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Abstract: This paper has proposed a comprehensive indicator based on principal component analysis
(PCA) for diagnosing the state of anaerobic digestion. Various state and performance variables were
monitored under different operational modes, including start-up, interruption and resumption of
substrate supply, and impulse organic loading rates. While these individual variables are useful for
estimating the state of anaerobic digestion, they must be interpreted by experts. Coupled indicators
combine these variables with the effect of offering more detailed insights, but they are limited in their
universal applicability. Time-series eigenvalues reflected the anaerobic digestion process occurring in
response to operational changes: Stable states were identified by eigenvalue peaks below 1.0, and
they had an average below 0.2. Slightly perturbed states were identified by a consistent decrease
in eigenvalue peaks from a value of below 4.0 or by observing isolated peaks below 3.0. Disturbed
states were identified by repeated eigenvalue peaks over 3.0, and they had an average above 0.6. The
long-term persistence of these peaks signals an increasing kinetic imbalance, which could lead to
process failure. Ultimately, this study demonstrates that time-series eigenvalue analysis is an effective
comprehensive indicator for identifying kinetic imbalances in anaerobic digestion.

Keywords: anaerobic digestion; comprehensive indicator; principal component analysis (PCA);
eigenvector; eigenvalue; principal component (PC) score

1. Introduction

Anaerobic digestion is a sustainable environmental technology that has been widely
employed for over a century for purposes such as stabilizing organic wastes—including
sewage sludge, food wastes, and livestock wastes—and producing methane as a valuable
byproduct [1,2]. In anaerobic digestion, organic matter is decomposed through a series of
interdependent and complex biochemical reactions, including hydrolysis, acidogenesis,
acetogenesis, and methanogenesis [3]. Organic solid wastes containing polymeric materials,
such as municipal solid wastes, undergo relatively slow hydrolysis that often serves as
the rate-limiting step in overall anaerobic digestion [4–6]. However, the metabolic rates
of methanogenic archaea are slower than those of acidogenic bacteria while also being
more sensitive to changes in environmental factors, such as pH and temperature, as well
as changes in the levels of intermediates and toxic substances [7–9]. When acidogenesis
outpaces methanogenesis, the VFAs—as an intermediate—can accumulate, thus consuming
alkalinity and lowering the pH to further suppress methanogenic activity [8]. This can
worsen the kinetic imbalance of the anaerobic digestion process and ultimately lead to
process failure [8,10].
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To ensure the stable operation of anaerobic digesters, it is crucial to monitor the state of
anaerobic digestion in real-time and respond promptly to any observed issues [1]. Several
single and coupled indicators that function according to their threshold values have been
proposed to assess the state of anaerobic digestion [11,12]. Single indicators often include
state and performance variables related to the environment, intermediate metabolites,
organic residuals, and biogas production. These single indicators provide valuable infor-
mation about the state of anaerobic digestion, but they need to be integrated to gain deeper
insights into the state as a whole, which can be challenging [13,14]. Meanwhile, coupled
indicators are derived from combinations of two or three single indicators, including the
ratio of total volatile fatty acids (TVFA) to total alkalinity (TA), the ratio of propionate to
acetate, and the accumulation rate of TVFA relative to methane production rate (MPR);
these indicators can also provide early warning signs of unstable anaerobic digestion and
its potential for further exacerbation [15,16]. However, the relationships between the vari-
ables that are used in the coupled indicators may vary depending on the substrate or type
of anaerobic digestion, which can affect the accuracy of the assessment results [9,11,14].
Further, there is currently no universal indicator that can be used to diagnose the state of
anaerobic digestion [13,14,16].

Researchers have recently shown growing interest in developing new and innovative
approaches to assess the state of anaerobic digestion [13,16]. These approaches are varied,
as they incorporate multiple variables and utilize advanced techniques—including mon-
itoring for changes in the microbial community, thermodynamic analysis, stable isotope
analysis, and machine learning algorithms—to provide a more comprehensive understand-
ing of the anaerobic digestion state [17,18]. For instance, changes in the Gibbs free energy
values for syntrophic oxidations of propionate and acetate can help better identify the state
of anaerobic digestion in response to the organic overloading rate, thus indicating their
potential utility as alternative early-warning indicators [17]. Although these indicators
can be used to accurately diagnose the state of anaerobic digestion, their detection often
requires complex analytical processes and sophisticated equipment, which can complicate
widespread implementation [16–18]. To address these challenges, researchers have sought
techniques for evaluating the state of anaerobic digestion that are more straightforward and
accessible [8,13]. One interesting approach that was recently proposed involves estimating
the kinetic imbalance of anaerobic digestion based on the relationship between methano-
genesis and acidogenesis rates [19]. While this approach has the advantage of being simple,
it has the limitation of not being able to fully respond to subtle changes in kinetic imbalance
that may occur under various conditions in anaerobic digestion, as it only reflects a few
of the important factors involved in anaerobic digestion. The state of anaerobic digestion
can be better assessed across various operating modes by analyzing all monitored data
simultaneously. Principal component analysis (PCA) is a statistical technique that can be
used for simplifying complex multidimensional data while uncovering underlying patterns
and structures within the data [20–22]. So, PCA can be a useful tool for the comprehensive
diagnosis of state changes within complex systems such as anaerobic digestion.

