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ABSTRACT

Conventional dairy farming in Poland is associated with environmental challenges, particularly related to in-
adequate manure management, which may lead to water, soil, and air pollution. Dairy cow manure, typically
composed of animal excreta and wheat straw, represents a valuable resource for anaerobic digestion, enabling the
production of renewable energy (biogas recovering) and stabilized digestate suitable for soil fertilization/amend-
ment while mitigating greenhouse gas emissions. However, the high lignocellulosic content present at cow manure
limits the biodegradability by hindering the hydrolysis stage, thereby reducing process efficiency and prolonging
hydraulic retention time. Pretreatment strategies can increase substrate accessibility by promoting the release of
fermentable compounds. This study evaluates the effects of mechanical (particle size reduction) and thermal (pas-
teurization at 70 °C for one-hour) pretreatments on hydraulic retention time, biogas yield, and methane production
during anaerobic digestion of cow manure. Biomethane potential tests were conducted in accordance with DIN
4630:2016 standards. The results demonstrated that all pretreatment strategies increased digestion kinetics, leading
to shorter fermentation times. The most significant reduction was observed for pasteurized fresh manure, achieving
up to 46% reduction in hydraulic retention time to reach 80% of cumulative methane production, although accom-
panied by a decrease in methane yield (-8.7%). Mechanical pretreatment showed more balanced performance, with
the 5-10 mm particle size achieving the highest biogas (468.0 = 86.0 m*/Mg OM) and methane yields (265.5 +
36.0 m*/Mg OM), corresponding to increases of 11% and 6.9%, respectively, compared to untreated cow manure.
Generally, the results showed that while pretreatments accelerate biodegradation, optimizing anaerobic digestion
performance demands balancing hydraulic retention time reduction and methane production. This exploratory
study gives relevant information for improving manure treatment and management and increasing the efficiency
of anaerobic digestion units.

Keywords: renewable energy; biogas; milling; pasteurization; biomethane potential test, retention time.

INTRODUCTION

The dairy sector plays a key role in the global
food system, driven by increasing demand for
milk and dairy products (Organization for Eco-
nomic Cooperation and Development [OECD]/
Food and Agriculture Organization [FAO]

— OECD/FAO, 2023; Vinci, 2024). Worldwide,
productivity gains are expected to result more
from improved efficiency than from herd expan-
sion (Clay et al., 2020). As milk production ex-
pands, so do the associated environmental pres-
sures of dairy farming, including Greenhouse
gases (GHG) emissions, soil and water pollution,
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nutrient (mainly nitrogen and phosphorus) imbal-
ances, pathogen proliferation, and the increas-
ing production of biowaste alongside inefficient
dairy cow manure (CM) management systems
(Cardenas et al., 2021; Li et al., 2021; Shahban-
deh, 2023; Vinci, 2024). Hence, in the coming
years, dairy farming in the European Union is ex-
pected to face significant challenges, mainly due
to the implementation of stricter environmental
regulations regarding biowaste management and
fluctuations in the milk prices (De Otalora et al.,
2024; Vingerhoets et al., 2025). Consequentially,
several studies have investigated strategies to in-
crease farm resilience to environmental, social,
and economic pressures (Bhat et al., 2022; Clay
et al., 2020; Petersen et al., 2007).

Despite years of research, no consensus has
been reached regarding the most sustainable dairy
farming system, as both intensive and extensive
systems present trade-offs in environmental per-
formance (De Otalora et al., 2021; Latruffe et al.,
2023; Moscovici Joubran et al., 2021). Among the
various environmental challenges, carbon diox-
ide (CO,), nitrous oxides compounds (NO, ), and
methane (CH,), mainly from enteric fermentation
and manure storage, represent major contributors
to the sector’s climate impact (Britt et al., 2021).
In pasture-based system, more than 50% of total
GHG emissions are associated with CH, from
enteric fermentation, whereas in other regions
(especially from Europe and North America), a
significant share comes from manure manage-
ment, feed production, and fertilizer use (Mazzet-
to et al., 2022). While dietary interventions can
mitigate enteric CH, emissions, improving CM
management remains a critical intervention point
(Gao et al., 2025).

In Europe, CM management is mainly ad-
dressed by a traditional dairy cow management
systems approach, involving long-term storage
(often several months) in piles, followed by land
application during appropriate agronomic periods
(e.g., before sowing or after harvest). Such long-
term manure storage can significantly impact on
the environment through emissions of GHG, such
as CH,, nitrous oxide (N,O) as well as odorous
gases such as ammonia (NH,) and hydrogen sul-
fide (H,S). Besides, nutrient leaching may occur,
potentially contaminating soil, groundwater, and
surface water (Kadam et al., 2024; Symeon et al.,
2025; Vingerhoets et al., 2025).

