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Abstract
Major challenges in using lignocellulosic residues as biogas substrates arise from their high diversity and their typically 
low nitrogen content, which may not provide sufficient nitrogen for the microorganisms. To investigate to what extent such 
substrates can be used in biogas plants without extensive pre-treatment, this study presents a 300-day continuous co-digestion 
of lignocellulosic substrates (i.e., sugarcane reed, lemon, and grape leaves) and goat manure while continuously monitoring 
various process parameters. The results suggest a stable and effective biogas production at a carbon-to-nitrogen ratio (C/N 
ratio) of 33, with a production of 244 ± 15 mLN gVS

−1 d−1 biogas. At a higher C/N ratio of 43, the process remained stable, 
but hindrance was encountered. Process failure occurred at a C/N ratio of 52, where a rapid decline in biogas production 
was observed, accompanied by an increase in the volatile fatty acids to total alkalinity ratio (from < 0.2 to 0.9), a drop in the 
pH-value (from > 7 to 5.4), and an increased CO2-content of the provided biogas (from > 50% to 43%). The compositional 
analysis of the digestate suggests an insufficient N-supply and a failure of the carbonate and ammonium buffer systems 
inside the reactor. The experiment also served to validate a previously developed model based on the individual substrates’ 
degradation kinetics. With a relative root mean square error rRMSE of 8%, the model adequately predicted biogas production 
within defined limits. However, it could not anticipate process breakdown at high C/N ratios, highlighting a strong limitation.
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Introduction

The sustainability of biogas production processes depends 
largely on the biogenic resources used as substrates. The cul-
tivation of energy crops is often related to intensive land use 
and a corresponding loss of biodiversity [1]. Contrastingly, 
the use of organic residues from agriculture (e.g., straw, 
manure) and municipalities (e.g., biowaste) not only miti-
gates such problems but also functions as a form of waste 
management. Agricultural residues and animal manure rep-
resent the largest sources of renewable feedstocks for biogas 
production [2]. Remarkably, the sustainable technical poten-
tial of biogas and biomethane from these sources are esti-
mated to range around 6600 TWh a−1 and 8500 TWh a−1, 
respectively [2] being considerably higher compared to the 
current production of 445 TWh in 2022 [3] as well as the 
projected demand of 1700 TWh (Stated Policies Scenario) to 
3800 TWh (Sustainable Development Scenario) in 2040 [2].

Lignocellulosic biomass constitutes the largest fraction of 
agricultural residues and is widely available as a potential 
feedstock for anaerobic digestion. The versatility of biogas 
in terms of location/region, substrates used, and size of the 
fermenter (from lab-scale to large plants) is an enormous 
advantage in terms of flexibility. This includes the use of 
small-scale biogas plants in rural areas for decentralized, 
local production of renewable energy. However, the variety 
of possible applications is also a challenge. For instance, 
because lignocellulosic residues have diverse characteristics, 
operating a biogas plant with such substrates is not neces-
sarily straightforward. Despite public promotion, small-scale 
biogas plants in rural areas are often operated inefficiently or 

not adopted by farmers [4]. A key challenge is the fluctuat-
ing composition and properties of locally, regionally, and 
seasonally available lignocellulosic biomass streams. Also, 
those substrates exhibit recalcitrance toward anaerobic deg-
radation, resulting from their biomass structure and consid-
erable content of non-degradable lignin [5, 6]. The nutrient 
supply provided by the substrate, e.g., the carbon-to-nitrogen 
(C/N) ratio, not only varies from substrate to substrate but 
can also be subject to seasonal changes, for example, as seen 
in food waste [7]. Lignocellulosic biomass itself is usually 
characterized by a low N content, resulting in an inadequate 
C/N ratio for anaerobic digestion.

An adequate C/N ratio needs to be maintained because 
microorganisms realizing the anaerobic digestion use car-
bon as their main source of energy and nitrogen to build up 
amino acids and proteins [8]. Nitrogen is taken up by these 
microorganisms in the form of NH4

+ from the digestate [9]. 
In this context, there are two possible challenges.

•	 If the C/N ratio is low, ammonium inhibition might 
emerge due to excessive NH4

+ availability [8, 10]. This 
can be the case when food waste or municipal solid 
organic waste [8, 11] or large quantities of animal manure 
[10] are used as feedstock.

•	 If the C/N ratio is high (i.e., only little nitrogen is avail-
able), the protein solubilization rates are low, and con-
sequently, NH4

+ concentrations are also rather low, 
thus providing insufficient N to maintain cell growth of 
microorganisms [10]. This could then result in a reduced 
amount of microorganisms available within the system 
and hinder the build-up or preservation of the microbial 
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flora, which could in turn slow down the biogas produc-
tion process [12], and ultimately means that the available 
C would be used inefficiently [10]. Additionally, since 
the ammonium buffer (equilibrium of ammonium and 
ammonia) is one of the major buffering systems besides 
the carbonate buffer [13], an insufficiently low NH4

+ con-
centration weakens the buffering capacity of the biogas 
reactor. This makes the system more susceptible to over-
acidification [8, 14] and thus could lead to significant 
changes in the pH-value, which could ultimately slow 
down or stop cell growth [15].

Under mesophilic conditions, optimal C/N ratios for 
anaerobic digestion have been found to lie between 20 and 
35 [10, 16, 17]. Inhibition due to excess NH4

+ is likely to 
occur at C/N ratios below 15 [16]. Higher C/N ratios might 
lead to hindrance or failure of the biogas production as a 
consequence of N-deficiency—even though stable anaerobic 
production processes have been reported at C/N ratios up to 
60 [18, 19].

Since the more prominent problem in biogas plant opera-
tion are low C/N ratios (high NH4

+ concentrations), various 
papers document the positive effect of a higher C/N ratio (in 
comparison to pure animal manure but often lower than lig-
nocellulosic residues) on biogas production [20, 21], which 
however is also challenged by contradicting observations 
[19, 22]. It is not always analyzed whether the additional 
biogas results from the improved C/N ratio or simply from 
the use of a substrate mixture containing higher propor-
tions of substrates with a higher biogas potential. Further-
more, batch tests are often employed to study these effects 
[23] rather than performing long-term experiments with 
continuous substrate feeding. Moreover, many studies use 
substrates that inherently contain microorganisms able to 
perform anaerobic digestion (e.g., fresh dairy manure) [18, 
20]. The continuous addition of these microorganisms may 
compensate for a potential collapse of the microbial com-
munity. Even though considerably scarcer than batch tests, 
some long-term studies of continuous biogas processes can 
be found in the literature. For example, various pre-treatment 
methods (extrusion, lime pre-treatment, steam explosion) 
have already been tested on a continuous scale. In these 
studies, various lignocellulosic materials, such as rice straw, 
corn stover and straw, or lignin-rich macrophytes, have been 
used, often with the addition of N-rich substrates such as 
pig manure or food waste [24–27]. Moreover, to improve 
anaerobic conversion, pre-hydrolysis [28] and enzyme addi-
tion were investigated on a continuous scale [29]. Blends of 
lignocellulosic agricultural residues with different C/N ratios 
were used for anaerobic digestion in a study by Zahan et al. 
[21]. However, the variation of the C/N ratio did not exceed 
25, thus maintaining favorable conditions without overex-
pansion. Overall, continuous long-term processes with high 

C/N ratios—as high as those of lignocellulosic residues from 
agriculture—are scarce and their dynamics are generally less 
well understood than the opposite case of low C/N ratios 
with excess nitrogen.

