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Abstract

The increasing rate of food waste (FW) generation globally, makes it an attractive
resource for renewable energy through anaerobic digestion (AD). The biogas
recovered from AD can be upgraded by the methanation of internally produced
carbon dioxide, CO; with externally sourced hydrogen gas, Hz (biomethanation). In
this work, H, was added to AD reactors processing FW in three successive phases,
with digestate from preceding phases recircled in succession with the addition of
fresh inoculum to enhance acclimation. The concentration of H, was increased for
succeeding phases: 5%, 10% and 15% of the reactor headspace in Phase 1 (EH1),
Phase 2 (EH2) and Phase 3 (EH3), respectively. The H, utilisation rate and
biomethane yields increased as acclimation progressed from EH1 through EH3.
Biomethane yield from the controls: EH1_Control, EH2_Control and EH3_Control
were 417.6, 435.4 and 453.3 NmL-CH4/gVSaq4eq accounting for 64.8, 73.9 and
77.8% of the biogas respectively. And the biomethane yield from the test reactors
EH1 Test, EH2 Test and EH3 Test were 468.3, 483.6, and 499.0 NmL-
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CH4/gVSadged, accounting for 77.2, 78.1 and 81.0% of the biogas respectively. A
progressive in-situ biomethanation could lead to biomethane production that meets
higher fuel standards for gas-to-grid (GtG) injections and vehicle fuel — i.e. >95%
CH4. This would increase the energy yield and carbon savings compared to
conventional biogas upgrade methods. For example, biogas upgrade for GtG by in-
situ biomethanation could yield 7.3 MWh/trw energy and 1,343 kg-CO,e carbon

savings, which is better than physicochemical upgrade options (i.e., 4.6—4.8

MWh/trw energy yield and 846—-883 kg-CO.e carbon savings).
Keywords
Biomethanation; Hydrogen; Food waste; Biomethane; Energy balance; Carbon
saving.

1. Introduction
Evolving population and socio-economic growth are influencing increasing levels of
food waste (FW) generation around the world (Ugkun Kiran et al., 2014). Currently,

1.4 billion tonnes (Bt) of food is wasted every year worldwide and it is estimated by
the UN Food and Agriculture Organization (FAO) to exceed 2.2 Bt by 2025 (Gu et
al., 2020). Based on data generated between 2011 and 2015, the Waste Resource
and Action Programme (WRAP) in the United Kingdom (UK), estimated the annual
FW arising in the UK to be 10 million tonnes (Mt), equivalent to a quarter of the 41
Mt of food purchased annually in the UK (WRAP, 2017). To avoid the environmental
impacts related to FW decomposition in landfills, including greenhouse gas (GHG)
emissions and associated global climate changes, contamination of groundwater
sources by leachate, heat losses and odour emissions (Girotto et al., 2015;
Mirmohamadsadeghi et al., 2019), anaerobic digestion (AD) is widely accepted
among other renewable technologies to treat and recover energy from FW (Gu et
al., 2020).

Energy can be recovered through the AD process in the form of methane-rich biogas,
which is typically composed of 50 — 70% methane (CH4) and 30 — 50% carbon
dioxide (CO;) (Angelidaki et al., 2018). AD of FW is seen to play a key role in
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reducing direct carbon emissions from FW to the environment. It was reported that
the amount of methane captured from the AD of 1 tonne of FW would potentially
save 0.5-tonne CO; equivalent (tCO.e) from its disposal in landfills (Defra, 2011;
Evangelisti et al., 2014). In this regard, it was postulated that the production of CH,4
from the organic fraction of municipal solid waste amounts to about 79% GHG
savings when compared to the fossil fuel it displaces (Rajendran et al., 2019). To
further reduce the carbon (CO,) arising from AD and also improve the calorific value
of biogas to higher fuel standards and thus, its end-use, adaptable biological
hydrogen (H,) methanation (biomethanation) is gaining increasing interest (Wahid et
al., 2019).

Biomethanation involves enhancing the H,/CO; route for CH,4 production during AD
(hydrogenotrophic methanogenesis) by the addition of externally sourced H, (Wahid
et al., 2019). Biomethane content in the range of 65 — 100% has been reported by
previous biomethanation studies using relatively low organic substrates such as
cattle slurry and microalgae (Tian et al., 2018), potato-starch wastewater (Bassani
et al., 2016) and maize leaf (Mulat et al., 2017) among others. The use of FW as a
substrate is highly under-developed and limited to few recent studies (Okoro-
Shekwaga et al., 2019; Tao et al., 2020, 2019). FW can provide a suitable pH buffer
during in-situ biomethanation due to high levels of volatile fatty acids (VFA) produced
from its fermentation (Okoro-Shekwaga et al., 2019). Moreover, the growing rate of
FW around the world makes it a competitive resource for sustainable renewable
energy generation via biomethanation, especially as renewable energy technologies
face major drawbacks due to limited resources against a competing more abundant
fossil sources (Rajendran et al., 2019).

Exogenous H; loading to an AD system could increase the H, partial pressures up
to levels that stall the decomposition of VFA intermediates, leading to accumulation
and possible process failure (Mulat et al., 2017). The decomposition of common VFA
intermediates during AD, including butyrate and propionate, are endergonic as
shown in Equation 1 and Equation 2, which means the forward reactions would not

be spontaneous and could very easily stop at high concentrations of dissolved H;
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and acetate (Mulat et al., 2017). However, Fukuzaki et al. (1990) reported a reversal

of inhibitions to propionate decomposition when H, removal was enhanced.