In this context, AD of CM emerges as a prom-
ising alternative to boost sustainability in dairy
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farming by enabling more efficient biowaste man-
agement while providing environmental and eco-
nomic benefits. These include resource recycling
and the generation of value-added products such as
biogas and digestate (European Biogas Association
[EBA], 2025; Kim et al., 2023; Kunz et al., 2019).
Anaerobic digestion is a biological process occur-
ring in the absence of oxygen, in which organic
matter is degraded by microorganisms in con-
trolled reactors. This process reduces GHG emis-
sion while producing both renewable energy in the
form of biogas and digestate, a stabilized organic
by-product potentially suitable for soil amendment
(Gugliucci et al., 2024; Kunz et al., 2019; Pulka &
Dach, 2022; Scott & Blanchard, 2021).

The HRT is a key parameter for AD perfor-
mance and refers to the duration that the feed-
stock remains within the reactor. A longer gener-
ally enhances the degree of sludge stabilization,
leading to a more stable digestion process. It also
promotes effective contact between biomass and
the liquid phase, thereby improving substrate deg-
radation and increasing biogas yields. To achieve
the optimum performance of mesophilic micro-
organisms, the hydraulic retention time (HRT)
typically ranges from 10 to 40 days (Kothari et
al., 2014). Nonetheless, shorter HRT are associ-
ated with lower capital and operational costs,
making them economically attractive. Reducing
HRT while maintaining fermentation efficiency is
therefore desirable, as it can improve overall pro-
cess economics (Hidalgo-Sanchez et al., 2023).
Pretreatment strategies applied prior to fermenta-
tion can enhance AD performance by accelerat-
ing hydrolysis, increasing biogas yield, reducing
HRT, and improving digestate stability. These
strategies aim to break down complex organic
structures and increase substrate accessibility to
hydrolytic enzymes, thereby improving overall
process efficiency (Anacleto et al., 2022; Kuprya-
niuk et al., 2020; Mankar et al., 2021; Nauman
Aftab et al., 2019).

More than 70% of biogas plants in Europe
operate on agricultural substrates such as CM.
(Noori et al., 2021). However, these systems of-
ten present limited energy efficiency due to the
high content of lignocellulosic material (lignin,
cellulose, and hemicellulose), which is resistant
to microbial degradation. Lignocellulose typi-
cally accounts for 40—60% of CM dry matter (Li
etal., 2021; Noori et al., 2021). This leads to slow
hydrolysis, incomplete digestion, suboptimal
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biogas yields, less stabilized digestate, and/or
longer HRT (Dach et al., 2020; Li et al., 2021).

Mechanical, thermal, chemical, and biologi-
cal pretreatment strategies have demonstrated
varying degrees of success in enhancing CH, pro-
duction. Mechanical, thermal, and biological pre-
treatments have shown moderate improvements
in biogas production at the laboratory scale and
are applicable to full-scale systems (Anacleto et
al., 2022; Baksi et al., 2023). Furthermore, meta-
analyses indicate that mechanical and chemical
pretreatments are particularly effective for her-
bivore manure, including CM, while biological
approaches tend to yield more modest improve-
ments (Anacleto et al., 2022; Chen et al., 2017;
Mankar et al., 2021; Orlando & Borja, 2020;
Prasad et al., 2022).

Despite the substantial body of research fo-
cused on enhancing biogas yield through pretreat-
ment strategies, relatively few studies have eval-
uated their effects on HRT. Hydraulic Retention
Time is a critical operational parameter in AD
systems. While increasing the HRT can improve
substrate degradation, it also leads to higher op-
erational costs. Besides, the HRT strongly influ-
ences microbial growth dynamics; insufficient
retention time may result in biomass washout
and eventual process failure (Kim et al., 2023).
Therefore, the present study address research gap
by investigating the effects of mechanical and
thermal pretreatments on the HRT of AD systems
fed with CM. The study evaluates three mechani-
cal pretreatment strategies to reduce the size of
the substrates (shredding, milling, and deep mill-
ing) and one thermal (pasteurization), assessing
performance indicators including biogas yield,
methane yield, biogas production rate, biometh-
ane production rate, and gas composition (CH,,
0,, CO,, H,S, and NH,).

MATERIALS AND METHODS

Sample preparation

The CM was obtained from the Przybroda
Experimental Farm of Poznan University of Life
Sciences (PULS), Poznan, Poland. The Przybroda
Farm is one of nine PULS experimental units and
has operated a modern agricultural biogas plant
since 2019, with an installed electrical capacity
0f 0.499 MW. The biogas plant processes various
types of biowaste from agri-food industries and

livestock production. Since 2022, the heat gener-
ated by the Combined Heat and Power (CHP) unit
has supplied approximately one-third of the ener-
gy required by the local community of Przybroda.