With this background, the present work focused on searching for an intuitive and
comprehensive indicator that can be used to monitor the state of anaerobic digestion To
begin, single and combined indicators were used to diagnose the state of anaerobic diges-
tion under various operational modes, such as stepwise changes in the organic loading
rate (OLR), interruption and resumption of substrate supply, and impulse OLRs. Next, the
effectiveness and limitations of these indicators were critically evaluated. Then, as a new
comprehensive indicator, this study examined fluctuations in time-series eigenvalues de-
rived from principal component analysis (PCA), and it also proposed guidelines to be used
in the diagnosis of the state of anaerobic digestion. The findings indicate that this innovative
indicator could significantly enhance the consistency and stability of anaerobic digestion.
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2. Materials and Methods
2.1. Setup and Operation of an Anaerobic Digester

A horizontal drum-type anaerobic digester (50 L) that featured a shaft equipped
with a blade at the center was installed and wrapped with a heating coil to maintain a
temperature of 35 ◦C. The feed substrate was created as a mixture of equal volumes of
hydrothermally liquefied sludge and pulverized food waste. Co-anaerobic digestion of
hydrothermal liquefied sludge and food waste is an anaerobic digestion method that has
recently gained popularity due to its potential to maximize sludge reduction and increase
biogas production. The hydrothermally liquefied sludge was prepared by treating waste-
activated sludge obtained from a domestic wastewater treatment plant (Incheon, Republic
of Korea) at 190 ◦C for 2 h. The food waste was collected from a university dining room,
pulverized using a household blender, and sifted through a sieve. The hydrothermally
liquefied sludge and pulverized food waste were stored separately in a refrigerator at 4 ◦C
until use. The characteristics of the feed substrate have been thoroughly described in a prior
study [19]. The main characteristics of the feed substrate are as follows: pH 5.73 ± 0.04,
TVFA 3.30 ± 0.19 g HAc/L, TA 4.66 ± 0.53 g CaCO3/L, total solids (TS) 72.76 ± 1.74 g/L,
volatile solids (VS) 56.27 ± 2.29 g/L, chemical oxygen demand (COD) 88.07 ± 6.68 g/L, and
soluble chemical oxygen demand (SCOD) 47.79 ± 6.09 g/L. The seed sludge for the start-up
of the anaerobic digester was sourced from an anaerobic digester in a water reclamation
center (Busan, Republic of Korea).

After inoculating the seed sludge until it reached a steady state, the anaerobic digester
was operated in start-up mode for 62 days, as detailed in the previous study [19]. Dur-
ing this period, the OLR was increased stepwise by adjusting the substrate supply rate
(Figure 1). Subsequently, the anaerobic digester was operated in a steady-state mode until
the 220th day by supplying the substrate at rates of 1.7 L/d or 2.2 L/d, which respectively
correspond to hydraulic retention times (HRTs) of 30 and 20 days. On the 221st, 227th,
and 239th days, experiments for weak impulse OLRs were conducted by increasing the
substrate supply rates to 150%, 150%, and 200%, respectively, for a single day. Furthermore,
the substrate supply was interrupted from the 259th day and resumed on the 278th day.
The experiments for intensive impulse OLRs were conducted on the 300th and 340th days
by increasing the substrate supply rates to 300% and 500% for a single day.
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Figure 1. Changes in (a) substrate supply rate (Q) and (b) organic loading rate (OLR) during anaerobic
digester operation.

2.2. Single and Coupled Indicators for the AD State

During the operation of an anaerobic digester, various variables were monitored to
assess the process, including pH, TA, TVFA, TS, VS, TCOD, SCOD, MPR, and CH4 (%),
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based on the biochemical reactions of the process. These variables were classified into
four groups: (i) environmental variables (pH and TA); (ii) intermediate variables (TVFA
and SCOD); (iii) organic residual variables (VS and COD); (iv) biogas variables (MPR and
CH4 (%)). Each was selected as a single indicator to assess the state and performance of
anaerobic digestion and was obtained using the following methods. A digestate sample
was collected from the effluent line of the anaerobic digester daily, and its pH was measured
using a pH meter (YSI 1200, Yellow Springs, OH, USA). The TVFA (g HAc/L) and TA
(g CaCO3/L) were measured using the titration method [23]. Standard methods were
used to analyze the other variables of the digestate, including the TS (g/L), vs. (g/L),
COD (g/L), and SCOD (g/L). Biogas production was monitored daily using a wet gas
meter (W-NK, Inagi-shi, Japan). The methane content in the biogas was analyzed by a gas
chromatograph (Series 580, GawMac Instrument C., Bethlehem, PA, USA) equipped with a
thermal conductivity detector and Porapak Q column (6ft × 1/8 in, SS). MPR (L/d) was
calculated by multiplying the daily biogas production by CH4 (%). Furthermore, based
on previous studies, these single indicators were combined to assess anaerobic digestion
states that cannot be easily discerned from a single indicator alone [12,15,19]. The coupled
indicators comprised the ratio of TVFA to TA, the ratio of the specific accumulation rate of
TVFA relative to MPR, the ratio of CH4 (%) to CO2 (%) in the biogas (MC ratio), and an
instability index (ISI). The ISI was defined as the difference between the acidogenesis rate
(AR) and the methanogenesis rate (MR) relative to MR.

