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Modelling of autogenerative high-pressure

anaerobic digestion in a batch reactor
for the production of pressurised biogas

Carmen De Crescenzo', Antonia Marzocchella', Despina Karatza', Antonio Molino?, Pamela Ceron-Chafla®,
Ralph E. F. Lindeboom?, Jules B. van Lier?, Simeone Chianese' ® and Dino Musmarra'

Abstract

Background: Pressurised anaerobic digestion allows the production of biogas with a high content of methane and,
at the same time, avoid the energy costs for the biogas upgrading and injection into the distribution grid. The tech-
nology carries potential, but the research faces practical constraints by a.o. the capital investment needed in high-
pressure reactors and sensors and associated sampling limitations. In this work, the kinetic model of an autogenera-
tive high-pressure anaerobic digestion of acetate, as the representative compound of the aceticlastic methanogenesis
route, in batch configuration, is proposed to predict the dynamic performance of pressurised digesters and support
future experimental work. The modelling of autogenerative high-pressure anaerobic digestion in batch configuration,
which is not extensively studied and simulated in the present literature, was developed, calibrated, and validated by
using experimental results available from the literature.

Results: Under high-pressure conditions, the assessment of the Monod maximum specific uptake rate, the half-
saturation constant and the first-order decay rate was carried out, and the values of 5.9 kg COD kg COD~"d~',

0.05 kg COD m~and 0.02 d~' were determined, respectively. By using the predicted values, excellent fittings of the
final pressure, the CH, molar fraction and the specific methanogenic yield calculation were obtained. Likewise, the
variation in the gas-liquid mass transfer coefficient by several orders of magnitude showed negligible effects on the
model predictive values in terms of methane molar fraction of the produced biogas, while the final pressure seemed
to be slightly influenced.

Conclusions: The proposed model allowed to estimate the Monod maximum specific uptake rate for acetate, the
half-saturation rate for acetate and the first-order decay rate constant, which were comparable with literature values
reported for well-studied methanogens under anaerobic digestion at atmospheric pressure. The methane molar frac-
tion and the final pressure predicted by the model showed different responses towards the variation of the gas-liquid
mass transfer coefficient since the former seemed not to be affected by the variation of the gas-liquid mass transfer
coefficient; in contrast, the final pressure seemed to be slightly influenced. The proposed approach may also allow to
potentially identify the methanogens species able to be predominant at high pressure.

Keywords: Autogenerative high-pressure anaerobic digestion (AHPD), Pressurised biogas, ADM1-based kinetic
model, Kinetic and biological parameters assessment, Sensitivity analysis, Batch operation
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(EU). According to the EU, 27% of all energy produc-
tion should be covered by renewable energy sources
within 2030. Moreover, the targets of an annual increase
of 1% in renewable energy in the heating sector and 14%
in renewables sources in the transport sector should be
reached within 2030. In particular, advanced biofuels and
biogas should be used for the 3.5% of the energy required
for the transport sector [1]. In this context, anaerobic
digestion (AD) is a well-established biological process
that converts biodegradable substrates into biogas in the
absence of oxygen. This renewable energy source, mainly
consisting of methane and carbon dioxide, can be used—
in internal combustion engines—for the production
of electrical and/or thermal energy [2, 3]. Moreover, by
separating CO, from biogas, the production of biogenic
methane, i.e. high purity CH, gas, can be performed [4,
5].

Unlike natural gas, biogenic methane is a renewable
energy source with the same quality (CH,>95%). It can
be used in the same natural gas applications according to
national laws, i.e. it can be injected into the natural gas
grid, as well as used in the transport sector [6, 7]. The
specifications for the injection of biogas in the natural gas
grid and its use as vehicle fuel are defined by the Euro-
pean Committee of Standardization [8, 9]. Lombardi and
Francini [2] reported that different types of economic
incentives had been developed in EU countries, such as
Italy, Sweden, and Germany, in order to promote bio-
genic methane as a fuel. Using biogenic methane as a
substitute for natural gas, instead of converting biogas
into electricity/heat, allows for more primary energy
savings and helps to reach the minimum target of 14%
renewables in the transport sector [10, 11].

The improvement of biogas upgrading techniques is
strictly connected to advantageous economic perspec-
tives, widening the environmental and social benefits of
AD [12, 13]. Several approaches can be used for remov-
ing CO, from biogas, such as pressure swing adsorption,
scrubbing, cryogenic and membrane separations [2, 14].
Among them, membrane separation presents the lowest
overall costs, with multistage configurations able to pro-
vide methane recovery and purity of 99% and 95-99%,
respectively, compared to single-stage configurations [15,
16]. However, it requires high electricity consumption, in
the range 0.19-0.77 kWh/Nm?® due to the compression
step [2], with 30—-40% of the costs for the production of
biogenic methane related to the compression energy [17].

Recently, considerable attention has been paid to pres-
surised anaerobic digestion (PAD), which consists of an
AD occurring at a pressure higher than the atmospheric
one. Pressurised anaerobic digestion can be performed in
continuous reactors [18] or batch reactors by the addition
of external gas (i.e. N, or CO,) or by accumulating biogas
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in the headspace of the reactor, which leads to a gradual
increase in autogenerated pressure [19, 20]. Unlike the
temperature change, a pressure increase does not directly
impact the biological part of the process; otherwise, it
influences the final composition of the biogas, leading
to a higher concentration of methane in the biogas, even
reaching 90% [21].

