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Abstract
Livestock farming and manure management contribute substantially to greenhouse gas (GHG) emissions in agriculture. 
Anaerobic digestion (AD) of manure is a promising strategy for mitigating these emissions. This study aimed to assess the 
biomethane potential (BMP) of various types of pig slurry, investigate factors that influence biomethane production, analyze 
degradation kinetics, and propose AD process optimization approaches. Thus, substrate analysis, BMP tests in batch assays, 
kinetic modeling, and principal component analysis (PCA) were conducted. In order to further quantify the effects of differ-
ent substrate qualities in full-scale operation, biomethane production was simulated under steady-state conditions. Results 
indicated that piglet slurry had the highest volatile solids (VS)–specific BMP (203 ± 72 L kg−1 VS), followed by mixed slurry 
(202 ± 132 L kg−1 VS), fattening pig slurry (117 ± 56 L kg−1 VS), and sow slurry (86 ± 17 L kg−1 VS). The PCA revealed 
different substrate types and significant roles for VS, crude fat, volatile fatty acids concentration, and the carbon/nitrogen 
ratio in achieving high BMPs. First-order two-step kinetic modeling identified hydrolysis as the rate-limiting step, showing a 
determinant of rate-limiting step of < 0 for each sample. The simulation of continuous operation revealed notable differences 
in daily biomethane production (36.7–42.7 L day−1) between the different slurries at the same hydraulic retention time and 
BMP. This research underscores the variability in pig slurry characteristics, exemplified by a total solids range of 1.4–12.1%, 
and provides crucial insights for optimizing AD processes in livestock waste management.

Keywords  Anaerobic digestion · Biogas technology · Energetic utilization · Greenhouse gas mitigation · Kinetic modeling · 
Pig farming

1  Introduction

Energy consumption worldwide accounts for 75% of the 
total greenhouse gas (GHG) emissions; it is followed by 
agriculture, which accounts for 12% (5.86 Gt carbon diox-
ide [CO2] equivalent) [1]. Pig farming and manure man-
agement contribute to GHG emissions in the agricultural 
sector [2–4]. The anaerobic digestion (AD) of pig slurry 
as an effluent management technology offers environmental 
benefits, as it mitigates GHG emissions by reducing methane 
(CH4) and nitrous oxide emissions and replacing fossil fuels 
in the energy sector [5–8]. AD plants are usually realized 
as continuously stirred tank reactors (CSTRs) operating at 
mesophilic conditions (35–40 °C) and hydraulic retention 
times (HRTs) of more than 30 days [9–12].

The energetic utilization of manure, which is often diluted 
and thus not ideal for long-distance transportation or mono-
digestion, can be achieved through anaerobic co-digestion 
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(AcoD) [6]. Therefore, carbon (C)–rich co-substrates with 
large amounts of easily biodegradable organic matter (for 
maximizing CH4 production) are commonly used for ani-
mal manure AD [13, 14]. The advantages of AcoD are the 
sufficiency of macro- and micronutrient supply, a balanced 
ratio of C to nitrogen (N), reduction of inhibitory effects 
through dilution, enhancement of process kinetics, and good 
buffer capacity [15, 16]. However, inappropriate substrate 
compositions and operating conditions may lead to unstable 
process conditions and reduced CH4 production [15, 17, 18]. 
Another approach to the energetic utilization of manure is 
the use of high-rate reactors (e.g., upflow-anaerobic-sludge-
blanket, or expanded-granular-sludge-bed reactors) for 
anaerobic digestion [19–21]. However, substrate quality is 
crucial for the economic feasibility of AD using pig farming 
residue in different reactor setups, as BMP directly influ-
ences revenue. The properties of animal manure are volatile, 
depending on the applied technology and the animal breed, 
sex, age, health, nutritional status, and housing conditions 
[22, 23]. Additionally, manure management involves storage 
conditions, storage durations, and the use of pretreatment 
technologies [24–26].

In Europe, the biomethane potential (BMP) of sustainable 
feedstocks (e.g., waste and residue) excluding energy crops 
(e.g., mono-cropped maize) derived via AD will be 3.8 · 1010 
m3 in the year 2030. Animal manure accounts for the largest 
share of this potential (32%), followed by agricultural resi-
due (24%) and sequential crops (21%) [27]. From a world-
wide perspective, the BMP estimated by Chávez-Fuentes 
et al. [28] is 63.95 · 1010 m3 a−1. Therefore, using animal 
manure in AD plants to generate biomethane reduces GHG 
emissions in the energy and agricultural sector and may be 
necessary to mitigate climate change.

Nardin and Mazzetto [29] investigated livestock manure 
management in a biorefinery approach that includes AD as 
a process step; they focused on nutrients, particularly N. The 
determined BMPs of piglet manure, fattening pig manure, 
and sow manure were 417, 345, and 213 L kg−1 of volatile 
solids (VS), respectively. A study comparing weaner and 
finisher slurries showed differences in total solids (TS), 
which ranged from 13.0 ± 3.2 g L−1 to 18.0 ± 10.7 g L−1 for 
n = 10, and COD, which ranged from 27.7 ± 18.0 g L−1 to 
33.1 ± 13.7 g L−1. However, only the slurry from the fin-
ishers was utilized in BMP tests, which showed an average 
BMP of 215–240 L kg−1 VS at different inoculum to sub-
strate ratios (ISRs) [30].

To ascertain which characteristics of animal manure impede 
the economic viability of using animal slurry as a feedstock, 
Triolo et al. [31] studied 20 farms in Denmark, focusing on 
the BMP of slurries from pig farming. The study covered 
four piglet slurries (PSs), three slurries consisting of sow 
and piglet manure, two fattening pig slurries (FPSs), and two 
sow slurries (SSs). With dry matter (DM) contents ranging 

from 5.4% ± 3.1% (PS) to 7.9% ± 4.3% (SS), the overall BMP 
range (including dairy cow and cattle manure) was 170–400 L 
kg−1 VS. The DM content was found to be more important 
than VS-specific CH4 potential; DM showed larger variation, 
resulting in higher fresh matter (FM)–specific CH4 produc-
tion using full-scale digesters. Linear relationships were iden-
tified for FM-specific BMP with DM content, with a reported 
coefficient of determination ( R2 ) of 89.61%. Regarding VS-
specific BMP, a negative linear relationship based on lignin 
(% of VS), a positive relationship based on volatile fatty acids 
(VFA; % of VS), and a combination of lignin and VFA were 
derived. Hilgert et al. [24] found a correlation between BMP 
and VFA. Samples were obtained from the barn, intermedi-
ate storage, and external storage of two farms specializing in 
fattening pigs. A 39.5% reduction in BMP was found for FPS 
(intermediate storage vs. external storage), which is associated 
with loss of degradable organic material. Examinations on the 
impact of different manure management strategies revealed 
that the VS-specific BMP is reduced from 158 to 24 L kg−1 VS 
by centrifugation and 42 L kg−1 VS by decantation. Neverthe-
less, a mixture of raw slurry and solid fraction from decanta-
tion offered the highest BMP of 351 L kg−1 VS [32].

To our knowledge, researchers have focused either on the 
influence of different types of manure [29–31] or on the influ-
ence of manure management [24, 32]. However, as described 
above, in practice both factors exert an influence, resulting in 
different substrate qualities available for biomethane produc-
tion. This practical interaction has so far been understudied. 
Therefore, the objectives of this study are as follows:

•	 To determine the BMP range for different types of pig 
slurry that are available for biomethane production

•	 To investigate parameters that influence biomethane pro-
duction

•	 To assess substrate degradation kinetics and its repercus-
sions on continuous operation

•	 To provide recommendations for improving the BMP of 
pig slurry

BMP tests were performed, and the different parameters 
influencing the AD process were determined (e.g., TS, VS, 
VFA, and nutrient composition). As the findings of this 
study are intended for implementation by the agricultural 
sector, the selected approach is oriented toward practical 
application and existing systems in the German biogas 
sector.

2 � Materials and methods

The various available residues from pig farming and the 
conditions under which they were sampled are described 
in the following. Subsequently, the substrate properties 



Biomass Conversion and Biorefinery	

are presented, the experimental setup for the BMP tests 
is described, and finally the application of kinetic models 
is explained.

2.1 � Substrate types

The different stages of pig production can be separated 
into functional groups, from mating within the breeding 
process (to obtain piglets) to fattening within the finishing 
phase. From this, four types of pig production systems are 
differentiated, as shown in Fig. 1. The first is farrow-to-fin-
ish operation, where every production stage is completed 
in one piggery. The entire process is allocated by splitting 
the operation into farrow-to-feeder and feeder-to market 
(or weaner) piggeries. The farrow-to-feeder production 
system includes the entire breeding process and, in some 
cases, weaners. However, weaning can also be done in 
individual piggeries or within the feeder-to-market pro-
duction system [23, 33]. Within this framework, different 
types of slurry can be obtained. SS, PS, FPS, and mixed 
slurry (MS) are obtained from the partial joint storage of 
slurries from different functional units; they are shown 
on the right-hand side of Fig. 1. Manure is usually stored 
beneath the barn in intermediate-storage facilities called 
slurry cellars (SCs). From there, slurry can be transferred 
to external storage (elevated tank [ET]) at different inter-
vals, depending on the manure removal system used.

The different types of slurry and the sampling point in 
each agricultural enterprise included in this study are sum-
marized in Table 1.

2.2 � Substrate properties

Sampling was conducted in the Muensterland region, 
Germany, where livestock farming is as concentrated as 
in Lower Saxony and Schleswig–Holstein [6]. The imple-
mentation period was from November 2022 to March 2023. 
Sampling was performed following Mybrack et al. [34]. Suf-
ficient mixing of the slurry storage facilities was ensured; in 
cases where this was technically impossible, samples were 
obtained from different heights to generate composite sam-
ples. pH measurements were performed after sampling on 
site. The samples were then transported to the Laboratory 
for Environmental Engineering and Wastewater Treatment, 
Muenster University of Applied Sciences, and stored in 
closed vessels at 4 °C.

The substrate samples were evaluated in detail by meas-
uring their physical and chemical properties. TS (VS) were 
determined according to the DIN EN 15934 (DIN EN 
15935) standard [35, 36]. A remediation of TS concerning 
volatile compounds was applied [37]. The VS enhancement 
(% FM) amounted to 1% per 10 g L−1 acetic acid equivalent. 
This amendment was necessary, as BMP was expressed as 
L kg−1 VS and VFA. As for the anaerobic process, relevant 
substrate constituents would have been detected as water if 

Fig. 1   Typical pig production 
systems and obtained slurries 
analyzed in this study
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only the DIN EN 15936/15935 standard were used. Thus, 
an exact VS-specific BMP could be reported. Cuvette tests 
(LCK 014/LCK 914, Hach Lange GmbH, Duesseldorf, Ger-
many) were used to determine the chemical oxygen demand 
(COD). The volatile organic acids (VOA) and total inor-
ganic C (TIC) were determined by centrifuging the sam-
ples (10 min at 2000 rpm) and subjecting the supernatant to 
potentiometric titration using an autotitrator (AT1222, Hach 
Lange GmbH, Düsseldorf, Germany). The VFA concentra-
tions were assessed through ion chromatography using an 
882 Compact IC Plus (Metrohm AG, Herisau, Switzerland). 
For this analysis, a polymer-based cation exchanger column 
(Metrosep Organic Acids—250/7.8) was used in combina-
tion with a conductivity detector. Subsequently, the samples 
were centrifuged for 10 min at 5000 rpm. The filtered sam-
ples were passed through syringe prefilters with pore sizes 
of 1.0 and 0.45 mm. The temperature and pH were measured 
on site using a mobile pH meter (Multi 3630 IDS, WTW, 
Weilheim in Oberbayern, Germany). Phosphorus pentoxide, 
potassium oxide, magnesium oxide, calcium oxide, copper, 
manganese, zinc, and sulfur were measured via inductively 
coupled plasma optical emission spectroscopy in accord-
ance with the DIN EN ISO 11885 standard [38]. Ammonium 
nitrogen was determined as per DIN 38406–5 [39], and the 

total N was measured in accordance with the VDLUFA [40]. 
Weender analysis was conducted according to Commission 
Regulation (EC) No. 152/2009 for the official control of feed 
[41]. Table 2 details the properties of the analyzed samples 
(additional measurements are shown in Appendix Table 7).