2.3. Principal Component Analysis for Comprehensive Indicators

The time-series data involved in the state and performance were normalized to have
a mean of 0.0 and a variance of 1.0 using the StandardScaler function of the Scikit-learn
library in Python. A sliding window algorithm having a window size of 3 was then used
to transform the normalized data into 3D data with 2D datasets. PCA was implemented
for the time-series 2D dataset using the PCA function of the decomposition module in
the Scikit-learn library, with the parameter ‘n_components’ set to 2. Among the PCA
attributes, the eigenvalues and eigenvectors were obtained from the ‘components_’ and
‘explained_variance_’ functions, respectively. The moving range, average, and standard
deviation of the eigenvalues were calculated for each 2D data using the “max” and “min”
functions of the numpy library in Python and the “mean” and “std” functions, respectively.
The principal component (PC) score was obtained by multiplying the data in the time-series
window by the eigenvectors corresponding to the PC of interest.

3. Results and Discussion
3.1. Single Indicators for the State of Anaerobic Digestion

The changes in the OLRs perturbed the kinetic balance of the anaerobic digestion
state, and this was reflected in the individual state and performance variables. Thus,
each state and performance variable can serve as a single indicator reflecting the state of
anaerobic digestion [19]. The fluctuations in these single indicators depend on the changes
in the OLRs and are also influenced by the history of changes in the anaerobic digestion
state [4,10,24].

Start-up period: In the digestate, as the OLR increased stepwise, the biogas variables—
including MPR and CH4 (%)—increased, while the organic residuals—such as vs. and
COD—decreased progressively (Figure 2). In the intermediates, SCOD gradually decreased,
while TVFA levels remained low. These observations suggest that during the start-up
period under low OLR conditions, the acidogenesis of hydrolyzed monomers improved
progressively, and the generated VFAs were converted into methane without delay. The
increased OLR also raised the alkalinity, which buffered the pH to maintain it in the range
of 7.5–8.0. The feed substrate, consisting of a mixture of hydrothermally liquefied sludge
and pulverized food waste, contains a high organic nitrogen content. The observed increase
in alkalinity with increasing OLR is likely attributed to the ammonia released from the
acidogenesis of organic nitrogen in the feed substrate. In general, acidogenic bacteria and



Processes 2024, 12, 59 5 of 15

methanogenic archaea with different metabolic rates have different adaptation times to new
environments [10,25]. The differences in the adaptation time between acidogenic bacteria
and methanogenic archaea appear to have caused a kinetic imbalance in the anaerobic
digestion process during the start-up period. The changes in the single indicators suggest
that the anaerobic digestion process transitioned from an initial perturbed state to a stable
state during the start-up period, thus indicating that the initial kinetic imbalance was
effectively controlled by increasing the OLR stepwise.
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(a) environmental variables: pH and total alkalinity (TA); (b) intermediate variables: total volatile
fatty acids (TVFA) and soluble chemical oxygen demand (SCOD); (c) organic residual variables:
volatile solids (VS) and chemical oxygen demand (COD); (d) biogas variables: methane production
rate (MPR) and methane content (CH4 (%)).

Steady-state operation: Following the start-up period, the fluctuations in the organic
residual variables were minor at the HRT of 30 days. Moreover, the alkalinity was sufficient
to buffer the pH to the average of 7.58 [26], while the MPR and CH4 (%) were stable at
approximately 24.76 L/d and 63.26%, respectively (Figure 2b,d). Interestingly, among
intermediates, TVFA was consistently low at approximately 0.93 g HAc/L, which was
only 61% of the SCOD of 1.52 g/L (Figure 2c). This suggests that the anaerobic digestion
processes, including hydrolysis, acidogenesis, and methanogenesis, were well-balanced
kinetically [3,7,8]. The change in HRT from 30 to 20 days increased the OLR, which
increased the MPR to 34.46 L/d, while the other single indicators did not appear to show
any fluctuations (Figure 2c). This indicates that the anaerobic digestion process was quite
stable at an HRT of 30 days, and that it remained stable when the HRT was changed to
20 days.

