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Abstract

This review relates the kinetics of anaerobic digestion (AD) to energy outcomes, including
typical ranges of methane yields and volumetric methane productivities (down to hourly
g L h scales relevant for industrial plants). It further translates these relationships into
practical control principles that support stable, high methane productivity. Evidence
spans substrate selection and co-digestion with emphasis on carbon/nitrogen (C/N) bal-
ance, pretreatment strategies, and reactor operation, linking process constraints with op-
erating parameters to identify interventions that raise performance while limiting inhibi-
tion. Improving substrate accessibility is the primary step: pretreatment and co-digestion
shift limitation beyond hydrolysis and allow safe increases in organic loading. Typical
mesophilic operation involves hydraulic retention times of about 10-40 days for food
waste and 20-60 days for different types of livestock manure and slowly degradable en-
ergy crops, with stable performance achieved when the solids retention time (SRT) is
maintained longer than the hydraulic retention time (HRT). Stability is further governed
by sustaining a low hydrogen partial pressure through hydrogenotrophic methanogene-
sis. Temperature and pH define practicable operating ranges; meanwhile, mixing should
minimise diffusion resistance without damaging biomass structure. Early-warning indi-
cators—volatile fatty acids (VFAs)/alkalinity, the propionate/acetate ratio, specific meth-
anogenic activity, methane (CHs)% and gas flow —enable timely adjustment of loading,
retention, buffering, mixing intensity and micronutrient supply (Ni, Co, Fe, Mo). In prac-
tice, robust operation is generally associated with VFA/alkalinity ratios below about 0.3
and CHs contents typically in the range of 50-70% (v/v) in biogas. The review consolidates
typical feedstock characteristics and biochemical methane potential (BMP) ranges, as well
as outlines common reactor types with their advantages and limitations, linking opera-
tional choices to energy yield in combined heat and power (CHP) and biomethane path-
ways. Reported pretreatment effects span approximately 20-100% higher methane yields;
for example, 18-37% increases after mechanical size reduction, around 20-30% gains at
120-121 °C for thermal treatments, and in some cases nearly a two-fold increase for more
severe thermal or combined methods. Priorities are set for adaptive control, micronutrient
management, biomass-retention strategies, and standardised monitoring, providing a co-
herent route from kinetic understanding to dependable energy performance and explain-
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ing how substrate composition, pretreatment, operating parameters, and kinetic con-
straints jointly determine methane and energy yield, with particular emphasis on early-
warning indicators.

Keywords: anaerobic digestion; kinetics; energy yield; pretreatment; organic loading rate;
hydraulic retention time; specific methanogenic activity

1. Introduction

Climate change is among the most serious global challenges of our time. A major
driver of this phenomenon is the emission of greenhouse gases resulting from the wide-
spread use of fossil fuels as the primary energy source. Current assessments indicate that
energy-related activities are responsible for the majority of anthropogenic greenhouse gas
emissions, with global energy-related CO: (carbon dioxide) releases amounting to several
tens of gigatonnes per year. One of the most significant consequences is the steady rise in
mean global temperatures, which affects ecosystems, sea level, the availability of water
resources, food security, and human health and life. In response, energy-climate policies
are increasingly focused on curbing CO: emissions. Over the last decades, international
and regional frameworks have progressively introduced targets for reducing greenhouse
gas emissions and increasing the share of renewable energy in the overall energy mix.
Against this backdrop, renewables have become a cornerstone of the energy transition.
Biomass and waste are of particular importance because —unlike solar and wind —they
can provide a stable, continuous energy supply regardless of weather or location. As such,
this segment of renewable energy sources (RES) has the potential to play a substantial role
in global CO2 mitigation and in supporting sustainable development [1].

Waste materials, such as manure and post-harvest agricultural residues, are valuable
energy feedstocks because their use does not compete with food production or agricul-
tural land use [1,2]. Although intensive and poorly regulated land exploitation by profit-
driven entities can raise concerns and affect public acceptance, the environmental and en-
ergy-efficiency benefits of this technology far outweigh the potential risks when appro-
priately governed and monitored.

Anaerobic digestion (AD) stands out among energy technologies because it can be
implemented across a wide range of scales—from small farm-based units to large indus-
trial facilities—while delivering multiple environmental and economic outcomes. The AD
process is a biological process in which organic matter is decomposed under anaerobic
conditions. Unlike aerobic processes, where microorganisms utilise oxygen and produce
mainly CO2 and water, anaerobic digestion proceeds through four principal stages: hy-
drolysis, acidogenesis, acetogenesis, and methanogenesis. The main products of the an-
aerobic digestion process are biogas and digestate. The biogas typically contains about
50-70% methane (CH4) and 30-50% carbon dioxide (CO2), with trace amounts of hydrogen
sulphide (H2S), ammonia (NHs), water vapour, nitrogen, oxygen, and hydrogen also pre-
sent [3]. Although CO: is a natural co-product of AD, appropriate biogas upgrading and
off-gas treatment (e.g., CO2 removal, HzS scrubbing) limit direct emissions and enable bi-
omethane production. The resulting digestate, rich in organic matter and plant-available
nutrients, can be used as a soil improver or biofertiliser, which represents an additional
environmental benefit of the AD process, provided that its storage and field application
are properly managed. Environmental performance is further improved by controlled di-
gestate management (e.g., covered storage and appropriate land application) and by min-
imising fugitive emissions through leak detection and gas capture/flare systems [1,2]. In
practice, however, the real mitigation potential of biogas systems depends not only on the
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choice of substrate and technology but also on how efficiently the process kinetics are
controlled and how close plants operate to their attainable methane and energy yields.

Biogas-based technologies can deliver three key functions for sustainable develop-
ment: (i) supply renewable energy carriers, (ii) enable the management of diverse organic
waste fractions, and (iii) support closing material and energy loops in agricultural systems
[4]. When biogas replaces fossil energy carriers, and manure is no longer stored in open
systems, the wider deployment of biogas systems can reduce net greenhouse gas emis-
sions compared with conventional manure and organic waste management, improve
waste management efficiency and strengthen the resilience of agriculture to environmen-
tal pressures. These advantages make anaerobic digestion one of the most promising en-
ergy technologies for the future. At the same time, the extent to which these advantages
are realised in practice depends on maintaining sufficiently high methane yields and vol-
umetric productivity under stable operating conditions.

Despite extensive research on anaerobic digestion, there is still a lack of a coherent
and operational synthesis linking substrate composition and preparation with key opera-
tional parameters (organic loading rate (OLR), HRT/SRT, temperature, pH), kinetic limi-
tations of individual stages, and their implications for overall energy yield. The aim of this
review is therefore to integrate dispersed data to identify when and why hydrolysis or
subsequent stages become rate-limiting, how pretreatment and co-digestion can shift
these constraints and enable safe increases in OLR while maintaining SRT > HRT, and
which early-warning indicators (e.g., VFA/alkalinity ratio, propionate/acetate ratio, spe-
cific methanogenic activity) allow preventive process control before inhibition occurs. In
parallel, it summarises the typical ranges of key kinetic parameters, such as methane
yields, substrate conversion rates, biomass yields and volumetric methane productivities,
including indicative hourly values where available. These indicators are important both
for assessing how fully the potential of given substrates is utilised and for comparing the
performance of different plants. They are subsequently used to relate product formation,
substrate consumption and biomass growth to the operating windows and stability mar-
gins of full-scale agricultural and agro-industrial anaerobic digestion facilities. Conse-
quently, a set of evidence-based kinetic control rules is proposed, linking feedstock selec-
tion and conditioning with reactor configuration and the stability window (pH-T), to
maximise stable CHs yield and minimise process disturbances. This perspective —from
mechanisms to operational decisions—forms the guiding framework of the entire article
and justifies its focus on kinetics and energy yield.

2. Fundamentals of Anaerobic Digestion

Anaerobic digestion is a complex biological process in which microorganisms break
down the organic matter in feedstocks under oxygen-free conditions [1,3]. The reactions
yield a gas mixture dominated by methane and carbon dioxide, with smaller amounts of
hydrogen (Hz) and hydrogen sulphide, among others. An anaerobic environment is es-
sential, as some of the microorganisms involved cannot survive in the presence of oxygen
[1]. AD is conducted in hermetically sealed reactors, which ensures stable process condi-
tions and control over operating parameters. The resulting biogas is directed to storage
tanks and then most commonly used in combined heat and power systems. It can also be
burned directly to generate heat or upgraded to biomethane for grid injection or use as a
vehicle fuel, depending on local energy demand profiles and the availability of appropri-
ate infrastructure. After digestion, a residue (digestate) remains in the reactor. It can be
separated into liquid and solid fractions. Both contain valuable mineral nutrients and may
be applied as natural fertilisers in agriculture, supporting a circular economy [3].