2.3 � Experimental setup

The test setup used to determine the BMP of the slur-
ries is shown in Fig. 2. The procedure is based on the 
VDI 4630 test standard [37]. The tests were conducted 
in 1000-mL glass vessels (no. 7 in Fig. 2) with an ISR 
of 2 to prevent inhibition. The inoculum was from an 
agricultural biogas plant (BP) in the Muensterland region 
and consisted of energy crops (maize silage and corn 
cob mix), pig slurry, and cattle manure as substrates. If 
necessary, the vessel was filled with warm water up to 
a reaction volume of 800 mL. Each vessel was homog-
enized and then connected to a 1000-mL eudiometer tube 
(no. 3 in Fig. 2) using polyvinyl chloride hoses (no. 5 in 
Fig. 2). At the start of the experiment, the eudiometer 
tubes were purged with N gas to create anaerobic condi-
tions; then, daily monitoring involving gas quantity and 

Table 1   Substrate types, sampling points, and remarks of substrate 
samples from agricultural enterprises with AE1–AE19, abbreviations 
referring to agricultural enterprises; ET, elevated tank; SC, slurry cel-

lar; DS, Danish system; MS, mixed slurry; PS, piglet slurry; FPS, fat-
tening pig slurry; SS, sow slurry; PFS, prefattening pig slurry

Sample Agricultural 
enterprise

Sampling point Slurry type Remark

AE1-ET1-MS1 AE1 ET MS PS, SS, and FPS; thick phase after sedimentation
AE1-ET2-MS2 AE1 ET MS PS, SS, and FPS; thin phase after sedimentation
AE1-SC2-PS AE1 SC PS
AE1-SC3-MS3 AE1 SC MS PS and PFS
AE1-SC1-FPS AE1 SC FPS Thick phase
AE3-ET-FPS AE3 ET FPS
AE4-SC1-PS AE4 SC PS
AE4-SC2-SS AE4 SC SS
AE5-SC-MS AE5 SC MS PS and FPS
AE8-SC-PS AE8 SC PS
AE8-ET-MS AE8 ET MS PS and slurry from the farrowing stable
AE9-SC-SS AE9 SC SS
AE10-SC1-PFS AE10 SC PFS
AE10-SC2-FPS AE10 SC FPS
AE14-SC-MS AE14 SC MS PS and FPS
AE15-SC-FPS AE15 SC FPS
AE17-SC-FPS AE17 SC FPS
AE18-SC1-PS AE18 SC PS
AE18-SC2-SS AE18 SC SS Thick phase
AE19-DS-MS1 AE19 DS MS SS and PS; thick phase from external sedimentation pit
AE19-DS-MS2 AE19 DS MS SS and PS
AE19-DS-MS3 AE19 DS MS SS and PS; thin phase from external sedimentation pit
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quality measurements was performed. The barrier fluid 
(no. 4 in Fig. 2) consisted of water and 5 wt.% sulfuric 
acid and sodium sulfate (7.5 wt.%) to prevent the entry 
of CO2 from the produced biogas into the barrier liquid.

The gas composition, namely, CH4, CO2, oxygen (O2), 
and hydrogen sulfide (H2S), was determined. All meas-
urements were performed using an infrared sensor and an 
electrochemical sensor (Multitec 540, Hermann Sewerin 
GmbH, Guetersloh, Germany).

Based on the recommendations of Holliger et al. [42, 
43], the following requirements/criteria were used to vali-
date each experiment on every tested substrate and ensure 
basic robustness of the results:

•	 The BMP of the positive control (microcrystalline cel-
lulose; in triplicate) is 340–395 L kg−1 VS and shows 
a relative standard deviation of < 6% after eliminating 
a single outlier.

•	 The BMP of the substrate (in triplicate) has a 
CV < 10% after deleting a single outlier.

•	 Tests are completed when a daily biomethane produc-
tion of < 1% is observed for three consecutive days.

•	 Abrupt or nonmonotonic outliers require individual 
analyses.

2.4 � Kinetic modeling

First-order process models (Fig. 3) were used to assess the 
CH4 production kinetics in the BMP tests.

One- and two-step models were used to describe the 
degradation process. The two-step model determines the 
hydrolysis rate constant ( khyd ; day−1) and VFA degrada-
tion ( kVFA ; day−1) individually. The model equations are 
summarized in Table 3.

The Nash–Sutcliffe efficiency (NSE) was used to assess 
the goodness of fit. The NSE is widely used in the field 
of hydrology and enables comparisons of parameters at 
different dimensions. However, the original NSE is highly 
sensitive to individual outliers [46, 47]. Thus, a modified 
NSE ( NSEM ) was used in this study, and it is defined as 
follows:

where Xobs is the observed value and Xsim is the simulated 
value.

Hydrolysis was assumed to be the limiting step of the 
degradation process of pig slurry [48, 49]. This assumption 

(3)NSEM = 1 −

∑n

i=1

���
Xi
obs

− Xi
sim

���
∑n

i=1

��
�
Xi
obs

− X
��
�

,

Table 2   Physical and chemical 
properties of substrate samples 
with sample designation 
according to Table 1 with TS, 
total solids; FM, fresh matter; 
VS, volatile solids; COD, 
chemical oxygen demand; 
VFA, volatile fatty acids; VOA, 
volatile organic acids; TIC, total 
inorganic carbon; C/N, carbon-
to-nitrogen ratio; n.a., not 
analyzed; n.d., not detectable

Sample* pH
(-)

TS
(% FM)

VS
(% TS)

COD
(mg L−1)

VFA
(g L−1)

VOA
(mg L−1)

TIC
(mg L−1)

VOA/TIC
(-)

C/N
(-)

AE1-ET1-MS1 7.9 3.4 64.4 25,700 n.d 1836 10,045 0.18 5
AE1-ET2-MS2 8.1 3.0 60.7 7800 n.d 1505 9330 0.16 1
AE1-SC2-PS 7.6 5.5 72.8 10,300 2.36 3777 8511 0.44 5
AE1-SC3-MS3 7.9 8.5 78.5 76,500 8.82 12,616 5849 2.16 7
AE1-SC1-FPS 7.4 11.7 72.7 41,900 n.d 2056 11,607 0.18 7
AE3-ET-FPS 7.9 2.1 51.1 7900 n.d 1948 9988 0.20 3
AE4-SC1-PS 7.2 2.4 71.6 24,400 0.67 2098 5946 0.35 7
AE4-SC2-SS 7.9 1.8 58.3 49,600 n.d 1272 6095 0.21 4
AE5-SC-MS 8.1 12.1 41.6 21,100 n.d 1918 10,938 0.18 4
AE8-SC-PS 7.8 1.7 51.0 13,000 0.26 2184 9528 0.23 5
AE8-ET-MS 7.9 1.4 43.9 13,700 n.d 1817 10,342 0.18 2
AE9-SC-SS 8.0 2.1 63.3 19,000 n.d 1110 6791 0.16 6
AE10-SC1-PFS 8.0 10.0 77.9 6380 0.10 1565 8703 0.18 7
AE10-SC2-FPS 7.5 7.1 76.1 5230 n.d 1249 8857 0.14 8
AE14-SC-MS 8.0 6.9 68.8 51,800 2.43 6185 15,941 0.39 5
AE15-SC-FPS 7.9 5.1 67.5 49,600 3.87 7788 11,413 0.68 4
AE17-SC-FPS 6.9 3.4 59.5 19,000 0.16 2860 12,283 0.23 3
AE18-SC1-PS 7.3 11.9 72.3 n.a 0.51 2023 5057 0.40 8
AE18-SC2-SS 7.2 9.8 65.2 n.a n.d 776 2760 0.28 9
AE19-DS-MS1 6.9 11.5 83.9 10,481 0.27 11,141 5437 2.05 12
AE19-DS-MS2 7.9 8.7 80.5 6079 n.d 1124 8623 0.13 6
AE19-DS-MS3 7.3 1.7 63.9 10,511 0.11 5231 4500 1.16 1
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Fig. 2   Reactor setup of batch tests to determine the biomethane potential

Fig. 3   Structures of first-order 
one-step and two-step models 
(based on Brulé et al. [44])
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was verified using the determinant of rate-limiting step 
(DR), defined by Shin and Song [50] as follows:

A negative (positive) DR value indicates that substrate 
degradation (acetoclastic CH4 production) is the rate-
limiting step [50]. For a negative DR value, a first-order 
kinetic, as described by Mata-Alvarez [51], can be applied 
as follows:

where S is the concentration of biodegradable solids (g L−1) 
and k is the first-order hydrolysis constant (day−1). The S 
value under steady-state conditions during continuous opera-
tion was derived via CSTR mass balancing [52].

where S0 is the input concentration of biodegradable solids 
(g L−1), Qin is the input flow (L day−1), Qout is the output 
flow (L day−1), and V  is the reactor volume (L). Under ideal 
conditions and Qin = Qout , Eq. 6 can be transferred to Eqs. 7 
and 8.

where HRT  is the hydraulic retention time (HRT; day).

Based on the available BMP, the specific biomethane 
yield (BMY) under steady-state conditions was expressed 
using the input and output concentrations ( S0 and S , 
respectively) of biodegradable solids.

where BMY  is the biomethane yield under steady-state 
conditions (L CH4 kg−1 VS). Thus, the specific BMY was 
derived by combining Eqs. 8 and 9.

(4)DR = ln
khyd

kVFA
.

(5)
dS

dt
= −k ⋅ S,

(6)
dS

dt
V = S0 ⋅ Qin − S ⋅ Qout − k ⋅ S ⋅ V = 0,

(7)
dS

dt
=

1

HRT

(
S0 − S

)
− k ⋅ S = 0,

(8)S = S0 ⋅
1

1 + k ∗ HRT

(9)BMPmax ⋅

(
S0 − S

)
= BMY ⋅ S0,

Equation 7 was extended using the input mass flow of VS 
( ṁvs ; kg VS day−1) to calculate the absolute daily CH4 yield 
of a full-scale digester operating in steady state ( BMYFS).

where ṁvs is the input mass flow of VS (kg VS day−1) 
and BMYFS is the biomethane yield of a full-scale digester 
in steady state (L day−1).

2.5 � Implementation

The models were implemented in Python 3.11, mainly using 
the numpy, pandas, and scipy packages. For first-order one-
step modeling, BMPmax and k were fitted; for first-order two-
step modeling, BMPmax , khyd , and kVFA . For the initial guess 
of BMPmax , the maximum experimental value for each batch 
assay was considered. Fixed values were used for the initial 
guesses of the kinetic parameters ( k = 0.0001 day−1, khyd = 
0.0001 day−1, and kVFA = 0.0002 day−1). In general, fitting 
was performed to the cumulative BMP curve using the opti-
mize.curve_fit function in the scipy package. This function 
solves a given nonlinear least-squares problem (in this case 
using Eqs. 1 and 2 [Table 3]) using the trust region reflec-
tive algorithm and a maximum of 10,000 iterations [53, 54].

Overall, the robustness of the results is strengthened by 
using a heterogeneous sample set, applying triplicates within 
the BMP test setup and indicating standard deviations (in 
Fig. 4 and Fig. 6). Furthermore, the first-order two-step model 
is applied as a more complex alternative to the first-order one-
step model, and using NSEM to assess the goodness of fit. 
Finally, the results are discussed in the context of literature.

3 � Results

The sample set contained 22 different slurries representing 
the production stages of pig farming. It begins with sows 
producing piglets, which are raised to a specific weight and 

(10)BMY = BMPmax ⋅
k ⋅ HRT

1 + k ∗ HRT

(11)BMYFS = ṁvs ⋅ BMPmax ⋅
k ⋅ HRT

1 + k ⋅ HRT
,

Table 3   Models describing BMP curves with BMP(t), biomethane 
potential (L kg−1 VS) at a given time t; BMPmax, maximum biometh-
ane potential (L kg−1 VS); k, first-order one-step constant (day−1); t, 

time (day); khyd, first-order two-step constant for substrate degrada-
tion (day−1); kVFA, first-order two-step constant for VFA degradation 
(day−1)

Model Equation Reference

First-order one-step BMP(t) = BMPmax ⋅ (1 − e−k⋅t) (1) [45]
First-order two-step

BMP(t) = BMPmax ⋅ (1 +
khyd ⋅e

−kVFA ⋅t−kVFA⋅e
−khyd ⋅t

(kVFA−khyd)
)
 (2)

[44]
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undergo the fattening phase, where various feeding strat-
egies are used, depending on the animal weight. Further-
more, different management strategies are included, such as 
slurry sedimentation and use of storage facilities (e.g., an 
ET or under the barn) [55]. The pH ranged from 6.9 to 8.1 
at TS contents of 1.4–12.1% FM. The FPSs had the highest 
average TS content in a slurry category (TS = 6.6% ± 3.4% 
FM), followed by the MSs (TS = 6.4% ± 3.9% FM), PSs 
(TS = 5.4% ± 4.0% FM), and SSs (TS = 4.6% ± 3.7% FM).

The average C-to-N (C/N) ratio was 5.4 ± 2.6 (range of 
1–12), matching the C/N ratio reported by Hjorth et al. [56]. 
Given that the optimal C/N ratio is 15–40, the substrates did 
not correspond to the properties needed for optimal degrada-
tion in anaerobic digestion processes [10, 57–59].

COD measurements showed high var iability 
(5230–76,500 mg L−1). These differences in substrate prop-
erties reflected the findings of Miroshnichenko et al. [22] 
and Kirchmann and Witter [60]. In the following, the results 
of the BMP tests are presented, which are then incorporated 
into the context of kinetic modeling and PCA. Finally, the 
examination of continuous operation under steady-state con-
ditions at full scale is shown.

