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Abstract: The Anaerobic Digestion Model No. 1 (ADM1) has been modified to include enhanced kinetic parameters,
which more precisely simulate methane production during the anaerobic digestion of diverse organic solid wastes.
Calibration and validation of the model were achieved using experimental data from batch fermentation processes.
Simulations of the updated ADM1 were conducted using AQUASIM 2.0 software. Sensitivity analysis helped identify and
assess the most critical kinetic parameters affecting biogas production. Key parameters such as the microorganism decay
constant (d™"), disintegration rate constant (d™') , hydrolysis rate constant for carbohydrates (d™'), Monod maximum
specific substrate uptake rate ( gCOD/gVSS - d), and half-saturation constants were found to significantly influence
biogas yield. The optimal values for these parameters were identified as 0.03, 6.07, 3.64, and 0.27, respectively. These
optimized values were validated through batch experiments. The modified ADMI1 successfully predicted methane
production, achieving R® values greater than 0.8 in all validation trials. Key methanogens, Methanosarcina and
Methanosaeta, were identified, and their enrichment during mixed fermentation of various organic solid wastes indicated
enhanced methane production via aceticlastic methanogenesis. The microbial characterization and simulations using the
modified ADM1 model supported each other.
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0 Introduction

Over the past few years, organic solid waste has
broad
availability, large reserves, and diverse utilization

been extensively used because of its
forms''\. The widespread reliance on fossil fuels has
led to environmental damage and raised concerns over
energy security. For this reason, a sustainable circular
bioeconomy is gradually developing, making the large
amounts of organic solid waste a potential feedstock

for producing clean energy'?. Anaerobic digestion
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(AD) is a widely used technique for processing
organic  solid
bio-methane, a form of clean energy'* . To increase

waste'®) | which can produce
methane production during AD, various organic solid
wastes are used for fermentation. The advantages of
in AD
improving digestion

multi-substrate include balancing nutrient

content, stability, enhancing
methane production and digestion efficiency, and
promoting a circular economy by utilizing various
wastes'”'. Major organic substrates used in anaerobic
co-digestion include animal manure,

sewage sludge, and so on. The ratios of co-substrates

straw waste,
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used in co-digestion processes differ significantly
among various studies. For instance, in the co-
digestion of poultry manure and wheat straw, the
optimum condition is 55% of chicken manure in the
substrate mixture'®’. In the study of Chen et al.'” | for
the cattle manure to Chlorella sp. ratio of 8 : 2, which
can reach the higher methane production. Identifying
the optimum substrate ratio, therefore, is essential for
optimizing the benefits of AD for each substrate-type.
However, these studies mainly focus on the
co-digestion of two substrates, lacking research on the
three or more substrates. To optimize the resource
utilization of three or more organic solid waste'* "' | a
better understanding of the material transformations,
methane production rates, and methane yields during
the AD is needed. However, the long AD period
increases the time cost of experimental research'!'*™'").
Therefore, simulating the AD through theoretical or
numerical modeling provides an effective approach to
explore its optimization and control" ',

To monitor, optimize, and control AD, various
mathematical models describing the process have been
developed and documented'"*’. The most famous and
widely cited model is the ADM1 proposed by the IWA

14]

(International Water Association) '), The four-stage

theory of anaerobic digestion, encompassing hydrolysis,

acidogenesis, acetogenesis, and methanogenesis,

forms the foundation of the model'™' | which was
initially developed to describe the anaerobic digestion
of wastewater sludge, but it has now become the most

commonly used structured anaerobic

1:16:

digestion

model ™’. Due to its structured design, it is able to

adapt to anaerobic digestion of various organic wastes,

and this flexibility makes it perform excellently in

[17-18]

multiple forms of anaerobic digestion For

instance, the modified ADMI1 can be used to predict
the behavior of volatile fatty acid production in
anaerobic  digesters  under

varying  operating

‘%] In the research of Sun et al.'*’, the

conditions
ADMI1 modifications facilitate the evaluation of the
of ammonia

effects inhibition on methanogenic

performance for common substrates, including
acetate, formate, H,/CO,, and glucose. However,
there is currently no clearly modified ADM1 model for
AD of multiple organic solid waste. These studies
overlooked substrate properties, which are crucial in
solid

wastes, resulting in a lack of recommended kinetic

the anaerobic digestion of various organic

parameters when simulating ADM1 for AD of multiple
‘2.

organic solid waste. By applying ADMI, precise
process control and optimization of the anaerobic
digestion process can be achieved. Some studies have
shown that using ADMI1 to simulate multi-substrate
anaerobic digestion can optimize reactor operating
conditions in subsequent experiments, effectively
increase methane production, and reduce uncertainty
and fluctuations in the process'>''. Additionally, the
anaerobic digestion process of multiple substrates is
complex, involving the degradation and gas
production reactions of various organic components.
ADMI1 can provide a deep understanding of these
process

challenges such as varying degradation rates and gas

complex processes, helping to address
production efficiencies of different materials'*’.

