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A B S T R A C T

Inhibitory pathways in dry anaerobic digestion are still understudied and current knowledge on wet processes 
cannot be easily transferred. This study forced instability in pilot-scale digesters by operating at short retention 
times (40 and 33 days) in order to understand inhibition pathways over long term operation (145 days). The first 
sign of inhibition at elevated total ammonia concentrations (8 g/l) was a headspace hydrogen level over the 
thermodynamic limit for propionic degradation, causing propionic accumulation. The combined inhibitory effect 
of propionic and ammonia accumulation resulted in further increased hydrogen partial pressures and n-butyric 
accumulation. The relative abundance of Methanosarcina increased while that of Methanoculleus decreased as 
digestion deteriorated. It was hypothesized that high ammonia, total solids and organic loading rate inhibited 
syntrophic acetate oxidisers, increasing their doubling time and resulting in its wash out, which in turn inhibited 
hydrogenotrophic methanogenesis and shifted the predominant methanogenic pathway towards acetoclastic 
methanogenesis at free ammonia over 1.5 g/l. C/N increases to 25 and 29 reduced inhibitors accumulation but 
did not avoid inhibition or the washout of syntrophic acetate oxidising bacteria.   

1. Introduction

Food waste (FW) production in the EU alone reaches around 88
million tonnes annually, which accounts for ca. 20 % of all the food 
produced in the EU (EU, 2021). Waste production and its landfilling 
remain high despite the efforts of governments and society to reduce 
them in recent years (EC, 2020), posing opportunities to seek treatment 
alternatives with an environmental and economic benefit. Dry anaerobic 
digestion (AD) is a popular solution for this problem, as it is known to be 
a successful process to treat organic wastes like green waste, agricultural 
waste, FW or the organic fraction of municipal solid waste (OFMSW) 
(Rocamora et al., 2020), also reducing pressure on biofuels production 

from food (Shams Esfandabadi et al., 2022). This is reflected by the 
increasing number of plants registered in the last few years in countries 
like the United Kingdom (ADBA, 2021). 

Dry AD takes place at total solids (TS) ranging between 20 % and 50 
% inside the reactors (Karthikeyan and Visvanathan, 2013; Rocamora 
et al., 2020). This translates in the use of low amounts of water when 
treating organic solid wastes like OFMSW, with an associated economic 
and environmental benefit when compared to wet AD. Higher TS con
tent translates into higher methane productions per volume of digester 
and more compact treatment plants than those using wet AD. None
theless, high TS content is also linked to some operational problems. The 
main disadvantages are diverse, including the longer degradation time 
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of the organic matter resulting in increased lag phases; or the accumu
lation of volatile fatty acids (VFA) and free ammonia (FA) due to the 
higher TS, reduced moisture and lack of mixing compared to wet AD 
(Rocamora et al., 2020). 

Inhibitory problems are a common concern when feedstocks like 
OFMSW or FW are digested, as their low carbon to nitrogen ratio (C/N) 
can result in nitrogen build-up in the form of total ammonia nitrogen 
(TAN) (Yirong et al., 2017). TAN refers to the sum of FA and ammonium, 
with temperature and pH determining the relative presence as ammo
nium or FA in the equilibrium (Capson-Tojo et al., 2020). FA is 
considered as the more toxic form, as it will easily diffuse through the 
cell wall of microorganisms and convert to ammonium due to the low 
intracellular pH, causing imbalances (Kayhanian, 1999). To maintain 
intracellular pH, the cells will activate the potassium pump to reduce the 
number of cations, increasing the cell energy requirements (Yan et al., 
2020). If the cell cannot sustain a constant pH due to ammonium 
accumulation, this process will lead to cytotoxicity (Jiang et al., 2019; 
Sprott et al., 1984; Sprott and Patel, 1986), preventing cell activity and 
resulting in digester failure. 

Ammonia inhibitory levels remain unclear, with some authors 
reporting values as TAN instead of FA, and different concentrations 
having different impacts depending on the methanogenic communities 
(Jiang et al., 2019). Authors seem to agree in reporting strict hydro
genotrophic and versatile archaea utilising the hydrogenotrophic 
pathway, like Methanosarcina, as more resistant than strict acetoclastic 
archaea (Angelidaki and Ahring, 1993; Fotidis et al., 2014a). This higher 
tolerance is responsible for the shift of methane production towards the 
hydrogenotrophic pathway at high FA contents, which is usually the 
case for FW or OFMSW digestion (Yirong et al., 2017). In this pathway 
VFA are converted through beta-oxidation to acetate and hydrogen by 
syntrophic acetogenic bacteria (SAB), while acetate is converted by 
syntrophic acetate oxidising bacteria (SAOB) to H2 and CO2 (Eq. 1). 
These products are then converted by hydrogenotrophic archaea to 
methane (Westerholm et al., 2019) (Eq. 2). VFA oxidation are thermo
dynamically unfavoured reactions; only possible by the syntrophic 
relation of bacteria and hydrogenotrophic archaea. To make the reaction 
energetically favourable, the products of each reaction need to be 
consumed by the next step in the chain, keeping intermediates at low 
concentrations (Müller et al., 2010; Schink, 1997). 

CH3COO− + H+ + 2H2O⇆2CO2 + 4H2 (1)  

4H2 + CO2→CH4 + 2H2O (2) 

High FA contents increase energy requirements to maintain intra
cellular pH (Yan et al., 2020), hindering methane production and 
growth rate of methanogens and SAOB (Fotidis et al., 2013), which have 
a slower duplication time and require longer retention times (RT) 
(Schnürer and Nordberg, 2008). Hence, ADs generating methane pre
dominantly by hydrogenotrophic pathway are more exposed to inhibi
tory problems and have a reduced resilience compared to ADs with 
contribution from both acetoclastic and hydrogenotrophic methanogens 
(Jiang et al., 2019). 