The collected CM consisted of dairy cow
excreta mixed with wheat straw used as bed-
ding material. The material was obtained im-
mediately after morning manure removal during
routine barn-cleaning at the Przybroda Farm.
Approximately 100 kg of CM was collected and
transported to the Ecotechnologies Laboratory
at the Department of Biosystems, PULS. After
thorough homogenization by mechanical mix-
ing, standardized subsamples were prepared for
subsequent analysis. One of the subsamples was
dried in two phases: (i) outdoor drying, during
which the material was manually aerated twice
daily for nine days at ambient temperatures
ranging between 9 to 22 °C; (ii) controlled in-
door drying, carried out in a cool, dry room at
25 °C for an additional 19 days.

Another subsample intended for physico-
chemical analyses was stored under refrigeration
at 4 °C.

Physical and chemical characterization

Physicochemical analyses of both the sub-
strate (feedstock) and the inoculum (INC) were
conducted in triplicate, accordance with Polish
standards for dry matter (DM), organic mat-
ter (OM), pH and electrical conductivity (EC).
These measurements were used to define appro-
priate substrate-to-inoculum ratios and to ex-
press biogas and CH, yields expressed per Mg
of OM (% of DM). The dry matter was deter-
mined according to the EN ISO 18134-3:2015
standard. The substrate samples were dried in a
SUP-18G drying oven at 105%5 °C until a con-
stant weight was achieved. The organic dry mat-
ter of the substrate was determined according to
the BS EN 12879:2000 standard. The substrate
samples were burnt in a Lenton AF 11/6b muffle
furnace at 550425 °C until a constant weight was
achieved. The EC and pH value was measured
with the potentiometric method according to the
BS EN 12879:2000 standard. The pH value in
the substrate samples was measured with an El-
metron CP-411 meter with an ERH-111 combi-
nation electrode and a temperature sensor with
a Pt-1000B resistor to compensate the pH value
depending on the temperature of the sample.
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Pretreatments strategies

Mechanical and thermal pretreatment strate-
gies were applied to homogenized CM. One of
the subsamples was separated and subjected to
the two-stage drying process (outdoor followed
by controlled indoor drying), hereafter referred to
as dried cow manure (CMDM), which was subse-
quently used for mechanical pretreatments. The
other subsample was manually cut into approxi-
mately 13 mm pieces and subjected to the thermal
pretreatment, as illustrated in Figure 1.

Mechanical pretreatment: to study the influ-
ence of particle-size on the performance of this
type of pretreatment on the retention time of AD
process of CM, different size ranges were as-
sessed. The pretreatment applied to CMDM was
performed in three sequential stages: (1) shred-
ding: the substrate was shredded using a hammer
mill H-111/3 (Jaworzno, Poland) equipped with
an 8 mm perforated screen, producing particles
size of 5-10 mm [(dry dairy cow manure 5-10
mm (CMS5)]; (2) milling: a portion of the CM5
material was further milled, producing particles
size of 1-2 mm [dry dairy cow manure 1-2 mm
(CMS)]; and (3) deep milling: final size reduction
from CMS was achieved using a Cutting Mill SM
200 (RETSCH GmbH, Germany), producing a
powder-like material with particle sizes less than
0.5 mm [dry dairy cow manure 0.5 mm (CMP)].

Thermal pretreatment: in  accordance
with the European Union regulation (EC) no.
1069/2009, animal byproducts must be subjected

to pasteurization (70 °C for one-hour) prior to AD
to reduce microbial risks. Thermal pretreatment
was therefore applied both as a hygienization step
and as a potential method to enhance biodegrad-
ability (Yin et al., 2020). The methodology was
adapted from Michailidou et al. (2024), Nolan et
al. (2018), and Yin et al. (2020), and applied to
both fresh CM (after homogenization and cutting
to approximately 13 mm) and CMS samples. A
dilution ratio of 1:10 (w/v) was applied prior to
pretreatment. The samples were placed in sealed
glass containers to prevent evaporation and treat-
ed in an SLW 32 STD oven (POL-EKO-APPA-
RATURA, Poland) at 70+1 °C. Once the internal
temperature of the substrate reached 70 °C, the
pasteurization period (one-hour) was initiated,
with continuous temperature monitoring. This
procedure resulted in the following samples: fresh
dairy cow manure after pasteurization (FMP) and
dried dairy cow manure (1-2 mm), after pasteuri-
zation (DMT). After treatment, all samples were
cooled to room temperature and stored at 4 °C un-
til BMP test.