From a microbiological and kinetic perspective, the process is carried out by func-
tionally distinct but interacting groups of microorganisms. Hydrolytic and fermentative
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bacteria (mainly within the phyla Firmicutes and Bacteroidetes) initiate polymer breakdown
and convert complex biopolymers into soluble sugars, amino acids, alcohols, and volatile
fatty acids (VFAs) through glycolytic and fermentative pathways [1,5]. These intermedi-
ates are further processed by syntrophic acetogenic bacteria, which oxidise higher VFAs
such as propionate and butyrate to acetate, CO: and H: in close association with hy-
drogenotrophic partners, while methanogenic Archaea (e.g., acetoclastic genera such as
Methanosaeta/Methanosarcina and hydrogenotrophic Methanobacteriales and Methanomicro-
biales) convert acetate and CO2/H: into methane via acetoclastic and hydrogenotrophic
methanogenesis [3]. The balance between these trophic groups underpins the four classi-
cal stages of AD (hydrolysis, acidogenesis, acetogenesis, and methanogenesis) and deter-
mines whether intermediates accumulate or are efficiently channelled towards methane.
In kinetic terms, the relative growth rates and sensitivities of these guilds govern which
stage becomes rate-limiting under given operating conditions. Selected reactions and their
implications for overall energy yield are analysed in more detail in Section 5.

AD is important for several reasons: it stabilises organic matter, reduces odour and
uncontrolled methane emissions from manure storage, and recovers nutrients. The pro-
cess also produces local, renewable energy, thereby increasing the usable energy recov-
ered per unit of manure compared with conventional storage and land application. It is
estimated that in the United States alone, more than one billion tonnes of animal manure
are generated annually. Owing to its availability, it is among the most common feedstocks
for AD [1]. On a global scale, agricultural activities generate several billion tonnes of ani-
mal manure and other organic residues each year, while the organic fraction of municipal
solid waste and food-processing by-products together amounts to hundreds of millions
of tonnes annually, which illustrates the substantial technical potential for anaerobic di-
gestion as a treatment and energy-recovery option [5]. In livestock systems, the main
sources of methane emissions are enteric fermentation in ruminants and open lagoons
used to stabilise slurry. Manure management is estimated to account for around 10% of
global agricultural greenhouse gas emissions [6,7]. By capturing biogas and substituting
fossil fuels, deploying AD in large farms can reduce net greenhouse gas emissions relative
to open storage and land application of raw manure, while enabling efficient waste man-
agement and delivering green energy.

In recent years, interest in diverse feedstocks for biomethane production as a renew-
able energy source has increased [8-10]. Feedstock selection depends largely on local con-
ditions—materials available on-site or nearby are preferred in practice to minimise
transport costs. For example, in Poland, a biogas plant uses pig slurry from animals fed
with stillage from a nearby distillery, and the generated energy is supplied back to the
facility. In Finland, the potential for producing biomethane from condensate after pine
wood torrefaction has been analysed, reflecting the ready availability of this resource [11].

Similar solutions are increasingly implemented in Poland. Agricultural biogas plants
rely mainly on cattle slurry, agricultural residues and by-products from the agri-food in-
dustry [1,2]. The local nature of feedstocks reduces logistics costs and transport-related
emissions, while supporting the development of distributed generation in line with na-
tional and EU energy—climate strategies [9]. The literature highlights that the same type
of substrate may show different properties depending on geographical and technological
factors [5]. For instance, cattle slurry from different countries can vary in chemical com-
position and methane potential depending on animal diets, soil conditions and manure
collection systems [12]. Consequently, AD plant design should always account for the lo-
cal characteristics of the available feedstocks. It is worth noting that, among the available
feed materials, cattle slurry is one of the most widely used and studied substrates for an-
aerobic digestion due to its high production volume, relatively well-characterised compo-
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sition and central role in agricultural systems [1,5,9]. It therefore serves as a key bench-
mark for investigations of AD performance and biomethane potential, both globally and
within specific national contexts.

3. Substrates Used in Anaerobic Digestion

Anaerobic digestion is highly flexible with respect to feedstock type. In practice, al-
most any biodegradable organic material can serve as an input for biogas production. Ex-
amples from different sectors of the economy are listed in Table 1, and a cross-sector com-
parison of these substrates shows that AD feedstocks span a continuum from dilute agri-
cultural slurries and sewage sludge to high-solids energy crops, food-processing residues,
and lignocellulosic field and green wastes [1,9]. At the compositional level, these streams
differ in total solids and volatile solids contents and, crucially, in the relative proportions
of carbohydrates, proteins, lipids, and lignocellulosic fibre; the share of readily biode-
gradable versus structurally bound organic matter largely determines the amount of bio-
gas and methane that can be produced per unit of substrate. Slurry- and manure-based
streams occupy the low-solids, nutrient-rich end of this spectrum and typically provide a
well-buffered, microbially active matrix that supports stable operation. By contrast, en-
ergy crops and many food-industry wastes exhibit higher volatile solids contents and, in
some cases, more favourable C/N ratios, which translates into higher specific methane
yields but also increases the risk of rapid acidification, foaming, or nutrient imbalance
when they are used as mono-substrates [8]. Municipal biowaste, slaughterhouse residues
and fats, oils and grease combine high methane potential with heterogeneous composi-
tion, contamination, hygienic constraints, or long-chain fatty acid (LCFA) inhibition, ne-
cessitating cautious dosing and, frequently, additional hygienisation or mechanical or
thermal treatment. At the opposite end of the spectrum, lignocellulosic residues such as
straw and mixed green waste show high total solids and C/N ratios and low inherent
degradability, often requiring more intensive physico-chemical or biological pretreatment
to achieve acceptable conversion [1,5]. Taken together, the patterns summarised in Table
1 indicate that it is not only the total organic load, but also the internal distribution be-
tween soluble and particulate fractions and between easily fermentable and recalcitrant
components, that is responsible for the attainable biogas and methane yields of a given
effluent or residue. Overall, this means that no single substrate is ideal: effective AD sys-
tem design relies on combining complementary feedstocks and pretreatment strategies to
balance C/N, moderate inhibition risks, and align substrate properties with the chosen
reactor configuration.

Given this diversity, feedstocks for AD should be readily degradable and free from
toxic compounds that could inhibit microbial activity [1,9]. In many cases, pretreatment is
required to improve the accessibility of organic matter to methanogenic microbes. This
need arises from kinetic and structural constraints: hydrolysis of complex polymers is fre-
quently rate-limiting because lignin, cellulose crystallinity, and dense fibre matrices re-
strict enzymatic access and mass transfer. By reducing particle size and disrupting struc-
ture, pretreatment increases reactive surface area and the apparent hydrolysis rate con-
stant, alleviating this bottleneck [1,5]. Nonetheless, co-digestion can raise process yields,
but unsuitable pairings may depress performance or precipitate failure. Excess protein
increases free ammonia, lipid-rich feeds yield long-chain fatty acids, and sulphur-bearing
streams raise sulphide, all of which inhibit methanogenesis. From a compositional stand-
point, this means that substrates rich in proteins and lipids must be combined with more
carbohydrate- and fibre-rich co-substrates to dilute inhibitory compounds while still ex-
ploiting their high methane potential. These risks are mitigated through careful substrate
characterisation, conservative dosing, and routine monitoring (VFA/alkalinity, TAN,



Energies 2025, 18, 6262

6 of 29

foaming), with targeted co-substrate ratios and incremental loading to keep intermediates
below inhibitory thresholds [3,12].

In practical terms, one of the most widespread AD feedstocks is slurry from agricul-
tural holdings, chiefly due to its high availability and properties conducive to stable op-
eration. It typically offers a near-neutral pH, an established microflora and a rich nutrient
profile [1]. However, its biogas yield is lower than that of many other materials because a
portion of the organics has already been digested in the animal gut. In addition, slurry —
particularly from dairy cattle—often contains a considerable lignocellulosic fraction orig-
inating from undigested fibre and bedding material, which is only slowly degradable un-
der standard AD conditions and further constrains its specific methane yield [1,5]. Conse-
quently, although the total solids content of slurry may be modest, the effective fraction
that is rapidly biodegradable is limited, and this compositional feature explains the rela-
tively low methane yield per unit of fresh mass compared with many food-industry efflu-
ents or energy crops. Despite this, slurry often acts as a base substrate that is combined
with other materials to balance nutrients and stabilise the process. Furthermore, certain
substrates—such as sewage sludge, slaughterhouse wastes, or the organic fraction of mu-
nicipal solid waste (OFMSW)—may contain substances harmful to the microorganisms
driving digestion. Such substances include, in particular, residual disinfectants and sur-
factants, heavy metals, pharmaceuticals, and other xenobiotic organic compounds, as well
as locally elevated levels of ammonia, sulphide, or long-chain fatty acids, all of which can
inhibit key biochemical steps of the AD process [1,3,5]. Consequently, these materials re-
quire appropriate cleaning or conditioning to prevent biological inhibition in the reactor.
It is also necessary to limit non-biodegradable fractions so that the digester volume is used
efficiently. Similarly, lignocellulosic biomass—particularly wood and materials with high
lignin content—shows low anaerobic degradability. Therefore, specialised pretreatments
are needed to loosen the biomass structure and increase its bioavailability to microorgan-
isms.