One of the most commonly reported signs of ammonia inhibition is 
the accumulation of VFAs (Banks et al., 2012), which can lead to inhi
bition of methanogens (Ahring and Westermann, 1988) and even the 
acidification of the system (Siegert and Banks, 2005). Accumulation of 
propionic acid is the first sign of inhibition, although the reasons for its 
build up are not completely clear and different hypotheses have been 
proposed in literature. Propionic acid is generated during the acido
genesis phase and converted to acetate by syntrophic propionate 
oxidizing bacteria (SPOB) (Eq. 3) prior its consumption in the hydro
genotrophic pathway (Eq. 1). 

CH3CH2COO− + 2H2O⇆CH3COO− + CO2 + 3H2 (3) 

Propionic oxidation into acetate is the most thermodynamically 
unfavoured reaction of this chain, and hence the first to show inhibitory 

problems (Stams and Plugge, 2009). Different hypotheses for propionic 
accumulation have been postulated for wet AD, with some literature 
identifying hydrogen partial pressure over 10-4 bar as responsible for the 
thermodynamic blockage of propionic degradation (Gujer and Zehnder, 
1983). However, deficiency of trace elements (TE) like Fe, Ni, Se, W or 
Co is reported as another cause for this accumulation (Banks et al., 2012; 
Choong et al., 2016). TE are essential for enzymes and cofactors required 
in the relation between syntrophic bacteria and methanogens, making 
possible propionic degradation and the hydrogenotrophic pathway 
(Westerholm et al., 2015). Therefore, it was hypothesized that hydrogen 
partial pressure increase would just be a by-product of propionic 
degradation, and not its cause (Banks et al., 2012). Further research is 
necessary to clarify these hypotheses in dry AD, where the effect of the 
high TS on the inhibitory mechanisms leading to digester instability and 
eventual failure of the ADs remain still unclear. 

One of the recurrent solutions in literature to reduce ammonia 
accumulation when digesting feedstocks like FW or OFMSW is to in
crease the C/N ratio by co-digestion with materials with high carbon 
content, like paper (Kim and Oh, 2011), cardboard (Capson-tojo et al., 
2017) or green waste (Kumar et al., 2010). Zeshan et al. (2012) reduced 
TAN by 30 % and increased methane production over 50 % by increasing 
the C/N from 27 to 32 when digesting simulated OFMSW with green 
waste and paper waste at TS of 20 %. Zhang et al. (2012) reduced TAN 
from 3.5 g/l to under 1 g/l achieving stable operation by increasing the 
C/N ratio form 11 to 29 while co-digesting FW and cardboard packaging 
in wet digestion (TS < 7 %) at mesophilic conditions. However, litera
ture is scarce at TS contents over 40 %, where mixing is limited and 
homogeneity is lower compared to other dry AD processes where in
ternal mixing is still possible. 

This study investigated the inhibition mechanisms in dry AD (>40 
%) at high TAN and FA contents, providing knowledge for future 
research to develop operational strategies that can reduce ammonia 
inhibition and propionic accumulation. Two different experiments were 
performed: i) digestion of OFMSW with reducing RT and therefore 
increasing organic loading rates (OLR) that force instability and unravel 
inhibition and failure mechanisms and ii) co-digestion of OFMSW with 
paper to elucidate the impact of increasing C/N ratio on inhibition 
pathways. 

2. Materials and methods 

2.1. Feedstock and inoculum 

The solid inoculum (digestate) and the substrate (OFMSW) used in 
the different experiments were obtained from a semi-continuous dry AD 
facility operating at mesophilic conditions in North-East England, 
United Kingdom, treating up to 40,000 tonnes of OFMSW per year. The 
OFMSW was mechanically recovered on site from house residue and 
reduced with a shredder to a particle size < 40 mm. Inoculum and 
feedstock were kept at 4 ◦C while preliminary analysis was performed 
(Table 1). Paper was obtained from the office mix paper waste at 
Cranfield University and shredded to 3 × 10 mm before being used 
(Table 1). 

2.2. Semi-continuous ADs and operational conditions 

Three 20 l pilot scale digesters were operated, each of them inocu
lated with 15 kg of digestate at the start of the trials. Digesters were fed 

Table 1 
Digestate, OFMSW and paper characteristics.  

Material TS (%) VS (%) VS/TS (%) C/N 

Digestate 43.3 ± 3.4 13.1 ± 0.8 30.1 ± 3.9 15.9 ± 3.6 
OFMSW 47.8 ± 2.5 28.4 ± 1.9 59.7 ± 6.5 16.2 ± 1.1 
Paper 95.2 ± 0.4 80.7 ± 0.4 84.8 ± 0.5 329.4 ± 0.3  
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three times a week with a 1 to 3 ratio in mass of fresh feedstock and 
digestate extracted from the reactors. Excess digestate was removed to 
maintain a constant working weight inside the reactors and used for 
further analysis. The flow of biogas generated from each digester was 
measured with a CJC-125 gas counter and recorded in a CJC-034 data 
acquisition system (CJC Labs, Cumbria, UK). The reactors had no in
ternal mixing and were maintained at mesophilic conditions (38 ◦C) in a 
Binder FP720 incubator (Binder GmbH, Tuttlingen, Germany). 