Biochemical methane potential test

The BMP assay was conducted according
to internal laboratory procedures based on the
standards DIN 38414-8:1985-06/1985 and VDI
4630/2016. The VDI 4630 guideline specifies
requirements for equipment, INC characteristics,
and operational conditions for assessing the bio-
degradability of organic substrates. The substrate/

(1 Hour at 70°C) ~13mm particle size

Fresh Dairy o Homogeneous Dairy
Manure Homogenization M
anure -

Basic Analyses:

-Dry Matter
-Organic Matter

- Electrical
Thermal Pretreatment Conductivity

- - - pH
Manually Cut Dairy Drying Process
Pasteurization Manure: Phase 1: Indoor (9-22°C for 9

days)
Phase 2: Outdoor (25°C for

19 days)

Mechanical Pretreatment

I -Shredding : 5-10mm particle size |

I -Milling : 1-2mm particle size |

I -Deep Milling : ~0.5 mm particle size |

Figure 1. Scheme of the pretreatment strategies applied in the study
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inoculum ratio used was 0.45 in accordance with
the recommendation.

The INC consisted of the liquid fraction ob-
tained after solid-liquid separation of digestate
from mixed organic waste subjected to mesophil-
ic AD (38°C £ 1°C) at the Ecotechnologies Labo-
ratory. This INC was selected due to its diverse
microbial community and its suitability for de-
grading a wide range of substrates. It was stored
under anaerobic conditions 25 £ 1 °C prior to use.

The BMP system consisted of a multi-cham-
ber batch configuration as previously described
by Czekala et al. (2025) and Waliszewska et al.
(2024), using reactors with 1.8 m* or working vol-
ume. The experimental setup was conducted in
three phases: (i) on July 1st, six samples were pre-
pared (INC, CM, CMDM, CM5, CMS, and CMP);
(i1) on July 4th, the FMP sample was prepared; and
(ii1) on July 7th, the DMT sample was prepared.
The assays were conducted until the HRT criterion
was reached for all the three repetitions for each
tested sample. According to VDI 4630/2016, the
termination criterion was defined as daily biogas
production corresponding to less than 1% of cumu-
lative biogas generated. Most biogas production
occurred within the first week, with biodegradation
approaching completion after 20 days. After ap-
proximately 40 days, gas production was minimal.
Biogas volume was recorded every 24 hours. Gas
composition (CH,; CO,; NH,, H,S, and O,) was
measured using a GA5000 certified gas analyzer
with an accuracy of 0.01 dm? (Geotech’s, UK).

In this exploratory study, as referred be-
fore, HRT was operationally defined based on
batch digestion performance, in accordance with
VDI4630/2016 guidelines. Since BMP assays are
conducted under batch conditions without contin-
uous inflow or outflow, HRT does not correspond
to its classical engineering definition (i.e., reac-
tor volume divided by influent flow rate). Instead,
HRT was interpreted as the effective fermentation
time required to achieve near-complete substrate
degradation. Specifically, HRT was calculated
as the total number of days required until daily
CH, production fell below 1% of the cumulative
CH, production, which is the standard termina-
tion criterion for BMP test according to VDI
4630/2016. This approach used on this study en-
ables the estimation of the expected HRT under
practical conditions and allows the comparison
of the impact of different pretreatment strategies
on fermentation kinetics and process efficiency.
The “effective HRT” defined here should not be

directly interpreted as representative of full-scale
or continuous reactor operation, as this may lead
to an overestimation of its practical applicability.
Briefly, BMP tests provide information regarding:
the fundamental biogas yield and anaerobic bio-
degradability of a material or mixture; the quali-
tative rate of anaerobic degradation; the qualita-
tive identification of inhibitory effects within the
tested concentration range. Nevertheless, BMP
tests do not provide information regarding: pro-
cess stability under continuous feeding condi-
tions; biogas yields under practical operating
regimes where synergistic effects may occur; the
mono-digestibility of substrates under process
conditions, and operational limits such as maxi-
mum organic loading rates (VDI 4630/2016).
Additionally, key phenomena such as microbial
washout community adaptation (Kappell et al.,
2020), accumulation of intermediates (e.g., vola-
tile fatty acids) (Beschkov & Angelov, 2025), and
mass transfer limitations are not captured in batch
systems (Sponza & Oztekin, 2023) .

Statistical analyses

The data was analyzed using descriptive sta-
tistics in Excel® software. Mean values, standard
deviations, standard errors, and minimum and
maximum values were calculated for all relevant
parameters. All samples were tested in triplicate.
Outliers and anomalous values were carefully
evaluated and, when justified, excluded prior to
the determination of the final mean values to en-
sure data reliability and robustness. Additionally,
an analysis of variance (ANOVA) was performed
to evaluate differences among groups, under 95%
confidence interval.

