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Abstract

The future of biogas production will be characterized by on-demand provision to compensate the unpredictability of solar and
wind power. Such biogas production through feedstock management is a promising possibility but requires close monitoring.
The dynamics of volatile fatty acid (VFA) formation and further degradation to methane production are of special interest
when providing high portions of fast degradable carbohydrates. Their fast degradability can impair process stability. The cor-
relation of VFA loading and the biogas process was tested in four anaerobic continuously stirred tank reactors supplied with
maize silage hourly and with sugar beet silage twice a day at a 12-h interval. The reactors differed in the amount of sugar beet
silage and thus in total organic loading rate from 2.0 to 3.5 kgys m~ day~!. The VFA concentrations increased immediately
after each input of sugar beet silage but levelled down until the next feeding period. At the highest organic loading rate, suc-
cessive VFA accumulation escalated after 25 days (50 feeding periods) at 3.5 kgyg m~> day~!, causing process failure with
propionic acid concentrations exceeding 3500 mg L™!. The data revealed a strong negative exponential relationship between
VFA concentrations and biogas and methane yields, respectively. High-resolution monitoring showed the instant dynamics of
VFA production after intermittent sugar beet silage supply and the cumulative impact during increasing process disturbance.
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1 Introduction technical flexibilisation attempts (storing biogas and control-

ling its combustion), also biological flexibilisation can be

In addition to wind power and photovoltaics, biogas is an
important renewable energy source, especially as electric-
ity and heat can be produced independently of the weather,
daytime, and season. On-demand (flexible) biogas plants
can compensate for the lack of predictability of wind and
solar power and thus balance the power grid. In addition to
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implemented through feedstock management [1, 2]. Accord-
ing to the demand of the energy market, biogas production
is increased and decreased with intermittent feedstock sup-
ply. Supported with prediction models validating weather
development as well as electricity production from other
renewable sources against energy consumption, biogas can
be used for electricity generation. This operation mode is
generally performed with feedstocks with a high share of fast
degradable carbohydrates like sugar beet silage [3]. They
are easily degraded to volatile fatty acids (VFA) to form the
final product methane later [4, 5]. In contrast to fiber-rich
carbohydrates, hydrolysis proceeds immediately if it has not
already started during the ensiling process [6, 7]. Mixing fast
degradable carbohydrates with fibrous feedstocks can fur-
thermore improve their decomposition promoting microbial
activity of all degradation stages, eventually also changing
the share of intermediates [8, 9].

Various studies have already tested the applicability of
intermittent feedstock supply to produce readily available
methane within a short amount of time. Different approaches
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to flexible biogas production have been tested concerning the
frequency of feeding events, the organic loading rate, and
different feedstock mixtures [4, 10—12]. It was also shown
that significantly higher biogas and methane yields can be
achieved with intermittent supply versus continuous (hourly)
supply [12—14]. Nevertheless, ample amounts of feedstock,
especially fast degradable carbohydrates, can be a stress fac-
tor for anaerobic digestion (AD) causing process failure in
the worst case [3, 5].

Most studies regarding flexible biogas production focus
on the final biogas and methane yield and the influence of
feedstock management on these parameters. However, to
fully implement flexible operation mode and to prevent
process failure, it is important to monitor and to understand
the feedstock degradation kinetics and the impact of AD
intermediates. Laperriere et al. [15] have shown that inter-
mittently provided organic materials can delay biogas pro-
duction due to acidification and thus decreasing the methane
yield for the first hours after the feeding event.

At intermittent feeding mode, VFA, which are formed
during the first degradation steps, have to be immediately
degraded further for a stable fermentation process [16]. If
VFA degradation is impaired, the acids accumulate in the
fermenter slurry [17], which often occurs when degrada-
tion kinetics are higher in the first AD steps compared to
the methanogenesis. The accumulation of VFA leads to a
decrease in pH, which in turn again affects the AD [18].
Mathai et al. [19] were able to show a shift and decrease
in microbial communities related to VFA degradation dur-
ing overload conditions. When operating biogas plants for
on-demand production, punctual overloads are part of the
feedstock management. Escalating VFA accumulations can
thus be a possible disturbance for the biogas process.