The main parameters related to methane
production in the ADMI1 model are influenced by
experimental data, and the activity of functional
microorganisms ( such as methanogens) is the main
factor affecting methane production. Therefore,
functional microorganisms affect model parameters by
influencing experimental data, which in turn affects
the accuracy of model simulations. ADMI1 does not
include the microbial structure'®’. In this case, the
analysis of community structure can determine the
composition and changes of functional microorganisms
during anaerobic digestion, which can lead to a better
understanding of the simulation results of the model.
This study aims to investigate the effect of
varying ratios of multiple substrates on methane
production through a combination of experimental and
simulation methods. A modified ADMI

proposed  to

model is

accurately simulate the methane
production capacity of various substrate ratios during
AD. Additionally,

microbial community structure, the rationality of the

from the perspective of the
model construction and the accuracy of the model
simulation were further understood. This process not
only deepens the understanding of anaerobic digestion
mechanisms but also provides a theoretical basis and
support for further operation and optimization of the
process. The research results will help improve the
efficiency of anaerobic digestion technology, promote
the development of renewable energy, improve waste
management

strategies, and achieve a mutually

beneficial situation for both environmental and
economic gains.
List of abbreviations:

ac;acetic acid
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f.n: Conversion coefficient of product a to
substrate b

kdecf!
degrading i

km, ; The max specific degradation rate coefficient

Microbial attenuation coefficient for

of i
ks, : The semi saturation coefficient of i
S.:Soluble component i
X, :Microorganisms that degrade i
AD ; Anaerobic digestion
Al ;Bule-green algae
CM . Chicken manure
CS:Corn straw
Re :Reed
SI; Sensitivity index
TS . Total solids
VS . Volatile solid
VW . Vegetable waste

1 Materials and Methods

1.1 Feedstock and inoculum

The organic solid wastes used in this study
include chicken manure (CM), corn straw (CS),
vegetable waste (VW) , reed (Re), and blue-green
algae (Al). Among them, CM and CS were provided
by a biogas plant located at Lan Kao in Henan
Province, China. Reed was sourced from Xiong’an in

Hebei, China. Al was obtained from Tai Lake in
Jiangsu Province, China, and VW came from Laixi in
China. Al was subjected to

CS, Re, and VW were
dehydrated, ground, and filtered through a 20-mesh

Shandong Province,
dehydration treatment.

screen, then sealed and stored. The inoculum used in
the experiments consisted of anaerobic sludge from a
mesophilic lab-scale continuously stirred tank reactor
that processed cow manure at Harbin Institute of
Technology, Harbin, China. The basic characteristics
of the materials and inoculum are outlined in Table 1.
1.2 Batch Experiments

Batch experiments were conducted in 250 mL
glass bottles with screw caps, with a working volume
set to 180 mL. The total solids content of the digested
slurry was adjusted to 30% on a dry weight basis,
with the inoculum ratio set to 10%. Following the
addition of substrates and inoculum, to establish an
anaerobic environment before fermentation, purging
with N,
environment. The fermentation temperature and initial

for 5 min to maintain an anaerobic
pH were 37°C and 7.0, respectively. Throughout
fermentation, each reactor was manually shaken three
times daily to ensure proper mixing. Three replicates
were conducted in this study, and methane production
The
experimental group used for modifying ADMI1 and

was monitored daily. mixing ratios of

conducting model validation are shown in Table 2.