CH(CH,),CO00™ + 2H,0 & 2CH;CO0™ + 2H, + H*  AG® = +483 kj/mol  Eq. 1
CH3CH,C00™ + 3H,0 & CH;C00™ + H* + HCO3™+3H, AG® = +76.1kj/mol  EQq. 2

Previous studies suggest that exposing AD consortia to increasing levels of inhibitory
substances including ammonia (NHs3) (Gao et al., 2015), long-chain fatty acids
(LCFA), toxic metals and phenolic compounds, allow them to adapt to and overcome
the inhibitory effects; a process known as acclimation (Chen et al., 2008). This is
generally brought about by a shift in the microbial population or internal changes that
occur in the predominant species within microbial consortia (Chen et al., 2008). As
in the present investigation, acclimation can be employed to allow AD reactors to
gradually adjust to high H; loads during in-situ biomethantion and thus, avoid VFA
accumulation and associated process instability. For instance, Agneessens et al.
(2017) found that methanogen adaptation by pulse H; addition improved H, gas-
liquid mass transfer rate, thus, lowering H, partial pressure by enhanced
biomethanation.

The present work investigated the upgrade of biogas from FW by in-situ
biomethanation, with a focus on how acclimating the system to a stepwise increase
in Hy load affects the H, utilisation rate and reversal of VFA accumulation. The
present study also includes a comparative energy return on investment (EROI) and
carbon savings for biogas upgrade between in-situ biomethanation and typical
physicochemical technologies. Therefore, this manuscript demonstrates the novelty
of FW valorisation by in-situ biomethanation for clean bioenergy production and how
stepwise acclimation to increasing concentrations of H, could improve the efficiency
of Ho/CO; conversion to biomethane during in-situ biomethanation. It demonstrates
how FW, which is currently a global environmental hazard, can be used to

substantially increase the share of renewable energy in the global energy mix.
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2. Methodology

Three sets of experiments were assayed in sequential phases (EH1, EH2 and EH3)
to analyse the combined impact of system acclimation to H, and increasing H;
concentration on in-situ biomethanation using FW as a substrate (see Section 2.1).
For each phase a blank (inoculum only), control (inoculum + FW) and test
(inoculum + FW + H;) was assayed. Acclimation was achieved by mixing fresh
inoculum with digestate from a previous phase, which had gone through in-situ

biomethanation (test) at lower H, dosing (see Section 2.2).

2.1 Food waste source and processing
Waste samples were collected over 5 days from the kitchen and dining areas
(leftovers in plates) of the University of Leeds’ student refectory in separately
monitored bins. The collected waste samples were manually sorted daily after each
collection to separate the FW from the unwanted materials such as plastics, metals
and papers and the FW fraction was stored daily at 4 °C until the last day of sampling
(Day 5). After the collection period, segregated FW samples were first minced using
a manual mincing machine and then blended with a Nutribullet food processor to
obtain a paste. The blended FW was then sieved through a 1 mm sieve to achieve
a homogenised sample with a 1 mm particle size range. A portion of the

homogenised FW was stored in the refrigerator at 4 °C for preliminary
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141 Figure 1. Experimental design for enhanced biomethanation from food waste
142 via sequential inoculum acclimation by H» addition
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Table 1), conducted within 14 days to reduce any possible error due to deterioration.
The rest of the homogenized FW was transferred into refrigerator bags, sealed and
stored at -20 °C until needed for the respective experiments. For in-situ
biomethanation experiments, frozen FW samples were thawed at 4 °C for 1 — 2 days

before the setup (Treu et al., 2018), so, no heat was applied to defrost the samples.

2.2 Inoculum
Sewage sludge digestate was obtained from a mesophilic anaerobic digester
treating sewage sludge at Yorkshire Water's Esholt Waste Water Treatment Works,
Bradford, United Kingdom (UK). The fresh inoculum was prepared by first removing
grits and large materials from the sewage sludge digestate by filtering it through a 1-
mm sieve and storing it at 37 °C for two weeks to remove residual biogas from the
digestate. This was followed by an adaptation to FW for 30 days, achieved by adding
0.2 g-FW/(L-day). The fresh inoculum was used to seed the blank, control and test
reactors in phase 1 (EH1). The fresh inoculum (50% vol.) was mixed with the
digestate arising from the test reactor of EH1 (50% vol.) and used as seed for the
blank, control and test reactors in phase 2 (EH2). In phase 3 (EH3), fresh inoculum
(50% vol.) was mixed with the digestate arising from the test reactor of EH2 (50%
vol.) and used to seed the blank, control and test reactors. The assays were not
corrected for pH to avoid any interference with the added H,. Hence, the starting pH

in all experiments was largely dependent on the pH of the seed used in each
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Table 1. A description of the analytical methods adopted for characterising the liquid
samples is reported in Section 2.3.2.

2.3 Experimental set-up

Batch experiments were set up at mesophilic temperature (37 °C) using 160 mL
(absolute volume) Wheaton bottles as anaerobic reactors at 75 mL working volume,
and inoculum to substrate ratio (ISR) of 3:1 (Okoro-Shekwaga et al., 2019). The
reactors were held in a water bath to maintain the temperature at 37 °C and the
experiments were terminated by day 21 having attained at least 3 consecutive days
of daily methane production <1% of the cumulative methane volume (Holliger et al.,
2016).

H, addition follows a previously developed method by Okoro-Shekwaga et al. (2019),
which included H; leak testing. H, was added to the test reactors of EH1, EH2 and
EH3; hereafter referred to as EH1_Test, EH2 Test and EH3_Test, using a gas
mixture of Hz and nitrogen (N2) at 5:95, 10:90 and 15:85 (% v/v) respectively (Error!
Reference source not found.), purging for 1 min at a gas flow rate of 1000 mL/min.
The control reactors of EH1, EH2 and EHS3; hereafter referred to as EH1_Control,
EH2_Control and EH3_Control respectively, and the blank reactors were purged
with N2 to achieve an anaerobic environment at the same flow rate and purge time
as the test reactors. All reactors were prepared in triplicate for each analytical point
(eight per assay) as sacrificial samples. The biogas yields (CH4 and CO3) from the
control and test reactors of each experiment was corrected by subtracting the

corresponding biogas from the blank to account for the contribution of the same.