Modern anaerobic digestion research and development is 
greatly supported by mathematical modeling of anaerobic 
processes. On the one hand, they enable a detailed under-
standing of processes and, on the other hand, they can sup-
port technical implementation and plant operation. The 
research landscape includes a variety of models [30–32], 
which can be categorized based on their modeling approach 
into mechanistic, kinetic, and phenomenological models 
[31]. Mechanistic models seek to depict physical, biologi-
cal, and chemical processes in the anaerobic reactor, rely-
ing on a large number of input parameters that need to be 
determined experimentally [31]. Even though, for example, 
the “Anaerobic digestion model No. 1” (ADM1) is well 
known and widely applied in research, it comprises great 
complexity [30, 33] which is not always well suited for sim-
ple applications, especially when the target applicant is not 
the scientific community but practitioners operating plants. 
Machine learning models, e.g., models based on artificial 
neural networks (ANN) [30, 34] are referred to as phenom-
enological models [31]. Unlike for mechanistic models, 
precise knowledge of the bio-physio-chemical mechanisms 
inside the reactor is not needed. However, phenomenologi-
cal models heavily rely on large input data sets for training 
and prediction [31]. Kinetic models determine the biogas 
production of a system via empirical equations, specifically 
enzymatic or canonical algebraic equations, that use dimen-
sionless coefficients [35]. This approach can be consider-
ably easier to implement and use because phenomenological 
models have high data requirements, and mechanistic mod-
els are inherently complex.

Following this line of argument and to facilitate a success-
ful and stable operation of (e.g., small-scale) plants using a 
variety of different renewable feedstocks, Scherzinger et al. 
[33] developed an empirical model that uses simple means to 
check the viability of the proposed substrate mix and predict 
the respective biogas yield in a continuous biogas production 
process. Their model is characterized by an easy approach 
using the degradation kinetics of the substrates. It checks 
for an appropriate C/N ratio and takes some framework 
conditions (e.g., the maximum organic loading rate) into 
account [33]. Because it uses basic characteristics, it is easily 
transferable and adaptable to a large share of substrates. The 
proposed model has not yet been validated by continuous 
anaerobic digestion experiments. In their publication, the 
authors assumed that the prediction would be accurate under 
favorable conditions, such as an adequate C/N ratio, while 
the model is not designed to predict process hindrances and 
breakdowns. Consequently, they recommended that the use 
of the model should be limited to applications within the 



	 BioEnergy Research           (2025) 18:58    58   Page 4 of 16

borders of favorable conditions [33]. The model’s unknown 
predictive limits justify further investigations.

Against this background, this paper has the following 
main objectives:

•	 The biogas production from selected N-deficient ligno-
cellulosic residues was examined in a co-digestion with 
animal manure. Given the limited availability of N-rich 
manure in parts of the study area (i.e., Egypt), the target 
was to minimize its use while utilizing lignocellulosic 
residues as efficiently as possible. Throughout the experi-
ment, manure input was gradually reduced to assess the 
impact of a varied C/N ratio of the substrate mix on 
biogas production and selected digestate characteristics. 
To provide robust and reliable results, this study included 
long-term observations spanning several months, captur-
ing the effects of substrate changes over time.

•	 The above-described predictive model was validated 
using data from a continuously fed biogas reactor. The 
model predictions were checked against the experimental 
biogas production. Since the model was expected only to 
perform well under optimal conditions, deviations from 
ideal conditions were introduced. This should demon-
strate that the model (or more precisely the deviation 

from the model’s prediction) can indicate process inhibi-
tion at an early stage, which could enable rapid interven-
tion in practice.

In summary, this study presents the first-time validation 
of the predictive model by Scherzinger et al. [33] in continu-
ous mode. Building upon this model, the present investiga-
tion expands the state of the art in the field of empirical 
models for the prediction of anaerobic processes, as well 
as the use of N-deficient key agricultural residues in biogas 
production processes.

Materials and Methods

Procedure

To adequately address the two goals of the study, namely, the 
model validation and the assessment of a varied C/N ratio in 
the substate mix (C/Nfeed), the study was composed of different 
phases as outlined in Fig. 1 and Table 1. The process sequence 
(Fig. 1) is a representation of the biogas process itself, showing 
the conversion from residual biomass to biogas and digestate 
through anaerobic digestion with continuous substrate feeding. 

Fig. 1   Experimental procedure. 
AD: anaerobic digestion; C: 
carbon; DM: dry mass; DOC: 
dissolved organic carbon; H: 
hydrogen; N: nitrogen; NH4

+: 
ammonium; O: oxygen; S: 
sulfur; TA: total alkalinity; TN: 
total Nitrogen; VFA: volatile 
fatty acids; VS: volatile solids; 
YBG: biogas potential

Table 1   Feedstock blends: 
shares of substrates in %VS 
(% of volatile solids) of each 
study phase. C/Nfeed is the C/N 
ratio of the final substrate mix. 
Duration gives the start and end 
day, as well as the total duration 
in brackets

Phase Agricultural residues Manure C/Nfeed Duration

%VS %VS %VS - day (d)

Sugarcane reed I Lemon leaves Goat dung
Validation 25 25 50 33 0–99 (75 + 25)
Transition 25 25 50 33 100–166 (67)

Sugarcane reed II Grape leaves Goat dung
I 25 25 50 33 167–191 (25)
II 40 40 20 43 192–241 (50)
III 50 50   0 52 242–291 (50)
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The methodological sequence is composed of the characteriza-
tion of the residual biomass (“Characterization of Substrates” 
section), the modeling of the anaerobic digestion processes 
(“Modeling of the Continuous Digestion Process” section) 
including the model validation and the prediction of the biogas 
production, and lastly, a characterization of the digestate and 
constant monitoring of process parameters during the entire 
operation of the biogas process (“Continuous Anaerobic Co-
digestion” section).

The study was divided into multiple phases. Table 1 
shows an overview of the feedstock and the respective C/
Nfeed ratio of the substrate mix used during the different 
study phases as well as the respective duration of the dif-
ferent phases.

The validation phase was run to validate the model 
for the prediction of the anaerobic digestion process. The 
startup of this phase lasted for 75 days to ensure a steady 
state of the anaerobic digestion process (this equals three 
hydraulic retention times (HRT) of 25 d, see also Eq. (8)) 
and continued until day 99. During this phase, the reactor 
used for anaerobic digestion was fed with a blend of 50%VS 
agricultural residues (sugarcane reed I and lemon leaves in 
equal amounts) and 50%VS goat dung. Between the valida-
tion phase and the other three major phases, there was a 
transition period. During this time, the plant was continu-
ously operated; however, due to operational difficulties (i.e., 
reactor handling, gas collection, data acquisition), which led 
to an incomplete data set in this phase, the results of the 
transition phase are not used for discussion.