Table 1 Characteristics of substrates and inoculum

Organic solid Total solids Volatile solids (%) N(%) C/N(%) Carbohydrates Protein Lipids( %)
wastes (TS) (%) (VS) (%) (%) (%)
CM 34.45 25.91 26.51 3.11 8.52 18.70 11.00 2.50
CS 28.78 20.60 41.53 1.27 32.70 39.80 3.10 0.60
Re 27.14 25.26 43.17 2.39 18.06 36.00 8.80 2.10
VW 24.95 40.11 30.76 2.86 10.76 62.34 5.03 0.50
Al 10.30 8.85 16.52 10.76 5.82 9.23 42.14 0.25
Digested slurry 0.88 0.46 16.08 2.11 7.66

1.3 Experimental Analysis
Total solids (TS) and volatile solids ( VS) were

standard  procedures** .

measured according to
Methane production was determined using an Agilent
7890B gas chromatograph. Prior to measuring soluble
indicators, samples were centrifuged at 12000 r/min
for 5 min, and the supernatant was passed through a
0.45 pm filter membrane. The testing methods and
parameters for volatile fatty acids ( VFAs), such as

acetic, propionic, iso-butyric, n-butyric, isovaleric,

and n-valeric acids, were detailed in Tampio et al.’s
study >
1.4 16S rRNA Gene Sequencing Analysis

The microbial communities of samples from batch

experiments were explored by Illumina Hiseq
sequencing platform ( Sangon Biotech, Inc.,
Shanghai, China). This study involved sampling from

the
particularly the

reactors to investigate potential changes in
microbial community composition,

and Dbacterial
© 3.

relative abundance of archaeal
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populations. Relative abundance was determined as the
ratio of sequences assigned to a specific taxon to the
total number of sequences in each sample'”’. Genera

representing less than 1% of the total composition in
all samples were combined into a category labeled
" others" .

Table 2 The substrates mixing ratio for batch experiments to modify ADM]1

Experiment CM: CS:Re: VW : Al Experiment CM: CS:Re: VW : Al
3S-Al 5:1:0:0:4 4S-D1 1:1:1:0:1
3S-A2 5:2:0:0:3 4S-D2 2:1:1:0:1
3S-A3 5:3:0:0:2 4S-D3 2:1:1:0:2
3S-A4 5:4:0:0:1 4S-El 1:1:0:1:1
3S-Bl 5:0:1:0:4 4S-E2 2:1:0:1:1
3S-B2 5:0:2:0:3 4S-E3 2:1:0:1:2
3S-B3 5:0:3:0:2 4S-F1 1:0:1:1:1
3S-B4 5:0:4:0:1 4S-F2 2:0:1:1:1
3S-C1 5:0:0:1:4 4S-F3 2:0:1:1:2
38-C2 5:0:0:2:3 5S-Gl I:1:1:1:1
35-C3 5:0:0:3:2 5S8-G2 2:1:1:1:1
35-C4 5:0:0:4:1 5S-G3 2:1:1:1:2

*3S.:Three substrates, 4S:Four substrates, 5S:Five substrates

1.5 Establishment of the Model
1.5.1 Model modifications

In this study, ADMI1 was established using the
AQUASIM 2.0, and simulations were carried out
according to the methodology and
suggested by Batstone et al.''*!. The initial ADMI1
model, depicted in Fig.1(a), is grounded in the

initial values

anaerobic digestion of sewage sludge. In a CSTR
reactor, the model incorporates a composite particle
substrate known as X, , outlining the anaerobic
which

disintegration, hydrolysis, acidification, acetification,

digestion processes for X include

c 9

methanogenesis, and microbial decay. Seven

microorganism types are involved in these processes,
excluding the

hydrolysis'*" .

stages of  disintegration and
Research has proven that this model
reliably represents the anaerobic digestion associated
2! However, the original ADMI

model is only applicable to anaerobic digestion of a

with sewage sludge

single substrate such as sludge, and cannot fully

describe the synergistic effects between multiple
organic solid wastes ( OSWs ). These synergistic
effects include the impact of substrate diversity on
microbial communities, the promotion of system
different

substrates, and the regulation of the generation of

stability by nutrient balance between
different volatile fatty acids, all of which directly
the unified

substrate X, used in the original ADMI model cannot

4 .

affect methane production. However,

accurately simulate the complex interactions of these
diverse substrates. Therefore, this study modified the
structure of the ADMI model to better describe the
dynamic processes in multi substrate anaerobic
digestion. The uniform X_ in the original model is used
to represent the organic substances in the reactor, but
cannot simultaneously describe the substrate ( OSW )
and inoculum ( biogas slurry ) with significant
differences.