Three different feedstocks were used in each of the digesters, 
reducing RT and increasing OLR to levels where instability was forced. 
One was fed solely with the OFMSW (ADW) for 145 days, which had a C/ 
N of 16.2 ± 1.1. For the first 130 days of the trial the ADW reactor was 
operated with a 40-day RT (Table 2), equivalent to 6.5 ± 0.9 Kg VS/m3/ 
d, with a 2 week gap of no feed due to Covid-19 isolation of the author. 
The RT was reduced to 33 days from day 131, OLR of 7.5 ± 1.0 Kg VS/ 
m3/d, in order to stress the digester and highlight the inhibition mech
anisms. The other two digesters were fed with a mixture of OFMSW and 
15 % (AD15) or 20 % (AD20) of paper to increase C/N to 25 and 29, 
respectively. These values are in the range considered as optimum to 
avoid ammonia accumulation for wet AD (Bouallagui et al., 2009), as 
values in dry AD are not available in literature. The starting retention 
time for the first 69 days of digestion was kept at 40 days, which was 
reduced to 33 days until day 90 when the digesters were stopped 
(Table 2). 

2.3. Analytical methods 

Standard methods (APHA, 1999) were used to measure TS and VS of 
both feedstock and digestate. To analyse the rest of parameters the 
digestate was diluted following a similar methodology to Guendouz 
et al. (2010). One part of digestate was diluted with five parts of water 
and mixed in an orbital shaker (Cole-Palmer, St. Neots, UK) at room 
temperature for 30 min before centrifuging it in a Megafuge 16R 
centrifuge (Thermo Scientific, Massachusetts, USA) for 20 min at 4696 g 
and 4 ◦C. The supernatant was then used for the rest of analysis. pH was 
measured with a HQ440D Hatch multi-meter (HACH LANGE ltd, Man
chester, UK) and alkalinity and Ripley ratio (RR) were obtained by 
titration until pH 5.7 and 4 (Ripley et al., 1997). Analysis of TAN and 
VFA were showed as conducted on the solids free fraction of the samples, 
which was obtained by filtering the supernatant through a 0.45 µm 
retention membrane filter (Whatman, Kent, UK). The analysis of VFA 
was performed with a Shimadzu VP Series HPLC unit (Milton Keynes, 
UK) with a 90 min run time using the methodology described in Roca
mora et al. (2022b). Ion chromatography in a ICS900 (Dionex, Califor
nia, USA) was used for TAN analysis with an IonPac CS12A as column 
and precolumn. A 20 mM methanesulphonic acid was used as eluent and 
100 mM tetrabutylammonium hydroxide as regenerant. An injection 
volume of 20 µl with a 1 ml/min flow and ambient temperature was used 
for the analysis. FA was calculated using Davis equation to account for 
temperature, pH and ionic strength (Capson-Tojo et al., 2020). All values 
were calculated by litre of water in the digestate. 

Biogas was analysed for methane, hydrogen and hydrogen sulphide 
content in a 990 Micro GC System (Agilent, California, USA) with 2 

columns operated at 110 ◦C and 30 PSI. One was a MS5A SS with helium 
as carrier gas for hydrogen detection and the second one a PoraPLOT Q 
UM with argon as carrier gas for methane and hydrogen sulphide 
detection. Injection was done for 50 ms and 110 s was used as retention 
time. Methane flowrates are showed as litres by kilogram of VS fed and 
day. Additionally, biogas was tested for carbon isotope ratios of methane 
(δ13CCH4) and carbon dioxide (δ13CCO2) by continuous flow-isotope ratio 
mass spectrometry in a HP 6890 N gas chromatograph (Agilent, Santa 
Clara, CA), as described by Keppler et al. (2010). The dominant meth
anogenic pathway was determined by calculation of the apparent frac
tionation factor (αc), as described in equation 1 (Whiticar et al., 1986; 
Whiticar, 1999): 

∝c =
δ13CCO2 + 1000
δ13CCH4 + 1000

(1) 

Where αc > 1.065 corresponds to CO2 dependent (hydrogenotrophic) 
methanogenesis, αc < 1.055 to acetate dependent methanogenesis, and 
hybrid production when αc is between those values. 

Digestate extracted from each reactor and biogas were analysed 3 
times a week, and weekly moving averages were used to eliminate the 
impact of the feeding pattern in the results. Hydrogen concentrations on 
the headspace were determined with gas chromatography and partial 
pressures were calculated considering a pressure of 1 atm as headspace 
pressure. A higher partial pressure of hydrogen on the digesting broth 
than that of the headspace is expected, due to the reduced diffusion at 
high TS resulting in supersaturation on the broth (Bollon et al., 2013; 
Cazier et al., 2015). 

2.4. Microbial analysis 

Aliquots were taken periodically from the digestate extracted from 
the 3 pilot digesters (ADW, AD15 and AD20) and stored at −20 ◦C until 
analysis. The DNeasy PowerSoil Pro (Qiagen, UK) was used for DNA 
extraction according to manufacturer’s protocol. The universal primers 
515F – 806R targeting both bacteria and archaea were used for ampli
fication of the V4 region of the 16S gene (Kozich et al., 2013). Illumina 
MiSeq platform (Illumina, USA) was used for 16S rRNA amplicon 
sequencing. QIIME 2 was used for raw data analysis and ASVs were 
generated according to DAD2 pipeline (Callahan et al., 2016) using 
RStudio version 4.0.3 (R Core Team, 2020) as described in Rocamora 
et al. (2022a) to obtain the relative presence of each microorganism in 
the digester, as this method is no capable of measuring activity. Statis
tical analyses of the microbial community presence were performed 
using Primer v7 (Clarke and Gorley, 2015) with PERMANOVA + add on 
to explore relationships between community changes. The ASV derived 
from the 16 s rRNA amplicon data was log (N + 1) transformed to down- 
weight the most abundant genera. Next, dissimilarities were calculated 
with the S17 Bray–Curtis similarity coefficient. A principal coordinate 
ordination analysis (PCoA) was performed by plotting the dissimilarity 
values for each factor. A correlation was performed between each 
physicochemical constituent (predictor variables) within the reactor 
(RT, hydrogen partial pressure, H2S, FA, propionic and butyric acids) 
and each community coordinate. Correlations with each component 
were deemed significant (R2 > 0.5) and a vector biplot was overlaid to 
visualize the strength and direction of this correlation. Distance-based 
linear modelling (DBLM) was performed to determine the effect of the 
different operational factors on microbial communities variability (Boj 
et al., 2010). 