Table 1. Example substrates used in anaerobic digestion and their key characteristics (author’s own

elaboration).
Total Sol- Volatile Solids C/N Ratio Inhibition Required/Benefi-
Typical Origi Ref
Source Category  Substrate ypical Origin ids, TS (%) VS (% of TS) (-) Risks/Issues cial Pretreatment eterences
Ammonia, hydro- No pretreatment;
Agriculture—cat- Cattle slurry Dairy/beef cattle 7-10 70-80 g5 &en s'ulph1de; low mixing and homog- [1,5]
tle slurry farms readily fermenta- .2 .
enisation advised
ble sugars
Agriculture—pi. Ammonia; foam- Screens/grates; ho
& P1& Pig slurry Pig farms 3-6 70-80 8-14 ing with excess grates; [1,2]
slurry . mogenisation
protein
Fibres; risk of pH
Agriculture —cat- B i ith ’ i ion; di-
griculture—cat- o anure  DamS/sties with ) 4 70-85 1525 drop with fresh 12¢ reduction; di [1,5]
tle manure bedding . lution
fraction
Nitrogen defi- ~ Size reduction; bal-
Energy crops Maize silage Maize plantations  28-35 90-95 25-35 ciency in mono- anced C/N (co-di- [2,5]
feed gestion)
Lignocellulose;  Size reduction; op-
Crops/meadows  Grass silage Grasslands 25-35 85-90 12-20 risk of fibrous  tional enzymatic [1,10]
mats and scum conditioning
Food industry Bf:lkery/confec- Bake.ries, c'onfec- 50-70 95-98 20-30 Rapid pH drop; Dilgtion; b.atch- (3.5]
tionery waste tioneries foaming wise dosing
Dairy industry Whey Dairies 57 80-90 20-30 Volatile acids; pH Alkaline buffering; [5]
drop mixing
Wastewater treat- Raw sewage Municipal >4 60-75 6-12 Heavy me'tals; 'l?hic.kening; hygien— (1,9]
ment sludge WWTPs trace toxins isation as required
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OFMSW (bio- Source-separated

Physical contami- . .
Y Mechanical sorting;

Municipal waste waste fraction) biowaste 20-35 80-90 15-25 nant; f;):;stlcs, pulper; washing [1,8]
Slaughterhouse Abattoirs, slaugh- High nitrogen Hygienisation; cau-
Meat industry & /SAUBT 90 35 90-95 58 (NHa), H:S, lipids > . v [3,12]
waste terhouses tious dosing
(LCFA)
Kitchen wastes . Food service, ca- Physical contami- Sorting; size reduc-
(HORECA) Kitchen waste tering 2535 85-95 15-25 nants; fats tion; dilution 891
Oil industry Fats/o0ils/FOG Grease traps ~100 ~100 — LCFA mh,lbltlon; Slom‘/ dosn.'lg; co-di- [5,12]
foaming gestion with slurry
Che.rmcal—food Crude glycerol B%odlesel/te.ch— 85-90 85-90 _ Raplc.l pH fir.o.p,' Low dos.mg,' buffer- (312]
industry nical glycerine osmotic inhibition ing
Size reduction;
Agriculture— . . . g Lignin; low degra- thermo-chemi-
field residues Wheat straw Arable fields 85-90 85-90 60-90 dability cal/biological pre- [1,9]
treatment
Sugar industry Pressed beet Sugar factories 22-28 90-95 20-30 Ra.pld ferm?nta— Dlh?tlon; b.a teh- [1,9]
pulp tion; foaming wise dosing
Distillery indus- Stillage Dlstlller{es/brew— 812 85-95 _ Volatile acids; pH Buffermg,' co-diges- (3.12]
try eries drop tion
Sorting; size reduc-
Green waste Green waste Municipal ser- Lignin; foreign  tion; optional hy-
(branches, . 30-50 70-85 30-60 T ! [1,9]
management leaves) vices materials drothermal treat-
ment
Explanations: WWTPs—Wastewater Treatment Plants, HORECA —Hotels, Restaurants, Catering,
FOG—Fats, Oils, Grease.
The co-digestion of different substrate types can substantially improve biogas pro-
duction, provided that the nutrient balance in the fermentation system is maintained [8].
Table 2 summarises the BMP of commonly used feedstocks. Slurry- and manure-type sub-
strates have relatively low BMP and methane yield per unit fresh mass [1,5]. At the same
time, they are often associated with robust and stable digester performance. Energy crops
and many food- and municipal waste-derived substrates show markedly higher BMP and
methane yields. However, these feeds are more prone to overloading, foaming and pro-
cess inhibition. Lipid-rich substrates such as fats, oils, and grease or crude glycerol pro-
vide the highest BMP ranges and energy densities [5,8]. They must be added in limited
doses because LCFA accumulation and rapid acidification can quickly destabilise the pro-
cess. Lignocellulosic residues (e.g., straw, green wastes) occupy the opposite end of the
spectrum, with modest BMP and low methane yield per unit fresh mass [5,9]. In general,
substrates dominated by easily fermentable carbohydrates and lipids show high specific
methane yields, whereas those with a high share of structural carbohydrates and lignin
exhibit low BMP despite comparable total solids contents; the composition of the effluent
thus directly determines the quantity of biogas obtainable from a given mass of material.
They therefore usually require pretreatment or co-digestion with more readily degradable
substrates.
Table 2. Biochemical methane potential of selected substrates (author’s own elaboration).
BMP (Nm? Methane Yield Methanf:
Substrate CHy/ke VS) (Nm? CHs/Mg Content in Process Notes References
4
8 Fresh Mass) Biogas (%)
Cattle slurry 220-280 10-25 55-60  Lower yields—stable base feedstock for co-digestion  [1,5]
Pig slurry 260-320 12-25 55-60  Higher energy density than cattle slurry; risk of NHs [1,2]
Cattle manure 180-250 40-70 50-58 High TS; requires dilution/efficient mixing [1,5]
Maize silage 300-340 90-120 52-55 High stability; nitrogen needed in mono-feed [2,5]

Grass silage

250-320 70-100 50-55

Improved after size reduction; synergistic with

Shurry [1,10,13]
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Bakery/confectionery . .
wastes 400-500 150-300 55-60 Rapid fermentation; control VFA and foam [3,8]
Low TS—1 iel fresh ; f
Whey 350-420 1025 55-60 ow TS—low yield per fresh mass; good for process 5]
start-up
Raw sewage sludge 150-250 5-15 60-65 Lower BMP; sanitary requirements [1,9]
Biowaste fraction (OF- 350-500 80-180 55-60 Composition Variab.ility; th0r01.1gh removal of con- [1,8,14]
MSW) taminants required
Slaughterhouse wastes ~ 400-600 120-220 60-65 Beware NHs and HsS; restricted dosing [3,12]
KI(EEI}:;EEWSZTS 380-520 100-200 55-60 Variable composition; good blend with slurry [8,9,15]
Fats/oils/FOG 700-1000 300-600 65-70 Very high BMP; LCFA risk—low dosing [5,12]
Crude glycerol 400-600 200-350 55-60 Rapid acidification; buffering required [5,12]
Wheat straw (raw) 150-220 20-40 50-55 Requires pretreatment; otherwise, low conversion [5,9,16]
Pressed beet pulp 300-380 60-100 55-60 Good synergy with slurry; foam control [1,9]
D‘S“Her%:;)lage St 350 450 30-60 55-60 High VFA; buffering required [3,12]
Green wastes (mixed) 150-250 20-60 50-55 Lignin limits yield; pretreatment beneficial [1,9,16,17]

Explanations: HORECA —Hotels, Restaurants, Catering, FOG—Fats, Oils, Grease.

The choice of feedstock depends on many factors, including local availability,
planned use of the digestion products, environmental conditions, the digester technology
applied, and the overall economics of the project. Because methane is the main energy
carrier in biogas, differences in BMP and methane concentration directly translate into
differences in specific energy yield at the plant scale. These differences, in turn, reflect the
underlying chemical composition of the substrates—particularly their organic load, the
balance between soluble and particulate fractions, and the relative contents of proteins,
carbohydrates, and lipids —which together control both the rate and the extent of anaero-
bic conversion.

4. Pretreatment Processes to Improve AD Performance

To date, substrate pretreatment has been used mainly for sewage sludge. There is
now growing interest in applying it to organic fractions of solid wastes to raise the effi-
ciency of anaerobic digestion. The literature commonly distinguishes four main groups of
pretreatment methods—mechanical, thermal, chemical and biological —most of which
have so far been tested largely at laboratory scale [9]. The suitability of each method is
strongly dependent on the physical state and composition of the residue, with different
approaches being preferred for fibrous high-solids materials, sewage sludge, or mixed
organic wastes.