In the follow-up phases I, II, and III, the effect of a varied 
C/Nfeed ratio was tested by altering it. During these phases, 
the agricultural residues used were sugarcane reed II (orig-
inating from a different batch and thus showing different 
characteristics than the sugarcane reed I), grape leaves, and 
goat dung. The variation of the substrates has the additional 
advantage that the model validity and process stability have 
been tested using different substrates. Over a period of one 
HRT (phase I; HRT = 25 d, see also Eq. (8)) or two HRT 
(phases II and III) each, the reactor was operated with a 
blend of agricultural residues and manure at different pro-
portions. Phase I was run under the same conditions as the 
validation phase using 50%VS agricultural residues and 
50%VS manure. The share of manure was then reduced to 
20%VS in phase II and to 0%VS in phase III. These different 
feedstock blends corresponded to a C/Nfeed ratio of 33 (phase 
I), 43 (phase II), and 52 (phase III).

Substrates for Anaerobic Digestion

Selection and Preparation of Substrates

The selection of substrates for continuous anaerobic diges-
tion from a pool of crop residues from different governorates 

in Egypt was based on seasonal and regional availability 
and their biogas potential. The substrates chosen originate 
from the region of Aswan in the south of Egypt. Here, they 
are available in the winter season. According to a qualita-
tive field survey [36], the residues chosen are often subject 
to field burning [37]. Hence, there is low competition for 
use, making these materials potentially favorable biogas 
substrates.

As the agricultural residues investigated mostly consisted 
of biomass with high C/N ratios, the substrate mix was sup-
plemented by goat dung as a N-rich substrate. It was dried 
in a ventilated oven at 45 °C for 2 d to prevent microbial 
activity or degradation during storage. A sandy fraction was 
separated and removed from the goat dung by sieving.

The substrates were comminuted to a particle size < 1 
mm using a laboratory cutting mill (MF10, IKA, Germany) 
for the subsequent characterization and the batch and con-
tinuous anaerobic digestion experiments.

Characterization of Substrates

Dry Mass and Volatile Solid Content  Dry mass and vola-
tile solids content were determined according to DIN EN 
ISO 18134 [38] and DIN EN 15935 [39]. The drying for 
the determination of the water content was carried out in a 
drying oven (U80, Memmert, Germany) at 105 °C. Subse-
quently, the ashing of the samples for volatile solid deter-
mination took place in a muffle furnace (M104, Thermo 
Scientific Heraeus, USA) at 550 °C. The dry mass content 
(DM) and the volatile solids content (VS) were calculated 
based on Eqs. (1) and (2).

mf is the fresh mass of the sample before drying, md is the 
mass of the dry sample, and ma is the mass of the ash after 
incineration. Measurements were carried out in triplicates.

Elemental Composition  The elements nitrogen (N), carbon 
(C), hydrogen (H), and sulfur (S) were determined with a 
NCHS analyzer with an internal conductivity detector (vario 
MACRO cube, Elementar, Germany [40]). The oxygen (O) 
content was determined as the difference of the dry mass 
subtracted by all elements mentioned above as well as the 
ash content [33].

Biogas and Methane Potential of Substrates and Determi‑
nation of Kinetic Parameters  The biogas potential (biogas 
yield, YBG) and methane potential (methane yield, YCH4) of 
the substrates were determined in batch mode according to 
the VDI 4630 guidelines [41], e.g., as described in [33]. 

(1)DM = (md∕mf )100%

(2)VS = (1 − (ma∕md))100%
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Kinetic parameters were determined by fitting the results to 
the Modified Gompertz Model (Eq. (3)) [33, 42].

P(t) is the cumulative biogas production at time t, P0 is 
the maximum biogas yield, Rm is the maximum biogas pro-
duction rate, t is the time, λ is the lag phase of the digestion, 
and e is the Euler’s number ( e = 2.7182). The calculations 
were performed using Python (version 3.12.3). The theoreti-
cal biogas (YBG,theo) and methane (YCH4,theo) potential of the 
substrates were calculated according to [43].

The characteristics of the substrates are presented in 
Table 2.

Modeling of the Continuous Digestion Process

This section briefly summarizes the functioning of the 
model that was to be validated by anaerobic digestion 
experiments with continuous (daily) substrate addition. 
It also contains the variables given as input to the model. 
The original model code, which is written as Python code, 

(3)P(t) = P0exp

[

−exp

(

Rme

Po

(t − �) + 1

)]

was adapted in a way that it could process multiple sub-
strate changes instead of one, but the basic mathematical 
processing of the data was not changed. For a detailed 
explanation of the setup and basic mechanisms of the 
model, please refer to the original publication [33]. For the 
present study, calculations were performed using Python 
(version 3.12.3), the adapted model code is available as 
specified in the data availability statement.

In general, the model predicts the biogas production 
using the degradation kinetics of all components of the sub-
strate mix. Hence, the kinetic parameters of the substrates 
must be determined through batch tests (“Characterization 
of Substrates” section). Furthermore, it checks some gen-
eral criteria (e.g., appropriate organic loading rate, C/N 
ratio) for successfully operating a biogas fermenter. Basic 
model inputs are shown in Table 3. Specifically, those are 
operating parameters such as the fermenter volume (VF in 
Table 3), the hydraulic retention time (HRT1…HRT4 in 
Table 3), the total time of modeling (tm), the time of sub-
strates changes (tc1…tc3), and the organic loading rate (BR 
in Table 3). Substrate characteristics from an imported .
csv file are stored under coded short names (Substrates1…

Table 2   General characteristics, 
elemental composition, biogas 
and methane potential, kinetic 
parameters, and the respective 
root mean square error (RMSE) 
and coefficient of determination 
(R2) of the fitted model of all 
investigated substrates

<LoQ below limit of quantification

Substrate Sugarcane reed I Lemon leaves Sugarcane reed II Grape leaves Goat
dung

General characteristics
  DM (%) 94.8 ± 0.1 93.6 ± 0.02 95.8 ± 0.1 94.7 ± 0.02 93.9 ± 0.4
  VS (%DM) 92.3 ± 0.01 79.1 ± 0.1 98.6 ± 0.1 78.9 ± 0.2 70.1 ± 1.8

Elemental composition
  C (g kgDM

−1) 440 410 460 400 340
  N (g kgDM

−1) 7.3 9.1 2.5 14 15
  H (g kgDM

−1) 61 54 63 54 39
  S (g kgDM

−1)  < LoQ  < LoQ  < LoQ  < LoQ  < LoQ
  O (g kgDM

−1) 414 317 461 321 307
  C/N ratio (-) 60.3 45.1 184.0 28.6 22.7

Biogas and methane potential and kinetic parameters
  YBG (mLN gVS

-1) 536 ± 25 395 ± 17 505 ± 27 399 ± 15 262 ± 16
  CH4 content (%) 58.7 ± 0.4 59.9 ± 0.1 63.2 ± 0.5 59.7 ± 0.6 70.0 ± 1.7
  YCH4 (mLN CH4 gvs

−1) 315 ± 25 237 ± 17 319 ± 27 238 ± 43 183 ± 17
  YBG,theo (mLN gVS

-1) 857 780 895 780 660
  YCH4,theo (mLN CH4 

gvs
−1)

469 453 481 438 337

  YBG/YBG,theo (%) 63 49 56 51 40
  YCH4/YCH4,theo (%) 67 52 66 54 54
  P (mLN gVS

-1) 504.0 360.2 488.2 382.6 221.3
  Rm (mLN gVS

-1 d−1) 34.3 34.7 29.8 62.4 10.9
  λ (d)  − 2.44  − 2.14  − 1.71  − 0.68  − 1.38
  RMSE (mLN gVS

−1) 21.7 23.1 15.7 21.8 5.8
  R2 (-) 0.97 0.90 0.98 0.92 0.99
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Substrates4 in Table 3), and the substrate shares within the 
feedstock mixture must be defined for each substrate mix 
(Shares1…Shares4 in Table 3).