3. Results and discussion 

3.1. Mechanisms of inhibition and digester performance at high ammonia 
contents at C/N of 16 when digesting OFMSW alone 

Methane production increased steadily in the start-up period until 

Table 2 
Retention time (RT) and organic loading rate (OLR) for each experiment, with 
relative contribution from OFMSW and paper.  

Digester Time 
(days) 

RT 
(days) 

OLR 
(Kg VS/m3/ 
d) 

OLR Waste 
(Kg VS/m3/ 
d) 

OLR paper 
(Kg VS/m3/ 
d) 

ADW 0–130 
131–145 

40 
33 

6.5 ± 0.9 
7.5 ± 1.0 

6.5 ± 0.9 
7.5 ± 1.0 

– 
– 

AD15 0–69 40 7.3 ± 0.2 4.1 ± 0.1 3.2 ± 0.1 
69–90 33 8.3 ± 0.5 4.7 ± 0.4 3.6 ± 0.1 

AD20 0–69 40 7.5 ± 0.2 3.4 ± 0.1 4.1 ± 0.1 
69–90 33 8.7 ± 0.4 3.9 ± 0.3 4.8 ± 0.1  
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80.6 ± 0.2 l CH4/kg VS/d before the feeding was stopped on day 47, 
with the maximum daily methane production recorded on day 40 of 
operation at a value of 85.1 ± 1.3 l CH4/kg VS/day (Fig. 1a). Methane 
flowrate decreased due to lack of feeding to 45.1 ± 1.2 l CH4/kg VS/d on 
day 61. When feeding was re-started production increased to 71.6 ± 7.4 
l CH4/kg VS/d on day 96, after that the daily production decreased to 
52.6 ± 0.4 l CH4/kg VS/d on day 131 before the RT was reduced to 33 

days. The RT reduction produced a faster decrease in methane produc
tion due to the increased inhibition, with a final daily methane pro
duction of 27.0 ± 0.5 l CH4/kg VS/d on the last day of the experiment 
(day 145). 

The feeding pattern impacted on the levels of the hydrogen partial 
pressure, with higher values measured at the end of the week due to 
weekly feeding. The hydrogen value recorded on the headspace on day 2 

Fig. 1. Values of a) methane flow, b) hydrogen partial pressure, c) hydrogen sulphide concentration d) TAN and FA concentration and e) VFA for the digester fed 
with OFMSW only (ADW). 
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was 3.5 × 10-4 bar (Fig. 1b). This is a possible sign of inhibition, as 
values over 10-4 bar have been reported as the thermodynamic barrier 
for propionic decomposition in wet AD (Gujer and Zehnder, 1983) and 
values in the digesting broth are expected to be even higher due to the 
reduced diffusion. Hydrogen partial pressure varied between 1.4 × 10-4 

bar and 3.1 × 10-4 bar between day 10 and 100. A big increase was 
recorded between days 107 and 110, with values over 5 × 10-4 bar. 
Hydrogen values dropped to 4.2 × 10-4 bar on day 131, before RT was 
reduced to 33 days. At the shorter RT an erratic trend was also observed, 
with lower values of 3.2 × 10-4 bar recorded on day 140 and a big in
crease to over 4 × 10-4 bar at the end of the experiment. The hydrogen 
sulphide profile followed a similar pattern to methane production 
(Fig. 1c), with an increasing trend from the onset of the trials until the 
feeding was stopped on day 47. After the feeding was re-started on day 
61 hydrogen sulphide kept dropping for a week, then increased to a 
maximum of 13.7 ± 0.7 × 103 ppm on day 82 and followed a decreasing 
trend until the end of the experiment. The RT shortening (and OLR in
crease) accelerated this decline, with a recording of 3.5 ± 0.1 × 103 ppm 
on day 145 when the trial was stopped. 

Initially TAN values were over 4 g/l in the digestate, and accumu
lation was observed from the beginning of the trial with values 
increasing until a plateau between 8.0 and 8.9 g/l (Fig. 1d). The initial 
FA in the digestate was 751 mg/l and followed a similar trend than TAN 
increasing until concentrations between 1.5 and 2.0 g/l (Fig. 1d). Pro
pionic acid concentration in the digestate started at 40 mg/l, increasing 
to 445 mg/l on day 9 of operation when hydrogen partial pressure was 

1.6 × 10-4 bar in the headspace. Hydrogen partial pressure was well over 
10-4 bar in the headspace from the start, and the partial pressure in the 
digesting broth is expected to be even higher due to the reduced diffu
sion, which does not allow to conclude if higher values of hydrogen 
partial pressure are necessary to inhibit propionic degradation (Eq. 3) in 
dry AD than in wet AD. Propionic acid kept increasing to reach 5.9 g/l on 
day 47 and then decrease with time to 3.0 g/l by day 100. Values 
increased to a maximum of 8.1 g/l at day 121, oscillating between 5.1 
and 6.2 g/l for the rest of the experiment regardless of the RT reduction. 