4.1. Mechanical Pretreatment of Substrates

Mechanical processing employs devices such as mills (e.g., rotary), screw presses,
disc shredders, or piston presses to comminute solid particles in the feed [2]. This in-
creases the specific surface area and promotes more intense microbial growth in the sub-
sequent stages of AD [12]. The method is particularly useful for lignocellulosic materials,
which are more resistant to biological degradation [13]. Studies show that mechanical pre-
treatment (rotary drum pre-composting) of the organic fraction of municipal solid
waste—a mixture of fruit, vegetable and yard wastes with cow dung—can increase the
cumulative biogas yield from about 275 to 325 mL gVS™ at an F/M ratio of 0.5 and from
340 to 465 mL gVS™ at an F/M ratio of 1.0. This corresponds to an improvement of roughly
18-37% compared with untreated waste [14]. High-pressure homogenisation is also effec-
tive: the material is subjected to several hundred bar and then rapidly depressurised. Key
advantages include technical simplicity, improved dewatering, no odour emissions and
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moderate energy demand. Drawbacks include a lack of disinfection effect against patho-
gens and a higher risk of mechanical failures.

4.2. Thermal Pretreatment of Substrates

Thermal processing is among the most advanced and best-studied pretreatment
methods used in AD. Industrial deployment focuses chiefly on sewage sludge and ligno-
cellulosic substrates [15-17]. This approach inactivates pathogens, improves dewaterabil-
ity and reduces digestate viscosity, which greatly facilitates downstream handling [18-
20]. Two principal temperature ranges are reported for thermal pretreatment, namely 70—
121 °C and 160-180 °C [21,22]. For waste activated sludge, treatments at around 120-
121 °C have been reported to increase biogas production typically by about 20-30% com-
pared with untreated sludge, whereas more severe conditions in the range of 160-180 °C
can lead to much higher enhancements, in some cases approaching a doubling of biogas
production [21]. In the case of thermally pretreated olive mill solid waste, removal of phe-
nols and furans from the liquid phase generated after pretreatment increased methane
yield by approximately 42% relative to the raw liquid phase. This highlights both the po-
tential of thermal pretreatment and the need to control inhibitory by-products [22]. Nota-
bly, some studies indicate that even mild treatment at 70 °C can effectively suppress path-
ogens and boost biogas output by 78% [23]. Differences in reported gains most likely re-
flect the diverse physicochemical properties and compositions of the wastes being treated.

4.3. Chemical Pretreatment of Substrates

Chemical processing breaks down organic matter using strong reagents —primarily
acids, alkalis, or oxidants. As AD typically proceeds under alkaline conditions, acid use
may require subsequent pH correction by alkalisation. For this reason, alkaline treatment
is more common from both technological and economic perspectives and is regarded as
more effective and operationally stable. Among frequently used alkalis, NaOH is reported
as the most effective, followed by KOH, Mg(OH)2, and Ca(OH): [24-26]. Alkalis cause
particle swelling and increase the reactive surface area, improving access for anaerobic
microorganisms and accelerating degradation. For instance, Lin et al. reported that NaOH
pretreatment of pulp and paper sludge co-digested with monosodium glutamate waste
liquor (8 g NaOH per 100 g TS) increased methane yield from approximately 0.17 to 0.32
m? CHs kg™ VS removed, i.e., to 183.5% of the untreated control [24].

4.4. Biological Pretreatment of Substrates

Biological methods include both aerobic and anaerobic approaches, in which specific
enzymes (e.g., peptidases, carbohydrolases, lipases) or selected microbial strains are in-
troduced into the digestion system [15,27]. This is considered environmentally friendly
and enables synergistic microbiological consortia that support efficient hydrolysis of or-
ganics [28,29]. The use of Bacillus-based biological additives markedly enhanced anaerobic
activity: in batch tests with physicochemical sludge from enhanced primary treatment,
the addition of lyophilised bacilli increased methane production so that, on day 17, it was
95% higher than in the untreated control. When the bacilli were combined with a micro-
nutrient solution containing Fe, Ni, Co, and Mo (4.5, 0.75, 0.45, and 0.09 mg g! VS, respec-
tively, together with 12 mg g-' VS of Bacillus spp.), methane production on day 17 reached
167% above the control. This treatment also resulted in about 40% lower VFA concentra-
tions and higher volatile solids removal than in the control sludge [30]. Employing ther-
mophilic aerobic bacteria resulted in a 2.2-fold increase in biogas production and a 21%
reduction in volatile solids [31]. Compared with other pretreatments, biological methods
are characterised by low energy demand; however, their wider use is limited by odour
issues and the relatively small reduction in waste mass.
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As summarised in Sections 4.1-4.4, reported improvements in biogas or methane
yield range from several tens of per cent up to more than a two-fold increase, depending
on the pretreatment method, substrate characteristics, and operating conditions. A com-
parative assessment of the four main pretreatment methods shows that mechanical ap-
proaches are technically simple and widely applied to fibrous feedstocks; however, they
provide only a moderate increase in biogas yield and lead to considerable wear of working
components. Thermal processes achieve the highest degree of solubilisation and sanita-
tion, although their substantial energy demand may limit the overall benefit unless heat
recovery or cogeneration integration is applied [16,20,23]. Chemical methods are effective
in decomposing lignocellulosic materials and can markedly enhance methane yield; how-
ever, the use of costly reagents, corrosion-resistant equipment, and pH adjustment lowers
their economic and environmental feasibility [13,16]. Biological pretreatment offers low
energy consumption and mild operational conditions, yet its efficiency remains moderate
and strongly dependent on the microbial community and process control [31]. Compara-
tive analysis indicates that the most effective methods for organic matter disintegration
are not necessarily the most energy-efficient, and their selection should reflect both sub-
strate properties and the energy balance of a given installation [13,16]. The final choice of
pretreatment method should result from a compromise between yield improvement, en-
ergy input, and operational complexity, with hybrid and sequential approaches increas-
ingly adopted to enhance the overall energy balance and stability of the process. In com-
mercial practice, the decisive factors include operating costs and energy consumption, to-
gether with additional benefits such as higher biogas yield, pathogen removal, reduced
digestate volume, and shorter hydraulic retention time.

5. Biochemical Pathways and Kinetic Control in Anaerobic Digestion

Anaerobic digestion proceeds through sequential phases, whose rate balance gov-
erns conversion and energy yield [32]. Intermediates formed upstream are substrates
downstream; any imbalance in rates constrains carbon flow to methane and lowers energy
yield [33]. Under steady-state conditions, the slowest phase effectively sets the overall
conversion rate, and its apparent rate constant and sensitivity to operating conditions
therefore become key design and control parameters. The four phases that are kinetically
and energetically relevant are hydrolysis, acidogenesis, acetogenesis, and methanogenesis
(Figure 1). Each of these stages is mediated by distinct, functionally specialised microbial
guilds: hydrolytic and fermentative bacteria dominate hydrolysis and acidogenesis,
syntrophic acetogenic bacteria couple acetogenesis to hydrogen removal, and methano-
genic archaea complete the final conversion of intermediates to methane.

The rate of one phase sets the boundary conditions for the next; accumulation of in-
termediates signals a kinetic mismatch and potential loss in methane productivity [34]. In
practice, such imbalances are reflected in routine indicators such as VFA profiles, the
VFA/alkalinity ratio, and the propionate-to-acetate ratio, which provide early warning of
rate limitations at specific stages. From a microbiological perspective, shifts in these indi-
cators reflect changes in the relative activity of the underlying microbial groups and thus
provide an indirect view of which guild is currently rate-limiting. The individual phases
are detailed below with emphasis on rate control and implications for energy performance.
e  Hydrolysis

This is the initial stage, in which complex polymers—such as cellulose, starch, and
proteins—are cleaved by water and extracellular enzymes. The products are simple or-
ganics (monomers and oligomers), including glucose, amino acids, and fatty acids [35].
Hydrolysis is mainly carried out by hydrolytic and fermentative bacteria, including gen-
era such as Clostridium, Bacteroides, Ruminococcus, and Fibrobacter, which secrete cellulases,
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hemicellulases, and proteases capable of attacking particulate organic matter and plant-
derived fibre [32,36]. The overall course of hydrolysis can be written as in Equation (1):

(CsH1005)n + nH20 — nCeH1206 + nH21 1)

For lignocellulosic and structured substrates, hydrolysis often limits the overall rate;
restricted accessibility lowers the effective hydrolysis constant and delays downstream
methane formation. Increasing accessibility (e.g., particle-size reduction, fibre disruption)
accelerates hydrolysis, shortens time to peak gas production, and raises the fraction of the
biochemical methane potential realised within a given retention window [36,37]. Opera-
tionally, this is captured by higher apparent first-order hydrolysis coefficients and steeper
initial slopes of cumulative methane curves in BMP and reactor tests, which translate into
higher space-time methane yields at a given HRT [5]. Insufficient hydrolytic activity, or
an imbalance between hydrolytic and downstream communities, is therefore often the
primary cause of the low conversion of fibre-rich substrates and underutilisation of their
theoretical methane potential.
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Other
cempounds

Methanogenic fermentation

Figure 1. Scheme of the anaerobic digestion process (author’s own elaboration [9]).

e  Acidogenesis

Acidogenesis rapidly generates short-chain intermediates; maintaining balance with
downstream uptake prevents energy losses [38]. This phase is driven by a broad
consortium of fermentative and acidogenic bacteria, including representatives of
Clostridium, Lactobacillus, Enterobacter, and Bacteroides, which convert sugars, amino acids,
and other hydrolysis products into volatile fatty acids (VFAs), alcohols, CO2, and H:
[32,39]. Acidogenesis is typically rapid; if formation outpaces downstream uptake, VFA
and alcohols accumulate, pH declines, and carbon is diverted from methane, lowering
specific energy output. From a kinetic standpoint, excessive acidogenic activity relative to
acetogenesis and methanogenesis manifests as rising total VFA concentrations and a shift
towards propionate and butyrate, signalling that downstream rates are no longer
sufficient to stabilise the system [39]. In well-balanced digesters, acidogenic and
acetogenic bacteria operate at rates that match the capacity of methanogens, keeping VFAs
at non-inhibitory levels and preserving the energy-conversion efficiency.