Timely close monitoring of VFA is important to identify
stress situations for microorganisms and to prevent the reac-
tor from collapsing [20]. The correlation of VFA concentra-
tion and process stability still needs to be investigated more
in detail, especially when fast degradable carbohydrates are
used for flexible biogas production.

The underlying hypotheses in this laboratory study were
(1) that increasing intermittent feedstock supply results in
specifiable AD process impacts in biogas plants. Further,
that (2) high-resolution tracking of VFA reflects the dynam-
ics and stability of the degradation process when easily
degradable carbohydrates are supplied, and as a result (3)
that there is a direct relationship between VFA burden and
biogas and methane yields, respectively.

Most biogas plants are still operated under continuous
conditions to avoid process instabilities or failure. The tran-
sition to flexible feeding systems is hampered by the lack of
insights into the complex biological and physio-chemical
procedures and reactions [15]. This study, therefore, tested
the given hypotheses in four continuously stirred tank
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reactors (CSTR) with common agricultural feedstocks at
increasing organic loading rates of fast degradable carbo-
hydrates (sugar beet silage). The experiments aim to firstly
specify the relationship between process overload and meth-
ane gain to improve understanding of the AD process under
intermittent feeding conditions.

2 Materials and methods
2.1 Experimental setup

The experiment was performed in four CSTR, which had
a capacity of 20.3 L each (Fig. 1). Thereof 16.5 L were
filled with slurry (operating volume) and 3.8 L were used
as gas-filled compartment. Overflows with a capacity of
4 L each ensured that the liquid content did not exceed the
16.5 L mark. Using electrical heating panels attached to
the outer reactor walls, the slurry was constantly heated to
a mesophilic temperature of 40 °C. The gas-tight CSTRs
were stirred (every 20 min for 10 min at 75 rpm) by pad-
dle mixers, which ensured a homogeneous mixing enabling
the microorganisms to reach and implement the provided
feedstocks [21].

Maize silage (M) and sugar beet silage (S) were used as
feedstocks in the present study. An automatic feeding sys-
tem on a platform with 72 vessels was used to introduce
M into the reactor. The content of each vessel was trans-
ported into the biogas reactor by an electric stamp. S was
pumped into the reactors through flexible tubes by peristaltic
pumps (MDX TI/10, MDX Biotechnik International GmbH,
Noerten-Hardenberg, Germany) with additional timer
switches. The CSTRs were supplied with M every hour. The
daily amount of S was split into two portions given intermit-
tently twice a day (every 12 h).

In the beginning, the inoculum was sieved and degassed
to avoid residual gas in the experimental data. The reac-
tors were filled with 15 L inoculum and 1.5 L water to start
the fermentation. Subsequently, the OLR was gradually
increased with M and S every two to three weeks, accord-
ing to Schniirer et al. [22] (Table 1).

The present high-resolution data evaluation reported
here (part 3) started after 238 days of previous experi-
ments and lasted for 32 days, until process disturbance
occurred under specific circumstances. The reactors dif-
fered in the amount of S that was given intermittently with
OLR 0.5 kgys m~ day~! in CSTR1, 1.0 kgyg m~> day ™!
in CSTR2, 1.5 kgyg m™> day_l in CSTR3, and 2.0
kgys m~3 day~! in CSTR4, respectively, and thus also in
total OLR. All reactors were additionally supplied hourly
with maize silage at constant OLR 1.5 kgyg m~> day™!
(Table 1). Previous stages of this experiment were per-
formed at the same OLR for maize silage for all reactors (1.5
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Fig. 1 Schematic diagram of
laboratory reactors. M maize
silage; ES electric stamp; MO
motor; MC milligascounter; MS
methane sensor; DL datalogger;