Compared to sewage sludge, multiple OSW are
more granular and have higher levels of carbohydrates
and fats. Meanwhile, these substrates have a
synergistic effect on each other. The synergistic effect
is manifested in the following aspects. By mixing
different matrices, the C/N can be adjusted to make
microbial growth more efficient; The diversity of
different

stability and degradation

microbial communities supported by

substrates improves the
efficiency of the system; Balance different types of
VFAs,

methane generation; Dilute toxic substances such as

avoid system acidification, and promote
ammonia nitrogen and algal toxins to reduce their
negative impact on microorganisms. Overall, these
synergistic effects collectively enhance the overall
efficiency and stability of the system, increasing
methane production. To accurately simulate the AD of
OSW, it is essential to separately consider the unique
characteristics of OSW and sludge. In this study,

modifications were made to the original ADMI
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structure to incorporate processes specific to OSW.
The revised model structure is shown in Fig.1(b).

Unlike the original ADMI, the proposed model

()

Composites, X

Disintegration

Carbohydrates,| | Proteins,| Lipids.X, Inserts
ch pr
Hydrolysis | | |
IMonosaccharides,| JAminoacids,| | LCFA,
Sua Suaa || SprXe
Acidogenesis
Propionate
Butyrate,
Valerate
Acitogenesis Synergislic
|Acetate,)
SX. H, effect
Methano, i
genesis i
Sch4
Fig.1

Following the methodology of Zhao et al.'”’’ |

the kinetics and rate-based equations of the starting
ADMI1 model were adjusted to align with the revised
the
acidification stages in AD of multiple OSW, similar

model structure. During hydrolysis  and

small-molecule compounds like monosaccharides,
VFAs, and others are produced. However, significant
differences exist in the disintegration stages of sludge
and OSW.

In this work, OSW exhibits significant
synergistic interactions, unlike sludge, which is a key
reason for modifying the initial ADMI1. The

cooperation between substrates is essential when
accurately describing the degradation of complex
OSW. The degradation of complex OSW typically
follows a surface-based kinetic model, emphasizing
the need to precisely depict the decomposition of
OSW by microbes. the

disintegration process ( pl) from the original ADMI1

particulate Therefore ,
was divided into several parts; one pertains to biogas
slurry ( pl-1) and the rest pertain to OSW. The
disintegration rate equation for biogas slurry remains
unchanged. Table 3 presents the matrix representing

Disintegration

different
biogas slurry and organic solid waste, as well as their

distinctly addresses substrates, including

interactions.

Multiple substrates
(b) +
Inoculum sludge
l
Composites,
X_CS

Composites,
X_CM

Composites,
){ _Re

Composites,
X_VM

Composites, | |Composites,)
X_Al X_SS

S——

Proteins, Lipids,Xh

Carbohydrates,
- Xy Ko
Hydrolysis | | |

LCFA,
Sl}\’)(l':i

Inserts

IMonosaccharides,| |JAminoacids

su”su aa” "aa

Acidogenesis

Propionate
Butyrate,
Valerate

Acitogenesis

IAcetate, H

“Methanogenesis

gas-liquid
mass transfer

(a) Initial ADMI1 model and (b) modifed ADM1 model

the equations for these alterations to the model,
whereas the unchanged parts of the model are detailed
in the work by Batstone et al'"*’.
1.5.2  Modification of state variables

Values for the substrate state variables within the
model were established through the experiments. In
particular, X, _ CM, X, _CS, and other variables
denote the initial quantities of OSW introduced into
the reactor. The initial quantities were determined
the of the batch
experiments, with all measurements expressed as

following design principles
COD. The stoichiometric parameters f, v., fiy»
Soxe » and f; . were calculated according to the
method outlined by Zhao et al.'”’’ | as depicted in the

Eq.(1):

CH, PR,
fcuci = W’fprﬁ)(c = ﬁ,
LI, I,
fii_X(, - ﬁ’f‘xi_Xc - ﬁ ( 1 )
where CH,, PR,, PL, and [,(i=1,2,3,4,5) denote
the carbohydrates, proteins, lipids, and inert
compounds present in OSW. The other model

components remain unchanged from the original
e 5.
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ADMI1, and thus the stoichiometric and Kkinetic Modifications and simulations of the model were
parameters  follow the recommended values. conducted using AQUASIM 2.0 software.
Table 3 Matrix of modified ADM1 equations
Component i Rate p,
Process 13-1 13-2 13-3 13-4 13-5 13-6 12 14 15 16 24 [ COD/(m® « d) ]
X, SSX,_CMX, _CS X, Re X, VW X, _Al S, Xo X, X, X, equation
1-1, Disintegration of BS -1 0.05 0.3 0.3 0.3 0.05 kdis_SS - X _SS
1-2, Disintegration of CM -1 Ssixer Jenxer Joxea  Jixa  Sxixa kdis CM - X, _CM
1-3, Disintegration of CS -1 Jsixa Jaxe Joxe Jixe Jxixe kdis CS - X, _CS