Illustrative reactions for this phase are given in Equations (2)—(5):
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CsH1206 — 2CH5CH20H + 2CO2t @)
CsH1:06 + 2H2 — 2CHsCH2COOH + 2H:0 3)
CsH1:0s — 3CH:COOH ()

CsH120s — 2CH30H + 4COz + 2Hat (5)

e Acetogenesis

Acetogenesis channels carbon into acetate, COz, and Ho; its effectiveness depends on
continuous hydrogen removal, which maintains thermodynamic favourability [39]. Be-
cause the process is syntrophic, the rate of H2 removal controls the feasible acetogenic rate
and the stability of the whole chain [35,40]. Key actors at this stage are syntrophic aceto-
genic bacteria such as Syntrophomonas and Syntrophobacter, which oxidise VFAs (e.g.,
propionate and butyrate) to acetate and H2 only when hydrogenotrophic partners effi-
ciently consume the produced H [32,36]. If hydrogenotrophic methanogens or other hy-
drogen consumers are inhibited, hydrogen partial pressure increases, the Gibbs free en-
ergy change (AG) for key acetogenic reactions becomes less favourable, and propionate
and butyrate start to accumulate, indicating a kinetic bottleneck at this stage [35].

Selected reactions for acetogenesis are shown in Equations (6)—(8):

CHsCH2COO™ + H* + 3H20 — CH3COQO™ + HCOs™ + 2H* + 3H2t 6)
CesH1206 + 2H20 — 3CH3COOH + 2CO: + 4H>1 (7)
CH3CH:0H + 2H>0 — CHsCOO™ + H* + 3H2t (8)

Effective hydrogen scavenging prevents VFA build-up, supports higher organic
loading and protects the net energy balance by favouring acetate-centred routes. In engi-
neering terms, the kinetic coupling between syntrophic acetogens and hydrogenotrophic
methanogens means that any disturbance in one group (e.g., inhibition by ammonia or
sulphide) immediately constrains the other, narrowing the safe window for organic load-
ing rate and retention time.

e  Methanogenesis

Methanogenesis finalises energy recovery; maintaining activity under strictly anoxic
conditions preserves gas calorific value and volumetric productivity [40]. Two routes
dominate: the acetoclastic and the hydrogenotrophic pathways. Acetoclastic
methanogenesis is mainly performed by archaea of the genera Methanosaeta and
Methanosarcina, which convert acetate to CHs and CO:, whereas hydrogenotrophic
methanogenesis is carried out by genera such as Methanobacterium, Methanospirillum, and
Methanococcus, which reduce CO: with H: Methylotrophic methanogens (e.g.,
Methanomethylovorans) can additionally utilise methanol and methylated compounds in
some systems, contributing to overall methane formation [32,35]. Their combined activity
is often quantified through specific methanogenic activity (SMA) tests, which provide an
operational measure of the maximum methane production rate and are widely used to
assess whether the methanogenic community can sustain planned organic loading rates
[36].

Mlustrative reactions are listed in Equations (9)—(11):

CH:COOH — CHa + CO2 )

2CH3CH:0H + CO2 — CHa + 2CHsCOOH (10)
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CO:z2 + H2— CHs + 2CHsCOOH (11)

The realised methane fraction governs usable energy in CHP or biomethane path-
ways; sustained methanogenic rates, coupled to low hydrogen partial pressure and ade-
quate buffering, secure high specific methane yield and stable net energy output. In engi-
neering terms, the maximum attainable methanogenic rate, together with the upstream
hydrolysis and acetogenesis kinetics, defines the safe operating window for organic load-
ing rate and retention time [40]. From a control perspective, maintaining a robust and
diverse methanogenic community that can respond to load fluctuations is essential to pre-
vent VFA accumulation and preserve the long-term energy efficiency of the plant. In prac-
tice, these kinetic dependencies set the bounds for loading and retention times, which ul-
timately determine achievable methane productivity and the net energy balance of the
plant.

6. Reactor Design, Kinetic Regimes, and Energy Performance

The choice of AD process and reactor configuration depends on the intended appli-
cation and the nature of the available substrates. In industrial practice, two main operating
regimes are used —mesophilic and thermophilic—which differ primarily in fermentation
temperature. High-solids substrates are typically digested under thermophilic conditions
in batch systems, whereas low-solids materials are most often processed at mesophilic
temperatures in flow-through configurations [41,42]. Additionally, AD processes may
also be classified by moisture content and flow regime. “Wet” systems operate at total
solids of about 5-15%, while “dry” (high-solids) systems typically run at total solids >20%.
Wet digestion facilitates pumping and mixing of the feed owing to the use of pumps and
mechanical agitators [43-45]. By contrast, dry anaerobic digestion is designed for stacka-
ble, high-solids feedstocks such as the organic fraction of municipal solid waste and
source-separated biowaste, and allows operation at higher organic loading rates with re-
duced water demand, smaller digester footprint, and lower heating and mixing energy
requirements, which makes it particularly attractive for solid waste treatment in space-
and water-constrained installations [43—45].

In kinetic terms, reactor configuration therefore conditions the kinetic regime by
shaping biomass retention (SRT relative to HRT), mass-transfer resistance and the para-
sitic energy required for mixing, pumping, and heating, which together determine the net
energy yield. Mesophilic operation provides a wider stability window with lower reaction
maxima, whereas thermophilic regimes accelerate kinetics and shorten the required HRT
at the expense of narrower disturbance tolerance and higher thermal demand. Further-
more, wet systems reduce diffusion limitations through easier mixing but may raise cir-
culation energy, while dry systems increase solids residence and plug—flow behaviour,
improving contact at the risk of diffusion-limited hydrolysis unless mild recirculation is
applied [2,16].

With respect to operating mode, the most common solution is continuous-flow oper-
ation, in which the substrate moves progressively through the successive stages of diges-
tion and fresh feed is added at regular intervals [46]. By contrast, an alternative is batch
operation, where material is loaded into the reactor in discrete charges at set time intervals.
Consequently, plants operating in continuous mode usually achieve higher biogas
productivity per unit of substrate, reflecting greater process stability and tighter control
of fermentation conditions [47]. This supports more efficient microbial activity than batch
systems.

Accordingly, continuous systems can align organic loading with realised conversion
rates and maintain buffering, which sustains volumetric methane productivity and im-
proves net energy performance. However, batch systems can deliver high specific yield
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per charge, but downtime and transient VFA peaks may depress average energy output
unless cycle design minimises idle periods and ensures adequate alkalinity and mixing.
Overall, across configurations, designs that secure SRT > HRT and minimise diffusion re-
sistance without excessive shear allow higher OLR without loss of methanogenic activity,
which translates into greater usable energy per unit volume [9,28].

Examples of biogas reactor types in current industrial use are summarised in Table 3.

Table 3. Example AD reactor designs: characteristics, advantages and disadvantages, and kinetic—

energy implications (author’s own elaboration).

Kinetic/E
Reactor Type Description Advantages Disadvantages Ilrr;)llicc/atrils;iy References
A single vessel e high biogas pro- Feast—famine cycling can
performing both duction efficiency, risk of cloeing, TECOVer SMA; average
ASBR— Anaero- digestion and clar- ¢ flexible process 58 %’ CHsm™3-d! depends on
. . p . lower effective i T
bic Sequencing ification; the sub- control, . cycle design and minimis-  [1,28,40]
. ness with large o . .
Batch Reactor  strate is fed and ® low demand for . ing idle time; low mixing
. ) . working volumes . .
withdrawn period-mechanical energy, energy if cycles are opti-
ically. ® simple operation mised.
. Mixing lowers diffusion
Single- or two- .
. ) ) o . limits and evens pH/T,
stage installation e stable operation, e difficult to retain but raises mixing enerev:
CSTR—Continu- in which the sub- e ability to treat microorganisms in B § CNergy;
. . . . SRT=HRT unless biomass
ous Stirred-Tank  strate is mixed high-strength liquid the reactor, retention (two [1,2,4]
Reactor with microorgan- wastes, ¢ risk of system sta
. . . N ge/attached growth)
isms continuously ® easy operation  acidification
or intermittent] keeps methanogens and
Y supports higher OLR.
Along, narr'ow  low capital cost, Low 'mixirTg eneljgy and
tank operating high efficiency, quasi-staging; mild
continuously with- * slow conversion recirculation reduces
APFR = Anaero- out internal mix- operates under of solid fractions, diffusion limits for
bic Plug-Flow . mesophilic and ther- . L . [33,43,47]
ing; the substrate . . * requires periodic fibrous feeds without
Reactor mophilic conditions, . . .
moves along the ; cleaning losing plug—flow benefits;
. e simple construc- o
reactor like a ton productivity limited by
“plug.” hydrolysis.
A system with a . .
® Jow operating * long start-up pe- Very high SRT at low
granular sludge , . .
bed at the bottom costs, riod, HRT — high space-time
UASB—Upflow ¢ high biogas pro-  ® requires experi- CHs yields with minimal
. that enables con- , X .
Anaerobic Sludge . duction, enced operation, mixing energy; start- [1,9,41]
tact between bio- . e
Blanket Reactor ® small footprint,  ® some substrates up/granule stability are
mass and the me- . N .
_ . ¢ no need for efflu- hinder sludge kinetically decisive for net
dium being

ent recirculation
treated.

granulation

energy performance.

