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1.1 Introduction 

The last two decades have witnessed the expansion of global livestock production in the 

agricultural sector [41]. Meanwhile, small, scattered animal holdings have been 

progressively replaced by intensive and centralized livestock facilities, leading to an 

increased impact on the environment. Nowadays, the mass-production of animals in 

factory-like farms to satisfy food requirements of human beings generates a staggering 

amount of manure annually [32]. Hence, understanding how to manage such a huge 

amount of manure generated daily is challenging and wise utilization of on-farm manure 

waste is definitely in demand. This urgent situation also applies to dairy farms, where on 

average; 46~60 kg manure is produced per cow per day [25]. Traditionally, cow manure 

(CM) can be spread on land directly as fertilizer to stimulate the growth of crops. 

However, farmers are now facing an increasing scarcity of arable surface to apply such 

amount of CM as fertilizer and, therefore, the excess of manure must be adequately 

treated [19]. Otherwise, the same nutrients that make CM a valuable commodity also 

threaten the environment. For instance, manure storage and spread in the open air, 

particularly in regions with high rainfall, result in up to 70% nitrogen loss within 24 h 

through ammonia (NH3) volatilization and nitrate (NO3
−) leaching [26]. Leaching of 

phosphate and potassium also occurs during the storage or spread. These nutrients are lost 

via run-offs and eventually accumulate in surface water or groundwater. Accumulation 

of nutrients (N, P) in surface water leads to detrimental eutrophication, which imposes a 

significant threat to the aquatic ecosystem [33]. Additionally, the organic fraction of CM 

contributes to global warming owing to its indigenous microbes (Bacteria and Archaea), 

which slowly degrade the undigested fibers, oligomers, fatty acids, and crude proteins to 

generate CO2 and CH4 [4,18,47]. Finally, raw CM may contain pathogens and medicine 

rests (e.g., antibiotics), impacting the microbial community of the soil receiving the 

manure waste [13]. Anaerobic digestion (AD), in this regard, has attracted considerable 

attention to contribute to the handling and treatment of the excess amount of CM; it has 

the potential of converting complex organic material into biogas. Some AD 

configurations (such as thermophilic AD or two-stage AD), together with some generated 

intermediates in AD (fatty acids or ammonia) can induce pathogens destruction by break-

up of the gel structure and cell lysis (thermophilic temperature) or by altering the 
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intracellular/extracellular K+/NH3 ratio in pathogens [48]. The liquid fraction (digestate) 

that remains after AD can be concentrated and applied as soil fertilizer as long as they 

meet certain criteria [46]. The applied digestates ownwith low greenhouse gas (GHG) 

emission potential since most of CM’s organic material has been converteddegraded into 

biogas.  

1.2 Anaerobic digestion 

AD is not a newly emerged treatment process for organic waste. The first study on AD 

was conducted by Alessandro Volta, who studied the relationship between organic 

loading and gas production in 1776. Later, in 1804~1808, John Dalton and Humphrey 

Davy found that the combustible gas generated from the decomposition of organic 

materials is methane [1]. AD has long been used as an energy-providing technology, 

especially in Asian countries such as China and India. In Europe, especially in Germany 

where more than 10,000 biogas plants are currently operated, AD is widely adopted [8]. 

As a biomethanation process, AD is usually divided into four phases (Fig. 1). In the 

hydrolysis phase (1), enzymes decompose fats, cellulose, starch, proteins and other 

macromolecules into smaller, water-soluble, monomers: amino acids, long-chain fatty 

acids, and sugars. Facultative and obligate anaerobic bacteria excrete exoenzymes (e.g., 

cellulases, amylases, proteases, or lipases) to hydrolyse the macromolecules. In the 

acidogenesis phase (2), bacteria take-up the monomers and convert them into short-chain 

(C1~C5) ‘volatile fatty acids’ (VFAs), mainly lactic, propionic, butyric, and valeric acid; 

In the acetogenesis phase (3), where homoacetogenic microorganisms utilize the formed 

VFAs to produce acetic acid, CO2, and H2; In the methanogenesis phase (4), strictly 

anaerobic methanogenic Archaea act on the acetate, H2, and some of the CO2 to produce 

methane (CH4) via three pathways: a) acetotrophic pathway (4 CH3COOH 4 CO2 + 

4 CH4); b) hydrogenotrophic pathway (CO2 + 4 H2 CH4 + 2 H2O); and c) 

methylotrophic pathway (CH3OH + H2 CH4 + H2O) [26].  

As mentioned above, AD is a bioprocess driven by various anaerobic microbes that work 

synergistically to produce biogas containing mostly CH4 and CO2 and traces of other 

gasses (e.g., H2S, NH3). For a long time, researchers regarded these microbial guilds that 
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inhabited AD reactors as a ‘relatively unimportant group of organisms’ [20]. However, 

their fundamental roles in the development of economically feasible bioconversion 

processes utilizing cellulosic or organic waste materials for the production of valuable 

end-products were gradually recognized. Particularly, in AD of CM, attention should be 

paid to the microbes involved in the degradation of cellullosic materials in CM. These 

microbes are also known as hydrolytic microbes. The vital role of hydrolytic microbes 

comes from the fact that the volatile solids (fraction of CM which is responsible for biogas 

production) of CM contain more than 50% lignocellulosic compounds, which are resistant 

to hydrolytic microbes. The recalcitrance of lignocellulosic compounds thus leads to 

limited biogas production of CM in AD [16]. Therefore, one of the goals of this thesis is 

to investigate effective ways to improve the degradation of lignocellulosic compounds in 

CM. Preferably, the approach is biologically-featured to make the modification ‘green’ 

and environmentally-friendly, which is also the nature of AD. Equally important, 

understanding the dynamics of microbial communities, especially for hydrolytic microbes, 

could further consolidate the effectiveness of these AD modifications. By knowing the 

detailed metabolism of the hydrolytic microbes in AD of CM, one may also be able to 

develop complex microbial agents specifically for better degradation of lignocellulosic 

compounds of CM in the future.  
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Figure 1. Schematic description of anaerobic digestion divided into four consecutive processes from the 

hydrolysis of polymeric substrates to the formation of biogas (CH4 and CO2) via acidogenesis and acetogenesis. 

1.3 Microbial detecting tools 

For decades, the role of microorganisms present in AD digesters has been studied using 

conventional microbiological techniques. These methods were usually based on the 

isolation of pure cultures and their identification by morphological, metabolic and 

biochemical characteristics of the isolates [10]. However, the cultivation-based 

approaches to identify all members of biogas communities are intrinsically highly limited. 

The application of molecular biology techniques in AD development in the 90s was a 

revolution. These techniques, based on the properties and nucleotide sequences of 16S 

rRNA (18S rRNA for eukaryotic organisms), deepened our knowledge of the microbiota 

inhabiting the treatment systems to a previously impossible level. The 16S rRNA gene is 

the most widely used marker gene for the relationship between microorganisms and has 
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the most extensive reference databases [23,34,36]. Some of the techniques that started the 

molecular biology of AD, such as Denaturing Gradient Gel Electrophoresis (DGGE) or 

Fluorescent in situ Hybridization (FISH), are still used today [36]. However, these 

techniques are time-consuming and have relatively low-throughput [7]. Recent advances 

in sequencing technology such as high throughput sequencing (also known as Next 

Generation Sequencing (NGS)) have dramatically increased the yield of sequence data 

generated and therefore decreased the costs per nucleotide, making it feasible to rapidly 

sequence tens to hundreds of amplicon samples in a single run. The ability to process 

large numbers of samples is important as it allows the simultaneous examination of 

temporally and spatially resolved samples, which provides increased statistical power for 

correlation analyses [10]. 

We are now in the era of the -omics revolution. The application of high-throughput 

sequencing technologies (e.g., Roche 454 and Illumina sequencing platforms) to 16S 

rRNA gene amplicon sequencing has provided increased resolution for studying 

microbial communities in full-scale anaerobic digesters [14,40]. Correlation analyses 

between community composition and operational conditions such as, e.g., temperature 

and feedstock, showed that they strongly influence the community structure and can lead 

to changes in the primary pathway for methanogenesis [35,44,45]. Long-term temporal 

monitoring of digester performance coupled to microbial community composition has led 

to speculation that hydrolytic and fermentative populations rely on functional redundancy 

to maintain overall function. Furthermore, it has been suggested that resilience plays an 

important role in keeping syntrophic relationships in microbial populations [40].  

The increased resolution of high-throughput sequencing also revealed a previously 

unrecognized level of diversity [24,35]. For example, microbial communities in anaerobic 

digesters examined with clone libraries showed only 69 operational taxonomic units 

(OTUs) [31]. In contrast, two studies investigating full-scale anaerobic digesters with 

high-throughput sequencing led to the discovery of thousands of OTUs [14,40]. Since 

there is a link between microbial diversity and process robustness [40], a better 

understanding of the diversity can explain how a process can respond to changes in 

operational conditions. The increased depth in community profile analysis also allows us 



 
Chapter 1 Introduction 

 

-9- 

 

to study low abundant populations and their contribution to the process performance and 

stability. The 454 Roche platform (pyrosequencing) has been the most commonly used 

of the high-throughput sequencing technologies for microbial community composition 

analysis. However, this technology suffers from several limitations, such as 

homopolymer errors, leading to an overestimation of the number of rare phylotypes 

[3,6,29]. Pyrosequencing only generates short reads that span variable regions of the 16S 

rRNA gene (250~500 bp) [21] and, as a result, limits the taxonomic assignment of these 

sequences to the genus level. The Illumina MiSeq platform is becoming increasingly 

popular for 16S rRNA gene amplicon sequencing. It can generate longer paired-end reads 

(now up to 2 × 300 bp reads) and up to ten times more sequences per run [5]. Studies 

based on 16S rRNA-sequences enables functional insight into the anaerobic digestion 

process by searching for closely related, characterized cultured species [15,35,45].  

More recently, statistically robust quantitative comparisons between communities have 

become feasible with increasing sequencing depth and throughput. Direct, metagenomic 

sequencing of the community DNA pool complements rRNA gene-based characterization. 

The genomic DNA sequences provide insights into the physiological potential and 

expanding phylogenetic diversity characterization into the protein sequence space [37]. 

Metagenomic sequencing of anaerobic digesters reveals great phylogenetic and 

functional diversity. Furthermore, it can also help to understand the observations made 

with 16S rRNA gene sequencing on how reactor set-up, pretreatment methods, 

operational conditions and feedstock composition influence the community composition 

and function [28,43]. For example, many studies have reported dynamic microbial 

communities during stable reactor performance [9,40]. Metagenomics and operational 

performance data can be combined to analyze the functional redundancy in combination 

with metabolic diversity required to maintain process stability in AD reactors. Future 

advances in metagenomics will come through improved sequencing technology with 

increased throughput and longer read lengths, better algorithms for de novo assembly, 

and enhanced genome binning methods based on differential coverage profiles [2,21,22]. 

Within the next decade, metagenomics will be used to reconstruct thousands of near-

complete genomes from highly complex environments, including anaerobic digesters. 

These genomes will allow us to look at the metabolic potential of individual populations 
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performing a specific step in the anaerobic digestion process. For example, the emerging 

-omics data is challenging our previous understanding of the microorganisms involved in 

syntrophic acetate and propionate oxidation regarding diversity and functional potential 

[12,17]. By analyzing all the genomes of a community, we can determine whether there 

is a clear boundary between the various functional guilds or whether interactions and 

overlap in functionality exist. Moreover, these genomes will form the required reference 

database for other meta-omic approaches (metatranscriptomics, metaproteomics and 

metabolomics). Isolation strategies for key players can also be designed using genomic 

information [27,38], allowing the re-assembly of tailored communities which can be used 

as inoculum for anaerobic digesters or bioproduction processes in biorefineries. 

As mentioned above, metagenomics gives an overview of the metabolic potential and 

composition of the microbial community and convey the relative abundance of 

individuals within microbial communities. However, it does not necessarily reflect the 

real functional role of the organisms as the presence of a gene does not necessarily mean 

that the gene is expressed [30]. Metatranscriptomics, in addition to metagenomics, 

involves the sequencing of reverse transcribed mRNA extracted from a microbial 

community [34] and provides a way to measure in situ gene expression (Fig. 2). This 

method reduces the level of complexity seen in metagenomics by only sequencing those 

transcripts in the community that originate from expressed genes and most likely play a 

role in the metabolism [6,34].  
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Figure 2. A combination of molecular, chemical, isotope labelling and microscopy methods for determining 

the phylogenetic and functional diversity of a microbial community. Methods are derived from [39]. Briefly, 

high-throughput sequencing technologies (e.g. Roche 454 and Illumina sequencing platforms) to are applied to 

16S rRNA gene amplicon sequencing. Metagenomics is the random sequencing of genomic DNA extracted 

directly from a microbial community inhabiting a natural or engineered environment. Metatranscriptomics 

involves the sequencing of reverse transcribed mRNA extracted from a microbial community and provides a 

way to measure in situ gene expression. In metaproteomics, proteins are extracted from a mixed microbial 

community sample, followed by fractionation, separation using liquid chromatography and detection with 

tandem mass spectrometry (MS/MS). Metabolomics provides a qualitative and quantitative measure of all low 

molecular-weight molecules involved in metabolic reactions and required for the maintenance, growth and 

normal function of a microbial community. Eventually, approaches such as Microautoradiography (MAR) allow 

us to measure substrate uptake by specific populations, and visualize the spatial organization of the community, 

thus enhance our understanding of these processes. 

Metatranscriptomics using high-throughput sequencing platforms increases the 

sensitivity and specificity of measuring gene expression and allows identification of 

transcripts without prior knowledge of their nucleotide sequences [6]. To date, 

methodological challenges still exist and include low recovery of high-quality RNA from 

environmental samples, the short half-life of mRNA, difficulties enriching mRNA, and 
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bias related to cDNA synthesis and amplification [6,11,34]. Besides, only 2.6% of the 

metatranscriptome reads represent mRNA derived sequences, emphasizing the 

importance of mRNA enrichment from the total RNA pool [6,45].  

While the number of studies that applied metatranscriptomics to examine anaerobic 

digesters has been limited, this approach can discover highly expressed pathways 

involved in the conversion of organic feedstocks to biogas. Metatranscriptomics will 

allow that the function of individual populations can be determined, including the 

contribution of low abundance microorganisms to the overall process efficiency and 

stability [10]. Transcriptional level control of gene expression enables microorganisms to 

adapt rapidly to changing environmental conditions [6]. Therefore, metatranscriptomics 

can be used to measure immediate regulatory responses in anaerobic digesters to 

perturbations, changes in metabolite profiles, and shifts in the balance of functional guilds. 

Metatranscriptomics may provide an explanation for conflicting results observed in 16S-

based studies, such as the variation in the effect of substrate loading on reactor 

performance and stability [42], which may be related to shifts in gene expression levels 

or pathways used rather than changes in community composition. Responses to inhibitory 

factors such as ammonium, VFA accumulation and low pH on the community can be 

better understood and linked to performance using metatranscriptomics. By 

understanding the conditions under which pathways of interest are active, we may be able 

to drive a microbial community towards enhanced biodegradation and the formation of 

select high-value products. 

Scope of this thesis: 

In this PhD thesis, different approaches to improve the degradation of lignocellulose in 

CM and thus, enhance the methane production of CM were evaluated (Chapter 2). 

Specifically, co-digestion of CM and a lignin-poor substrate sheep manure (SM) was 

described in both batch and continuous system (Chapter 3). Bioaugmentation was 

demonstrated in detail from the screening of desirable microbial consortium to final 

application in both batch and continuous system (Chapter 4). Additionally, both 

metagenomics and metatranscriptomics techniques were used in these studies to help to 

elucidate the shift of the microbial community and locate core microbial guilds 
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throughout the AD process under different circumstances (Chapter 5). Finally, the overall 

conclusions and future outlook for improving anaerobic digestion and opportunities to 

deal with the surplus amount of cow manure are described (Chapter 6).  
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Abstract 

Cow manure represents a surplus manure waste in agricultural food sectors, which 

requires proper disposal. Anaerobic digestion, in this regard, has raised global interest 

owing to its apparent environmental benefits, including simultaneous waste diminishment 

and renewable energy generation. However, dedicated intensifications are necessary to 

promote the degradation of recalcitrant lignocellulosic components of cow manure. 