Lindeboom et al. [22] reported the potential of
autogenerative high-pressure digestion (AHPD) of
sodium acetate, performed in batch reactors observ-
ing CH, contents higher than 90% at pressures exceed-
ing 20 bar. While Lemmer et al. [23] observed in AHPD
of maise silage and a mixture of grass and maise silage,
the composition of biogas is stable at a defined work-
ing pressure (1 to 9 bar) despite the increase in organic
load rate. Values of the content of CH, of about 90%v/v,
at an operating pressure of 50 bar, were found by Mer-
kel et al. [24] with continuous high-pressure anaerobic
digestion of maize silage and grass. Literature findings
showed that pressure has a more significant impact on
the biogas composition than the organic loading rate
[25]. Therefore, it seems plausible that the applied oper-
ating pressure, the initial substrates, and their degree of
dissociation and reduction influence the composition of
the biogas produced [26].

Pressurised anaerobic digestion is an attractive and
potentially cost-effective pressurised biogas production
technology, with the added advantage that by increasing
pressure, the solubilisation of CO,, as compared to CH,,
increases; consequently, the biogas is also upgraded [19,
22, 27, 28]. Therefore, with PAD technology, it is possi-
ble to obtain biogas with a high content of CH, and, at
the same time, avoid the costs of energy required for the
biogas upgrading and injection into the distribution grid.
The pressure of biogas produced in PAD significantly
reduces the energy needed for injecting the produced
biogas into the gas grid by 45-60% [21].

The innovative but complex aspects of the PAD pro-
cess require modelling investigations that lead to a bet-
ter understanding and prediction of the behaviour of
pressurised digesters, and ultimately design improve-
ments could be proposed. Among existing AD models,
the anaerobic digestion model No.l1 (ADM1) by Bat-
stone et al. [29] is the most studied and used for mod-
elling anaerobic digestion processes. Blumensaat and
Keller [30] presented a process model to simulate the
dynamic behaviour of a semi-continuous pilot-scale
process for anaerobic two-stage digestion of sewage
sludge performed at atmospheric pressure. The imple-
mented model, based on the IWA Anaerobic Digestion
Model No.1 (ADM1), was used to support experimen-
tal investigations of the anaerobic two-stage digestion
process. Fezzani and Cheikh [31] demonstrated that the
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modified ADM1 could adequately simulate the steady-
state behaviour of anaerobic semi-continuous tubular
digesters treating in co-digestion of olive mill wastewa-
ter with olive mill solid waste at thermophilic tempera-
ture and atmospheric pressure. The simulation results
showed that the modified ADM1 could reasonably well
predict the steady-state results of gas flows, methane
and carbon dioxide contents, pH and total volatile fatty
acids. Wichern et al. [32] applied ADM1 for modelling
grass silage fermentation carried out in two semi-con-
tinuous digesters at the mesophilic condition and atmos-
pheric pressure. The model was calibrated both manually
and with the help of a Genetic Algorithm in MATLAB/
SIMULINK.

Few works simulating the PAD processes in batch reac-
tor systems are reported in the literature. Antonopoulou
et al. [33] used the Anaerobic Digestion Model No. 1 to
estimate the kinetic parameters for hydrogen and organic
acids consumption through fitting of the model equa-
tions to the data obtained from batch experiments car-
ried out on acidified sorghum extract generated from a
hydrogen-producing bioreactor in a two-stage anaerobic
process at atmospheric pressure, showing good agree-
ment between experimental data and modelling results.
In the paper by Souza et al. [34], the ADM1 was used as
a tool to assess the effects of thermal pre-treatment and
hydraulic retention times on the performance of three
batch pilot-scale digesters fed with mixed sludge with/
without pre-treatment applied to the waste activated
sludge fraction and operated at atmospheric pressure.
Model calibration was carried out by using data from
biochemical methane potential tests, and the valida-
tion of the calibrated model reported a good accuracy
of both average and accumulated CH, production lower
than 15% in all cases. Manjusha and Beevi [35] proposed
a modified version of the ADM1 to model and simulate
anaerobic digestion of batch study at atmospheric pres-
sure and found out how the factors such as pH and vola-
tile fatty acid affect the daily biogas production. A kinetic
model based on ADM1 was proposed by Huang et al. [36]
to describe the acetate-type fermentation in an anaerobic
membrane bioreactor under acidic pH conditions. The
modelling results revealed that the fermentation pathway
was closely associated with the pH-dependent hydrog-
enotrophic methanogenesis and ethanol-producing
activities. Acetate and butyrate production was thermo-
dynamically more favourable at pH 5.0 over 4.0, resulting
in CH, low content. Spagni et al. [37] showed that ADM1
is suitable for modelling the biological anaerobic pro-
cesses involved in a membrane-assisted bioreactor treat-
ing synthetic wastewater composed of cheese whey and
sucrose. They also highlighted that, after modifications to
the fractions describing the wastewater characterisation,
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the ADM1 was capable of reasonably fitting the experi-
mental data with the calibration of one parameter only.

