADI 1012 applikon®” motor controller. The mixing speed of the anaerobic digester is
set to 120 rpm. The gas measurement is done by a “Ritter MGC-1 V3.4 PMMA_R” (1 per 0.91 mL). The
pH is measured with a “Consort SP94Y” glass electrode and is displayed at the “Consort C3060”. The
experiment started with diluted food waste (50% v/v) added by a “MONQOJECTTM” 140 mL piston
syringe and set to a flow rate of 0.2 ml/h (after filling the tubes with FW). After 46 days the syringe is
changed to a smaller “Terumo®” 30 mL syringe, new tubing and FW that is not diluted. This is done
due to the blockage of the FW and the settlement of the FW in the suspension after a while. The flow
rate is changed from 0.2 to 0.1 mL/h to keep the OLR constant (tubes were empty when the flow rate
was started).

3.3.3. Continuous reactor (TE addition)

In the final experiment, an airtight “applikon®” is fed by a “Syringepump.com NE-9000” programmable
peristaltic pump with 1/8 inch “Norprene® A-60-F” tubing. The flow rate for both in- and outflow is set
to 0.04 mL/min (HRT= 24.3 days). The feed is from a reactor with food waste diluted with water and
includes a mixture of TEs. The inflow of both peristaltic pumps is connected by a two-inlet system that
minimizes the possibility of failure. The working volume of the reactor is 1400 mL filled with anaerobic
sludge of the WWTP of Garmerwolde (see Table 2) and is also sieved (3 mm). The anaerobic digester
is temperature regulated with a “LKB BROMMA 2219 MULTI TEMP II” thermostatic circulator and
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temperature controlled by a temperature sensor inside the reactor of “applikon®” displayed at an
“applikon® ADI 1010”bio controller. The temperature was registered every week and regulated to an
average of 37.0 °C £ 0.2 °C. The mixing for both the FW buffer and the anaerobic digester is provided
by a “P100 applikon®” stirring motor controlled by an “ADI 1012 applikon®” motor controller. The
mixing of the anaerobic digester is set to 120 rpm and is changed to 160 on 05-08-2022 since some
foaming seems to occur. For the FW this changes from 200 rpm to 300 rpm if worse mixing was
observed. The biogas flow is measured by a “Ritter MGC-1 V3.4 PMMA_R” with 1 tick for every 0.91

mL. The pH is measured by a “Consort SP22x” glass electrode and is displayed at the “Consort C3060”.
-
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Figure 6 reactor set-up for continuous reactor

The reference reactor without the addition of TEs has the same configuration as the reactor with TE
addition. Differences are in the water bath (Tamson TC.3) and the FW stirrer (IKA® Eurostar 40 digital).
Assumed is that these changes do not have impacts on the results.

The food waste is fed from an “applikon®” reactor that is closed but not airtight. The food waste buffer
is prepared by adding FW from the cooling room that is there for a maximum of 15 days with distilled
water and eventually some TEs. The food waste is also sieved (3 mm mesh).

The continuous experiments with a HRT of 24.3 days and an OLR of 10 g VS/L/day. The first sample is
taken after 5 days whereafter the samples are taken every week. The pH and T are registered every
week before sample taking. The values are determined for an OLR of 10 g VS/L/day, for Mo the value
was held at 5 mg/L since no seed sludge was used this was higher than 3 mg/L initially.

Table 4 TE additions

Element Units TE addition OLR TE addition OLR

=10 g VS/L/day =5g VS/l/day
Fe | mg/L 250 125
Co | mg/L 25 1.3
Se mg/L 1 0.5
Wl mg/L 1 0.5
Nj | mg/L 12,5 6.3
Mo | mg/L 5 2.5
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3.3. Experimental design
The laboratory work done in this research is divided into three experiments with different setups.

3.4. Pilot plant reactor

For this research, an upscaling for the laboratory reactor will be taken into account. Two single-stage
up-flow anaerobic sludge blanket (UASB) reactors are used as pilot plants. Both reactors are operated
parallel and have a total volume of 5 m? with a working volume of 3.5 m3. The reactors are fed with an
extruder that is fed by “flood feeding” where the hopper is directly above the feed throat. This allows
gravity and the screw to feed the FW to the extruder [39].
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Figure 7 pilot plant reactor ENTEG building
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4. Results and discussion

Different experiments are performed to obtain insights into the processing of FW by AD. The
experiments are divided into batch and continuous lab-reactor experiments. For the batch lab-reactor
experiments the main goal is to get the maximum S/X ratio for which no acidification of the reactor
occurs. For the continuous lab-reactor experiments the main goal is to observe if it is possible to do
AD of FW on a lab scale in continuous reactors and to obtain prove TE effectivity.

4.1. Batch lab-reactor experiments

There is a relation to the previous adaption of a substrate to inoculum in batch reactors. The initial
bacterial community tolerance is of importance since VFAs and TAN can accumulate in the reactor.
Also, microbial adaption plays an important role when several loadings of a substrate are added to the
same digester. For this reason, it is hard to say what the overloading of such batch reactors is, from
previous research S/X ratios of 0.3-1.35 VSgw/ VSreactor are obtained at mesophilic conditions [4], [40].

Before the addition of FW to the reactor, an amount of 1 g of D-(+)-glucose dissolved in 70 mL water
is used to perform the first experiment (S/X = 0.02 VSew/ VSreactor). Glucose is used since the exact
composition of this molecule is known and it is easily degradable. The total produced biogas by glucose
is 775 mL. The maximum amount of gas that can be produced following the ideal gas law is 858 mL.
This is 90%, as expected that 10% is for the bacteria to grow as energy and the rest is produced as gas.

Three experiments are performed with FW in one batch reactor. Loadings are based on the VS loading
in the reactor. Based on the loadings in “Capson-Tojo, et al., 2017” there is chosen to make use of X/S
ratios of 0.04, 0.19 and 0.89 g VSew/ g VSreactor. The S-curve-like reaction of the gas production on the
FW addition can be found in Figure 4. What can be observed in Figure 8 is that the total methane
produced increases with the increase of VS. However in the last experiment with an addition of 0.89 g
VSew/ g VSreactor this increase is minimal due to digester foaming after 8 days. The methane production
is faster when higher loadings are added to the reactor with a maximum of + 7000 mL/day and is at
the start of the experiment with the S/X loading of 0.89 g VSew/ g VSreactor. This is probably not only due
to the higher loading but the microorganisms can adapt to FW as a substrate which is also seen in
several papers, also called microbial acclimatization [8]. There is also a relationship between the first
and second experiment since the production and loading both will increase by a factor of five.

Batch reactor experiments
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Figure 8 total methane production and days of production batch reactor experiments
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In comparison with the papers of “Capson-Tojo, et al., 2016” and “Khadka, et al., 2022” with a BMP of
+ 450 mL CH4/g VS the batch reactor with different loadings in Figure 9 gives higher yields. Since the
measurements of the reactor sludge are done at the end of every run the total VFA is expected to be
zero. However, since the last experiment is interrupted by foaming there are still some VFAs left. From
the diagram, it can be observed that the VFAs mainly consist of acetate followed by a smaller amount
of propionate and butyrate. The relatively higher abundance of acetate could be because the reactor
is not stopped after acidification (pH was at 7.33 £ 0.07) but in the middle of the process. Acetate is an
intermediate product for the acetoclastic methanogens and propionic acid will be higher after digester
failure The ratio of the VFAs is normal for a working anaerobic digester: 30-75% acetic acid, 5-30%
propionic acid, 10-30% butyric acid and 2-30% valeric acid [11]. pH is still high the amount of unionized
VFAs is very low (0.3%) and the toxicity of the VFAs is negligible. After the addition of the FW, the pH
will decrease (the last loading by 1.2 and this was the maximum) whereafter it will go back to the initial
pH of £7.5.