Hence, this manuscript presents a review of how to exploit cow manure in anaerobic 

digestion through different incentives extensively at lab-scale and full-scale. These 

strategies comprise 1) co-digestion; 2) pretreatment; 3) introduction of additives (trace 

metals, carbon-based materials, low-cost composites, nanomaterials, and microbial 

cultures); 4) innovative systems (bio-electrochemical fields and laser irradiation). Results 

imply that co-digestion and pretreatment approaches gain the predominance on promoting 

the digestion performance of cow manure. Particularly, for the co-digestion scenario, the 

selection of lignin-poor co-substrate is highlighted to produce maximum synergy and 

pronounced removal of lignocellulosic compounds of cow manure. Mechanical, thermal, 

and biological (composting) pretreatments generate mild improvement at laboratory-scale 

and are proved applicable in full-scale facilities. It is noteworthy that the introduction of 

additives (Fe-based nanomaterials, carbon-based materials, and composites) is acquiring 

more attention and shows promising full-scale application potential. Finally, bio-

electrochemical fields stand out in laboratory trials and may serve as future reactor 

modules in agricultural anaerobic digestion installations treating cow manure.  
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Abbreviations 

AA: aqueous ammonia; AD: anaerobic digestion; APW: aloe peel waste; AS: ammonia 

soaking; BET: Brunauer-Emmett-Teller; CM: cow manure; CG: crude glycerin; CODt: 

total chemical oxygen removal; EMF: electricity and magnet-assisted microelectrolysis 

fields; ESBC: exhausted sugar beet cossettes; EU: European Union; FR: forage radish; 

FW: food wastes; GHG: greenhouse gas; GWP: global warming potential; HC: 

hydrothermal cavitation; HRT: hydrolytic retention time; INPs: iron oxide nanoparticles; 

IPF: inverted phase fermentation; IZs: Iron Oxide−Zeolite System; LCA: life-cycle 

analysis; MSW: municipal solid wastes; MNs: micro nutrients; NPs: nanoparticles; OS: 

oat straw; PAA: peracetic acid; POME: palm oil mill effluent; PPF: palm pressed fiber; 

RS: rice straw; RSG: roadside grass; RMP: residual methane potential; SB: sheep bedding; 

SG: switchgrass; SM: sheep manure; SP: sweet potato; STW: spent tea waste; SW: 

seaweeds; TE: trace elements; TMCs: transition metal compounds; TPAD: temperature-

phased anaerobic digestion; TS: total solids; UP: ultrasonic pretreatment; VS: volatile 

solids; VFAs: volatile fatty acids; WIPs: waste iron powder; WS: wheat straw; ZVI: zero-

valent Iron.  

  



 

Chapter 2 Strategies to boost anaerobic digestion performance of  

cow manure: laboratory achievements and their full-scale application potential 

 

-22- 

 

2.1 Introduction 

Livestock is a significant contributor (40%) to the global agricultural revenue [153]. To 

meet the increasing demand for meat/dairy products, traditional scattered family-scale 

livestock farms have been gradually transferred into centralized ones in the past years. 

Consequently, those farms are ‘swamped’ by an enormous amount of manure generated 

continuously. This situation also applies to the European Union (EU), where 

approximately 1.2 billion tons of manure is generated annually [120]. Alongside this, cow 

manure (CM) holds a great share, which stands for more than half of the total amount of 

manure currently and will further reach around 75% in one decade [95].  A direct spread 

of CM as fertilizer for crop cultivation could be an option. However, CM may contain 

traces of antibiotics, heavy metals, and pathogens, which not only affect the plants by salt 

toxicity through the direct application but also the humans via the food chain of 

accumulated toxins [79]. Moreover, this approach may act as a potential source of water 

and air pollution. Water pollution, triggered by the overflowing of the slurry store or run-

off of the rain, can strongly affect aquatic life in terms of eutrophication [68,125,154]. 

Air pollution is ascribed to the emission of ammonia (NH3) and the greenhouse gasses 

(GHG) such as carbon dioxide (CO2) and methane (CH4) [32,85]. Great concern should 

be given to CH4, as its global warming potential (GWP) is 8-10 times higher than that of 

CO2 [55]. It is further pointed out by [111] that the emission rate of methane enjoys a 

triple amplification if manure is left uncovered for over 4 months. The quest for achieving 

a 40% GHG reduction and 27% improvement of renewable energy installed capacity in 

2030 has been set as a political target in the EU [44]. Anaerobic digestion (AD), in this 

regard, is gaining more attention as AD can guarantee simultaneous waste disposal and 

generation of biogas via a series of bioprocesses. AD installations have been widely 

adopted in dairy/beef sectors using CM to generate biogas [120]. Concomitantly, the 

output (digestates) of the AD facilities can be spread as fertilizer with an enhanced 

fertilizer characteristic and low GHG emission potential [84]. 

Despite the benefit of AD for the energy exploit of CM, its mono-digestion performance 

can be constrained by the initial characteristics of CM, such as low C/N ratio, which may 

lead to a poor AD efficiency. Therefore, a project was launched by introducing 
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carbonaceous wastes to compensate for the C deficiency of CM [95]. However, a 

geographical survey thoroughly reviewed the biogas production potential from crop 

residues (C-rich waste with high yield worldwide) and manure in the EU accounting for 

technical, regional, and economic constraints [42]. In other words, both wastes were 

segregated rather than concentrated in some areas, which made the available substrate 

mixture varied widely between regions (Fig. 1). On the other hand, cow digests the easily-

degradable part of the feed (grass or silage) with rumen microbes , making the leftover 

CM fibrous. These recalcitrant parts of CM (cellulose and lignin) could thus hamper the 

hydrolysis of CM in AD due to their complex structure [1, 139]. Ample operational 

experience is needed to decompose solid fractions (especially recalcitrant lignocellulose) 

in a better manner and reinforce the biogas production efficiency of CM to achieve 

simultaneous waste diminish and renewable energy generation via AD [37,157,150]. 

Intriguingly, CM is so common a substrate in AD, while recent updates of promotions on 

CM are rarely summarized. Conventionally, co-digestion and pretreatment are the most 

well-exploited approaches for AD of CM. While recently developed technologies such as 

various additives (carbon, metal, and biological additives) and innovative AD systems 

are seldom discussed. Moreover, the pilot-scale application potential of these strategies 

requires thorough investigation since AD is such a technology inherently practical in the 

disposal of waste streams in rural or urban areas. Hence, this chapter aims to present a 

holistic study on how to boost the AD performance using CM as the substrate, from both 

lab-scale and pilot-scale perspectives.  
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Figure 1. Estimated available crop residues and cow manure in the EU (source files are derived from [42]) 



 

Chapter 2 Strategies to boost anaerobic digestion performance of  

cow manure: laboratory achievements and their full-scale application potential 

 

-25- 

 

2.2 Properties of CM 

To better utilize CM through AD, the initial characteristics of CM should be determined. 

Accordingly, general CM has four distinguishing features: 1) high moisture and ash 

contents; 2) high lignocellulosic components (equal or more than 50%); 3) fruitful 

alkaline metals (buffer capacity) and 4) pronounced fermentable and methanogenic 

microbial guilds (Table 1). Particularly, high moisture (˃70%) discourages CM to directly 

participate in thermochemical processes to generate energy [50]. Hence, the introduction 

of AD to alternatively exploit the energy potential of CM seems reasonable. High ash 

contents, however, come either from sampling (contain soil for instance) or from the 

bedding materials (coarse sand for instance) used in dairy barns [124]. Moreover, the 

carbohydrate-rich diet of cows, together with recalcitrant lignocellulosic bedding 

materials (straws, sawdust, and composted CM) used for cleaning and collection purposes, 

results in a high lignocellulosic content of CM [50]. Additionally, CM possesses 

pronounced alkaline metals (Ca and Mg) obtaining from the cow’s feed additives. Those 

alkaline metals enable the high buffer capacity of CM in AD. Last but not the least, CM 

contains various fermentable microbes, making CM an inoculum well-suited for the start-

up of anaerobic digesters. All these features indicate that CM can serve as a suitable AD 

substrate, however, its refractory lignocellulosic compounds may hinder a better AD 

performance.  
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Table 1. Basic information of cow manure. 

  Dairy CM Beef CM Reference 

Proximate  

analysis 

Moisture (%) 

Volatile solids (VS) 

(%*) 

75.59 ± 9.22a 

60.60 ± 12.55a 

75.66 ± 7.82b 

64.58 ± 8.14b 

[124] 

[124] 

 Ash (%*) 28.20 ± 16.28a 22.64 ± 11.88b [124] 

Ultimate 

analysis 

C (%) 34.42 ± 8.96a 37.64 ± 6.16b [124] 

 H (%) 4.91 ± 1.39a 5.26 ± 1.12b [124] 

 O (%) 30.44 ± 8.54a 31.90 ± 6.81b [124] 

 N (%) 1.92 ± 0.50a 2.16 ± 0.64b [124] 

 S (%) 0.65 ± 0.4a 0.59 ± 0.28b [124] 

 C/N 17.9a 17.4b [124] 

Mineral 

elements 

P (g/kg) 6.00 ± 3.33a 6.07 ± 4.12b [124] 

 K (g/kg) 9.39 ± 7.30a 12.04 ± 8.16b [124] 

 Na (g/kg) 2.29 ± 1.73a 3.33 ± 4.53b [124] 

 Ca (g/kg) 16.01 ± 15.59a 12.40 ± 11.05b [124] 

 Mg (g/kg) 8.59 ± 3.72a 6.54 ± 3.07b [124] 

 Fe (g/kg) 4.04 ± 3.14a 3.23 ± 2.88b [124] 

 Cu (mg/kg) 66.42 ± 173.24a 56.17 ± 87.94b [124] 

 Zn (mg/kg) 156.83± 130.89a 132.62 ± 65.44b [124] 

Compositional 

analysis 

Cellulose (%) 

Hemicellulose (%) 

15.31 - 29.00 

14.05 - 19.00 

22.91 - 42.00 

20.00 - 26.70 

[20,36,63,84,167] 

[20,36,63,84,167] 

 

Microbial 

analysis 

(Bacteria) 

 

 

Microbial 

analysis 

(Archaea) 

Lignin (%) 

Firmicutes (%) 

Bacteroidetes (%) 

Lentisphaerae (%) 

Proteobacteria(%) 

Cyanobacteria(%) 

Methanomicrobia(%) 

Methanobacteria (%) 

Methanoplasma (%) 

13.97 - 16.00 

46 

36 

6 

5 

2 

67 

27 

5 

8.09 - 14.00 

- 

- 

- 

- 

- 

- 

- 

- 

[20,36,63,84,167] 

[105] 

[105] 

[105] 

[105] 

[105] 

[105] 

[105] 

[105] 

Notes: a 217 dairy manure samples from China; b 137 beef manure samples from China; * percentage of Total Solids 

(TS, determined as 100%-moisture) 
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2.3 Co-digestion 

2.3.1 Process description  

Anaerobic co-digestion refers to a strategy adopted in case the C/N ratio in the targeting 

substrate is not optimal for mono-digestion. Specifically, for CM, a C-rich co-substrate 

(mainly crop residues) is highly preferred to reach an optimal C/N ratio between 15-30. 

Or, for researchers who conducted co-digestion of CM and other substrates, they claimed 

that the strong buffer capacity of CM paved the path for enhanced methane yield 

compared with mono-digestion. In other words, the absence of CM may lead to the 

inhibition in mono-digestion of the given substrate (such as municipal solid wastes 

(MSW)). Under such circumstances, numerous researchers have focused on this simple 

yet effective AD intervention approach, and concomitantly, most of them have obtained 

an improved methane production compared with digesting CM alone. However, when we 

checked out the C/N ratio of CM in those peer-reviewed papers, we found out that most 

of the C/N ratio fell into the optimal range (15-30) for AD [50]. This observation indicates 

the unique character of CM among the different types of manure waste. Indeed, concern 

still exists due to the high amount of nitrogenous compounds in manure, which may act 

as a potential inhibitor in AD. However, CM contains a relatively low amount of nitrogen 

components compared with frequently used pig and poultry manure [92,127]. Besides, 

CM is rich in nutrients and can provide strong buffer capacity, and thus, CM seems more 

robust than other manures in AD [50]. Therefore, the alleviation of ammonia inhibition 

when CM is used in AD seems not that urgent and should not be the priority of co-

digestion. Additionally, CM is categorized as lignocellulosic waste due to its high amount 

of lignocellulose (50% in dry matter), which is relatively low in other types of manure 

[73]. Hence, to make full use of CM to produce methane via co-digestion, attention should 

be paid to how to improve the degradation of recalcitrant lignocellulose in CM. Taken 

this focus into account, we retrospect these papers and try to figure out if co-digestion of 

CM and organic wastes promotes the degradation of lignocellulose in CM. Unfortunately, 

limited information is documented in these published papers as most of the authors 

emphasize the improvement of methane yield compared with CM alone. Undeniably, an 

enhanced methane yield is the ultimate purpose of both engineers and biogas plant 
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operators who would expect payback on the investment of the AD installation. Co-

digestion could treat various wastes at the same time, which is also beneficial for regional 

waste disposal. As a scientific researcher, one would like to dig a step deeper, for example, 

where does the improved methane yield come from? Does the improved methane yield 

come from the enhanced degradation of the lignocellulose of CM or does it come from 

the contribution of the co-digestion partner? To answer these questions, we introduced an 

equation known as a synergistic effect equation [84]: 

Mmixture,i=MCM,i × Y1% + MCS,i × Y2%                                                                                      (1) 

Where i= timespan of AD (d), Mmixture,i= simulated methane yield of the mixture at the ith 

day (mL/g VS), MCM,i = methane yield of CM at the ith day, Y1% = the percentage of CM 

in the mixture (%), MCS,i= methane yield of the co-substrate at the ith day, and Y2% = the 

percentage of the co-substrate in the mixture (%). 

Then the difference between the simulated methane yield and the observed methane yield 

is regarded as the synergy. Moreover, the degradation of lignocellulose in all co-digestion 

experiments is also discussed here to elucidate the effect of co-digestion better. 

2.3.2 Laboratory studies of co-digestion 

Wheat straw (WS), which is the second abundant agricultural waste in the world, is a 

typical substrate used in AD. Mono-digestion of wheat straw may experience a 

constrained performance due to high lignocellulose content, which hampers the 

hydrolysis step. Besides, its high C/N ratio (100) exceeds the recommended optimal C/N 

ratio in AD. Hence, co-digestion of CM and WS was an excellent match as indicated by 

[155] who replaced 5% fresh weight of CM with WS (shredded and briquetted) and 

obtained a 29%-31% enhancement compared with digesting CM alone. However, in 

similar research, [116] co-digested CM with WS and discovered that there was no 

apparent enhancement compared with digesting CM or WS alone. Likewise, [80] reported 

both negative and positive synergy (-3.6% - 5.8%) when co-digesting CM and rice straw 

(RS) compared with digesting CM alone. In contrast to Li’s research, [132] obtained 

apparent synergistic effects when CM and RS were mixed, especially at a high CM 

addition (˃50%). Moreover, a shorter lag phase was also observed in the co-digestion 
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experiments than in CM alone. Among the aforementioned research, only [155] listed the 

composition of cellulose and hemicellulose before and after AD. According to their 

statement, an improved methane performance in the co-digestion comes from an 

improved degradation of cellulose and hemicellulose in AD. 

Switch grass (SG) is a perennial crop with low fertilization and pest control requirements. 

It serves as a suitable energy grass for the production of bio-fuel. [168] co-digested CM 

and SG and found an improved methane yield up to 39% compared with digesting the 

individual substrates alone. Besides, the co-digestion experiments showed an accelerating 

methane production rate compared with CM alone, but detailed information on the solid 

component removal was not reported. On this subject, a recently published paper focused 

on the co-digestion of roadside grass (RSG) and CM in a pilot-scale fermenter [15]. Two 

filling strategies of the reactor (layer and mixture) with CM and RSG at different mixing 

ratios were compared. In both situations, an improved methane yield (24%) was obtained 

compared with low RSG addition. However, the increased methane yield was not derived 

from an improved degradation of cellulose and hemicellulose in CM. Most likely, the 

enhanced methane yield was from the addition of readily fermentable substrates present 

in the RSG. 

Aloe peel waste (APW), a common agricultural waste in China which requires proper 

disposal, was co-digested with CM in AD [65]. Apparent synergistic effects of the blends 

were identified throughout the experiment, with CM:APW = 1:3 reaching the maximum 

synergy (24.5%).  Following this optimal ratio, the same group introduced vermiculite as 

additives and obtained a further methane enhancement (51.2%). An improved 

lignocellulose degradation rate brought by the metals in vermiculite was assumed 

positively correlated with the methane enhancement [157]. Spent tea waste (STW), a 

typical surplus organic waste in India, was co-digested with CM at varying ratios [76]. 

They argued that the addition of STW greatly promoted the overall biogas yield, with 

CM:STW 3:7 reaching the highest biogas yield (1669 mL kgTS-1). Moreover, the 

methane content was found consistently higher in the co-digests (61.2 ~ 71%) than in CM 

alone (50%), indicating their great energy application potential in household usage. 
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Sweet potato (SP) is one of the most utilized dedicated energy crops in Brazil for AD. 

[97] found an array of higher methane yields (323~444 L kgVS-1) at different CM:SP 

ratios (4:1~1:1) compared with digesting CM alone (307 L kgVS-1). Although no detailed 

information on the removal of lignocellulosic materials was mentioned, a higher 

reduction rate of VS was highlighted in the blends than in CM alone. 

Exhausted sugar beet cossettes (ESBC) are typical lignocellulosic agri-food wastes in 

Spain. [7] conducted co-digestion of CM and ESBC in AD. They showed an outstanding 

increased methane yield (24.7% - 25.3% enhancement) by the addition of ESBC equal to 

or less than 50% (dry basis). An enhanced VS degradation compared with digesting CM 

alone was observed eventually. Despite the lack of direct evidence for the increased 

degradation rate of lignocellulosic compounds, they concluded that hydrolysis and 

acidogenesis in the blends were balanced, especially in the case where 25% ESBC was 

added. 