ST sampling tube; T tempera- ES
ture sensor; pH pH sensor; S
sugar beet silage; HP heating Mo

panel .
Substrate carrier

M

4L

Effluent

Table 1 Experimental conditions for the operated CSTR during high-
resolution VFA data evaluation (data given for part 3 of the experi-
ment, for previous operation data see materials and methods)

Unit CSTR1 CSTR2 CSTR3 CSTR4
M g day™! 68.5

S g day™! 47.0 94.0 1409 1879
OLR (total) kgygm—day™' 2.0 2.5 3.0 3.5
OLR (M)  kgygm day™' 1.5

OLR (S) kgys m~ day™! 0.5 1.0 1.5 2.0
M:S - 3:1 3:2 1:1 3:4

CSTR continuously stirred tank reactor, M maize silage, S sugar beet
silage, OLR organic loading rate

kgys m~> day™!) but started with lower OLR for S, which
was gradually increased. Part 1 of the experiment with inter-
mittent S supply was performed at OLR 0.5 kgyg m ™ day ™!
(CSTR1), 0.7 kgys m~> day~! (CSTR2), 0.9 kgys m~> day~!
(CSTR3), and 1.1 kgyg m™3 day~! (CSTR4) for 62 days.
Part 2 was performed with intermittent S supply at OLR 0.5
kgys m~> day~! (CSTR1), 1.0 kgys m~> day~" (CSTR2), 1.2
kgys m~ day™! (CSTR3), and 1.5 kgys m ™ day™' (CSTR4)
for 35 days.

DL
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5 O
(H A
! 3.8L
~ s }[
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TS and VS measurement was performed according to
standard methods 2540 B and 2540 E. With drying and
burning the samples at different temperatures, volatile com-
ponents cannot be detected when determining the VS, how-
ever. For the exact determination of the OLR and specific
yields, the measured VS has to be mathematically corrected
[23], thus leading to presumable higher total OLR. Since the
direct comparison of the reactors and the acid load were in
focus of this study, the correction was not calculated.

2.2 Inoculum and feedstock characterization

Maize and sugar beet silage were provided by agricultural
farms in the south of Germany. Both silages were stored
at—20 °C. Shortly before usage, they were defrosted and
stored at 5 °C. S was pureed and diluted with water 1:1, to
avoid clogging of the flexible supply tubes of the peristaltic
pumps. The data in Table 1 refers to the pure, undiluted
amount of S. M was cut with scissors into one centimetre
long pieces before adding to the vessels on the platform. The
inoculum was taken from a mesophilic agricultural plant.
Feedstock characteristics pH value, carbon and nitrogen con-
tent, and total and volatile solids were determined before the
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experiment. Compositional analysis was performed by the
institute LUFA Nord-West (Oldenburg, Germany) (Table 2).

2.3 Analytical methods

The resulting biogas of each CSTR was guided through mil-
ligascounters (MGC-10, Ritter GmbH, Bochum, Germany)
and infrared sensors measuring the methane content (BCP-
CH4, BlueSens gas sensor GmbH, Herten, Germany) via
gas-tight tubes. Biogas volume and methane content were
recorded every 10 min. The data was transmitted to a com-
puter via a data logger and recorded with BacVis 7.6.0.2
software (Bluesense GmbH, Herten, Germany).

The pH and VFA/TIC (volatile fatty acid to total inor-
ganic carbon ratio) values of the fermentation slurries were
determined by manual measurements once or twice a week.
All reactors had a sampling dip tube (Fig. 1), which was
used to take samples. The VFA/TIC values were measured
according to DIN 38 409-H7 [24] using the titration appara-
tus Dosimet 665 (Metrohm, Hersau, Switzerland).

