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ARTICLE INFO ABSTRACT

Editor: Dr Y Liu Dry anaerobic digestion usually results in inhibitors accumulation, which can be solved by adapting operation.
Multiple strategies targeting increased stability are implemented in full-scale, but impacts are poorly docu-
mented. Two full-scale dry AD plants treating organic fraction of municipal solid waste (OFMSW) were inves-
tigated: a semi-continuous plant with compost addition and a batch plant testing different percolate recirculation
strategies and inoculum to substrate ratios. Regression tree analysis was used to evaluate the effect of these
strategies on methane yields and inhibitors accumulation. Compost addition in the semi-continuous plant
reduced volatile fatty acids content but dropped methane flow up to 10 % when compost constituted over 10.1 %
in weight of the incoming feedstock. This reduction was linked to the limited availability of easily degradable
material in the compost. In batch dry AD, methane yields increased as percolate recirculated raised up to a range
of 182-197 m* (0.342-0.363 m3/t of biomass mix). Recirculation of higher percolate volumes reduced methane
production, probably linked to pile compaction and inhibitors accumulation. The ratio of OFMSW, digestate and
woodchip (bulking agent) fed was determinant, and methane production was higher when digestate was over
43.1 %, waste between 45 % and 47.5 % and woodchip over 8.2 % in weight in as received basis. Woodchip
influenced percolation through the pile and supported reduced total ammonia levels of 3.2 g/1 when kept over
8.2 %, which raised to 5.2 g/1 for lower values.

Keywords:
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Compost addition
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anaerobic digestion (AD) has proven to be a successful technology to
treat high solid organic wastes, like household food waste [59], pro-

1. Introduction

In EU alone around 500 kg of municipal solid waste (MSW) are
generated per person annually, adding up to over 220 million tonnes per
year, and close to a 30 % is considered to be organic fraction of
municipal solid waste (OFMSW) [24], contributing to greenhouse gases
emissions and water and soil contamination [1,31]. Notwithstanding the
increase in levels of composting and anaerobic digestion, from 11 % to
17 % between 2004 and 2018, the landfill disposal figure is still very
high [22]. Additionally, the global net-zero targets, like those of the EU
to be climate-neutral by 2050 [21], show the need for more sustainable
processes to divert organic waste from landfill. Amongst them, dry

ducing methane-rich biogas that can be used as a renewable energy
source and digestate that can be applied as fertiliser.

Dry AD can operate at higher total solids (TS) content than con-
ventional wet AD, with common operation at 20-40 % TS, which makes
it especially interesting to treat low water content feedstocks like me-
chanically sorted OFMSW without the need of dilution. This reduces
water use and treatment costs, enabling higher biogas yields per digester
volume and lower footprint [35,59]. However, operation at high TS
concentrations reduces available free water, hindering mixing and ho-
mogenization [52,58,62], which is linked to the main disadvantages of
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the process compared to wet AD, including: longer degradation times,
increased lag phase and inhibitors accumulation, such as volatile fatty
acids (VFA) and free ammonia (FA) [35,68]. This accumulation has a
negative effect on the digestion process, resulting in a reduction of
methane production due to inhibition of methanogenic archaea. This
then will require a reduction of the feedstock throughput to avoid
further inhibition or even the failure of the digesters, with the associated
economic loss [56].

Full-scale dry AD can work in semi-continuous or batch modes, but
both modes commonly lack internal mixing [23,25,59]. In batch AD
processes the feedstock is usually mixed with previously digested ma-
terial (inoculum) outside the digester to provide the microbial com-
munities to start the reaction [14,58]. The material is then moved into
the digesters using a front-end loader. Percolate collected from the
bottom of the digester is usually recirculated to the top of the reactor to
improve contact between microorganisms and substrate and aid
methane production [47,53]. Percolate has other benefits apart from
increasing moisture, as it can act as liquid digestate bringing microbial
communities to the digester [40,75], increasing free water available
where reactions take place [52] and buffering the digester avoiding its
acidification [58]. Similarly, semi-continuous digesters are fed inter-
mittently. Some of the digestate exiting the reactor is mixed with the
feed before being reintroduced in the reactor, whereas the rest of
digestate is discarded. Although some full-scale dry ADs are operated in
semi-continuous mode [15,17], batch systems are more widespread due
to their operational simplicity [5,59].

To overcome the common disadvantages in dry systems, increase
methane yields per kg of volatile solids (VS) and improve system resil-
ience to process failure, a number of practises are implemented at full
scale. On semi-continuous digesters, the impact of co-digestion or
varying retention time (RT), organic loading rate (OLR) and TS content
on methane production and process stability have been investigated [7,
20,28,67]. For batch reactors, inoculum to substrate ratio (I:S), TS
content or the amount of percolate recirculated are the focus of previous
studies [12,26,39,46]. However, these studies are primarily focused in
laboratory and pilot scale only, and the impact of those strategies on
full-scale process efficiency still remains poorly documented [59].