RESULTS AND DISCUSSION

Physicochemical characterization of substrate
samples

The physicochemical parameters of the INC
and substrate samples used in the BMP assays are
presented in Table 1. The INC exhibited the lowest
values of EC, DM, and OM among all analyzed
samples, which is consistent with VDI 4630/2016
requirements for BMP assays. According to this
guideline, the INC should contain more than 50%
OM relative to DM to ensure sufficient microbial
activity. The measured pH (7.40) was within the
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optimal neutral range for AD, in agreement with
values reported in literature (Kafle & Chen, 2016;
Koztowski et al., 2019). These characteristics
confirm the suitability of the INC for supporting
stable digestion and reliable CH, production.

Marked differences in physicochemical pa-
rameters were observed among the substrate
samples because of the applied pretreatment
strategies. The pH values varied considerably,
reflecting changes in biochemical conditions that
directly influence microbial activity and digestion
kinetics. Thermally pretreated samples (DMT and
FMP) exhibited near-neutral pH values, whereas
untreated and mechanically pretreated samples
showed alkaline conditions (Table 1).

This shift toward neutrality after thermal pre-
treatment can be attributed to partial inactivation
of hydrolytic microorganisms and the consequent
reduction in NH, formation. In contrast, untreated
manure tends to become alkaline due to micro-
bial conversion of nitrogen compounds into NH.,
which increases pH. Since pH is a critical param-
eter affecting methanogenic activity, these differ-
ences are expected to influence both the rate of
CH, production and the effective retention time
required for process stabilization (Li et al., 2021).

Dry matter content showed the most pro-
nounced variation among samples (p<0.05)
and represents a key factor influencing AD per-
formance. Fresh CM exhibited the lowest DM
content (22.00%), whereas the two-stage dry-
ing process increased DM substantially CMDM
(92.93%) as previously stated and reported in
literature (Coarita Fernandez et al., 2020; Kunz
et al., 2019; Schumacher et al., 2020). Similar

high DM values were observed in mechanically
pretreated samples (CMS5, CMS, and CMP), indi-
cating that particle size reduction did not change
the solids content. Thermally pretreated samples
(DMT and FMP) exhibited very low DM values
(approximately 1.7%), due to the mandatory di-
lution step (1:10 w/v) applied prior to pasteuri-
zation, as also referred by Samadamaeng et al.
(2024). These differences in DM content are very
highly relevant for AD kinetics, as high-solids
substrates may limit mass transfer, microbial ac-
tivity, and enzyme diffusion, thereby slowing the
first phase of the degradation process (hydrolysis)
and prolonging HRT. Conversely, diluted sub-
stances enhance substrate-microorganism con-
tact, which may accelerate biodegradation and
reduce the effective retention time (Kunz et al.,
2019; Schumacher et al., 2020).

Organic matter content, expressed on a DM
basis, remained relatively stable amongst the
samples however presented considerable variance
among groups (p<0.05), with values close to 90%
for CM and pretreated substrate samples. Slight
reductions were determined in dried samples, be-
ing attributed to partial aerobic degradation of
substrates during drying process as referred by
De Otélora et al. (2021). Prominently, the absence
of major deviations in OM content indicates that
the pretreatment strategies primarily affected
the physical structure and availability of organic
compounds rather than their overall quantity. The
results suggested that differences in digestion per-
formance and HRT are more strongly associated
with the changes in the substrate’s accessibility
than compositional alterations.

Table 1. Physicochemical characterization of the inoculum and substrate samples

Physicochemical parameters*

Substrate samplest Pretreatment’ (mean + standard deviation)
pH EC [mS/cm] DM [%] OM [%DM]
INC N/A 7.40 14.00 £ 8.00 2.86 £0.03 53.76+ 0.00
CM NA 8.42 30.69 £ 5.67 22.00+1.24 90.25 +1.03
CMDM 9.40 112.63 £ 0.57 92.93 + 0.58 89.46 £ 0.22
CM5 9.47 96.49 + 0.28 93.23+£0.10 89.08 £ 0.93
CMS Mechanical 9.41 104.03 £1.70 93.37 £ 0.02 87.66 £ 0.22
CMP 9.40 96.36 £ 0.78 91.54 + 1.52 88.08 £ 0.48
DMT 7.60 4.11+0.22 1.77 £0.02 89.64 £ 0.24

Thermal

FMP 7.38 5.76 £+ 2.09 1.70 £0.20 89.42 + 0.91

Note: * N/A —not applicable. TINC — inoculum; CM — dairy cow manure; CMDM — dried cow manure; CM35 — dry
dairy cow manure 5-10 mm; CMS — dry dairy cow manure 1-2 mm; CMP — dry dairy cow manure 0.5 mm; DMT
— dry dairy cow manure 1-2 mm + pasteurization; FMP — fresh dairy cow manure after pasteurization.