The information on the substrates’ characteristics 
imported are the water content, volatile solids, C and N 
content, the kinetic parameters of the anaerobic degrada-
tion determined in batch tests, the methane content of the 
biogas (all “Characterization of Substrates” section), and 
the respective shares of the substrates (Table 1). The exact 
values for each parameter and substrate are given in Table 2 
(“Characterization of Substrates” section). Characteristics, 
e.g., the water, volatile solids content, or C/N ratio of the 
substrate mixture, are derived from the individual substrate 
characteristics given by the input file according to their 
share. Generalized, this means that a characteristic XF of 
the feedstock mixture is calculated as the sum of the charac-
teristics of the individual substrates XS1…XSn multiplied by 
the corresponding share of these substrates SS1…SSn in the 
total feedstock mix as shown in Eq. (4) [33].

For example, the model derives the C/N ratio of the sub-
strate mixture simply by calculating it from the C and N 
content of the substrates and their respective shares. Once 
a threshold is exceeded, it passes a warning about an inad-
equate C/Nfeed ratio. This threshold was set to 30 in the origi-
nal model [33] but increased to 35 in the present investigation 
based on literature recommendations [10, 16, 17].

Ultimately, the continuous biogas production of the feed-
stock mixture is predicted via a simple approach: firstly, the 
cumulative biogas production of each substrate Ps(t) is deter-
mined based on the kinetic parameters in the input file using 
the Modified Gompertz Model (see Eq. (3)). It is used to cal-
culate the daily biogas production rate of each substrate RS(t) 
as shown in Eq. (5).

(4)XF =

n
∑

i=1

XSiSSi

(5)RS(t) = PS(t) − PS(t − 1)

The daily biogas production rate of the feedstock mix-
ture RF(t) is then determined with the same approach as 
the feedstock characteristics, i.e., summing up the indi-
vidual substrates’ biogas production rates RS1(t)…RSn(t) 
multiplied by their respective share SS1…SSn according 
to Eq. (6).

The modeled biogas production rate of the entire reactor 
RM(t) is then calculated as the sum of the biogas production 
rates of all fed batches present in the reactor, hence the total 
feedstock fed within the past 25 days (= HRT).

To assess the agreement of the model with the experimen-
tal data, the following statistical indicators were calculated 
for the different phases of the experiment: MAE: mean abso-
lute error, RAE: relative absolute error, RMSE: root mean 
square error, rRMSE: relative root mean square error, R2: 
coefficient of determination. For evaluating the success of 
the validation, a criterion was introduced. Considering the 
uncertainty range of all involved analyses, in particular of 
the batch experiments (error tolerance of 10% according to 
[41]) and measurement uncertainties in the biogas volume 
of the continuous anaerobic digestion system, this criterion 
was set to a rRMSE of ≤ 10%.

Continuous Anaerobic Co‑digestion

Operation of the Anaerobic Digestion Reactor

The continuous anaerobic co-digestion was performed in 
a lab-scale reactor (BTP2-basic, UIT, Germany, Fig. 2) 
with a working volume of 5.5 L (full volume: 6.5 L). The 
plant was equipped with an automated temperature control 
(heating mantle and temperature probe) and was operated 
at 37 ± 1 °C. Automated stirring of the reactor content 
was performed with a propeller agitator once per hour at a 
speed of 200 min−1 for 5 min. A schematic of the reactor 

(6)RF(t) =

n
∑

i=1

RSi(t)SSi

Table 3   Input variables of the model, actual values used in the present study, and a brief explanation for each variable

Variable Value Explanation

VF 0.0055 Volume of fermenter (m3)
HRT1… HRT4 25, 25, 25, 25 Hydraulic retention time of substrate mix 1…4 (d)
tm 292 Time span of the modeling (d)
tc1…tc3 167, 192, 242 Day of substrate change (d)
BR 3 Organic loading rate (gVS L−1 d−1)
Substrates1…Substrates4 e.g.: ['SR,'LP,'GD'] Coded names of substrates mix 1…4 The characteristics 

are imported via a .csv file that contains data given in 
Table 1

Shares1… Shares4 e.g.: [0. 5, 0. 5, 0.0] Shares of substrates in mix 1…4
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is presented in Fig. 2. For initial inoculation, the reactor 
was filled with sewage sludge from a wastewater treat-
ment plant located in Seevetal, Germany. The experimen-
tal plant was operated at an organic loading rate (OLR) of 
3 gVS L−1 d−1, corresponding to a daily feed of 16.5 gVS 
at a volatile solids content (CVS) of 75 gVS L−1 in the feed 
mixture. The average hydraulic retention time (HRT) was 
defined as 25 d corresponding to a flowrate (Q) of 0.22 
Ld−1 in the investigated system (V = 5.5 L). This volume 
was removed daily before feeding an equal amount of fresh 
substate mix through an inlet manually. The relationships 
between these operational parameters are summarized by 
Eqs. (7) and (8).

The solid and liquid fractions of the removed aliquot 
were separated via centrifugation (Rotixa 50 RS, Hettich, 
Germany) to recycle the liquid fraction. The feed added to 
the reactor once per day consisted of the solid substrates as 
specified in Table 1 and a mixture of 50% recycled liquid 
digestate and 50% tap water.

Sample Preparation for Liquid and Solid Phase Analysis

Up to two times per week, the aliquot taken out from the 
reactor was analyzed for process parameters (“Process Moni-
toring” section) and digestate characteristics (“Digestate 
Characteristics” section). For the majority of the analyses 
performed—and if not stated differently hereafter—the solid 
and liquid fractions were separated by centrifugation (Rotixa 

(7)OLR = (QCVS)∕V

(8)HRT = V∕Q

50 RS, Hettich, Germany). For NH4
+ and dissolved organic 

carbon measurements, the samples were filtered through 0.2-
µm filters.

Process Monitoring

Biogas Volume and Composition  The biogas volume V was 
measured via a drum gas meter (TG0.5/5, Ritter, Germany). 
Readings were taken once per day. Additionally, ambient 
temperature (T) and pressure (p) were noted to convert the 
biogas volume to volume of dry gas at normal state (Vdry,N) 
according to Eq. (9).