Accordingly, the focus of this work was to address this knowledge
gap on the impact that different strategies have when implemented on
full-scale dry AD plants treating OFMSW. Two dry AD sites were used as
case-study, one batch and one semi-continuous, where several of the
abovementioned strategies were tested over the study period. Opera-
tional conditions on these plants were varied in an attempt by operators
to reduce the accumulation of inhibitors such as ammonia and VFA.
Regression tree analysis allowed an evaluation of the operational and
performance data available on site, as well as the process impact of any
variations on process conditions. The analysis was used to find the
operational ranges, within those tested, where methane production was
maximum, considering: OLR, carbon to nitrogen ratio (C/N) and
compost added in the semi-continuous plant; and the feedstock char-
acteristics, total percolate recirculated, and woodchip (bulking agent)
addition in the batch plant. Additionally, the accumulation of inhibitors
was analysed within the ranges where methane was optimised to un-
derstand the effect of the different strategies on them. Results of the
statistical analysis were then used to inform control strategies that could
improve full-scale plant performance and stability.

2. Full-scale plants characteristics
2.1. Semi-continuous plant

The study site was located in North-East England, United Kingdom,
and was designed to treat up to 40,000 tonnes of OFMSW per year, with
a total installed capacity of 1,8 MW in two combined heat and power
(CHP) engines and a maximum total energy production of 10,500 MWh
per year. The plant was semi-continuously fed with OFMSW
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mechanically recovered from house residue and reduced with a shredder
to a particle size < 40 mm. The plant was fed for 16 h/day Monday to
Friday, and 8 h/day on Saturday, without feeding during the rest of the
time, as per design specifications. The facility operates a DRANCO AD
system (OWS, Belgium Fig. 1a), where 1 part of fresh feedstock was
mixed in an external twin shaft paddle mixer with 8 parts of digestate
extracted from the digester, and pumped to the top of the reactor [6].
The plant had no gas cleaning, and the biogas was pumped into a double
membrane gas bag with a volume of 430 m® before going into the CHP.
The biogas only enters the CHP at hydrogen sulphide < 500 ppm to
protect the engines from corrosion, with FeCl3 added in the feed when
elevated hydrogen sulphide levels are recorded. Process water and
steam were used to adjust the viscosity of the mixture and increase the
temperature of the feedstock respectively, if needed. The plant was
designed to work at thermophilic conditions (45-55 °C) with a RT of 21
days, although it was working at mesophilic conditions (37 °C) and a
longer RT to reduce OLR and hence nitrogen fed into the digester during
the studied period in an attempt to mitigate the instability created by
high ammonia levels.

Different strategies were implemented in the plant in an attempt to
improve process stability, with a particular target to reduce ammonia
and VFA levels in the digester. Controlled reduction of the OLR was the
main strategy for this, as a reduction on the feeding will reduce VFA and
total ammonia (TAN), as previously reported in laboratory scale units
[42,78]. Additionally, co-digestion with compost up to 40 % in weight
(0.68 kg VS of compost /kg VS OFMSW) was used during the studied
period, as it was believed to increase C/N ratio and alleviate accumu-
lation of both TAN and VFA and reduce hydrogen sulphide formation.
All these strategies produced variations on the outputs, but no appro-
priate analysis of their impact was conducted before.

2.2. Batch plant: Garage type with percolate recirculation

The sequentially batch-fed facility was located in Central England,
United Kingdom, and treated up to 30,000 tonnes of OFMSW per year,
which was mechanically recovered from house residue and reduced with
a shredder to a particle size lower than 50 mm. The facility had a total
installed capacity of 1.2 MW in two CHP units and a maximum total
energy production of 2190 MWh per year. The plant consists of 9 garage-
type reactors (Fig. 1b). The percolate that permeates from the digestate
during the digestion process is collected at the bottom of the reactor and
pumped to a common percolate tank for the 9 reactors. OFMSW,
digestate and up to 10 % of woodchip (bulking agent) are mixed before
being loaded into each digester, adding up to 531 tons of biomass mix
fed per batch. The woodchip consists of pieces of wood and is key in
improving the structure of the pile, avoiding compaction and permitting
the percolate flow through. The AD process was initiated through the
spraying of percolate onto the biomass, which continues intermittently
during the digestion process with a decreasing tendency (highest vol-
umes at the start), to increase water content, mixing and homogeneity.
The digestion process takes place under mesophilic conditions
(35-40 °C) for a period of 28 days, when digestate was extracted. Part of
the digestate was reused to inoculate new feed and the rest was sent to
an aerobic composting phase. The digesters are loaded in sequence, with
2 or 3 reactors started per week, to ensure that each reactor is in a
different stage of the digestion process and methane production and
energy output on site are kept as stable as possible. Biogas drawn from
the headspace of the vessels is treated in an acid scrubber to reduce
hydrogen sulphide and in a biofilter for odours and is then stored in a gas
bag prior to being sent to the CHP gas engines.