3.1 � Slurry BMPs

Batch experiments were performed as described in Sect. 2.3, 
and the referenced general requirements and validation cri-
teria for BMP tests were applied on the dataset. The pro-
gression of discontinuous CH4 production for the different 
slurries is shown in Fig. 4.

The highest BMP, 457 ± 35 L kg−1 VS, was obtained from 
AE19-DS-MS3, which consisted of PS and SS, was the thin 
phase of AE19-DS-MS2 and thus significantly higher than 
the expected BMP for pig slurry. This BMP corresponded to 
a high CH4 content in the BMP test. One explanation for this 
result could be a low content of carbohydrates, which gener-
ally promote a lower CH4 content than fats or proteins [61]. 
However, the concentration of crude fat was not distinctly 
high. As no further anomalies were detected, the sample 
was included in the sample set. The BMP of the raw slurry 
from the barn of this enterprise was 272 ± 2 L kg−1 VS, and 
that of its thick phase was 280 ± 4 L kg−1 VS. In comparison 
to the overall dataset, high BMPs were obtained from this 
enterprise. This was due to its dung removal system (Danish 
system [DS]), where the slurry is cooled under the barn and 
frequently pumped out. This permanently drains the exter-
nal sedimentation pit of the slurry [62]. In terms of FM, the 
external sedimentation pit increased biomethane production 
by 42% for the thick phase compared with the raw slurry. 
AE1-SC3-MS3 (MS from SC no. 3 at AE1) had a similarly 
high BMP of 276 ± 13 L kg−1 VS and a correspondingly high 
COD of 76,500 mg L−1. Four more slurries from this agri-
cultural enterprise were sampled. Two of them were obtained 

from different ETs and contained MS. The facility exploits the 
settleability of pig slurry [63]. All slurries are transferred to 
one of these tanks (ET2), and the bottom layer is pumped into 
a second ET (ET1). Therefore, thin slurry was obtained from 
ET2, and thick slurry was obtained from ET1. However, these 
ETs contained not only the stable slurry AE1-SC3-MS3 but 
also SS and FPS. This procedure was done because DM and 
nutrients (especially phosphorus) are more likely to be found 
in the thick phase; these nutrients can then be transported 
more efficiently to faraway fields or BPs [56]. The BMP 
of the thickened slurry was 108 ± 6 L kg−1 VS, which was 
higher than that of AE1-ET2-MS2 (37 ± 1 L kg−1 VS). The 
TS and VS of AE1-ET1-MS1 were also higher than those of 
AE1-ET2-MS2, resulting in higher CH4 production in terms 
of FM. Between these two samples were the MS samples 
AE5-SC-MS and AE8-SC-MS. In addition, the composition 
of AE14-SC-MS was comparable to that of AE1-SC3-MS3 
(PS and FPS [or prefattening slurry (PFS)]). AE14-SC-MS, 
a mixture of PS and FPS, had a BMP of 195 ± 4 L kg−1 VS.

The FPSs showed CH4 potentials ranging from 
60 ± 1 L kg−1 VS (AE3-ET3-FPS) to 214 ± 6 L kg−1 VS 
(AE10-SC1-FPS). The PSs had high BMPs (average 
BMP = 203 ± 72 L kg−1 VS). As for the PS of AE8, where 
MS from an ET was also examined, the BMP was 150 ± 9 
L kg−1 VS, which was distinctly higher than that of AE8-
ET-MS. The lower CH4 potentials of slurries from the same 
agricultural enterprise and different storage tanks can be 
attributed to substrate handling in practice and substrate 
quality degradation caused by aging [24]. Two different pig 
slurries from AE10 were also sampled. Its PFS (AE10-SC1-
PFS) had a higher BMP (214 ± 6 L kg−1 VS) than its FPS 
(AE10-SC2-FPS; 104 ± 6 L kg−1 VS).

For the SSs, the obtained BMPs were similar: 
91 ± 1 L kg−1 VS for AE4-SC2-SS, 100 ± 5 L kg−1 VS for 
AE9-SC2-SS, and 67 ± 4 L  kg−1 VS for AE18-SC2-SS. 
However, the number of samples for this type of slurry was 
smaller compared with the numbers of MS or FPS samples.

With individual BMP measurements structured accord-
ing to their origin, the PSs had the highest VS-specific BMP 
(203 ± 72 L  kg−1 VS), followed by the MSs (202 ± 132 
L kg−1 VS), which included six high-BMP slurries contain-
ing PS (AE1-SC3-MS3, AE5-SC-MS, AE14-SC-MS, and 
AE1-DS-MS1-3) and had a large variation in general. They 
were followed by the FPSs (117 ± 56 L kg−1 VS) and SSs 
(86 ± 17 L kg−1 VS). This ranking was consistent with the 
results of Nardin and Mazzetto [29], although they did not 
study MSs and obtained higher BMPs. Hilgert et al. [24] 
investigated the CH4 potentials of indoor- and outdoor-stored 
pig slurries with regard to their chemical compositions and 
storage conditions. In their study, FPS samples from two 
different farms showed TS contents of 1.12–4.00% FM and 
yielded BMPs of 166–313 L kg−1 VS (estimation based on 
a modified Gompertz model). Samples were obtained from 
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Fig. 4   Experimentally obtained 
VS-specific BMPs for (a) 
fattening pig slurry (FPS), (b) 
piglet slurry (PS), (c) mixed 
slurry (MS), and (d) sow slurry 
(SS); AE1–AW19, abbrevia-
tions referring to agricultural 
enterprises; ET, elevated tank; 
SC, slurry cellar; DS, Danish 
system; PFS, prefattening pig 
slurry
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barns, intermediate storage, and outdoor storage; the inter-
mediate and outdoor-storage facilities appeared to be equiva-
lent to the SCs and ETs in the current study, respectively. 
However, a reduction in BMP was detected from the barn 
samples to the intermediate-storage and outdoor-storage 
samples. This trend was also observed in AE1-ET1/ET2-
MS1/MS2 and AE8-ET-MS relative to the other samples 
from these enterprises. Nevertheless, the sample from the 
ET at AE8 also contained slurry from a farrowing stable; at 
AE1, the thick phase (ET1) and thin phase (ET2) from FPS 
and SS were also present in these repositories, so a tendency 
was evident, but no general conclusion could be made about 
the amount of BMP reduction. Regarding slurry manage-
ment at AE1, sedimentation improved the BMP. A compara-
tively small difference (0.5%) in DM content was accompa-
nied by a significantly higher BMP of 108 ± 5 L kg−1 VS at 
ET1 compared with that at ET2 (37 ± 1 L kg−1 VS).

3.2 � Modeling results

Individual parameter estimates of the applied process mod-
els are summarized in Table 4, which shows the NSEM 

statistics and the parameters BMPmax k , khyd , and kVFA . Addi-
tionally, the BMP test results are given. For the first-order 
one- and two-step models, NSEM > 0.8 for each sample, 
indicating that the experiments agreed satisfactorily with 
the simulations.

For the first-order two-step model, extremely high kVFA 
values (> 10 day−1) were calculated in some cases. Mean-
while, khyd was similar to the kinetic parameter k of the 
first-order one-step model, and the same NSEM values were 
calculated. Thus, VFA degradation occurred instantane-
ously, and the kinetic description of the additional process 
phase of acetoclastic CH4 formation was not required in 
this case.

All samples had negative DR values, so hydrolysis 
was the rate-limiting step, as illustrated in Table 4. The 
kinetic description of VFA utilization was not of any sig-
nificance at high kVFA values (> 10 day−1), so the process 
could be described with the same precision using the one-
step kinetic model. Although 10 samples did not require 
the application of the two-step kinetic model, it performed 
equally well as a one-step first-order model and even bet-
ter when kVFA was within a reasonable range. Therefore, 

Table 4   Experimentally estimated BMPs and corresponding model parameters ( BMPmax , k , khyd , and kVFA ) with NSEM , DR, and sample name 
(according to Table 1)

* kVFA values exceeding 10 were considered negligible due to the instantaneous metabolization of intermediate products

Sample Experiment First-order one-step model First-order two-step model

BMP BMPmax k NSEM BMPmax khyd kVFA
* DR NSEM

(L kg−1 VS) (L kg−1 VS) (day−1) (-) (L kg−1 VS) (day−1) (day−1) (-) (-)

AE1-ET1-MS1 108 136 0.038 0.97 136 0.038  > 10  − 20 0.97
AE1-ET2-MS2 37 58 0.026 0.88 58 0.026  > 10  − 19 0.88
AE1-SC1-FPS 90 109 0.045 0.88 91 0.093 0.226  − 1 0.94
AE1-SC2-PS 227 226 0.093 0.95 224 0.100 1.942  − 3 0.95
AE1-SC3-MS3 276 274 0.143 0.92 270 0.176 1.018  − 2 0.95
AE3-ET-FPS 60 67 0.044 0.91 67 0.044  > 10  − 19 0.91
AE4-SC1-PS 295 298 0.079 0.98 298 0.079  > 10  − 19 0.98
AE4-SC2-SS 91 105 0.041 0.93 102 0.045 1.307  − 3 0.94
AE5-SC-MS 103 114 0.050 0.93 111 0.055 1.266  − 3 0.94
AE8-ET-MS 92 94 0.059 0.90 94 0.059  > 10  − 21 0.90
AE8-SC-PS 150 147 0.077 0.84 147 0.077  > 10  − 20 0.84
AE9-SC-SS 100 124 0.038 0.90 109 0.061 0.294  − 2 0.95
AE10-SC1-PFS 214 220 0.091 0.91 214 0.121 0.560  − 2 0.98
AE10-SC2-FPS 104 122 0.035 0.89 107 0.062 0.205  − 1 0.97
AE14-SC-MS 195 198 0.102 0.88 194 0.149 0.403  − 1 0.94
AE15-SC-FPS 169 167 0.159 0.95 167 0.159  > 10  − 17 0.95
AE17-SC-FPS 66 74 0.040 0.95 74 0.040  > 10  − 20 0.95
AE18-SC1-PS 141 141 0.084 0.95 140 0.085  > 10  − 5 0.95
AE18-SC2-SS 67 76 0.036 0.97 76 0.036  > 10  − 19 0.97
AE19-DS-MS1 280 283 0.092 0.92 276 0.118 0.624  − 2 0.97
AE19-DS-MS2 272 276 0.087 0.92 270 0.110 0.632  − 2 0.97
AE19-DS-MS3 457 451 0.148 0.94 450 0.156 3.665  − 3 0.94
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the effects on the full-scale operation of BPs with differ-
ent substrate qualities were determined using the kinetic 
parameters of the first-order one-step model [48].

3.3 � Principal component analysis (PCA) 
between BMP and substrate properties

PCA is used to reduce the dimensionality of large datasets 
containing different variables and to increase interpretabil-
ity while minimizing information loss [64]. Figure 5 shows 
a biplot where the substrate properties and BMPs are the 
variables. The samples from AE19 were excluded because 
its husbandry system differs from those of the other enter-
prises and comparability was not justified. PC1 (PC2) rep-
resented 52.45% (19.08%) of the variances in the dataset. 
Regarding the variables, N and protein charged PC1 to the 
same extent due to the analytical method of protein. This 
was also reflected in the correlation matrix (Appendix Fig-
ure 7), with r = 0.99 between these two parameters. The 
VFA and VOA also affected PC1 and PC2 similarly. Given 
these examinations, the same parameters were determined 
using two methods. The VOA were determined within the 
context of VOA/TIC determination according to the Nord-
mann method, where sulfuric acid consumption is measured 
to estimate the concentration of acetic acid equivalents in 
each analyzed sample [65]. The individual C2–C6 carbox-
ylic acids were determined within VFA determination; they 
can be reported as a sum parameter, as is the case here [66]. 
Therefore, VOA determination can also be used to assess pig 
slurry as an AD substrate. In addition, ion chromatography 
offers deep insights into the acid spectrum and is used, for 
example, to monitor BPs and determine the accumulation of 
propionic acid or its ratio to the present acetic acid [67, 68].

For PC1, the parameters crude fat, crude fiber, and ash 
content had the highest positive correlation. PC1 did not 
have a negative correlation with any parameter. Regard-
ing PC2, the VFA, VOA, and COD concentrations had the 
highest positive correlation, whereas phosphorus, ash con-
tent, crude fiber, the C/N ratio, TS, and VS had negative 
correlations.

BMP showed moderate correlations with the VOA ( r = 
0.560) and VFA ( r = 0.621). This was remarkable because 
according to VDI 4630 [26], the VS content was corrected 
to include the VFA organic content lost during TS analysis 
(sample drying) in the specific BMP. A strong correlation 
( r = 0.718) was observed for crude fat. Due to the high CH4 
potential and CH4 content of this macronutrient, low con-
centrations were assumed to have a substantial influence on 
the overall BMP [61]. However, difficulties arose during the 
analysis and subsequent evaluation of the Weender param-
eter crude fat. Here, a value of 0 was assumed for samples 
that were below the detection limit of 0.1% FM. Regarding 
the relationship between the BMP and micronutrient supply 
of the tested substrates, no conclusions could be drawn from 
the experimental setup, as all BMP tests were conducted 
using a well-balanced, micronutrient-sufficient inoculum 
[37, 69].