Forage radish (FR) is widely used as a top cover crop during wintertime in the US. [24] 

sought to determine if additional benefits could be obtained from FR by using it as a co-

substrate in dairy digesters. Two trials with high (23% on VS basis, trial 1) and low (13% 

on VS basis, trial 2) FR addition were comprehensively evaluated in terms of methane 

performance in field reactors. Comparative methane yields were obtained between high 

radish addition and CM alone despite an improved VS degradation in the co-digests. 

Whereas in the low-addition case, a marginal difference was obtained in terms of methane 

yield, but no apparent difference was obtained in VS degradation among the two trials. 

Hence, in this case, an inconsistency between hydrolysis and methanogenesis was 

observed. 

Sheep bedding (SB) is popping up as a new source of waste in the sheep farming industry. 

It is rich in fiber, mainly due to the bedding material (corn stover), which is resistant in 

AD. [36] co-digested SB with CM at variable ratios (dry matter basis). A negligible 

enhancement was found in the co-digests compared with digesting CM alone. 

Additionally, no improvement in lignocellulose removal was obtained throughout the 

experiment. Alternatively, a recent attempt was conducted by [84] using sheep manure 

(SM), which contained much less lignocellulosic components than sheep bedding to co-
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digest with CM. A synergy ranging from 3.5% to 10.1% was observed in the blends. 

Moreover, an improved degradation of cellulose and hemicellulose was obtained among 

the co-digests than CM alone, which was ascribed to the alleviation of lignin inhibition 

in the co-digestion. 

Seaweeds (SW) are regarded as promising substrates for third-generation biofuels. These 

resources are highly abundant in countries with long coasts. The state of the art in co-

digestion of SW and CM is mainly on the adaptation of C/N ratios, as well as the 

alleviation of potential salinity inhibition (sulphur and chloride) of SW. In this sense, [135] 

tested the possibility of co-digesting SW (Laminaria digitata and Saccharina latissimi) 

with CM in batch and continuous experiments. In contrast to the expectation, batch AD 

co-digests presented mostly negative synergy (-15% ~ -3%) with only one exception (1%) 

in S. latissimi:CM at 2:1. Although an enhanced daily methane yield was observed in the 

co-digestion compared with CM alone in the continuous mode, the improved part may 

originate from the easily-fermentable fraction of SW instead of CM.  

Palm pressed fiber (PPF) is a by-product of the oil extraction of the oil palm fruit industry. 

Conventionally, PPFs are burned as fuel regardless of the substantial air pollution. Except 

for open burning, an alternative sustainable approach to make use of PPF is via AD. Since 

PPF is rich in carbon, [20] tried to co-digest CM with PPF to maximize the methane yield. 

No synergy was obtained between co-digestion of PPF and CM, although an enhanced 

hydrolysis index was modeled in the co-digests compared with CM alone. The authors 

attributed the higher hydrolysis index to increased degradation of the fat fraction of PPF 

instead of the improved hydrolysis of lignocellulose. More concrete evidence was 

calculated based on the information listed in this paper. We demonstrated that co-

digestion resulted in a decreased degradation of cellulose and hemicellulose compared 

with digesting CM alone. Thus, adding PPF to co-digest with CM was unfavorable to 

hydrolytic bacteria, most likely. Another by-product of the palm oil industry, palm oil 

mill effluent (POME) was co-digested with CM aiming to boost the overall methane 

performance in AD. The authors found synergistic effects in the co-digests, especially at 

a high POME addition (˃50%). Furthermore, an improved VS degradation was obtained 
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in the co-digests, but the profile of the removal of lignocellulose was not reported in this 

paper [25]. 

Oat straw (OS) is becoming a surplus agricultural waste accompanied by the extensive 

cultivation of oat in China. [167] investigated the feasibility of co-digesting of CM and 

OS at varying ratios (4:1, 2:1, 1:1, 1:2, 1:4) in a mesophilic batch system. Not only a 

synergistic effect was identified in the co-digests, but also a pronounced cellulose and 

hemicellulose removal was confirmed in the co-digests compared with CM alone.  

Besides lignocellulosic residues, some other organic wastes may also serve as potential 

co-substrates with CM in AD. Crude glycerin (CG) is a redundant byproduct of biodiesel 

production in Brazil. [126] co-digested CG with CM in a semi-continuous bioreactor and 

modeled the profile of methane production and lignocellulose degradation. They claimed 

an improved daily methane production and lignocellulose removal in the co-digests 

(CG:CM 5:95 or 10:90 on TS basis) compared with CM alone at HRT 17d or 24d. Since 

CG contains no lignocellulosic compounds, the results may indicate an alleviation of 

lignin inhibition during the co-digestion. 

Food wastes (FW), which account for a significant fraction of MSW in urban cities, are 

a big concern for local authorities. FW contains more readily biodegradable components 

for fast conversion to biogas, but they have a low buffer capacity, thus easy to acidify. 

Co-digestion of FW and substrates with complementary characteristics such as present in 

CM is a proper option as CM could provide enough buffer capacity in AD. [81] studied 

co-digestion of FW and CM at different mixing ratios. Eventually, a synergy was found 

up to 71% at an FW:CM mass ratio 1:1. In a recent study, [156] used CM as an additive 

to co-digest with FW (1:3.5 on VS basis) in a dynamic membrane bioreactor. They 

observed a decreased cellulose crystallinity among the co-digests that promoted the 

degradation of lignocellulose in CM due to the fatty acids generated from the organic 

fraction of FW. 

2.3.3 Understanding the promotion of co-digestion from the perspective of CM 

Clearly, researchers who advocated co-digestion scenarios would always obtain improved 

methane yield compared with digesting CM alone. Among these papers, however, only 
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half of them (57.6%) reported a synergistic effect in the co-digests (Table 2). In other 

words, in half of the cases, the enhanced methane yield came from the co-substrate other 

than CM. On top of that, only a few papers elucidated whether or not the enhanced 

methane yield came from an enhanced lignocellulose degradation in CM (Table 2). To 

map the correlation between lignocellulosic contents of the co-digests, synergy, and 

lignocellulose degradation, we investigated the information provided in these individual 

cases. A clear trend between the initial lignin content in the system and lignocellulose 

degradation was identified (Fig. 2). In other words, in most of the cases, if the input of 

the co-substrate introduced less lignin than CM does, the removal of cellulose and 

hemicellulose of the co-digests would be higher compared with digesting CM alone. The 

inhibition of lignin in AD was coincidentally reported by [121] as well. Moreover, the 

low lignin content of the co-substrate may bring about evident synergy, as illustrated in 

Fig. 2, while an exception reported by [123] may somehow impair this speculation. 

Although no concrete conclusion can be drawn due to the lack of information on 

lignocellulosic components in most reviewed co-digestion scenarios, we tend to 

recommend the selection of lignin-poor co-substrates for future co-digestion experiments 

with CM. By doing so, simultaneous methane production enhancement (synergy) and 

improvements in lignocellulose degradation in CM can be expected, which contributes to 

a simultaneously improved CM diminishment and energy recovery. 
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Table 2. Summary of anaerobic co-digestion of cow manure and organic wastes. 

Co-digestion 

scenario 

Reactor type Operating 

condition 

Co-digestion 

ratio 

Enhancement of 

lignocellulose  

Methane yield 

enhancement 

Reference 

CM+ Palm 

pressed fiber 

1L batch 

glass bottles 

Mesophilic 

OLR: 30 

gVS/L 

HRT: 45 days 

3:1, 1:1, 1:3  A decreased 

cellulose and 

hemicellulose 

removal was 

observed compared 

with CM alone 

-46.2- -1.1% 

synergy 

[20] 

CM+ Aloe peel 

waste 

500 mL 

batch glass 

bottles 

Mesophilic 

HRT:35 days 

3:1, 1:1, 1:3 Not mentioned Maximum 

synergy of 24.5% 

obtained in 1:3 

[65] 

CM+Food waste 1 L batch 

glass bottles 

Mesophilic  

OLR:10 and 

20 g VS/L 

HRT: 45 days  

1:1  Not mentioned 71% synergy [81] 

CM+Corn 

stover 

(pretreated) 

2L batch 

bottles 

Mesophilic  

OLR: 50 - 80 g 

TS/L 

HRT: 45 days  

1:1, 1:2, 1:3, 

1:4  

Not mentioned 4.9-7.4% synergy [82] 

CM+ Salix 6 L CSTR 

(semi 

continuous) 

Mesophilic  

OLR: 2.6 – 3.1 

g VS/L day 

HRT: 30 days 

60:40  Not mentioned 18.5% 

enhancement 

compared with 

digesting CM 

alone 

[43] 

CM+ Wheat 

straw 

8 L CSTR Mesophilic  

OLR: 2.8 g 

VS/L day 

HRT: 25 days 

78:22 Not mentioned No enhancement [116] 

CM+ 

Switchgrass 

500 mL 

batch 

suction-flask 

reactors 

Mesophilic  

OLR: 5.02% 

TS/L 

HRT: 30 days  

3:1, 1:1, 1:3 Not mentioned 18%-33% 

synergy 

[168] 

CM+Rice Straw 2.5 L batch 

filter bottle 

Mesophilic  

OLR: 60 

gVS/L 

HRT: 40 days  

1:2, 1:1, 2:1 Not mentioned -3.6%-5.8% 

synergy 

[80] 

CM+Wheat 

straw (Shredded 

and Briquetted) 

20 L lab-

scale CSTR  

Thermophilic 

HRT: 20days 

95:5  Not mentioned 29% - 31% 

enhancement 

compared with 

CM alone 

[155] 

CM+sheep 

bedding 

6 L 

homemade 

benchtop 

digesters 

Room 

temperature 

(18.4˚C) 

HRT: 21days 

25:75, 

50:50, 75:25  

No enhancement 

on cellulose 

removal; 

Negative impact on 

hemicellulose 

removal 

No enhancement  [36] 

CM+ sugar beet 

by-product 

2 L stainless 

steel batch 

reactors 

Mesophilic 

HRT: 60 days 

25:75, 

50:50, 75:25  

Not mentioned -10.1% - 48.3% 

synergy 

[7] 

CM(lactating, 

dry, young) + 

feed waste / 

waste milk 

Not 

mentioned 

Mesophilic 

HRT: 88 days 

 

70:30, 30:70 

 

Not mentioned -17% - 88% 

synergy 

[8] 

CM+ roadside 

grass 

 

60 L batch 

pilot scale 

Mesophilic 

HRT: 32 days 

 

75:25, 

60:40, 50:50  

Increase of 

roadgrass 

negatively 

contributed to the 

cellulose and 

hemicellulose 

removal of CM 

Not mentioned [15] 



 

Chapter 2 Strategies to boost anaerobic digestion performance of  

cow manure: laboratory achievements and their full-scale application potential 

 

-35- 

 

CM+ forage 

radish 

 

850 L pilot-

scale 

Mesophilic 

HRT: 35 days 

 

73:27, 87:13 Not mentioned Co-digestion 

increased CH4 

production by 

11% and 39% 

compared with 

CM alone 

[24] 

CM+durain 

shell 

 

500 mL 

batch glass 

bottles 

Mesophilic 

OLR: 20 

gVS/L 

HRT: 30 days  

3:1, 1:1, 1:3 Not determined -21.1% - -3.2% 

synergy 

[123] 

CM+ oat straw 

 

500 mL 

batch bottles 

Mesophilic 

OLR: 4, 6, 8, 

10% TS 

HRT: 50 days  

4:1, 2:1, 1:1, 

1:2, 1:4 

An improved 

cellulose and 

hemicellulose 

degradation rate of 

co-digests 

compared with CM 

alone was obtained  

-39.9% - 54.91% 

synergy  

[167] 

CM+ maize 

straw/sewage 

sludge 

 

1-L batch 

glass 

digesters 

Mesophilic 

OLR: 15 g 

VS/L 

HRT: 30 days  

3:1, 2:1, 1:1, 

1:2 

 

Not mentioned CM+sewage 

sludge: -9.6 - 

37.7% synergy 

CM+maize 

straw: 

21.6 - 39.6% 

enhancement 

compared with 

CM alone 

[152] 

CM+spent 

mushroom 

 

500 mL 

batch bottles 

Mesophilic 

OLR: 3 and 

5% TS 

HRT: 49 days 

1:3, 1:1, 3:1 Not mentioned -18 - 61% 

synergy 

[90] 

CM+ palm oil 

mill effluent 

5 L batch 

reactors 

Mesophilic 

HRT: 24 days 

25:75, 

50:50, 75:25 

Not mentioned 15.8 - 177% 

synergy 

[25] 

CM+sweet 

potato 

 

60 L semi-

continuous 

reactors 

HRT: 30 days 80:20, 

70:30, 

60:40, 50:50 

Not mentioned 5.2 - 44.6% 

enhancement of 

compared with 

CM alone 

[97] 

CM+rice straw 

 

120 mL 

batch bottles 

OLR: 8%TS 

HRT: 75 days 

5:1, 3:1, 1:1, 

1:3,1:5 

Not mentioned -11.5-30.6% 

synergy 

[132] 

CM+ crude 

glycerin 

 

Semi-

continuous 

reactors 

Ambient 

temperature 

HRT: 10, 17, 

and 24 days 

95:5, 90:10 Enhancement of 

degradation of 

fiber fraction was 

observed, with the 

highest obtained at 

95:5 at the HRT of 

24days 

The enhancement 

was obtained at 

95:5 compared 

with CM alone at 

the HRT of 17 

and 24 days 

[126] 

CM+seaweeds 

 

650 mL 

batch glass 

bottles, 

continuous 

reactors 

Mesophilic 

HRT: Batch: 

30days 

Continuous: 11 

- 37 days 

33.6:66.3, 

66.3:33.3 

Not mentioned Batch: almost 

negative synergy 

(-15 - 1%)  

Continuous: -

28.9 - 27.3% 

synergy 

[135] 

CM+cotton seed 

hull 

500-ml 

serum batch 

bottles 

Mesophilic 

HRT: 45 days 

50:50, 

75:25, 25:75 

Not mentioned -68.4 - -43.8% 

synergy 

[141] 

CM+sorghum 

stem 

2 L batch 

bottles 

Mesophilic 

HRT: 48 days 

Various C/N 

ratios (25, 

28, 31, 34, 

36) adjusted 

by co-

digestion  

The increase of 

sorghum stem 

negatively 

contributed to the 

degradation of 

cellulose and 

hemicellulose  

Not mentioned [166] 
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Figure 2. Correlation between lignin amount in the reactor, lignocellulose degradation (cellulose and 

hemicellulose), and synergy in different studies. Data is derived from [20,36,84,126,167] Note: For subgraphs 
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of AD co-digestion of CM and SB (bottom left) and AD co-digestion of CM and CG (bottom right), the 

information of lignin wasn’t provided by the authors, but we could infer from the author’s statement that SB is 

rich in lignin whereas CG contains no lignin; SB: Sheep bedding; CG: Crude glycerine; PPF: Palm pressed fiber; 

SM: Sheep manure; OS: Oat straw. 

2.4 Pretreatments 

In general, pretreatment methods targeting the lignocellulosic compounds in CM are 

widely studied to overcome the resistance of undigested lignocellulose in AD. Briefly, 

pretreatments aim to break up the lignin fraction, its covalent bonds between cellulose 

and hemicelluloses, as well as the presence of crystalline cellulose [52]. The following 

section overviews a variety of pretreatment approaches, which are categorized into 

mechanical, thermal, chemical, and biological pretreatments. 

2.4.1 Mechanical pretreatment 

2.4.1.1 Process description  

Mechanical pretreatment aims to disintegrate organic particles and/or reduce the size of 

solid fractions, thus increase the accessibility of fermentable fractions. An increased 

surface area renders better contact between hydrolytic bacteria and degradable particles 

and hence, promotes the subsequent AD process. [16] implied that CM fibers with a size 

of 1-2 mm (sieve mesh size) had a 16% higher biogas potential than fibers larger than 5 

mm. In that study, they introduced maceration, which incorporated the physical chopping, 

grinding, and blending for the reduction of particle size of CM. By this mechanism, they 

obtained an improved methane production compared with non-treated CM. As for milling, 

[136] stressed that colloid mills and extruders were suitable only for materials with 

moisture contents higher than 15-20 % (wet basis), whereas two-roll, attrition, hammer, 

or knife mills were suitable only for biomass with moisture contents of up to 10-15 % 

(wet basis). The ball or vibratory ball mills are universal types of disintegrators and can 

be used for either dry or wet materials [77]. Hence, the main subject of mechanical 

pretreatments such as maceration, high-pressure homogenizer, sonication, and milling is 

to reduce the particle size of CM. 

Besides size reduction, other fundamental functions within mechanical pretreatments 

should be pointed out. It is noteworthy that the influence of maceration comes more from 
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shearing than cutting [58]. Moreover, the crystallinity of lignocellulose in CM might be 

decreased via maceration [16]. Another form of mechanical pretreatment, high-pressure 

homogenization, relies on hydrothermal cavitation provided either by an orifice plate or 

throttling valve in a liquid flow, which generates a drastic decrease in local pressure to 

cause cavitation. Subsequently, the created cavities collapse due to the recovery of 

pressure down the constriction. Consequently, a structural change, followed by a high 

extent of delignification in CM is realized. Similarly, sonication delivers acoustic 

cavitation at low frequency (below 40 kHz), which brings about particle disintegration 

and microorganism lyses, according to the treatment time and power [35]. In turn, free 

radicals (H·, OH·, HO2·) prevail at high frequency (higher than 40 kHz), thus facilitate 

chemical reactions of recalcitrant organic substances into smaller fragments during the 

treatment [59]. 