Impulse OLRs of 200% or less: Applying weak impulse OLRs of 200% or less led to
the appearance of some transient surges in hydrolysis and acidogenesis, as indicated by
increases in intermediates, including SCOD and TVFA (Figure 2b,c). However, these surges
quickly faded. There were slight changes in MPR and TA along with barely detectable
changes in pH and CH4 (%). Impulse OLRs of 200% or less may cause transient kinetic
imbalances in anaerobic digestion; the present findings suggest that such imbalances can be
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immediately rectified. Therefore, it can be concluded that the anaerobic digestion process
was in a slightly perturbed state.

Interruption and resumption of substrate supply: When the substrate supply to anaer-
obic microorganisms is interrupted, the available substrates are gradually depleted, leading
to reduced microbial activity and methane production [4,8,19]. This results in an altered
balance of the microbial community, which makes it more susceptible to environmental
changes and reduces its resilience [8,19]. During the interruption of substrate supply for
0.67 HRTs, there were no pronounced fluctuations in most single indicators. Although
there were decreases in organic residuals and slight fluctuations in biogas variables, these
were insufficient to accurately diagnose the state of anaerobic digestion. Researchers have
suggested that when the substrate supply is interrupted, the state of anaerobic digestion can
be better captured by additional indicators, such as changes in the microbial community or
changes in the composition and concentration of intermediates such as VFAs [27,28].

Interestingly, when the substrate supply was resumed, there were significant increases
in the environmental variables (pH and TA), intermediates variables (TVFA and SCOD),
and organic residual variables (VS and COD). However, there were also slight decreases
in the biogas variables, including MPR and CH4 (%), along with increased variability.
Moreover, acidogenic bacteria and methanogenic archaea have differing abilities to re-
cover from decreased activity [8]. This suggests that the sudden resumption of substrate
supply after the interruption significantly perturbed the kinetic balance in the anaerobic
digestion process.

Strong impulse OLRs of 300% or more: After applying an impulse OLR of 300%, the
single indicators showed complex responses. TVFA was accumulated and reached up to
6.59 g HAc/L; concurrently, there was a temporary dip in the alkalinity and pH levels,
both of which later increased significantly. Meanwhile, the levels of the organic residuals,
including vs. and COD, consistently rose, while MPR and CH4 (%) significantly fluctuated
over time. Altogether, these results suggest that excess supply of the substrate leads to
accumulations of the intermediates, such as SCOD and VFAs. These accumulations further
inhibit methanogenesis, thereby perturbing the kinetic balance of the anaerobic digestion
process. However, after 0.4 HRT, there was also a notable increase in the MPR and a
decrease in TVFA. This demonstrates the unique characteristic of methanogen archaea, in
that they can even adapt to high VFA concentrations. It should be noted that the inhibitory
effect of VFAs on these archaea may not be significant at pH levels above 7 [29,30]. It is
likely that prolonged exposure to elevated concentrations of TVFA caused the dominant
species within the methanogenic archaea community to shift toward those with a higher
metabolic rate. Notably, within the acetoclastic methanogenic archaea, while the genus
Methanosaeta is known for its higher substrate affinity, the genus Methanosarcina, which is
another group of methanogenic archaea, exhibits a faster metabolic rate [31,32].

An intensive impulse OLR of 500% led to further increases in intermediate variables.
Specifically, TVFA levels surged to 8.35 g HAc/L, which was only about 25% of SCOD.
Moreover, organic residual levels, including vs. and COD, increased, while MPR and
CH4 (%) decreased. These changes indicate that both acidogenesis and methanogenesis
processes were heavily perturbed. However, the overall anaerobic digestion process was
not completely disrupted, as the high alkalinity buffered the pH above 7.0. After the
anaerobic digester was operated for approximately 0.87 HRT, the VFA levels gradually
decreased, thereby improving the conversion of organic matter to methane. Despite this
improvement, the variability in biogas variables such as MPR and CH4 (%), remained high,
and the instability of the anaerobic digestion process persisted, as it did not fully recover
even after extended operation for about three HRT periods, thereby indicating that the
state was heavily perturbed.

Individual single indicators provide partial clues about the kinetic imbalance of anaer-
obic digestion, but they do not offer comprehensive insight into the instability of the overall
anaerobic digestion process. It appears to be the case that the state of anaerobic digestion
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could be diagnosed more accurately from the fluctuations and correlations for multiple
single indicators.