2.3.1 Gaseous sampling and analysis

The headspace gas composition was measured by a gas chromatograph, GC
(Agilent Technology, 7890A) equipped with a thermal conductivity detector (TCD)
and a Carboxen 1010 PLOT column —i.e., length 30 m, diameter 0.53 mm and film
thickness 30 um. The GC-TCD was operated at 200 °C inlet temperature and 230
°C detector temperature with Argon as carrier gas (3 mL/min). Gas samples were
collected from the headspace of the reactors to analyse their composition using a
500 uL glass syringe. Two full syringes were drawn and expelled through a bottle of
distilled water to flush the syringe and ensure the needle was not blocked with septa

cores. With the needle in the reactor, the syringe was pumped about seven times to

15



227
228
229
230
231
232
233
234
235

236
237
238
239
240
241
242
243
244
245
246
247
248
249
250

251
252
253
254
255
256
257
258

mix the headspace gas sample and 200 pL of headspace gas was drawn and
manually injected into the GC inlet column. The GC method was calibrated with three
standard gas mixtures; 50%CH4:3%H2:47%N2, 20%02:80%N>, and 10%C02:90%N>
at predetermined intervals. After sample collection for headspace gas composition
analysis, the remaining gas volume in each of the reactors was measured using a
water displacement method. The water displacement setup was calibrated with 10
mL of lab air before each analysis to ensure the system pressure was maintained.
The total volume of biogas produced was equal to the volume of gas collected for

GC analysis plus the volume measured from water displacement.

2.3.2 Liquid analysis

The pH of the liquid samples was measured directly using a HACH pH meter (HQ
40d). TS and VS were measured by the gravimetric method as described in methods
2540B and 2540E by APHA (2005; 2006), respectively. COD was analysed by the
titrimetric method 5220C (APHA, 2005; 2006). VFA concentrations were measured
by a GC (Agilent Technologies, 7890A) coupled with a flame ionization detector (GC-
FID) and an auto-sampler; a DB-FFAP column (length 30m, diameter 0.32mm and
film thickness 0.5 ym); and Helium as a carrier gas. The GC-FID operating conditions
were 150 °C inlet temperature and 200 °C detector temperature. Liquid samples
were adjusted to pH 2.0 using phosphoric acid and allowed to rest for 30 mins and
then centrifuged at 14,000 RPM (16,000 x g) for 5 min, using a Technico Maxi
Microcentrifuge. Afterwards, the supernatant was filtered through a 0.2-um filter and
the filtrate analysed for VFA. The GC method was calibrated with SUPELCO Volatile
Acid Standard Mix, which includes acetic-, propionic-, iso-butyric-, butyric-, iso-
valeric-, valeric-, iso-caproic-, caproic- and heptanoic- acids.

2.3 Statistical analysis

Experimental data were subjected to descriptive statistical analysis — i.e., normality
test, mean and standard deviation. All results from each group were first individually
analysed for statistical significance, using a one-sample t-test. Where the results
showed a significant difference, a further outlier test was conducted to remove
outliers, before final analysis and graphical representations. Regression analysis for
the amount of headspace H, removed within 48 hours as acclimation progressed

from EH1 through EH3 was established using Origin® statistical tool. Regression

16
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equations were also established for biomethane yield and compositions from nine
data points obtained from sequential acclimation experiments using the Minitab18®
statistical tool and the regression equations were used to predict the amount of H;

required to obtain up to 100% biomethane.

3. Results and discussions
3.1 H; utilisation
The percentage of gaseous H; utilised (Uy) was calculated using Equation 3, where
tis the monitoring time (day) and Hx.1)and Hy) represent the concentration of Hz in
the headspace at day (t — 1) and day t respectively. Headspace H; levels measured
through time are presented in Error! Reference source not found.. In the first
phase, EH1, H, was detected in the headspace of both EH1_Control and EH1_Test,
but during the acclimation phases in EH2 and EH3, H, was not detected in
EH2_Control and EH3_Control, hence, they were not included in Error! Reference
source not found.. The non-detection of H, in EH2_ Control and EH3_Control would
suggest that Uy was improved, which disallowed the transfer of excess H; to the
headspace. According to Error! Reference source not found., H, was not detected
after Day 3 (except for EH3_Test), considering the actual time between Day 2 and
Day 3 when the headspace H; was completely utilised was unknown, the amount of
H, consumed and Uy were only calculated for the first 48 hours of the AD. For
EH1_Control whereby external H, was not added (zero H in the headspace at the

start), the Uy was only calculated for H, measured between 24 and 48 hours.

Uy = (M) %100 Eq. 3

Hz (t-1)

The amount of H, utilised within 24 hours more than doubled as the experiments
progressed from EH1_Test (0.28 mg Hy/L) to EH2 Test (0.65 mg H./L) and
quadrupled as experiments progressed from EH2_Test to EH3_Test (2.58 mg H/L).
This corresponds to Uy values of 7.2%, 9.3% and 20.9% for EH1_Test, EH2_Test
and EH3_Test respectively. As the experiments progressed through time, higher
amounts of H, were removed from the headspace of the acclimated reactors
between 24 and 48 hours, measuring 0.14, 2.63, 4.74 and 5.94 mg H/L from the
EH1_Control, EH1_Test, EH2_Test and EH3_Test respectively, which corresponds

17
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to 25.0%, 71.6%, 74.8% and 60.8% Uu. In these reactors, most of the H, in the
headspace was consumed within 48 hours and the inset graph in Error! Reference
source not found. shows that the amount of H, consumed in this time increased
linearly through the acclimation phases, which confirms that during the three
acclimation phases the mass transfer of hydrogen across the gas-liquid interphase
did not limit hydrogen availability/consumption in the liquid mix.