1EC — electrical conductivity; DM — dry matter; OM — organic matter.
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Electrical conductivity also varied signifi-
cantly (p<0.05). The highest EC values were
observed in dried and mechanically pretreated
samples (up to 112.63 mS/cm for CMDM) and
the lowest values in thermally pretreated samples
(4.11-5.76 mS/cm). This reduction in EC is di-
rectly associated with the dilution applied prior
to thermal pretreatment, which decreases ionic
strength. Although EC is not a primary control
parameter in AD, it reflects the concentration of
soluble ions and indirectly indicates substrate
concentration and moisture content. Therefore,
the lower EC values observed in thermally pre-
treated samples further support improved condi-
tions for mass transfer and microbial accessibility,
potentially contributing to faster digestion rates.
The results observed are consistent with previous
studies reported in literature (Ariunbaatar et al.,
2014; Carrere et al., 2010).

Generally, the results demonstrate that the ap-
plied pretreatment strategies modified key physi-
cochemical properties of the substrate, particular-
ly DM, content pH, and EC. These parameters are
directly linked to the efficiency of the first stage
of fermentation process (hydrolysis) and micro-
bial activity and therefore play a crucial role in
determining digestion kinetics and effective HRT.

It is imperative to acknowledge that the iso-
lated impact of particle size and dried condition
of the dairy cow manure sample, on hydraulic re-
tention time, while significant, was not the focus
of this study. The present study sought to evaluate
the combined effects under conditions represen-
tative of the investigated process. It is important
to mention that the drying process increased sub-
strate recalcitrance and is expected to prolong

FMP
DMT

CMP

Substrate

CMb5

CMDM

CM

(=]
i

10 15

HRT, whereas thermal pretreatment combined
with dilution improved substrate accessibility and
may contribute to shorter retention times. Me-
chanical pretreatment primarily affects particle
size, enhancing surface area but showing limited
impact on intrinsic physicochemical composition.

Hydraulic retention time

The retention time required to achieve 80%,
90%, and 100% of the total CH, production is
displayed in Figure 2. The results clearly demon-
strate the positive effect of the applied pretreat-
ment strategies in reducing the time required for
substrate samples to complete the fermentation
process. In practical terms, CH, production was
achieved at shorter retention time, indicating
that pretreatments accelerate biochemical reac-
tions within the system. This observation is very
important from a practical perspective, since its
shortening potentially allows processing higher
amount of substrate within the same timeframe
while maintaining a constant fermentation cham-
ber volume.

The shortest HRT was observed for the FMP
sample, while the longest was recorded for the
CMDM sample, which underwent drying but no
additional pretreatment. Complete CH, produc-
tion was achieved in 19 days for FMP, whereas
CMDM required 41 days. Similar findings were
reported by Michailidou et al. (2024), who ob-
served reduced fermentation times for pasteur-
ized substrates along 1.3-fold increase in biogas
production.

As shown in Figure 2, the FMP sample re-
quired the shortest time (15 days) to reach 80% of

20 25 30

45

[
e
5

Time of fermentation (days)

H50% m90% Mm100%

Figure 2. Time required for 80, 90, and 100% of total methane production
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cumulative CH, production. In contrast, the un-
treated CM sample required 28 days, correspond-
ing to an approximate 46% reduction in HRT due
to pasteurization. For mechanically pretreated
samples, a progressive reduction in HRT was ob-
served with decreasing particle size. Retention
times of 41, 38, 35, and 32 days were recorded
for CMDM, CMS5, CMS, and CMP, respectively.
Compared to the untreated CM sample, reduc-
tions of 0%, 8%, and 16% were observed for
CMS5, CMS, and CMP, respectively, to reach 80%
of CH, production. These results demonstrate that
shorter HRT can be achieved through the applica-
tion of pretreatment strategies.

To reach 100% of the CH, production, the
CM samples required 38 days, which is consis-
tent with values reported in literature (Nleya et
al., 2025). The lowest HRT was observed for
the FMP sample, which stabilized after approxi-
mately 20 days. This difference highlights the
strong effect of pasteurization combined with the
mandatory dilution step ratio 1:10 (w/v), which
increases substrate accessibility. Thermal pre-
treatment promotes cell lysis and the disruption
of structural polysaccharides, releasing readily
biodegradable compounds. This is reflected in the
steeper initial slope of the FMP curve and is con-
sistent with findings reported by Samadamaeng
et al. (2024). The applied temperature (70 °C for
one-hour) This abrupt gradient (70°C, one-hour)
accelerated the hydrolytic phase, supporting the
hypothesis that thermal pretreatment promotes
enzyme-substrate interactions and accelerates
early-stage AD.