Apart from mechanical procedures, mechanical separation, such as inverted phase 

fermentation (IPF) has been identified recently as an efficient technique for CM 

pretreatment [99]. IPF can be regarded as a method that also preserves the inhabitant of 

endogenous hydrolytic microbes in CM by keeping the entire pretreatment process under 

anaerobic conditions. IPF brings about a separation with the top layer full of solids and 

the bottom layer rich in the clarified liquid, which is caused by the flotation effect of the 

gas bubbles (mainly CO2) produced by the hydrolysis of organic matter. Hence, the 

separated solid and liquid fractions of CM can be digested individually, which can 

maximize the methane potential of CM. 

The advantages of mechanical pretreatment include simple implementation and low 

maintenance costs. Disadvantages include a limited effect on pathogen removal and 

possible intensive energy input. 

2.4.1.2 Laboratory achievements  

Maceration, hydrothermal cavitation (HC), and sonication are the most exploited 

mechanical pretreatments of CM (Table 3). Maceration of CM fibers down to 2 mm 

contributed to a 16% enhancement of biogas production, while further reduction to 0.35 

mm contributed to a 20% improvement. However, further size reduction was found 

redundant due to the negligible difference in biogas production [16]. Similarly, [63] used 
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extrusion to deal with different forms of CM before AD. They concluded that extrusion 

was only effective on large particles (>0.25 mm), which lead to an enhancement of 

methane yield of 13% and 28% for screw-pressed solid fraction and raw CM, respectively. 

Such a phenomenon was further backed up by [58], who found that too small particle size 

might inversely contribute to the subsequent AD process.  

Langone and his colleague employed HC of CM under different pressures (6, 7, and 8 

bar). Despite an improved disintegration of CM at elevated pressure (5.8%, 8.9%, and 

15.8%, respectively), a small increase of methane yield was obtained in the treated CM 

(2.7, 4.9, and 5.9%, respectively) [78]. [170] applied HC to a mixture of CM and wheat 

straw (weight basis 2:1) at different energy inputs (up to 8064 kJ kg TS-1). An increased 

soluble COD up to 30%, followed by a maximum 39.4% enhancement of biogas 

production was recorded at an energy input of 8064 kJ kgTS-1. The same group scaled up 

this application in a pilot installation, and could still observe an evident promotion of 16.5% 

compared with untreated CM and wheat straw mixtures (weight basis 1:1), supporting the 

soundness of HC in pilot-scale AD [169].  

[173,174] attempted to use ultrasonic pretreatment (UP) at various energy inputs and 

timespans for CM. The particle distribution pattern of CM became more uniform after 

UP and thus, improved the accessibility of lignocellulose in CM. Ultimately, an enhanced 

cellulase activity, together with an improved methane yield (15.2% - 43.9%) were 

obtained in samples that underwent UP. These bonuses were also emphasized by [103], 

who found an almost double enhancement of methane yield of the sonicated CM in a 

pilot-scale thermophilic reactor. 

2.4.2 Thermal pretreatment 

2.4.2.1 Process description  

Thermal pretreatment emphasizes the improvement of anaerobic digestibility at a wide 

temperature range (50~250 °C) [122]. It breaks down high–molecular substances into 

their constituents, thus making them available for subsequent rapid conversion into biogas 

[93]. Meanwhile, pathogens from the waste stream are inactivated after the treatment [30]. 

Those merits, together with a low installation and maintenance cost, make thermal 



 

Chapter 2 Strategies to boost anaerobic digestion performance of  

cow manure: laboratory achievements and their full-scale application potential 

 

-40- 

 

pretreatment one of the most exploited methods. Nevertheless, attention should be paid 

to the temperature and treatment duration to avoid triggering unwanted reactions (i.e., 

Maillard reaction), which may undermine the AD process [30]. Hydrothermal, 

microwave, and steam explosion are typical thermal pretreatment methods adopted for 

better degradation of CM (Table 3). 

2.4.2.2 Laboratory achievements 

It is noteworthy that temperature could impose a significant influence on the pretreatment 

efficiency of CM and, thus, being the priority for researchers. [100] stated that a positive 

enhancement (24~56%) of methane yield of CM could already be achieved at low 

temperatures (68˚C). Besides, the extension of the pretreatment period from 36 to 108 h 

was found advantageous to liquid CM. In another study, [30] sought the optimal 

temperature range of the thermobaric pretreatment of CM. A gradual improvement of 

methane yield was identified at escalating temperature, reaching 58% at a temperature of 

180˚C. Notwithstanding, toxic by-products (furfural, 5-hydroxy-methyl-furfural, and 

phenolic compounds) concentrated when temperature increased, which adversely 

influenced AD (200 and 220 ˚C). An even lower threshold of temperature was 

demonstrated by [112], who found that 170 ̊ C was high enough to drop the methane yield 

by 6.9% compared with untreated CM. Hence, to overcome the potential shortcoming of 

thermal pretreatment at high temperatures, the adoption of moderate heat or a 

combination of moderate heat and other pretreatment approaches (i.e., chemical 

pretreatment) could be alternatives. In addition to thermal pretreatment, the microwave 

may be a suitable replacement for standard ovens. [171] compared both thermal and 

microwave pretreatments on blends of energy crops and CM (weight basis 2:1). At the 

same conditions, both pretreatments showed enhanced lignocellulose solubilization, 

followed by an improved methane yield. The microwave pretreatment was slightly more 

effective than thermal pretreatment using ovens. Perhaps, materials exposed to 

microwave radiation undergo non-thermal modifications as well, such as changes in the 

structure and function of biological membranes [69], changes in enzymatic activity [23], 

and modifications in genetic material [137]. 
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Besides hydrothermal pretreatment, steam-explosion is equally applied for the 

depolymerization purpose. Wet-explosion includes both physical disruption (as in 

thermal pretreatment) and partly chemical degradation of the biomass [130]. In this sense, 

[26] launched wet-explosion to investigate the AD performance of CM in batch and 

continuous modes. The highest biogas enhancement of 136% was obtained at 180 ˚C for 

10 min without the addition of oxygen. An average of 75% increment in biogas yield was 

displayed in a long-term CSTR system. [9] implemented oxygen-assisted wet-explosion 

on feedlot CM in thermophilic AD. The promotion of lignin solubility as well as lignin 

conversion (44.4%) was identified compared with non-treated CM (12.6%), leading to 

4.5 times higher methane yield as a result of the pretreatment. 

2.4.3 Chemical pretreatment 

2.4.3.1 Process description  

Chemical pretreatment uses variable acids, alkalines, and oxidants to break down the 

robust, complex lignocellulosic compounds in CM. The main function of chemical 

pretreatment is to destroy the rigid lignocellulosic complex by cleaving the lignin-

hemicellulose lineage and/or decreasing the crystallinity of cellulose. In this context, the 

use of strong acids (i.e., HCl and H2SO4) is not preferred not only because of its high 

severity but also the excessive loss of the fermentable sugars. Besides, substantial 

chemicals are required for neutralization due to the sensitivity of methanogens in AD, 

which puts an additional economic burden on the overall process. Therefore, the use of 

diluted acids is preferred in acid pretreatment. Acid pretreatment may also be combined 

with high temperature, which is known as thermal-acid pretreatment. 

Despite the well-being of acid pretreatment, alkaline pretreatment (NaOH, KOH, 

Ca(OH)2, and NH3) stands out as it offers a desirable environment for subsequent AD by 

preventing pH decline. In addition to the function as described in acid-pretreatment, 

alkaline induces swelling of the lignocellulose and subsequently enhances the reachable 

area of organic compounds [34]. Among others, applications using Lime (CaO or 

Ca(OH)2) and ammonia soaking (AS) are notable for their low price, safety, as well as 

their recycling and reuse potential [10,96,115]. 
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Hydrogen peroxide (H2O2) and ozone (O3), are excellent representatives of an oxidative 

pretreatment. They promote the accessibility of cellulose by eliminating hemicellulose 

and lignin of the feedstock with highly reactive hydroxyl radicals released through 

hydrogen peroxidation and ozonation. Oxidative pretreatment does not generate toxic by-

products that might intervene in subsequent fermentation stages. Since oxidative 

pretreatment cannot remove (toxic) decomposed fractions from lignin, a combination of 

oxidative and alkaline (ammonia soaking) pretreatments were proposed to provide 

hydrolyzable fibers containing low lignin concentration for AD [10]. 

2.4.3.2 Laboratory achievements 

Using acids (H2SO4 and HCl) to deal with recalcitrant lignocellulose of CM has been 

thoroughly studied [81,108,159]. As discussed earlier, diluted acids are preferred from 

both chemical input and environment-protection perspectives. [81] used diluted H2SO4 

(1% ) at a pH of 6.0 to pretreat CM for 3 days. Lignin, cellulose, and hemicellulose in the 

treated CM were reduced by 13.1, 9.4, and 28% (dry basis), respectively. Whereas soluble 

COD increased from 8.7% to 24.5%, leading to more than two-fold increase in methane 

yield in treated CM compared with untreated CM. Likewise, [159] used diluted H2SO4 

(4%) as the pretreatment reagent and found 75.7% and 43.7% removal for hemicellulose 

and lignin in treated CM, respectively. An immediate start-up of methane production in 

AD was also found in the treated case, followed by an enhanced cumulative methane 

yield (203 mL gVS-1) compared with untreated CM (190 mL gVS-1). A combination of 

thermal (100 ˚C and 37˚C) and diluted HCl pretreatment (0.5%~10%) was adopted in 

Passos’s study. Comparable methane yields in AD, however, were obtained in most 

treated cases compared with untreated CM [108]. 

As discussed above, alkaline can be a proper substitution of acids (Table 3). In Yang et 

al.’s research, CM was soaked in hot (180 ˚C) 8% NaOH solution as a matter of 

pretreatment for 0.5 h. They found a marginal (62.9%) removal of lignin, which was 

higher than that of pretreatment with 4% H2SO4 (43.7%). Consequently, significantly 

higher methane yield was observed in the alkaline-treated case (285 mL gVS-1) than in 

the control (190 mL gVS-1) (Yang et al., 2017)159. In another study, [144] carried out 

alkaline pretreatment on CM using 8% KOH at room temperature (25˚C) for 1 day. 
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Despite an increment in COD solubilization after the pretreatment, a small increase in 

methane yield in AD was obtained using treated CM (115 mL gVS-1) compared with 

untreated CM (102 mL gVS-1). Besides NaOH and KOH, cheap lime (CaO or Ca(OH)2) 

was applied in numerous studies (Table 3). [115] used quicklime (CaO) at various 

concentrations (0.05, 0.10, and 0.15 g gTS-1) to pretreat CM. Enhanced COD solubility 

and subsequent methane yield enrichment (32%) in AD were realized with treated CM.  

[129] performed an oxidative pretreatment on the digestates of CM before AD. A 30% 

H2O2 solution in doses of 5, 10, and 30 g H2O2 kgTS-1 were applied for the CM digestates 

at room temperature. In parallel, the CM digestates were treated with 5, 10, and 30 g O3 

kgTS-1. Although an enhanced disintegration phenomenon in all pretreatment cases was 

realized, statistically non-significant methane yield was found in AD compared with 

untreated CM digestates (p˃0.05). In another study, [115] used peracetic acid (known as 

PAA, which contains 15% active ingredient and 20% H2O2) to dose on CM at different 

concentrations (0.01, 0.05, and 0.10 g gTS-1) at two timespans (6h and 12h). The results 

implied that applying PAA caused a significant increase in solubility of CM, reflected by 

a higher soluble COD in all treated cases. Meanwhile, they affirmed an enhanced 

availability of cellulose and hemicellulose at the expense of lignin removal, with the 

highest dose reaching the highest lignin removal. 

2.4.4 Biological pretreatment 

2.4.4.1 Process description  

Most mechanical, chemical and thermal pretreatments require intensive energy or 

chemical input, leading to a harsh temperature or pH change, as well as toxic by-products 

in extreme cases. Biological pretreatment, however, is performed by the external addition 

of industrial cellulolytic microbes or enzymes to break down the lignocellulosic 

components in a controlled and mild environment. Biological pretreatment outcompetes 

other pretreatment methods in terms of low demand for energy and chemicals, with non-

toxic output. However, the production of enzymes requires a stable fermentation that 

might need additional equipment, thus increase the capital cost. 
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2.4.4.2 Conventional laboratory achievements 

Aerobic pretreatment, such as composting, can be an efficient way to conduct the 

decomposition of lignocellulosic matter with the assistance of aerobic microorganisms 

(i.e., white-rot fungi). Composting is beneficial for lignin degradation and, therefore, 

promotes higher-efficiency AD. [172] reported that pretreatment by composting resulted 

in a decrease of lignocellulosic compounds, which provoked the activity of cellulase 

activity in subsequent AD. They also affirmed that composting pretreatment yielded 

higher VFAs owing to the strengthened activities of the hydrolytic and acidogenic 

bacteria [28], however, announced that partial aerobic pretreatment coupled with aerobic 

inocula (compost from garden waste and fungi from straw silage) did not affect the AD 

performance of CM fibers. Although the reason was veiled by the author, we inferred that 

the limited effect of composting in the latter case was due to the origin of fibers which 

were derived from the effluent of a biogas plant. Since these fibers had already been 

digested in a biogas reactor, the remaining lignocellulose was more resistant to aerobic 

degrader than fresh CM. 

[16] introduced a hemicellulose-degrading bacterium B4 to pretreat CM fibers prior to 

batch AD. Such implementation exhibited an approximately 30% increase of the methane 

yield regardless of some solids loss for bacterial growth. [133] initialized the pretreatment 

by adding mixed enzymes with CM at 50 ˚C for three days. A merely 4.44% higher 

methane yield in AD was demonstrated compared with untreated CM.  

The natural wood-decaying capacity of aerobic fungi makes them excellent candidates to 

be applied as efficient lignocellulose-degraders in biological pretreatment. The advantage 

of highly-cellulolytic white-rot fungi Trametes versicolor to pretreat CM was depicted by 

[12]. They illustrated an improved methane yield in AD by 10%~18% and cellulose 

degradation up to 80%. [175] carried out pretreatment assays inoculated with Aspergillus 

fumigatus SK1 or Trichoderma. They described a substantial lignin removal of 60% in 

Trichoderma-inoculated CM, resulting in a significant enhancement of biogas yield in 

AD compared with the control. 
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2.4.4.3 Two-stage AD and Temperature phased anaerobic digestion (TPAD) 

Physical separation of the hydrolytic-acidogenic step and methanogenesis step is 

achieved in two-stage AD. The first configuration (hydrolytic-acidogenic reactor) can be 

regarded as a sort of pretreatment since the environment is designed favorable for the 

enrichment of various hydrolytic bacteria [148]. Therefore, in this review paper, we 

consider this step as a biological pretreatment.  

[38] established an innovative two-stage mesophilic AD with the first stage served as the 

pretreatment stage to produce fermented thickened CM for the second stage. The outcome 

was unexpected since the observed gross biogas yield metrics were generally comparable 

between two-stage AD and the control (one stage AD) under the same condition. 

Presumably, the deprive of easily-biodegradable carbohydrates in the thickened CM and 

relative short hydrolytic retention time (HRT) were the cause for this phenomenon, as 

argued by the author. 

In contrast to [38], other researchers found two-stage AD advantageous over conventional 

one-stage AD when treating CM [14,41]. Moreover, two-stage AD could cope with high 

solid inflow which was not achievable for conventional one-phase configuration, 

indicating a higher disposal efficiency and potential cost savings [41]. 

[100] examined the performance of TPAD, with the first being a thermophilic 

pretreatment reactor (68˚C), connected to the second methanogenic reactor operated at 

55˚C. The results highlighted the effect of pretreatment as improved hydrolysis was 

observed, resulting in a 7%-8% enhancement of methane yield compared with the control 

(one-stage thermophilic AD reactor).  

2.4.5 Combination of different pretreatments 

Different pretreatment approaches rely on variable mechanisms to make most of the 

lignocellulose in CM for AD. A combination of pretreatment steps may provide further 

enhancement of biogas production. Among these, thermal-chemical pretreatment is most 

exploited for CM. [161] evaluated a sequential process of thermal-alkaline and hydrolytic 

enzymes applied for blends of CM and corn straw (1:1, mass ratio). Thermal-alkaline, 

together with enzymatic pretreatment, enhanced the methane yield in AD by 63.64%, 
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whereas such enhancement dropped to 31.82% for thermal-alkaline treatment only. [144] 

evaluated the efficiency of ultrasonic, alkaline, and the combination of both pretreatments 

at various conditions. Appling either alkaline or ultrasonic pretreatment on CM showed 

little or adverse contribution to the methane yield in AD (102.82, 115.47, and 99.47 mL 

gVS-1 for untreated, alkaline, and ultrasonic, respectively). Whereas, the highest methane 

yield (122 mL gVS-1) was highlighted in the combination, which was ascribed to the dual 

benefits of both pretreatments. Such observation complied well with Jin’s research where 

microwave-assisted chemical pretreatment (NaOH, CaO, H2SO4, and HCl) of CM 

presented a significant enhancement than microwave pretreatment alone [71].  