The BMP (sample) distribution in the biplot shows four 
groups in each quadrant. Alongside high BMPs, positive 
indications for PC1 and PC2 were observed at AE1-SC3-
MS3, AE1-SC2-PS, AE14-SC-MS, and AE15-SC-FPS. 
Quadrant I contained VFA, VOA, COD, crude fat, crude 
protein, and N alongside high BMPs. This was meaning-
ful because these were identified as value-giving param-
eters regarding the BMP. The PCA results suggested that 
the presence and concentration of VFA, VOA concentration 
(determined in the context of VOA/TIC analytics), crude fat, 
VS, and the C/N ratio were indicators for high or low BMPs 
for pig slurry.

3.4 � Effects of degradation kinetics on operation 
of commercial‑scale plants

Four clusters of samples in the PCA biplot showed differ-
ent values for the kinetic parameter of the one-step model. 
For groups one and two, the average first-order kinetic 
constants were 0.12 and 0.05 day−1, respectively. A lower 
kinetic parameter value of 0.04 day−1 was determined for 
group three. Group four showed a kinetic parameter value 
of k = 0.06 day−1. Hence, the effects of substrate quality 
were analyzed using exemplary kinetic constants for slow 
degradation kinetics ( k1 = 0.04 day−1), moderate degrada-
tion kinetics ( k2 = 0.08 day−1), and fast degradation kinetics 
( k3 = 0.12 day−1). Kafle and Kim [70] conducted BMP tests 
on pig manure with a TS content of 7.5% FM at an ISR ratio 
of 1. The determined first-order one-step kinetic constant 

Fig. 5   Biplot for BMPs and substrate properties; sample names as 
per Table 1; rectangles: MS; circles: FPS; triangles: PS; rhombi: SS; 
gray: storage in ET (external storage) and indication of quadrant
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was k = 0.045 day−1 at BMPmax = 270.3 L kg−1 COD, which 
was between k1 and k2 . Sun et al. [71] found faster kinetics 
( k = 0.377 ± 0.006) for pig slurry with a TS content of 5.1% 
FM at an ISR ratio of 2 in a batch assay; this value exceeded 
the first-order constants determined in the present study. 
However, this kinetic parameter value was determined in 
the context of BMPmax = 490.6 ± 1.9 L kg−1 VS.

Hülsemann et al. [72] compared biological efficiency 
assessment methods and their application to full-scale BPs. 
The investigation was conducted based on data from Ger-
many’s Biogas Measurement Program III and were used in 
the current study to derive representative configurations of 
agricultural BPs [73]. The defined plant types were a small 
manure-based BP (BP1) and moderate- and large-sized BPs 
using energy crops and manure (BP2 and BP3, respectively). 
One plant of each type was selected from a database that was 
also used by Stürmer et al. [74] for an investigation set in the 
Muensterland region. The exemplary plants are described 
in Table 5.

The daily biogas production of pig manure in steady 
state under assumptions of TS = 6%, VS = 65% FM, and 

BMP = 170 L kg−1 VS was calculated using Eq. 11 and the 
substrate (pig slurry) quantity for each BP (Table 5). This 
approach was chosen to reflect a realistic BMP based on 
the results in Sect. 3.1. No information was obtained about 
the slurry types used in the BPs; BP3 was assumed to use 
several qualities of pig slurry, as its daily amount of pig 
slurry exceeds the usual amounts provided by single farms. 
Moreover, higher BMPs tend to occur in combination with 
fast degradation kinetics, and only the influence of the lat-
ter was to be determined. Three theoretical HRTs oriented 
toward the real HRTs (Table 4) for the existing plants were 
investigated to quantify the influence of HRT variations on 
the BMP. The daily biomethane production from the feed-
ing of pig slurry in each BP is given in Table 6. Given the 
BMYFS for each scenario, an energy content of 9.97 kWh 
m−3 for CH4, and the CHP efficiency specified in Table 4, 
the effects of the investigated substrate degradation kinet-
ics and HRT variation on revenue were determined by cal-
culating the electricity generation over an operating period 
of 20 years (8760 full-load hours per year). Based on this, 
the total revenue for the use of pig slurry as a substrate was 

Table 5   Representative 
agricultural BP concepts and 
characteristics for Muensterland 
region, Germany with BP, 
biogas plant; HRT, hydraulic 
retention time; CHP, combined 
heat and power plant

Parameter BP1 BP2 BP3

Type (-) Small BP 
using 
manure

Moderate-sized BP using 
energy crops and manure

Large BP using 
energy crops and 
manure

HRT (day) 100 93 99
CHP capacity (kWel.) 75 630 1267
CHP efficiency (%) 39 41 40
Remuneration (€ kWh−1) 0.2310 0.2099 0.2099
Feeding of pig slurry (t day−1) 7 15 46
Feeding of cattle manure (t day−1) 7.5 3 7
Feeding of poultry manure (t day−1) - 1.5 -
Feeding of maize silage (t day−1) - 22 42
Feeding of rye silage (t day−1) - 2.5 -
Feeding of grain (t day−1) - - 21

Table 6   Daily biomethane 
production in steady state 
( BMYFS ; m3 day−1) for BP1, 
BP2, and BP3 and difference in 
overall revenue ( Δrevenue ) from 
AD of pig slurry relative to 
base scenario ( HRT  = 95 d and 
k = 0.08 day−1) with BP: biogas 
plant

Scenario BP1 BP2 BP3

k(day−1) HRT

(day)
BMYFS

(m3 day−1)
Δrevenue

(€)
BMYFS

(m3 day−1)
Δrevenue

(€)
BMYFS

(m3 day−1)
Δrevenue

(€)

0.04 70 34.2  − 44,696 73.3  − 91,491 224.7  − 273,729
95 36.7  − 28,012 78.7  − 57,341 241.4  − 171,556
120 38.4  − 17,082 82.3  − 34,966 252.4  − 104,615

0.08 70 39.4  − 10,722 84.4  − 21,949 258.8  − 65,667
95 41.0 - 87.9 - 269.5 -
120 42.0 6676 90.1 13,666 276.2 40,887

0.12 70 41.5 3011 88.9 6164 272.5 18,443
95 42.7 10,844 91.4 22,196 280.4 66,409
120 43.4 15,624 93.0 31,982 285.2 95,687



Biomass Conversion and Biorefinery	

determined by multiplying the individual plant revenue 
and the previously calculated total power production. In 
Table 6, k2 = 0.08 day−1 and HRT  = 95 day are the base 
scenario from which the differences between scenarios 
( Δrevenue ) were calculated.

BMYFS varied with HRT  . It also changed with the kinetic 
parameter k . With identical assumptions for the BMP, TS, 
and VS, the daily biomethane production between the BPs 
depended only on the HRT, k , and substrate quantity. Identi-
cal HRTs and kinetic parameters therefore led to the relation-
ship between the daily biomethane production and substrate 
quantity. Among the different kinetic parameters, the effect 
of the HRT weakened with an increase in k . For BP1, an 
increase in HRT  from 95 to 120 days at k1 = 0.04 day−1 led 
to a 4.54% increase in BMYFS , whereas an increase of only 
1.71% was observed at k3 = 0.12 day−1. This also applied 
to HRT reduction. Here, BMYFS was less sensitive to HRT 
reduction at k3 = 0.12 day−1, decreasing by only 2.80%, 
whereas a 6.93% reduction was seen at k1 = 0.04 day−1 when 
HRT  was reduced to 70 days. Furthermore, an increase in 
degradation kinetics, such as from k2 = 0.08 day−1 to k3 
= 0.12 day−1, resulted in a higher increase in BMYFS than 
an HRT increment from 95 to 120 days. For the BMYFS to 
be equal at k3 = 0.12 day−1, HRT  should be 143 days at 
k2 = 0.08 day−1. With increases in substrate quantity and 
CH4 production, the difference in the BPs’ overall revenue 
varied between scenarios. For example, a decrease in the 
kinetic parameter to k1 = 0.04 day−1 reduced the revenue 
of BP3 by € 171,556. With the HRT reduced at the same 
time, this reduction increased to € 273,729. Revenue could 
be increased by € 66,409 by setting k3 = 0.12 day−1 and 
keeping HRT  constant.

4 � Discussion

In Germany, pig slurry is usually collected under the barn 
and stored for a certain time. When the storage capacity 
under the barn is reached, the suspension is transferred to 
an external tank with a larger volume. Then, the slurry is 
utilized as fertilizer. However, agricultural enterprises must 
maintain sufficient storage capacity to store all the slurry 
produced in autumn/winter, where field application of slurry 
(as fertilizer) is neither allowed nor meaningful [75]. There-
fore, they have large storage facilities, and slurry remains in 
tanks for several months. Without any incentive for livestock 
farmers, such as profit sharing, equity interest in the BP, 
or policy measures, the available substrates are likely to be 
of lower quality in terms of BMP; a 39.5% decrease in the 
BMP of FPS from SCs to ETs was previously reported [24]. 
The current study included samples from intermediate and 
external storage facilities (AE1 and AE8). At AE8, a 42.87% 
reduction in BMP from the SC to the ET was observed. 

AE8-ET-MS contained slurry from a farrowing stable, 
which tends to have low BMPs, VS (% TS), and VS due to 
VFA [25]. AE1 has different production stages, leading to a 
mixed ET sample (containing PS, SS, and FPS); thus, draw-
ing a general conclusion was difficult. Furthermore, ET1 and 
ET2 contained either the thick or thin phase of sedimented 
slurry, and the FPS from this farm was a thickened phase. 
Nevertheless, the VS-specific BMP of the thick phase from 
ET1 was three times higher than that of the thin phase from 
ET2. Due to the higher DM content of ET1, the FM-specific 
CH4 potential was 3.5 times higher. Substrate degradation 
could be assumed to have already occurred because of the 
significantly higher BMPs of the slurries from the SCs of 
this enterprise.

The AE19 samples contained SS and PS and showed 
high BMPs. This was ascribed to the adopted dung removal 
system. A DS enables continuous removal of slurry and 
its cooling beneath the barn [76]. The constant removal of 
slurry facilitates a steady flow through an external sedimen-
tation pit, resulting in a thin phase (BMP = 457 ± 35 L kg−1 
VS) and a thick phase (BMP = 280 ± 4 L kg−1 VS). This 
approach is highly recommended for supplying BPs with 
high-BMP substrates.

Substrate quality can also be improved through the indi-
vidual collection of cleaning water and excrement or the 
use of constructional feces–urine separation systems, where 
excrements are not gathered as a mixed suspension with a 
low TS content. At a TS content of approximately 25.4%, 
a mean BMP of 275 L kg−1 VS was determined for feces 
from fattening pigs, resulting in a high FM-specific BMP in 
the BP. The influence of high N concentrations (e.g., 9.03 g 
L−1), which can inhibit continuous AD, had not been deter-
mined at the time of this study. [77] Moreover, advantages 
in terms of nutrient management can be expected.

Figure 6 shows the average BMP of the different slurry 
types and sampling points in this study compared to previ-
ously reported BMPs at different animal growth stages and 
approaches in manure management.

The range of values given in this study (minimum BMP 
at AE1-ET2-MS2 = 37 ± 1 L kg−1 VS; maximum BMP at 
AE19-DS-MS3 = 457 ± 35 L kg−1 VS) coincides with the 
findings of previous studies. However, the average values 
calculated for the individual slurry types appear to be lower 
than in previous studies, particularly in comparison to Gopa-
lan et al. [23]. One explanation for this could be that the 
samples taken by Gopalan et al. [23] originated from barns 
(except for one) using flush system on a daily basis which 
results in fresh samples. This is supported by higher VS 
values (% of TS) and the higher presence/concentration of 
VFA. A practical realization of this removal frequency is 
only the case for AE19 in the sampled barns, which is also 
reflected in the observed BMPs. Nevertheless, a lower BMP 
is confirmed for sow slurries (dry sow slurry; farrowing 
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slurry) in comparison to fattening pigs or piglets. In this 
regard, the results of this study are also in close accordance 
with the results of Arhoun et al. [32], Winkler et al. [79], 
and Hilgert et al. [24]. The reduction of the BMP from inter-
mediate samples (slurry cellars [SCs]) to outdoor-storage 
samples (elevated tanks [ETs]) found in this study can also 
be observed in the works of Hilgert et al. [24] in which they 
investigated the slurry from fattening pigs. Additionally, the 
results of Nardin and Mazzetto [29] confirm the established 
order in relation to the BMP of pig slurry types in this study.