The levels of VFA, TAN and FA on the percolate were monitored
periodically, as increases on their concentration are a sign of process
instability. At full-scale, the principal operational strategy used to con-
trol increases in inhibitors concentration in the percolate is the reduc-
tion of the percentage of OFMSW fed in the digesters. This reduction is
then compensated by an increase on digestate to maintain the 531 tones
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Fig. 1. a) DRANCO dry AD process and b) Garage-type digester with recirculation.

fed in each batch. The beneficial effects of reducing the proportion of
substrate have been previously reported at laboratory scale [27,45],
although a dearth of data is available at full-scale. Additionally, perco-
late recirculation on-site is not optimised but rather used at operator’s
discretion, and an appropriate analysis of the impact on inhibitors
accumulation and methane production is necessary.

3. Methodology
3.1. Operational and analytical dataset of the full-scale plants

The variables used for the analysis of both plants were classified in
two different groups: endogenous and exogenous. The exogenous vari-
ables are those which values are introduced in the model, while
endogenous variables are determined by the model and change due to a
variation on the exogenous variables. For this reason, the operational
variables of the plants are referred to as exogenous, as their variation
produces changes on the output (endogenous) variables. An example of
this would be the effect of varying OLR (exogenous) on methane pro-
duction (endogenous) on semi-continuous AD.

3.1.1. Semi-continuous plant

All the operational data was obtained from the daily data recorded at
the full-scale plant. The analytical data was obtained from the weekly
analysis made by an external laboratory. The period used for the analysis
was 133 weeks (Fig. 2), and all the operational data was aggregated as
weekly to match the frequency of the analytical results. The OLR was
hence calculated as the sum of VS from both the waste and the compost
added, and daily average of the weekly OLR was used for the analysis
each week. Only one compositional analysis of the compost was avail-
able during the study period. Compost was obtained always from the
same plant that used the same feed through the year, and therefore VS,

TS and carbon to nitrogen ratio (C/N) for the compost were considered
constant for the analysis (Supplementary Table 1).

The exogenous variables studied where those considered to have the
most impact for the plant’s operation (Table 1), which included the OLR,
percentage of compost added (PC) and C/N of the feed, with the feed
being waste only or mixture of waste and compost depending on feeding
composition. The dataset was used to analyse the effect of the exogenous
variables on the methane flow (endogenous variable), in order to find
the maximum value attained. Additionally, the evolution of hydrogen
sulphide, TAN, FA and total VFA (TVFA); the other endogenous vari-
ables; was analysed in the range where methane flow was found to be
maximum. TAN, FA and TVFA were included as they are potential in-
hibitors for the digestion process [59]. Additionally, hydrogen sulphide
levels in the biogas were investigated as it is a health and safety hazard
and a problem to equipment, resulting in concrete and steel corrosion,
unpleasant odours and sulphur dioxide emissions during combustion
[371.

3.1.2. Batch plant

The operational data used for the analysis was collected daily for 121
weeks in 2 different datasets, one for the individual digesters and
another for the whole plant comprising 9 ADs (Fig. 3). Statistical anal-
ysis was performed separately for both datasets as they could provide
different information. For the whole plant, the operational data was
used as weekly accumulated volume for percolate (m®/week) and the
percentage of OFMSW, digestate and woodchip fed into the digesters
was used as weekly average. For the analysis of the individual digesters,
the individual data of 186 feedings of the digesters was available during
the study period, and total percolate recirculated during the 28 days of
digestion and the feeding ratio (percentages of OFMSW, digestate and
woodchip) for each digester feed were used as the exogenous variables.

TAN, FA and TVFA levels were obtained from the weekly analytical
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Table 1
Endogenous and exogenous variables considered in the study.
Plant Exogenous variables Endogenous
variables
Semi- — OLR [kgVS/m3/day] — Methane flow
continuous — PC [w/w % as-received (ar)] [Nm®/week]
- C/N — Hydrogen
Sulphide [ppm]
— TAN & FA [mg/
1]
— TVFA [g Ac-eq/
1
Batch: — Total percolate recirculated in the 28 — Maximum
Individual days digestion [m®] methane [%]
digesters — Feedstock mixture in each digester:
Digestate, OFMSW & Woodchip [w/w
% ar]
Batch: Whole — Weekly percolate recirculated in the — Total methane
plant plant [m?] [Nm®>/week]
— Weekly average of feedstock mixturein - TVFA [mg Ac-
each digester: Digestate, OFMSW & eq/1]
Woodchip [w/w % ar] — TAN & FA [mg/

1]

characterisation of the percolate, conducted by an external laboratory.
The focus of the analysis was to understand the impact of the exogenous
variables (Table 1) on both the individual digesters and on the whole
plant performance. Maximum methane content in the biogas (%) was
the endogenous variable for the analysis of the individual digesters, as
gas flowrates were not available per digester. For the analysis of the
whole plant, total methane flow and inhibitors accumulation on the
percolate (TVFA, TAN and FA) were the endogenous variables consid-
ered. The studied period was split in two when the performance of the
individual digesters was analysed: 142 batches when feeding ratio var-
ied with time, and 44 when feeding ratio was kept constant.