1-4, Disintegration of Re -1
1-5 Disintegration of VW -1

1-6, Disintegration of Al

Ssixa Jnxas Joxas Jixs  Jrixa kdis_Re - X, _Re

Ssixes  Jenxes S pr_Xc4 Sixes  Sxixes kdis_VW - X _VW

Ssixes Jenxes Soxes Jixes  Sxixes kdis_Al - X, _Al

Note:1-1, 1-2, 1-3, 1-4, and 1-5 mean the order of process j in the rate matrix of the original ADM1 model, 13-1, 13-2, 13-3, 13-4, 13-5,
13-6, 12, 14, 15, 16, and 24 mean the order of component i in the rate matrix of the original ADMI model, X, represents X,_CM, X, represents

X._CS, X, represents X,_Re, X, represents X,_VW, X s represents X, _Al.

1.5.3  Sensitivity analysis and parameter estimation

A sensitivity analysis was conducted to identify
the ADMI1 parameters that most significantly influence
methane production. The parameters examined included
the disintegration constant of composite particulates
(kdis) , the maximum specific substrate uptake rates
and half-saturation constants as defined by Monod’s
kinetics. Methane yield was used as the output metric
for the sensitivity analysis due to its importance to the
study’s objectives. The formula for calculating the
sensitivity index (SI) is presented in Eq.(2) :

51=a;;;=a—q-£ (2)
p q

where ¢ represents the target parameter, and p
represents the analysis parameter. The sensitivity
index (SI) indicates the absolute change in ¢ when p
changes by 100%. When the SI is positive, it
indicates a positive correlation between p and gq ;
conversely, a negative SI indicates a negative correlation.
1.5.4 Model evaluation

In this study, the goodness of fit R” is used as an
important metric for model evaluation. This method is
commonly employed to assess how well the
experimental values match the simulated values. The

calculation formula is provided in Eq. (3) :

i Z (y _z)2 0.5
>

where y denotes the experimental data as well as z

R =1 (3)

denotes the simulated values. The value of R* lies
between O and 1, with greater values representing a
better fit. In this work, the goodness of fit is used to
analyze how well the simulated values match the

.6 -

experimental values, aiming to obtain a model with a
high goodness of fit.

2 Results and Discussion

2.1 Batch Fermentation for Methane
Production from Multiple OSW
Fig.2(a)

control groups using a single substrate during 30 days

shows the methane production of

of AD. Compared to the reactor that use CM, reactors
that use plant-based OSW ( straw and blue-green
algae) produced less methane.

In Fig.3, the microbial analysis revealed that
Firmicutes (51.12%), Bacteroidota (39.95%),
Proteobacteria (5.03%) and Synergistota (1.08%)
were the predominant phyla in the CM used. These
phyla are frequently identified in the anaerobic
digestion process, as they can break down
carbohydrates and proteins and play a crucial role in
the breakdown of VFAs.

The phylum Firmicutes (Fig.3) was mainly
represented by the taxonomic class Bacilli, which
constituted 45.08% of the phylum. Within Bacilli, the
orders Bacillales and Lactobacillales accounted for
34.56% and 8.60% of the phylum, respectively. This
group is commonly found in the digestive or
gastrointestinal tracts of animals and is mainly
responsible for the hydrolysis of plant polysaccharides
and the transformation of carbohydrates ( such as
fructose, maltose,

lactose, and galactose ) into

or a mixture of VFAs under

. .. 2
anaerobic conditions'®”’ .

acetate, ethanol,
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substrates experimental batch reactors

The phylum Bacteroidetes is primarily composed
of the order Bacteroidia (Fig.3). Species within the
phylum Bacteroidetes are renowned for their role in
protein degradation. Most proteolytic microorganisms
can metabolize amino acids, the
production of NH, acetate ,

resulting in
and VFAs such as
As for the phylum

it is characterized by the taxonomic

propionate, and succinate.
Proteobacteria,
class Gammaproteobacteria, which makes up 4.38%
of the phylum.

As for the phylum Synergistota, they participate
in the primary degradation of organic matter, but also
contribute to maintaining the micro-ecological balance
of the anaerobic fermentation system through their
metabolic activities, regulating the pH and other
environmental parameters to ensure process stability.
These taxonomic findings indicate that the dominant
phyla the
like
proteins and carbohydrates, which are then fermented
into acetic, propionic, butyric, and iso-valeric acids
as the primary products.

in poultry manure are involved in

breakdown of complex organic substances

the
reactor using CM yield better methane production

Therefore, in a single-substrate AD system,

compared to those using straw-like substrates. In

multi-substrate  AD
increases methane production.