Postawa et al. [20] proposed a mathematical ADM1-
based model of the AD process. They simulated two-
stage autogenerative high-pressure digestion; however,
as experimental results were not available, the model
was utilised as a tool to provide all necessary data for the
assessment of the process. Their findings recommend
using the AHPD concept, as a methane content value
even higher than 82% can be achieved.

Despite the extensive use of batch systems in industrial
applications [38], it is worth highlighting that PAD in sin-
gle batch stage reactors has not explicitly been simulated
and validated in a dynamic modelling framework like the
ADMI.

In this work, an AHPD model in the batch configura-
tion is proposed to predict the dynamic performance of
pressurised digesters and as a tool to maximise the mech-
anistic understanding of PAD for experiments that are
limited by sampling constraints typically associated with
PAD research. In particular, the modelling of AHPD of
acetate, as the representative compound of the last step
in AD, i.e. the aceticlastic methanogenesis, was devel-
oped, calibrated, and validated on experimental results
by Lindeboom et al. [22]. The model was used to assess
the Monod maximum specific uptake rate for acetate,
the half-saturation value for acetate and the decay rate
constant of microorganism species. In addition, a sensi-
tivity analysis to determine the effects of the variation of
the selected parameters, including the overall gas—liquid
mass transfer coefficient, on the modelled pressure, the
CH, biogas molar fraction and the specific methano-
genic yield (SMY) was performed. Moreover, based on
the assessment of the investigated kinetic and biological
parameters, the proposed approach may allow to poten-
tially identify the aceticlastic methanogens species able to
grow at high pressures.

Results and discussion

Model calibration and validation results

The results of different experimental studies on PAD
showed a significant impact of pressure on the growth
and evolution of the microbial community and the
performance of the process. Several empirical studies
focused on the variation in microbial composition, i.e.
bacteria and archaea, dominating the process [22, 39, 40].
These studies highlighted the interaction between com-
munity composition, CH, content of the biogas and rate
of biogas production. Due to the effect of alkalinity of the
growth medium on both the gas composition and the
pH, it should also be considered to have a pronounced
impact on the population dynamics [41, 42]. None of
these studies focused on estimating kinetic parameters
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Fig. 1 Modelling results (circle) and experimental results of
Experiment no. 7 from Lindeboom et al. [22] (square) comparison for
the calibration—R%=0.999: GA fitness function result =0.992 bar

Table 1 Calibration results
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Parameter Predicted Reported value Ref.
AHPD at atmospheric
value pressure
ke (kg CODkg COD ~'d™) 59 8 [29]
Ko (kg CODmM™) 0.05 0.15 [29]
Kiecxae (@71 0.02 0.02 [29]

under elevated pressure, while these are highly important
to predict the community composition and subsequent
reactor performance [43].

The comparison between the pressure monitored dur-
ing Experiment No. 7 performed by Lindeboom et al.
[22], which was used for calibrating the model (please,
see “Model calibration and validation” section), and the
predicted values of the pressure, as a function of oper-
ating time, is shown in Fig. 1. The experimental condi-
tions of Experiment No. 7 are: reactor volume=1.68 L;
gas volume =0.01 L; initial substrate concentration=3 g
sodium acetate COD/L; time of the experiment=160 h;
initial pH = 7; final pH = 7.

Experimental and simulated results are nearly overlap-
ping, with the coefficient of determination, R? equal to
0.999 and the genetic algorithm fitness function of 0.992.
Parameters assessed through the calibration, includ-
ing the comparison with literature values, are shown in
Table 1.

As shown, k. Kg .0 Kgec xac are comparable with liter-
ature values reported for atmospheric AD. Furthermore,
the values seem in the same range, as the Monod param-
eters reported, for well-studied methanogens under
atmospheric pressures [44].

The predicted value of the half-saturation is only
slightly higher than the reported value for Methanosaeta.
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Therefore, we may speculate that the culture was domi-
nated by Methanosaeta-like aceticlastic methanogens,
which generally predominate at low substrate concentra-
tions. Interestingly, a later AHPD reactor, inoculated with
crushed anaerobic granules from a fruit juice wastewater
EGSB reactor was also dominated by Methanosaeta con-
cilii-like methanogens [40]. The same species was found
by Aoyagi et al. [45], which identify acetate-degrading
microorganisms actively in the anaerobic membrane bio-
reactor system treating a model slurry of high-strength
organic solid waste by high-sensitivity stable isotope
probing of rRNA. The same achievement was reported
by Zhao et al. [46], which compared the microbial com-
munities in anaerobic digesters treating high alkalinity
synthetic wastewater at atmospheric and high-pressure
(11 bar).

However, in this specific analysed experiment by
Lindeboom et al. [22], no molecular characterisation of
the microbiome was performed. Therefore, the predictive
capacity of the model towards the predominant micro-
organisms remains an interesting feature that needs
to be further validated in future work. In particular, it
would need to be verified by an in-depth Next Genera-
tion Sequencing-based study of the reactor microbiome.
It would also be interesting for future work to explore the
competition between methanogens based on growth rate
and/or substrate affinity in the overall pressure accumu-
lation based on estimated kinetic parameters.