An accumulation of n-butyric acid was also registered, with an in
crease on day 89 to 730 mg/l in parallel to an increase in hydrogen 
partial pressure to 2.7 × 10-4 bar in the headspace. From day 90 onwards 
n-butyric became the predominant VFA, reaching 13.5 g/l at the end of 
the experiment, when the digester was stopped due to the high insta
bility and the decreasing methane production. 

Hydrogen accumulation in the digester could be explained by an 
inhibition of hydrogenotrophic archaea resulting from the high FA. This 
inhibition would reduce hydrogen consumption by the archaea, 
reducing methane production and increasing hydrogen partial pressure 
in the system (Eq. 2). Propionic accumulation would then take place as 
its degradation by SPOB is thermodynamically hindered when hydrogen 
accumulates (Leng et al., 2018; Stams and Plugge, 2009). N-butyric 
accumulation would have followed a similar mechanism, but in this 
case, degradation would have been inhibited at a higher hydrogen 
partial pressure than propionic. The 2.7 × 10-4 bar recorded in the 
headspace is lower than 10-3 bar reported in literature (Harper and 

Fig. 1. (continued). 
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Pohland, 1986), which could be explained by the higher hydrogen 
partial pressure in the digesting broth caused by the reduced diffusion 
(Bollon et al., 2013; Cazier et al., 2015). Acetic acid accumulation 
increased sharply when hydrogen partial pressure increased over 2.7 ×
10-4 bar (Fig. 1b and 1e). It was hypothesized that the observed inhi
bition of SAOB together with an increase of the more thermodynami
cally favoured homoacetogenesis (Eq. 4) (Amani et al., 2010) could be 
responsible for the increase of acetic acid. 

2CO2 + 4H2⇆CH3COO− + H+ + 2H2O (4) 

These results showed that hydrogen production in dry AD can be 
linked to organic overload due to the high OLR leading to VFA accu
mulation. These can lead to instability and even system failure, showing 
hydrogen monitoring as an interesting tool to control AD performance. 

3.1.1. Microbial analysis 
DBLM was performed to correlate RT, hydrogen partial pressure, 

H2S, FA, propionate and butyric acids with microbial components of the 
reactor with the prokaryotic (bacteria) and archaea considered sepa
rately. The DBLM marginal tests revealed that the RT was the most 
important factor, governing 42 % and 38 % of the variability in bacteria 
and archaea communities respectfully (Supplementary table 1a & 2a), 
which confirms its importance in shaping the microbial communities in 
ADW. Butyric acid, propionic acid and hydrogen were the most impor
tant factors after accounting for RT for bacteria in ADW with 41 %, 28 % 
and 22 %, probably due its inhibitory effect. When archaea were ana
lysed butyric acid, propionic acid and FA were in order the most 
important after RT being responsible for 30 %, 24 % and 20 % of the 
variability, showing the sensitivity of archaea to FA. During sequential 
testing the aim was to establish whether other predictor variables add a 
significant amount to the explained variation, given that RT has already 
been included in the model. For each model, the overall R2 was 78 % and 
73 % of bacterial and archaeal communities (Supplementary table 1b & 
2b). In this case hydrogen sulphide and FA contributed to 14 % and 7 % 
(p < 0.05) of the variability and were the most important factors for 
bacteria, while hydrogen sulphide was the only significant variable for 
archaea with 13 % of contribution. Interestingly, all the analyses high
lighted the RT as principal influence in shaping microbial communities, 
but also highlighted the important impact of butyric, which was accu
mulated at the end of the experiment, causing failure of the system. 
Propionic accumulation and hydrogen sulphide were both potent in
hibitors of both the archaea and bacteria communities, but interestingly 
only the bacteria communities were significantly influenced by 
hydrogen (p < 0.05). This indicates an accumulation of hydrogen as 
predominantly inhibiting bacteria, especially SAB and SAOB, which in 
turn would cause the accumulation of propionic acid. The influence of 
FA was reduced compared to other variables and could probably be 
explained by the high FA present at the start of the digestion. These 
values were above inhibitory levels for acetogenic and hydro
genotrophic archaea (Jiang et al., 2019), which could indicate a previ
ous selection of the microbial communities before the start of the 
digestion, reducing FA influence in the modelling. 

Additionally, the representation of the communities via PCoA 
(Fig. 2a & b) visualised the RT influence on both bacteria and archaea 
communities. Three different periods could be distinguished by their 
microbial community’s similarity, especially for archaea. Days 2 to 19, 
which could be considered the start-up period. Days 19 to 110, where 
methane production remained still relatively stable (Fig. 1a) and 
hydrogen exposed an increasing trend until the maximum values in the 
experiment (Fig. 1b). Days 121 to 145 matched the period with 
decreasing methane production (Fig. 1a) and accumulation of butyric 
acid (Fig. 1b), both signs of the inhibitory problems leading to reactor 
failure. 

An enrichment in the genus Anaerococcus belonging to the Firmicutes 
phyla was observed at bacteria level during the reactor operation when 
the evolution of the most abundant phyla was studied (Fig. 3a and 

Supplementary Fig. 1a). Species in this genus contain genes for carbo
hydrate, amino acid and lipid metabolism (Tidjani Alou et al., 2016), 
which could be linked to the composition of OFMSW, rich in proteins. 
Due to the high TAN and FA contents in the inoculum Methanosarcina 
and Methanoculleus were predominant in the archaea analysis (Fig. 3b 
and Supplementary Fig. 1b), both known to tolerate TAN concentrations 
over 4 g/l (Bayrakdar et al., 2017; Vrieze et al., 2012; Yan et al., 2022), 
as was the case during all the digestion process. Methanoculleus is known 
to be a hydrogenotrophic methanogen (Fotidis et al., 2014b; Ollivier 
et al., 1986), found previously in dry AD (Bayrakdar et al., 2017; Li et al., 
2014) and it also correlates with VFA increases (Dang et al., 2017; 
Franke-Whittle et al., 2014). Methanosarcina is a versatile methanogen, 
able to produce methane by both hydrogenotrophic and acetoclastic 
pathways (Liu and Whitman, 2008). 