Samples for acid monitoring were taken on six experi-
mental days at five points, respectively. The first sampling
for each day was taken before the addition of S and the
second sampling was done five minutes after loading was
completed. After 1, 2, and 4 h, further samples were taken
from each CSTR. The samples were tested on their con-
tent of acetic acid, propionic acid, and butyric acid. For gas
chromatography (GC) analysis 5 ml of the samples were
given in a 5 ml Eppendorf tube (Eppendorf AG, Hamburg)
and were frozen until further processing. After the samples
were thawed, they were centrifuged for 20 min at 15 °C and

Table 2 Feedstock and inoculum characterization

Unit M S Inoculum

pH - 35 36 89

Total solids %* 375 20.1 3.5

Volatile solids %° 964 872 65.8
Carbon (C) %° 46.0 421 379
Nitrogen (N) %° 12 07 34

C/N ratio - 383 60.1 111
Raw protein (Nx6,25) /100 g® 58 38 ND
Raw fat 2/100 g® 30 02 ND
Starch 2/100 g® 330 134 ND
Total sugars 2/100 g® <05 208 ND
Raw fiber 2/100 g® 193 48 ND
Acid detergent fiber 2/100 g® 22.8 5.5 ND
Lignin 2/100 g° 19 13 ND
Neutral detergent fiber 2/100 g® 35.8 8.9 ND

M maize silage, S sugar beet silage
*Fresh mass of sample

®Total solid mass of sample
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14,000 rpm (Centrifuge 5427 R, Eppendorf AG, Hamburg).
Subsequently, 1 ml of supernatant was transferred to a 1.5 ml
Eppendorf tube and mixed with 100 pl acid solution (2 M
HCI +62.5 mg butanol as internal standard). After foam-
ing was completed, the samples were centrifuged again
for 20 min at 15 °C with 12,700 rpm. The supernatant of
each sample was then transferred to a GC sample vessel and
stored at 7 °C for a maximum of 2 days until it was analysed
in the gas chromatograph (Clarus 580, PerkinElmer Life
and Analytical Sciences, Shelton, CT 06,484, USA). For
analysis in the gas chromatograph, the sample was taken
from an injector and injected into the column together with
the carrier gas helium (Elite-FAMEWAX, 30 m, 0.25 mm
ID, 0.25 microns df, PerkinElmer Life and Analytical Sci-
ences, Shelton, CT 06,484, USA). The temperature of the
column was increased from 110 °C to 180 °C during the
flow. A flame ionization detector was used to detect the sam-
ple components.

2.4 Data evaluation and statistics

Specific biogas yield (sBY) and specific methane yield
(sMY) were calculated based on OLR of the respective
CSTR. Therefore, each day was split into periods (n) of 12 h,
each starting with the intermittent input of S. Each period
contained 72 readings and led to a high number of observa-
tions. Periods with technical problems like delayed addition
of S were excluded from the sBY and sMY calculation.

Microsoft Excel 2010 (Microsoft Corp., Redmond,
USA), Origin Pro 2019B (OriginLab, Northampton, USA),
and IBM SPSS Statistics 21 (IBM Corp., Armonk, USA)
were used for further data analysis. Normal distribution was
calculated with Shapiro—Wilk test, and Levene’s test was
applied to check the equality of variances. As data was not
normally distributed and variances were not homogeneous,
Welch’s ANOVA and additional post hoc Games-Howell test
were used to find significant differences between the CSTR.
The significance level was adjusted at p <0.05.

3 Results and discussion
3.1 Process stability monitoring

According to Drosg [25], biogas processes are stable when
the fermentation slurry pH ranges from 7.0 to 8.0. If the
pH decreases further, growth of methanogens can be inhib-
ited and digester failure is possible [26, 27]. The pH values
for CSTR1-CSTR3 varied from 7.5 to 8.1 and fluctuated
only about 0.5 units, respectively (Fig. 2a). In CSTR4, the
pH decreased from day 253 onwards clearly indicated a
process disturbance. Within 5 days, the pH value dropped
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Fig.2 pH (a) and VFA/TIC (b) of the four CSTR during the meas-
uring time of 32 days. The line thickness for each reactor is ordered
according to increasing OLR and S proportion. CSTR continuously
stirred tank reactor, VFA/TIC volatile fatty acid to total inorganic car-
bon ratio

from 7.3 (day 253) to 6.9 (day 258) and further to 6.7 on
the last day of measurements (day 260).