2.2 Model Calibration
2.2.1 Sensitivity analysts

systems, the addition of CM

The results of the analysis of sensitivity index are
shown in Fig.4. The decay rate constant for microbes
(kdec) showed the highest sensitivity index ( SI)
values, with a gradual upward trend peaking at 0.36.
The substrate disintegration rate constant (kdis) also
peaking at 0.26 at 20
days and then falling rapidly to 0.011 as the reaction
finished. High SI values were also observed for the

exhibited significant SI values,

parameters km _ac and KS_ac. These play a crucial
role in determining the rate of methane production,
representing the methanogens’ maximum substrate
utilization rate and substrate affinity, respectively.
Specifically, km_ac is the Monod maximum specific
uptake rate for acetic acid, while KS_ac is the half-
saturation constant for acetic acid. The sensitivity
index of km_ac reaches its peak in the later stage of
the reaction and drops to zero after 20 days.

contrast, the sensitivity of KS_ac shows the opposite

In

trend, gradually decreasing as the reaction progresses.
These changes indicate that the substrate utilization
rate and half saturation constant have different effects

7.
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at different stages of methane generation. Compared
with Zhao et al.’s study "
this study appeared in the later stage of the reaction,

, the peak of km_ac in

mainly due to differences in substrate types. Zhao et
al. used a single food waste as a substrate, while this

substrates result in different lag periods, thereby
affecting the sensitivity changes of km_ac and KS_ac.
In addition, the mixed use of multiple substrates can
adjust the C/N ratio, thereby having different effects

on microbial activity and substrate degradation rate,

study used multiple substrates including CM and CS. which are reflected in the changes in Kkinetic
The different degradation characteristics of these parameters.
Aneurinibacillales Aneurinibacillaceae
1.73% 1.73%
Bacilli Bacillales Bacillaceae
45.08% 34.56% 34.13%
Firmicoutes_ Lactobaccillales Lactobaccillaceae
A1 8.60% 8.25%
Clostridia Oscillospirales Hungateiclostridiaceae
3.93% 1.86% 1 44%
Bacteria Synergistota Synergistia Synergistales Synergistaceae
100.00% 1.08% 1.08% 1.08% 1.08%
Proteobacteria Gammaproteobacteria Burkholderiales Comamonadaceae
5.03% 4.38% 3.11% 1.95%
Bacteroldota Bacteroidia Bacteroidales Dysgonomonadaceae
39.95% 39.92% 38.37% 37.42%
Fig. 3 The relative abundance of the phyla Firmicutes, Bacteroidota, Proteobacteria, and

Synergistota at the class, order, and family levels
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Fig.4 SI analysis of kdec, kdis, km_ac, km_h2,
km_pr, km_c4, KS_ac, KS_h2, KS_pro,
and KS_c4

In addition to kdec, kdis, km_ac, and KS_ac,
the sensitivity changes of other parameters such as
km_h2, km_pro, km_c4, and KS_h2 also have a
significant impact on the methane generation process.
For example, km_h2 showed high sensitivity in the
early stages of the reaction, indicating that the rate of
hydrogen generation has a significant impact on
while km_c4 showed high
sensitivity in the later stages of the reaction, reflecting

methane production,

the contribution of butyric acid degradation rate.

.8 -

Compared to these positively sensitive parameters,
KS_h2 exhibit
indicating the limiting effect of the semi saturation

and KS_pro negative  values,
constants of these substrates on the reaction rate. In
addition, the changes in these parameters are closely
related to the differences in microbial activity and
substrate types at each stage.
2.2.2  Parameter estimation

The four parameters identified as sensitive,
kdec, kdis, km _ac, and KS _ac, were estimated
using experimental results. Initially, the simplex
method was applied, followed by the secant algorithm
to enhance convergence. Both algorithms are
integrated into AQUASIM 2.0 software. Based on the
sensitivity analysis results, the model parameters
listed in Table 4 were adjusted to calibrate the ADM1
model in this study.

Batstone et al.'"*' found that the parameters of
the ADM1 model are mainly influenced by reaction
conditions. Therefore, parameter estimation was
recalibrated according to the sensitivity analysis and
the

value

experimental findings. Among calibration
the adjusted kdec

significant deviation from its starting value.

showed
The
optimal kdec value for the anaerobic digestion of

parameters,
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OSW was found to be 0.03, based on the average of
optimized kdec values obtained during the tuning

experiments. This value is marginally higher than the
originally recommended ADM1 value of 0.02.