Methanosarcina relative abundance increased in ADW to become the 
most predominant methanogen at the end of the experiment, with values 
from 89.9 % to 100 % of the archaeal relative abundance since the RT 
was reduced to 33 days (Fig. 3b). This prevalence could be explained by 
their ability to form thick clumps and reduce diffusion of inhibitors, 
being easier for them to adapt to severe conditions such as unstable 
periods of anaerobic digestion (Bajón Fernández et al., 2019; Demirer 
and Chen, 2008), as it was the case in ADW due to the high FA and VFA 
concentrations in the digestating broth. It is also remarkable the loss of 
Syntrophaceticus, a SAOB, at similar times than Methanoculleus, sug
gesting a syntrophic relation between the two. This would agree with the 
previously mentioned mechanisms, as the loss of Methanoculleus in the 
ADs would lead to an accumulation of hydrogen followed by the inhi
bition and disappearance of Syntrophaceticus. Additionally, the model
ling also highlights the importance of hydrogen on shaping bacterial 
communities but not archaeal communities. 

Fig. 2. Principal Coordinates Analysis for a) archaea and b) bacteria in ADW.  
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Recorded values for carbon isotopic signature indicated a shift to
wards acetogenic methane production when FA concentrations 
remained between 1.2 and 2.0 g/l (Fig. 4). These values bring further 
knowledge to current literature, as it is reported that hydrogenotrophic 
methanogenesis is predominant at high TAN (>4 g/l) and FA (>200 mg/ 
l) (Calli et al., 2005; Jiang et al., 2018; Westerholm et al., 2012). This 
change in methanogenic pathway occurred when an SAOB like Syntro
phaceticus started to decrease its relative abundance and Methanosarcina 

became the predominant methanogen from day 121, coinciding with the 
third period (days 121 to 145) identified in the principal coordinates 
analysis (PCoA) (Fig. 2a & b). A hypothesis that could explain this 
phenomenon is that the inhibition of the SAOB increased its doubling 
time and resulted in its wash out, which stopped the oxidation of acetate 
to carbon dioxide and hydrogen for hydrogenotrophs use. Acetic acid 
was then used in the acetoclastic pathway, where Methanosarcina con
verted it to methane. It is possible to hypothesize that the long doubling 

Fig. 3. Time-series of 5 most abundant a) bacteria and b) archaea on ADW.  

Fig. 4. Isotopic fractionation factor and FA profiles for ADW.  
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time of SAOB could be responsible for this shift, and probably the reason 
for the importance of the RT in shaping the microbial communities 
highlighted by PCoA. Doubling time has been reported to take up to 28 
days for SAOB at TAN of 8 g/l and pH over 7 (Schnürer et al., 1999). It is 
reasonable to hypothesise that the increased pH of the digesters over 8 
and the high TS could be affecting this doubling time, and higher RT 
than 40 days would be needed to achieve stable conditions. However, 
this would need further confirmation with tests on doubling rates at 

different environmental conditions. As an example, Schnürer and 
Nordberg (2008) reported stable operation with syntrophic acetate 
oxidation as the dominating pathway from acetate at 56-day RT, pH of 8 
and TAN of 5.3 g/l in a full-scale plant. Fotidis et al. (2013) also found 
acetoclastic methanogenesis and Methanosarcina as dominant when TAN 
was 7 g/l. Sodium acetate was used as substrate in successive batch AD 
with acclimatised cultures to TAN increasing concentration from 1 to 7 
g/l. The authors postulated a hypothesis were acetic was used by 

Fig. 5. Values of a) methane flow, b) hydrogen partial pressure, c) hydrogen sulphide concentration, d) TAN and FA concentration for AD15 and AD20 and VFA 
profile for e) AD15 and f) AD20. 
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Methanosarcina due to the inhibition of the SAOB. However, results were 
different when cultures were not acclimatised, as hydrogenotrophic 
methanogenesis was dominant and hydrogenotrophs, other than Meth
anosarcina, were present. These results could be explained with the 
hypothesis of insufficient doubling time for SAOB when cultures were 
acclimatised. The digestion time would not have been enough for syn
trophic bacteria to grow when inoculum from the previous batch was 
used to inoculate the next batch, leaving Methanosarcina and aceto
clastic methanogenesis as dominants. 

3.2. Inhibition mechanisms and digester performance at increased C/N 

The highest daily methane production (Fig. 5a) per kg of VS fed was 
achieved by AD20 with 105 ± 2 l CH4/kg VS/d, while AD15 achieved 97 
± 2 l CH4/kg VS/d, both higher than ADW but without a statistically 
significant difference (p > 0.05). Hydrogen partial pressure remained 
lower than for ADW in both AD15 and AD20 (Fig. 4b), which together 
with the higher methane production could indicate a lower inhibition. 
The thermodynamic limit of 10-4 bar reported for wet AD for propionic 

Fig. 5. (continued). 
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acid degradation was surpassed on day 6 for AD15, while it took until 
day 9 on AD20. This delay could be linked to a reduced inhibition due to 
the higher C/N ratio, as ammonia accumulation was reduced from the 
initial 8 g/l to<3 g/l in both ADs. Hydrogen partial pressure in AD15 
peaked at 3.7 × 10-4 bar on day 45, which could be correlated to a drop 
in methane production during these days, suggesting inhibition of the 
methanogens. After that day values ranged between 3.4 × 10-4 bar and 
2.4 × 10-4 bar until the end of the experiment. Hydrogen partial pressure 
in AD20 increased steadily during the first 69 days of operation (40-day 
RT), reaching a maximum value of 2.6 × 10-4 bar before the RT 
reduction. From this point onwards partial pressure increased at a 
higher rate, which turned into an exponential increment from day 85 
until the end of the trial when values reached 6.0 × 10-4 bar. This raise 
was a sign of the increasing inhibition of the hydrogenotrophic archaea, 
confirmed by the fast decrease on methane production. 