The PCA result suggested that the presence of VFA is 
an indicator for the BMP. Similar findings were obtained 
by Hilgert et al. [24], who found a reduction in VFA from 
intermediate to external storage, which they associated with 
a longer storage period based on the results of Gerardi [80] 
and Franco et al. [81]. The authors stated that substrate deg-
radation in the form of VFA conversion to acetate, CO2, 
and H2 via acetogenic microorganisms results in CH4 emis-
sions, which was confirmed by the determined BMPs and 

corresponding substrate properties in the present study. 
Thus, in practice, the presence and/or concentration of VFA 
can be used to assess premature substrate degradation and/
or substrate quality, respectively. Additionally it was found 
that DM content is highly affected by storage time, showing 
a reduction of 10% at a storage duration of 20 days for swine 
manure [82]. In addition to the VFA content, the crude fat 
content, VS, and C/N ratio are meaningful parameters for 
assessing pig slurry, as confirmed by Gopalan et al. [23] 
regarding the VS content.

Among other aspects, the modeling results indicated 
that substrate degradation was the rate-limiting step. 
This can be prevented, for example, through pretreatment 
measures or the use of enzymes [49, 83, 84]. Through 
modeling, the influence of different degradation kinet-
ics can be investigated based on a first-order one-step 
model with hydrolysis as the rate-limiting step. The 
calculated daily steady-state CH4 production using pig 
slurry via AD in three large-scale plants showed that 

Fig. 6   Average biomethane potential and standard deviation (indicated by upper and lower whisker where applicable) divided by slurry and stor-
age type in comparison to previous results [23, 24, 29, 32, 78, 79]
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large differences occurred due to variations in degra-
dation kinetics. For example, gas production using pig 
slurry in a small manure-based BP varied from 36.7 to 
42.7 m3 day−1 at the same HRT. As for plant profitability 
throughout the operating period, additional (decremen-
tal) revenue of € 10,844 (€ 28,012) could be achieved 
by increasing (reducing) the kinetic parameter relative 
to moderate kinetics. With higher substrate usage, these 
values accordingly increased, as shown by the results of 
BP3, whose revenue declined by € 171,556 with reduced 
kinetics. Considering the investment costs of the com-
pared BPs (approximately € 0.5 million for BP1, € 1.5–2 
million for BP2, and over € 2 million for BP3), kinetics 
improvement can influence economic efficiency, but it is 
not the only factor for successful plant operation. Degra-
dation kinetics are improved through good substrate man-
agement, as with the BMP and TS/VS content. Therefore, 
in addition to the quantified influence of kinetics, BMP 
and TS/VS must be considered in general assessments 
of plant operation. Furthermore, the determined kinetic 
parameters in this study will be used in future research 
to investigate BP networks, which is currently being pre-
pared and are therefore a valuable result of this study. 
This concept offers higher total profits in comparison to 
individual solutions with biomethane upgrading plants 
at each BP [85]. The obtained kinetic constants and 
described methodology for estimating BMYFS were used 
to determine the biomethane production of several BPs 
with different substrates. Based on this, a BP network 
with different utilization paths (e.g., CHP units, use of 
biogas in industries, or the upgrade of biogas to biom-
ethane and its utilization as fuel) will be simulated and 
evaluated in terms of economic efficiency.

The conversion of agricultural waste like pig slurry to 
biomethane facilitates circular economy principles by 
providing energy from waste and recycling nutrients back 
into agricultural systems, thus minimizing environmental 
impacts while enhancing resource efficiency [86]. For the 
practical application of pig slurry as a substrate for AD, 
good slurry management plays a crucial role in enhancing 
resource circularity by maximizing methane yields while 
minimizing waste and nutrient loss. This includes reducing 
storage times; for example, slurry extracted after one fatten-
ing interval can be obtained from intermediate storage and 
instantly used for AD. Storage times can be reduced further 
using a Danish housing system, where manure is constantly 
removed from the stable, supporting a more closed-loop 
system where organic waste is rapidly converted to energy 
and nutrient-rich digestate. With a BP on the site of the agri-
cultural enterprise, a direct supply can be realized; other-
wise, manure can be stored for a short time until the typical 
volume of a slurry tanker is reached. Another advantage of 
the DS is slurry cooling, which promotes substrate quality. 

In addition to the DS, the use of a feces–urine separation 
system for dung removal can enhance substrate quality for 
AD. A further increase in substrate quality in current dung 
removal systems can be achieved through slurry sedimenta-
tion. This increases the TS content, and higher FM-specific 
BMPs can be achieved in BPs [26]. This approach should 
be implemented and validated in practice, particularly the 
quantities provided by the agriculturalist, possible empty-
ing cycles (depending on barn size), and the yield increase 
achieved. In addition, reasonable co-substrates with high C 
concentrations should be selected for the AD of pig slurry 
to compensate for the unfavorable C/N ratio of the substrates 
studied. Another point relates to the selection of pig slurry 
for AD from the perspective of BP operators. Available 
slurries should be evaluated regarding their VS, crude fat, 
VFA, and C/N ratio; only promising slurries should be used 
in BPs. In this study, PSs and MSs tended to show higher 
VS-specific BMPs than SSs and FPSs.

In addition to greenhouse gas mitigation and the pro-
duction of biomethane, the utilization of pig slurry in BPs 
offers benefits in terms of resource circularity and ancillary 
services from an energy system point of view. The diges-
tate produced through AD reduces dependance on artificial 
fertilizers and also recycles essential nutrients like nitrogen 
and phosphorus into agricultural systems. Technological 
solutions for processing digestate into composts, biocar-
bon, nutrient-rich fractions, or fertilizer granules can fur-
ther promote the implementation [87, 88].[89] This aligns 
with circular economy goals by transforming waste into a 
resource that sustains agricultural productivity and reducing 
environmental impacts [90]. The transportation of substrates 
from individual farm sites to BPs is seen as an important 
component in bioeconomy for the current biogas sector in 
Germany as well as developing markets. A case study for 
Croatia for example showed that an economic operation is 
not possible with a transport distance for animal manure 
of more than 60 km [91]. The simulations carried out by 
Topić et al. [92] on possible substrate mixtures, taking into 
account the transportation costs and including the substrate 
properties (e.g., individual BMP, DM, density) for different 
substrates, resulted in a maximum transportation distance for 
pig slurry of 25 km and 91 km for cow slurry, under which 
economic operation with this feedstocks is possible. This 
further stresses the importance of carefully implemented 
bioeconomy policies.

The European Renewable Energy Directive (RED II) [93] 
and its implementation within the German legislation [94] 
was considered a driver for improved manure utilization in 
BPs and biomethane employment in the transportation sec-
tor. With rising GHG quota prices, the share of manure in 
the substrate mixture of BPs is increased, while the specific 
GHG emissions are reduced. However, it is criticized that 
the current policy predetermines that the GHG reductions 
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in agriculture are instead counted toward the transportation 
sector. Additionally, Magnolo et al. [95] highlighted that the 
current standards applied by the RED II do not cover the 
entire life cycle of anaerobic digestion of manure. Therefore, 
it is recommended to implement supportive policies to facili-
tate investment in digesters and digestate storage, to provide 
simplified permitting procedures, and to enable cooperative, 
logistically optimized plant concepts. [96] Furthermore, as 
one out of five proposed measures for future German biogas 
policy, Thrän et al. [97] recommend to focus the support 
schemes on GHG reduction referring to the biofuel sector.

5 � Conclusions

The results of this study underscored the variability of the 
BMP from organic residue, such as pig slurry, ranging from 
86 ± 17 L kg−1 VS for sow slurry to 203 ± 72 L kg−1 VS 
for piglet slurry. The main conclusions from this substrate 
evaluation are:

Regarding substrate characterization, the concentra-
tions of VS, crude fat, and VFA and the C/N ratio were 

determined to be highly influential parameters that can be 
used to assess the quality of pig slurry in terms of the utiliza-
tion of energetic potential via AD. By an improved manure 
management and easy techniques, such as slurry sedimenta-
tion, the substrate quality can be further improved. Accord-
ing to the application of the modeling results, in addition 
to the ultimate BMP, the degradation kinetics of substrates 
considerably influence CH4 production during continu-
ous steady-state AD in full-scale BPs. A daily biomethane 
production from pig slurry at a small scale BP using only 
manure as a substrate was 42.7 m3 day−1 with fast degrada-
tion kinetics, whereas 36.7 m3 day−1 was achieved with slow 
degradation and the same HRT and BMP.

By exploring the factors influencing the substrate qual-
ity of pig slurry and its effects in continuous operation, this 
work contributes to the following Sustainable Development 
Goals defined by the United Nations in 2015: (no. 7) Afford-
able and Clean Energy, (no. 12) Responsible Consumption 
and Production, and (no. 13) Climate Action. In this way, 
biomethane, as a renewable and circular resource, plays a 
crucial role in advancing energy independence and reducing 
GHG emissions across all economic sectors.

Appendix

Table 7   Additional analysis for 
substrate characterization

Sample Nitrogen
(% of FM)

Phosphorus
(% of FM)

Crude Ash
(% of FM)

Crude protein
(% of FM)

Crude fat
(% of FM)

Crude fiber
(% of FM)

AE1-ET1-MS1 0.3 0.2 1.2 2.0 0.1 0.5
AE1-ET2-MS2 0.2 0.0 0.7 1.4  < 0.1  < 0.1
AE1-SC1-FPS 0.5 0.6 2.5 3.1 0.3 1.3
AE1-SC2-PS 0.3 0.1 1.0 2.1 0.2 0.8
AE1-SC3-MS3 0.5 0.2 1.6 2.9 0.5 1.1
AE3-ET-FPS 0.2 0.1 1.1 1.4  < 0.1  < 0.1
AE4-SC1-PS 0.2 0.1 0.8 1.1 0.3 0.7
AE4-SC2-SS 0.2 0.2 0.9 1.1 0.3 0.5
AE5-SC-MS 0.3 0.2 1.4 1.9 0.2  < 0.1
AE8-ET-MS 0.3 0.0 0.9 1.7 0.1  < 0.1
AE8-SC-PS 0.3 0.1 1.0 1.8 0.1 0.5
AE9-SC-SS 0.2 0.1 0.9 1.4  < 0.1 0.4
AE10-SC1-PFS 0.6 0.3 2.0 3.7 0.4 1.4
AE10-SC2-FPS 0.1 0.4 1.7 0.9 0.2 1.5
AE14-SC-MS 0.6 0.2 2.0 3.6 0.3 0.8
AE15-SC-FPS 0.4 0.2 1.5 2.5 0.3 0.5
AE17-SC-FPS 0.4 0.2 1.3 2.5 0.1 0.5
AE18-SC1-PS 0.6 0.6 3.1 3.8 0.6 1.8
AE18-SC2-SS 0.4 0.8 3.4 2.7 0.4 1.1
AE19-DS-MS1 0.4 0.4 1.7 1.6 0.6 2.2
AE19-DS-MS2 0.4 0.3 1.3 0.9 0.6 0.7
AE19-DS-MS3 0.3 0.1 0.5 0.1  < 0.10 0.0

Table 7
Figure 7



Biomass Conversion and Biorefinery	

Acknowledgements  The authors would like to thank the laboratory 
team, especially Marion Schomaker, for their active support.

Author contribution  Conceptualization: Jurek Häner; methodology: 
Jurek Häner; software: Jurek Häner and Alexej Neradko; validation: 
Jurek Häner, Sören Weinrich, Christof Wetter, and Michael Nelles; 
formal analysis: Jurek Häner; investigation, Jurek Häner; resources: 
Jurek Häner and Christof Wetter; data curation: Jurek Häner, Alexej 
Neradko, and Marcel Gausling; writing—original draft: Jurek Häner; 
writing—review and editing: Jurek Häner, Alexej Neradko, Björn 
Krüp, Marcel Gausling, and Sören Weinrich; visualization: Jurek Häner 
and Björn Krüp; supervision: Michael Nelles; project administration: 
Jurek Häner; funding acquisition: Jurek Häner.

Funding  Open Access funding enabled and organized by Projekt 
DEAL. This research was funded by the German Federal Ministry 
of Food and Agriculture (project management agency: Fachagentur 
Nachwachsende Rohstoffe e. V.) within the MOVE project, funding 
code: 2220WD012.

Data availability  The data that support the findings of this study are 
available upon request from the corresponding author.

Declarations 

Competing interests  The authors declare no competing interests.