Ozone and aqueous ammonia (AA) are tagged as attractive pretreatment methods with 

the pros and cons of each. A combination of both methods was proposed by [10] based 

on the unique dual benefit since AA could solubilize lignin, while the presence of ozone 

in the combined pretreatment oxidized lignin into small organic molecules. Excellent 

lignocellulose solubilization was verified in the combination, bringing about a significant 

promotion (55.3% – 103.6%) of methane yield in AD compared with AA-treated or 

ozone-treated CM alone.  

2.4.6 Comparison of various pretreatment methods for AD of CM 

A systematic evaluation of pretreatment approaches through the methane yield is 

necessary for choosing the desirable one for CM. Fig. 3 and Table 3 list the current 

situation of different pretreatments and corresponding efficiency on the enhancement of 

methane yield.  For researchers undertaking pretreatments, chemical pretreatment (30.8%) 

is the first choice, followed by mechanical pretreatment (28.2%) (Fig. 3). In general, for 

individual pretreatment methods, mechanical and thermal pretreatments could boost the 

AD performance of CM to a rather similar extent, with most of the cases falling in the 

range between 10% and 58% (Table 3). Undeniably, more extraordinary enhancements 

of CM could be obtained for chemical pretreatment, reaching up to 120% (Table 3). A 

drastic structural change of the lignocellulose in CM induced by varying chemical 

reagents may still interest those who pursue making the most of CM. Furthermore, for 

different combinations of pretreatments, the most pronounced methane enhancement of 

CM can be obtained, especially for thermal-chemical pretreatment (thermal-alkaline:4.2 
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times; wet-explosion assisted with O2: 4.5 times) [9,138]. Whereas, for biological 

pretreatment, relevant lab studies were poorly documented, and the reported enhancement 

of CM was rather limited. However, aerobic composting should be highlighted  due to its 

excellent biogas enhancement compared with other biological methods (Table 3). 
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Table 3.  Summary of different pretreatment methods on anaerobic digestion of cow manure (used as sole or 

main substrate). 

Substrate Pretreatment condition Type of AD 

system 

Results Reference 

CM Shredding, mixing, 

and blending 

Mesophilic 

batch  

Negligible enhancement of shredding and 

mixing. However, a 12% higher methane yield 

was observed with blending pretreatment 

[49] 

CM fiber and 

CM 

 

Sandpapersmooth 

plate, checker plate 

Thermal alkaline  

Thermophilic 

batch and semi-

continuous  

Batch: All mechanical pretreatments 

improved the methane yield by 15 – 45% 

except for sandpaper/smooth plate 

Thermal alkaline contributed to an 

enhancement of methane yield up to 4.2 fold 

Continuous: Negligible enhancement of 

mechanical pretreatment 

Methane enhancement up to 26% of thermal-

alkaline pretreatment 

[138] 

CM Maceration Batch An enhancement of biogas yield ranging from -

5% - 25% compared with the control 

[58] 

CM Solid-liquid separation Mesophilic 

continuous 

The biogas production rate increased from 0.3 

L/Lˑday to 0.7 L/Lˑday 

[99] 

Screw-pressed 

solid CM; 

flocculated and 

filtered solid 

CM; CM litter 

Extrusion Mesophilic 

batch 

Not significant increase of methane yield for 

screw-pressed and filtered solid CM (13% and 

10%,respectively) 

Significant increase of methane yield for CM 

litter (28%) 

[63] 

CM Hydrothermal 

cavitation 

Mesophilic 

batch 

Negligible methane yield enhancement (3%)   [78] 

CM+ wheat 

straw 

 

Ultrasound, 

hydrothermal 

cavitation 

Mesophilic 

batch 

Mesophilic 

continuous 

 

Batch: biogas enhancement ranged 59.6 – 

64.2% and 35.6 – 39.4% for ultrasound and 

hydrothermal cavitation, respectively.  

Continuous: biogas enhancement ranged 24.6% 

and 16.5% for ultrasound and hydrothermal 

cavitation, respectively. 

[169] 

[170] 

CM+wheat straw  Ultrasound Batch at room 

temperature 

15.2%  higher methane yield compared with 

the control 

[173] 

CM+ maize 

straw 

Ultrasound Mesospheric 

batch 

14.8% and 43.9% higher biogas yield for 

ultrasound duration 20 and 30min, respectively 

[174] 

CM+food 

waste+crude 

glycerine 

 

Ultrasound Thermophilic 

continuous 

Untreated: 1.07L/L methane yield with 62.7% 

methane content 

Ultrasound: 1.91 L/L methane yield with 

70.2% methane content 

[104] 

CM 

 

Ultrasound Thermophilic 

Induced Bed 

Reactor 

58.6% higher methane yield  [103] 

CM 

 

Thermal Batch Only one case (125˚C, 37.5 min) yielded more 

biogas 

(34% increase) than the control 

[93] 
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CM+corn 

silage+sugar beet 

pulp  

Thermal Mesophilic 

batch 

Incremental biogas yield from 8.3 - 100.3% [122] 

CM Thermal Mesophilic 

batch 

28.7% higher methane yield compared with the 

control 

[33] 

Liquid and solid 

fraction of CM, 

CM fiber  

Thermal  Thermophilic 

batch  

An increase of the specific methane yield, 

ranging from 24% to 56%, was obtained. 

[100] 

CM 

 

Thermal Mesophilic 

batch 

6.9% lower methane yield compared with the 

control  

[112] 

Liquid and solid 

fraction of CM 

Thermalbarical  Mesophilic 

batch 

Solid CM: methane yield enhancement up to 

58% within 140 - 200˚C 

Liquid CM: methane yield enhancement up to 

53% within 140 - 200˚C 

[30] 

CM+Sida 

hermaphrodita  

Microwave, liquid hot 

water 

Mesophilic 

batch 

Microwave: methane yield: 590 NL/kg VS 

(39.1% more than in the control) 

Hot water: methane yield: 575 NL/kg VS 

(35.6% more than in the control) 

[171] 

CM H2SO4 Mesophilic 

batch 

120%  higher methane yield was achieved  [81] 

CM fiber N-methylmorpholine 

oxide 

Thermophilic 

batch 

36 - 52% higher methane yield was achieved [17] 

CM fiber Aquatic ammonia 

soaking 

Mesophilic 

batch 

76 - 104% higher methane yield was obtained [96] 

CM H2SO4, NaSO3, 

Na(OH)2, 

polyethylene glycol, 

thiourea 

Mesophilic 

batch 

6.8 - 50% higher methane yield was obtained [159] 

CM 

 

Thermochemical Mesophilic 

batch 

Methane potential increased 23.6% with 10% 

of  NaOH at 100 ˚C for 5 min 

Methane potential increased 20.6% with 2% of 

HCl at 37˚C for 12 h 

[108] 

CM fiber 

 

Wet explosion 

with/without O2 

Mesophilic 

batch and 

continuous 

Batch: an enhancement of methane yield up to 

136% by wet explosion without O2 

Continuous: an average of 75% higher methane 

production rate  

[26] 

CM fiber Steam explosion  Thermophilic 

batch 

The highest methane yield increase (67%) was 

obtained compared with the control 

[29] 

CM Wet-explosion 

assisted with O2 

Thermophilic 

continuous 

4.5 times higher methane yield was observed [16] 

CM CaO, peracetic acid 

(PAA),  and a 

combination of both 

Mesophilic 

batch 

Biogas production increase: 

CaO: 26.1%; peracetic acid: 39.1%; CaO + 

peracetic acid: 156.5% 

[115] 

CM+ corn straw 

 

Thermal alkaline and 

enzyme 

Mesophilic 

batch 

Thermal alkaline: 31.8% enhancement of 

methane yield 

Thermal-alkaline+enzyme: 

45.8% - 61.4% enhancement of methane yield 

[161] 
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CM KOH, ultrasound, and 

KOH-ultrasound 

Mesophilic 

batch 

No significant enhancement for individual 

pretreatment, while combined pretreatment 

improved the methane yield by 19.6% 

[144] 

CM Microwave+ thermal 

chemical 

Mesophilic 

batch 

Using microwave+thermal alkaline (CaO, 

NaOH) generated the highest methane yield 

(450 mL/g  CM 

 

[71] 

CM fiber 

 

Aqueous ammonia, 

O3, and combination 

of both 

Mesophilic 

batch 

Combined aqueous ammonia and O3 

significantly increased biogas production by 

6.2 – 8.8% compared with O3 alone, while 55.3 

– 103.6% compared with aqueous ammonia 

alone 

[10] 

CM Pre-fermented  Mesophilic two-

stage 

continuous 

No apparent enhancement [38] 

Liquid and solid 

fraction of CM, 

CM fiber 

Thermophilic pre-

fermented 

 

Thermophilic 

two-stage 

continuous 

6% to 8% higher specific methane yield was 

obtained 

 

[100] 

 

Unscreened CM Mesophilic pre-

fermented 

Mesophilic two-

stage 

continuous 

50-67% higher biogas production 

15.3% higher methane yield 

[41] 

 

CM  Mesophilic pre-

fermented 

Mesophilic two-

stage 

continuous 

Non enhancement [14] 

CM+ rice straw 

 

Composting Mesophilic 

batch 

An enhancement of biogas yield up to 166% 

was achieved 

[172] 

CM+ cereal 

crops 

 

Fungus T. versicolor  Mesophilic 

batch 

A 15 - 18% higher methane yield was obtained  [12] 

CM 

 

Fungi A. fumigatus 

SK1 and Trichoderma 

sp. 

Mesophilic 

batch 

Both pretreatments generated higher methane 

yield with the highest methane yield (0.023 

L/gVS) obtained by A. fumigatus SK1 

[175] 
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2.5 Additives as AD accelerator of CM 

2.5.1 Micro- and macro-nutrients  

In addition to the above-introduced AD incentives of CM, the supply of macro-nutrients 

and micro-nutrients has become an important topic in the agricultural biogas sector. The 

presence of macro-nutrients (i.e., N, P, and K) plays fundamental roles by providing 

sufficient buffering capacity and maintaining activities of microorganisms in AD [164]. 

While micro-nutrients (MNs) such as Fe, Co, Ni, Zn, and Cu could guarantee a well-

functioning of key microorganisms in AD [3,53,145]. The presence of these metal ions is 

essential for the activity of many enzymes, coenzymes, and cofactors that are necessary 

during AD. Briefly, Fe participates in methanogenesis by acting as the cofactor of various 

enzymes (formyl-MF-dehydrogenase, hydrogenases, carbon monoxide dehydrogenase, 

and in acetyl-CoA synthesis (Wood–Ljungdahl pathway) and could also act as a terminal 

electron acceptor [117]. Co is a metal-ligand of vitamin B12 (methyltransferase) and 

enables microbes to degrade methanol. Ni is crucial for coenzyme F430 formation in 

methanogenic Archaea [117]. Zn is essential in the formation of methyl coenzyme M and 

serves as a structural ion in the transesterification factor, while Cu is essential for 

coenzyme Q and biological electron transport [21,48,94].  

2.5.1.1 Iron 

Iron is recognized as one of the most prominent additives to improve AD performance 

owing to its conductive properties and low price. Different iron forms are capable of 

stimulating AD through different mechanisms. Fe(III), for instance, could favor the 

oxidation of organics into simple molecules by self-reduction. Moreover, the presence of 

Fe oxides could also promote AD via direct electron transfer by establishing an electrical 

syntrophic relationship between microbial communities such as Geobacter and 

Methanosarcina, Trichococcus and Methanosaeta [19,75]. Whereas the presence of Zero-

valent Iron (ZVI) is beneficial for hydrolysis and, subsequently, supports methanogenesis 

by acting as an electron donor [5]. Nonetheless, an overdose of Fe(III) should be 

prevented as Fe(III) reduction is more thermodynamically favorable than methanogenesis 

[117]. 
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[110] realized that FeSO4 was an efficient accelerant of AD of CM. Increased conversion 

of volatile fatty acids (VFAs) into methane was achieved when FeSO4 was dosed in the 

system. The introduction of 20 mM FeSO4 triggered the enrichment of the methanogenic 

population from 46 × 107 cell ml-1 to 15 × 1010 cells ml-1, and they obtained 40% more 

biogas yield. Later on, [3] studied the impact of FeCl3 in a batch AD of CM. They 

confirmed a faster start-up of methanogenesis, followed by an improvement of the 

methane yield (21.2%) for reactors receiving 10 mg L-1 FeCl3. In a subsequent study, [163] 

investigated the additional benefit of different Fe salts (Fe2(SO4)3, Fe(NO3)3, FeCl3, and 

FeCl2) in AD of CM that also received additional macro-nutrients. They reported a shorter 

digestion time (15-18 days) in Fe salts groups in comparison to the control group (20 

days). More importantly, FeCl3 and FeCl2 at tested dosages contributed to an increased 

CODt removal (58.1~69.3%) and thus, resulted in evident enhancement of biogas yield 

(2.7-6.4%) compared with the control.  

2.5.1.2 Niobium (Nb) 

Recent advancements using Nb-based chemicals as MNs have been underlined by [165]. 

They studied the influence of various forms of Nb (Nb3.49N4.56O0.44, NbO2, and NbN) in 

a batch AD and linked the superior AD performance to the presence of these MNs. On 

the one hand, an improved biogas yield was identified in most cases, with the highest 

biogas yield (522.7 mL gVS-1) obtained when NbO2 was dosed at 60 mg L-1, which was 

27.7% higher than the control. On the other hand, an improved degradation of 

lignocellulose was realized in reactors receiving Nb-based compounds, suggesting the 

stimulatory effect of these metals on microbial profiles, especially on hydrolytic and 

methanogenic guilds.  

2.5.1.3 Mixed metals 

In addition to the supply of single metal MNs, mixed metal MNs have been added to AD 

as well. In this matter, [158] applied limonite (Fe2O3 (61.65%), SiO2 (16.45%), and Al2O3 

(4.09%)) at different concentrations (1%, 5%, and 10%) in a dry batch co-digestion of 

CM and RS to investigate the overall performance. The addition of limonite enhanced 

methane yield in an inversely dose-dependent manner. In comparison to the control 

reactor, reactors dosed with 1%, 5%, and 10% limonite improved methane yields by 
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29.6%, 11.8%, and 15.5%, respectively. Moreover, the addition of limonite (1%, 5%, and 

10%) resulted in limited cellulose removal, with 1% limonite reaching the highest 

cellulose degradation (52.5%) compared with the control (45.8%). At the same time, 

hemicellulose removal improved with increasing dosages. Likewise, [57] applied steel 

slags (CaO, SiO2, Fe2O3, MnO, MgO, Al2O3, P2O5, and others) as accelerants in AD of 

CM. They declared that not only improved CODt removal (52.7 - 56.0%) but also 

improved methane yield (90.7-153.7%) were obtained. Thermogravimetry analysis of the 

digestates (weight loss after incubation between 200-400 ˚C. steel slag: 24.6 - 30.5%; 

control: 33.5%) suggested an increased degradation of cellulose and hemicellulose in 

reactors supplied with steel slag.  

[87] established an innovative Iron Oxide−Zeolite System (IZs) and successfully tested 

its influence in two-stage AD processes fed with CM and RS. The reactors exhibited an 

extraordinary AD performance in terms of lignocellulosic components degradation, 

VFAs generation, and methane yield. In particular, they argued that the higher 

concentrations of VFAs in the IZs-fed acidogenic phase were owed to a better degradation 

of the lignocellulosic biomass with respect to the control reactor. In addition, they verified 

the effect of IZs on the mitigation of ammonia concentration (22.0 - 40.5% lower than 

the control) due to the adsorption capacity of zeolite in IZs. Furthermore, the stimulatory 

role of IZs on microbial activity (hydrolytic, acetogenic, and cellulolytic bacteria) was 

suggested by the enrichment of Clostridia and Bacteroidia in AD reactors containing IZs. 

2.5.1.4 Carbon-based accelerants and composited accelerants 

Besides metal additives, bio-based carbon additives made from lignocellulosic residues 

(sawdust, walnut shell, corn cob, and waste carton) were developed by Yun’s group as 

well [146,162]. Instead of being used as co-substrate, the powder form of these residues 

(bio-based carbon additives) offered a new opportunity on improving the methane yield 

of CM. The substrates can accumulate on the large surface area (Brunauer-Emmett-Teller 

(BET): 580 - 824 m2 g-1) and increase the microbial degradation of these substrates. 