3.2. Coupled Indicators for the State of Anaerobic Digestion

Coupled indicators, which are combinations of single indicators, offer a more com-
prehensive understanding of the anaerobic digestion process, revealing insights that may
otherwise be overlooked when using single indicators [14,16,18]. The coupled indicators
that have been examined to this point include the accumulation rate of TVFA relative to
MPR, the ratio of TFVA to TA, the ratio of methane content to carbon dioxide in biogas (MC
ratio), and the ratio of the difference between acidogenesis rate (AR) and methanogenesis
rate (MR) to the MR, as has been previously reported in the literature [12,15,19]. The ratio
of TVFA to TA reflects the buffering capacity against pH drops [33,34]. In a kinetically
balanced anaerobic digestion, the ratio of TVFA to TA is typically below 0.4 [35,36]. If
this ratio rises above 1.0, it suggests the presence of an accumulation of VFAs, which can
potentially lead to a pH drop and an unstable state of anaerobic digestion [37]. Throughout
the operation of the anaerobic digester from the start-up to the steady state, the ratio of
TVFA to TA remained stable at an average of around 0.10. In response to impulse OLRs
not exceeding 200%, it exhibited only minor transient increases to about 0.17 (Figure 3a).
However, the ratio of TVFA to TA did not capture various changes that are detectable by
single indicators, particularly during the start-up period. After the interrupted substrate
supply was resumed, or when a high impulse OLR of 300% or more was applied, single
indicators pointed to a notable kinetic imbalance in the anaerobic digestion process. Cru-
cially, the ratio of TVFA to TA was less than 0.89, which was beneath the known instability
threshold value of 1.0. It appears to be the case that the ratio of TVFA to TA can vary based
on substrate characteristics, the process type, and the operational conditions [11,14]. While
the ratio of TVFA to TA serves as a coupled indicator that offers useful insights into the
state of anaerobic digestion, it is important to recognize that its use as a universal indicator
for process instability is constrained by various variable determinants [33,35,36].
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The specific accumulation rate of TVFA relative to MPR could serve as another coupled
indicator for a perturbation in anaerobic digestion [15]. This specific accumulation rate
of TVFA significantly fluctuated with changes in OLR throughout the whole operation of
the anaerobic digester (Figure 3b). During the start-up period, the specific accumulation
rate of TVFA varied slightly within a range of −2.23~2.76, and it was relatively stable until
an impulse OLR of 200% was applied. However, with the resumption of substrate supply
and impulse OLRs of 300% or more, the specific accumulation rate of TVFA markedly
fluctuated within ranges of −4.29 to 4.09. These results suggest that variability in the
specific accumulation rate of TVFA represents changes in the kinetic balance of anaerobic
digestion processes and is related to the magnitude of impulse OLR [8,15]. However, the
changes in the state of anaerobic digestion during the interruption of substrate supply
were not properly reflected in the specific accumulation rate of TVFA. Further, the MPR
is highly dependent on methane yield, which varies according to the substrate or process
types [14,27]. Taken together, these relationships suggest that the specific accumulation
rate of TVFA is a reasonable coupled indicator for an anaerobic digestion state, but that it is
subject to being biased by the history of the previous state of anaerobic digestion. Therefore,
it is difficult to provide a quantitative explanation for the instability of anaerobic digestion
using only the specific accumulation rate of TVFA.

The MC ratio can also be used as a coupled indicator for the instability of anaerobic
digestion [14,38]. During the start-up period, as the OLR was increased stepwise, the MC
ratio increased from 0.64 to 1.98. The MC ratio remained stable at an average of 1.87 when
the anaerobic digestion state reached a stable state at HRTs of 20 days and 30 days. The
behaviors of the MC ratio with OLR were consistent with the increases in the gaseous
single indicators, MPR and CH4 (%). At impulse OLRs up to 200%, the MC ratio was
at an average value of 1.84, which was similar to the value observed during the steady
state, thus indicating that the anaerobic digestion process was quite stable. Nonetheless,
there was a slight uptick in the fluctuation of the MC ratio, which reflected the marginal
response of the microbial community to the small impulse OLRs. Although this increased
fluctuation did not significantly alter the average MC ratio, it could suggest the beginning
of a stress response in the microbial ecosystem, which hints at its limits in handling OLR
increments without causing substantial perturbations to the process stability. The MC
ratio fluctuated significantly after the interruption and subsequent resumption of substrate
supply, particularly following high impulse OLRs of 300% or more. These considerable
shifts in OLR may lead to a kinetic imbalance in the anaerobic digestion process. The
wide range of the MC ratio from 0.63 to 3.95 reflects the intense response of the anaerobic
microbial community to these changes (Figure 3c). Previous research has suggested that
an MC ratio below 1.2 serves as an early warning of potential kinetic imbalances in the
anaerobic digestion process [12,39]. However, the MC ratio is not a definitive measure,
as it is affected by variables such as the type of substrate used and the pH-dependent
solubility of carbon dioxide. These factors imply that the MC ratio can act as an indicative
but not exclusive measure of the kinetic imbalance in the anaerobic digestion process when
considering certain constraints [11,14,40].

The instability index (ISI), which is defined as the difference between acidogenesis rate
(AR) and methanogenesis rate (MR) relative to MR, can also serve as a coupled indicator
that is useful in reflecting the instability of anaerobic digestion [19]. The pattern of ISI
fluctuations that occurred in response to variations in OLR was similar to the specific
accumulation rate of VFA across various operational modes. During the initial startup
period, there were minor fluctuations in the ISI, which signaled a slightly perturbed state of
the anaerobic digestion process. The subsequent stable ISI was indicative of the fact that the
process reached a steady state (Figure 3d). Moreover, following the abrupt resumption of
substrate supply and impulse OLRs of 300% or more, significant and repeated peaks were
noted in the ISI. These peaks suggest that the anaerobic digestion process was substantially
perturbed. However, the ISI only reflects changes in the MR and AR. Thus, the ISI had
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limitations in monitoring minor perturbations that occurred after applying small impulse
OLRs of less than 200% or after interrupting the substrate supply.