Batch reactor experiments
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Figure 9 BMP and total VFA (including composition) batch reactor experiments

The difference in FAN between the samples is mainly because of the pH. However, the FAN is still in a
safe range [7], [6]. A complete table including TAN, FOS/TAC and CO, composition can be found in

Appendix D.
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Figure 10 FAN and pH batch reactor experiments

4.2 Continuous lab-reactor experiments

In the continuous lab-reactor experiments, the BMP of a FW stream with an OLR of 1.45 g VS/L/day
and a difference in HRT are compared. For continuous AD the reactor loading is based on an OLR and
HRT instead of the S/X ratios seen by the batch experiments [4]. For continuous reactors, it is possible
to obtain BMPs of 400 mL CH,4/ g VS for high HRTs of 180 days and low OLRs of 1.45 g VS/L/day, which
is high compared to a BMP of 300 mL CH4/ g VS for lower HRTs of 25 days [41]. A process with high
HRTSs results in the accumulation of ammonia and VFAs since methanogen will slowly disappear and
nitrogen is raising [41]. An "inhibited-steady state” in which the high TAN concentration will buffer the
high VFA concentrations which avoids a pH drop is the only reason why such a process still works. For
these high concentrations of VFAs and TAN low methane yields and unstable operations have been
reported [4]. It is known that for an HRT of up to 100 days the reactor will fail after a while (with TEs
above 50 days will work). For an HRT of 180 days, it seems more promising since the high VFA
concentrations are buffered by the high TAN concentrations [41].

The experiments done in this section were mainly to find a good method to test the AD of concentrated
(or at least minimal diluted) FW and to observe as such an “inhibited-steady state” can be observed.

The first loading is set to an OLR of 1.36 g VS/L/day and a HRT of 292. The reactor is started immediately
with the addition of FW. This experiment ran for 46 days and only the first 14 days give a good
reflection of the production since the in and outflow of the reactor gave some issues with blockages
of the tubes. The whole gas production can be observed in Appendix E.

In the first 14 days, there was a mean biogas production of 740 * 253 mL/day. On day eight a GC
analysis for the gas composition is performed, 76% methane (26% CO;). What gives an average BMP
over the first 14 days of 577 + 198 mL CH./g VS. Following batch experiments a BMP between 500-
600 mL CH4/g VS can be expected. What can be observed is that the biogas production is already
decreasing which indicates that the FW on itself doesn’t produce that much but it is also plus the initial
reactor sludge gas potential. A solution for this is a reference reactor where no FW is added and the
produced biogas from this reactor can be subtracted. However, no other reactors were available.
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Biogas continuous reactor (HRT = 292 days)
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Figure 11 biogas production continuous experiment (HRT = 292 days)

The second run started after 46 days of running with diluted FW (with disturbances). In this run, the
syringe, tubes and dilution of FW were changed for improvement of the process. The run lasted for 45
days whereof only the first 20 days give a good view of the system since blockages occur. The whole
gas production can be observed in Appendix E.

The first 20 days give an average biogas production of 794 + 124 mL/day (without days 3 and 4). On
day 5 a GC analysis was done that give a methane fraction of 77% (27% CO;). The BMP of the undiluted
FW is almost the same as for the diluted and is 612 = 96 mL CH4/ g VS (without days 3 and 4).

Biogas continuous reactor (HRT = 583 days)
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Figure 12 biogas production continuous experiment (HRT = 583 days)

On the day the reactor was stopped three samples were taken for analysis, see Table 5. From the table,
it can be observed that this run does not indicate overloading (reactor sludge). The pH is the same as
of the reactor sludge and the VFAs are relatively still low. The TAN is increased due to the low HRT of
292 and 583 days which results in high nitrogen income because of the high protein content of FW and
low outflow of these TAN.
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Table 5 values reactor sludge after continuous reactor experiment

Parameters Units  Anaerobic sludge Reactor sludge
Garmerwolde (end of the experiment)

Total solids (TS) % 1.8+0.3 3.34+0.20°

Volatile Solids (\/5) % 1.3+0.2 2.16 £ 0.41°

VS/TS % 71.2+4.4 64.53 + 8.41°

CcCoD mg/L 21213 + 7947 33058 + 541

TAN mg/L 1837 £ 161 2709 + 512

FAN mg/L 158 + 14 249 + 47

pH - 7.85+0.02 7.88 £0.03

Formic acid mg/L  0+0 0+0

Acetic acid mg/L  33x46 0+0

Propionic acid mg/L  21+30 0+0

Butyric acid mg/L 0%0 642 +£1112

@ Make use of two samples

The working of the digester with such a high HRT was expected since in a report by “Climenhaga &
Banks, 2008” for a high HRT of 180 days and the same OLR of 1.45 g VS/L/day no digester failure is
observed.

4.3. Continuous reactor experiments with TE addition

Since experiments with the addition of FW by a syringe result in mechanical issues over time and only
high HRTs can be performed, leading to high TAN values, another set-up is used. In this setup, high
OLRs and low HRTs of 24 days are executed. Different papers show a higher volumetric methane
production (VMP) with an increase of OLR, not necessarily resulting in higher BMP [33], [15], [23]. VMP
is of more interest since high biogas production per volume of reactor instead of per amount of FW
(FW is readily available) is more favourable in this research project.

For both experiments, a reference reactor is run next to the reactor with the addition of TEs. TAN is
not included in this chapter since low pH values are obtained. The remaining data like TAN can be
found in appendix F.

4.3.1. Continuous reactor experiments; OLR = 10 g VS/L/day

The first experiments are run with an addition of FW with an OLR of 10 g VS/L/day. The addition of TEs
is based on VS and is shown in Table 4. For this experiment, the trace elements are measured for the
anaerobic sludge from the WWTP of Garmerwolde and the FW used for this experiment. A simple
subtraction of the added TEs is not possible since it will result in negative values since the FW is not
perfectly mixed. Observed is that without TE addition the FW will eventually experience low TE values.
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Table 6 measured TE values in anaerobic sludge from Garmerwolde and diluted FW with TE addition

Units Anaerobic sludge  Diluted FW with

Garmerwolde TE addition
Cy mg/L 182+43 27406
Fe | mg/L  1410.9 + 408.2 204.7+7.5
Co mg/L 0.6%0.2 1.5+0.1
Mn  mg/L 12.5+3.9 2.0+0.1
Nj | mg/L  <0.2 -
Se | mg/L <09 <0.6
Zn | mg/L 349 5.1+0.1
W | mg/L <19 <1.2
Mo | mg/L  03+0.1 2.8+0.1

The reactors with the OLR loadings of 10 g VS/L/day experienced issues with the FW addition. From
Figure 13 there can be observed that biogas production fluctuates and is quite low. Expected is a biogas
production of 8 L/day based on the experiments in previous chapters. In the red area, the FW supply
faces some difficulties due to blockages in the inlet. However, the pH of the reactor was dramatically
decreased and seemed acidified before mechanical issues appeared. After the supply problems are
repaired the reactor will produce some biogas again. In the start, there is a bounce back to a biogas
production of 1261 mL/day. However, the pH is already very low and the methane fraction measured
on the last day is only 1 % (76% of CO,). This is observed more often for reactors that are acidified, CH,4
content will decrease drastically [42], [23] and [15]. Probably because the reactor methanogens are
already acidified, but some other microorganisms that can withstand these lower pH values produce
CO; or other gasses like hydrogen.
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Figure 13 biogas TE reactor (OLR = 10 g VS/L/ day) *red box indicates mechanical problems

From Figure 14 is observed that COD and total VFA are increasing even if the supply of FW is not active.
The rise of total VFA can be explained since the reactor has time to process all incoming FW in this
period. Intermediate products like propionic and butyric acid will accumulate since methanogenesis
does not work anymore. The acetic acid is decreasing in the stage where there was no addition of FW,
which indicates that the aceticlastic methanogens are still working or some SAOB converts it to CO;
and H..