Moreover, a slight decrease of the final pH as a func-
tion of the operating time, as compared to the final pH
observed during the experimental investigation, with the
predicted value of about 6, was found. The same trend
was reported by Atallah et al. [47], which optimised the
production of methane resulting in the reduction of pH
along time and pointing out that the prediction of the
intermediary outputs was strongly affected by the param-
eter optimised. Additionally, Garcia-Gen et al. [48] cor-
rectly simulated the composition of the produced biogas,
although the pH values in the reactor were significantly
underestimated. However, the predicted value of the final
pH (pH = 6) is coherent with the Methanosaeta-like ace-
ticlastic methanogens, although the optimal pH level was
7.6-7.7 [49, 50].

The model was validated by simulating experiments
No. 4, 5, 6, and 7 using the calibrated parameters (k, ,.
K .o and ke yao)- Results of the validation of the model
in the simulation of AHPD are shown in Table 2. For each
experiment, a run time equal to the run times reported
in Table 7 was used in order to simulate the same
conditions.

Table 2 clearly shows that both experimental and simu-
lated results were very similar, both in terms of the final
pressure attained and the CH, molar fraction of the
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Table 2 Experimental and simulated final pressure and CH, content in biogas in experiments No. 4, 5, 6 and 7 [22] reported in Table 5

Experiment No. Final pressure (bar)

Final CH, molar fraction (%)

[22]
Experimental [22] Modelling Variation (%) Experimental [22] Modelling Variation (%)
4 23 224 +26 94 933 +0.7
5 22 217 +14 89 933 —48
6 58 579 +0.2 96 953 +0.7
7 90 89.5 +06 n.a 953 -

n.a. not available

produced biogas. For the final pressure, the variation
between the experimental results and the predicted val-
ues was very limited, with the highest value of 2.6% in
correspondence to Experiment No. 4; for the molar frac-
tion of CH,, the highest variation of 4.8% was observed
for the Experiment No. 5. The effectiveness of the ADM1
implemented in MATLAB was highlighted by Satpathy
et al. [51], which proposed a modified ADM1 with lac-
tate incorporation to describe a full-scale anaerobic reac-
tor operated at atmospheric pressure, treating food waste
and cattle manure. This model resulted in successfully
improving the fit against experimental data with a differ-
ence of nearly 0.8% and 0.2% for biogas yield and meth-
ane content, respectively.

Comparing methane content at high pressures, it could
be found that they are resembling. In particular, Kim
et al. [52] reported that the increase of CH, content in
the biogas at elevated pressure is usually investigated
by using continuous reactors. CH, content values in the
range 75-78%v/v were achieved at 9 bar in an anaero-
bic filter system fed with diluted maize silage and grass
of 20-25 g COD/L [23, 53, 54]; moreover, it achieved
80%v/v and 90%v/v at 6 and 17 bar, respectively, from
the food waste of having 100 g COD/L [55]. However,
Kim et al. [52] pointed out that comparisons with former
performance are not suitable in AHPD, since the CH,
content could be varied depending on the substrate char-
acteristics, in particular, substrate concentration. There-
fore, variability of initial COD concentration represents a
further parameter to investigate.

Specific methanogenic yield calculations

The comparison between the SMY from experimental
data [22] and modelling results is shown in Table 3. The
predicted SMY is similar to the SMY estimated from
the experimental data, with all variations below 3.5%. It
should be noted that the formation of C3—C6 VFAs was
experimentally confirmed at the end of Experiment No.
6. However, since the origin was postulated to be inocu-
lum decay, these findings have been excluded from this
SMY prediction.

Table 3 Comparison between SMY for experimental and
simulated results

Experiment No. SMY from SMY from Variation (%)
experiments [22] modelling
(L/kg) (L/kg)

4 1584 153.1 +33

5 86.1 89.1 —35

6 21.5 21.3 +09

7 n.a 329 -

n.a. not available

Sensitivity analysis results

The effect of the variation in k.. in the range 4.1-7.8 kg
COD kg COD™! d™! on the final pressure and the final
CH, molar fraction is presented in Fig. 2.

The highest variations in pressure, concerning the cali-
brated values, were observed for experiments No. 6 and
7, which correspond to the highest digestion pressure
reached. This finding may be attributed to the fact that
experiments No. 6 and 7 were performed at the highest
initial concentration of sodium acetate, i.e. 14 g sodium
acetate COD/L for both experiments, but they were per-
formed for a different duration. In particular, Experiment
No. 7, which showed the highest variation, had a total
experimental run time of 170 h, while Experiment No. 6
was completed in 96 h.

The CH, molar fraction was found almost the same
for the different values of k,, .., with an equal CH, molar
fraction of 93.4% for experiments No. 4 and 5, and 95.3%
for experiments No. 6 and 7.

The effect of variation in K, in the range 0.05-0.6 kg
COD m™ on the final pressure and the final CH, molar
fraction is depicted in Fig. 3.