Open Access   This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1.	 World Resources Institute (2024) Climate watch historical GHG 
emissions. https://​www.​clima​tewat​chdata.​org/​ghg-​emiss​ions?​
break​By=​sector. Accessed 25 Nov 2024

Fig. 7   Correlation matrix; C/N, carbon-to-nitrogen ratio; VFA, volatile fatty acids; VOA, volatile organic acids; TS, total solids; VS, volatile sol-
ids; COD, chemical oxygen demand; BMP, biomethane potential

http://creativecommons.org/licenses/by/4.0/
https://www.climatewatchdata.org/ghg-emissions?breakBy=sector
https://www.climatewatchdata.org/ghg-emissions?breakBy=sector


	 Biomass Conversion and Biorefinery

	 2.	 Philippe F-X, Nicks B (2015) Review on greenhouse gas emis-
sions from pig houses: production of carbon dioxide, methane 
and nitrous oxide by animals and manure. Agr Ecosyst Environ 
199:10–25. https://​doi.​org/​10.​1016/j.​agee.​2014.​08.​015

	 3.	 Bonesmo H, Little SM, Harstad OM, Beauchemin KA, Skjelvåg 
AO, Sjelmo O (2012) Estimating farm-scale greenhouse gas emis-
sion intensity of pig production in Norway. Acta Agriculturae 
Scandinavica, Section A - Animal Science 62:318–325. https://​
doi.​org/​10.​1080/​09064​702.​2013.​770913

	 4.	 Cardador MJ, Reyes-Palomo C, Díaz-Gaona C, Arce L, Rod-
ríguez-Estévez V (2022) Review of the methodologies for meas-
urement of greenhouse gas emissions in livestock farming: pig 
farms as a case of study. Crit Rev Anal Chem 52:1029–1047. 
https://​doi.​org/​10.​1080/​10408​347.​2020.​18554​10

	 5.	 Dennehy C, Lawlor PG, Jiang Y, Gardiner GE, Xie S, Nghiem 
LD, Zhan X (2017) Greenhouse gas emissions from different pig 
manure management techniques: a critical analysis. Front Environ 
Sci Eng 11. https://​doi.​org/​10.​1007/​s11783-​017-​0942-6

	 6.	 Liebetrau J, O'Shea R, Wellisch M, Lyng K-A, Bochmann G, 
McCabe BK, Harris PW, Lukehust C, Kornatz P, Murphy JD 
(2021) Potential and utilization of manure to generate biogas in 
seven countries. https://​www.​ieabi​oener​gy.​com/​wp-​conte​nt/​uploa​
ds/​2021/​07/​Poten​tial-​utili​zation_​WEB_​END_​NEW.​pdf. Accessed 
05 Jan 2023

	 7.	 Azolim J, Brondani M, Giacomini DA, Aita C, Mayer FD, Hoff-
mann R (2024) Life cycle assessment of emissions in construc-
tion and operation phases of liquid swine manure management 
technologies. Int J Environ Sci Technol 21:939–956. https://​doi.​
org/​10.​1007/​s13762-​023-​05048-8

	 8.	 Ferreira J, Santos L, Ferreira M, Ferreira A, Domingos I (2024) 
Environmental assessment of pig manure treatment systems 
through life cycle assessment: a mini-review. Sustainability 
16:3521. https://​doi.​org/​10.​3390/​su160​93521

	 9.	 Uddin MM, Wright MM (2023) Anaerobic digestion fundamen-
tals, challenges, and technological advances. Physical Sciences 
Reviews 8:2819–2837. https://​doi.​org/​10.​1515/​psr-​2021-​0068

	10.	 Weiland P (2010) Biogas production: current state and perspec-
tives. Appl Microbiol Biotechnol 85:849–860. https://​doi.​org/​10.​
1007/​s00253-​009-​2246-7

	11.	 Zhou L, Hülsemann B, Cui Z, Merkle W, Sponagel C, Zhou Y, 
Guo J, Dong R, Müller J, Oechsner H (2021) Operating perfor-
mance of full-scale agricultural biogas plants in Germany and 
China: results of a year-round monitoring program. Appl Sci 
11:1271. https://​doi.​org/​10.​3390/​app11​031271

	12.	 Tápparo DC, Cândido D, Steinmetz RLR, Etzkorn C, do Amaral 
AC, Antes FG, Kunz A (2021) Swine manure biogas produc-
tion improvement using pre-treatment strategies: lab-scale stud-
ies and full-scale application. Bioresource Technology Reports 
15:100716. https://​doi.​org/​10.​1016/j.​biteb.​2021.​100716

	13.	 Mata-Alvarez J, Dosta J, Romero-Güiza MS, Fonoll X, Peces 
M, Astals S (2014) A critical review on anaerobic co-digestion 
achievements between 2010 and 2013. Renew Sustain Energy Rev 
36:412–427. https://​doi.​org/​10.​1016/j.​rser.​2014.​04.​039

	14.	 Meng Y, Li Y, Han R, Du Z (2024) Optimization of the process 
conditions for methane yield from co-digestion of mixed vegetable 
residues and pig manure using response surface methodology. 
Waste Biomass Valor 15:4117–4130. https://​doi.​org/​10.​1007/​
s12649-​024-​02446-y

	15.	 Xie S, Hai FI, Zhan X, Guo W, Ngo HH, Price WE, Nghiem LD 
(2016) Anaerobic co-digestion: a critical review of mathemati-
cal modelling for performance optimization. Bioresour Technol 
222:498–512. https://​doi.​org/​10.​1016/j.​biort​ech.​2016.​10.​015

	16.	 Salehiyoun AR, Di Maria F, Sharifi M, Norouzi O, Zilouei H, 
Aghbashlo M (2020) Anaerobic co-digestion of sewage sludge 
and slaughterhouse waste in existing wastewater digesters. Renew-
able Energy 145:2503–2509. https://​doi.​org/​10.​1016/j.​renene.​
2019.​08.​001

	17.	 Liang Y, Li X-J, Zhang J, Zhang L-G, Cheng B (2017) Effect of 
microscale ZVI/magnetite on methane production and bioavail-
ability of heavy metals during anaerobic digestion of diluted pig 
manure. Environ Sci Pollut Res 24:12328–12337. https://​doi.​org/​
10.​1007/​s11356-​017-​8832-9

	18.	 Chen Y, Cheng JJ, Creamer KS (2008) Inhibition of anaerobic 
digestion process: a review. Bioresour Technol 99:4044–4064. 
https://​doi.​org/​10.​1016/j.​biort​ech.​2007.​01.​057

	19.	 Bergland WH, Dinamarca C, Toradzadegan M, Nordgård ASR, 
Bakke I, Bakke R (2015) High rate manure supernatant digestion. 
Water Res 76:1–9. https://​doi.​org/​10.​1016/j.​watres.​2015.​02.​051

	20.	 Rico C, Montes JA, Rico JL (2017) Evaluation of different types 
of anaerobic seed sludge for the high rate anaerobic digestion of 
pig slurry in UASB reactors. Bioresour Technol 238:147–156. 
https://​doi.​org/​10.​1016/j.​biort​ech.​2017.​04.​014

	21.	 Pérez-Pérez T, Pereda-Reyes I, Correia GT, Pozzi E, Kwong 
WH, Oliva-Merencio D, Zaiat M, Montalvo S, Huiliñir C (2021) 
Performance of EGSB reactor using natural zeolite as support 
for treatment of synthetic swine wastewater. J Environ Chem 
Eng 9:104922. https://​doi.​org/​10.​1016/j.​jece.​2020.​104922

	22.	 Miroshnichenko I, Oskina A, Eremenko E (2020) Biogas 
potential of swine manure of different animal classes. Energy 
Sources, Part A: Recovery, Utilization, and Environmental 
Effects:1–12. https://​doi.​org/​10.​1080/​15567​036.​2020.​18291​95

	23.	 Gopalan P, Jensen PD, Batstone DJ (2013) Anaerobic diges-
tion of swine effluent: Impact of production stages. Biomass 
Bioenerg 48:121–129. https://​doi.​org/​10.​1016/j.​biomb​ioe.​2012.​
11.​012

	24.	 Hilgert JE, Herrmann C, Petersen SO, Dragoni F, Amon T, Belik 
V, Ammon C, Amon B (2023) Assessment of the biochemical 
methane potential of in-house and outdoor stored pig and dairy 
cow manure by evaluating chemical composition and storage 
conditions. Waste Manag 168:14–24. https://​doi.​org/​10.​1016/j.​
wasman.​2023.​05.​031

	25.	 de Cestonaro Amaral A, Kunz A, Radis Steinmetz RL, Scussiato 
LA, Tápparo DC, Gaspareto TC (2016) Influence of solid-liquid 
separation strategy on biogas yield from a stratified swine produc-
tion system. J Environ Manage 168:229–235. https://​doi.​org/​10.​
1016/j.​jenvm​an.​2015.​12.​014

	26.	 Varma VS, Parajuli R, Scott E, Canter T, Lim TT, Popp J, Thoma 
G (2021) Dairy and swine manure management - challenges and 
perspectives for sustainable treatment technology. Sci Total Envi-
ron 778:146319. https://​doi.​org/​10.​1016/j.​scito​tenv.​2021.​146319

	27.	 Alberice S, Grimme W, Toop G (2022) Biomethane production 
potentials in the EU: feasibility of REPowerEU 2030 targets, 
production potentials in the Member States and outlook to 2050. 
https://​www.​europ​eanbi​ogas.​eu/​wp-​conte​nt/​uploa​ds/​2022/​07/​
GfC_​natio​nal-​biome​thane-​poten​tials_​070722.​pdf. Accessed 05 
Jan 2023

	28.	 Chávez-Fuentes JJ, Capobianco A, Barbušová J, Hutňan M (2017) 
Manure from our agricultural animals: a quantitative and qualita-
tive analysis focused on biogas production. Waste Biomass Valor 
8:1749–1757. https://​doi.​org/​10.​1007/​s12649-​017-​9970-5

	29.	 Nardin F, Mazzetto F (2014) Mapping of biomass fluxes: a method 
for optimizing biogas-refinery of livestock effluents. Sustainability 
6:5920–5940. https://​doi.​org/​10.​3390/​su609​5920

https://doi.org/10.1016/j.agee.2014.08.015
https://doi.org/10.1080/09064702.2013.770913
https://doi.org/10.1080/09064702.2013.770913
https://doi.org/10.1080/10408347.2020.1855410
https://doi.org/10.1007/s11783-017-0942-6
https://www.ieabioenergy.com/wp-content/uploads/2021/07/Potential-utilization_WEB_END_NEW.pdf
https://www.ieabioenergy.com/wp-content/uploads/2021/07/Potential-utilization_WEB_END_NEW.pdf
https://doi.org/10.1007/s13762-023-05048-8
https://doi.org/10.1007/s13762-023-05048-8
https://doi.org/10.3390/su16093521
https://doi.org/10.1515/psr-2021-0068
https://doi.org/10.1007/s00253-009-2246-7
https://doi.org/10.1007/s00253-009-2246-7
https://doi.org/10.3390/app11031271
https://doi.org/10.1016/j.biteb.2021.100716
https://doi.org/10.1016/j.rser.2014.04.039
https://doi.org/10.1007/s12649-024-02446-y
https://doi.org/10.1007/s12649-024-02446-y
https://doi.org/10.1016/j.biortech.2016.10.015
https://doi.org/10.1016/j.renene.2019.08.001
https://doi.org/10.1016/j.renene.2019.08.001
https://doi.org/10.1007/s11356-017-8832-9
https://doi.org/10.1007/s11356-017-8832-9
https://doi.org/10.1016/j.biortech.2007.01.057
https://doi.org/10.1016/j.watres.2015.02.051
https://doi.org/10.1016/j.biortech.2017.04.014
https://doi.org/10.1016/j.jece.2020.104922
https://doi.org/10.1080/15567036.2020.1829195
https://doi.org/10.1016/j.biombioe.2012.11.012
https://doi.org/10.1016/j.biombioe.2012.11.012
https://doi.org/10.1016/j.wasman.2023.05.031
https://doi.org/10.1016/j.wasman.2023.05.031
https://doi.org/10.1016/j.jenvman.2015.12.014
https://doi.org/10.1016/j.jenvman.2015.12.014
https://doi.org/10.1016/j.scitotenv.2021.146319
https://www.europeanbiogas.eu/wp-content/uploads/2022/07/GfC_national-biomethane-potentials_070722.pdf
https://www.europeanbiogas.eu/wp-content/uploads/2022/07/GfC_national-biomethane-potentials_070722.pdf
https://doi.org/10.1007/s12649-017-9970-5
https://doi.org/10.3390/su6095920


Biomass Conversion and Biorefinery	

	30.	 Beily ME, Young BJ, Bres PA, Riera NI, Wang W, Crespo DE, 
Komilis D (2023) Relationships among physicochemical, micro-
biological, and parasitological parameters, ecotoxicity, and bio-
chemical methane potential of pig slurry. Sustainability 15:3172. 
https://​doi.​org/​10.​3390/​su150​43172

	31.	 Triolo JM, J. A, Pedersen L, G. S (2013) Characteristics of animal 
slurry as a key biomass for biogas production in Denmark. In: 
Matovic MD (ed) Biomass Now - Sustainable Growth and Use. 
InTech

	32.	 Arhoun B, Malpartida García I, Villen-Guzman M, Abdala Diaz 
RT, Garcia-Herruzo F, Rodriguez-Maroto JM (2021) Effect of 
pretreatment and co-substrate addition on biogas production from 
pig slurry. Water & Environment J 35:1147–1157. https://​doi.​org/​
10.​1111/​wej.​12706

	33.	 Pedersen LJ (2018) Overview of commercial pig production sys-
tems and their main welfare challenges. In: Advances in Pig Wel-
fare. Elsevier, pp 3–25