Table 4 Parameter values and R’ of calibration experimental values

Parameter values R?
Experiments
kdec(d™')  kdis(d')  km_ac(d!) KS_ac(gCOD/L) Initial Modified
3S-A 0.04 6.11 5.87 0.38 0.849 0.977
3S-B 0.03 5.99 3.13 0.30 0.793 0.972
3S-C 0.02 6.10 1.91 0.14 0.799 0.968
Mean value of 3S-A, 3S-B and 3S-C 0.03 6.07 3.64 0.27 0.814 0.972

The findings reveal that the anaerobic digestion
system in this study enables microorganisms to degrade
OSW at a faster rate compared to the initial sludge AD
system. The calibrated kdis value exceeded the initial
0.5, which shows that the modified ADMI1 model
effectively considered OSW particle characteristics.
Smaller particle sizes result in a larger specific surface
area, improving interaction with microorganisms, as
evidenced by the increased kdis parameter. In the
model, km _ac and KS _ac are fundamental Kkinetic
parameters involved in methanogenesis. The km _ac
value was initially set at 8§ but was later revised to
3.64, while KS_ac was adjusted from 0.15 to 0.27.

Additionally, Batstone et al.'"’ also examined the
anaerobic digestion of different substrates, including
primary sludge, organic acids, and carbohydrates.
Authors proposed that the calibration value ranges for
km_ac and KS _ac be between (.14 and 52, and
between 0.011 and 0.93, accordingly. The values
proposed in the present study are within these
recommended ranges.
2.2.3 Comparison  of

experimental data

simulated  results  with

Table 4 shows that the average R’ values for the
3S, 4S, and 5S simulations with the initial ADMI1
model were 0. 814, reflecting a weak correlation
between the simulated outputs and the experimental
data for biogas production. Figs. 5 (a), (e), and (f)
reveal a significant difference in the methane
production trends produced by the initial ADM1 model
compared to the experimental results. The kdis and
KS_ac in the original ADM1 model failed to reflect
the differences of different substrates, resulting in
prediction bias in the degradation of multiple
substrates. In addition, the original model did not fully
consider the synergistic effects between substrates,

such as the mutual influence between straw and

chicken manure during the degradation process. These
factors make it difficult for the model to accurately
predict methane generation. By optimizing parameters
such as kdis and KS _ ac,
collaborative degradation pathways,

and introducing new
the modified
ADMI1 model better simulates the actual process of
multi substrate anaerobic digestion, significantly
improving prediction accuracy. Similarly, Chen et
al.”* observed that the ADMI model gave inaccurate
from Hydrilla

without parameter optimization.

biogas yield estimates verticillata

Nonetheless, following parameter optimization,
the discrepancy between the model predictions and the
experimental data was significantly reduced ( Figs. 5
(b), (d), and (f)). Specifically, the R* values for
the 3S-A, 3S-B, and 3S-C groups improved to 0.977,
0.972, and 0. 968, respectively ( Table 4 ). This
indicates that the adjusted ADM1 model with tuned
parameters can accurately forecast methane generation
from OSW anaerobic digestion. Razaviarani et al."”"
observed that the revised ADMI1 model effectively
estimated methane yield levels in laboratory-scale
anaerobic  digestion systems, closely matching
experimental results.
2.3 Model Validation

Fig.6 illustrates the fit degree between the results
from the adjusted ADM1 simulation and the observed
data for total methane yield. The values of R* for the
simulations were 0.960, 0.946, 0.976, and 0.977,
respectively, (as shown in Table 5), closely aligning
with those from the calibration experiments. This
demonstrates that the adjusted ADMI1 is capable of
reliably forecasting the results of batch experiments. At
the start of fermentation, the reactor contains dissolved
organic matter and natural alkalinity, providing ample
substrates and an optimal environment for
methanogenesis ' . Initially, swift breakdown of the
substrate generates significant quantities of VFAs,