TN is the normal temperature (TN = 273 K), pN is the nor-
mal pressure (pN = 1013 hPa), and pw is the water vapor 
pressure depending on the ambient temperature [41]. The 
water vapor pressure was calculated using the Magnus for-
mula [44].

The corrected volume (Vdry,N) was also divided by the 
time between the measuring points (dt) and referred to the 
amount of organic mass (mVS) fed to the reactor to obtain the 
biogas rate (Rdry,N) as specified in Eq. (10).

For the compositional analysis, the biogas was col-
lected in a gas bag for up to two days and measured with 
a portable gas analyzer (Biogas 5000, Geotech, UK). It 
was assumed that the biogas (dry gas in normal state) is 
composed of CO2 and CH4 only.

pH and VFA/TA Ratio  The pH of the digestate was meas-
ured using a pH probe (pH-Meter 765 Calimatic, Knick, 
Germany, and HI1131 pH probe, Hanna instruments, Ger-
many). The volatile fatty acids to alkalinity ratio (VFA/TA) 
was determined by titration with 0.05 M sulfuric acid [45]. 
This was done manually at the beginning of the experi-
ment. Throughout the experiment, an automatic titrator 
(HI931 potentiometric titrator with HI1131 pH probe, 
Hanna instruments, Germany) was used. Since the usage 
of the automated system did not provide reliable results, 
the procedure was switched back to manual titration.

The VFA/TA ratio is calculated according to Eqs. (11), 
(12), and (13).

(9)Vdry,N = V

(

p − pw
)

TN

pNT

(10)Rdry,N = Vdry,N∕dt∕mVS

(11)VFA =
(

(20∕V
s
)V

4.4
1.66 − 0.15

)

500

(12)TA = (20∕Vs)V5250

(13)VFA∕TA ratio = VFA∕TA

Fig. 2   Schematic of the reactor used for continuous anaerobic diges-
tion experiments
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VFA is the concentration of volatile fatty acids within the 
digestate and TA is the total alkalinity of the system. Vs is 
the volume of the sample, V4.4 is the volume of sulfuric acid 
used to titrate from pH 5 to pH 4.4, and V5 is the volume of 
sulfuric acid required to titrate to pH 5. Measurements were 
carried out in triplicates.

Digestate Characteristics

Dry Mass, Volatile Solids, Carbon, and Nitrogen Con‑
tent  The digestate was tested for its dry mass and volatile 
solids content, as well as the content of C and N in the 
solid fraction of the digestate. The methods were executed 
analogously to the analyses performed on the substrates 
(“Characterization of Substrates” section). The volatile 
solids removal (VSr) was calculated from the organic mass 
given to the reactor (VSin) and the organic mass in the 
digestate (VSout) as specified in Eq. (14).

Ammonia Nitrogen  The ammonia nitrogen (NH4
+-N) con-

centration in the filtered liquid samples was measured pho-
tometrically using a test kit (LCK503 and LCK505, Hach 
Lange, Germany, Photometer: DR 3900, Hach Lange, Ger-
many [46, 47]).

Dissolved Organic Carbon and Total Nitrogen  For dissolved 
organic carbon (DOC) and total nitrogen (TN) meas-
urements, the filtered liquid samples were acidified to a 

(14)VSr = (VSin − VSout)∕VSin100%

pH-value of < 2 using concentrated phosphoric acid. Meas-
urements were taken in 1:5 diluted samples using a TOC 
analyzer (multi N/C 3000, Analytik Jena, Germany). The 
determination was carried out according to DIN EN 1484 
[48]. Measurements were carried out in triplicates.

Results and Discussion

Model Validation

Results  At the beginning of the continuous anaerobic 
digestion experiments, the biogas production rate (Rdry,N) 
was low and increased steadily during the first 25 d 
(Fig. 3a). Between days 25 and 99 the biogas production 
rate reached a level of 250 ± 10 mLN  gVS

−1 d−1 with a 
methane content of 51% (Fig. 3c). Similar to the biogas 
production rate, the two process monitoring parameters 
pH-value and VFA/TA ratio were subjected to change in 
the very beginning of the startup of the process (Fig. 4a). 
There was a slight decline in the pH-value starting from 7.4 
equilibrating around 7.1 ± 0.1. The VFA/TA ratio increased 
throughout the startup phase starting at 0.07 ± 0.02 (day 1) 
and reaching a level of 0.15 ± 0.01 (day 100). This change 
in VFA/TA was accompanied by an increase in DOC from 
218.5 ± 2.9 mg L−1 (day 1) to 818 ± 18.5 mg L−1 (Fig. 3d) 
and an increase in DM from 1.9 ± 0.0% (day 0) to 4.8 
± 0.7% (day 99) and VS content from 63.0 ± 0.2%DM (day 

Fig. 3   Monitoring data and 
digestate characteristics: a mod-
eled (RM) and measured biogas 
production rate (Rdry,N). b 
Parity plot of modeled (RM) and 
measured biogas production rate 
(Rdry,N) in the validation phase. 
c Fraction of CH4 and CO2 in 
biogas. d DOC concentration 
of the liquid digestate. Trans. 
Transition phase
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0) to 69.1 ± 1.1%DM (day 99) (Fig. 4d). During the valida-
tion phase, the volatile solids removal rate VSr was always 
higher than 60% (Fig. 4d), indicating effective conversion. 
Since these parameters remained fairly stable throughout 
the fourth HRT, it can be assumed that a steady state had 
been established in the reactor.

To validate the predictive model [33], the measured biogas 
rate (Rdry,N) was compared to the model predictions (RM, 
Fig. 3a). Statistical indicators are presented in Table 4, and a 
parity plot for the validation phase is shown in Fig. 3b. For 
validation purposes, the startup and, in particular, the steady-
state reached thereafter (i.e., the entire period from day 0 to 
99) are considered. Over this entire period, the model predic-
tions showed a close correlation to the measured values with 
an R2 value of 0.93 (Table 4). Also, the deviation between 
the model and experimental data was relatively small with a 
RMSE of 19 mLN gVS

−1 d−1 and a rRMSE of 8%. Throughout 
the period from day 25 to 99, including the steady state phase, 
the mean measured biogas rate was 250 ± 10 mLN gVS

−1 d−1. 
This accounts for a RMSE of 17 mLN gVS

−1 d−1 and a rRMSE of 
7% compared to the model predictions of 263 mLN gVS

−1 d−1. 
According to Fig. 3a, the biogas production within the reactor 
was slightly below the model predictions most of the days; this 
is especially true for higher biogas rates as shown in Fig. 3b.

Discussion  Overall, the changes in the monitoring param-
eters can be explained by the stepwise increased organic 
loading of the reactor at the beginning of the experiment. 
Since the reactor was started with pure inoculum and the 

organic loading rate of 3 gVS L−1 d−1 is only continuously 
adjusted through the daily feeding, the parameters develop 
accordingly. This can be seen most clearly in the low but 
increasing VFA/TA ratio; values below 0.2 indicate a very 
low organic load. As most of the parameters—especially 
the process monitoring parameters biogas production, pH 
and VFA/TA ratio—stabilized within the startup phase and 
beyond, it can be concluded that the reactor was in a steady 
state after three hydraulic retention times.