	34.	 Mybrack Å, Rhode L, Hellstedt M, Kulmala JL, Lehn F, Nørre-
gaard Hansen M, Luostarinen S (2019) Manure sampling instruc-
tions: Manure Standards Publication. Publication by Interreg Bal-
tic Sea Region project Manure Standards. https://​proje​cts.​luke.​
fi/​manur​estan​dards/​wp-​conte​nt/​uploa​ds/​sites/​25/​2019/​10/​WP2_​
Sampl​ing-​instr​uctio​ns_​FINAL-1.​pdf. Accessed 22 Dec 2022

	35.	 German Institute for Standardization Sludge, treated biowaste, soil 
and waste - calculation of dry matter fraction after determination 
of dry residue or water content; German version EN 15934:2012 
13.030.01

	36.	 Soil, waste, treated biowaste and sludge - determination of loss on 
ignition; German version EN 15935:2021

	37.	 Association of German Engineers (2016) Fermentation of organic 
materials–characterisation of the substrate, sampling, collection 
of material data, fermentation tests

	38.	 International standard classification Water quality - determina-
tion of selected elements by inductively coupled plasma optical 
emission spectrometry Deutsche Fassung EN_ISO_11885:2009 
13.060.50(EN ISO 11885:2009)

	39.	 International standard classification (1983) German standard 
methods for the examination of water, waste water and sludge; 
cations (group E); determination of ammonia-nitrogen (E 5) 
13.060.50(DIN 38406)

	40.	 VDLUFA (ed) (2014) Die Untersuchung von Düngemitteln: 125 
Jahre VDLUFA im Dienste von Landwirtschaft, Umwelt- und 
Verbraucherschutz. VDLUFA-Schriftenreihe, vol 69. VDLUFA-
Verl., Darmstadt

	41.	 European Commission (2009) Commission Regulation (EC) No 
152/2009 of 27 January 2009 laying down the methods of sam-
pling and analysis for the official control of feed. https://​eur-​lex.​
europa.​eu/​legal-​conte​nt/​EN/​TXT/?​uri=​CELEX%​3A020​09R01​
52-​20220​628. Accessed 10 Oct 2023

	42.	 Holliger C, Alves M, Andrade D, Angelidaki I, Astals S, Baier 
U, Bougrier C, Buffière P, Carballa M, de Wilde V, Ebertseder 
F, Fernández B, Ficara E, Fotidis I, Frigon J-C, de Laclos HF, 
Ghasimi DSM, Hack G, Hartel M, Heerenklage J, Horvath IS, 
Jenicek P, Koch K, Krautwald J, Lizasoain J, Liu J, Mosberger 
L, Nistor M, Oechsner H, Oliveira JV, Paterson M, Pauss A, 
Pommier S, Porqueddu I, Raposo F, Ribeiro T, Rüsch Pfund F, 
Strömberg S, Torrijos M, van Eekert M, van Lier J, Wedwitschka 
H, Wierinck I (2016) Towards a standardization of biomethane 
potential tests. Water Sci Technol 74:2515–2522. https://​doi.​org/​
10.​2166/​wst.​2016.​336

	43.	 Holliger C, Astals S, de Laclos HF, Hafner SD, Koch K, Weinrich 
S (2021) Towards a standardization of biomethane potential tests: 

a commentary. Water Sci Technol 83:247–250. https://​doi.​org/​10.​
2166/​wst.​2020.​569

	44.	 Brulé M, Oechsner H, Jungbluth T (2014) Exponential model 
describing methane production kinetics in batch anaerobic diges-
tion: a tool for evaluation of biochemical methane potential assays. 
Bioprocess Biosyst Eng 37:1759–1770. https://​doi.​org/​10.​1007/​
s00449-​014-​1150-4

	45.	 Angelidaki I, Alves M, Bolzonella D, Borzacconi L, Campos JL, 
Guwy AJ, Kalyuzhnyi S, Jenicek P, van Lier JB (2009) Defin-
ing the biomethane potential (BMP) of solid organic wastes and 
energy crops: a proposed protocol for batch assays. Water Sci 
Technol 59:927–934. https://​doi.​org/​10.​2166/​wst.​2009.​040

	46.	 Nash JE, Sutcliffe JV (1970) River flow forecasting through 
conceptual models part I — a discussion of principles. J Hydrol 
10:282–290. https://​doi.​org/​10.​1016/​0022-​1694(70)​90255-6

	47.	 Koch K, Gehring T, Lübken M, Wichern M, Horn H (2013) Math-
ematical approach for improving the reliability of parameter cali-
bration in modeling of anaerobic digestion processes. Strojarstvo: 
J Theory Appl Mech Eng 55:7–16

	48.	 López I, Benzo M, Passeggi M, Borzacconi L (2021) A simple 
kinetic model applied to anaerobic digestion of cow manure. 
Environ Technol 42:3451–3462. https://​doi.​org/​10.​1080/​09593​
330.​2020.​17324​73

	49.	 Lee YH, Chung Y-C, Jung J-Y (2008) Effects of chemical and 
enzymatic treatments on the hydrolysis of swine wastewater. 
Water Sci Technol 58:1529–1534. https://​doi.​org/​10.​2166/​wst.​
2008.​496

	50.	 Shin H-S, Song Y-C (1995) A model for evaluation of anaerobic 
degradation characteristics of organic waste: focusing on kinetics, 
rate-limiting step. Environ Technol 16:775–784. https://​doi.​org/​
10.​1080/​09593​33160​86163​16

	51.	 Mata-Alvarez J (2015) Biomethanization of the organic fraction 
of municipal solid wastes. Water Intell Online 4:9781780402994–
9781780402994. https://​doi.​org/​10.​2166/​97817​80402​994

	52.	 Pfeffer JT (1974) Temperature effects on anaerobic fermentation 
of domestic refuse. Biotechnol Bioeng 16:771–787. https://​doi.​
org/​10.​1002/​bit.​26016​0607

	53.	 Virtanen P, Gommers R, Oliphant TE, Haberland M, Reddy T, 
Cournapeau D, Burovski E, Peterson P, Weckesser W, Bright J, 
van der Walt SJ, Brett M, Wilson J, Millman KJ, Mayorov N, 
Nelson ARJ, Jones E, Kern R, Larson E, Carey CJ, Polat İ, Feng 
Y, Moore EW, VanderPlas J, Laxalde D, Perktold J, Cimrman R, 
Henriksen I, Quintero EA, Harris CR, Archibald AM, Ribeiro 
AH, Pedregosa F, van Mulbregt P (2020) SciPy 1.0: fundamen-
tal algorithms for scientific computing in Python. Nat Methods 
17:261–272. https://​doi.​org/​10.​1038/​s41592-​019-​0686-2

	54.	 Virtanen P, Gommers R, Oliphant TE, Haberland M, Reddy T, 
Cournapeau D, Burovski E, Peterson P, Weckesser W, Bright J, van 
der Walt SJ, Brett M, Wilson J, Millman KJ, Mayorov N, Nelson 
ARJ, Jones E, Kern R, Larson E, Carey CJ, Polat İ, Feng Y, Moore 
EW, VanderPlas J, Laxalde D, Perktold J, Cimrman R, Henriksen 
I, Quintero EA, Harris CR, Archibald AM, Ribeiro AH, Pedregosa 
F, van Mulbregt P (2024) SciPy v1.12.0 Manual: scipy.optimize.
curve_fit. https://​docs.​scipy.​org/​doc/​scipy/​refer​ence/​gener​ated/​
scipy.​optim​ize.​curve_​fit.​html. Accessed 17 Mar 2024

	55.	 Sommer SG, Christensen ML, Schmidt T, Jensen LS (2013) Ani-
mal manure: recycling, treatment, and management. John Wiley 
& Sons Inc, Chichester, West Sussex

	56.	 Hjorth M, Christensen KV, Christensen ML, Sommer SG (2010) 
Solid—liquid separation of animal slurry in theory and practice. 
A review Agron Sustain Dev 30:153–180. https://​doi.​org/​10.​1051/​
agro/​20090​10

https://doi.org/10.3390/su15043172
https://doi.org/10.1111/wej.12706
https://doi.org/10.1111/wej.12706
https://projects.luke.fi/manurestandards/wp-content/uploads/sites/25/2019/10/WP2_Sampling-instructions_FINAL-1.pdf
https://projects.luke.fi/manurestandards/wp-content/uploads/sites/25/2019/10/WP2_Sampling-instructions_FINAL-1.pdf
https://projects.luke.fi/manurestandards/wp-content/uploads/sites/25/2019/10/WP2_Sampling-instructions_FINAL-1.pdf
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A02009R0152-20220628
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A02009R0152-20220628
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A02009R0152-20220628
https://doi.org/10.2166/wst.2016.336
https://doi.org/10.2166/wst.2016.336
https://doi.org/10.2166/wst.2020.569
https://doi.org/10.2166/wst.2020.569
https://doi.org/10.1007/s00449-014-1150-4
https://doi.org/10.1007/s00449-014-1150-4
https://doi.org/10.2166/wst.2009.040
https://doi.org/10.1016/0022-1694(70)90255-6
https://doi.org/10.1080/09593330.2020.1732473
https://doi.org/10.1080/09593330.2020.1732473
https://doi.org/10.2166/wst.2008.496
https://doi.org/10.2166/wst.2008.496
https://doi.org/10.1080/09593331608616316
https://doi.org/10.1080/09593331608616316
https://doi.org/10.2166/9781780402994
https://doi.org/10.1002/bit.260160607
https://doi.org/10.1002/bit.260160607
https://doi.org/10.1038/s41592-019-0686-2
https://docs.scipy.org/doc/scipy/reference/generated/scipy.optimize.curve_fit.html
https://docs.scipy.org/doc/scipy/reference/generated/scipy.optimize.curve_fit.html
https://doi.org/10.1051/agro/2009010
https://doi.org/10.1051/agro/2009010


	 Biomass Conversion and Biorefinery

	57.	 Van DP, Fujiwara T, Leu Tho B, Song Toan PP, Hoang Minh G 
(2020) A review of anaerobic digestion systems for biodegradable 
waste: configurations, operating parameters, and current trends. 
Environmental Engineering Research 25:1–17. https://​doi.​org/​10.​
4491/​eer.​2018.​334

	58.	 Cremonez PA, Teleken JG, Weiser Meier TR, Alves HJ (2021) 
Two-stage anaerobic digestion in agroindustrial waste treatment: 
a review. J Environ Manage 281:111854. https://​doi.​org/​10.​1016/j.​
jenvm​an.​2020.​111854

	59.	 Neshat SA, Mohammadi M, Najafpour GD, Lahijani P (2017) 
Anaerobic co-digestion of animal manures and lignocellulosic 
residues as a potent approach for sustainable biogas production. 
Renew Sustain Energy Rev 79:308–322. https://​doi.​org/​10.​1016/j.​
rser.​2017.​05.​137

	60.	 Kirchmann H, Witter E (1992) Composition of fresh, aerobic and 
anaerobic farm animal dungs. Bioresour Technol 40:137–142. 
https://​doi.​org/​10.​1016/​0960-​8524(92)​90199-8

	61.	 Weinrich S, Schäfer F, Bochmann G, Liebtrau J (2018) Value of 
batch tests for biogas potential analysis: method comparison and 
challenges of substrate and efficiency evaluation of biogas plants. 
In: Bioenergy Task, vol 37

	62.	 Dorca-Preda T, Mogensen L, Kristensen T, Knudsen MT (2021) 
Environmental impact of Danish pork at slaughterhouse gate – 
a life cycle assessment following biological and technological 
changes over a 10-year period. Livest Sci 251:104622. https://​
doi.​org/​10.​1016/j.​livsci.​2021.​104622

	63.	 Bergland W, Dinamarca C, Bakke R (2014) Effects of psychro-
philic storage on manures as substrate for anaerobic digestion. 
Biomed Res Int 2014:712197. https://​doi.​org/​10.​1155/​2014/​
712197

	64.	 Jolliffe IT, Cadima J (2016) Principal component analysis: a 
review and recent developments. Philos Trans A Math Phys Eng 
Sci 374:20150202. https://​doi.​org/​10.​1098/​rsta.​2015.​0202

	65.	 Lossie U, Pütz P (2008) Targeted control of biogas plants with 
the help of FOS/TAC​

	66.	 Henkelmann G, Meyer zu Köcker K, Lebuhn M, Effenberger 
M, Koch K (2020) Biogasanlagen - Laborparameter und 
Prozessüberwachung: Schlüsselparameter zur Kontrolle des 
Gärprozesses, 2. Auflage

	67.	 Liebetrau J, Pfeiffer D (2020) Collection of measurement meth-
ods for biogas. DBFZ Deutsches Biomasseforschungszentrum 
gemeinnützige GmbH