It is reported that the environmental and operational conditions of AD reactors affect
the performance, behaviour and final fate of the microbial community (Demirel and
Scherer, 2008). Therefore, the availability of H, at the start of the experiment in
EH1_Test is believed to have allowed a higher Uy compared to EH1_Control.
Agneessens et al. (2017) demonstrated that pulse injection of H, to mesophilic
sludge over 5 consecutive days induced a shift in the methanogenic community
towards an adaptation of hydrogenotrophic methanogens, which led to the increase
in the Hy uptake rate. The same is believed to be the case in the present study as
demonstrated by the non-detection of H, in EH2_Control and EH3_Control and the
linear increase in Uy presented in the inset graph in Error! Reference source not

found..

3.2 Impact of inoculum acclimation on VFA profiles
The profiles of VFA including acetic, propionic, butyric and valeric acids are
presented in Error! Reference source not found.; showing butyric acid as the
combination of normal butyric and iso-butyric acids and valeric acid as a combination
of normal valeric and iso-valeric acids. Simultaneous H; production and consumption
are considered to have a key influence on VFA decomposition (Appels et al., 2008)
and hence, the increment in the H; partial pressure due to exogenous H; addition
into AD reactors could lead to VFA inhibition/accumulation (Agneessens et al.,
2017). Since higher levels of H, were used in each succeeding acclimation phase,
VFA accumulation, especially propionate, would have been expected in EH2 and
EH3. Sequel to biomethanation with 5%-H, in EH1_Test, the rate of VFA
degradation improved by both acclimation (EH2_Control and EH3_Control) and
increasing concentration of Hy, (EH2 Test and EH3 Test), as supported by an

increased H- utilisation rate discussed earlier in Section 3.1.
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By acclimation alone, VFA accumulation generally reduced through the acclimation
phases, especially for the higher VFA. In the early periods after setup (Day 0 — Day
3), accumulation of the shorter chain VFA, acetate (C2) and propionate (C3) showed
similar trends in all experiments (Error! Reference source not found.a and 3b).
But longer chain VFA, butyrate (C4) and valerate (C5) were observed to progress
differently with acclimation and increasing H, concentration (Error! Reference
source not found.c and 3d).

After the start of the experiments, acetate accumulation increased in all phases,
which eventually peaked at quite similar levels by Day 3 (Day 2 in EH2_Control and
EH2_Test —Error! Reference source not found.a). As AD progressed, a decline in
acetate was observed, which compared to EH1_Control, was seemingly slower in
the first phase of H, addition (EH1_Test). This could have resulted from propionate
decomposition, as propionate was observed to be relatively lower in EH1_Test than
EH1_Control for the same period (Day 10) as shown in Error! Reference source
not found.b. However, as acclimation progressed from EH1 through EH3, the
acetate decomposition rate increased. Therefore, despite increasing H; loads in
EH2 Test and EH3_Test, early-stage accumulation of acetate was not observed
and acetate decomposition improved after the peak was reached in the acclimation
phases.

Similarly, propionate accumulation rates within the first three days after the start of
the experiment were about the same in all experiments. But the peak times and
propionate concentrations at the peak points dropped through the acclimation
phases. Among the predominant VFA produced during AD, propionate is often the
least degradable; therefore, its accumulation is sustained relatively longer during the
AD period (Shi et al., 2017; Wang et al., 2006). The first phase of H, addition
(EH1_Test) showed similar propionate profiles as the control (EH1_Control), which
both had high peaks at Day 10 and maintained through Day 15. A similar observation
was also made by Luo & Angelidaki (2013) whereby accumulated propionate in a
control AD reactor (without hydrogen addition) was maintained up to 15 days after
the start of the experiment. In the present study, as acclimation progressed to
EH2_Control and EH3_Control, propionate levels dropped rather quickly after

reaching relative peaks by Day 10. At the peak points, propionate levels in
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EH2_Control and EH3_Control were about 13% and 18% lower than the peak level
of EH1_Control. Despite increasing concentrations of Hz, propionate decomposition
was observed to be further enhanced in EH2_ Test and EH3_Test. Propionate levels
at the peak points in EH2_Test and EH3_Test were around 14% and 10% lower than
the corresponding peak point values of EH2_Control and EH3_Control respectively.
An increase in propionate decomposition is often suggestively linked to an enhanced
H, or acetate uptake rate usually by enrichment of the associated microbial (Savvas
et al., 2017; Yang et al., 2017). Based on the aforementioned observation on the
enhanced uptake of the exogenous headspace H; in the present study, it can be
inferred that as acclimation progressed, the consumption of the internally produced
H, from the oxidation of other longer-chain VFA was also enhanced, which allowed
faster propionate decomposition (Lee et al., 2009). Likewise, considering that in the
acclimation phases, the acetate decomposition rate increased after peak points were
reached, the improvement in propionate decomposition observed could also be
syntrophically linked to an accelerated acetate decomposition leading to improved
biogas yields (See Section 3.3).

Propionate to acetate (P/A) ratio above 1.4 is widely accepted as a more reliable
index to predict possible AD failure over the actual VFA levels (Wang et al., 2012).
Generally, the P/A values in all experiments remained below 1.4 except at the
propionate peak points. By acclimation, the P/A reduced from 5.17 in EH1_Control
to 3.69 and 3.52 in EH2_Control and EH3_Control respectively. With a stepwise
increase in the concentration of H, added to the acclimated system, the P/A reduced
from 4.65 in EH1_Test, to 3.19 and 1.42, in EH2_Test and EH3_Test respectively.
The present study, therefore, shows that sequential inoculum acclimation with a
stepwise increment of H, loading could help to eliminate propionate accumulation,
which is suggested to be the main VFA to accumulate in unstable FW anaerobic
digesters (Lim et al., 2017).