Besides, the employed bio-based carbon material is typical amorphous carbon mainly 

comprises of a small-sized graphitic carbon framework having a superior electrical 

conductivity. This unique characteristic facilitates direct interspecies electron transfer 
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between fermenting bacteria and methanogens, and accelerate acetate metabolism and 

biogas production. They concluded that an improvement of biogas yield by 30 ~ 70% was 

achieved by these mechanisms compared to the reference system. Moreover, an improved 

degradation of cellulose and hemicellulose was inferred from thermogravimetry analysis 

of the digestates (weight loss after incubation between 250 ~ 500 ˚C; carbon additives: 

47.2 ~ 51.0%; control: 56.3%). Similarly, [150] assessed the application potential of two 

types of bio-based carbon accelerants (aloe peel-derived and acorn shell-derived 

accelerants) with a modified porous structure in CM-based AD. A strengthened 

interspecies hydrogen transfer between acetogens and methanogens was observed on the 

surface of the added accelerants. Hence, an enhanced CODt removal (57.4 ~ 67.7%), 

followed by an improved biogas yield (5.4 ~ 42.0%), was accomplished. Alternatively, 

[164] combined various low-cost composite accelerants (urea, bentonite, activated carbon, 

and plant ash) to maximize the methane production of CM in batch AD. A higher biogas 

yield (485.7 ~ 681.9 mL gVS-1), as well as more pronounced methane content in the 

biogas (63.0 ~ 66.6%), were achieved in reactors with accelerants compared with the 

control (59.4% and 361.9 mL gVS-1). Moreover, the digestates from accelerant-

introduced reactors showed superior characteristics in terms of stability, safety, and 

fertility. More recently, [37] proposed a novel carbon-based Co-composite accelerant 

(Co/C, CoO/C, and Co3O4/C) in AD of CM. Apparent enhancements of methane yield 

and CODt removal for reactors receiving accelerants were identified. (Experimental: 

576~585 mL gVS-1 and 68.48~71.11%; Control: 435.8 mL gVS-1 and 50.74%). Moreover, 

they innovatively conducted first-principle density functional theory calculation to 

illustrate the enhanced methanogenesis (direct interspecies electron transfer) induced by 

the added carbon-based composites, shading lights for the development of functional 

accelerants for AD.  

2.5.2 Micronutrients nanoparticles as AD additives 

Together with the utilization of MNs in AD, supplementation of corresponding 

nanoparticles (NPs) is gaining increasing attention. Compared to atomic or bulky 

counterparts, nano-sized materials have superior physical and chemical properties due to 

their quantum-size, mesoscopic, and small object effects. Moreover, NPs possess a high 
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surface area to volume ratio promoting the accessibility of active sites, where many 

reactions take place [64]. Alternatively, NPs could play as electron donors/acceptors and 

cofactors of important enzymes to enhance the methane yield [39].  

2.5.2.1 Fe and FexOy NPs 

Previously, researchers observed that ZVI NPs could enhance hydrolytic fermentation by 

activating the microbial population [51]. That is to say, at reasonable concentrations, ZVI 

NPs stimulates hydrolysis-acidification microbes by, for example, disrupting other 

microbes’ cell membranes that are relatively more susceptible. The cell lysis could lead 

to a considerable release of metabolites and proteins, which in turn stimulates the growth 

of the hydrolyzing and acidifying populations [39]. However, an overdose of ZVI NPs 

might undermine AD through similar mechanisms to the beneficial microorganisms such 

as disruption of cell integrity, which requires proper regulation of these NPs addition. 

Moreover, the presence of ZVI NPs could influence the chemical and physical 

surroundings of methanogens by manipulating pH, ammonia-nitrogen concentration, and 

VFAs [39]. The modification of pH can be realized through oxidation of Fe0 to Fe2+ using, 

for example, water as an oxidant to generate iron oxide or cover the surface of NPs with 

oxyhydroxide [131]. Meanwhile, the produced oxyhydroxide could adsorb ammonia-

nitrogen. Finally, ZVI NPs could also promote the enrichment of hydrogen-consuming 

microorganisms and the consumption of produced VFAs [131]. Focusing on its utilization, 

[5] revealed the effectiveness of ZVI NPs on CM, reaching 37.6 ~ 59.5% enhancement 

regarding methane yield. They also ascribed the improved methane yield to the 

stimulatory effect of Fe0 since it reduces carbon dioxide into methane through autotrophic 

methanogenesis.  

Recently, iron oxide nanoparticles (INPs) have received intensive investigations because 

of their super-paramagnetism, high coercivity, and low Curie temperature. Moreover, 

their non-toxic and biocompatible characteristics were appealing in AD [5]. [46] studied 

the impact of INPs via a series of batch tests. They affirmed the positive effect of INPs 

on CM at tested dosages (20 and 100 mg L-1) by realizing a 10.5 ~ 19.1% higher methane 

yield in AD, together with an increased VS degradation (3.4 ~ 15.2%) than the control. 

They attributed such enhancement to 1) an improved production of extracellular 
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polymeric substances (bacteria), which provided cell protection against microbial 

cytotoxicity; 2) the uptake of INPs by methanogens which benefited methane-producing 

enzymes. Meanwhile, a sharp reduction of H2S (53.0 ~ 57.9%) was reported with respect 

to the control, which was due to the formation of precipitation brought by INPs, such as 

ferrous sulfide (FeS). Later on, the same group compared different iron NPs (waste iron 

powder (WIPs) and INPs) at varying concentrations (100, 500, and 1000 mg L-1) in AD. 

The results indicated that improved kinetics and VS reduction were identified in reactors 

with iron NPs, leading to improved methane yield (18.4 - 56.9%) compared to the control. 

Moreover, they depicted the superiority of WIPs over INPs in terms of methane yield, 

with the highest methane yield (221.69 mL gVS-1) achieved by WIPs at 1000 mg L-1, 

which represented a 56.9% enhancement compared to the control. They ascribed the 

difference to the fact that INPs tended to aggregate and settle at the bottom of digesters. 

At the same time, WIPs (consists 80% of Fe3O4) remained freely moving and ensured 

good mass transfer between the organics and bacteria. Finally, they proved a net profit 

(up to USD 42.07 m-3 CM) by using WIPs instead of INPs, highlighting its field 

application potential [47].  

2.5.2.2 Other metal (oxide) nanoparticles 

[72] comprehensively evaluated different metal NPs (Co3O4, Fe3O4, NiO, and MoO3) as 

additives for enhanced methane generation of CM in one- and two-stages AD. In both 

systems, improvement of biogas yield, together with an improvement of biogas quality 

(70 ~ 80% methane) was underlined when additives were present. Specifically, Fe3O4 

NPs showed the best results, reflected by its earliest biogas peak value and the highest 

biogas yield (0.16 L gVSreduced
-1) at the end of the experiment (HRT of 20 days). However, 

two-stage reactors receiving NiO NPs reached the highest biogas yield (0.3 L gVSreduced
-

1), which was the highest among the tests. Apparently, physical separation of AD into 

acidogenic and methanogenic phases in the presence of NiO is beneficial, reflected by 

higher biogas yield among two-stages reactors than single-stage reactors. The authors did 

not hypothesize on the mechanisms of the beneficial effect of the metal NPs. We support 

the idea that NiO NPs stimulated the growth of hydrolytic and acidogenic bacteria 

because the highest VFAs concentration was obtained in the acidogenic reactor (1925 mg 
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L-1). The well-being of Ni NPs was highlighted as well by [4] who claimed that reactors 

with Ni NPs (2 mg L-1) generated the highest biogas and methane production (512.2 and 

304.1 mL gVS-1 for biogas and methane, respectively) followed by Fe3O4, Fe, and Co 

NPs.  

Recently, [83] tested four types of transition metal compounds (TMCs) (HfC, SiC, TiC, 

and WC) at the nano-scale in a mesophilic batch AD of CM. The AD configuration with 

TMCs presented a pronounced biogas yield (463 - 499 mL gTS-1) and COD degradation 

rate (58.62 - 78.90%) compared with the control (294 mL gTS-1 and 46.99%, respectively). 

The mesoporous structure of these NPs was most likely responsible for the increase in the 

activity of the microorganisms by improving the fermentation environment. Moreover, 

all of the digestates from AD systems receiving TMCs had higher fertilizer values, which 

qualified them as a standard bio-fertilizer. Therefore, the application of TMCs in AD of 

CM simultaneously increased the conversion rate of CM into biogas and improved the 

fertility of the digestates, which lays the foundation for the waste-energy nexus in 

agricultural sectors. Similarly, [70] applied Ti-sphere core-shell structured NPs in AD of 

CM or CM blends (CM and APW) with the presence of a magnetic field. Ultimately, Ti-

based NPs increased the biogas yield by 27.12% ~ 65.53% for mono-digestion and 

8.47%-35.89% for co-digestion systems under the optimized magnetic field intensity (5 

mT), respectively. 

[151] outlined the merit of tungsten (W)-based NPs (WC, W2N, and W18O49) in AD of 

CM based on experimental and theoretical evidence. Theoretical inspection of the 

electrical structures of W-based NPs demonstrated their excellent electronic transmission 

capacity, laying the foundation for the enhanced methanogenesis (direct interspecies 

electron transfer). Meanwhile, the co-existence of the electron-donor bacteria 

(Alphaproteobacteria, Bacteroidia, and Synergistia ) and the electron-acceptor archaea 

(Methanomicrobia and Methanobacteria) was identified, underpinning the promotive 

effect of W-based NPs. The introduction of metal (oxide) NPs in AD, however, doesn’t 

always bring about sound outcomes. According to [88], the toxicity of CuO and ZnO NPs 

emerged as long as they were present in AD. Furthermore, such a detrimental effect was 

dosage-dependent. In other words, the inhibition effect of CuO and ZnO leveled up at 
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elevated concentrations, leading to complete inhibition at 330 and 246 mg L-1 for Cu and 

Zn, respectively. In line with their statements, the high cytotoxicity and ability of CuO 

NPs to cause DNA damage and oxidative lesions were underlined by [74]. They 

concluded that most likely, the toxicity came from different surface properties and thus 

surface reactivity (“Trojan-horse type Carriers”), which could deliver toxic Cu2+ inside 

cells. Whereas, for ZnO NPs, the toxicity might be based on the released soluble Zn ions 

[74]. [7] reported a small concentration range between optimal and toxic Co concentration 

when dosed in AD fed with CM. At 1 mg L-1, Co NPs were the best option (+101.3% 

improvement of methane yield), while 2 mg L-1 Co NPs were the worst (-12.6% 

improvement of methane yield). Other metal oxides, such as Fe oxides, can also 

jeopardize AD if overdosed. Specifically, [22] reported that the concentration of Fe 

oxides higher than 0.3 g L-1 inhibited biological sulfate reduction.  

2.5.3 Bioaugmentation as biological additives 

Bioaugmentation aims to enhance hydrolytic reactions by adding microorganisms 

empowered with the capacity to degrade lignocelluloses. In other words, bioaugmentation 

relies on the abilities of the injected bacterial community to encode either specific 

cellulolytic enzymes (i.e. cellulase, b-glucosidase, xylanase), or multienzyme complexes 

(i.e. cellulosome) [139]. Moreover, bioaugmentation using fungi depends on other 

specific enzymes to conduct depolymerization, such as peroxidases and laccase [13]. A 

positive contribution of bioaugmentation was shown in an investigation on thermophilic 

cellulolytic bacteria Caldicellulosiruptor lactoaceticus. The study was carried out in a 

two-stage continuous reactor fed with CM. The first phase was inoculated by C. 

lactoaceticus, followed by methanogenesis in the second phase. Compared to the control, 

a 5.5% increase in methane yield was provided in the bioaugmented reactor [101]. 

Similarly, bioaugmentation with Clostridium thermocellum and Melioribacter roseus was 

examined by [139] in both batch and continuous modes treating lignocellulosic wastes 

(CM accounted for 90% of total VS). Particularly, for reactors inoculated with C. 

thermocellum, the methane yield was boosted by 13.7% in the batch AD. While in the 

continuous reactor, a slight increment (7.5%) was identified in the bioaugmented reactor. 

However, bioaugmentation with C. thermocellum did not alter a lot the indigenous 
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microbial communities, indicating that the added pure culture was washed-out ultimately. 

Despite that, C. thermocellum can still be used to extract the residual methane potential 

of CM, reflected by an improved cellulose removal in the bioaugmented reactor 

(bioaugmented: 30.9%TS; control: 33.7%TS). In contrast, M. roseus contributed little to 

the methane enhancement, with a 7.3% enhancement in the batch mode and no effect in 

the continuous mode. 

Besides cellulolytic bacteria, the feasibility of aerobic brown-rot fungi in the hydrolysis 

of CM was demonstrated by [98] in leach-bed reactors. In that study, the maximum VFAs 

production from reactors with brown-rot fungi was 0.152 g gVS-1, which was 

significantly higher than the control (without brown-rot fungi, 0.132 g gVS-1). 

Consequently, a pronounced soluble COD generation was obtained in the bioaugmented 

reactor (0.186 g g-1 dry manure) compared with the control reactor (0.172 g g-1dry 

manure), which was due to enhanced hydrolysis of CM.  

Microorganisms in herbivorous’ digestive systems, known as rumen microorganisms, are 

considered as efficient lignocellulose degraders. Specifically, members of the rumen 

fungi (phylum Neocallimastigomycota) were highly fiber-degrading microorganisms and 

represented a promising bioaugmentation source [13,66]. In this context, [160] examined 

the bioaugmentation with a mixture of four isolated rumen fungi species (Orpinomyces 

sp., Piromyces sp., Anaeromyces sp., and Neocallimastix frontalis) at various inoculation 

dosages (5%, 15%, 20% (v/v)). The results indicated that AD reactors with a 

bioaugmentation dosage of 15% achieved the biggest boost of biogas yield (up to 60%) 

due to the enhanced biodegradation of lignocellulosic compounds in CM. Furthermore, 

the same group investigated bioaugmentation with a microbial consortium enriched from 

rumen fluid in batch AD. They elucidated that bioaugmentation stimulated the growth of 

Ruminococcus flavefaciens and Ruminococcus albus, which in turn contributed to 

improved cellulose degradation and subsequently, 36% enhancement of methane yield 

compared with the non-bioaugmented AD reactor [105]. More recently, [66] co-

inoculated the rumen fluid and the seed sludge in AD co-digestion of CM and barley, they 

reported an 18.9% increase in methane yield compared with the control. They also 
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reported the enrichment of cellulolytic Rikenella exclusively in co-inoculated reactors, 

highlighting that cellulolytic bacteria were present in the rumen fluid.  

2.5.4 Comparison of various additives  

Additives in different forms have been successfully adopted to promote AD performance 

of CM (Table 4). Accordingly, some trends can be summarized for appropriate additive 

selection. Metal (oxide) supplements have shown promising results by enhancing digester 

performance, revealed by the stimulatory effect on microorganisms (i.e., capacity to 

improve biomass uptake rate) (Table 4). Specifically, Fe (oxide) seems to be the most 

studied additives (either as bulky agents or NPs) since both Fe0 and Fe(III) can boost 

solubilization of organic substances and subsequent digestion occurs at relatively low cost. 

Meanwhile, other trace metals (Co, Ni, and Nb) have been shown as effective additives, 

but their detailed roles in AD (i.e., the effect on microbial activity) require more 

investigation. Alternatively, a rough cost-effective substitute to metal (oxide) 

supplements is the introduction of carbon-based materials made from organic waste. By 

doing so, not only an improved digester performance can be achieved, but also enhanced 

fertility of the digestates can be realized. Furthermore, NPs are emerging as promising 

additives owing to their extraordinary features, as discussed earlier. However, a 

systematic evaluation of optimal dosages of these NPs is necessary since relevant 

discussions are hardly present in the literature. For biological additives, the supplied 

microbial cultures with high hydrolytic capabilities facilitate the hydrolysis of 

lignocellulosic compounds of CM and ultimately reach similar goals as inorganic 

additives do. Nonetheless, uncertainties related to bioaugmentation still exist nowadays. 