3.2. Regression tree analysis

Regression tree analysis was the method chosen to analyse the effect
of the different operational variables on the methane production and the
inhibitors accumulation in the full-scale plants. This decision was made
because compared to other methods this is powerful, simple and easy to
visualise [30]. This method is ideal to create a control strategy in a
real-life dry AD plant, as each branch represents the expected outcome
for a set of operational conditions. This method is widely used in other
research areas, like in the clinical or economical disciplines [48,60] due
to its clear advantages. These include being nonparametric, able to
highlight the most significant variables or the ability to handle outliers
by isolation on a separate node [65]. The main disadvantage of the
model appears when results are unstable and change when part of the
data is removed. Additionally, this analysis would not have been
possible on a site with constant operating conditions as the impact of the
different variables could not have been elucidated.

Tree based methods segment the predictor space. This space com-
prises all possible values of the attributes describing the recorded ob-
servations in a number of simple regions using the means of the
observation to predict the value of the exogenous variable in the given
range [32]. The regression tree analysis is roughly divided in 2 steps.
First, the predictor space (X1,Xa,... Xp) is divided into J non overlapping
regions (Ry, Ra,... Rj). Then, for all the observations falling into one of
these J regions, the same prediction is done as the mean of all the
response values [32]. The goal of the model is to find the regions that
minimize the residual sum of squares (RSS) (Eq. 1), where y; is the
measured value and ij is the estimation of the model, as this will be

used to group all the response values in the different branches.

RSS = Z(yi —?R,)Z (€8]

J
j=1 ieR;
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Due to the complexity of considering every possible partition, a
recursive binary splitting was used [32]. Partition begins at the top of
the tree and then successively splits in two new branches further down
the tree, with the best split (lower RSS) done at every step, instead of
looking to the split that will lead to the lowest RSS for the whole tree. For
this reason, is common practice to grow the bigger tree possible and then
prune it back until the RSS exceeds certain defined value to avoid
overfitting the tree. For this study, the biggest tree possible was kept as
the final solution, as the interest of this study is to obtain the maximum
information and ranges possible to obtain a control strategy for the
full-scale plant plants.

All the analysis were performed using the program R [55], version
4.0.2 together with the integrated development environment RStudio
[61]. The modelling was performed using the “tree” package [57] for
classification and regression trees. The dataset did not need to be
gap-filled and transformed, as the package can deal with blanks in the
dataset and the distribution of the data does not need to be normal for
the package to function [57].

3.3. Microbial analysis

Two samples for each of the full-scale plants were taken in triplicate
at two different points outside the period of the studied dataset to be
used only as an indication of the digester’s population and were stored at
—20°C until further processing. DNA extraction was carried out
following DNeasy PowerSoil Pro (Qiagen, UK) according to manufac-
turer’s protocol. The V4 region of the 16 S gene was amplified using the
universal primers 515 F — 806 R to target both bacteria and archaea
[36]. 16 S rRNA amplicon sequencing was conducted using the Illumina
MiSeq platform (Illumina, USA). All 16 S rRNA amplicon sequences
were processed using DADA2 version 1.16.0 pipeline [11] and imple-
mented with RStudio version 4.0.3 [55]. In order to retain sequences
with a quality score higher than 30, forward and reverse reads were
truncated at 240 bp and 220 bp respectively, eliminating reads with
more than 1 expected error. DADA2 with default parameters was used to
obtain learning error rates, dereplication, amplicon sequence variants
(ASV) inference, merging pair-end reads and chimera removal. Taxo-
nomic assignment of the ASVs was carried out using the DADA2 function
assign Taxonomy with a minimum bootstrap confidence of 80 % using
SILVA database version 138.1 [54]. All the statistical analyses and vis-
ualisation were performed in R version 4.0.3 [11] using the packages:
tidyverse version 1.3.0 environment for data wrangling and visual-
isation [73], ampvis2 version 2.6.1 [3] and vegan version 2.5.6 [33].
The range of total reads per sample varied from 14,295 to 101,432 and
the median value was 72,320. Principal component analysis (PCA) was
used to analyse and visualise differences in microbial community
structure, and ASV reads were Hellinger transformed prior ordination
using ampvis2.

4. Results and discussion
4.1. Semi-continuous plant

4.1.1. Impact of the operational variables on methane flow and inhibitors
accumulation

Modelling results obtained in the regression tree analysis of the semi-
continuous plant showed a maximum methane flow of 31 + 7 x 10°
Nm3/week (200 + 45 Nm3/kg VS) (Fig. 4a). Maximum flows were
produced when the OLR was between 6.2 and 9.4 kgVS/m®/day
maximum during the study period, and PC was lower than 10.1 %. Choi
et al. [15] reported values of 2-4.4 Nm®/m®/day for methane when
treating food and garden waste at OLR of 5-8 kgVS/m®/day in a
DRANCO plant, which are lower than the average value of 10 + 2
Nm®/m3/day obtained for methane flow at the optimum range for the
full-scale site studied. The maximum OLR tested achieved the highest
methane flow, but it was lower than the optimum values reported in
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Fig. 3. Variables considered for analysis of the batch full-scale site. Whole plant variables: a) Methane flow, b) TAN and FA concentration on the percolate, ¢c) TVFA
concentration on the percolate, d) Total percolate recirculated in the plant and e) Average weekly feeding ratio. Digester’s variables per batch: f) Maximum methane
concentration on the biogas during the 28 days batch run, g) Feeding ratio and h) Total percolate recirculated in the 28 days digestion.

literature of 10-15 kgVS/m3/day [23,25,35,59], suggesting that higher
efficiencies could be achieved.