Some studies suggested the use of butyrate and iso-butyrate as indicators of
process instability due to their relative sensitivity to different forms of sporadic
imbalances (Shi et al., 2017). Among the monitored VFA intermediates, butyrate
accumulation peaked earliest after the start of the experiments. Faster butyrate

decomposition compared to other VFA intermediates have also been reported in
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earlier studies (Gallert and Winter, 2008; Wang et al., 1999). This was the case in
all three experimental phases, and much more so in the acclimation phases. In EH1,
butyrate peak concentrations were achieved by Day 2 and as acclimation
progressed butyrate peaked by Day 1 in EH3. Moreover, the concentration of
butyrate at the peaks in EH2_ Control was 31.06% lower than the peak in
EH1_Control, which further decreased by 30.85% as acclimation progressed
through EH3_Control. Similar to the propionate trend, the addition of H, to the
acclimated system in EH2 Test and EH3 Test seemed to enhance butyrate
degradation even further than was observed in the respective controls, EH2_Control
and EH3_Control.

Valerate (C5) was the only VFA with higher early-stage accumulation as acclimation
progressed among the C2 — C5 VFA assayed. Within the first 3 days of setup, the
controls and tests of the acclimation phases, EH2 and EHS3, yielded higher levels of
valerate than the control and test of EH1. By Day 3, the valerate levels in
EH2_Control and EH3_Control were about 19.45% higher than EH1_Control. The
test reactors in all three experiments had higher levels of valerate than the
corresponding controls and the percentage differences between the test and the
control increased with acclimation: 5.6%, 17.4% and 20.4% for EH1, EH2 and EH3
respectively. However, the time taken to reach peak values was shortened from 10
days in EH1 to 3 days in EH2 and EH3. So the high early-stage accumulation of
valerate in the acclimation phases was also accompanied by a rapid decomposition
in EH2 and EH3, which disallowed prolonged high peak levels.

Valerate would typically degrade to acetate, propionate and H, (Shi et al., 2017,
Yang et al., 2015); therefore, its decomposition should ideally lead to an increase in
propionate and acetate. But valerate decomposition was consistent with propionate
and acetate decomposition in EH2 and EH3. This means valerate could serve as a
suitable short term sink for excess dissolved H; since its subsequent decomposition
did not lead to a build-up of acetate and propionate. The potential VFA accumulation
towards valerate instead of propionate and/or acetate reported in this study due to
initial H, concentration increases in the acclimation phases should be further
explored in future studies to reduce inhibitory effects associated with high H;

load/partial pressure during FW AD.
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3.3 Biogas Upgrade
The addition of H, and subsequent acclimation helped to upgrade the biogas from
FW AD, which agrees in general with previous studies on biomethanation
(Angelidaki et al., 2018). Acclimation to increasing levels of H, improved the
biomethane yield and the biogas quality is presented in Error! Reference source
not found., which shows the yield from the Hx-supplemented assays (EH1_Test,
EH2_Test and EH3_Test) in solid lines and the control (EH1_Control, EH2_Control
and EH3_Control) in dash lines. EH2_Control and EH3_Control were observed to
have improved biogas quality, especially in terms of CO, reduction compared to
EH1_Control, which had the highest amount of CO in the biogas.
Biomethane yield increased from 417.6 NmL-CH4/gVSag¢eqd in EH1_Control to 435.4
NmL-CH4/gVSag¢ed in EH2_Control following the first phase of acclimation and to
453.3 NmL-CH4/gVSaqses in EH3_Control after the second acclimation phase.
Correspondingly, the CO; yield reduced from 227 NmL-CO2/gVSagges t0 154 NmL-
CO2/gVSaggeda and 129 NmL-CO,/gVSagded, moving from EH1_Control to
EH2_Control and EH3_Control respectively. So, just by a sequential acclimation,
biogas was improved from 64.8% biomethane in EH1_Control to 73.9% in
EH2_Control and finally 77.8% in EH3_Control.
The biogas quality was further improved by the combined effect of acclimation and
a stepwise increase in Hy in the test reactors over the respective controls. The
biomethane contained in the biogas of the test reactors improved from 77.2% in
EH1 _Test to 78.1% in EH2_Test and 81.0% in EH3_Test, corresponding to 468.3,
483.6, and 499.0 NmL-CH.4/gVSagged. In comparison with the corresponding controls,
the increase in percentage biomethane was 12.4%, 4.2% and 3.2% in EH1, EH2
and EH3 respectively. The observed decline in the percentage change in the
biomethane yield between the control and the test is because the biomethanation
was also improved in the control with sequential acclimation.
Other batch in-situ biomethanation studies, where more than one-time H, injection
was made, have reported similar upgrades to the present study. Mulat et al. (2017)
reported an increase in biomethane yield from 64.4% and 65.2% to 87.8% and
89.4% respectively, using two types of maize leaf as substrate. Bassani et al. (2015)

also reported a biomethane increase from 69.7 to 88.9% at thermophilic temperature
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and 67.1 to 85.1% at mesophilic temperature, using cattle manure as a substrate.
Agneessens et al. (2017) reported improved biomethane yield ranging from 76.8 —
100% against 59.4% obtained without H, addition, using maize leaf as substrate.
The authors further reported that yields that tended towards 100% CH4 were due to
excessive H, loading, which enriched homoacetogenesis, consequently, inducing
VFA inhibition and accumulation.
3.3.1 Kinetic analysis

The kinetic parameters obtained from the modified Gompertz (MGompertz) fitting
models (Okoro-Shekwaga et al., 2020) are summarised in Error! Reference source
not found.. The k-value and maximum specific methane yield increased through the
acclimation phases, consequently, reducing the lag times. The addition of H; to the
acclimated systems (EH2_Test and EH3_Test) was observed to slightly improve the
lag time and maximum specific methane yield for the corresponding acclimation
phase. These changes were only small because of the resultant improvement in the
control reactors. In contrast, Pan et al. (2016) reported a reduction in maximum
specific methane yield and an increase in lag time by H, adaptation. However, they
suggested it was due to a short adaptation period of one week, during which the

microorganisms were assumed to be in the decay stage.