From an economic perspective, capital expenditure is largely determined by digester
volume, civil works, and gas utilisation equipment, whereas operating costs are domi-
nated by labour, maintenance, heating and mixing energy, as well as any pre- and post-
treatment steps [4,34]. In general, reactor configurations that deliver higher space-time
methane yields through effective biomass retention and mass-transfer control are more
favourable in terms of volumetric utilisation of the reactor. In practice, this translates into
lower specific costs per unit of energy produced compared with low-rate systems of sim-
ilar footprint. In essence, configuration choice is an optimisation of rate enhancement ver-
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sus parasitic energy demand under site-specific constraints (substrate rheology, opportu-
nities for heat integration and available footprint) [4,34]. In essence, configuration choice
is an optimisation of rate enhancement versus parasitic energy demand under site-specific
constraints (substrate rheology, opportunities for heat integration and available footprint).

Designs that combine effective biomass retention with targeted mass-transfer control
provide the highest net benefits when the organic loading rate is aligned with the realised
process kinetics [28]. Where feasible, heat recovery, variable-speed mixing, and incremen-
tal (stepwise) feeding of the substrate further improve methane space-time yields without
eroding the overall energy balance. In recent years, advanced configurations such as an-
aerobic membrane bioreactors, staged CSTR-UASB or CSTR-plug-flow systems, and re-
actors with integrated heat-recovery loops have been implemented. These solutions aim
to intensify mass transfer and biomass retention while at the same time reducing parasitic
energy demand [48,49]. As a result, they further strengthen both the kinetic performance
and the overall energy return of AD installations [28,41].

7. Factors Affecting the Anaerobic Digestion Process

Microorganisms driving AD are highly sensitive to operating conditions. The key
parameters determining performance are temperature, pH, OLR, HRT and SRT, C/N, in-
hibitors, and the quality of mixing and recirculation (see Figure 2). In addition to these
primary operational levers, the rheological properties of the sludge—governed by total
solids (TS) content, particle size and floc structure —critically condition mixing efficiency,
gas-liquid mass transfer and, ultimately, the achievable space-time methane productivity
in anaerobic digesters [18,21,36]. Matching these parameters to the substrate and local
conditions is essential for process stability, the rate of organic matter breakdown, the final
biogas yield, and, consequently, the energy yield achievable in practice. Even small devi-
ations from optimal values can reduce microbial activity and suppress methane produc-
tion [50,51].

Anaerobic
digestion
performance

Quality of HRT and SRT
mixing and
recirculation
Inhibitors C/N Sludge rheology
(TS, viscosity)

Figure 2. Key parameters determining the performance of anaerobic digestion (author’s own elab-

oration).

In view of the above, these factors operate as a coupled system: pH and temperature
define the kinetic window, HRT/SRT govern biomass retention, OLR sets the pace of con-
version, C/N balances growth and ammonia formation, inhibitors constrain pathway ac-
tivity, and mixing resolves mass-transfer limits. When tuned together, they shift the pro-
cess from constraint-limited to rate-limited operation and improve the net energy balance
[52].
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7.1.pH

pH in the digester is critical to overall stability —it directly affects microbial activity,
biochemical pathways, and the final biogas yield. Different microbial groups have differ-
ent pH requirements, with methanogens most active near neutrality, whereas acidogenic
microflora thrives at slightly acidic values. This divergence supports designs that physi-
cally or operationally separate early acid formation from methane synthesis [53-56].

Accordingly, kinetically, pH governs enzyme activity and carbonate buffering, while
also setting ammonia speciation that modulates methanogenic rates. Operational practice
targets a narrow working window (6.8-7.4) with resilience up to 6.5-8.2 when alkalinity
is adequate; VFA/alkalinity ratios below common alarm thresholds indicate headroom
against upsets. Routine titration alkalinity and online pH-TAN checks enable early cor-
rection of emerging imbalances, protecting methanogenic rates and preserving the net en-
ergy balance. Maintaining this control prevents VFA-driven acidification, sustains specific
methane production rates, and protects volumetric productivity and energy yield [57].

7.2. Temperature

In AD practice, two temperature windows are widely recognised [58,59]. Thermo-
philic operation (55-60 °C) speeds decomposition and enhances sanitation, while meso-
philic operation (35-40 °C) offers broader stability and lower auxiliary energy demand
[60-62]. The choice of regime reflects feedstock character, heat availability, and control
objectives. From a kinetic-energetic standpoint, thermophilic set-points are warranted
when the gain in space-time methane productivity demonstrably exceeds the additional
thermal and mixing energy at the target OLR/HRT [63,64]. For variable or inhibition-
prone feeds, mesophilic operation often maximises net energy by preserving stability and
minimising downtime-related losses.

Given these considerations, temperature sets the kinetic ceiling (typical Q10 = 2):
higher set-points accelerate reactions and can reduce the HRT required for a given con-
version, but narrow the tolerance to disturbances and raise thermal demand [63]. Ther-
mophilic regimes therefore benefit most when integrated with heat recovery (e.g., CHP)
[65], whereas mesophilic operation trades lower maxima for robust, energy-efficient sta-
bility [66,67].

7.3. Hydraulic Retention Time and Solids Retention Time

SRT denotes how long microorganisms and suspended organics remain in the diges-
tion chamber, while HRT reflects the hydraulic turnover. Both parameters are pivotal for
process stability and biogas productivity and must be tuned to substrate degradability
and loading strategy [68,69]. In practice, designs that decouple SRT from HRT (e.g., gran-
ular sludge, carrier-based retention or membrane separation) permit higher OLR while
maintaining methanogenic activity and process robustness [70]. Under mesophilic condi-
tions, wet CSTRs treating readily degradable organic wastes such as food waste are com-
monly operated at HRTs of about 1040 days, whereas mono-digestion of cattle slurry or
dairy manure typically employs HRTs of approximately 20-30 days. Nitrogen-rich poul-
try manure and slowly degradable energy crops often require HRTs above 30 days, in
some cases approaching 60 days [68,70,71].

In light of the foregoing, for sustained methanogenesis, SRT should exceed HRT so
that slow-growing archaea are retained and hydrogen is scavenged before VFAs accumu-
late. Typical mesophilic practice spans SRT on the order of weeks, with wet CSTR HRT
matched to OLR and degradability to balance utilisation and stability. Optimising this
pair maximises space-time methane yield and strengthens the net energy balance at plant
scale [70-76]. When co-substrates are incorporated, co-digestion of livestock manure with
readily fermentable organic wastes (e.g., food waste or selected agro-industrial residues)



Energies 2025, 18, 6262

17 of 29

often permits operation at similar or slightly shorter overall HRT while maintaining or
increasing specific methane yields. In contrast, co-digestion with lignocellulosic residues
generally requires somewhat longer HRT if high conversion of structural carbohydrates
is targeted [69,73,76]. Moreover, excessively long SRT can increase endogenous respira-
tion and solids handling requirements, partially offsetting energy gains unless wastage
and loading are actively controlled [74-76].

7.4. Carbon-to-Nitrogen Ratio

C/N is one of the most influential parameters for stable AD. If C/N is too low, excess
nitrogen promotes ammonia formation, and if it is too high, nitrogen becomes limiting for
microbial growth. Co-digestion is a practical lever to bring mixed feeds into the desired
window. Routine elemental characterisation of feeds and forward planning of blend ratios
help maintain C/N within bounds before inhibitory TAN builds up [77-80].

On this basis, mechanistically, C/N governs biosynthesis versus ammonia release and
shifts the process either towards inhibition at low C/N with high TAN/FA or towards
nutrient limitation at high C/N. Operationally, a target range around 20:1-30:1, often near
25:1, supports steady methanogenic kinetics. Keeping C/N in range raises conversion rates
and improves energy yield through higher and more stable methane productivity. In prac-
tice, simple ratio control and incremental adjustments to co-substrate dosing sustain the
target C/N despite seasonal variability in feed composition [81,82].