3.3. Comprehensive Indicators Based on PCA

The eigenvalues reflect the extent of variance in the data along the principal axes
identified by PCA, and eigenvectors indicate the direction of this variance [20,21]. When
PCA was applied to the monitored data from the anaerobic digester, the eigenvalues
rapidly fluctuated over time (Figure 4a), which might reflect comprehensive changes in the
state of anaerobic digestion [18,21]. The first principal component (PC1) explained up to
85.6% of the total variance in the state and performance data, while the second principal
component (PC2) only accounted for 14.1% of the total variance. At the beginning of the
anaerobic digester operation, the eigenvalue for the PC1 was quite high, at 3.55 (Table 1).
However, as the OLR was increased stepwise, the eigenvalues gradually decreased, with
small fluctuations, and they eventually stabilized at a low value. This trend in eigenvalues
implies that the start-up of anaerobic digestion was smooth [8]. Therefore, if even a large
eigenvalue of 3 or more continues to decrease, it can be considered to be the case that a
slightly perturbed state was gradually improved. This demonstrates that the eigenvalues
effectively capture the transition from the slight initial perturbed state to the steady state of
anaerobic digestion during the start-up period.

Table 1. Summary of single indicators and comprehensive indicators under different anaerobic
digestion conditions.

Operational
Modes

Single Indicators

Comprehensive Indicators

Eigenvalues
PC Score

Range StateRange
/Average Trends

Start-up
Decreases in vs. and COD;

low SCOD, TVFA; increases in
MPR and CH4 (%)

0.01~3.55
/0.47 Decrease −0.62~2.17 Slightly

disturbed

Steady-state Stable for all single indicators 0.02~0.52
/0.15 Stable −0.65~0.73 Stable

Impulse OLRs
(<200%)

Small fluctuations in SCOD,
TVFA, MPR, and TA

0.07~2.47
/0.44 Single peak −0.90~1.38 Slightly

disturbed

Interruption of
substrate supply

Small fluctuations in all
single indicators

0.06~1.28
/0.40

Repeated small
peaks −0.57~0.93 Slightly

disturbed

Resumption of
substrate supply

Increases in VS, COD, TVFA,
SOD, pH, and TA; decreases

in MPR, CH4 (%)

0.03~4.39
/1.37

Repeated large
peaks −1.40~2.42 Disturbed

300% impulse OLR
(short-term)

Increases in TVFA, TA, pH,
VS, and COD; large

fluctuations in CH4 (%)

0.34~5.81
/2.18

Repeated large
peaks −1.70~2.58 Disturbed

300% impulse OLR
(long-term)

Increase in MPR; decreases
in TVFA

0.06~1.53
/0.60

Repeated small
peaks −0.89~1.11 Slightly

disturbed

500% impulse OLR
(short-term)

Increases in COD, VS, TVFA,
and SCOD; decreases in MPR

and CH4 (%)

0.09~4.70
/0.80

Repeated large
peaks −1.32~2.50 Severely

disturbed

500% impulse OLR
(long-term)

Decrease in TVFA; high
variability of MPR and

CH4 (%)

0.06~3.17
/0.77

Repeated large
peaks −1.35~1.96 Severely

disturbed
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When subjected to small impulse OLRs of 200% or less, the eigenvalues exhibited
single peaks of 2.47 or less. This indicates that the eigenvalues accurately reflect the
transient kinetic imbalance caused by small external disturbances in anaerobic digestion.
However, while the substrate supply was interrupted for 0.67 HRT, small eigenvalue peaks
below 1.28 were observed, which is a feature that is distinct from the steady state. This
suggests that, compared to other single or coupled indicators, the time-series fluctuation
of the eigenvalue more accurately reflects changes in the instability of anaerobic digestion
when the available substrate was depleted.

However, after resuming the substrate supply, the eigenvalues showed repeated
large peaks, as they reached a maximum value of 4.39 and had an average value of 1.37.
This pattern suggests that the abrupt resumption of the substrate supply induced kinetic
imbalances, which led to increased variability in the state and performance variables,
thereby implying an instability of anaerobic digestion [7,41,42]. Similar patterns were
observed following the application of a high impulse OLR of 300%, with eigenvalue peaks
less than 5.81 over a short term of 0.5 HRTs and an average peak value of 2.18. These
patterns indicate a considerable perturbation in the kinetic balance of anaerobic digestion.
However, the fluctuations in the eigenvalue were greatly reduced from 0.5 HRTs, and small
repeated peaks appeared, suggesting that the kinetic imbalance was improved.