3.4 Biomethane end-use comparison
This section analyses the different options for the use of biomethane from the
present study, including electricity from combined heat and power, GtG injection and
vehicle fuel, as derived from different biogas upgrading technology. Bright et al.
(2011) identified two important variables to compare the three end-uses: (i) The
efficiency of the biogas conversion to the respective products (GtG, electricity and
vehicle fuel) and (ii) The extent to which the use of the product avoids carbon
emissions. Therefore, in this section, the efficiency of conversion and carbon
displacements from the use of biomethane are discussed.
3.4.1 The efficiency of biogas conversion to end products

Energy yields from the present study (in-situ biomethanation) were compared with
conventional physicochemical technologies for biogas upgrade like absorption (i.e.,
high-pressure water scrubbing - HPWS, and organic physical scrubbing - OPS);

adsorption (i.e., amine scrubbing — AS, and pressure swing adsorption - PSA);
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membrane separation (MS) and cryogenic separation (CS). Efficiencies of
conversion and energy balances for H; addition in this study were calculated
according to (i) the amount of H; required, (ii) energy balance based on the net
energy worth from the use of biomethane and (iii) potential hydrogen sources that
can easily be adapted to the process.

3.4.1.1 Amount of hydrogen gas required

The statistical relationship between percentages of H; utilised in the Hj-
supplemented systems and methane yield was established by linear regression
using the MiniTab18® statistical tool. Regression equations from nine data points
obtained from the experiments (using the three gas mixtures — 5%, 10% and 15%
H.) were used for each linear regression fitting, with R? values in the range of 0.88
to 0.99. The resulting regression equations (Equations 4 and 5) were then used to
predict the level of acclimation required to obtain higher percentages of methane in

the biogas; assuming all conditions remained unchanged.

Biomethane in biogas (%) = 74.65 + 0.40 - (H, added,%) Eq.4
Biomethane yield = 452.9 + 3.07 - (H, added, %) Eq. 5

To meet higher fuel standards such as those required for GtG injection and vehicle
fuel, the biomethane content needs to be above 95%; typically 97 — 98% (Bright et
al., 2011). Therefore, Equation 4 was used to extrapolate the amount of H, required
to enrich the inoculum to allow continuous production of biogas as 98% biomethane
content. According to Equation 2, an equivalent of 58%-H, will be required to obtain
98% biomethane content by continuous acclimation. Therefore, the corresponding
amount of H, required was calculated for a stepwise increase from 5% to 60%-H; (at
5% interval) — i.e. 12 acclimation steps in sequence. Based on a 21-day hydraulic
retention time (HRT) as in the present study, it would require 252 days of sequential
acclimation of inoculum with a stepwise increase in H,. However, considering the
VFA decomposition rates improved as acclimation progressed in the present study
(see Section 3.2), the HRT could be shortened after the first few acclimation steps,

to allow a shorter acclimation period
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The amount of H, required for the sequential acclimation phase is the combined total
of H, from each stage, i.e. — from 5% to 60% headspace volume, which is 331.5 mL
equivalent to 4420 mL/L or in terms of solids, 138 mL/gVSadded (147 m*/tonnerw on
dry basis — m%trw) required over an acclimation period of 252 days (~17.5
mL/L(day)).

3.4.1.2 Energy balance analysis

A review of biogas upgrade, utilisation and storage was reported by Ullah Khan et
al. (2017), which describes potential energy input and biomethane losses from
physicochemical biogas upgrade systems. This information was used for energy
balance analysis from physicochemical biogas upgrading systems in comparison
with in-situ biomethanation — present study (Error! Reference source not found.).
Biogas yield from the control, in which H, was not added was used to estimate the
energy balance from conventional physicochemical technologies, assuming the
obtained biogas was upgraded through such systems, taking into account the
potential biomethane losses from such systems. Energy balances from these
systems were then compared with the energy balance for in-situ biomethanation to
achieve 98% biomethane as in the present study.

The biogas yield from the control was 644 NmL/gVSad¢es €quivalent to 685 m/trw,
with biomethane content of 417.6 mL-CH4/gVSadded (444 m°/tew) at 65%. The
calculated biomethane yield at 98% biomethane content from in-situ biomethanation
was 637.1 mL-CH./gVSadaes (678 m*/trw). The calorific value of biomethane from the
respective upgrading processes was calculated by correcting the calorific value of
pure methane (39.8 MJ/m®) with the fractions of methane in the upgraded biogas —
i.e. the methane purity (Error! Reference source not found.). The energy output
through three end-uses (electricity, GtG and vehicle fuel) was estimated by
multiplying the calorific value by the respective efficiencies: 35% for biomethane
conversion to electricity by CHP (Scarlat et al., 2018), 99.75% efficiency for GtG
injection (Bright et al., 2011) and 98% assumed for biomethane when used as a
transport fuel.According to Error! Reference source not found., upgrading the
biogas increases the calorific value and energy output of the biogas and opens up
additional revenue options from its end-use and using in-situ biomethanation over

conventional physicochemical technology increases the energy return on investment
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(EROI — energy output minus energy input). The energy input for physicochemical
biogas upgrade is rated according to the volume of biogas to be upgraded, while the
energy input for water electrolysis is rated according to the volume of H; required.
So, although water electrolysis has a higher energy input, the volume of H, required
to achieve 98% biomethane yield (147 m®-H.,/trw) was smaller than the volume of
biogas to be upgraded (685 m*-biogas/trw), making the energy input within the range
of some physicochemical methods. However, the energy input for in-situ
biomethanation considered here only includes the H; production system and does
not consider potential energy input for H; injection into the system. The units for H;
injection were assumed to be similar to units used for biogas production, storage
and transportation and hence, not considered in this study to have a huge impact on
the energy input. The EROI if the biomethane is used for electricity is 0.2 — 1.6
MWh/trw by a physicochemical method and 1.8 MWh/trw by in-situ biomethanation.
Upgrading biogas to meet the standards for GtG injections and vehicle fuel, the EROI
increases to about 4.0 — 4.8 MWh/trw using a physicochemical method and 6.6
MWh/trw by in-situ biomethanation. Therefore, by in-situ biomethanation, about 38
— 65% increases over conventional physicochemical technologies could be achieved
depending on the biomethane end-use.