7.5. Inhibitors

As a complex, multi-guild bioprocess, AD is sensitive to inhibitory compounds. Am-
monia, sulphide and long-chain fatty acids are among the most common chemical stress-
ors; heavy metals and phenolic organics may also impair key enzymes. Transient accu-
mulation of propionate frequently signals a kinetic imbalance upstream. Elevated TAN
with rising free ammonia, dissolved sulphide above cautionary levels, and LCFA pulses
from lipid-rich feeds are typical early warnings. Practical diagnosis relies on concurrent
tracking of pH, VFA profiles, alkalinity, TAN/FA, and sulphide alongside gas-rate trends.
Targeted responses should be initiated before thresholds are exceeded to avoid rate col-
lapse and secondary inhibition [69,83].

As a result, ammonia toxicity increases with pH and temperature as the free-ammo-
nia fraction rises and directly suppresses methanogens, which erodes methane rates [84].
Dissolved sulphide inhibits acetogens and methanogens and degrades gas quality,
whereas LCFA adsorb to biomass and impede syntrophic -oxidation [69,85]. Mitigation
relies on co-substrate choice and dosing, micronutrient management, phased loading, and
gas/liquid handling that limits inhibitor build-up, actions that stabilise kinetics and pre-
serve the net energy balance. Crossing inhibitory thresholds shifts control back to up-
stream steps, lengthens the effective HRT, and lowers volumetric methane productivity.
Restoring concentrations below inhibitory ranges re-establishes rate coupling across
phases and improves specific and space-time energy yields [51,84-90].

7.6. Mixing and Recirculation

Mixing and recirculation are key technological levers for efficiency and stability.
Their primary function is to maintain homogeneity, equalising temperature and pH and
sustaining contact between microorganisms and substrates. Insufficient mixing yields
stratification and local acidification; excessive mixing may shear flocs and reduce biomass
retention [91,92]. Impeller geometry (diameter-to-tank ratio, blade type, tip speed) and jet-
recirculation rate should be matched to sludge rheology (TS, viscosity, gas hold-up) to
secure a uniform residence-time distribution and eliminate dead zones without over-
shear.
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From a kinetic perspective, mixing lowers diffusion resistance and shortens the time
to effective conversion at a given HRT, but incurs auxiliary energy costs and must avoid
destructive shear. Plant practice typically targets modest specific mixing power in wet
digesters and uses recirculation to eliminate dead zones and sludge build-up. Well-tuned
mixing improves volumetric methane productivity without eroding energy performance
[93-97]. Intermittent or variable-speed control —triggered by torque, biogas rate, or real-
time gradients —maintains homogeneity at lower specific energy input while preserving
floc integrity.

7.7. Organic Loading Rate

OLR is among the most important technological parameters governing AD stability
and performance [57]. As the principal loading set-point, it governs the balance between
acidogenesis and methanogenic uptake. Too low a value underutilises the reactor and fails
to stimulate methanogens [98]. Excessive loading drives VFA accumulation and pH de-
cline, increasing the risk of instability [99,100]. Practical set-points should be tied to sub-
strate degradability and real-time VFA/alkalinity ratios to prevent rate—capacity mis-
match.

In view of the above, effective control matches OLR to realised kinetics and buffering
capacity, often by stepwise increases that allow acclimation [101]. Wet CSTRs treating ma-
nure-type feeds commonly operate in a modest load band [102]. Food-waste co-digestion
and dry plug-flow systems may sustain higher loads when mass transfer and stability are
preserved [103]. The online monitoring of VFAs, alkalinity, and gas-rate, coupled with
incremental feeding, maintains conversion while protecting the energy balance [104].

Overall, pH and temperature define the kinetic window, HRT/SRT and mixing de-
termine accessible rates, C/N and inhibitors constrain pathway capacity, and OLR fixes
the pace of conversion. Aligning all seven factors moves AD from constraint-limited op-
eration to stable, energy-positive performance. In practice, coordinated control that links
OLR ramps to measured kinetics within the pH-alkalinity buffer delivers the highest me-
thane space—time yields at the lowest auxiliary energy cost.

8. Kinetic and Thermodynamic Interrelations in Methanogenic
Fermentation Under Operating Conditions

The kinetics of anaerobic digestion are governed by three interacting groups of fac-
tors: substrate composition and biodegradability; the balance between OLR and retention
times (HRT/SRT); and environmental parameters that modulate enzyme activity and the
phase balance [105].

From a kinetic perspective, anaerobic digestion can also be described in terms of the
specific microbial growth rate (L, expressed as the increase in active biomass per unit bi-
omass and time, e.g., d), the specific substrate uptake rate (q_S, substrate consumed per
unit biomass and time, e.g., g COD_S g VSS d-1), and the specific product formation rate
(q_P, product—here methane —formed per unit biomass and time, e.g., L CHas g1 VSS d-1).
These rates are complemented by yield coefficients: biomass yield on substrate (Y_X/S,
active biomass formed per substrate consumed, e.g., g VSS g COD_S), product yield on
substrate (Y_P/S, product formed per substrate consumed, e.g., L CHs g' COD_S), and
product yield on biomass (Y_P/X, product formed per unit of active biomass, e.g., L CHa
g™ VSS) [106]. For methane, treated here as a primary metabolite under steady-state con-
ditions, q_P is closely linked to p and Y_P/X, so that an increase in specific growth rate or
in product yield on biomass directly enhances the specific methane production rate and,
consequently, the volumetric methane productivity of the reactor [107]. In practice, these
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parameters cannot be measured directly at full scale; however, they are reflected in rou-
tinely monitored operational indicators such as specific methanogenic activity (SMA,
maximum methane production rate per unit methanogenic biomass under defined condi-
tions, e.g.,, mL CHa4 g VSS d1) [108], volatile fatty acid concentrations (VFA, usually ex-
pressed as acetic acid equivalents), the VFA/alkalinity ratio (dimensionless ratio of total
VFA to buffering capacity, e.g., as CaCOs) [109], and the propionate/acetate ratio (molar
or mass ratio of propionate to acetate), which together signal whether substrate conver-
sion in the acidogenic and acetogenic phases is temporarily outpacing the methane-form-
ing capacity of the system [110,111].

In the literature, these kinetic descriptors are usually reported as broad ranges that
together provide an order-of-magnitude picture of substrate consumption, biomass for-
mation and methane production in full-scale anaerobic digesters [79,106]. For mesophilic
agricultural and agro-industrial plants, methane yields of roughly 0.2-0.3 Nm? CHs kg!
VS and daily volumetric productivities of about 0.5-1.0 Nm? CHs m= d-! are commonly
cited as representative of stable operation [1,28,89]. Under such conditions, biomass yields
on substrate remain comparatively low, which confirms that only a minor fraction of the
degraded organic matter is incorporated into new biomass, whereas most of it is chan-
nelled into methane and carbon dioxide [106]. The reported values of specific methano-
genic activity for well-acclimated sludges fall into a similar, relatively narrow band and
are consistent with these volumetric productivities when realistic concentrations of active
biomass in industrial reactors are taken into account [106,107].

Expressed in space-time terms, the above ranges correspond to hourly volumetric
productivities in the order of 0.02-0.04 Nm?® CHs+ m= h', which can be conveniently con-
verted into COD units and thus into g L h™ [79,89,96]. In practical terms, these values
define a realistic performance window for industrial biogas plants: for a given substrate
and organic loading rate, persistently lower hourly methane productivities suggest that
one or more kinetic steps (most often hydrolysis or hydrogen-dependent acetogenesis) are
limiting overall conversion, whereas attempts to operate far above this window tend to
promote an accumulation of intermediates, deterioration of VFA-based control ratios, and,
ultimately, the loss of process stability [79,89]. In this way, yield coefficients and hourly
volumetric productivity parameters provide a coherent, literature-supported framework
for linking substrate consumption, biomass growth and methane formation in industrial
anaerobic digestion [28,106].

The kinetic descriptors and performance ranges outlined above are, however, ulti-
mately shaped by the nature of the feedstock and its inherent biodegradability. A higher
share of readily biodegradable fractions (simple sugars, starch, and hemicelluloses) accel-
erates hydrolysis and shifts the bottleneck from polymer breakdown to downstream
phases (acidogenesis—acetogenesis—-methanogenesis) [107,112]. In contrast, high lignin
and lignocellulosic structure lower the effective hydrolysis constant, making hydrolysis
rate-limiting [113,114]. Feedstock selection and balance—especially C/N—set the maxi-
mum growth rates of the microbial consortia: excess nitrogen favours free ammonia (FA,
unionised NHs) formation and methanogen inhibition, whereas the nitrogen deficit limits
biomass growth and conversion rates [115].