Hydrogen sulphide concentration remained at lower values than 
those in ADW due to the C/N increase, which could be linked to the 
reduction of proteins in the feed, main source for sulphur (Tian et al., 
2020). Concentrations of hydrogen sulphide in both AD15 and AD20 
increased along the digestion period, with a rise in AD15 after RT was 
reduced to 33 days, however concentrations in AD20 started to decrease 
after day 80. 

Initial TAN values were at 8 g/l and were reduced with time in both 
AD15 and AD20. The concentration in AD15 was reduced to 2.2 g/l on 
day 69 and increased steadily up to 4 g/l after the RT was reduced to 33 
days. In AD20 the TAN level was reduced to 2.5 g/l before RT was 
decreased to 33 days, remaining around this value until the end of the 
trial. FA started with values over 1.5 g/l for both ADs, followed by an 
increase to 2.2 g/l on day 8 for AD15 and 2.4 g/l for AD20 on day 10. 
Both decreased steadily from that point reaching values under 100 mg/l 
at the end of the experiment. These results were expected, as the 
reduction on ammonia accumulation by increasing C/N ratio has been 
recorded previously in literature. As an example, Zeshan et al. (2012) 
reduced ammonia content in the digester by 30 % when increasing C/N 
from 27 to 32 using pilot scale thermophilic reactors co-digesting food, 
green and paper waste at 20 % TS. 

Propionic accumulation followed a similar trend as for ADW, but this 
time started at day 10 for AD15 and AD20 (Fig. 4e and 4f). In this case, 
accumulation was lower, recording maximum values over 5 g/l for both 
AD15 and AD20, while ADW maximum values reached over 8 g/l. In 
both ADs propionic accumulation started when hydrogen partial pres
sure in the headspace reached 2 × 10-4 bar, higher than values in ADW. 
Only a small increase in n-butyric was registered on AD15 and was 
reduced to 150 mg/l before the digester was stopped, despite values of 
hydrogen partial pressure around 2.8 × 10-4 bar in the headspace being 
similar to the levels that triggered n-butyric accumulation in ADW. 
Meanwhile, AD20 registered a steep increase in acid accumulation from 
day 85, reaching 2.6 g/l of n-butyric and 3.9 g/l of acetic by the end of 
the experiment. This happened when the hydrogen partial pressure 
reached values over 3.5 × 10-4 bar, again higher than the values regis
tered in ADW when n-butyric accumulation started. Results showed that 
an increase on C/N ratio improved methane production but was unable 
to avoid the ultimate failure of the system at the RT and OLR times 
tested. The increase of C/N from 16 to 25 (AD15) and 29 (AD20) 
reduced ammonia levels from 8 g/l to 2.2 and 2.5 g/l by the end of the 
digestion trial, and the maximum peak of propionic concentration was 
reduced by 29 and 37 % in AD15 and AD20, respectively. Propionic 
started to accumulate at 2.0 × 10-4 bar in AD20 and AD15, higher than 
the 1.6 × 10-4 bar in ADW. Additionally, n-butyric accumulation also 
occurred at a higher hydrogen partial pressure when C/N was increased, 
with accumulation in ADW after 2.7 × 10-4 bar compared to 3.5 × 10-4 

bar in AD20. This could be linked to the TAN levels in the ADs, as values 
were over 8.6 g/l for ADW compared to 2.7 g/l in AD20. Interestingly, 
although hydrogen partial pressure was higher for AD15 and provoked 
higher propionic concentrations along most of the digestion time at 40- 
day RT, it was AD20 after the reduction of RT, which showed a higher 

instability with a steep increase in hydrogen production. This triggered 
n-butyric and acetic accumulation before the digesters were stopped. 
Additionally, production of hydrogen sulphide kept increasing until the 
end of the experiment and methane production remained higher in 
AD15 compared to AD20. This would suggest a lower inhibition in AD15 
or differences on microbial communities. Furthermore, although 
methane flows were increased with the use of paper, it is necessary to 
account for the loss of throughput, and the use of paper will reduce 
OFMSW treatment capacity. Alternative strategies that can sustain 
methane production and process stability without significantly 
compromising treatment capacity merit further investigation. Some of 
these are the increase on direct interspecies electron transfer using 
biochar (Tsui et al., 2022), activated carbon (Xu et al., 2018) or other 
conductive materials (Dang et al., 2017); or the use of trace elements 
targeting an improved VFA degradation (Šafarič et al., 2020; Song et al., 
2020). 