As shown, the final pressure decreased by increasing
Kj .. The deviation from the simulated results for cali-
brated Kj . equal to 0.05 kg COD m > seems to be more
relevant for Experiment No 4. This finding might be
explained by the fact that Experiment No. 4 is character-
ised by the lowest initial concentration of sodium acetate
and a relatively high run time, i.e. 160 h.
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The CH, molar fraction was found almost constant at a
value of 93.4% for experiments No. 4 and 5 and at a value
of 95.3% for experiments No. 6 and 7. Results showed
that the variation in K, strongly affected the simulated
pressure, as compared to the CH, molar fraction, which
had almost the same value as the value computed from
the calibrated Ky, value.

The effect of the variation in kg, y,. in the range 0.02—
0.04 d™! on the final pressure and the final CH, molar
fraction is depicted in Fig. 4.

In all experiments, results showed that by increasing
kdeexac, the pressure decreased. The highest variation
was found for Experiment No. 7, which had the most
extended experimental period. The CH, molar fraction
showed an equal value of 93.4% for experiments No. 4
and 5 and an equal value of 95.3% for experiments No. 6
and 7.

The final CH, molar fraction seemed not to be affected
by the variation of the kinetic parameters highlighting
that the composition of the biogas is mainly influenced
by equilibrium reactions, i.e. ion association and disso-
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pressure, since the increase in the acetate half-saturation
value decreases the biomass growth, decreasing in the
substrate consumption and the methane production; the
higher the first-order decay rate, the lower the pressure,
since the increase in the biomass decay rate decreases the
biomass growth, decreasing in the substrate consump-
tion and the methane production. The sensitivity analysis
shows that among the investigated kinetic parameters,
the Monod maximum specific substrate uptake rate sig-
nificantly affects the final pressure, i.e. the production of
methane in agreement with Mendes et al. [56].

The effect of the variation in liquid—gas mass trans-
fer coefficient kpa on the final pressure and the biogas
CH, molar fraction for Experiment No. 6 is reported in
Table 4. Results show that the variation in kpa had no
observable effect on the CH, molar fraction, highlighting

Table 4 Pressure and biogas CH, molar fraction for Experiment
No. 6 for different values of k;a

ciation reactions, and by gas transfer secondary. On the  Ki9 Pressure Variation CH,molar  Variation
K (d™") (bar) (%) fraction (%)
other hand, the final pressure was affected by the varia- (%)
tion of the kinetic parameters investigated as: the higher
the uptake rate for acetate, the higher the pressure, since ] 292 41 = 02
the increase in the acetate uptake rate increases the 200 279 00 953 00
: Lo . 1000 579 00 953 00
methane produced, increasing in the final pressure; the
higher the half-saturation value for acetate, the lower the “Variation calculated for the reference value k,a=200d™"
Experiment No. 4 Experiment No. 5
30 100 30 - 100
= o o @ = o o @
-E 80 °\? -E 80 ;‘"
2 24 23 22.1 216 P 217 21.06 214 21.2 17 =
5 20 2 520 £
2 60 g 2 {60 %
& A &=
o 140 & 140 &
% 10 - E .;_'; 10 E
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0.02 0.022 0.03 0.04 0.02 0.022 0.03 0.04
(Calibrated) (Calibrated)
kdcr:,Xm: Id‘ll kdcc,Xa( [d'l]
Experiment No. 6 Experiment No. 7
100 100
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Fig. 4 Pressure and CH, molar fraction of all experiments for different value of K¢ 4
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that the production of biogas seems to be mainly gov-
erned by the substrate conversion kinetics, while the final
pressure seemed to be slightly influenced. Nonetheless,
other limitations may occur; for example, an increased
CO, concentration may damage the archaeal membranes
with a consequent reduction in substrate uptake rate. So
far, since CO, has not yet been included as an inhibition
parameter in the ADMI, it would be highly interesting
for future work to explore the potential inhibitory role
of CO, [57]. Moreover, the CH, molar fraction strongly
depends on the type of substrate and its degree of reduc-
tion. In contrast, the influence of the microbial commu-
nity will restrict itself to the observed conversion rate. At
short operative run times, this could result in incomplete
substrate conversion.

Conclusions

The proposed simplified ADM1, with a Genetic Algo-
rithm-based parameter estimation, adapted towards
pressurised environments, can adequately predict meth-
ane production and biogas quality resulting from ace-
ticlastic methanogenesis. It allowed to estimate the
parameter values of the Monod maximum specific uptake
rate for acetate, the half-saturation value for acetate and
the first-order decay rate, which were comparable with
literature values reported for well-studied methanogens
under anaerobic digestion at atmospheric pressure. The
proposed approach may also allow to potentially identify
the methanogens species able to be predominant at high
pressures. The value of the half-saturation constant was
relatively close to literature reported values for Metha-
nosaeta-like methanogens.

The sensitivity analysis showed that the final CH, molar
fraction seemed not to be affected by the variation of the
kinetic parameters highlighting that the composition of
the biogas is mainly influenced by equilibrium reactions,
i.e. ion association and dissociation reactions, and by gas
transfer secondary. On the other hand, the final pressure
was affected by the variation of the kinetic parameters
investigated.

The proposed model demonstrates that further studies
using ADM1 or modified and simplified forms of ADM1
will be beneficial to increase our mechanistic under-
standing of the differences and similarities between con-
ventional AD and PAD.