26



OLR = 10 g VS/L/day (TE)

20000 80000
—&—total VFA

18000 —®—Formic acid 70000

16000 =@ Acetic acid

Propionic acid 60000
14000
— —@—Butryric acid
= 50000
& 12000 =
E— —8—COD =)
< 10000 aoo0 E
= o
@]
8000 30000
6000 /
20000
4000
2000 10000
0 . 2 0

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
Days

Figure 14 VFA and COD continuous TE reactor (OLR = 10 g VS/L/ day)

This reactor was also not able to recover after a few weeks of no addition of FW and the addition of
0.1 M NaOH to increase the pH to a level between 6.5 and 7.5. However, a propionic acid concentration
of 1237 mg/L should result in biogas production within ten days [8]. The difference is that this research
has more VFAs like butyric acid that prevent the digester from recovering.

The reference reactor is used to observe if the TE-supplementation makes any difference, the only
difference is in the TE-supplementation.

In Figure 15 the gas production per 24h is observed. However, due to food waste loading problems,
the behaviour of this reactor is more like the batch reactors discussed in chapter 4.1. The FW loading
in the first stage was high resulting in a lower pH, but recovery after is observed. The reactor was
cancelled after ten days since the TE reactor showed no perspective for a long run with a working FW
supplementation since it was already acidified in 5 days. The methane fraction on the last day was 81%
(31% of CO,). The total composition of biogas is above 100%, probably because the peaks of nitrogen
and methane are very close to each other in the GC analysis and some nitrogen is detected as methane.
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Figure 15 biogas reference reactor (OLR = 10 g VS/L/day) *red box indicates mechanical problems
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The batch-like behaviour of the reactor is also observed in Figure 16, the reactor recovered after a food
waste loading of 4 days. The COD is going back to its initial value and the same applies to the total VFA
content (mainly composed of acetate).
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Figure 16 COD and VFA continuous reference reactor (OLR = 10 g VS/L/day)

4.3.2. Continuous reactor experiments; OLR = 5 g VS/L/day

Since the OLR of 10 g VS/L/day with a HRT of 24 days turns out in an acidification of the reactors the
OLR is decreased by 50%. This diluted FW resulted in fewer mechanical problems with the addition of
FW. The outflow of the reactor was blocked sometimes, when the reactors were opened big clay-like
pieces in the reactor were observed which could explain the blockages. These bigger particles could
FW that is not degraded and are clumped together.

From Figure 17, a decrease in biogas production over time is observed, with a biogas production that
is already very low compared to what is expected (4 L biogas/day). Methane fractions are fluctuating;
17% on day 4 (CO; = 64%), 26% on day 11 (CO2 = 54%) and 14% on day 19 (CO, = 36%) and again the
sum of the fractions is not 100% and the methane fraction is as low as observed in chapter 4.3.1. pH is
not as dramatically decreased as for the last experiments with the high OLR of 10 g VS/L/day and is at
the lower pH value after 2 weeks instead of 4 days.
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Figure 18 gives more perspective on the AD of FW with TE supplementation. After 12 days the COD
shows a constant of + 65000 mg/L which indicates that the reactor can convert all incoming organic
matter to biogas. However, the clay-like material (probably FW that is clumped together) could also
be the reason for the constant COD. Also, the total VFA is decreasing which indicates that the
methanogen and acetogens can handle the amount of VFA. This is majorly observed in the decrease
of acetic acid within the reactor. However, for the HPLC diagram also another peak was observed after
the peak for butyric acid. This could probably indicate that there was also produced some valeric acid.
That is normal in a good working anaerobic digester [11]. Also, an increase in biogas is expected since
the COD and total VFA are not increasing anymore. However, this is not observed yet which could be
because the reactor probably has just changed to producing VFAs and the higher biogas rates will just
start increasing. There is observed a small increase on day 19 compared to day 18 which could as be
through the addition of FW that is working on day 19 and not on day 18.
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Figure 18 COD and VFA continuous TE reactor (OLR =5 g VS/L/day)

In other papers, there was also first observed a peak in total VFA whereafter it decreases [23]. So it
could be the start of a working AD with an OLR of 5 g VS/L/day. However, the biogas production does
not match the decrease in total VFA and the constant COD.

What stands out for the reference reactor is that between days 7 and 12 there was no production of
gas. The gas measuring device was not connected due to the probable occurrence of foaming. It may
be assumed that the biogas decreases following the blue line. The biogas production fluctuates very
similarly to the TE reactor with only a small decrease in biogas production. Methane fraction is also
fluctuating again; 20% on day 4 (CO, = 74%), 27% on day 11 (CO, = 27%) and 21% on day 18 (CO, =
53%). Also in the same pattern as for the TE reactor. The decrease in pH is observed to be lower than
that for the higher OLRs. However, the pH decreases continuously after 12 days and that is not the
case for the TE reactor which was almost constant.
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The COD is still increasing after 12 days but not in a linear way as before. This indicates that the reactor
cannot handle the amount of organic matter added, but seems to come to a maximum. However, the
total VFA is still increasing linearly. Acetic acid is not rising linearly anymore but is still mostly available,
which indicates that acetoclastic methanogens cannot handle the high loading. Eventually, the amount
of butyric acid seems to overcome the concentrations of acetic acid which also happened for the higher

OLR loading.
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4.3.3. General discussion of continuous reactor experiments with TE addition

Former research on the AD with high OLRs (5-6.6 g VS/L/day) low HRTs (15-38 days) and TE addition
results in constant biogas production with a VMP of 2.2-3.2 m3 CHs/m3/day [33], [15], [23]. However,
experiments in this research result in process acidification within 3 weeks. A possible reason for this is
that the OLR in other experiments is gradually increased while the HRT is kept constant. This results in
time for the microorganisms to adapt to the substrate [11]. An example of this is shown in a report by
“Banks, Zhang, Jiang & Heaven, 2012” where there is a gradual increase in OLR in 220 days to an OLR
of 5 g VS/L/day (steps are 1.6, 2, 3 and 4 g VS/L/day). But also other reports use a slow build-up of OLR
[23], [15]. However, the addition of TEs is necessary from the beginning since low OLRs of 2.19 g
VS/L/day and HRT of 30 days also show inhibition over time [23]. Next to the gradual increase of OLR,
the semicontinuous experiments in other reports are also in contrast to experiments in this report. The
FW will be for multiple days at room temperature in this report. The possibility that the FW will change
in characteristics is therefore possible. Other papers only describe semi-continuous or batch and do
use cooled FW that is thawed at a max of 14 days before addition day [33], [15] and [23]. However, for
these experiments, inhibition of the degraded FW cannot be conceived.

With the low HRT that is used in these experiments, the TAN cannot reach values that can be toxic for
microorganisms. A HRT of 38 days and OLR of 5 g VS/L/day results in TAN up to 5000 mg/L which still
works for long-term digestion of 500 days [33]. A possible increase in HRT will result in an even higher
TAN but more time to convert the organic substrates into biogas since maximum BMP is not optimized
(352 mL vs 439 mL CH4/g VS) [23]. The addition of TEs are also positive for the reduction in TAN since
there is more biological fixed nitrogen which results in more microbial biomass [33].

Biogas values below 100% are observed for GC analysis throughout the report, what they have in
common is a low biogas production rate. Probably due to the lower rate of biogas, there is a chance
for air to come into the gas bag during sampling. In other papers, there is also observed an amount of
water contributed to the biogas and is not measured with the GC in this paper [28].
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4.4. Economic analysis

Capital costs for building an AD plant are not implemented since there is already a plant available at
the ENTEG. The operating of AD without TE addition is no option since it will result in digester failure
over time.

Based on the results and literature used in chapter 4.3. there is chosen to make use of a VBP of 3.75
m? biogas/m3/day (58% methane) obtained by a report of “Banks, Zhang, Jiang, & Heaven, 2012” with
an OLR of 5 g VS/L/day and a HRT of 38 days. The characteristics of AD are given in chapter 3.4. These
process settings will result in total production of 13687.5 m? of biogas per year and total methane
production of 7938.75 m3. To come to these production rates an amount of 18,250 kg of VS is needed
on a yearly bases, which comes down to an additional approximate addition of 50 tons of FW per year.

4.4.1 Operating costs AD with TE addition

First, an overview of the operating costs of the AD of FW to biogas will be given. Operating costs include
costs associated with staff, insurance, transportation, annual licenses, pollution abatement and
control, maintenance, chemicals, water and heat [25].