On this substrate-controlled kinetic background, process interventions are primarily
aimed at modifying accessibility and stoichiometry. Within this context, pretreatment
(mechanical, thermal, chemical, biological) acts as a “catalyst of accessibility”: by disrupt-
ing structure, it increases reactive surface area and access to polymers, raising the effective
hydrolysis constant and allowing operation at higher OLR without overloading [116,117].
Co-digestion of nitrogen-rich with carbohydrate-rich substrates corrects C/N and reduces
the likelihood of inhibitors (FA/NHs, long-chain fatty acids, LCFA), indirectly stabilising
downstream kinetics [118]. OLR is the main operational lever, but must be balanced with
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HRT and SRT. Rapid OLR increases at fixed HRT promote VFA accumulation and pH
decline —shifting from kinetic limitations to buffer/transport limitations [119]. If SRT ap-
proaches HRT (no biomass retention), slow-growing methanogens risk being washed out,
impairing hydrogen consumption and, in turn, thermodynamically sensitive acetogenesis.
A robust strategy is gradual OLR escalation while maintaining SRT > HRT (granulation,
immobilisation, sludge recirculation), sustaining high active-biomass density and fast
conversion without overloading [120].

Once substrate accessibility, stoichiometry, and loading have been aligned, environ-
mental parameters tune the realised rate constants. Temperature follows Arrhenius-type
behaviour: thermophilic regimes raise reaction rates and shorten HRT but narrow the sta-
bility window; mesophilic regimes provide lower maxima yet a broader stable range. pH
is equally critical: methanogenesis peaks near neutrality, whereas acidogenesis favours
mildly acidic conditions. This underpins two-stage systems or, in single-stage reactors,
tight control of VFA/alkalinity to prevent pH drifting below the methanogenic activity
window [121]. The kinetic “keystone” of AD is the syntrophic coupling between acetogens
and methanogens via hydrogen. Many acetogenic conversions are unfavourable at ele-
vated Hz partial pressures; only continuous Hz uptake by hydrogenotrophic methanogens
maintains low pH: (partial pressure of hydrogen) and renders these reactions exergonic.
In practice, the rate of hydrogenotrophic methanogenesis sets the feasible rate of aceto-
genesis—determining whether the system accumulates propionate/butyrate or sustains
rapid carbon flow to acetate and methane [122,123]. Mixing and circulation shift the
boundary between diffusion- and kinetics-controlled regimes: well-designed mixing min-
imises boundary layers, homogenises composition and temperature, and maintains per-
sistent substrate-biomass contact [124]. This brings observed rates closer to biological ca-
pacities rather than mass-transfer limits. Over-mixing can, however, disrupt granules and
flocs, reducing effective active-biomass concentration; under-mixing produces dead zones,
local pH drops, and secondary inhibition. Kinetically, the optimum minimises diffusion
resistance without structural damage [125]. Micronutrient management also shapes meth-
anogenic pathways: Ni, Co, Fe, and Mo are cofactors of key methanogenic enzymes—
deficiency reduces maximum rates and prolongs adaptation, while excess heavy metals
are toxic [126]. Operationally, coupling kinetics with sentinel indicators—VFA/alkalinity
ratio (preferably < 0.3), propionate/acetate ratio (rising values signal stress on Ha
syntrophy), specific methanogenic activity (SMA), and trends in CHs% and gas flow—
supports timely adjustments in OLR, HRT, buffering, mixing intensity, and micronutrient
dosing before stability is lost [127].

The relationships discussed above are synthesised in a colour-coded, keyword-based
schematic (see Figure 3). It condenses substrate accessibility and C/N balance (via pre-
treatment and co-digestion), the OLR-HRT/SRT balance, and the temperature-pH win-
dow into one operational view. The diagram also highlights H»-based syntrophy and the
control indicators that anchor real-time optimisation.

Figure 3 provides a concise, keyword-based synthesis that links kinetic determinants
with practical control. It encodes an operational rule: first enhance accessibility (pretreat-
ment/co-digestion) to move the bottleneck beyond hydrolysis, then increase OLR only
while maintaining SRT > HRT and low pH: via hydrogenotrophic methanogenesis; the
VFA/alkalinity and propionate/acetate ratios serve as early-warning indicators of imbal-
ance. In practice, secure substrate accessibility and stoichiometric balance, tune OLR
against HRT/SRT within the appropriate temperature-pH window while sustaining low
pHz, and keep indicators (VFA/alkalinity, propionate/acetate, SMA, CHs% and gas flow)
within guard-bands to maintain a kinetically driven, resilient regime with maximised me-
thane yield and minimal instability risk.
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Figure 3. Colour-coded keyword map of kinetic—thermodynamic interrelations in anaerobic diges-

tion (author’s own elaboration).

In practical terms, accessibility and stoichiometry should be secured before loading
is increased. Matching OLR to HRT and SRT with sustained biomass retention preserves
hydrogen uptake and keeps acetogenesis feasible. Operating under these conditions
maintains a kinetics-driven regime with stable methane rates and low risk of instability.

9. Conclusions

Methane yield and process stability in AD depend on the coupling of phase kinet-
ics—hydrolysis, acidogenesis, acetogenesis, and methanogenesis—with informed design
and disciplined control. Performance improves when the rate-limiting step is identified
and relieved, operation is kept within an appropriate pH-temperature window, and suf-
ficient biomass is retained to support slow-growing methanogens. In this review, these
relationships are illustrated using typical literature ranges of methane yields, biomass
yields and volumetric—including hourly —methane productivities reported for full-scale
agricultural and agro-industrial digesters.

Building on these considerations, the following six conclusions translate these prin-
ciples into operational guidance across substrates, pretreatment, reactor configuration,
operating factors, kinetic-thermodynamic relations, and monitoring.

1. Substrates and co-digestion. Feeds should be selected and blended to hold C/N near
the optimal range and to minimise precursors of inhibition such as free ammonia,
long-chain fatty acids and sulphides. Co-digestion is most effective when it first cor-
rects stoichiometry and buffering capacity and only then enables a controlled in-
crease in organic loading once hydrolytic constraints have been reduced.

2. Pretreatment. Mechanical, thermal, chemical, or biological pretreatments are war-
ranted when substrate structure makes hydrolysis rate-limiting. Adoption should be
contingent on a positive net balance where gains in space-time methane productivity
exceed additional thermal, mixing, and reagent demands. Heat recovery and integra-
tion with cogeneration improve viability where thermal steps are applied.

3. Reactor configuration with respect to kinetics and energy. Designs that decouple sol-
ids retention from hydraulic residence —by granulation, carriers, or staged layouts—
support higher loadings at stable methane rates. Mesophilic operation generally
maximises net energy for variable or inhibition-prone feeds, whereas thermophilic
set-points are justified when the increase in productivity outweighs thermal demand
and narrower stability margins. In wet CSTRs, variable-speed agitation and adequate
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buffering sustain homogeneity without excessive power draw. In dry plug—flow sys-
tems, mild recirculation improves contact and alleviates diffusion-limited hydrolysis.
Across configurations, operating practice should match loading to realised kinetics
and maintain SRT greater than HRT to protect methanogenesis.

4. Operating factors. pH should be controlled around 6.8-7.4 with resilience up to about
6.5-8.2, where alkalinity is sufficient. Temperature choice should reflect measured
kinetic benefit against energy cost and disturbance tolerance. Mixing must homoge-
nise the medium and lower diffusion resistance while preserving floc or granule in-
tegrity. Organic loading is best increased in steps and referenced to contemporane-
ous VFA and alkalinity trends to avoid a mismatch between conversion capacity and
feed rate.

5. Kinetic-thermodynamic interrelations. Low hydrogen partial pressure should be
maintained through active hydrogenotrophic methanogenesis so that syntrophic
acetogenesis remains favourable. This requirement elevates the importance of bio-
mass retention, conservative ramping of load and prompt control actions that pre-
vent accumulation of inhibitory intermediates.

6. Monitoring and control. Early-warning indicators such as the VFA to alkalinity ratio,
the propionate to acetate ratio, specific methanogenic activity, methane content, and
gas-rate trends should trigger timely adjustments to loading, residence times, buffer-
ing, mixing intensity, and micronutrient supply. Coordinated use of these measure-
ments shifts operation from constraint-driven to rate-controlled and delivers high,
durable methane productivity.

This review synthesises the topics of substrates, pretreatment methods, reactor types,
and operating factors into a coherent operational framework that links each design and
process-control decision to phase-specific rate management and net energy outcomes. It
formulates practical implementation principles: improving substrate accessibility before
increasing loading, maintaining biomass retention so that SRT exceeds HRT, reducing dif-
fusion resistance without destructive shear, and selecting temperature and pH within de-
fined stability ranges. In addition, it harmonises decision criteria that support reactor de-
sign and day-to-day operation, establishing a framework that enables predictable control
of kinetics and maximisation of methane yield while maintaining a positive energy bal-
ance. In comparison with previous partial reviews, this study provides new substantive
and practical insights into the kinetic and energetic optimisation of anaerobic digestion
systems.

A key practical conclusion is that high methane yields are not achieved through ex-
treme adjustment of individual operating parameters. They depend on the coordinated
management of substrate accessibility, stoichiometry, loading, hydrodynamics, tempera-
ture, and monitoring within biologically and thermodynamically consistent windows. Fu-
ture research should link multi-step kinetic descriptions with real-time monitoring data
and plant-scale energy assessments. Such integration will support advanced control, dig-
italisation, and the robust scale-up of AD as a reliable component of low-carbon energy
systems.
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