Method

The biochemical reactions that govern the AD process
constitute a complex system of series—parallel reac-
tions, which include fast liquid-liquid reactions, i.e. ion
association and dissociation reactions; medium-high
rates gas—liquid reactions, i.e. gas transfer and medium—
low rates liquid—solid reactions, i.e. precipitation and
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solubilisation of ions. The original ADM1 included the
first two types of reactions and was extended with a
module on chemical speciation and precipitation [58].
The ADM1 simulates the degradation of complex sol-
ids into proteins, fats, carbohydrates, and inert com-
pounds. These degradation products are then hydrolysed
to amino acids (AA), long-chain fatty acids (LCFA), and
monosaccharides (MS), respectively. Carbon dioxide,
methane, hydrogen and water vapour are the main com-
ponents of the gas phase involved in these reactions [29].
Volatile fatty acids (acetate, propionate, valerate and
butyrate) and H, can be generated via the acidogenic fer-
mentation of proteins and carbohydrates [29]. Methane is
produced by aceticlastic cleavage of acetate and hydrog-
enotrophic reduction of CO, by H, while the other
acetotrophic route, syntrophic acetate oxidation, is not
included in ADM1 [29]. Extracellular biochemical reac-
tions are approximated by first-order rate law kinetics,
while intra-cellular biochemical reactions are described
by Monod-type kinetics. Substrate uptake reaction rates
are proportional to the biomass growth rate and biomass
concentration [59]. A complete schematisation of the
main AD reaction steps is reported in Fig. 5. The ADM1
was applied to model the processes with stoichiometric
coefficients, equilibrium coefficients, dynamic states and
algebraic variables as proposed by Batstone et al. [29],
where details about model governing equations, input
parameters, and underlying assumptions are described.

Complex particulate waste and inactive

biomass
Inert particulate
y
Carbohydr. Proteins | Fats
Inert soluble
Y * Y \ 4
|MS| |AA| |LCFA|
[E—— ﬁ H
. —— - E
Propionate . HVa, HBu | i
. 2 H
- -
S T
Death

Fig. 5 ADM1 schematisation: (1) acidogenesis from sugars, (2)
acidogenesis from amino acids, (3) acetogenesis from LCFA, (4)
acetogenesis from propionate, (5) acetogenesis from butyrate and
valerate, (6) aceticlastic methanogenesis, and (7) hydrogenotrophic
methanogenesis; MS—monosaccharides, AA—amino acids, LCFA—
long-chain fatty acids. Reprinted from Water Science and Technology
volume 45, issue number 10, pages 65-73, with permission from the
copyright holders, IWA Publishing
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Acetate is the representative substrate for the aceticlas-
tic methanogenesis route (path 6 in Fig. 5), consisting of
the anaerobic dismutation of acetate with the formation of
methane and bicarbonate according to the following global
irreversible reaction, which was considered in the proposed
model [60]:

CH3COO~ + Hy0 — CHy + HCO3™ )

Autogenerative pressurised anaerobic digestion
modelling: equations and parameters

The pressurised anaerobic digestion of acetate in a batch
reactor under autogenerative regime was simulated by
modifying the ADM1 from a continuous regime to a dis-
continuous one, since the original structure of the ADM1
was based on the AD of a substrate in a CSTR reactor [61],
and the relevant model sections for aceticlastic methano-
genesis of the ADM1 were used.

The model for acetate digestion consists of eight differ-
ential equations in six state variables and two additional
variables linked to liquid—gas mass transfer: a soluble sub-
strate (sodium acetate) S, (kg COD m™3), soluble methane
Sch, (kg COD m~3), soluble inorganic carbon Sic (kmol C
m~3), particulate matter (aceticlastic methanogens) X, (kg
COD m™3), soluble acetate ions S,c— (kg COD m™~3), solu-
ble hydrogen carbonate Spco,— (kg COD m™3), CH, in the
gas phase Sgas,cH, (kg COD m~3), and CO, in the gas phase
Sgas,coz (kmol C m~3). It is worth highlighting that acetic
acid contribution will be marginal, i.e. about two orders of
magnitude lower than acetate, given the prevailing pH.

The following equation system describes the biochemical
reactions and mass transfer from liquid to gas in the liquid
phase. In particular, to simulate the autogenerative high-
pressure digestion in a discontinuous reactor, the ADM1
was modified by not including inlet and outlet liquid flow
rates and biogas outlet flow rate:

djic - (2)
ds(im = Vlsau, P1 — PTcn,» 3)
% = —(V1,8¢°P1) — PTco,s (4)
di(tac = V1Xac'P1 ~ V2.XacP2, 5)
o = ©)
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dSico;
dt

(7)

=—0PA . -
HCOj

Two liquid—gas dynamic equations for CH, and CO, for
a discontinuous reactor are written as in the following:

dsgas,CH4 vliq
T PTcp, - Vgas, (8)
ngas,C02 Vliq
T PTco, ° Vgas' 9)

Rates p; of the jth process and the stoichiometric coeffi-
cients v;; of ith component in jth process of Egs. (2)-(9)
are explicated in the Petersen matrix below (Table 5).

pcH, and pco, (bar) from Table 5 are CH, and CO,
partial pressures in biogas, respectively, and are cal-
culated according to the state equation of ideal gases
reported in the following equations:

PCcHy = Sgas,C]-[4 “R- Top, (10)

PCO;, = Sgas,cO, - R+ Top. (11)

R is the ideal gas constant (bar L mol™! K™!); Top is the
absolute temperature in the digester (K); Vjjq and Vi,
(m®) are the volume of the liquid and the volume of the
gas in the reactor, respectively.