Transportation costs are the costs that are very dependent on the number of rides for transportation.
In this overview, there is assumed that there is needed a ride every month because of the degradation
of FW before it even enters the reactor. The distance from Europa park to Zernike is 10 km and a truck
cost approximately 2.60 €/km [43]. This brings the transportation costs to €624 per year. Assumed is
that the transportation of the digestate is compensated with gate fees since normally companies get
money out of processing waste (in this case the FW) [25].

For TE supplementation, the addition of TE used in our report (Table 4) are have been used with the
same compounds used. The total costs for TEs are €628 [44], [45], [46].

Since the FW needs to be diluted an amount of 51 m3 of water has to be added to the FW to come to
the process characteristics. The water price of drink water is used which is not necessary to use
€0.87/m?3 [47].

For the heat, there has been made use of the specific heat of water which is 4.2 J/g/°C and a
temperature rise from 25 C° to 37 C°. With the assumption that FW has the same specific heat of water,
an energy loss of 50% by tank isolation and an energy transfer effectivity of 58% [32],. If all these
assumptions are taken 17.4 Gl/year is needed with a price of €1.132 per m? natural gas (bare gas price
wholesale market, ICE Endex) this gives a total of €560 [48], [49].

Fixed operating costs that contain costs associated with staff, insurance, annual licenses, pollution
abatement and control, annual licenses and maintenance are not yet taken into this report.

Table 7 total operating costs AD (TE supplementation)

Cost Annual (EUR)
Transportation FW | 624
TE supplementation | 628
Water supplementation | 44
Heat | 560
Total operating costs: | 1856
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4.4.2. Biogas upgrading
For calculations, there have been made use of values that are normally applied for bigger installations.
The costs are therefore lower than probably expected.

4.4.2.1. Heat and electricity

First, the upgrading of biogas to heat and electricity by CHP is considered. The used CHP unit has a
conversion efficiency of 38% for electricity and 55% for heat [25], [50]. For the determination of the
initial investment costs, there have been made use of the installation costs given of 400 £/ kWe [50].
With a potential of 5.77 kWh/m? of biogas, this results in 9.0 kW and eventually in initial investment
costs of €4218 [51]. The economic lifetime is based on other machines and is estimated at 20 years [2].

For the revenue, there has made use an of electricity price of 0.17 €/kWh, which results in total
revenue of electricity of €5040 [52]. However, thermal energy is not (yet) considered as an extra
revenue while this is still an energy amount of 142 GJ/year. Due to the heat produced the energy costs
for heating the AD are omitted. Operating costs are assumed to be 2.5% of the investment costs and
are mainly maintenance costs.

4.4.2.2. Green gas

Green gas can be obtained by different methods discussed; PSA, MS, WS and CA. Based on an
economical review by “Ardolino, et al., 2021” there are made some calculations regarding the
upgrading of biogas. In that review, biogas was generated with 51% CHs and 46% of CO, through
different upgrading methods to green gas. The functional unit of the report was 500 m? biogas/h, a
huge difference compared to the 1.6 m® biogas/h used in this report. This is probably the main reason
why the operating costs and investment costs are low [28].

The investment costs of the different methodologies are based on the total investment costs for an
installation dived by the gas production of that plant (500 m?® biogas/h) multiplied by the gas
production of this plant (1.6 m3 biogas/h) and are also used in the report itself. The investment costs
for MS, WS, CA and PSA are €1,200,000; €1,700,000; €1,500,000 and €1,150,000. An economic lifetime
of 20 years is expected. The same is applied to operating costs that contain maintenance, consumption
and energy costs. [2].

De price of green gas is determined by determining the gas price per calorific heat value [28].
Comparing the lower heating values (LHV) obtained by the different methods and assuming that the
price of gas is per potential energy of the gas. The price of natural gas is €1.132 /m3with a LHV of 31.65
MJ/m3 [53]. The LHV of the green gas is between 34.89 and 35.32 MJ/m? and is assumed to have a
price between €1.25 and €1.26 per m3.
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4.4.2.3. proteins

Proteins can be produced by ammonia and biogas generated by the AD of FW. This process is done in
multiple steps since the input of these reactors includes H,, CO; and NHs. This case is compared with a
report by “Oesterholt, et al., 2015” where this process is done by ammonia stripping, SMR, and PSA
and is eventually converted in a reactor to proteins. The total protein production is limited by ammonia
in the digestate. The total production of proteins is 2009 kg/year based on an efficiency of the stripper
of 82% [32].

Starting with the ammonia that is produced by an ammonia recovery plant. In the economic review of
this process, there is assumed a TAN concentration of 5000 mg/L in the digestate. Since the
concentration of the TAN is high compared to that of WWTP (£ 2000 mg/L) the price of the stripping
process reduces from €2.60 per kg TAN to €1,30 per kg TAN (no residual heating assumed), resulting
in operating costs €512 (Banks, Zhang, Jiang, & Heaven, 2012 [35]. Based on a production of 394 kg of
proteins per year the investment costs of this ammonia stripper are €1817. A saving of €906 per year
is assumed since the digestate does not need a purification process for ammonia anymore [32].

For PSA there are assumed operating costs of €0.06 per m3 of biogas resulting in operating costs of
€821 [35]. The Investments costs are already determined for green gas production and are €3594.

The highest production costs are due to the SMR of biogas since high amounts of electricity are needed.
Based on the total biogas production of the AD in this report (13687.5 m3/year) the total production
of hydrogen by this SMR is 1929 kg per year with total production costs of €4990 per year. The
investment costs are assumed to be + €3000. There is also produced a surplus of H, 334 kg/year which
can be sold for = €10 per kg H,, resulting in an extra revenue of €3340 per year [54].

The reactor for the protein conversion itself is assumed to be €605 with total operational costs of €402
per year [35]. The pricing of proteins is estimated at €2000 per kg resulting in revenue from the
proteins of €4018 [35]. However, the pricing of proteins is expected to raise when the product can also
be consumed by humans.
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4.4.2.4. General discussion upgrading economic analysis

In Table 8 an economic comparison between the different methods is given. Upgrading to green gas is
the best option when focussed on the profit of the processes. There is no big difference between the
methods of upgrading within the upgrading of biogas to green gas. The extra benefit of green gas is
easy storage within the gas grid.

The lower profit of upgrading to heat and electricity by CHP is mainly because the heat that is produced
is not taken into full account which results in a loss of heat. If this extra energy is also sold there will
be an increase in revenue.

For the proteins, there is even observed a loss over time since this method is still in development.
Expected is that when higher protein contents and its legalised the price of these single-cell proteins
can go up by an approximate factor of 5, resulting in a larger revenue [35]. The hydrogen that is now
sold is also a big part of the revenue yet, a focus on the conversion of hydrogen would also be of
interest. The processing costs are high compared to the other processes which are mainly due to the
multiple processes that are included in upgrading to proteins. Since the CO; produced by AD is also
needed in the conversion to proteins a focus on the potential of SMR without PSA in front could be
interesting since it will reduce investment and operating costs.

Table 8 economical comparison between different methods for upgrading biogas

Unit | Heat and Green gas Proteins
electricity
Method | - CHP PSA MS WS CA PSA, air stripping,
SMR and SCP-reactor
Initial | € 4218 3594 3750 5313 4687 9016
investment
costs
Economic | Year 20 20 20 20 20 20
lifetime
Pay-off | €/year | 211 180 188 266 234 451
Operating €/year | 105 560 750 680 545 6725
costs
Operating €/year | 1296 1856 1856 1856 1856 1856
costs AD
Total | €/year | 5040 8738 8848 8775 8905 8264
revenue
Profit €/year | 3428 6142 6054 5973 6270 -768
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5. Conclusions and follow-up research
This report is a step to put the pilot-plant reactors at the ENTEG building in Groningen into operation.
The conclusions and follow-up research are separated into two chapters to maintain the clarity of the
report and make it easy to continue with this research.