Interestingly, after applying an intensive impulse OLR of 500%, the eigenvalue peaks
reached a maximum of 4.70, which was surprisingly lower than that observed at the impulse
OLR of 300%. Moreover, large fluctuations in eigenvalues persisted for extended periods of
3 HRTs, and there was a slight decrease in the maximum peak of eigenvalues. This intensive
impulse OLR led to a severe and prolonged perturbation in the kinetic balance of the
anaerobic digestion process, as measured by a single indicator. The hysteresis phenomenon
in anaerobic digestion also appears to be reflected in the fluctuations in the time-series
eigenvalues. Therefore, it is worth noting that, when diagnosing the kinetic instability
of anaerobic digestion with the behaviors of eigenvalues, it is important to consider not
only the magnitude of eigenvalue fluctuations but also their sustained repetitiveness.
These results suggest that fluctuations in time-series eigenvalues are a valuable tool for
comprehensive diagnosis of the anaerobic digestion state. This is particularly useful under
various conditions, even for those without in-depth knowledge of the correlation between
single and coupled indicators.

The eigenvectors, which indicate the direction of variance that the eigenvalues con-
tribute to the data, exhibited substantial repeated fluctuations between −1.0 and +1.0
(Figure 5). However, the fluctuations in these eigenvectors in response to changes in OLR
varied depending on each state and performance variable. During the entire period of
anaerobic digester operation, fluctuations in eigenvectors that were considered to be related
to changes in OLR were observed in both PC1 and PC2 for alkalinity, TVFA, and SCOD.
However, among the state and performance variables, while the eigenvector for CH4 (%)
fluctuated significantly and there were substantial fluctuations in MPR, pH, VS, and COD,



Processes 2024, 12, 59 11 of 15

these did not have a large direct correlation with changes in OLR. The eigenvectors can
identify variables that are sensitive to the kinetic imbalance of anaerobic digestion, but
their correlations are expected to vary depending on the history of changes in the anaerobic
digestion state.
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The PC score is a value representing a weighted sum of the data projected onto the
principal component axes [18,22]. The time series PC scores that appeared in response to
changes in OLRs were similar to the eigenvalues (Figure 4b). However, at a steady state,
the fluctuation in PC scores was consistent but relatively large in amplitude; by contrast,
compared to the eigenvalue, the response of PC scores to impulse OLRs was relatively
small in magnitude (Table 1). If preprocessed using a method such as a log scaling to
amplify the impact of severe kinetic imbalances and reduce the magnitude of fluctuations
under a steady state, the PC score can serve as another effective comprehensive indicator
of the anaerobic digestion state.

3.4. Implications

Anaerobic digestion is frequently subject to external perturbations, including sudden
changes in hydraulic and organic loads, fluctuations in temperature, and exposure to toxic
substances [14,15,43]. Methanogenic archaea metabolize more slowly than acidogenic
bacteria, and their metabolic rates are more sensitive to environmental changes [7–9].
Hence, methanogenesis cannot respond to external perturbations as quickly as hydrolysis
or acidogenesis. The influence of external perturbations on the kinetic balance in the
anaerobic digestion process can be observed through fluctuations in performance and state
variables [8,43]. Kinetic imbalances can destabilize the anaerobic digestion process [44,45].
If exacerbated, such instability can lead to failure in overall anaerobic digestion, but it can
be quickly restored to its normal state using simple measures in the early stages, such as
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controlling the hydraulic or organic loads and supplementing the alkalinity [37]. Therefore,
real-time monitoring of the instability of the anaerobic digestion process is essential for
operating anaerobic digesters.

Until now, the instability of anaerobic digestion has primarily been assessed using
single indicators based on state and performance variables, or coupled indicators of these
single indicators. Nevertheless, the response of each state and performance variable can dif-
fer based on the type and intensity of the disturbance. These responses are also influenced
by factors such as the type of substrate and process, as well as the operating conditions.
Moreover, the hysteresis phenomena—which is influenced by the history of prior anaerobic
digestion states—may be reflected in these responses. Therefore, significant expertise was
required to assess the state of anaerobic digestion from single indicators [46,47]. Coupled
indicators such as TVFA to TA ratio, specific VFA accumulation rate, MC ratio, and the ratio
of VFA accumulation to AR are more informative in assessing instability [14–16]. However,
as previously reported coupled indicators are only based on two or three variables, there
are limits to their generalizability for diagnosing the instability of anaerobic digestion under
various conditions [13,16,38].

The instability of anaerobic digestion can be better diagnosed by interpreting all
monitoring variables comprehensively. PCA is a useful tool for creating composite scores,
such as eigenvalues or PC scores, by considering variable contributions to variance [20–22].
Monitoring state and performance variables over time and analyzing them with PCA
allowed the identification of anaerobic digestion states across different operational modes,
such as start-up, substrate supply interruption and resumption, and various impulse OLRs,
based on eigenvalue fluctuations.