Biogas production efficiency test

The cumulative biogas production results are
presented in Figure 3. All samples (except INC)
exhibited sigmoidal cumulative biogas produc-
tion curve, typical of AD processes, including
lad (slow phase), exponential (rapid phase), and
plateau phases as reported in literature Koztowski
et al., 2019). BMP test presented results consis-
tent with kinetic behavior commonly detected for
this samples under mesophilic conditions (Kafle
& Chen, 2016; Yang et al., 2017). No statistically
significant differences were observed among the
samples (p > 0.05).

The CMDM sample presented the slowest
biogas production rate, characterized by a pro-
longed lag phase due to low moisture content
and structural rigidity. These factors limit micro-
bial activity and enzymatic diffusion, which are
critical for hydrolysis (De Otalora et al., 2021;
Schumacher et al., 2020).

Mechanical pretreatment improved biogas
production, particularly for the CMP samples,
with 0.5 mm particle size, due to increased avail-
able surface area reduced diffusion limitations,
which are very well recognized effects of this
type of pretreatment in the disintegration on lig-
nocellulosic biowastes (Coarita Fernandez et al.,
2020; Prasad et al., 2022). Likewise, the DMT
sample showed improved performance compared
to untreated CM, indicating that thermal pretreat-
ment strategy partially compensated for struc-
tured limitations.

Overall, the effectiveness of pretreatment
strategy depended strongly on substrate properties,
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particularly moisture content and structure. Small
variations in the results can occur by several in-
teracting factors: (1) high DM and OM content
in the mechanical pretreatment samples, which
delays mass transfer or promoted limited acid ac-
cumulation during the early stages of fermenta-
tion; (2) reduced humidity supplementation due
to drying process, potentially reducing microbial
access despite reduced particle size; (3) partial
thermal degradation of easily digestible fractions
during drying process, leaving more recalcitrant
substrate in reactors with limited improvement
achievable by milling alone.

Methane production efficiency test

Cumulative CH, production results are shown
in Figure 4. All samples exhibited (except the
INC), sigmoidal cumulative CH, production
curves typical of manure-based substrates un-
der mesophilic conditions (Kafle & Chen, 2016;
Koztowski et al., 2019; Yang et al., 2017).

The FMP sample showed the lowest CH, yield
per Mg of OM, suggesting suboptimal conditions
for methanogenesis, potentially due to instability
or inhibitory effects. In fact, methanogenic ar-
chaea are very sensitive and strongly dependent
on upstream microbial activity, and this depen-
dency was not evidently adequately met for this
substrate over AD process (Kunz et al., 2019).

The relatively poor performance of FMP
substrate samples in the present study may be
associated with the formation of inhibitory com-
pounds, particularly NH,, which are common in
studied type of manure (dairy and cattle) and can

300

reduce the efficiency of methanogenic pathways
(Nleya et al., 2025). Due to methodological limi-
tations, NH,—N dynamics could not be analyti-
cally assessed, preventing further interpretation
of potential inhibition effects. Regardless of the
performance, aanalysis of variance indicated no
statistically significant differences among groups
(p>0.05).

In contrast, CM5 achieved the highest peak
in cumulative CH, yield, indicating that moderate
particle size reduction provides optimal condi-
tions for microbial activity since ensured stable
availability of fermentable compounds, increased
surface area and promoted continuous metabolite
supply for methanogenesis (Li et al., 2021) (Wi-
taszek et al., 2022).

The results suggested that both moisture con-
tent and particle-size reduction influence CH,
production, although their effects are not strictly
proportional.

Bioenergy production efficiency test results
according to German DIN 38.414/1985

The fermentation efficiency results, including
cumulative biogas and CH, yield, CH, content,
and the variation in CH, production relative to the
untreated CM sample are presented in Table 2.

The CM sample produced 421.2429.0 m?
biogas/Mg OM, consistent with literature values
(Koztowski et al., 2019), who obtained 477+25
m? biogas/Mg OM in BMP tests for untreated cow
manure. Among all samples, CMS5 exhibited the
highest biogas and CH, production (422.5+87.0
m?® biogas/Mg OM and 265.5+36.0 CH,/Mg OM,
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Table 2. Fermentation efficiency test results according to German DIN 38.414/1985

Substrate | Cumulated biogas | Changes in Biogas CH, content Cumulated CH, Changes in CH, production
Samples’ [m®Mg OM] production [%] [%] [m3/Mg OM] [%]
CM 421.24£29.0 0.0 59.0 248.6+28.0 0.0*
CMDM 422.5+87.0 0.3 59.0 249.2+49.0 0.2
CM5 468.0+£86.0 11.1 56.7 265.5+36.0 6.8
CMS 434.7+12.0 3.2 56.8 246.848.0 -0.8
CMP 446.4+8.0 6.6 56.2 251.1+5.0 1.0
DMT 461.0£205.0 9.4 56.3 252.0+£39.0 1.4
FMP 427.5+107.0 1.5 57.1 227.0£71.0 -8.7

Note: ¥ CM — dairy cow manure; CMDM — dried cow manure; CM5 — dry dairy cow manure 5—10 mm; CMS —
dry dairy cow manure 1-2 mm; CMP — dry dairy cow manure 0.5 mm; DMT — dry dairy cow manure 1-2 mm +
pasteurization; FMP — fresh dairy cow manure after pasteurization.