5.1. Conclusions

From the experiments in this report, it can be concluded that for batch experiments an S/X ratio up to
0.89 g VSpw/ VSreactor Will not result in reactor acidification after the reactor is already adapted.
However, digester foaming can occur which can be fixed by the addition of an anti-foaming agent.
Experiments with the addition of FW by syringe pumps are mechanically impossible. TE addition to a
reactor with an OLR of 5 g VS/L/day and a HRT of 24 days has some effect on the degradation of total
VFA. However, a reactor that gradually increases in organic loading seems the only way to overcome
fast digester acidification.

Upgrading of biogas in this report is reviewed for the upgrading to heat and electricity (by CHP), green
gas (by PSA, MS, WS and CA) and proteins. From the economic analysis, it can be concluded that
upgrading to green gas is the most profitable yet. The ease of green gas into the grid is an extra benefit
of producing this biogas.

So this report concludes that upgrading FW to a green gas is the most efficient energy conversion
technology based on an AD with TE addition, an OLR of 5 g VS/L/day and a HRT of 24 days.

5.2. Follow-up research
For follow-up research, there should be a focus on the operation of the pilot-plant reactor at the ENTEG
building in Groningen.

For upgrading to pilot-plant scale processing, The parameters for an OLR of 5 g VS/L/day and a HRT
between 24-38 days with the addition of TEs are recommended (Table 4). However, the organic loading
should be gradually increased to overcome acidification at an early stage observed in chapter 4.3. (e.g.
start with an OLR of 1 g VS/L/day and after a week start with an OLR of 2 g VS/L/day with keeping the
HRT constant). The reactor can be controlled by maintaining the pH, T, FOS/TAC and VFA values in a
save range.

The upgrading of biogas could be broadened by researching biogas conversion to hydrogen. Also, a
focus on the usage of heat produced by CHP within the Zernike campus can be researched. Besides, an
agreement with the “N.V. Nederlandse Gasunie” should be considered if the green gas is pumped into
the gas grid.

Further recommendations for laboratory experiments are to lower TE-supplementation costs by
checking the feasibility of TE-rich co-digestion material (see also chapter 2.2.4.). Measure Valeric acid
since this can also be available in the amount of 2-30% (observed for the last experiment with FW)
[11]. Test microorganism adaption to propionate by doing a continuous test with the addition of
propionate. Build two reactors, one with the addition of 100 mg/L/day from the beginning on and one
with the gradual increase to this concertation (so, 20 mg/L/day, 50 mg/L/day, 100 mg/L/day). Always
use a blank reactor for testing since experiments are very substrate and inoculum dependent.

36



References

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

(10]

(11]

(12]

[13]

(14]

U. N. Department of Economics and Social Affairs, “World Urbanizations ProspectsL The 2018
Revision,” United Nations, 2018.

A. Anukam, A. Mohammadi, M. Naqvi and K. Granstrom, “A Review of the Chemistry of Anaerobic
Digestion: Methods of Accelarating and Optimizing Process Efficiency,” processes, vol. 504, no. 7, pp.
1-19, 2019.

G. D. Zupancic and V. Grilc, “Anaerobic Treatment and Biogas Production from Organic Waste,” in
Management of Organic Waste, Slovenia, IntechOpen, 2012, pp. 3-31.

G. Capson-Tojo, M. Rouez, M. Crest, J.-P. Steyer, J.-P. Delgenés and R. Escudié, “Food waste
valorization via anaerobic processes: a review,” Reviews in Environmental Science and
Bio/Technology, vol. 15, pp. 499-547, 2016.

F. Xu, Y. Li, X. Ge, L. Yang and Y. Li, “Anaerobic digestion of food waste - Challenges and
opportunities,” Bioresesource Technology, vol. 247, pp. 1047-1058, 2018.

m. Lili, G. Biro, E. Sulyok, M. Petis, J. Borbély and J. Tamas, “Novel approach on the basis of FOS/TAC
method,” in International Symposia "Risk Facotrs for Environment and Food Safety"& "Natural
Resources and Sustainable Development"& "50 Years of Agriculture Researche in Oradea”, Oradea,
2011.

G. Capson-Tojo, D. Ruiz, M. Rouez, M. Crest, J.-P. Steyer, N. Bernet, J.-P. Delgenes and R. Escudié,
“Accumulation of propionic acid during consecutive batch anaerobic digestion of commercial food
waste,” Bioresource Technology, vol. 245, pp. 724-733, 2017.

Y. Han, H. Green and W. Tao, “Reversibility of propionic acid inhibition to anaerobic digestion:
Inhibition kinetics and microbial mechanism,” Chemosphere, pp. 1-6, 2020.

J. Russell, “Another explanation for the toxicity of fermentation acids at low pH: anion accumulation
versus uncoupling,” Journal of Applied Bacteriology, vol. 73, pp. 363-370, 13 April 1992.

“Propionic acid (Compound),” PubChem, [Online]. Available:
https://pubchem.ncbi.nlm.nih.gov/compound/Propionic-acid. [Accessed 26 October 2022].

Y. Yang, Q. Chen, J. Guo and Z. Hu, “Kinetics and methane gas yields of selected C1 to C5 organic
acids in anaerobic digestion,” Water Research, pp. 112-118, 2015.

Y. Wang, Y. Zhang, J. Wang and L. Meng, “Effects of volatile fatty acid concetrations on methane
yield and methanogenic bacteria,” Biomass and Bioenergy, pp. 848-853, 2009.

N. Krylova and R. Conrad, “Thermodynamics of propionate degradation in methanogenic paddy
soil,” Microbiology Ecology, vol. 26, pp. 281-288, 1998.

S. Ishii, T. Kosaka, K. Hori, Y. Hotta and K. Watanabe, “Coaggregation Facilities Interspecies Hydrogen
Transfer betweeen Pelotomaculum thermopropionicum and methanothermobacter
thermautotrophicus,” Applied and Environmental microbiology, vol. 71, no. 12, pp. 7838-7845, 2005.

37



(15]

(16]

(17]

(18]

(19]

[20]

[21]

[22]

(23]

(24]

[25]

(26]

[27]

(28]

W. Zhang, B. Chen, A. Li, L. Zhang, R. Li, T. Yang and W. Xing, “Mechanism of process imbalance of
long-term anaerobic digestion of food waste and role of trace elements in maintaining anaerobic
process stability,” Bioresource Technology, vol. 275, pp. 172-182, 2019.

“Ammonia,” PubChem, [Online]. Available:
https://pubchem.ncbi.nim.nih.gov/compound/Ammonia. [Accessed 26 October 2022].

B. Miiller, L. Sun and A. Schniirer, “First insights into the syntroopic acetate-oxidizing bacteria - a
genetic study,” MicrobiologyOpen, vol. 2, no. 1, pp. 35-53, 2012.

H. Zhu, Z. Liu, X. Zhou, Z. Lun, J. Yi, W. Tang and F. Li, “Energy Conversion and Carbon Flux
Distribution During Fermentation of CO or H2/CO2 by clostridium ljungdahlii,” Frontiers in
Technology, vol. 11, 2020.

F. Yin, W. Zhang, J. Xu, J. Liu, H. Yang and X. Zhao, “Contribution of H2 during the Two-phase
Anaerobic digestion,” Advanced Materials Research, vol. 908, pp. 235-238, 2014.

A. Schnirer and A. Nordberg, “Ammonia, a selective agent for methane production by syntrophic
acetate oxidation at mesophilic temperature,” Water SCience & Technology, vol. 57, no. 5, pp. 735-
740, April 2008.

G. Capson-Tojo, R. Moscoviz, S. Astals, A. Robles and J.-P. Steyer, “Unraveling the literature chaos
around free ammonia inhibition in anaerobic digestion,” Renewable and Sustainable Energy
Reviews, vol. 117, pp. 1-16, 2020.

K. Rajeshware, M. Balakrishman, A. Kansal, K. Latta and V. Kishore, “State-of-the-art of anaerobic
digestion technology for industrial wastewater treatment,” Renewable and Sustainable Energy
Reviews, pp. 135-156, 2000.

L. Zhang and D. Jahng, “long-term anaerobic digestion of food waste stibilized by trace elements,”
Waste management, vol. 32, pp. 1509-1515, 2012.