The state of anaerobic digestion can be summarized based on the range, average,
and pattern of the fluctuations in eigenvalues obtained from PCA for the monitored
variables in various operational modes of the anaerobic digester. As detailed in Table 2,
these are as follows: (i) Stable state: the eigenvalues are stable over time, with the peaks
remaining below 1.0 with an average below 0.2. This indicates that the anaerobic digestion
processes are kinetically well-balanced. (ii) Slightly perturbed state: the eigenvalue peaks
continuously decrease from below 4.0, with an average of less than 0.6. This is typically
observed during the initial start-up period of anaerobic digesters, and it indicates that the
anaerobic digestion process is slightly disturbed, but the start-up operations can continue
carefully in the same manner. Moreover, there may be a single eigenvalue peak below 3.0
or smaller, but there may also be recurring small peaks with an average below 0.6. This
suggests a state in which the anaerobic digestion process is slightly disturbed but can easily
restore its kinetic balance. (iii) Perturbed state: the presence of repeated eigenvalue peaks
over 3.0, along with an average greater than 0.6 for a short period within 0.5 HRTs, indicates
that the kinetic balance of the anaerobic digestion process is perturbed. If additional external
disturbances are applied to this state, the instability of anaerobic digestion can easily worsen,
thus necessitating active intervention to restore the kinetic balance. (iv) Severely perturbed
state: the presence of repeated peaks over 3.0 for a period longer than 1.0 HRT, along with
an average of eigenvalues greater than 0.6, indicate a severely perturbed state. This state
suggests that the kinetic imbalance in the anaerobic digestion process is intensified, which
could potentially lead to a high risk of process failure.

This approach of diagnosing anaerobic digestion stability through the dynamic behav-
ior of eigenvalues, which is derived from PCA of routinely monitored state and performance
variables, can be effectively applied in the operation of anaerobic digesters. However, the
reliability of this method may vary if the available variables, such as pH, alkalinity, inter-
mediates, organic residuals, and biogas production, do not adequately reflect the instability
of the anaerobic digestion process, as indicated by the eigenvectors. Such eigenvalue-based
comprehensive indicators, relying on the variability of various state and performance
variables, are expected to apply to various types of anaerobic digesters. However, it should
be noted that the criteria for magnitude, average, and dynamic behaviors of the eigen-
values may be varied from those presented in Table 2. Therefore, further validation for
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this approach is imperative to augment the accuracy and reliability of this approach, par-
ticularly when confronted with the intricacies of real-world scenarios and the myriad of
operating modes for different types of anaerobic digesters. Nonetheless, it is worth noting
that this method has outstanding adaptability and utility in diagnosing the instability of
anaerobic digestion.

Table 2. Maximum, average, and fluctuation pattern of eigenvalue, and anaerobic digestion state.

Eigenvalue
Maximum

Eigenvalue
Average Fluctuation Pattern State

<1.0 <0.2 Stable Stable
<4.0 <0.6 Decreasing Slight perturbed
<3.0 <0.6 Single or repeated small peaks Slight perturbed
>3.0 >0.6 Repeated peaks in short-term Perturbed
>3.0 >0.6 Repeated peaks in long-term Severely perturbed

Recent years have seen notable advancements in techniques for monitoring op-
erational full-scale digesters, including the use of deep learning and electrochemical
sensors [14,38,48]. These technologies enable the prediction of state and performance
variables and offer alternatives to traditional wet analysis, thus simplifying the monitoring
process. For instance, electrochemical sensors provide real-time data on crucial parameters
including pH, electric conductivity, and oxidation-reduction potential [1,19]. Further, data-
driven models, such as a combined model of convolutional neural network as well as long-
and short-term memory, can be used to process sensor data to extract meaningful insights
about the state of anaerobic digestion [1,48]. The combination of these technologies with
PCA-based diagnostics could lead to comprehensive indicators that not only offer real-time
monitoring but also serve as early warning systems to help prevent failures in anaerobic
digestion processes. It is expected to be crucial to integrate these techniques with PCA
in the future to enhance the stability and efficiency of anaerobic digesters, which could
potentially revolutionize their operation and control.

4. Conclusions

A pioneering approach has been proposed for robustly assessing the stability of
anaerobic digestion processes, which are based on the dynamic behavior of eigenvalues
obtained through the application of principal component analysis (PCA) for the state and
performance variables in anaerobic digestion. This innovative method offers a superior
means of comprehensively diagnosing anaerobic digestion states across a spectrum of
operational modes, with the potential to significantly bolster the stability of the anaerobic
digestion processes. While further validation is essential to enhance accuracy and reliability,
especially in the face of complex real-world conditions and diverse operating modes, this
approach exhibits remarkable versatility. By concurrently considering time series variations
across a multitude of variables monitored in anaerobic digestion, the dynamic behavior of
time series eigenvalue holds the promise of comprehensive diagnosis and enhancement
of process stability. This groundbreaking approach, rooted in the analysis of time series
eigenvalue for state and performance variables, would contribute to the assessment and
improvement of anaerobic digestion process stability.
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