	68.	 Maurus K, Kremmeter N, Ahmed S, Kazda M (2023) High-
resolution monitoring of VFA dynamics reveals process 
failure and exponential decrease of biogas production. Bio-
mass Conv Bioref 13:10653–10663. https://​doi.​org/​10.​1007/​
s13399-​021-​02043-2

	69.	 Koch K, Hafner SD, Weinrich S, Astals S, Holliger C (2020) 
Power and limitations of biochemical methane potential (BMP) 
tests. Front Energy Res 8. https://​doi.​org/​10.​3389/​fenrg.​2020.​
00063

	70.	 Kafle GK, Kim S-H (2012) Kinetic study of the anaerobic diges-
tion of swine manure at mesophilic temperature: a lab scale batch 
operation. J Biosyst Eng 37:233–244. https://​doi.​org/​10.​5307/​JBE.​
2012.​37.4.​233

	71.	 Sun C, Cao W, Liu R (2015) Kinetics of methane production from 
swine manure and buffalo manure. Appl Biochem Biotechnol 
177:985–995. https://​doi.​org/​10.​1007/​s12010-​015-​1792-y

	72.	 Hülsemann B, Mächtig T, Pohl M, Liebetrau J, Müller J, Hartung 
E, Oechsner H (2021) Comparison of biological efficiency assess-
ment methods and their application to full-scale biogas plants. 
Energies 14:2381. https://​doi.​org/​10.​3390/​en140​92381

	73.	 German Biomass Research Center (2021) BIOGAS-MESSPRO-
GRAMM III. https://​www.​fnr.​de/​filea​dmin/​Proje​kte/​2021/​Media​
thek/​bmp_​2020_​web_​stand​2021.​pdf

	74.	 Stürmer B, Leiers D, Anspach V, Brügging E, Scharfy D, Wissel 
T (2021) Agricultural biogas production: a regional comparison 
of technical parameters. Renewable Energy 164:171–182. https://​
doi.​org/​10.​1016/j.​renene.​2020.​09.​074

	75.	 German Federal Council (2021) Verordnung über die Anwend-
ung von Düngemitteln, Bodenhilfsstoffen, Kultursubstraten und 
Pflanzenhilfsmitteln nach den Grundsätzen der guten fachlichen 
Praxis beim Düngen (engl.: Ordinance on the Application of Ferti-
lisers, Soil Additives, Cultivation Substrates and Plant Auxiliaries 
in Accordance with the Principles of Good Fertilising Practice): 
Düngeverordnung - DüV. https://​www.​geset​ze-​im-​inter​net.​de/d_​
v_​2017/. Accessed 27 Sep 2023

	76.	 Olsen JV, Andersen HM-L, Kristensen T, Schlægelberger SV, 
Udesen F, Christensen T, Sandøe P (2023) Multidimensional 
sustainability assessment of pig production systems at herd level 
– the case of Denmark. Livest Sci 270:105208. https://​doi.​org/​10.​
1016/j.​livsci.​2023.​105208

	77.	 Döhler H, Döhler S, Hölker U Ermittlung des Biogasbildungs-
potenzials von Schweinekot im Gasertragstest. In: Nelles M (ed) 
15. Rostocker Bioenergieforum. Universität Rostock, Agrar- und 
Umweltwissenschaftliche Fakultät, Professur Abfall- und Stoff-
stromwirtschaft Rostock

	78.	 Zhang W, Lang Q, Wu S, Li W, Bah H, Dong R (2014) Anaero-
bic digestion characteristics of pig manures depending on various 
growth stages and initial substrate concentrations in a scaled pig 
farm in Southern China. Bioresour Technol 156:63–69. https://​
doi.​org/​10.​1016/j.​biort​ech.​2014.​01.​013

	79.	 Winkler M, Radtke KS, Weinrich S, Mauky E, Kretzschmar J 
(2023) Parametervergleich der Biomethanbildungs-Kinetiken 
ausgewählter landwirtschaftlicher Reststoffe. Open Agrar 
Repositorium

	80.	 Gerardi MH (2003) The microbiology of anaerobic digesters. 
Wastewater microbiology series. Wiley-Interscience, Hoboken, 
N.J.

	81.	 Franco RF, Buffière P, Bayard R (2018) Effects of storage condi-
tions, total solids content and silage additives on fermentation pro-
files and methane preservation of cattle manure before anaerobic 
digestion. Waste Biomass Valor 9:2307–2317. https://​doi.​org/​10.​
1007/​s12649-​018-​0255-4

	82.	 Hollas CE, Bolsan AC, Chini A, Venturin B, Bonassa G, Cândido 
D, Antes FG, Steinmetz R, Prado NV, Kunz A (2021) Effects of 
swine manure storage time on solid-liquid separation and biogas 
production: a life-cycle assessment approach. Renew Sustain 
Energy Rev 150:111472. https://​doi.​org/​10.​1016/j.​rser.​2021.​
111472

	83.	 Koniuszewska I, Korzeniewska E, Harnisz M, Czatzkowska M 
(2020) Intensification of biogas production using various tech-
nologies: a review. Int J Energy Res 44:6240–6258. https://​doi.​
org/​10.​1002/​er.​5338

	84.	 Matjuda DS, Tekere M, Thaela-Chimuka M-J (2024) Impact of 
thermal pretreatment on the physicochemical characteristics and 
biomethane yield potential of solid slaughter waste from high-
throughput red meat abattoirs valorized as a potential feedstock 
for biogas production. Sustainability 16:2150. https://​doi.​org/​10.​
3390/​su160​52150

	85.	 Schröer D, Herlicka L, Heinold A, Latacz-Lohmann U, Meisel F 
(2024) A network design problem for upgrading decentrally pro-
duced biogas into biomethane. J Clean Prod 452:142049. https://​
doi.​org/​10.​1016/j.​jclep​ro.​2024.​142049

	86.	 Alengebawy A, Ran Y, Osman AI, Jin K, Samer M, Ai P (2024) 
Anaerobic digestion of agricultural waste for biogas production 
and sustainable bioenergy recovery: a review. Environ Chem Lett 
22:2641–2668. https://​doi.​org/​10.​1007/​s10311-​024-​01789-1

	87.	 Rizzioli F, Bertasini D, Bolzonella D, Frison N, Battista F (2023) 
A critical review on the techno-economic feasibility of nutrients 

https://doi.org/10.4491/eer.2018.334
https://doi.org/10.4491/eer.2018.334
https://doi.org/10.1016/j.jenvman.2020.111854
https://doi.org/10.1016/j.jenvman.2020.111854
https://doi.org/10.1016/j.rser.2017.05.137
https://doi.org/10.1016/j.rser.2017.05.137
https://doi.org/10.1016/0960-8524(92)90199-8
https://doi.org/10.1016/j.livsci.2021.104622
https://doi.org/10.1016/j.livsci.2021.104622
https://doi.org/10.1155/2014/712197
https://doi.org/10.1155/2014/712197
https://doi.org/10.1098/rsta.2015.0202
https://doi.org/10.1007/s13399-021-02043-2
https://doi.org/10.1007/s13399-021-02043-2
https://doi.org/10.3389/fenrg.2020.00063
https://doi.org/10.3389/fenrg.2020.00063
https://doi.org/10.5307/JBE.2012.37.4.233
https://doi.org/10.5307/JBE.2012.37.4.233
https://doi.org/10.1007/s12010-015-1792-y
https://doi.org/10.3390/en14092381
https://www.fnr.de/fileadmin/Projekte/2021/Mediathek/bmp_2020_web_stand2021.pdf
https://www.fnr.de/fileadmin/Projekte/2021/Mediathek/bmp_2020_web_stand2021.pdf
https://doi.org/10.1016/j.renene.2020.09.074
https://doi.org/10.1016/j.renene.2020.09.074
https://www.gesetze-im-internet.de/d_v_2017/
https://www.gesetze-im-internet.de/d_v_2017/
https://doi.org/10.1016/j.livsci.2023.105208
https://doi.org/10.1016/j.livsci.2023.105208
https://doi.org/10.1016/j.biortech.2014.01.013
https://doi.org/10.1016/j.biortech.2014.01.013
https://doi.org/10.1007/s12649-018-0255-4
https://doi.org/10.1007/s12649-018-0255-4
https://doi.org/10.1016/j.rser.2021.111472
https://doi.org/10.1016/j.rser.2021.111472
https://doi.org/10.1002/er.5338
https://doi.org/10.1002/er.5338
https://doi.org/10.3390/su16052150
https://doi.org/10.3390/su16052150
https://doi.org/10.1016/j.jclepro.2024.142049
https://doi.org/10.1016/j.jclepro.2024.142049
https://doi.org/10.1007/s10311-024-01789-1


Biomass Conversion and Biorefinery	

recovery from anaerobic digestate in the agricultural sector. Sep 
Purif Technol 306:122690. https://​doi.​org/​10.​1016/j.​seppur.​2022.​
122690

	88.	 Jurgutis L, Šlepetienė A, Šlepetys J, Cesevičienė J (2021) Towards 
a full circular economy in biogas plants: sustainable management 
of digestate for growing biomass feedstocks and use as bioferti-
lizer. Energies 14:4272. https://​doi.​org/​10.​3390/​EN141​44272

	89.	 Czekała W, Jasiński T, Grzelak M, Witaszek K, Dach J (2022) 
Biogas plant operation: digestate as the valuable product. Energies 
15:8275. https://​doi.​org/​10.​3390/​en152​18275

	90.	 Sadeghpour A, Afshar RK (2024) Livestock manure: from waste 
to resource in a circular economy. J Agric Food Res 17:101255. 
https://​doi.​org/​10.​1016/j.​jafr.​2024.​101255

	91.	 Novosel T, Pukšec T, Duic N (2014) Economic viability of cen-
tralized biogas plants: a case study for Croatia. Chem Eng Trans 
42:85–90. https://​doi.​org/​10.​3303/​CET14​42015

	92.	 Topić D, Barukčić M, Mandžukić D, Mezei C (2020) Optimiza-
tion model for biogas power plant feedstock mixture considering 
feedstock and transportation costs using a differential evolution 
algorithm. Energies 13:1610. https://​doi.​org/​10.​3390/​en130​71610

	93.	 (2018) DIRECTIVE (EU) 2018/2001 OF THE EUROPEAN 
PARLIAMENT AND OF THE COUNCIL of 11 December 2018 
on the promotion of the use of energy from renewable sources 
(recast): RED II

	94.	 Parliament of the Federal Republic of Germany (2024) Gesetz 
zum Schutz vor schädlichen Umwelteinwirkungen durch 

Luftverunreinigungen, Geräusche, Erschütterungen und ähn-
liche Vorgänge (Bundes-Immissionsschutzgesetz - BImSchG) 
(engl. Act on Protection against Harmful Environmental 
Impacts from Air Pollution, Noise, Vibrations and Similar 
Processes (Federal Immission Control Act - BImSchG)): BIm-
SchG. https://​www.​geset​ze-​im-​inter​net.​de/​bimsc​hg/. Accessed 
27 Nov 2024

	95.	 Magnolo F, Candel J, Speelman S (2024) Biomethane from manure 
in the RePowerEU: a critical perspective on the scale-up of renew-
able energy production from the livestock sector. Energy Res Soc 
Sci 118:103793. https://​doi.​org/​10.​1016/j.​erss.​2024.​103793

	96.	 Güsewell J, Rousta M, Eltrop L (2024) Trade-offs in biometh-
ane production by substrate mixture optimization under German 
market conditions. Energ Sustain Soc 14. https://​doi.​org/​10.​1186/​
s13705-​024-​00471-2

	97.	 Thrän D, Deprie K, Dotzauer M, Kornatz P, Nelles M, Radtke KS, 
Schindler H (2023) The potential contribution of biogas to the 
security of gas supply in Germany. Energ Sustain Soc 13. https://​
doi.​org/​10.​1186/​s13705-​023-​00389-1

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.seppur.2022.122690
https://doi.org/10.1016/j.seppur.2022.122690
https://doi.org/10.3390/EN14144272
https://doi.org/10.3390/en15218275
https://doi.org/10.1016/j.jafr.2024.101255
https://doi.org/10.3303/CET1442015
https://doi.org/10.3390/en13071610
https://www.gesetze-im-internet.de/bimschg/
https://doi.org/10.1016/j.erss.2024.103793
https://doi.org/10.1186/s13705-024-00471-2
https://doi.org/10.1186/s13705-024-00471-2
https://doi.org/10.1186/s13705-023-00389-1
https://doi.org/10.1186/s13705-023-00389-1

	Evaluation of pig farming residue as substrate for biomethane production via anaerobic digestion
	Abstract
	1 Introduction
	2 Materials and methods
	2.1 Substrate types
	2.2 Substrate properties
	2.3 Experimental setup
	2.4 Kinetic modeling
	2.5 Implementation

	3 Results
	3.1 Slurry BMPs
	3.2 Modeling results
	3.3 Principal component analysis (PCA) between BMP and substrate properties
	3.4 Effects of degradation kinetics on operation of commercial-scale plants

	4 Discussion
	5 Conclusions
	Appendix
	Acknowledgements 
	References