J. Bekkering, A. Broekhuis and W. v. Gemert, “Optimisation of a green gas supply chain - A review,”
Bioresource Technolgy, vol. 101, pp. 450-456, 2010.

F. Monnet, “An introdcution to Anaerobic Digestion of Organic Wastes,” Remade Scotland, 2003.

J. Langelaar, “Komt tijd, komt voorraad,” 18 August 2022. [Online]. Available:
https://www.shell.nl/media/venster/tien-vragen-over-ondergrondse-
gasopslag.html#:~:text=De%20totale%20capaciteit%20in%20Nederland,gas%20onder%20druk%20b
lijft%20staan..

T.-F. Chen, R. Terlouw, B. Gray, T. Kramer and S. Oosterveld, “Hydrogen refinery,” university of
Groningen, Groningen, 2020.

F. Ardolino, G. Cardamone, F. Parrillo and U. Arena, “Biogas-to-biomethane upgrading: A
comparative review and assessment in a life cycle perspective,” Renewable and Sustainable Energy
Reviews, vol. 139, 2021.

38



[29] S. Sircar, “Pressure Swing Adsorption,” Air products and Chemicals, vol. 41, no. 6, pp. 1389-1392,
2002.

[30] F.Baena-Moreno, E. le Saché, L. Pastor-Pérez and T. Reina, “Membrane-based technologies for
biogas upgrading: a review,” Environmental Chemistry Letters, vol. 18, pp. 1649-1658, 2020.

[31] W. Budzianowski, C. Wylock and P. Marciniak, “Power requirements of biogas upgrading by water
scrubbing and biomethane compression: Comparative analysis of various plant configurations,”
Energy Conversion and Management, vol. 141, pp. 2-19, 2017.

[32] F. Oesterholt, E. Broeders and C. Zamalloa, “Power-To-Protein: eiwitproductie in een circulaire
economie,” KWR, Nieuwegein, 2019.

[33] C.Banks,Y.Zhang, Y. Jiang and S. Heaven, “Trace element requirements for stable food waste
digestion at elevated amonia concetrations,” Bioresource technology, vol. 104, pp. 127-135, 2012.

[34] S. Grimberg, D. Hilderbrandt, M. Kinnunen and S. Rogers, “Anaerobic digestion of food waste
through the operation of a mesophilic two-phase pilot scale digester - assessment of variable
loadings on system performance,” Bioresource Technology, vol. 178, pp. 226-229, 2014.

[35] F. Oesterholt, E. Versteeg, W. Verstraete and J. Boere, “Toepassing van het "power-to-protein"
concept in de stedelijke watercyclus van Amsterdam,” KWR, Nieuwegein, 2015.

[36] S. Matassa, N. Boon, I. Pikaar and W. Verstraete, “Microbial protein: future sustainable food supply
route with low environmental footprint,” microbial biotechnology, vol. 9, no. 5, pp. 568-575, 2016.

[37] R.Baird, A. Eaton and E. Rice, Standard Methods for the Examination of Water and Wastewater,
Washington: American Public Health Association, 2017.

[38] D. Colpa, Writer, Sample analysis by Hach kits (PHA project). [Performance]. Rijksuniversiteit
Groningen, 2022.

[39] H.R.Giles, J. Wagner and E. M. Mount, Extrusion: The Defenitive processing Guide and Handbook,
New York: William Andrew, Inc., 2004.

[40] L. Neves, N. Goncalo, R. Oliveira and M. Alves, “influence of composition on the biomethanation
potential of restaurant waste at mesophilic temperatures,” Waste management, vol. 28, no. 6, pp.
965-972, 2008.

[41] M. Climenhaga and C. B. Banks, “Anaerobic digestion of catering wastes: effect of micronutrients
and retention time,” Water Science & Technology, vol. 57, pp. 687-692, 2008.

[42] C.J.Banks, M. Chesshire and A. Stringfellow, “A pilot-scale comparison of mesophilic and
thermophilic digestion of source segregated domestic food waste,” Water Science & Technology,
vol. 58, no. 7, pp. 1475-1481, 2008.

[43] “Kostencalculaties in het beroepsgoederenvervoer over de weg,” Panteia, ZOetermeer, 2018.

[44] Merck, [Online]. Available: https://www.sigmaaldrich.com/NL/en. [Accessed 23 October 2022].

39



[45]

[46]

[47]

(48]

(49]

(50]

(51]

(52]

(53]

(54]

[55]

(56]

“nickel(ll) chloride,” [Online]. Available: https://www.n203.com/en/catalogue/products/nickel-ii-
chloride_224577?gclid=CjOKCQjw--2aBhD5ARIsALiRIwBLzEUby3Hk41QD8s-
tPUEUpDF1E7WoxAzhfrDyTF6splLdikd-AukgaAvMAEALW_wcB. [Accessed 28 October 2022].

“lIzer(lll)chloride 40% oplossing,” [Online]. Available:
https://www.laboratoriumdiscounter.nl/nl/ijzeriiichloride-40-oplossing.html?gclid=CjOKCQjw--
2aBhD5ARIsALIRIwDVIjP21aZiiC6gSzgcDHXTMUFNNBoIPi_UXW7bEDn-hyVk87Y6ILQaAoizEALW_wcB.
[Accessed 28 October 2022].

“Wat kost een kuub water?,” Waternet, [Online]. Available: https://www.waternet.nl/veelgestelde-
vragen/drinkwater/wat-kost-kuub-
water/#:~:text=Drinkwater%20van%20Waternet%20kost%20in,belasting%200p%20leidingwater%?2
0en%20btw.. [Accessed 23 October 2022].

“Gasprijs,” Energievergelijk.nl, [Online]. Available:
https://www.energievergelijk.nl/energieprijzen/gasprijs. [Accessed 23 October 2022].

H. Villa-Vélez, H. Vaquiro, J. Lopes-Filho, V. Telis and J. Telis-Romero, “Study of the specific heat
capacity of biomass from banana waste for the application in the second-generation ethanol
industry,” Environmental progress & sustainable energy, vol. 34, no. 4, pp. 1221-1228, 2015.

D. Andrews, “38% HHV Caterpillar Biogas Engine Fitted to Long Reach Sewage Works,” 10 October
2008. [Online]. Available: https://web.archive.org/web/20190819175323/https://claverton-
energy.com/38-hhv-caterpillar-bio-gas-engine-fitted-to-long-reach-sewage-works.html.

“Fuels - Higher and Lower Calorific Values,” 2003. [Online]. Available:
https://www.engineeringtoolbox.com/fuels-higher-calorific-values-d_169.html.

“Salderen met zonnepanelen, zo zit het,” [Online]. Available:
https://www.vattenfall.nl/zonnepanelen/salderen/#:~:text=Dit%20noemen%20we%3A%20netto%2
Oenergie, 16%2C8%20cent%20per%20kWh.. [Accessed 29 October 2022].

“Calorische waarde, bovenwaarde en onerwaarde,” [Online]. Available:
https://www.energieleveranciers.nl/energie/begrippen/calorische-waarde. [Accessed 29 October
2022].

“Waterstof tanken,” [Online]. Available: https://www.toyota.nl/elektrisch-rijden/waterstof-
elektrisch/tanken-
prijzen#:~:text=Waterstof%20wordt%20per%20kilo%20afgerekend,literprijs%20van%20benzine%20
of%20diesel.. [Accessed October 30 2022].

W. Tian, J. Song and Z. Li, “Spatial regression analysis of domestic energy in urban areas,” Energy,
vol. 76, pp. 629-640, 2014.

A. Khadka, A. Parajuli, S. Dangol, B. Thapa, L. Sapkota, A. A. Carmona-Martinez and A. Ghimire,
“Effect of the Substarte to Inoculum Ratios on the Kinetics of Biogas Production during the
Mesophilic Anaerobic Digestion of Food Waste,” energies, vol. 15, no. 834, 2022.