The pH drop in this experiment was not only caused
by VFA accumulation during AD but also by the input
of acidic silages (pH 3.6 for sugar beet silage). S often
already contains a high amount of organic acids and alco-
hols, which arise through hydrolysis that already starts
during storage [28].

To get a more profound insight into reactor perfor-
mance, the VFA/TIC is widely used in the biogas industry
[24]. The ratio of VFAs to buffer capacity quickly displays
changes in the fermentation slurry and is, therefore, better
suited for monitoring than the pH value (Fig. 2b). Accord-
ing to VoB et al. [24], biogas processes with VFA/TIC val-
ues from 0.15 to 0.45 are considered stable for agricultural
plants. The reactors CSTR1-CSTR3 were slightly below or
in this range with values from 0.10 to 0.17 throughout this
study. Reactor CSTR1 with an OLR of 2.0 kgys m™> day ™
had the lowest VFA/TIC ratio between 0.09 and 0.11.
Thus, CSTR1 could digest more feedstock at a stable pro-
cess. In contrast, the VFA/TIC in CSTR4 increased con-
tinuously throughout the experiment from 0.14 (day 230)
up to 1.54 (day 260). Within the last 7 days, the VFA/TIC
value increased rapidly by more than 1. This fast increase
and the simultaneous pH drop indicated that the load of
2.5 kgys m~> day~! of intermittently provided sugar beet
silage (total OLR 3.5 kgyg m~> d7!) led to VFA accu-
mulation and exceeded the capacity of the last AD steps.
Wilches et al. [20] observed the response of VFA/TIC
on flexible feedstock management in a full-scale biogas
plant. They observed process instabilities and a decrease
of methane yield already from VFA/TIC values of 0.4 on.

Reactor CSTR4 in which process failure occurred was
provided with a feedstock ratio of 3:4 (maize silage: sugar
beet silage, based on VS). The high-resolution monitoring
of VFA revealed that the acids were severely accumulated
within a short amount of time (25 days) of intermittent feed-
ing by sugar beet silage at the latest OLR. Demirel et al. [29]
have shown that even monodigestion of sugar beet silage
(continuous feeding) can be performed for over 150 days
with OLR reaching up to 7.4 kgyg m~> day~!, but postu-
lated possible lack of micronutrients in such mono-diges-
tion experiments. Since all four reactors were continuously
fed with the identical amount of maize silage but stepwise
increasing sugar beet silage ratios, it is unlikely that trace
element shortage would cause such a rapid process failure
as occurred within few days in the CSTR4.

3.2 High-resolution volatile fatty acid pattern

Former studies have already shown the instant degradation
of S when given intermittently into biogas reactors [5—7] and
thus providing rapidly available VFAs, alcohols, and sugars
[30]. Throughout the fermentation the OLR was gradually
increased in three steps (phase 1-3) while constant VFA
monitoring (Fig. 3). The acetate concentration in CSTR4
increased at the beginning of OLR phase 2 but went back to
normal after 20 days (Fig. 3a).

CSTRs 1 to 3 did not show a loss of stability, when the
OLR was increased again in phase 3. However, 21 days after
the start of the phase 3, the concentration of propionic acid
in CSTR4 rocketed to over 3000 mg L~! within only 1 week
(Fig. 3b). Klang et al. [31] tested the effects of changing
environments (e.g., exchanging sugar beet silage for maize
silage and vice versa) on the biogas microbiomes. While the
archaeal communities did not change during their 8-week
test phase after the feedstock change, the bacterial commu-
nities adapted. They assumed that the accumulation of pro-
pionic acid in the reactor switched from maize to sugar beet
silage indicated a shift from the acetoclastic to the hydrog-
enotrophic pathway.

The immediate effects of intermittent S loading were
investigated by high timely resolution of VFA patterns. For
a better overview the days 244, 253, and 260 are shown
graphically (Fig. 4). In all CSTRs, the acid concentration
increased after the addition of S. While acetate peaked in the
first measurement after the S supply, the increase of propion-
ate lasted longer. Except for the high-OLR reactor CSTR4,
the VFA concentrations tapered off to initial values until the
next S supply.