3.4.1.3 Potential sources of hydrogen for in-situ biomethanation scalability

Water electrolysis stands out as a sustainable and renewable source of H, for
biomethanation (Bekkering et al., 2020). H, production by water electrolysis
contributes about 4% of overall annual H; produced around the world and was
estimated to increase to about 22% in 2050 (International Energy Agency, 2006).
There is, therefore, a growing interest and demand for water electrolysis, using
energy from other renewable sources such as wind and solar when such systems
produce energy beyond their storage capacity (Bekkering et al., 2020). For instance,
over 26% of the EU’s electricity from wind is temporarily surplus, which can be used
for electrolysis (Ullah Khan et al., 2017). The conventional industrial electrolyser
requires about 4.5 — 5 kWh energy input per m> of hydrogen (Rashid et al., 2015)
and alkaline electrolysers are currently the most commercially available water
electrolysers, having up to 150 MW capacity, which could sufficiently meet the

hydrogen demand for in-situ biomethanation in the present study.
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However, because of the current distance in separation between the respective
renewable energy installations, the transportation of surplus energy from the source
of production to the AD plant might yet pose some challenges. Another option for H;
production which can be integrated into the biomethanation system is biological H»
production by dark fermentation. Dark fermentation is likened to AD with the
elimination of the methanogenesis phase, hence, it requires a similar reactor design
and operation as in AD. It is considered the most promising method for the recovery
of biohydrogen from biomass with a 1.9 net energy ratio (Lukajtis et al., 2018).
Therefore, for current practices, dark fermentation is suggested in this study to be
more easily adapted for biomethanation than water electrolysis; since its operation
is similar to the conventional AD. H; yields in a range of 57 to 283 mL/gVS was
reported from FW in a review by Ugkun Kiran et al. (2014) and the incremental H;
required for progressive acclimation in this study was around 138 mL/gVS. Thus,
dark fermentation might be able to meet short term demand for the hydrogen
required for in-situ biomethanation, until power-to-hydrogen systems get fully

developed.

3.4.2 Carbon displaced from biomethane end-use

The carbon displaced from the use of biomethane depends on the actual property of
the fuel which it displaces when used (Bright et al., 2011). Energy conversion factors
are used to estimate the carbon saving from the use of biomethane as different end
products.

The carbon savings from the use of biomethane for GtG injection, electricity and
vehicle fuel when it replaces natural gas, grid electricity and vehicle fuel (diesel and
petrol) respectively, are summarised in Error! Reference source not found. based
on energy conversion factors published by Carbon Trust (2016) and energy outputs
from Error! Reference source not found.. Regardless of the upgrading technology,
the use of biomethane as vehicle fuel would result in the highest carbon saving
compared to electricity and GtG (Error! Reference source not found.). However,
a shift from physicochemical methods to biological hydrogen methanation allows
more carbon savings. Moreover, Error! Reference source not found. only gives a
gross estimate of carbon savings, but physicochemical technologies reportedly have

high parasitic CO; load, which often leads to a reduced net carbon saving (Bright et
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al., 2011). Carbon savings estimation from the use of biomethane in 2010 revealed
its use as vehicle fuel provided the best carbon saving followed by electricity (Bright
et al., 2011). Lower carbon saving from GtG was due to the combined factors of (i)
natural gas (which GtG replaces) being a relatively low carbon fossil fuel and (ii) the
relatively high parasitic load from the physicochemical upgrade (Bright et al., 2011).
The production of hydrogen from other renewable systems for use in biomethanation
allows the entire process to be renewable, therefore, avoiding any parasitic carbon
load arising from the upgrading process, so that the gross carbon saving from in-situ
biomethanation on Error! Reference source not found. would be the same as the

net carbon saving.

4. Techno-economic implications
The revenue from biogas is often dependent on prevailing government policies and
incentives from the respective end-uses (Rajendran et al., 2019). Although these
incentives are quite volatile, biogas upgrade for transport and GtG currently hold the
best prospects for biogas in terms of the EROI and carbon saving according to the
present study. According to WRAP’s 2017 spreadsheet on operational AD in the UK
(available online — WRAP, 2019), there are about 10 AD plants in the UK injecting
biomethane to the gas grid; 2 of which are FW AD plants. Other FW AD plants
primarily use biogas to operate CHP engines. From the present study, in-situ
biomethanation can be adapted into FW AD in the UK, to increase the end-value of
the biogas, which would broaden the revenue streams for AD operators and reduce
the carbon arisings from FW AD. A synergistic approach among renewable energy
sources would be the best option for H, production where possible. If that were the
case, water electrolysis would give the purest and most consistent quantity of H; for
biomethanation. However, these systems are not yet fully developed, therefore, for
current practice, dark fermentation might be cheaper and more easily incorporated,

since it requires similar technical know-how as in the AD system.

5. Conclusions
An acclimation to increasing concentrations of H, helped to improve both VFA
decomposition and biogas upgrade. The accumulation of VFA (C2 — C4) declined

and only valerate (C5) was observed to accumulate to higher levels in the early days
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as acclimation progressed. Notwithstanding, the time taken for all monitored VFA to
reach the peak and the respective concentrations at the peak greatly reduced. This
connotes a faster VFA decomposition with acclimation, which would imply the
avoidance of VFA-related inhibition. This was supported by an improvement in the
kinetics, depicted by increases in k-value and maximum specific methane yield and
a reduction in lag time. Hence, the potential VFA accumulation towards valerate
instead of propionate and/or acetate reported in this study due to a stepwise increase
in H, concentration in the acclimation phases should be further explored in future
studies to reduce inhibitory effects associated with high H; load/partial pressure
during FW AD. By acclimation to a stepwise increase in H; load, the biogas was
upgraded to about 81% biomethane (499.0 NmL/gVSaddea) against 65% (417.6
NmML/gVSadqeq), Without H, addition. The progression of the in-situ biomethanation by
H, acclimation to higher biogas standards that allow its use for GtG injection or as a
vehicle fuel, could deliver 38 — 65% increases in EROI and 52 — 59% increases in
carbon savings compared to physicochemical methods for biogas upgrade. Also, to
achieve biogas upgrade by in-situ biomethanation, water electrolysis and dark
fermentation offer sustainable options for H, production, with dark fermentation
seemingly more easily adaptable for current practices. The interpretation made in
the present study is based on experimental data, real-life tests are recommended to

validate this, as part of future investigations.
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874 Table 1.