40



(57]

(58]

(59]

(60]

(61]

(62]

D. de Clercq, Z. Wen , O. Gottfried, F. Schmidt and F. Fei, “A review of global strategies promoting
the conversion of food waste to bioenergy via anaerobic digestion,” Renewable and Sustainable
Energy Reviews, vol. 79, pp. 204-221, 2017.

R. Zhang, H. L. EI-Mashad, K. Hartman, F. Wang, G. Liu, C. Choate and P. Gamble, “Charachterization
of food waste as feedstock for anaerobic digestion,” Bioresource Technology, vol. 98, no. 4, pp. 929-
935, 2007.

A. Haldsz and R. lasztity, “Oxidation of amino acid residues,” in Use of Yeast Biomass in Food
Production, Boston, CRC Press, 1991, p. 233.

Q. Wei, W. Zhang, J. Guo, S. Wu, T. Tan, F. Wang and R. Dong, “Performance and kinetic evaluation
of a semi-continuously fed anaerobic digester treating food waste: Effect of trace elements on the
digester recovery and stability,” Chemosphere, vol. 117, pp. 477-485, 2014.

Y. Y. Choong, I. Norli, A. Z. Abdullah and M. F. Yhaya, “Impacts of trace element supplementation on
the performance of anaerobic digestion process: a review,” Bioresource Technology, vol. 209, pp.
369-379, 2016.

“Zo bespaar je op energie en water tijdens het koken,” lexgeld, [Online]. Available:
https://www.iexgeld.nl/Artikel/160278/Z0o-bespaar-je-op-energie-en-water-tijdens-het-koken.aspx.
[Accessed 23 October 2022].

41



Appendix A TE element addition

Table 9 characteristics of TEs in AD

Element Function Source

Fe | Cofactor of Carbon monoxide dehydrogenase (CODH); [5];
reduce H,S concentration in biogas (detoxifying); widely [23]
needed for a lot of enzymes.

Co | Cofactor of CODH; an essential element for SAOB and (5]
hydrogenotrophic methanogens

Mo | Enhance reactor performance in combination with CO and [5]

Ni

Ni | Cofactor of methyltransferases, CODH and many [5]; [23]

hydrogenases; aceticlastic methanogenesis and acetogenic
microorganisms

Se | Essential for propionate oxidation and syntropic [5]; [33]
hydrogenotrophic methanogenesis; an essential element for

SAOB and hydrogenotrophic methanogens

W -

Zn | -

Table 10 addition of TE in other reports

Units [15] [33]¢ [23]
OLR ' gVS/l/day 46 2-5 2.19-6.64
HRT | days 20-15 95-38 30-20
Fe | mg/L 100 5 100
Co | mg/L 1 1 2
Mo | mg/L 5 0,2 5
Ni | mg/L 5 1 10
Se | mg/L - 0.2 -
W | mg/L - 0.2 -

aOnly initial addition of TEs, further it was based on the added amount of VS



Table 11 addition of TE elements for OLR = 10 g VS/L/day

Element Compound used  Element concentration Element concentration
(mg/L) (mg/L)
(27-07-2022) (09-08-2022)
Iron (Fe) | FeCl2*4H;0 250.5 248.6
Cobalt (Co) | CoCl2*6H,0 2.5 2.5
Selenium (Se) | Na:SeOs 1.0 1.0
Tungsten (W) | NazWO4*H;0 1.0 1.0
Nickel (Ni) | NiC2*6H,0 12.4 12.3
Molybdenum (Mo) | (NHa)sM07024*4H,0 5.0 5.0

Table 12 addition of TE elements for OLR = 5 g VS/L/day

Element Compound used  Element concentration
(mg/L)
(09-01-2022)
Iron (Fe) | FeCl,*4H,0 125.3

Cobalt (Co) | CoCl2*6H,0 1.3
Selenium (Se) | Na25eOs 0.5
Tungsten (W) | Na;WO4*H,0 0.5
Nickel (Ni) NiCl,*6H,0 6.2
Molybdenum (Mo) (NH4)sM07024*4H,0 2.5

The selection of compounds is based on a report by “C. Banks, Y. Zhang, Y. Jiang and S. Heaven,

2012”.
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Appendix B protocol tests reactor sludge batch reactor

In this appendix the protocol for testing the reactor sludge is given which gives structure and
reproducibility to the experiments, all samples are tested in triplicate.

Take 3 samples of 30 mL of reactor liquid out of the reactor and the fourth sample of 25 mL. Then
put back the substrate with tap water. The food waste first needs to be blended, this can also be
done with the water already added. And also add the fourth sample back.

VS, TS and ash content (following APHA standard methods [37])

Put three small ceramic bowls in the 550 °C oven for 15 minutes and let them cool down to

room temperature (first to below 200 °C than in the desiccator).

Weigh and put 3 samples of +- 150 mg in the trays (shake the samples before) and dry in the
105 °C oven for 12+ hours. After this let it cool down in the desiccator to room temperature

Weigh samples and put them in the 550 °C oven for 4 hours and let it cool down to room
temperature afterwards (first to below 200 °C than in the desiccator).

Weigh the samples for the last time (for weighing it is important to close the desiccator
between the measurements and note the weight asap).

pH-meter

Measure the pH of the three different samples that were taken with a VOS-70002
(calibration before is preferred).

Centrifugation samples

Take from every Greiner tube a sample of +- 12 mL and put it in a 15 mL tube (weight
accurate).

Put the samples in the centrifuge at 12000 rpm, 30 minutes and 4 °C.

From each of these centrifugated samples, 1.5 mL can be filtrated over a 45 um filter with
help of a 1 mL syringe.

In the meantime, the centrifugation of three samples for the COD measurement can be
prepared.

For this make use of a beaker with a magnetic stirrer and dilute to an expected value of +-
5000 mg/L with distilled water.

Do the rest of the test following the protocol of test kit LCK514 (Hach).

Ammonia

The filtrated sample can be used for ammonia testing.

Since the expected value of ammonia is £ 2000 mg/L the dilution factor for the LCK 503
(Hach, US) test kit is 50. This is reached by adding 0.5 mL of the sample with a pipette and
24.5 mL of deionized water by a 50 mL measuring cylinder.

This is mixed with a magnetic stirrer in a 50 mL beaker.

Do the rest of the test following protocol.

FOS/TAC

Calibrate when the instrument gives the reminder to do so (AT1102 - Titralab AT1000-titrator

(Hach, US)).
Use the centrifugated but not filtrated sample for this and do it following protocol (make
sure the sample is at room temperature
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Appendix C protocol tests reactor sludge continuous reactor

In this appendix the protocol for testing the reactor sludge is given which gives structure and
reproducibility to the experiments, all samples are tested in triplicate.

Defrost the samples from the freezer in a water bath for 100 minutes. Then shake the tubes.

VS, TS and ash content (following APHA standard methods [37])

Put three small ceramic bowls in the oven, wait till it is 550 °C and then let it be at this T for
15 minutes. Open the oven and let it cool down for 40 minutes. Then put it for 20 minutes in

the desiccator till room temperature is achieved.

Weigh and put samples of +- 150 mg in the trays (shake the samples before) and dry them in
the 105 °C oven for 12+ hours. After this let it cool down in the desiccator for 20 minutes to

room temperature

Weigh samples and put bowls in the oven wait till it is 550 °C and then let it be at this T for 4
hours. Open the oven and let it cool down for 40 minutes. Then put it for 20 minutes in the
desiccator till room temperature is achieved. Weigh the samples for the last time (close the

desiccator between the measurements and note the weight asap).

pH-meter

Measure the pH of the three different samples that were taken with a VOS-70002
(calibration before is preferred).

Centrifugate samples

Take from every Greiner tube a sample of +- 5 mL and put it in a 15 mL tube (weight
accurate).

Put the samples in the centrifuge at 12000 rpm, 30 minutes and 4 °C.

From each of these centrifugated samples, 1.5 mL can be filtrated over a 45 um filter with
help of a 1 mL syringe.

In the meantime, the centrifugation samples for the COD measurement can be prepared.
For this make use of a beaker with a magnetic stirrer and dilute to an expected value of +-
5000 mg/L with distilled water.