The acetate concentration did slightly increase in all reac-
tors throughout the experiment but always showing a decline
after every feeding event and acid degradation within the
observation period of four hours except for CSTR3, day 260.
No other process parameter for CSTR3 indicated a process
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Fig.3 Acetate (a) and propion-
ate (b) concentration during the
experimental time after reach-
ing OLR 2,0 kgyg m~> day™!.
Dashed lines show the increase
of OLR with the different
phases. CSTR continuously
stirred tank reactor

Fig.4 Acetate (a, c, e) and pro-
pionate (b, d, f) concentrations
during the addition of sugar
beet silage (S). Data are shown
for samples taken on experi-
mental days 244 (a, b), 253 (c,
d), and 260 (e, f). S was added
right after the first sampling for
VFA measurement. Line thick-
ness for each reactor is ordered
according to increasing OLR
and S proportion. Note different
scales of the Y-axis for propion-
ate in sub-figures d and f. CSTR
continuously stirred tank reac-
tor, VFA volatile fatty acids
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disturbance within the experimental time but the accumula-
tion of acetate can be an early indicator for process overload-
ing and incomplete degradation. For all CSTR the acetic
acid concentration did not exceed 300 mg L~! at any time.

The propionate concentration in CSTR1 and CSTR2
was always below the acetic acid concentration. This was
also observed in CSTR3 with 3.0 kg m~> d~! although an
increasing trend was visible. The highest rise in acid concen-
trations occurred in CSTR4 where 649.3 mg L™ propion-
ate was measured on day 253, reaching maximum values of
3547.0 mg L~! on day 260.

The concentration of butyrate was also monitored
throughout the experiment in all reactors but was only
detected twice with 11.89 mg L~!in CSTRI, day 260, and
24.67 mg L~! in CSTR4, day 260 (data not shown).

The VFA threshold for indicating a stable AD is not uni-
formly described in literature. Mayer et al. [32] suggested
a total VFA concentration of below 400 mg L™! for sta-
ble biogas processes, whereas Wang et al. [33] focused on
propionic acid and set the threshold for stable fermenta-
tion to below 900 mg L=, Still, these values were strongly
exceeded in CSTR4 with propionate concentrations above
3500 mg L~! on day 260.

This massive accumulation of propionic acid shows the
complexity of anaerobic digestion and the compelling syn-
ergy between acetogenic bacteria and methane-producing
archaea. The degradation of propionic acid into educts for
methane formation (acetate, formate, or hydrogen) is char-
acterized by an unfavorable thermodynamic balance. Thus,
this reaction is only possible when the cleavage products are
directly used further by acid-degrading methanogens and
require a close syntrophic relationship between both groups
of microorganisms [31, 34-36]. The presence of acetate-
producing bacteria (using H, and CO,) also leads to favora-
ble thermodynamics as H, partial pressure is kept low [37].

Due to the highly interconnected degradation pathways,
the ratio between acetic and propionic acid is commonly
used as process stability parameter. A ratio of propionic
to acetic acid> 1 is an indicator of process disturbance
especially when the propionic acid concentration is above

1000 mg L~! [38]. At the end of the experiment (day 260),
the propionic to acetic acid ratio in CSTR4 was 24.5, which
indicated a severe inhibition of the fermentation process.

Lv et al. [13] were able to show that the single intermit-
tent addition of the same amount of feedstock led to higher
concentrations of VFA than providing the same amount of
feedstocks in several additions. Partitioning the amount of
feedstocks can prevent VFA accumulation. The different
kinetic performances of the AD with methanogenesis being
the rate-limiting step are especially important in the case
of feedstocks rich in fast degradable carbohydrates. Even
though intermittent feedstock supply was shown to increase
specific biogas and methane yields [11, 12], it may lead to
severe process imbalances, when the proportion of fast-
degradable carbohydrates exceeds the limits of acid degra-
dation capacity within the reactor.