For instance, it is ambiguous if a single addition could guarantee the effect of 

bioaugmentation or if continuous doses are necessary to maintain the bioaugmentation 

benefits. Answering these aforementioned questions, researchers should turn to 

sophisticated microbial sequencing techniques. Meta-transcriptomics, meta-proteomics, 

and meta-metabolomics enable a thorough investigation of community analysis, 

metabolic pathways and their up and down-regulation when metal and non-metal 

additives are introduced and the flux of metabolites from substrates to products. 
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Table 4. summary of different additives on anaerobic digestion of cow manure (used as sole or main substrate) 

Substrate Reactor assays Additives Concentration 

(g/g) 

Solid fraction 

degradation  

Methane yield 

enhancement 

Reference 

CM 

 

Mesophilic 

batch 

CoCl2 

NiCl2 

FeCl3 

1
a
  

1
a
  

10
a
  

Experiment 

VS: 18.9-27.5% 

Control 

VS: 18.9% 

21.2 - 55.8% [3] 

CM 

 

Mesophilic 

batch 

Steel slag (CaO, SiO2, 

Fe2O3, MnO, MgO, 

Al2O3, P2O5, and 

others) 

1 and 1.5 Experiment 

VS: 22.0-28.5% 

Control 

VS: 10.8% 

Improved cellulose and 

hemicellulose 

degradation in 

experiment* 

90.7 - 153.7% [57] 

CM Mesophilic 

batch 

Trace metals mixture 

FeCl2, CoCl2, ZnCl2, 

H3BO3, MnCl2, NiCl2, 

CuCl2 and NaMoO4 

20.0
a
, 1.0

a
, 1.0

a
, 

1.0
a
, 1.0

a
, 1.0

a
, 

0.625
a
 and 0.625

a
 

- Negligible 

(0.7%) 

[145] 

CM+pretreated 

rice straw (PRS) 

 

Two-stage 

continuous 

reactors 

(25 and 35˚C) 

iron oxide zeolite 

((IZs): SiO2, Al2O3, 

CaO, K2O, Fe2O3, 

Na2O, TiO2, MgO, 

MnO) (add in the first 

phase) 

5 Experiment 

Cellulose: 34.2% (25 

˚C); 49.9% (35˚C) 

Hemicellulose: 28.1% 

(25 ˚C); 39.3% (35 ˚C) 

Control 

Cellulose: 19.1% (25 

˚C); 42.0% (35˚C) 

Hemicellulose:15.5% 

(25 ˚C); 25.0% (35˚C) 

26.9 - 60.8% [87] 

CM+rice straw 

(RS) 

 

Mesophilic 

batch 

Limonite (Fe2O3, SiO2, 

Al2O3) 

0.1,0.5,1 Experiment 

Cellulose: 24.2 - 53.1% 

Hemicellulose: 30 - 

52.5% 

Control 

Cellulose: 45.8% 

Hemicellulose: 23.6% 

 

5.6 - 14.6% [158] 

CM+pretreated 

rice straw (PRS) 

 

Mesophilic 

batch 

iron oxide zeolite 

((IZs) SiO2, Al2O3, 

CaO, K2O, Fe2O3, 

Na2O, TiO2, MgO, 

MnO) 

5 Experiment 

Cellulose: 67.0% 

Hemicellulose: 53.7% 

Control 

Cellulose: 31.4% 

Hemicellulose: 25.5% 

 

372.9% [86] 

CM 

 

Mesophilic 

batch 

Fe salts (Fe2(SO4)3, 

Fe(NO3)3, FeCl3, and 

FeCl2); 

composite (urea, 

diammonium 

phosphate (DAP), and 

citric acid (CA)) 

Fe2(SO4)3 or 

FeCl2: 0.075, 

0.1, 0.15; 

Fe(NO3)3: 0.15, 

0.3, 0.6; FeCl3: 

0.1, 0.2, 0.4 

Urea: 0.3; DAP: 

0.3; CA: 0.5 

Experiment 

CODt: 41.4 - 69.3% 

Control 

CODt: 37.4% 

36 – 53%
f
 [163] 

CM 

 

Mesophilic 

batch 

Nb-based compounds 

(Nb3.49N4.56O0.44, NbO2 

and NbN) 

7.5
a
, 15

a
, 30

a
, 

60
a
, and 120

a
  

Experiment 

CODt: 36.1 - 65.2% 

Control 

CODt: 29.6% 

Improved cellulose and 

hemicellulose 

degradation in 

experiment* 

 

-1.7 - 27.7%
f
 [165] 

CM (supplied 

with charcoal) 

Batch at room 

temperature 

Gelatin 0.2, 0.4, 0.6, 0.8 

 

- -84.3 - 23.1%
f
 [67] 

CM Mesophilic 

batch 

Urea 

Active carbon 

Bentonite 

Plant ash 

0.3 

0.8 

0.6 

0.1 

Experiment 

VS: 41.36 - 62.85% 

Control 

VS: 37.19% 

Improved cellulose and 

hemicellulose 

degradation in 

experiment* 

45.8 – 111.1% [164] 
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CM 

 

Mesophilic 

batch 

Carbon materials 

 

0.18 Experiment 

CODt: 51.4 - 67.8% 

Control CODt: 29.6% 

Improved cellulose and 

hemicellulose 

degradation in 

experiment* 

29.3 - 70.7% 
f
 [162] 

CM+acorn slag 

(AS) 

 

 

 

 

 

Mesophilic 

batch 

 

 

 

 

 

Carbon materials (aloe 

peel (AP) and acorn 

shell (AS)) 

 

 

 

 

720
a
, 1080

a
, 

1440
a
, 1800

a
, and 

2160
a
   

 

 

 

 

Experiment 

VS: 57.4 - 67.7% 

Control 

VS: 53.3% 

Improved cellulose and 

hemicellulose 

degradation in 

experiment* 

5.4 - 42.0%
f 

 

 

 

 

 

[150] 

 

 

 

 

 

 

CM Mesophilic 

batch 

Co/C, CoO/C, and 

Co3O4/C 

7.5
a
, 15

a
, 30

a
, and 

60
a
 

Experiment: 

CODt: 68.48 – 71.11% 

Control: 

CODt: 50.74% 

32.4 – 32.8%
f
 

 

[37] 

CM 

 

Mesophilic 

batch 

Co NPs 

Ni NPs 

Fe NPs 

Fe3O4 NPs 

1
a
 

2
a
 

20
a
   

20
a 
 

Experiment 

VS: 22.4 - 28.4% 

Control 

VS: 10.3% 

67.1 - 116.7% [4] 

CM 

 

Mesophilic 

single and bi-

phasic reactors 

NiCl2, Fe2O3, CoCl2, 

(NH4)6Mo7O24 and 

their respective NPs 

10
a
 - Evident 

improvement
g
 

 

[72] 

CM 

 

Mesophilic 

batch 

Fe and Fe3O4 NPs  5
a
, 10

a
, 20

a
  Experiment 

VS: 22.4 - 34.8% 

Control 

VS: 18.1% 

 

Fe:37.6-59.5% 

Fe3O4:81.8-

95.9% 

[5] 

CM Mesophilic 

batch 

NiCl2, CoCl2, and their 

NPs 

0.5, 1, 2
 a
 Experiment 

VS: 19.0 - 31.0% 

Control 

VS: 19.0% 

NiCl2: 55.5% 

CoCl2: 42.8% 

Ni NPs: 49.1 - 

101.3% 

Co NPs: -12.6 - 

85.6% 

[7] 

CM 

 

Mesophilic 

batch 

Carbide (HfC, SiC, 

TiC, and WC) NPs 

0.025 Experiment 

CODt: 58.6 - 78.9% 

Control 

CODt: 47.0% 

57.5 - 69.7% 
f
 [83] 

CM+ canola 

straw (CS); CM+ 

banana plant 

(BP) 

 

Mesophilic 

batch 

Fe3O4 NPs 0.8
a
, 1

a
, 1.62

a
, 

2.44
a
, 3.26

a
  

The highest VS 

decomposition was 

achieved in 

CM+CS (1.62 mg/L) 

and CM+BP (1 mg/L), 

respectively. 

CM+CS: 14.8 - 

39.4% 

CM+BP: 17.8 -

33.0% 

[102] 

CM 

 

Mesophilic 

batch 

Fe2O3 and Fe3O4 NPs 100
b 

, 500
b
, and 

1000
 b
  

Experiment 

VS: 50.3 - 55.1% 

Control 

VS: 46.4% 

18.1 - 56.9% [47] 

CM 

 

Mesophilic 

batch 

Fe2O3 and TiO2 NPs Fe2O3: 20
b
 and 

100
b
  

TiO2: 100
b
 and 

500
b
 

Experiment 

VS: 49.0 - 59.1% 

Control 

VS: 47.4% 

9.6 - 21.3% [46]  

CM 

 

 

 

 

 

Mesophilic 

batch 

 

 

 

 

 

CuO and ZnO (bulk 

and NPs) 

 

7.5
a
, 15

a
, 30

a
, 

60
a
, 120

a
, 

240
a 
,480

a  

 

 

 

 

- 

 

 

 

 

CuO bulk: up to -

76.9%  

ZnO bulk: up to -

81.5%  

CuO NPs: up to -

96.9%  

ZnO NPs: up to -

78.4%  

[88] 

 

 

 

 

CM 

 

Mesophilic 

batch 

 

WC, W2N, and W18O4 

NPs 

 

12.5
a
, 25

a
, 50

a
, 

100
a
, 200

a 

 

Experiment: 

CODt: 50.08 – 71.11% 

Control: 

CODt: 40.88% 

18.3 - 58.5%
f
 

 

[147] 

 

CM or CM+Aloe 

peel waste 

(APW) 

Mesophilic 

batch 

Ti-based NPs 30
a
 Experiment: 

CODt: 54.68-69.14% 

(CM alone)53.03-

78.25% (CM+APW) 

Control:31.68%(CM) 

51.25%(CM+APW) 

27.12% - 

65.53%
f
 (CM) 

8.47% -35.89%
f
 

(CM+APW) 

[70] 
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CM 

 

Leachbed 

reactors 

running at 

room 

temperature 

Brown-rot fungi 0.14 A 15% increment of 

VFAs yield reflected an 

improved hydrolysis of 

CM 

- [98] 

CM+ cereal 

crops 

 

Mesophilic 

batch 

Anaerobic fungus 

Orpinomyces  

10
c
 Experiment Cellulose: 

66 - 86% Control 

Cellulose: 44 - 57% 

14 - 33% [13] 

CM 

 

Two-stage 

thermophilic 

reactor 

Caldicellulosiruptor 

lactoaceticus 

13
c
 - 5 - 6% at the 

steady stage 

[101] 

CM 

 

Mesophilic 

batch 

Mixed rumen fungi 

(Orpinomyces, 

Piromyces, 

Anaeromyces, 

Neocallimastix 

frontalis) 

5
c
,15

c
,20

c
 - Maximum 

methane yield 

enhancement 

(60%) was 

obtained at 15% 

fungi addition  

[160] 

CM 

 

Batch operated 

at 36 and 41˚C 

Rumen-derived 

enriched culture 

1
c
 - 70% and 36% for 

36˚C and 41˚C, 

respectively 

[105] 

CM (supplied 

with 10% (VS 

basis) wheat 

straw (WS)) 

 

 

 

 

 

CM+barly 

 

CM+corn straw 

Thermophilic 

continuous 

reactor 

 

 

 

 

 

 

Thermophilic 

batch  

Mesophilic 

batch 

Clostridium 

thermocellum and 

Melioribacter roseus 

 

 

 

 

 

 

Rumen fluid 

 

Cellulase, protease,and 

amylase 

100
d 

 

 

 

 

 

 

 

25
c 

 

1,0.6,0.6
e
 

Experiment 

(Clostridium 

thermocellum) 

Cellulose: 30.9% TS 

Hemicellulose: 11.4% 

TS 

Control 

Cellulose: 33.7% TS 

Hemicellulose: 

11.8%TS 

 

- 

 

- 

Clostridium 

thermocellum: 

7.5% at steady 

stage 

Melioribacter 

roseus: No 

enhancement 

 

 

 

18% 

 

1.47 - 110.79% 

[139] 

 

 

 

 

 

 

 

 

 

[66] 

 

[149] 

Notes: a: mg/L; b: mg/L (substrate); c: % (v/v); d: Volume of culture (mL); e: % (g/g) f: biogas enhancement; g: 

No data presented by the author but can be inferred directly from the figure; * Cellulose and hemicellulose 

degradation enhancement is inferred based on qualitative analysis (thermogravimetry analysis) .  
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2.6 Innovative AD systems 

2.6.1 Single electrode-assisted and magnet-assisted bio-electrochemical reactors  

Bio-electrochemical reactors allow researchers to influence the microbial activity, 

especially methanogens to boost the methane yield using an external electrochemical 

system [118]. Hence, [113] initially investigated the effect of electric polarity (cathode or 

anode) at 2500 mV on AD of CM in single electrode-assisted fermenters. They observed 

that electric polarity could impose a strong influence on biogas production as well as 

biogas quality by promoting the growth of methanogens. Reactors equipped with a 

cathode attained 79.4% enhancement of biogas yield with high purity of methane (77.9%) 

in comparison to the control group without electrode. At the same time, reactors with the 

cathode inserted showed the highest lignin (56.2%) removal, which was astonishing since 

lignin was regarded as the least degradable compound among the lignocelluloses. The 

results were further backed up by the presence of less crystalline cellulose (5.9%) in 

electrode-assisted reactors than in the control (11.2%). Finally, this novel system could 

generate more additional methane energy compared with the low electric energy 

consumption, inspiring its promising application in the methane fermentation industry.  

Based on the aforementioned phenomenon, the same group further developed a system 

called Electricity and Magnet-assisted microelectrolysis Fields (EMF) to deal with CM 

in AD. The joint merits of this technology were briefly described as follows: 1) A large 

amount of active free radical HOˑ was generated by microelectrolysis (Fe-C electrodes) 

which could cleave the glycosidic bonds between glucose units in cellulose, reducing the 

degree of polymerization; 2) The presence of Fe was beneficial to the propagation of 

microbial guilds and facilitated the synthesis of methane, while the formation of a biofilm 

on the surface of the Fe-C electrodes improved the overall biological activity; 3) A weak 

magnetic field was favorable for microbial growth, microbial enzyme activity, and 

microbial cell membrane permeability, hence increased both mass transfer rate and 

(bio)chemical reaction rate. Based on these advantages, they elucidated that the highest 

lignin and cellulose removal (23% and 36%, respectively), methane content (87%) and 

methane yield (151 mL gVS-1) could be achieved simultaneously when AD was equipped 

with EMF set at optimal condition (voltage 0.5V under magnetic field). Furthermore, 
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metagenomic sequence analysis revealed that cellulose-degrading bacteria Fibrobacteres 

aggregated around the electrodes and grew well (control: negligible, experiment: 11-18 %) 

under loading EMF, thus facilitating the decomposition of lignocellulose [114]. 

2.6.2 Biostimulation (Laser irradiation) 

Biostimulation with laser light targets the inoculum instead of the turbid CM due to the 

limited penetration of laser light. This technology relies on an external stimulator to 

activate the microorganisms in the inoculum to enhance the AD performance. [2] aimed 

to verify the feasibility of laser irradiation by dealing with rumen fluid inoculum prior to 

AD. Although the biogas and methane production rates were inversely proportional to the 

irradiation time, they conceived an improved AD performance induced by laser 

irradiation (26 - 30% more methane). Eventually, the highest methane yield (367.9 mL 

gVS-1) and organic solids degradation (55.2%) were achieved when the inoculum was 

exposed to laser light for 0.5h at 532 nm. The authors hypothesized that the presence of 

laser light with a specific wavelength (400 - 540 nm) could stimulate the methylcoenzyme 

M [(2-(methylthio)ethanesulfonic acid (CH3-SCoM)] to form methane. 

2.7 Feasibility of various incentives in full-scale AD 

2.7.1 Economic feasibility and environmental consideration of co-digestion 

From an economic point of view, AD co-digestion is believed beneficial as long as the 

co-substrate is regionally accessible. Otherwise, the additionally produced biogas brought 

by the co-substrate should offset its extra cost (i.e., transportation fee) to make AD 

profitable. Existing economic feasibility estimations of the co-digestion scenario were 

rather mature and variable [18,140]. In this regard, [140] evaluated the economic viability 

of co-digestion implementation in terms of co-substrate selection as well as a mixing ratio. 

A ubiquitous phenomenon that co-digestion generated more net present value compared 

with digesting CM alone was identified. On top of that, to guarantee an economic benefit, 

the percentage of the co-substrate should be as high as possible as long as it won’t 

sabotage the overall AD process. However, such an approach will inversely contribute to 

decreased COD removal and concomitantly, harm the on-farm environment. Taking the 

co-digestion criteria of CM and FW as an example, they demonstrated an inconsistency 
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between net present value and GWP at a high mixing ratio. In other words, increased 

profitability comes at the expense of increased environmental injuries at the farm-scale. 

Despite that, total life-cycle emissions, which consisted of all the indirect emissions 

occurring outside the farm, were reduced through co-digestion compared to mono-

digestion of CM. Such an advantage was mainly ascribed to the environmental benefits 

gained from replacing local grid electricity and commercial fertilizer with biogas and 

nutrition derived from the co-substrates. 

2.7.2 Economic feasibility of pretreatment  

Whether or not a certain pretreatment is energy-saving (cost-saving) depends on the 

energy input and benefits from the additional production of methane. [171] stated that, 

for thermal pretreatment (microwave) of CM and energy crop co-digests, only medium 

temperature (150 ̊ C) contributed to a significantly higher net energy output (4.2 Wh gVS-

1) compared with the control (3.75 Wh gVS-1) (P ˂ 0.05). It is suggested that microwave 

equipment should consume less than 2.65 kJ gVS-1 to achieve a positive energy balance, 

which is easier to accomplish on a large scale than on a laboratory-scale. They also 

promoted HC as an energy-saving approach for the pretreatment of CM and wheat straw 

co-digests in full-scale applications due to the energy bonus (61.05 kWh d-1) observed 

from a family-scale AD installation (2.5 m3) [169]. [31] theoretically estimated the energy 

balance using thermalbarical pretreated CM in an established full-scale AD nexus. They 

claimed a possibility to obtain more thermal energy from the pretreated CM than was 

necessary for the pretreatment itself. Moreover, they emphasized the importance of using 

concentrated CM (solid CM) on a shorter energy payback time (9 months), which was 

indicated by [171] as well. Likewise, [103] reported a net energy increase (50%) by 

applying low-energy ultrasound (520 kJ kg TS-1) to CM in a pilot-scale AD facility. 

For the mechanical pretreatment of CM employing extrusion, [63] depicted a positive 

energy budget (7-26% electricity increase) over the non-treated CM, suggesting its great 

potential for full-scale application. [58] calculated that a 0.9 ~ 3.8% increase in biogas 

production would be enough to cover the maceration expenses in a Danish full-scale 

biogas plant using CM as the feedstock. They showed that a biogas yield enhancement of 

25% using the macerated CM taken from the same unit was possible, indicating that the 
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energy consumption of maceration outweighs the increased performance of a full-scale 

AD. 