Do the rest of the test following the protocol of test kit LCK514 (Hach).

Ammonia

HPLC

The filtrated sample can be used for ammonia testing.

Since the expected value of ammonia is £ 2000 mg/L the dilution factor for the LCK 503
(Hach, US) test kit is 50. This is reached by adding 0.5 mL of the sample with a pipette and
24.5 mL of deionized water by in a 50 mL measuring cylinder.

This is mixed with a magnetic stirrer in a 50 mL beaker.

Do the rest of the test following protocol.

Do a HPLC measurement with the use of the stock solutions.
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Appendix D reactor values batch experiments

Parameters Units Reactor Reactor Reactor Reactor Reactor
sludge sludge sludge sludge sludge
(28-03-2022) (04-04-2022) (19-04-2022) (15-06-2022) (23-06-2022)
Total solids (TS) | % 3.11 £ 0,47 2.77 £0.01 3.21+0.20 2.56 +0.08 3.34+0.39
Volatile Solids (VS) | % 1.45 + 0.54 2.69+0.15 2.34£0.16 1.25+0.16 3.03 £0.66
\/5/7'5 % 45.66£12.11 96.97+ 5.25 72.99 £ 3.62 48.92 £5.55 90.01 £ 8.75
COD | mg/L 38435 £ 485 28888 + 809 27823 £ 1753 26445 + 1622 39197 + 4071
,EOS/TAC 0.117 £0.013® 0.104 + 0.007 0.114 £ 0.015 0.108 £ 0.012 1.117 £0.044
TAN | mg/L 2306 + 972 2153 +107 2234 + 164 2535 + 997 2216 + 351
FAN | mg/L 329 +14° 114+ 6 90+7 134 + 53 59+9
pH | - 8.08 + 0.04° 7.63 £0.02 7.51+£0.01 7.63 £0.05 7.33+£0.07
Formic acid | mg/L  0%0 0x0 00 00 00
Acetic acid | mg/L  0z0 0x0 00 0x0 3657 £ 56
Propionic acid mg/L 0z0 0x0 0+0 00 1483 £ 30
Butyric acid mg/L  0zx0 0x0 0x0 0x0 609 £ 50
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Appendix E reactor values continuous experiments (syringe)
In the graphs below the whole runs with diluted FW with an OLR of 1.36 g VS/L/day are shown.

Biogas continuous reactor (HRT = 292 days)
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Figure 21 total biogas production continuous experiment (HRT = 292 days)
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Figure 22 total biogas production continuous experiment (HRT = 583 days)



Appendix F reactor values continuous experiments (TE addition)

Table 13 reactor sludge values TE reactor (OLR 10 g VS/L/day)

Parameters Units Anaerobic sludge Day 5 Day 12 Day 19
Garmerwolde
(27-07-2022)
Total solids (TS) | % 1.84 +0.34¢ 1.86+0.41 2.38£0.27 3.77 £t0.14
Volatile Solids (VS) | % 1.30 +0.16¢ 1.71+£0.45 2.28 £0.15 3.12+£0.19
VS/TS | % 71.19 + 4.38¢ 91.97 £9.90 96.24 +£5.31 82.72 £ 2.59
COD | mg/L 25460 + 4257¢ 32735 +4109 56567 + 5147 67168 + 5608
TAN | mg/L 1837+ 161 1870 + 50° 1811 + 342 1761 + 10°
FAN | mg/L 158 +14 0+0° 0+0° 0+0°
pH | - 7.85 5.32+0.03 5.15+0.00 4.88 +0.01
Formic acid | mg/L 00 92+7 00 00
Acetic acid | mg/L 33 t46 5523 + 125¢ 5079 £ 43 5700 £ 84°¢
Propionic acid mg/L  21+30 782 £ 48 663+ 41 1237 £ 62
Butyric acid mg/L 00 2549 + 129 5269 £ 64 7236 £73

2 For the second sample the double amount was added accidentaly, divided by two to get the correct value.

b Don’t use one the three samples since there was spilled some reactor sludge.

¢Take for stock solution the retention time of the one of that day but the area from the measurement 1 week later with the same stock
solution (forgot to shake after preparing the solution)

4 Skip the second measurement for the TS,VS and ash since it gives negative results. Also skip the COD since it gives low values that do not
fit in the other two measurements.

Table 14 reactor sludge values reference reactor (OLR 10 g VS/L/day)

Parameters Units  Anaerobic sludge Day 4 Day "10
Garmerwolde
(27-07-2022)
Total solids (TS) | % 1.84 +0.34° 4.02 £0.25 3.23+0.31
Volatile Solids (VS) | % 1.30 £ 0.16° 2.66+0.24 2.03+0.19
VS/TS | % 71.19 £ 4.38° 66.03 £+ 1.81 62.78+£2.42
COD | mg/L 25460 + 4257° 46018 + 1293 34004 + 1075
TAN | mg/L 1837161 2139 + 39 1968 + 375
FAN | mg/L 158 + 14 32+1 177 + 34
pH | - 7.85 7.08 £ 0.08 7.87 £0.04
Formic acid | mg/L  0%0 0+0 0+0
Acetic acid | mg/L  33+46 4954 + 331 536171
Propionic acid mg/L  21+30 707 £ 173 224 + 46
Butyric acid mg/L 00 270 £ 119 53+9

2 Skip the second measurement for the TS,VS and ash since it gives negative results. Also skip the COD since it gives low values that do not
fit in the other two measurements.
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Table 15 reactor sludge values reference reactor (OLR =5 g VS/L/day)

Parameters Units Anaerobic sludge 4 days 12 days 18 days
Garmerwolde
(27-07-2022)
Total solids (TS) | % 1.8+0.3° 4.65+0.4 4.0£0.3 3.9+0.1
Volatile Solids (VS) | % 1.3+0.2° 3.1+0.1 2.8+0.1 2.7+0.1
VS/TS | % 712+4.4° 66.5 % 5.45 69.5% 6.5 69.310.7
COD | mg/L 25460 + 4257° 33019 £ 2178 55615 £ 4929 58206 + 2488
TAN | mg/L 1837 £ 161 2000 £ 23 2088 £ 40 1968 + 22
FAN | mg/L 158 +14 46+1 140 0+0
pH | - 7.85 7.26 £0.12 5.52+0.14 5.17 +0.01
Formic acid | mg/L 00 00 769 + 441 939 + 583°
Acetic acid | mg/L 33 +46 1260 + 57 3598 + 42 4422 + 2580°
Propionic acid mg/L  21+30 526 £ 159 632 £ 148 1066 + 567°
Butyric acid | mg/L  0%0 191+ 76 486 + 46 1558 + 2009

2 Skip the second measurement for the TS,VS and ash since it gives negative results. Also skip the COD since it gives low values that do not
fit in the other two measurements.

b Peaks were shifted

Table 16 reactor sludge values TE reactor (OLR = 5 g VS/L/day)

Parameters Units Anaerobic sludge 4 days 12 days 19 days
Garmerwolde
(27-07-2022)
Total solids (TS) | % 1.840.3? 52+0.1 45+04 4.5%0.0
Volatile Solids (VS) | % 1.3+0.2° 3.1+0.1 3.3+05 3.1+0.1
VS/TS | % 71.2+4.4° 509+3.1 73.1+7.1 69.7+1.4
COD | mg/L 25460 + 4257° 38869 + 1478 65948 + 5855 65409 * 3648
TAN | mg/L 1837 + 161 2058 + 12 2036 + 36 2031 +51
FAN | mg/L 158 +14 85+1 140 140
pH | - 7.85 7.52+0.11 5.59+0.01 5.42 £0.01
Formic acid | mg/L  0%0 00 00 117950
Acetic acid | mg/L 33 +46 967 + 306 4660 + 221 129 +£52
Propionic acid mg/L  21+30 315+ 138 783 £ 283 187 £ 25
Butyric acid | mg/L  0£0 313 + 64 3395 + 26 1151 + 247

3 Skip the second measurement for the TS,VS and ash since it gives negative results. Also skip the COD since it gives low values that do not

fit in the other two measurements’
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