Compost addition caused a reduction in methane flow for compost
additions over 10.1 %, although when comparing the compost and waste
fed to the process, they were similar in terms of TS, VS and C/N values
(Table 1). However, compost composition is different, as more readily
degradable substrates would have been used in the composting process,
leaving only the more recalcitrant available for the microbial commu-
nities in AD. Additionally, humic acids are found in compost composi-
tion, which are more resistant to microbial degradation and had been

reported to inhibit AD [41,70]. As an example, Brummeler [10] reported
a 40 % reduction in methane production when municipal solid waste
(MSW) was aerobically treated prior to a dry batch AD process. Similar
results were obtained by Bremond et al. [9], who reported a 20 % drop
on the biomethane potential when compost was added at 50 % in weight
on continuous dry AD of agricultural waste.

The evolution of TAN, FA, TVFA and hydrogen sulphide was ana-
lysed for the periods when the maximum methane production was
recorded (OLR> 6.2 kgVS/m>/day and PC< 10.1 %). At this range, the
variability in hydrogen sulphide production was dependent on the C/N
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ratio of the feedstock mixture (Fig. 4b), with an average value of 445
+ 238 ppm when C/N was over 14.1. This relationship occurred
regardless of compost addition to the reactor. At C/N < 14.1 the pres-
ence of compost became an influencing factor on hydrogen sulphide
concentrations, with 488 + 97 ppm coinciding with compost addition
and periods when compost was not used (<3 %) resulting in average
concentrations of 179 + 72 ppm. Comparing values when compost was
used, no significant differences (p < 0.05) were found between the
hydrogen sulphide levels in the biogas when AD was operated at the
different C/N ratios (488 + 97 vs 445 + 238 ppm). This is in contrast
with previous literature, as the main source of hydrogen sulphide in
digestors is from degradation of sulphur containing organics such as
proteins [64], and lower concentrations of hydrogen sulphide have been
reported when the C/N increases as protein percentage in the feed is
reduced. Nurliyana et al. [51] reported a drop from 68 to 18 ppm when
C/N ratio was increased from 18 to 45 when co-digesting oil mill effluent
and empty fruit bunch. Results also highlighted that the lowest values of
hydrogen sulphide were associated to periods when compost was not
used in the feeding (PC < 3 %), with concentrations of 179 + 72 ppm.
This suggests that using compost in the feeding increases hydrogen

sulphide formation. Sulphur content of OFMSW and compost samples
were analysed, resulting in no statistical difference in elemental S levels,
with percentages of 0.4 + 0.2 % and 0.6 + 0.3 % respectively. These
results advocate that compost addition may shift the balance of VFA
consumption towards the more competitive sulphate reduction bacteria
(SRB) instead of methanogenic archaea when VFA levels were reduced
in the digestor [49], promoting the reduction of sulphate to hydrogen
sulphide [49]. Additionally, Weijma et al. [72] reported that SRB
communities outcompeted methanogens in an hydrogenotrophic
digestor inoculated with anaerobic sludge and fed with Hy/CO, and
sulphate, where the presence of acetate was very low.

When considering TAN at maximum methane production (OLR >
6.2 kgVS/m®/day and PC < 10.1 %), levels in the reactor were split in
two big categories (Fig. 4c): no compost used (PC < 1 %) and when
compost was used under the value of 10.1 %. When compost was not
used, the regression tree analysis made a distinction between periods
with C/N ratio of 11.7-14.1 and bigger than 14.1 (until the maximum
recorded of 22.4). However, the TAN values of 3510 + 686 mg/l ob-
tained for C/N < 14.1 and those of 3370 + 347 mg/1 for C/N > 14.1
were statistically similar (p < 0.05). The variability on C/N ratios
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studied did hence not impact TAN levels, suggesting that a bigger in-
crease in C/N is necessary to reduce ammonia values in the digester.
When compost was used under 10.1 % in weight, TAN increased a 13 %
to 4050 + 306 mg/l, regardless of the C/N ratio. All TAN values ob-
tained were above 3000 mg/l, which have been reported to shift
methanogenic archaea communities towards hydrogenotrophic [34].

FA levels showed a similar trend to those of TAN, with the regression
tree analysis differentiating between periods with and without compost
addition (Fig. 4d). All values remained consistently high in a range of
964 + 142 to 1330 + 232 mg/1, well above the range of 300-800 mg/1
reported as inhibitory for acetoclastic methanogens [20,29,76], again
suggesting predominance of hydrogenotrophic communities, more
resistant to FA accumulation [34,74]. Furthermore, the high FA content
present at all times was very close or over 1000 mg/1, which has been
reported as the inhibitory limit for hydrogenotrophic archaea [34],
resulting in process instability and hindering methane production. These
results highlighted that compost addition did not alleviate ammonia
inhibition, and that the C/N ratios used during the study period were
insufficient to mitigate accumulation of ammonia.