Characteristics of FW and initial reactor liquid content®

Parameter FW EH1 EH2 EH3
(control and test) (control and test) (control and test)

pH 4.80 8.49 8.52 8.54
VS (g/L) 295.0 (0.3)° 9.0 (0.2) 10.4 (0.3) 8.0 (0.1)
TS (g/kL) 314.3 (0.2)° 14.3 (0.2) 16.7 (0.5) 12.8 (0.3)
TCOD (g/L) 469.7 (0.0) 26.1 (0.5) 11.6 (0.0) 13.3(0.3)
sCOD (g/L) -- 2.0 (0.1) 2.0 (0.0) 1.7 (0.0)
VFA (mg/L) 5111 (354)° 52.1 (1.5) 15.8 (6.3) 21.2(0.1)
C (% of TS) 53.19 (2.12) 31.26 (0.41) 31.05 (0.30) 32.31 (0.31)
H (% of TS) 7.87 (0.23) 4.60 (0.01) 4.05 (0.05) 3.42 (0.14)
N (% of TS) 4.44 (0.10) 4.02 (0.03) 4.09 (0.03) 4.53 (0.12)
S (% of TS) 0.33(0.18) 1.08 (0.05) 0.94 (0.02) 0.45 (0.06)
C/N 12.0 7.8 7.6 7.1
TMP (mL/gVS) 588.63 -- -- --

00 00000000
N NN
© OO

40

VS — volatile solids; TS — total solids; TCOD - total chemical oxygen demand; sCOD - soluble chemical oxygen demand; C —
carbon; N — nitrogen; H — hydrogen; S — sulphur and TMP — Theoretical methane potential
VS, TS and TCOD presented in g/kg and VFA in mg/kg
*Mean values from replicates are reported with standard deviations in bracket (n = 3)



880 Table 2. Kinetic analysis of biomethane production.

Condition Experiment k-value Lag Maximum specific CH, R’
time yield
(Day) (NmL/gVS-day)
EH1_Control 0.19 3.2 31.5 0.99
Acclimation
EH2_Control 0.22 25 37.3 0.99
only
EH3_Control 0.27 2.2 45.5 0.99
EH1_Test 0.17 3.1 32.9 0.99
Acclimation + EH2 Test 0.21 2.2 39.6 0.99
hydrogen
EH3_Test 0.27 1.8 51.2 0.99
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882 Table 3. Comparative energy outputs and caloric values from conventional upgrading technologies and this
883 study®.

Upgrading Energy Energy input  Methane Final yield Methane Calorific Energy output from End
technology input (MWh/tw) loss (%)  (m°CHutrw) purity value use® (MWh/try)
(KWh/m®,io (%) (MJ/trw)
gas) CHP GtG  Transport
Absorption (high- 0.20 -0.43* 0.44-0.94 5.13* 4215 98 16439 0.5 46 46

pressure water

scrubbing — HPWS)

Absorption (chemical 0.12 - 0.65 0.26 — 1.42 0.1* 443.8 99 17487 1.7 4.8 4.8
scrubbing — AS)

Absorption (organic 0.40 -0.51* 0.87 —1.11 4* 426.5 97 16465 1.6 4.6 4.6
physical scrubbing —

OPS)

Adsorption (pressure  0.24 —0.60* 0.52 -1.31 4* 426.5 97.5 16550 1.6 4.6 4.6
swing adsorption —

PSA)

Membrane 0.19-0.77* 0.41-1.68 6* 417.6 91 — 99** 16454 1.6 4.6 4.6
separation — MS

Cryogenic separation 0.42* 0.92 0.65* 441.4 98 17215 1.7 4.8 4.8
-CS

In-situ 45-5.0° ~0.7 - 677.8 98 26436 2.6 7.3 7.3
Biomethanation

(present study)

“trw = tonnes of food waste on a dry basis

°1 MWh = 3600 MJ

“Energy input for water electrolysis at kWh per m® of hydrogen produced (Rashid et al., 2015). Energy input estimated for 147 m*/tew of H, required in this study.
*Data obtained from Ullah Khan et al. (2017)

**91% reported by Ullah Khan et al. (2017), and 97 — 99% was reported by Mufoz et al. (2015), therefore, the maximum of 99% was adopted.

00 000000000
00 000000000
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Table 4. Comparative carbon saving of biomethane per tonne of FW (dry basis)
from different upgrading processes as it replaces different fuel

options
Fuel Conversion HPWS AS OPS PSA MS CS Present study
factor* (in-situ

biomethantion)

Unit kgCO.e/kWh kgCO,e kgCOze kgCO.e kgCO,e kgCO.e kgCOze kgCO.e

Grid 0.412 206 700.4 659.2 659.2 659.2 700.4 1071.2

electricity

Natural 0.184 846.4 883.2 846.4 846.4 846.4 883.2 1343.2

gas

Vehicle 0.240 1104 1152 1104 1104 1104 1152 1752

fuel

*Source: (Carbon Trust, 2016). The conversion factor for vehicle fuel presented here as an average for diesel (0.24592 kg
CO2e/kWh) and petrol (0.23324 kg CO2e/kWh).
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