.9.
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which suppress methanogen function and consequently
lower methane yield. As the process of anaerobic
digestion progresses and the organic matter content
diminishes, the production of VFAs decreases due to
substrate limitation. This reduction in VFAs alleviates

the inhibition on methane production, leading to a

gradual increase in methane yield. However, the
modified ADMI1 model does not incorporate the
microbial responses to environmental changes, resulting
in simulations that reflect purely mechanical local
phases'®'. Future research will aim to optimize the

modified ADM1 to better account for these dynamics.
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Fig .5 Experimental methane production results of 3S-A, 3S-B and 3S-C compared to the modified ADM1

results of 3S-A, 3S-B and 3S-C

Table 5 R? of validation experimental data

Experiments R?
4S-D 0.960
4S-E 0.946
4S-F 0.976
58-G 0.977

2.4 Microbial Community Analysis
Community structure is a key factor influencing
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Fig.6
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16S
rRNA gene sequencing technology was employed to
analyze the community structure of both the methane
production experimental groups and the control group.
Fig.7 (a) shows the distribution of methanogenic
archaea at the genus level, while Fig.7 (b) presents
the bacteria associated with the methane production

cumulative methane production. Therefore,

process at the genus level.

(b) 100

80

v G3 5
— ADMI1-G3 V4

60

40

20

Cumulative methane production (mL)

Time (d)

Methane production of (a) initial ADMI1 simulation effect and (b) modified ADMI1 simulation effect
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Within Fig.7, in the control group (CMI1 ), the
dominant  genera  were  Methanobacterium'*
(72.98%) and Methanomassiliicoccus'>®’ (17.08% ).

In the experimental groups, the dominant genera were

[36] 37]
b

, norank _ Bathyarchaeia[
[34]

Methanobacterium

Methanosarcina®™ |

and Methanosaeta Among
them, except for norank_Bathyarchaeia, the rest are
methanogenic archaea.

As shown in Fig.7(a) , the archaeal composition
and relative abundance in samples from reactors A4,
B4, D2, and G3 were similar, with Methanosarcina
the genera.

Methanosarcina, a facultative methanogen that can

and Methanosaeta being dominant
metabolize both hydrogen and acetate, predominantly
carried out acetate-utilizing methanogenesis in these
reactors. It was the most abundant acetate-utilizing
with  high
!, The consistency between the 16S

in  reactors

[20

methanogen acetate
concentrations
rRNA analysis results and the model simulation

confirms the reliability of the modified ADM1 and the

simulated key kinetic parameter values.

As depicted in Fig.7(b), Petrimonas and
Comamonas play a crucial role in the early
degradation of organic matter, particularly by

promoting the degradation of complex carbohydrates
and generating intermediate products such as VFA.
These intermediate products provide substrates for
methane producing bacteria Methanosarcina and
Methanosateta, further promoting methane production.
Therefore, changes in bacterial community structure are
closely related to the generation and transformation
pathways of VFA, ultimately affecting methane
production efficiency. The relative abundance of
and 5S-G3 was
significantly higher than in reactors 3S-B4 and 4S-D2.
Additionally, the higher relative abundance of
norank_Synergistaceae in reactor 4S-D2 (10.45%) ,

Comamonas in reactors 3S-4A

compared to other reactors ( approximately 2.8% —
6.70% ), was consistent with the relatively higher
presence of Methanobacterium (Fig.5(a)).

a b
( ) 100 | ®Methanobacterium ( )1 00 ® Proteiniphilum
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| I%en hanosarcina [ gom_lamqlr;as
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Fig .7 Variations of archaea(a) and bacterial(b) community composition at genus levels

The above results indicate that the trends in the
changes of methane-producing microorganisms align
with the trends in parameters such as km and ks
estimated in the ADM1 model'?*’. This consistency
suggests that the quantitative descriptions of the
methane production pathways in the revised ADMI
model match the microbiological results. Therefore,
this study demonstrates that the modified and extended
ADMI can be considered an effective tool for both

macroscopic and microscopic evaluation of the

anaerobic digestion process of multiple materials'*’.
In other words, this model can not only simulate the
gas production process during the experiment but also

predict the changes in the abundance of

methane-producing microorganisms throughout the
experimental process.

3 Conclusions

This the
performance of various organic solid wastes ( chicken

study  assessed methanogenic
manure, corn straw, reed, vegetable waste, and
blue-green algae) by modifying the ADM1 model and
characterizing the microbial community. Key kinetic
parameters ( kdec, kdis, km_ac, and KS_ac) were
calibrated because of their substantial influence on
methane production, with suggested values of 0.03,

6.07, 3.64, and 0.27, respectively. Methanosarcina

- 11 -
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and Methanosaeta were identified as dominant
methanogens. The microbial characterization and the
modified ADMI1 simulations corroborated each other.
The modified ADMI1 accurately predicts methane
production from OSW under varying substrate
characteristics and operational conditions, demonstrating

its versatility.
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