Taking the error of the batch tests—which are the basis 
of the model predictions—and an error of the continu-
ous anaerobic digestion—e.g., fluctuations and underes-
timation of the reactive volume inside the reactor, natu-
ral variations in the quality of the feedstock and loss of 
biogas—with a rRMSE of 8%, the measured and modeled 
data are in good agreement with one another. It must be 
stressed at this point that the validation conducted was 
done under optimal conditions in terms of, e.g., C/Nfeed 
ratio and organic loading rate. Hence, there was neither 
a surplus of organic feed material nor an overexpansion 
of the appropriate range of the C/N ratio. The authors of 
the model originally suspected the model to give reliable 
results under favorable conditions. Here, the assump-
tion can be confirmed that under the given conditions, 
the model is able to predict the biogas production with a 
rRMSE below 10%. The model is therefore classified as 
successfully validated, fulfilling the validation criterion 
introduced in the “Modeling of the Continuous Digestion 
Process” section.

Fig. 4   Monitoring data and 
digestate characteristics: a 
pH and VFA/TA ratio of the 
digestate, dashed line represents 
a VFA/TA of 0.2. b NH4

+-N and 
TN concentration of the liquid 
digestate. c N and C content 
and C/Ndigestate ratio of the solid 
digestate. d DM and VS of the 
digestate (not centrifuged) and 
VSr. Trans. Transition phase
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Effect of Varied C/NfeedRatio

To evaluate the effect of the varied C/Nfeed ratio, three opera-
tional phases with different C/Nfeed ratios in the substrate 
are compared below. The assessment involved the biogas 
production rate (Rdry,N, “Biogas Production Rate” section), 
process monitoring parameters (pH, VFA/TA, “Process Mon-
itoring” section), as well as a closer look at the evolution of 
nitrogen species in the liquid and solid digestate (“Ammo-
nium and Total Nitrogen in Liquid Digestate and Nitrogen 
Content of Solid Digestate” section).

Biogas Production Rate

Results  During phase I (C/Nfeed = 33), the daily biogas 
production rate Rdry,N remained constant when compared 
to the previous operation ranging between 220 and 265 
mLN gVS

−1 d−1 (Table 4, Fig. 3a). The slight increase of 
biogas production, which was predicted by the model due 
to the substrate change, could not be observed. Neverthe-
less, with a mean of 246 ± 13 mLN gVS

−1 d−1, the measured 
biogas production remained close to the predicted produc-
tion rate of 274 mLN gVS

−1 d−1 (RM pred., Table 4). There-
after, the substrate mix was adapted to a C/Nfeed ratio of 43, 
which also meant an increase in the shares of sugarcane reed 
and grape leaves. Because these two substrates comprise a 
higher biogas potential in batch tests (YBG in Table 2) than 
the goat dung, the model predicted a rise in biogas produc-
tion to around 333 mLN gVS

−1 d−1. At this point, the model 
passed a warning, stating that the C/Nfeed ratio might be 
inadequate. Even though there was an observable increase 

in biogas production, which was 266 ± 12 mLN gVS
−1 d−1 

on average (range: 234 to 289 mLN gVS
−1 d−1) compared 

to 246 ± 13 mLN gVS
−1 d−1 in phase I, the measured biogas 

production remained clearly below the predictions of the 
model with a rRMSE of 25% (Table 4, Fig. 3a). After com-
pletely fading out the goat dung from the substrate mix-
ture (phase III, C/Nfeed ratio = 52), the model predicted a 
rise in biogas production to 370 mLN gVS

−1 d−1. Again, a 
warning about the inadequate C/Nfeed ratio was given by 
the model. While the substrate change did not affect the 
biogas production in the first 25 d of phase III (biogas pro-
duction of 264 ± 7 mLN gVS

−1 d−1 compared to 266 ± 12 
mLN gVS

−1 d−1 in phase II) it declined rapidly thereafter 
(Fig. 3a). At the end of phase III, the production reached a 
minimum of 5 mLN gVS

−1 d−1, and there was a severe miss 
match between the experimental data and the model with a 
rRMSE of 86% (Table 4). This process failure was accompa-
nied by a decreasing share of methane content in the biogas 
(Fig. 3c). While it remained just above 50% during phases 
I and II, the methane content of the biogas was 43% toward 
the end of phase III (day 287). Moreover, the VSr indicating 
the conversion efficiency—which was in the range of 60% 
under stable conditions and a C/N ratio of 33—was notably 
diminished with values consistently below 40% in phase III 
(Fig. 4d).

Discussion  Due to the individual combination of substrates 
and the diversity of biogas substrates in general, a direct 
comparison with literature is hardly possible. However, a 
comparison with other publications shows that the maxi-
mum biogas yield achieved here (266 ± 12 mLN gVS

−1 d−1 
in phase II) is rather low. For example, for the co-digestion 

Table 4   Mean, minimum (min), and maximum (max) experimental 
biogas production rate Rdry,N, predicted biogas production rate RM 
(predicted steady production rate), and statistical indicators assessing 
the agreement between experimental and modeled data: MAE mean 

absolute error, RAE relative absolute error, RMSE root mean square 
error, rRMSE relative root mean square error, R2 coefficient of deter-
mination

n.a. not applicable

Phase Validation Transition I II III

Duration (day) 0–24 25–99 0–99 100–166 167–191 192–241 242–291

C/N (-) 33 33 33 33 33 43 52
Rdry,N mean (mLN gVS

−1 d−1) n.a 250 ± 10 n.a 254 ± 14 246 ± 13 266 ± 12 n.a
Rdry,N min (mLN gVS

−1 d−1) 0 235 0 223 220 234 5
Rdry,N max (mLN gVS

−1 d−1) 244 276 276 285 265 289 278
CH4 content - 50.6 ± 0.5 50.6 ± 0.5 50.3 ± 0.4 50.8 ± 0.2 50.5 ± 0.5 41.4…50.8
RM (mLN gVS

−1 d−1) n.a 263 263 263 274 333 370
MAE (mLN gVS

−1 d−1) 20 14 16 13 39 64 160
RAE (-) 0.34 1.66 0.52 1.15 2.55 6.88 2.43
RMSE (mLN gVS

−1 d−1) 24 17 19 16 32 66 180
rRMSE (-) 0.14 0.07 0.08 0.06 0.13 0.25 0.86
R2 (-) 0.93 n.a 0.93 n.a n.a n.a n.a
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of swine manure and rice straw (mixing ratio 50:50, OLR 
3 gVS  L−1  d−1), a biogas production of 380 mLN  gVS

−1 
(209.0 ± 39.1 mLN CH4 gVS

−1, CH4-content 55.0 ± 2.0%) 
is reported [49]. The co-digestion of chicken litter, food 
waste, and wheat straw (mixing ratio: 35:32.5:32.5) showed 
a biogas production of 321.6 ± 13.4 mLN gVS

−1 [50]. For 
the co-digestion of dairy manure and rice straw (mixing 
ratio 10:90, OLR 1 gVS L−1 d−1), a biogas production of 436 
mLN gVS

−1 (222 ± 5.2 mL CH4 gVS
−1, CH4-content 50.9%) 

is reported [19]. The differences compared to this study can 
be explained by the fact that the individual substrates, in this 
case the goat manure and the leaf biomass, had a compara-
tively low biogas potential themselves. In the batch tests, 
the biogas production of some of the individual substrates 
used in the present study only reached 49% (lemon leaves), 
51% (grape leaves), and 40% (goat manure) of the theoretical 
biogas potential (Table 2). Often, this effect is related to a 
high lignin content in the biomass, hindering anaerobic con-
version and could be reduced by implementing pre-treatment 
of the lignocellulosic materials [24–26]. Additionally, the 
residence time in the continuous reactor is shorter than in the 
batch tests, resulting in underutilization of its full potential.