3.3 Exponential relationship between volatile fatty
acid concentration and gas yield

The specific biogas (sBY) and methane yields (sMY) are
the decisive quality characteristics for biogas plants. Next
to the pH, temperature, and the feedstock composition, the
gas yield is mainly influenced by the processing of inter-
mediates and thus the stability of the degradation process
[5, 39]. The specific gas yields were calculated for phase 3
of the experiment from the amount of gas per 12-h-obser-
vation period (n) and the respective OLR (Table 3). The
sBY for CSTR1 (635+14.7 Ly kgys™'), CSTR2 (634 +6.2
Ly kgys ™), and CSTR3 (601 +6.3 Ly kgys ") did not sig-
nificantly differ although different OLR rates with differ-
ent ratios of easily degradable S were provided. However,
the sBY for CSTR4 (537 £8.9 Ly kgys™') was significantly
lower by 16%, 15%, and 11%, respectively, compared to the
reactors CSTR1-CSTR3.

The same effect was observed for sMY. The specific
methane yields for CSTR1 (376 +8.8 Ly kgys™'), CSTR2
(362 +5.0 Ly kgys™"), and CSTR3 (360 +3.5 Ly kgys™h)
did not show significant differences. This was also
observed for the methane content in produced biogas in

Table 3 Mean specific biogas

. N Reactor OLR HRT sBY sMY

and methane yield for the four

CSTR at different OLR and [kgys m~> day™!] [d] n [Ly kevs '] n [Ly kgys ']

HRT
CSTRI 2.0 85.4 41 635" (14.7) 41 376" (8.8)
CSTR2 2.5 61.2 51 634" (6.2) 51 3622 (5.0)
CSTR3 3.0 477 52 601% (6.3) 52 360% (3.5)
CSTR4 3.5 39.1 52 537° (8.9) 52 286" (6.0)

Superscript letters show significant differences at p <0.05; numbers in parentheses show the standard error

of the mean

CSTR continuously stirred tank reactor, OLR organic loading rate, HRT hydraulic retention time, sBY mean
specific biogas yield, sMY mean specific methane yield, n observation periods of 12 h
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CSTR1-CSTR3. The concentration of methane varied
between 58 and 62% with no significant differences. It
must be considered that increasing the OLR while keeping
the same reactor volume decreases the hydraulic reten-
tion time (HRT). With shorter HRT, the digestate can still
contain undigested organic compounds and thus unused
biogas and methane potential [40].

The sMY of 286+6.0 Ly kgys~' measured in reactor
CSTR4 was significantly lower than the specific methane
yields in the other reactors. The methane content of pro-
duced biogas in CSTR4 dropped to 40% at the end of the
experiment. Higher OLR of S during intermittent feeding
did not automatically lead to higher specific gas yields.
This effect is also reflected in the volumetric biogas and
methane production rates (VBPR, vMPR) that were evalu-
ated in 10 min intervals throughout the experiment. The
increase in VBPR and vMPR is immediately visible after
the intermittent S load. The high-resolution measurement
enabled explicit monitoring of production dynamics and
even visualized the gas release during each mixing inter-
val. With increasing VFA accumulation in reactor CSTR4
biogas and methane production were not only decreasing
during the production peak but throughout the entire 12-h
observation period. The effect of acidification was stronger
on methane production than on the total gas production.
Biogas and methane production rates in CSTR1-3 were not
affected during the experimental time. According graphs are
given in Online Resource Figs. S1 (CSTR1), S2 (CSTR2),
S3 (CSTR3), and S4 (CSTR4).

Eccleston and Bongards [41] also observed a negative
impact of intermittent feedstock supply on biogas pro-
duction. The evaluated stress index corresponded to each
feeding event, while increased feeding amounts resulted in
higher calculated stresses. However, no data about VFA load
were acquired in their study.