For TVFA, there was a significant difference in the digester when
feeding OFMSW alone or with compost (Fig. 4e). When solely OFMSW
was fed, the TVFA concentration differed according to the C/N ratio, but
without a clear increasing or decreasing trend. When compost was fed to
the AD, a significant drop in TVFA values was observed, falling to a
value of 93 + 45 mg Ac-eq/l. This drop could be explained by a low
hydrolysis process, caused either by the reduction of the readily
digestible material [10], or by the presence of humic acids, which have
been reported to reduce hydrolysis efficiency due to enzyme inhibition
[41].

4.1.2. Microbial analysis

The two digestate samples collected at different time points showed
similar composition in bacteria level, but significant differences in
archaea were found due to the changing operational conditions. When
looking at the bacteria diversity, in both cases Firmicutes was the most
abundant at phylum, ~63 % relative read abundance (RRA), which is
known to host hydrolytic-fermentative, acetogenic and syntrophic bac-
teria, such as genera Fastidiosipila and Syntrophaceticus [44,77].
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Actinomyces was the second most abundant genus in both samples, and is
regarded as a fibre-degrading specialist [80], which provides circum-
stantial evidence of recalcitrant substrate degradation. Desulfobulbus
appears as the most abundant SRB in both samples. This bacterium uses
alcohols, lactate, and propionate as carbon sources to produce acetate
and reduce sulphate to hydrogen sulphide [38]. The presence of these
particular SRB could be linked to the low TVFA when compost was used,
favouring those bacteria that can degrade complex high molecular
weight molecules.

The greatest difference in microbial community between both semi-
continuous samples occurred in methanogenic organisms. The first
sample showed greater presence of hydrogenotrophic archaea, which
were linked to the high ammonia levels in the digester: Methanoculleus
(0.04 % RRA), Methanobacterium (0.02 % RRA) or Methanosphaera (0.01
% RRA) and some presence of versatile Methanosarcina (0.01 % RRA). In
the second analysis the relative abundance of Methanosarcina (2.22 %
RRA) had grown to be the predominant taxa, while the other were
reduced substantially (Supplementary fig. 1). This distribution could be
linked to periods of high instability, as Methanosarcina is a resistant
methanogen that can tolerate changes of pH units of 0.8-1 linked to
organic overloads and has high tolerance to TAN (up to 7 g/1) and TVFA
(15 Ac-eq g/1) [69]. These results may be a consequence of the inhibitory
problems present on-site, which could be influenced by the
rapid-changing conditions in the digester, showing the necessity of a
steady operation and appropriate control strategy. This could be trans-
lated to other digesters, as results suggest that an increased inhibition
can lead to RRA reduction of strict hydrogenotrophs and the prevalence
of versatile Methanosarcina. The prevalence of this versatile methanogen
was not expected due to the high ammonia resistance of strict hydro-
genotrophs. However, more data and analysis of microbial commu-
nities’ dynamics during a longer period of time would be necessary to
assess this hypothesis and elucidate temporal variabilities.

4.1.3. Operational strategy to improve stability and methane production on
semi-continuous dry AD

The regression tree analysis was used to create a refined control
strategy to increase biogas production and reduce possible inhibitory
problems. Analysis of the effect of OLR, PC and C/N on the different
endogenous variables suggested that optimal operation resulted from
the maximum OLR tested within the time of the study. This ranged from
6.2 to 9.2 kgvS/m®/day resulting in highest methane formation and
lowest TVFA values. This aligns with previous studies, where stable
operation for food waste digestion at dry mesophilic conditions has been
reported at OLR of 8.6 kgVS/m>/day [50]. An increase of OLR higher
than the values tested within the studied period could improve methane
flows, but inhibitory compounds could accumulate beyond acceptable
levels.

C/N values in the dataset, 11.7-22.4, were lower than the optimum
ratio frequently reported for AD, usually regarded between 20 and 30 for
wet AD [8]. These lower values favoured accumulation of hydrogen
sulphide, TAN and FA and an increase of OLR could increase inhibition
and eventually lead to digester failure. For this reason, an increase of the
C/N in the feed could be a solution, as reported previously [78,79].
These authors reported improvements in biogas production, higher
treatment capacity and reduction of inhibitors concentration, mainly
TAN and FA, when higher C/N values were used, which would help
alleviate the FA levels close to the inhibitory limit for hydrogenotrophs.
To increase C/N, co-digestion of OFMSW with a variety of waste ma-
terials rich in carbon is commonly applied and materials include: paper
and cardboard waste, green waste, spent grain or molasses [43,71],
although the economic impact of losses in treatment capacity should be
considered. Zhang et al. [79] increased the C/N ratio in dry digestion of
food waste by adding cardboard packaging at mesophilic conditions,
reporting instability at 2 kgVS/m3/day for food waste alone, C/N of 11,
and achieving a stable process with an increase of OLR from 2 to
4 kgVS/m>/day with C/N ratio of 29. The report showed also lower
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concentrations of FA and no VFA accumulation, although tested values
of OLR were lower than those on the full-scale plant.