1 CM production is 100%.

respectively, corresponding to respectively 11.1%
and 6.8% improvement in production considering
CM sample’s results), confirming the effective-
ness of moderate mechanical pretreatment. In
contrast, FMP sample showed reduced CH, pro-
duction (227.0+71.0 m* CH,/Mg OM), potentially
due to inhibitory compounds such as NH, which
are common in dairy and cattle manure, and can
reduce the efficiency of methanogenic pathways
(Nleya et al., 2025). Due to methodological limi-
tations, NH,—N dynamics could not be analyti-
cally assessed, preventing further interpretation
of potential inhibition effects.

The DMT sample performed better than
FMP, suggesting a synergistic effect of thermal
and mechanical treatment (1.4% increase in CH,
yield and 9.4% increase in biogas yield com-
pared to CM). The increased availability of cel-
lulose likely supported more efficient hydrolysis
and subsequent stabilization of methanogenesis
(Lietal., 2021).

Overall, results indicate that pretreatment ef-
fectiveness depends on substrate characteristics
(Koztowski et al., 2019), pretreatment intensity
(Samadamaeng et al., 2024), and operational con-
ditions (Schumacher et al., 2020).

Implications of pretreatment strategies on
hydraulic retention time reduction

The results obtained in this exploratory study
clearly indicate that pretreatment strategies can
influence the HRT of AD systems when the aim
is to valorize and treat CM. Thermal pretreat-
ment, particularly using pasteurization process
combined with dilution, showed the most pro-
nounced effect in reducing HRT, as evidenced
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by the fast CH, production and early stabiliza-
tion observed in FMP sample (Figure 4). This
behavior is attributed to enhanced substrate sol-
ubilization, improved mass transfer conditions,
and increased accessibility of OM to hydrolytic
microbial communities. In contrast, untreated
and dried samples showed prolonged HRT to
digest the material, confirming that high DM
content and structural rigidity limit early stage
of fermentation process (hydrolysis) and delay
overall process kinetics.

Mechanical pretreatments also contributed
to HRT reduction although their effectiveness
depends on particle size and sample conditions.
Moderate size reduction (sample CMS5) im-
proved AD performance by increasing surface
area and facilitating microbial access, while ex-
cessive reduction in the particles size (CMS and
CMP) exhibited diminishing or even negative
effects, likely due to biomass compaction and
reduced porosity. Generally, the results obtained
highlight that while both mechanical and ther-
mal pretreatments can increase AD efficiency,
thermal appears to be more effective in acceler-
ating digestion kinetics and reducing HRT under
mesophilic conditions tested. These results also
reinforce the importance of optimizing pretreat-
ment selection based on substrate characteristics
to achieve improved process performance and
economic viability in biogas and, consequently,
CH, production systems.

CONCLUSIONS

The present exploratory study evaluated the
effect of mechanical and thermal pretreatment
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strategies on the hydraulic retention time of an-
aerobic digestion of dairy cow manure. The re-
sults presented highlight both the potential and
limitations associated with application of these
pretreatments prior to anaerobic fermentation.
The tested strategies increased the kinetics of
anaerobic digestion process leading to faster
biodegradation; nonetheless, these improve-
ments were not always accompanied by in-
creases in biogas and, consequently, CH, yield.

Thermal pretreatment, specifically pasteur-
ization of fresh dairy cow manure, resulted in
a reduction of 46% in hydraulic retention time
to reach 80% of cumulative CH, production.
Although this acceleration of the digestion pro-
cess, a decrease in CH, production (-8.7%) was
determined, indicating that faster kinetics do
not necessarily translate into improved process
efficiency. Mechanical pretreatment showed
more balanced values, with moderate particle
size (5-10 mm) providing the best overall per-
formance in terms of both CH, yield and pro-
cess stability.

Optimizing anaerobic digestion of dairy
cow manure requires a careful balance between
reducing the hydraulic retention time and
maintaining satisfactory biogas and CH, pro-
duction. This exploratory data provide prac-
tical insights into how pretreatment selection
can be tailored to improve anaerobic digestion
process efficiency, showing the importance of
considering both the kinetics enhancement and
the CH, yield when thinking and designing the
real scale units.
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