Fig.5 Correlation between
mean VFA concentration (given 750
as means of each five measure- o
ments for an S feeding event)
and specific biogas (a) and
methane yield (b). CSTR con-
tinuously stirred tank reactor,
VFA volatile fatty acids
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The ample accumulation of VFA and the decreasing
methane production in CSTR4 caused a kinetic uncoupling
of the syntrophic relationship of acetogenic bacteria and
methanogenic archaea with the thermodynamically most
unfavourable degradation of propionic acid causing its
accumulation [36, 42]. Bonk et al. [43] demonstrated that
at process failure due to overload, the total VFA concentra-
tion increased up to fourfold at simultaneously occurring
pH drop.

Boe et al. [44] suggested to closely monitor propionate
concentrations and to use this parameter for controlling
feedstock input to prevent reactor overloading. Acetate is
less convincing as it is formed during various degradation
steps and shows an unstable trend that disqualifies as early
indicator [36]. The HRT for CSTR4 was 39.1 days that addi-
tionally can strain the microorganism agglomerations and
causing VFA to accumulate. Archaea have a longer genera-
tion time than most bacteria. This can create an additional
imbalance between the fermentation steps [45, 46]. Still, the
HRT is longer than recommended to secure a stable process
performance and to prevent a washout of methanogens that
are slow-growing and need a minimum HRT of 10 days [37,
47].

Capson-Tojo et al. [48] also recommend propionate mon-
itoring as a result of their experiments in batch reactors.
The batch situation can be transferred to the requirements
of flexible biogas production with feedstock management
since intermittent overloading occurs for both operating
modes. Controlling the supply of the feeding event only
regarding methane or biogas yield in their experiments led
to acid accumulation, especially of propionic acid, due to
the slow-growing propionic acid degraders that could not
develop fast enough for a new feeding batch. Recording acid
concentrations was therefore concluded as an integral part of
the monitoring routine to secure stable gas yields.
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The results revealed a strong negative correlation of acid
concentration, especially concerning propionic acid, to
biogas and methane yields (Fig. 5).

The determination coefficient for sMY (R>=0.81) is
higher than for sBY (R*=0.61), which indicates that VFA
inhibit the last AD step, the methanogenesis [32]. Further-
more, an accumulation of VFA is associated with a drop in
pH which releases CO, from the bicarbonate buffer system.
When more organic acids are produced during AD the equi-
librium shifts from bicarbonate to carbonic acid that outright
break down to water and CO,. The latter deteriorates the
biogas quality by lowering the methane content in produced
biogas even before the total biogas yield drops.

A decline in biogas and methane production is commonly
known to occur due to overloading [49]. For intermittent
biogas production through feedstock management, tempo-
rary overloads are part of the operating mode. Overloads that
cannot be processed by the microorganisms lead to decreas-
ing yields, accompanied by harsh economic consequences
for biogas operators. AD that was inhibited by organic or
hydraulic overloading needs, according to Regueiro et al.
[50], at least 13 days of recovering time during which the
OLR has to be reduced. Although biogas production in
their experiments was returned to the levels before the dis-
turbance, increased acidity was still observed. Biogas and
methane production are not only decreased during overload-
ing or acidification. Especially methane levels can remain
low during the following recovering phase because the
microbial community and especially archaea need time to
adapt to the changing environment during and after over-
loading [50, 51] marking a process stability monitoring even
more indispensable for every flexible biogas plant.

4 Conclusion

This study showed with high-resolution monitoring that
VFA are produced within minutes after intermittent supply
of fast degradable feedstocks like sugar beet silage. In stable
reactors, the VFA increase is balanced by the buffer capac-
ity and the metabolic activity, especially of the archaea.
Specific biogas and methane yields are directly related to
the amount of VFA, and the yields are declining rapidly
at increasing VFA concentration. Therefore, caution must
be taken especially when using fast degradable feedstocks.
Thus, high-resolution process monitoring is indispensable
for optimal biogas plant operation in order to meet challeng-
ing future requirements, especially regarding on-demand
energy production.
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