The concentration of hydrogen ions, Sy+, was deter-
mined through the charge balance.

All the parameters used in the model simulations and
reported in Table 5 were assumed or calculated accord-
ing to the scientific literature [29, 62—64], and their val-
ues are reported in Table 6.

The initial amount of acetate substrate (S,.) was set
equal to 3, 5 and 14 gCOD L™}, according to the amounts
dosed in the experimental work performed by Linde-
boom et al. [22]; the particulate composite matter (X,,)
was assumed equal to 0.5% of the total sodium acetate
substrate; SgascH, and Sgasco, were zero. Simulations
were performed by implementing the model equa-
tion system in the MATLAB environment (MATLAB
R2019b).

Model calibration and validation

ADM1 was previously implemented in many software
packages WEST, GPS-X, SIMBA and Aquasim [65]. In
this work, the ordinary differential equations of ADM1
were coded and implemented using MATLAB/Simulink
and integrated with the ODE15s solvers, which solve stiff
ODE systems. The MATLAB/Simulink was found to be
adaptable for further structural modifications to enable
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Table 5 Petersen matrix of model components [29, 63, 64]

Processj Componenti pj, rates
kg CODm~3d™’

Sac SCH4 SIC Xac Sac— SHC03— Sgas,CH4 Sgas,COZ
kgCOD kgCOD kmolC kgCOD kgCOD kgCOD kgCOD kmolC
m—S m—3 -3 m—3 m—} m—3 m—3

1 =1 T —Yac —Cact+ Yac k (#)X
Uptake of - Y[JC)CCH,1 m.ac Ksac+Sac ac

acetate +YacCac

2 1 kdec,Xa( - Xac
Decay of
X

ac

Aac— =1 kA/Bac (Sac— (SH+ + Ka,ac) - Ka,ac : Sac)
Acid-base

acetate

AHco3— =1 ka/8c0, (Sco- (Ka’COZ + SH*)
Acid-base — Kaco, - Sic

inorganic

carbon

T _ 1 kea - (Scry — 64 Kicr, - Pya)
Liquid—
gas CH,
transfer
Teon —1 1
Liquid-
gas CO,
transfer

ka - (S\C — Sucoy — Kuco, - pCOz)

“The factor of 64 was used to convert the Henry’s law coefficient of CH, (Kn,cn,) from mol L=" bar™" to kg COD m~ bar™', in order to account for the COD basis of Scy,,
as compared to the molar basis of K, [29]; S+ is the H" concentration.

Table 6 Parameters used in ADM1 simulations in the batch reactor [29, 62-64]

Parameter Expression Value Unit

Coc Carbon content of acetate 0.0313 kmol C (kg cop)~!
Cera Carbon content of methane 0.0156 kmol C (kg COD)™"
Kyac Acid dissociation constant of acetate 1738107 mol L~

Kycon Acid dissociation constant of CO, at temperature 303 K 4700107 mol L™

Kn/gac Acid-base kinetic constant of acetate 110" Lmol~"d™!

K /peor Acid-base kinetic constant of CO, 1100 L mol="d"!

Kdec xac First-order decay rate 0.0200-0.0400 d-!

Kii cha Henry’s law coefficient of CH, at temperature 303 K 0.0013 mol L=" bar™'
Kiycoz Henry’s law coefficient of CO, at temperature 303 K 0.0308 mol L™" bar™'

k.a Overall gas-liquid mass transfer coefficient 200* d-!

Kmac Monod maximum specific uptake rate for acetate 4.100-7.800 kg COD kg COD ~'d™!
Ks o Half-saturation value for acetate 0.0500-0.600 kg CODm~3

K, lon constant for water 1450107 mol L~

R Ideal gas constant 0.0831 bar L mol=' K~!
Toase Absolute temperature in standard condition 298.15 K

Top Absolute temperature in digester 303.15 K

Yo Yield of biomass on acetate 0.0500 -

“ Overall gas-liquid mass transfer coefficient for both CO, and CH,

integration of the model with other blocks containing Kinetic parameters are of great significance in deter-
other elements and to monitor the evolution of each vari-  mining the predictability of the model and, consequently,
able in the course of a simulation in real-time throughout  for the proper design of the PAD reactor. In particular, a
an output block [56]. mathematical calibration was performed through a Genetic
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Algorithm (GA) using MATLAB R2019b Global Optimiza-
tion Toolbox, which is an effective method for the model-
ling with ADM]1, to further improve the fitting of kinetic
parameters and to identify their ranges, since GA includes
concepts of biological evolution processes, like heredity,
selection and mutation [32]. GA allowed minimising a fit-
ness value function of the sum of differences between the
experimental data and the simulation results. The fitness
function considered is expressed below:

. . (Pexp - sim) 2
Fitnessfunction = Z —_—
N
where P, P, and N are the experimental pressure
results, the simulated pressure results, and the total num-
ber of experiments, respectively.