A detailed consideration of phases II and III and the pro-
cess breakdown is provided in the discussion of process 
monitoring parameters (“Process Monitoring” section) and 
nitrogen parameters (“Ammonium and Total Nitrogen in 
Liquid Digestate and Nitrogen Content of Solid Digestate” 
section) in the following. Nevertheless, the mismatch of 
the model and the measurement data in phases II and III 
is already obvious. Although the model issued a warning 
about the inadequate C/Nfeed ratio, it was not able to predict 
the breakdown of the biogas process. This shows a signifi-
cant limitation of the simplified model and confirms the 
authors’ doubts about the applicability of the model under 
unfavorable conditions [33]. The conducted model valida-
tion can therefore only be regarded as valid for favorable 
framework conditions, showing improper prediction at C/N 
ratios exceeding the defined limit of 35. Seen from another 
angle, the model (or more precisely, the deviation from the 
model’s prediction) can indicate a process inhibition at an 
early stage, which could enable rapid intervention in prac-
tice. To make use of this feature, a rRMSE of > 10% between 
predicted and actual biogas production could function as a 
threshold for intervention.

Process Monitoring

Results  Just as the biogas production, the process moni-
toring parameters pH-value and VFA/TA ratio underwent 
changes as phase III (C/Nfeed = 52) proceeded. It should be 
noted that the quality of the VFA/TA data between days 160 

and 202 (including phase I and the beginning of phase II; 
Fig. 4a) is not sufficient due to an instrument malfunction, 
so the data recorded during that phase might not represent 
the actual conditions in the reactor accurately. Not consider-
ing this period, overall, the VFA/TA ratio mainly remained 
below 0.2 throughout the operation of the plant. On day 252, 
a VFA/TA ratio of 0.2 (marked as a dashed line in Fig. 4a) 
was exceeded for the first time.1 It rapidly surpassed 0.3 
(day 266, day 24 of phase III), and as the biogas production 
declined, it increased further to 0.9 (day 276) and beyond. 
Looking at the TA and VFA individually, a decline in TA 
ranging from 90.7 ± 0.9 to 104.6 ± 1.6 mg CaCO3 L−1 in 
phases I and II and dropping from above 100 to 28.3 ± 0.6 
mg CaCO3 L−1 at the end of phase III was observed. At the 
same time, the concentration of VFA rose from mostly below 
20 mg L−1 in phases I and II to 174.7 ± 0.0 mg L−1 at the end 
of the experiment. A drop in pH was only visible after day 
273, where the pH-value decreased from around 7.3 ± 0.1 in 
phase I and phase II to 7.0 (day 273) and further to 5.4 (day 
290) at the end of phase III (Fig. 4a).

Discussion  Because the fluctuating VFA/TA data was 
mainly recorded in phase I, in which the substrate mix-
ture is only changed in terms of substrates but neither the 
shares of substrate type nor the C/Nfeed ratio changed and 
because no fluctuations in pH was measured, it is rea-
sonable to assume that the VFA/TA ratio did not undergo 
strong fluctuations as the data indicates. The VFA/TA ratio 
throughout phase I and II (mostly below 0.2) is typical for 
digesters at this organic loading rate [8, 49] and it indi-
cates a stable process with a fairly low organic loading. 
A VFA/TA ratio of 0.3 is usually the upper range of the 
tolerable VFA/TA scale [51]. The rise in VFA/TA beyond 
this value as well as the drop in pH indicate an unbalanced 
production and consumption of organic acids. The VFA 
concentration itself is relatively low and can usually be 
tolerated by microbial communities in anaerobic digesters 
[52, 53]. For instance, Zealand et al. [19] operated a reac-
tor with a mixture of rice straw and dairy manure at a VFA 
concentration of 420 ± 28 mg L−1. Hence, it is reasonable 
to assume that the buffering capacity of the reactor was 
insufficient to outbalance the increase of VFA, even though 
the concentration itself cannot be regarded as excessively 
high. An increasing load of organic acids means excess 
protons, which react with the buffer systems, i.e., the car-
bonate and ammonium buffer, present in the reactor. In 
the case of the carbonate buffer system, the equilibrium 
is shifted from bicarbonate (HCO3

−) toward CO2 (pKa = 

1  given that the data between day 160 and 202 does not represent the 
reactor conditions well as explained previously.
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6.36, [13]), which then outgases as CO2 [51]. This effect 
is detectable as the share of CH4 in the biogas decreased 
and the share of CO2 increased in parallel to the process 
failure. Consequently, the bicarbonate buffer system was 
no longer available to buffer the acids in the reactor.

Ammonium and Total Nitrogen in Liquid Digestate 
and Nitrogen Content of Solid Digestate

Results  Looking at the NH4
+-N content in the liquid 

digestate (Fig. 4b), a decline could be observed from the 
startup phase continuing toward the end of the operation. 
While the process monitoring parameters stabilized within 
one or two retention times, the NH4

+-N content continued 
to decrease thereafter. The sewage sludge contained 733 
mg L−1 NH4

+-N, which was steadily flushed out from the 
system even though the liquid fraction of the digestate was 
recycled and fed back to the reactor. Precisely, in phase I, 
the digester had a NH4

+-N content of 1.2 ± 0.2 mg L−1. It 
decreased from 0.9 to 0.3 mg L−1 in phase II and remained 
below 0.5 mg L−1 in phase III. Alongside the NH4

+-N, the 
total nitrogen (TN) concentration in the liquid digestate 
followed a declining trend starting from TN concentra-
tions of 734 mg L−1 toward concentrations below 100 
mg L−1 through the transition phase (Fig. 4b). Unlike the 
NH4

+-concentration, there was no clear declining trend in 
TN within phase I (range: 58 to 71 mg L−1, mean: 65 ± 5 
mg L−1), phase II (range: 75 to 82 mg L−1, mean: 79 ± 3 
mg L−1), and phase III (range: 71 to 99 mg L−1, mean: 84 
± 10 mg L−1).