3.3. Microbial analysis 

When DBLM was performed for AD1, marginal tests revealed FA and 
propionic acid concentrations as the most important factors on 
impacting bacteria variability (Supplementary table 3), governing 50 % 
and 49 % of the variability. After accounting for the RT, hydrogen 
became the most important factor being responsible for 22 % of the 
variability, with a total R2 of 80 % (Supplementary table 3b). The effect 
on archaea was different, and none of the factors in the DBLM were 
significant (p > 0.05) (Supplementary table 4a & b). When AD20 was 
analysed, FA and propionic acid levels were again the most important 
factors governing bacteria variability (Supplementary table 5a) with 52 
% and 49 % percent respectively, and FA was the most important 
contributing to 23 % of the variability after accounting for the RT 
(Supplementary table 5b), similarly to AD15. Archaea variability in 
AD20 was explained mainly by FA, propionic and hydrogen sulphide 
which governed 81 %, 65 % and 38 % of the variability (Supplementary 
table 6a). When RT was controlled, only FA was significant (p < 0.05) 
being responsible for 42 % of the variability of the model, with a total of 
R2 of 93 % (Supplementary table 6b). The analysis of both AD15 and 
AD20 evidenced a strong impact of propionic and specially FA on the 
variability of microbial communities, which was different than in ADW. 
The model showed that FA decrease with the digestion time in both 
AD15 and AD20 impacted more the microbial communities evolution 
than in ADW, where FA consistently remained at inhibitory levels even 
for hydrogenotrophic archaea (Jiang et al., 2019). Propionic importance 
was higher in AD15 and AD20 than in ADW, were butyric had higher 
impact. This could result from the lower levels of butyric found in the co- 
digestion digesters, where propionic remained the most dominant VFA, 
being one of the main causes for inhibition. 

Bacteria in AD15 and AD20 appeared to be enriched in the family 
PeH15 (Fig. 6a & c), corresponding to the phylum Bacteroidales and 
genus HN-HF0106, family Hungateiclostridiaceae and phylum Firmicutes. 
These results were linked to the addition of paper in the feed, as these 
phyla are related to the degradation of complex hydrocarbons, with 
Bacteroidales being common in digestion of lignocellulosic compounds 
(Sun et al., 2015) and the Clostridiaceae family being known to hydrolyse 
cellulose (Suksong et al., 2019). 

Methanoculleus was the predominant methanogen in AD15 until day 
20, when Methanosarcina became the dominant methanogenic archaea. 
The same increase on Methanosarcina relative abundance occurred from 
the beginning of the trial in AD20, probably resulting from the reduction 
of ammonia levels in both ADs (Fig. 6b & d). Additionally, the hydro
genotrophic archaea Methanofollis showed a consistent increase in AD15 
and AD20 with the decline of Methanoculleus, which is more pronounced 
after the RT reduction to 33 d. Methanofollis is a hydrogenotrophic 
archaea that utilizes H2/CO2, formate, 2-propanol/CO2, and 2-butanol/ 
CO2 for growth and methanogenesis (Imachi et al., 2009; Lai, 2019), 
which could be better adapted at lower TAN concentrations than 
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Methanoculleus. 
Similarly to ADW, the shift of the carbon isotopic signature towards 

acetoclastic methanogenesis (Fig. 6e & f) could be linked to a change in 
the methanogenic pathway by Methanosarcina, able to use both meth
anogenic pathways. Contrarily to ADW ammonia reduction occurred 
along the digestion period in AD15 and AD20, and it is possible to hy
pothesize that this could have been responsible for this shift. The 
pathway shift was recorded around day 69 for AD15 and day 59 for 
AD20, when both reached FA values under 200 mg/l, similar to values 
reported in literature for the shift in methanogenic pathways (Schnürer 
and Nordberg, 2008). However, Syntrophaceticus and Methanoculleus 
relative abundance started to decrease for both ADs at the same time, 
around day 50, shortly before the methanogen pathway was shifted to 

acetoclastic. This reduction was similar in ADW and could be explained 
by the washout of SAOB provoked by the long doubling time of SAOB, 
another factor helping Methanosarcina to become the dominant metha
nogen. For this reasons SAOB washout could also be responsible for the 
shift in methanogenic pathways like reported in ADW, and further work 
is necessary to clarify these mechanisms. Additionally, this study has 
limitations, as RT were deliberately short to force inhibition. Longer RT 
need to be assessed to gain further understanding on increasing C/N 
ratios using co-digestion with paper, especially on the effect on micro
bial communities. It is also necessary to analyse the effect of increasing 
TS, FA and VFA independently on SAOB doubling times to verify the 
hypothesis of the increased doubling times of SAOB with unfavourable 
conditions. 

Fig. 6. Evolution of 5 most abundant a) bacteria and b) archaea in AD15 and c) bacteria and d) archaea in AD20 and isotopic fractionation factor and FA levels for e) 
AD15 and f) AD20. 
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4. Conclusions and prospects 

Previous literature investigating the inhibitory pathways of AD is 
limited to wet systems and dry AD up to 20 % TS, with a lack of 
knowledge for reactors with increased TS levels. The main novelty of 
this work is providing evidence of sustained acetoclastic methano
genesis at elevated ammonia levels in dry ADs, which has enabled an 
informed hypothesis on the mechanisms of inhibition of dry ADs to be 
postulated. It is hypothesised that inhibitory levels of FA on the 
digesting broth inhibited strict hydrogenotrophic methanogens, 
increasing H2 partial pressure, leading to accumulation of propionic and 
n-butyric acids and impacting the doubling time of SAOB that were then 

washed out of the reactors and forced a shift to acetoclastic pathway of 
versatile methanogens. Paper co-digestion increased C/N ratio but did 
not avoid VFA accumulation despite resulting in a significant TAN 
reduction at the RT and OLR tested. 

The insights of this study on mechanisms of inhibition of dry ADs 
provide a basis for further research on strategies to avoid inhibition, 
particularly focusing on stopping propionate and hydrogen accumula
tion in the process. 
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