Minimising the objective function is an important
issue for prediction purposes or process stability. Model
calibration was carried out for assessing k, .., Ks . and

(12)

kdeC,Xac'
Few experimental results about the effects of time

and pressure on PAD performance are reported in the
literature. A very comprehensive study was presented
by Lindeboom et al. [22], in which the effects of these
parameters on an AHPD process, using sodium acetate
as substrate, were investigated. All experiments were car-
ried out in a lab-scale batch autogenerative high-pressure
reactor without agitation, at the temperature of 303.15 K,
by varying the initial concentration of sodium acetate and
the headspace volume of the reactor, i.e. the gas volume
in the reactor. An increase in autogenerative pressure was
investigated in the safe range of operation for the reac-
tors 0—90 bar. Operative conditions used for the calibra-
tion and validation of the proposed model are reported
in Table 7. Experiments were carried out using disinte-
grated granular sludge as inoculum, collected from the
UASB plant of Eerbeek (The Netherlands) papermill fac-
tory, and sodium acetate as mono-substrate [22].

During the experimental investigations, the pH was
monitored, and a constant value of about 7 was found.
The absence of variation of the pH can be explained by
considering a constant ratio between acid neutralising
capacity (ANC) and total inorganic carbon produced
(ANC/TIC) as was experimentally highlighted by Linde-
boom et al. [66].

Model calibration was carried out by using the experi-
mental pressure increase as a function of time until the
experimental run time of 160 h was reached, conforming
to Experiment No. 7 performed by Lindeboom et al. [22],
with the initial pH of 7. The parameters k.., Ks,. and
Kdec,xac Were varied until the fitness function (Eq. 12) was
minimised.
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Table 7 Overview of Lindeboom et al. [22]
considered for the present work

experiments

Experiment Reactor Gasvolume (L) Substrate Run time
No. volume (g sodium (h)

(L) acetate

COD/L)

4 1.68 0.04 3 160
5 1.68 0.04 5 60
6 1.68 0.01 14 96
7 1.68 0.01 14 170

Results from experiments No. 4, 5, 6, and 7, in terms
of final pressure, CH, biogas molar fraction and SMY,
reported in Lindeboom et al. [22], were used to validate
the model. The SMY was calculated according to the fol-
lowing equation [67]:

Ngas,CH4 RTsTP

SMY = )
PsTp Scopadded

(13)

where 74,5 c, is the CH, mole number in accumulated
gas (kmol), Tqpp is the standard temperature (273.15 K)
and Pgpp standard pressure (1 bar), R is the ideal gas con-
stant (0.083145 bar M~! K1), and Scopadded (kg COD) is
the mass of COD added in the reactor.

It is worth highlighting that the proposed approach may
allow to potentially identify the aceticlastic methanogens
species able to grow at high pressures. For example, the
value of the half-saturation constant for acetate depends
on which aceticlastic methanogens would predominate,
i.e. Methanosarcina vs Methanosaeta, that respond with
different sensitivity to the environmental stress, with the
typical values (order of magnitude) of 0.03 kg COD/m3
and 0.3 kg COD/m?, respectively [40, 43].

Sensitivity analysis

A parametric sensitivity analysis was performed to define
the most sensitive ADM1 parameters during the produc-
tion of biogas and consumption of acetate.

Sensitivity analysis was carried out by varying one
parameter in a specific range, while the other parameters
were kept constant at the values assessed with the model
calibration process. For this aim, simulations were car-
ried out by varying k.. K5, Kgeexac, in typical ranges
retrieved in the scientific literature related to AD at
atmospheric pressure [68]. In particular, k, ,. was varied
in the range 4.1-7.8 kg COD-kg COD™'.d™%; K, in the
range 0.05-0.6 kg COD m ™3 kg, xuc in the range 0.02—
0.04 d~! [68]. Also, the mass transfer coefficient, k;a,
was varied in the range 1-1000 d~%, to assess its effect
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Table 8 Simulation plan of the sensitivity analysis: k.o Ksac

kdec,Xac

Scenario Ko ac Ks ac Kgec xac ka
(kg COD-kg (kgCcODm™3)  (d1) d™"
cop'd™)

A 4.1 0.05 0.02 200

B 53 0.05 0.02 200

@ 59 0.05 0.02 200

D 6.5 0.05 0.02 200

E 7.8 0.05 0.02 200

F 59 0.055 0.02 200

G 59 0.1 0.02 200

H 59 03 0.02 200

I 59 0.6 0.02 200

L 59 0.05 0.022 200

M 59 0.05 0.03 200

N 59 0.05 0.04 200

Table 9 Simulation plan of the sensitivity analysis: k,a

Scenario Ko, ac Ks o Kec ac k,a
(kg COD-kg (kg COD m™3) (d d
cobp'd™)

O 59 0.05 0.02 1

p 59 0.05 0.02 200

Q 59 0.05 0.02 1000

on model performance and results. Detailed simulation
plans of the sensitivity analysis are shown in Tables 8 and
9.
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