The N content of the solid digestate fluctuated throughout 
the experiment as shown in Fig. 4c (e.g., within a range of 
18 to 23 g kg−1 N in phase I). It only started to decline at 
the end of phase II and throughout phase III toward an N 
content of 13 g kg−1 (day 287). Overall, the digestate was 
enriched in N and depleted in C compared to the substrate 
mixture which had a N content of 12 g kg−1 in phase I (C/
Nfeed = 33), 10 g kg−1 in phase II (C/Nfeed = 43) and 8 g kg−1 
in phase III (C/Nfeed = 52). Consequently, the C/N ratio of 
the digestate (C/Ndigestate) remained below the C/Nfeed ratio. 
The maximum C/Ndigestate ratio was 31 at the end of phase 
III (Fig. 4c).

Discussion  At the beginning of the experiment, the 
NH4

+-N and TN content of the digestate were driven by 
the fact that a N-rich inoculum was used to start the pro-
cess. The NH4

+-N content at the start of the experiment 
generally meets the requirements of anaerobic fermenta-
tion processes. At no stage of the experiment a risk of 
ammonia inhibition, which may occur at high NH4

+-N val-
ues of 1500 to 3000 mg/L, was encountered. To maintain 

sufficient N-supply in the system, Scherzinger et al. [33] 
speculated whether a recycling of the liquid phase of the 
digestate could counteract the flushing out of the N forms 
from the reactor. This, however, could not be confirmed 
by the experimental data. Literature considers an NH4

+-N 
content higher than 50 to 100 mg/L to be favorable for the 
degradation process [54]. This value was clearly undershot 
over the course of the experiment, which firstly means an 
insufficient N supply. As NH4

+ is the N-form that can be 
used by microbes directly, such a low NH4

+-N concen-
tration must represent a hindrance to microbial activity. 
Secondly, it also compromises the buffering capacity of 
the reactor.

While NH4
+ was the dominating N-form throughout 

the startup phase, with almost all dissolved total nitrogen 
being NH4

+-N, other (organic) forms of nitrogen were 
dominant throughout phases I, II, and III when NH4

+ was 
almost consistently below 1 mg L−1. The remaining N 
fraction can be allocated to amino acids. These are formed 
during the degradation of proteins and are an intermediate 
product in the complete degradation toward NH4

+ [54]. 
At the same time, they are building blocks of the proteins 
within the microorganisms themselves. The amino acid 
content and composition depend largely on the substrate, 
specifically, the manure used for anaerobic degradation 
[54].

Overall, the observations show a proper operation of 
the anaerobic digestion process at a C/Nfeed ratio of 33, a 
stable but hindered process at a C/Nfeed ratio of 43, and a 
failure of the process at a C/Nfeed ratio of 52. Looking at 
the results, it should be considered that observations hold 
true for the given conditions but might differ under devi-
ating conditions. For example, a different approach to test 
the adequacy of C/Nfeed ratios could be to run reactors at 
a given C/Nfeed ratio, terminate the procedure, and restart 
the reactor running it at another C/Nfeed ratio, instead of 
transitioning from one C/Nfeed ratio to the other using 
the same reactor. This approach would avoid one phase 
impacting the following phases. However, the present 
approach also minimized this impact by letting the reactor 
stabilize for at least 3 HRT. Also, the approach allows for 
evaluating whether the microbial community can adapt to 
the stepwise N-deficiency. Nevertheless, from the experi-
mental results, it cannot be concluded that the microbial 
community has adapted to the reduced nitrogen supply.

One way in which an N deficit can impact the anaero-
bic degradation process is that the microbial community 
cannot sustain itself. In the case described here, however, 
the buffer capacity of the reactor, which was weakened 
by the low NH4

+ content and the outgassing of carbon-
ate as CO2, appears to have played a decisive role, too. 
The lack of NH4

+ eliminated an important agent in the 
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ammonium buffer system of the reactor, causing the pH 
value to drop to an unfavorable level for methanogenic 
microorganisms. This, in turn, inhibited the microbial 
degradation of the organic acids to CH4 and CO2. The 
accumulation of organic acids in combination with the 
failure of the two important buffering systems—carbon-
ate and ammonium—resulted in an even more severe pH 
drop. These findings are well in accordance with other 
publications often reporting favorable C/N ratios around 
20 to 35 [10, 16, 17]. Gil et al. [22] investigated the effect 
of a varied C/NP ratio on the methane production of syn-
thetic solutions in a batch mode. They showed that the C/
NP ratio only impacted the methane potential at very low 
ratios (excess N and P) in a negative way. At higher C/NP 
ratios, the methane production was not impacted strongly 
[22]. However, the highest C/N ratio studied there was 
46, which does not cover typical C/N ratios of lignocel-
lulosic residues. This means they could not have observed 
a hindrance caused by N-deficiency, as it is documented 
in the present study at a C/N ratio of 52. Beniche et al. 
[8] performed co-digestion of food waste and agricultural 
residues (cabbage and cauliflower leaves and stalks) at low 
organic loading rates. The mixture with the highest bio-
degradability and methane yield operated at a C/N ratio of 
45; a positive impact was also documented at a C/N ratio 
of 56 [8]. However, unlike in this study, these observations 
were not generated in continuous experiments. Remark-
ably, Zealand et al. [19] operated a continuous anaerobic 
reactor with 100% rice straw which had a C/N ratio of 
60 without encountering unstable or diminished biogas 
production. At the same time, they reported NH4

+ to be 
below the detection limit at all times, and VFA concentra-
tions above 500 mg L−1. These observations contrast with 
the fact that in literature usually enhanced biogas yields 
are reported when supplementing substrates with manure 
[16, 49, 55]. Also, they differ from what was found in 
the investigation presented here. The authors argued that 
a balanced C/N ratio will be more important at higher 
organic loading rates [19]. In general, the findings are 
highly dependent on the process parameters and substrates 
used. In addition, it should be noted that the C/N ratios 
given here can also be adjusted by a deviating combination 
of substrates. Besides the overall C/N ratio, the nitrogen 
forms present in the individual substrates will impact the 
anaerobic process, and consequently, the same C/N ratio 
will not necessarily result in the same biochemical condi-
tions inside the reactor and thus yield different results. 
Under the conditions given here, no positive effect—in the 
sense of additional biogas production—of a balanced C/N 

ratio could be determined. The fact that a minimum level 
of N and thus a certain C/N ratio is required to maintain 
continuous processes could be demonstrated here. Con-
sequently, the regional, seasonal, and quantitative avail-
ability of N-rich substrates as compensation for the low 
N content of lignocellulosic residues might be a limiting 
factor for the operation of biogas plants run with lignocel-
lulosic residues. At the same time, this means that a stable 
process can be maintained through a balanced supply of 
nutrients during co-digestion.

Conclusion

This study successfully validated the cited model through 
long-term continuous anaerobic digestion experiments, at 
the same time demonstrating the viability of using ligno-
cellulosic substrates. The model provided accurate predic-
tions within the limits specified by the original publication. 
However, increasing the C/N ratio resulted in insufficient 
N-supply and buffering capacity, compromising process 
stability and biogas production. Under unfavorable con-
ditions, predictions and actual production showed strong 
deviation. While this may highlight a limitation of the 
model, in practice—if model predictions are undershot—
this could be used as an indicator for intervention and 
offers potential for further research and development.
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