TVFA (Fig. 2a) concentration was variable during the period when
compost was used, with peaks over 7 g Ac-eq/1 recorded that are within
the range of 6-8 g Ac-eq/1 previously reported as inhibitory for methane
production [63]. This TVFA accumulation was drastically reduced when
compost was used, with only one peak of over 2 g Ac-eq/l recorded
during this period. Lower TVFA levels would also reduce the synergetic
effect between VFA and ammonia reported in literature. As an example,
Lii et al. (2013) reported close to 30 % more methane production when
acetate concentration was at 300 mg/1 than at 1500 mg/1 when TAN
was 4 g/l at thermophilic conditions using acetate and glucose as
feedstock. This effect would allow operation at high ammonia levels
without a reduction on methane production as far as the TVFA remained
at low values. The rapid changes on operational variables implemented
on the study site prevent observation of the benefit on the methane
production flows (Fig. 2a), and longer periods when conditions are kept
stable would be necessary to validate its effect.

Regardless of the strategies used, hydrogen sulphide concentration in
the biogas remained between 179 and 488 ppm, close to the critical
value of 500 ppm where the flows into the CHP need to be stopped for
security. The varied operational conditions tested on the full-scale site
failed to consistently reduce hydrogen sulphide levels, and hence biogas
cleaning technologies or microareation of the AD headspace are
recommended.

4.2. Batch plant

4.2.1. Impact of the operational variables on maximum methane percentage
in the biogas

The first analysis on the full-scale batch plant was performed to the
individual digesters during the period with variable feeding ratio.
Maximum methane content in the biogas was 60.2 + 1.7 % (Fig. 6a) and
was influenced by the percentage of OFMSW fed and the total volume of
percolate recirculated. This maximum methane concentration was ob-
tained when total percolate recirculation during the 28 days digestion
process was higher than 153.4 m> and the OFMSW fed was kept between
45.5 % and 47.5 % of the total feed. The results of the regression tree
also showed a drop on methane percentage if OFMSW was higher than
47.5 % in the feed, indicating a possible organic overload over that limit
and increased VFA and TAN levels.

Investigation of the impact of percolate recirculation in the digestion
process was possible when the feeding ratio remained constant, with a
43.3 % in weight of digestate, 48.2 % of OFMSW and 8.5 % of woodchip
loaded into the digesters. The maximum methane concentration was
found to be 57.7 + 0.6 % with a total percolate recirculated between
207 and 215m® (Fig. 6b). The maximum percentage of methane
increased up to an optimum range of the percolate recirculation, but it
decreased when percolate was increased further.

The positive impact of percolate recirculation in both analysis is
related to the increased homogeneity, water content and microbial
communities’ activity in the digesters, as has been extensively reported
in literature [13,16,18,75]. As an example of the percolate recirculation
benefits, Chan et al. [13] co-digested MSW and marine dredging with
and without percolate recirculation, achieving a fourfold increase on
methane production when percolate was used. However, excessive
percolate recirculation can impair process efficiency in two ways. The
first is by impacting the physical structure of the waste pile, which can
increase its compaction due to an excessive amount of liquid, resulting
in decreased porosity, poor permeability, and reduced mixing and ho-
mogeneity as percolate cannot filter through the pile [4]. Additionally,
recirculation without control of percolate composition can affect the
balance between recirculation of nutrients, microbial communities, and
toxic compounds, with a risk of inhibiting methanogenic archaea [2].
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4.2.2. Impact of the operational variables on methane flow, TVFA, TAN
and FA of the whole plant

When the production of the whole plant was analysed (Fig. 6a), a
maximum methane flow of 18,300 =+ 1400 m%/week was found. This
was recorded when the digestate was kept over 42.7 % in the digesters
and weekly percolate recirculated was between 410 and 443 m®/week,
which equates to 182-197 m® per digester during the 28 days digestion.
Methane flow was again reduced when percolate was higher or lower
than the optimum value. When the volume of percolate recirculated was
less than 410 m>/week the reduction would be linked to a decrease on
water content and mixing [75], while values over 443 m®/week resulted
on the compaction of the structure of the pile and inhibitors accumu-
lation [2,4].

TVFA levels in the percolate were dependant on woodchip and
percolate percentages fed to the reactors (Fig. 7b), with woodchip
amount becoming the controlling factor at the range when maximum
methane flows were achieved (digestate > 42.7 %, percolate
410-443 rn3/week). When woodchip was under 8.2 % in the feed, a
maximum TVFA concentration of 5.2 + 1.7 g Ac-eq/1 was recorded in
the percolate, while the value dropped to 3.3 g + 1.7 g Ac-eq/l with
higher woodchip contributions. This result again highlighted the
importance of increasing pile permeability, as this would improve ho-
mogenisation and reduce local inhibition [19].

When TAN levels in the percolate were analysed, a minimum con-
centration of 3.4 + 1.0 g/l was found when the proportion of digestate
fed to the reactors was higher than 43.1 %, slightly higher than the value
associated with maximum methane flow (digestate > 42.7 %, percolate
410-443 m>/week). Higher values over 4 g/1 TAN were associated with
digestate ranges of 42.7-43.1 %. A FA concentration of 575 + 293 mg/1
was associated with the period of maximum methane flow, which is
expected to have inhibited acetoclastic methanogens and favour the
hydrogenotrophic pathway of methane formation [34].

4.2.3. Microbial analysis

Bacteria and archaea communities were very similar for all the solid
digestate samples regardless of the point of sampling on the digestate
pile, while percolate showed greater differences for bacteria than for
archaea (Fig. 7). Firmicutes was the most abundant at phyla level (49-78
% RRA). Acetogen communities, and specially the taxa Syntrophaceticus,
were more abundant in the percolate (25-27 % RRA) compared to the
top (10-27 % RRA), middle (12-24 % RRA) and bottom (11-34 % RRA)
of the solid digestate (Supplementary figure 2). The main difference
found between percolate and the solid samples was the elevated pres-
ence of SRB bacteria Desulfovibrionales and Desulfobulbus belonging to
the phyla Desulfobacterota. The greater relative abundance of SRB in the
percolate (2.4-3.5 RRA) provides circumstantial evidence that the SRB
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activity is greater in the liquid phase as opposed to the solid digestate.

Hydrogenotrophic methanogens were the dominant archaea in all
samples, where only a Methanosarcina, as potential acetoclastic metha-
nogen, was detected in very low abundance (<0.02 % RRA) only in the
percolate during the second sampling event (Supplementary figure 2).
The main hydrogenotrophic methanogens present were Methanoculleus
(<3.1 % RRA), Methanosphaera (<1.3 % RRA) and Methanofollis (<0.3 %
RRA) in all samples. Methanogens were also found with higher relative
abundance in percolate (2.2-4.2 % RRA), which demonstrates possible
new benefits to the use of percolate, as it helps to disperse methanogens
through the waste column possibly due to improved mass transfer and
additional buffering capacity linked to alkalinity addition. These results
partially agree with Ting et al. [66], who found Methanoculleus as the
most abundant methanogen during the dry digestion of OFMSW, and
also found this methanogen in percolate in higher proportions than in
the solid digestate. These results show how percolate is beneficial for dry
batch AD and its utility to provide necessary microbial communities like
methanogens for any type of digester configuration and substrate
treated.

4.3. Operational strategy

A combination of all the results can be used to design an optimised
operational strategy in the batch AD plant. Recirculation of percolate
was associated with increased methane flows and concentrations, likely
resulting from a better contact between substrate, nutrients and mi-
crobial communities, which mitigates the diffusion problems charac-
teristic of dry AD [5]. Percolate buffers the pH due to the high alkalinity
of the ammonium and its conjugated base, avoiding acidification of the
system [58]. Percolate also brings necessary microbial communities to
the ADs, as highlighted by the more diverse methanogenic communities
identified in the microbial analysis. However, recirculation volumes
higher than the optimum can reduce methane yields due to pile
compaction [4] or inhibitors accumulation, that produces a disequilib-
rium between nutrients, microbial communities, and toxic compounds
[2,59]. This shows the necessity to control percolate recirculation vol-
umes and composition to maintain an optimised digestion process, with
optimal values of total percolate recirculation per batch between 182
and 197 m® (0.342-0.363 m>/t of biomass mix) as highlighted by the
analysis.

Feeding ratio was also observed to be a key variable affecting process
performance, with a need to balance digestate and OFMSW additions to
avoid accumulation of inhibitors, specially TVFA, and ensure sufficient
presence of necessary microbial communities. Optimum values were a
digestate percentage higher than 43.1 % and a waste between 45 % and
47.5 %, which ensured maximum methane percentages in the biogas.
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Fig. 7. PCA analysis of bacteria and archaea communities of the batch and semi-continuous digesters.
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The importance of woodchip needs to be highlighted, as woodchip
higher than 8.2 % in the feed mix improved permeability of the pile and
reduced TAN accumulation.

5. Conclusions

The impact of operational variables on dry AD efficiency and sta-
bility were not sufficiently documented at full-scale, which leads to
reduced methane production and waste treatment capacity. Use of
compost in semi-continuous AD alleviated inhibition by reducing TVFA
levels, but it did not control ammonia levels and resulted in reduced
methane flows if fed at values over 10.1 % of the feedstock weight.
Percolate recirculation increased methane production in batch AD, if
total volume is carefully managed under values that result on pile
compaction and accumulation of recycled inhibitors. Finally, TAN levels
over 3g/l, favoured hydrogenotrophic archaea, especially Meth-
anoculleus, in both full-scale plants.
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