The economic benefit of thermal pretreatment was validated in various studies. [33] 

reported a net profit of 4.7 € t-1 CM without considering energy integration, while the 

benefit went up to 10.3 € t-1 CM with energy integration (recovering heat to produce steam 

in a co-generation plant). [31] incorporated a model with a full-scale AD facility to 

investigate the additional benefit brought by thermal pretreatment. They claimed that the 

annual profits ranged from 3763 € a-1 for solid-liquid CM (180˚C) to 60,253 € a-1 for solid 

CM (160 ˚C) whereas liquid CM generated losses of up to 23,199 € a-1.  

Concerning chemical pretreatment, the main obstacle preventing it from upscaling to the 

full-scale application was the high price of reagents despite a pronounced improvement 

of methane yield obtained at laboratory-scale experiments [108,115]. To make chemical 

pretreatment economically-feasible in Chile, [108] estimated that the market price of HCl 

acids should be below 330 $ ton-1, provided the selling price of the methane injected to 

the national grid was set as 162.7 $ MW h-1, and the cost of electricity for industries was 

86.4 $ MW h-1. Otherwise, the current price of HCl acids (660 $ ton-1) would definitely 

impair the stakeholder’s investment passion. This also applied to alkaline doses [115]. 

Unless the regent-related operation costs (18765 € a-1 with regents and 7537 € a-1 without 

regents) dropped, the improved energy production can’t compensate for the capital 

investments. Therefore, to make chemical pretreatment economically viable, future 

experiments should either use cheap reagent (limestone, for example) or reuse the reagent 

utmost to minimize the overall chemical input. 

Unlike well exploited mechanical, thermal and chemical pretreatments, biological 

pretreatment of CM is less studied at laboratory-scale or full-scale. Nevertheless, the full-

scale application potential of aerobic pretreatment (composting) was recently highlighted 

by [27]. Based on compost addition, a microbial consortium (BacteriomethaTM) rich in 

hydrolytic microorganisms sold by a French company called Sobac (Lioujas, France) was 

tested in full-scale AD treating CM. By mixing the additives with CM at aerobic 

conditions for 3~15 days, trials on two full-scale plants displayed higher energy 

production and ensured economic interest despite the purchasing fee [128]. Furthermore, 
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the potential benefit brought by aerobic fungi should not be overlooked. More recently, a 

market product called Optimash® AD-100 was released, which was an enzyme blend from 

Trichoderma reesei and Myceliophthora thermophile. Results implied that the direct 

introduction of the enzyme culture in a full-scale plant lead to a 10% decrease in 

maintenance costs for the digester [27]. Since the relevant laboratory studies on aerobic 

composting and aerobic fungi of CM are poorly stated, future investigations on this aspect 

are highly recommended.  

2.7.3 Economic feasibility and environmental consideration of various additives 

The economic benefit of trace element addition to CM-based full-scale AD is poorly 

documented. Therefore, we try to deduce it from a case study presented by [53], who 

studied trace elements (TE) supplementation (Mo, Ni, Co, and Se) in a full-scale facility 

receiving mixtures of CM and corn silage. The first implementation of trace element 

dosage undoubtedly led to a prompt enhancement of daily methane yield in AD (23.1 - 

38.5%), which might have brought some economic benefit. However, the methane 

production bonus failed to persist and lasted for merely three days. Moreover, the repeated 

introduction of TE (two more times) didn’t promote the methane yield further and 

remained at the previous baseline. Hence, the supplementation of TE might be 

economically-infeasible from this point of view. Nonetheless, the addition of TE as 

precautions to prevent potential process inhibition (organic acids accumulated from 3229 

to 4530 mg CH3COOHeq L−1) should be highlighted. Otherwise, the depletion of TE 

would have induced process imbalance and loss of investment when AD proceeded [53]. 

Therefore, the addition of TE could somehow be regarded as a money-saving strategy to 

overcome VFAs accumulation and, thus, maintained a healthy AD process [53]. 

Additionally, the environmental benefit regarding GHG mitigation of TE can’t be 

neglected, which was underlined by [53] and [61] as well.  For instance, [53] stressed that 

the residual methane potential (RMP) of the digestates from the TE sufficient stage (17.8 

Nm3 CH4 tVS-1) was significantly lower than that from TE starving stage (58.3 Nm3 CH4 

tVS-1). Thus, an adequate supply of TE gave environmental benefits by the reduction of 

RMP, hence mitigating GHG emissions in the atmosphere from the digestates stored in 

uncovered tanks and from the application of the digestates as a soil fertilizer. 
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The current economic feasibility analysis of carbon-based accelerants is lacking, which 

deserves an estimation due to its substantial improvement of biogas yield [162]. Hence, 

we simulates an economic analysis based on [162] ’s laboratory output and data obtained 

from a case study [147]. In our estimation, waste corn cob is used as the source and the 

washing detergent was H3PO4 to generate carbon-based accelerants. According to [147], 

an average electricity output for farm-scale AD facilities receiving 69 t CM d-1 was 5295 

kWh d-1, equal to an average electricity revenue of $958 d-1 ($0.181 kWh-1). Hence, to 

boost the AD performance of CM (69 t d-1), 124.2 kg of carbon-based accelerants should 

be added, which requires at least 124.2 kg of waste corn cob and 372.6 kg of concentrated 

(85%) H3PO4 input. Subsequently, if we assume that the methane content remained 

unchanged and the enhancement of biogas (40.8%) in the laboratory-scale experiment 

also applies for the farm-scale facilities, then additional electricity revenues of $391 d-1 

out of 69 t CM will be achieved. H3PO4 can be purchased online at $0.5 kg-1 (AlibabaTM), 

which means $186.3 d-1 is spent on chemical input. The remaining profit margin is $205 

d-1, but should also deduct the price of waste corn cob and electricity consumed by heating 

devices. The waste corn cob can be purchased online at $0.58 kg-1 (AlibabaTM) or can be 

collected from the farmland, which may require additional transportation fees and labor 

costs. If purchased, then another $72 d-1 will be deducted from the net profit, leaving $133 

d-1 to cover the rest of the expenses. Since the capital cost of the heating machine is fixed, 

we conclude that the addition of carbon-based accelerants derived from waste corn cob is 

economically feasible for the long run at farm-scale AD. To speculate on the 

environmental impact of carbon-based additives, we depend on the qualitative and 

quantitative analysis performed by [162]. On the one hand, they reported an enhanced 

CODt removal by adding carbon-based accelerants (59.9%) compared to the control 

(29.6%), resulting in improved thermal stability of the digestates (control: 70.54%; 

carbon-based accelerants: 63.22%). On the other hand, excellent stability and prolonged 

coexistence of carbon-based accelerants in the digestates were revealed [162].  

For low-cost composites, a similar calculation can be conducted as done for carbon-based 

additives [147,163]. According to [163], the combination of urea (0.3 wt%), diammonium 

phosphate (0.3 wt%), citric acid (0.5 wt%) improved the biogas production by 38.9 % 

compared with the control check. According to [147], the average electricity revenue 
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treating 69t CM daily is $958 d-1 ($0.181 kWh-1). Then, if we assume the improved biogas 

yield in the lab also applies for large-scale AD, the additional revenue will be $372.7 d-1. 

Considering the total prices of the aforementioned additives ($0.48 kg-1 for urea, $0.50 

kg-1 for diammonium phosphate, and $0.45 kg-1 for citric acid. (Alibaba TM)), the initial 

input for additives treating 69t CM is $357.8. Hence, there is a narrow profit margin 

generated ($14.9 d-1). However, the digestates coming from the AD installation receiving 

additives have a reasonable extent of fertility, which can be applied as a soil amendment 

[163].  Such an ‘invisible’ benefit should also be included and thus, the addition of low-

cost composites should also be regarded as a profitable incentive in the large-scale AD of 

CM.       

Economic estimation of the addition of NPs (ZVI) in CM-based AD installation was 

conducted by [39]. They concluded that the price of NPs for a feasible AD scenario 

shouldn’t exceed $118.88 kg-1, and any further improvements in the cost-effective 

production of ZVI NPs would translate into corresponding higher profits. After sending 

a query for the latest price of ZVI NPs at the online store (AlibabaTM), we believe that 

ZVI NPs can be purchased at $96 kg-1, which will generate better profit margins for 

biogas-plant operators. Likewise, a theoretical economic estimation based on [83] and 

[147] is also illustrated here. According to [83], the addition of SiC NPs (0.025 wt%) can 

boost the biogas yield by 69.7%. The market price of SiC is $ 20 kg-1 (Alibaba TM), if we 

assume 1t CM needs to be treated, then the enhanced electricity revenue from 1t CM is 

$9.67 (here we assume the enhancement of biogas yield also applies for pilot-scale AD) 

[147]. Thereafter, we deduct the input of SiC ($5) needed for 1t CM , the rest profit is 

still marginal ($ 4.67 t-1 CMtreated). From an environmental perspective, [62] perceived the 

environmental benefit brought by various NPs (Co, Ni, Fe, and Fe3O4) via life-cycle 

analysis (LCA). Accordingly, the environmental impacts were categorized into GHG 

emissions, eutrophication, acidification, ozone layer depletion, and human toxicity 

potential with GHG emissions, the foremost indices for biogas installations. The outcome 

of the research indicated that the lowest GHG emissions were achieved by adding Co NPs 

(0.0225 kg CO2 eq. MJ elect-1.), followed by Ni NPs (0.0276 kg CO2 eq. MJ elect-1.), 

Fe3O4 NPs (0.0290 kg CO2 eq. MJ elect-1.), Fe NPs (0.0336 kg CO2 eq. MJ elect-1.), 

compared to the control (0.0366 kg CO2 eq. MJ elect-1.). Meanwhile, Co NPs showed the 
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lowest acidification (1.499×10-5 kg SO2 MJ elect-1.) and eutrophication (6.1×10-6 kg 

phosphate eq. MJ elect-1.) impacts on the environment, allowing AD to expand its 

environmental protection boundary. However, concerns of extensive implementations of 

NPs still exist since NPs could cause health complications of humans (or animals) via 

inhalation, skin contact, and ingestion [45]. Once absorbed, NPs might reach susceptible 

organs (i.e., brain) by crossing the blood-brain barrier or cell boundaries and might induce 

neurodegeneration diseases such as Huntington’s disease [40]. In some instances where 

NPs are released into the environment (i.e., use of NPs-containing digestates as soil 

fertilizer), these compounds may exert biocidal or biostatic effects on microbial 

communities through the aforementioned mechanisms. Additionally, some fungal species 

(such as wood-decay fungi) may degrade NPs into some antimicrobial metabolites, 

affecting microbial ecology. In light of that, research efforts are highly recommended to 

thoroughly assess the use of NPs in agricultural AD sectors, especially their impact on 

human toxicity.  

Frankly speaking, there are hurdles for future applications of biological additives. Briefly, 

the laboratory-scale continuous experiments couldn’t present a sustained enhancement of 

methane yield (5%-7.5%), which required a persistent feeding of bioaugmentation dosage 

[101,139]. Thus, a substantially-constant input of pure culture is mandatory, which adds 

additional costs to the overall running costs. What’s more, a limited enhancement of the 

methane yield may extinguish the investor’s passions to invest in bioaugmentation. To 

overcome the limitation, an alternative approach, such as immobilization of augmenting 

microorganisms to retain them within the reactor, could be further developed. Recent 

achievements regarding these proposals have been tested by different researchers who 

claimed promising results [54,134]. However, to the best of our knowledge, relevant 

laboratory trials haven’t been established for CM yet, not to mention full-scale 

applications. 

2.7.4 Economic feasibility of innovative AD systems 

[114] emphasized the promising application of bio-electrochemical fields for industrial 

purposes based on the negligible energy consumption of the system running at 2500 mV 

(no circuit produced due to single polarity) versus a substantial increment of energy 
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output. A simultaneous lignocellulosic compounds removal and methane production 

improvement not only boosted the running profit but also resulted in improved substrate 

rheology, and therefore a reduction in stirring costs inside the digester [115]. Although 

no field data was documented in that paper, this system might be an example for future 

designs of novel reactor types and should be further exploited in the agricultural AD 

scenario.  

The main drawback of the application of laser irradiation comes from the limited 

irradiation capacity for dense CM. Moreover, the installation of the laser equipment and 

its energy-intensive nature may further constrain its future application. 

2.8 Summary, future perspective and concluding remarks 

Existing strategies have been successfully applied to improve methane production of CM 

in laboratory and pilot-scale anaerobic digesters, such as (1) co-digestion with organic 

wastes; (2) varying pretreatment approaches; (3) introduction of chemical and biological 

additives; (4) bio-electrochemical fields (Fig. 3). Taking into consideration the economic 

feasibility and environmental benefits, different treatment configurations are discussed 

and rated, as shown in Table 5. Thermal and biological pretreatments stand out for their 

economic and environmental sustainability at full-scale facilities (Table 5). In addition, 

newly-developed trace element based NPs and bio-electrochemical fields may render a 

promising application potential regarding their excellent lab achievements and desirable 

estimation of full-scale practice. For the EU where the biogas market is rather mature, a 

new trend emerges where the produced biogas is upgraded into biomethane (˃95% CH4). 

The demand is growing as a result of support schemes for applications in transportation 

or injection into the gas grid [119]. In this context, [119] announced that Europe the 

world’s leading producer of biomethane as a vehicle fuel with 160 million m3 used for 

gas stations in 2015. Therefore, for the developed market, future studies should not only 

focus on the practical application of AD incentives, but also concentrate on inexpensive 

biogas upgrading, energy storage, and transportation approaches to make AD competitive 

to substitute fossil fuels [60,109]. Whereas, for agricultural sectors in developing 

countries (like China) where simple AD facilities are installed, households expect stable 

energy for cooking or heating [89]. Provided that mono-digestion of CM can’t provide 
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surplus biogas, co-digestion, composting pretreatment, waste carbon, urea, and waste Fe 

power supplement can be alternative inexpensive approaches. Future studies should also 

prove the feasibility of these incentives in small and medium household AD to stress the 

concern in the rural economy [89]. Furthermore, AD is an important participator in 

‘circular agriculture’ where the generated agricultural wastes are disposed and the AD 

digestates can be reused on-land. Great attention should be paid for additives, as the 

digestates are qualified as commercial fertilizers, which add bonus to the rural economy 

[65,164]. It is noteworthy that AD plays a vital role in a sustainable society. However, an 

efficient AD framework containing researchers, individual stakeholders, and the 

government is urgently required. In other words, researchers are encouraged to work in 

fields to flexibly choose AD incentives to satisfy the stakeholders’ interest case by case. 

Individual stakeholders should be aware of the importance of ‘sustainable society’ and 

get basic trained to run the AD facility themselves. The government can build up websites 

or mobile apps for individuals to report their running problems or for lab researchers to 

broadcast their tailor-made AD incentives in different cases. Policymakers should also 

pass legislation to guarantee the interest (by giving subsidy) of individuals who run AD 

and enable a benign cycle in a sustainable economy.   

Table 5. Overall evaluation of different incentives adopted in anaerobic digestion of cow manure. 

Strategies Methane production 

enhancement 

Energy or cost 

saving 

Environmentally-friendly 

index 

Mechanical pretreatment ** *** ** 

Thermal pretreatment *** *** **** 

Chemical pretreatment **** * * 

Biological pretreatment ** **** **** 

Co-digestion ** *** *** 

Trace-element additives ** * *** 

Carbon-based additives ** *** ** 

NP-based additives *** *** *** 

Bioelectrochemical field **** **** *** 

Biostimulation * * * 

Bioaugmentation * * * 

Note: more ‘*’ indicates better methane enhancement, more energy or cost saving, more environmentally-

friendly 
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(a) 

 

(b) 

 

Figure 3.  Summary of reviewed AD incentives (a) and their maximum methane enhancement potential (b)  
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Concluding remarks are summarized as follows: 

(1) The synergy equation should be introduced to verify whether or not an enhanced 

methane yield of co-digestion scenarios comes from an improved degradation of CM 

when CM is involved. More importantly, the addition of lignin-poor co-substrate could 

promote the degradation of lignocellulosic compounds of CM. 

(2) Mechanical and thermal pretreatments are currently most suitable for CM, either at 

laboratory, pilot, and full-scale. 

(3) Biological pretreatment, especially aerobic pretreatment (mixing enzymes from 

aerobic fungi) of CM, offers a full-scale application possibility but requires 

comprehensive laboratory-scale investigations first. 

 (4) Implementation of NPs additives in the full-scale AD of CM is promising in terms of 

economic and environmental benefits. However, researchers should concentrate more on 

the human-related impact of NPs and reach a comprehensive agreement on the proper use 

of NPs in AD. 

(5) Bio-electrochemical reactors deserve more investigations regarding pilot and full-

scale AD of CM. 
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Abstract 

This study evaluated the performance of anaerobic co-digestion of cow manure (CM) and 

sheep manure (SM) in both batch and continuous digesters at 37˚C. Synergistic effects of 

co-digesting CM and SM at varying volatile solids (VS) ratios (1:0, 0:1, 3:1, 1:1, 1:3) 

were observed in the batch experiment, with the most effective degradation of cellulose 

(56%) and hemicellulose (55%), and thus, the highest cumulative methane yield (210 

mL/gVSadded) obtained at a CM:SM ratio of 1:3. Co-digesting CM and SM improved the 

hydrolysis, as evidenced by the cellulase brought by SM and the increases of cellulolytic 

bacteria Clostridium. Besides, co-digestion enhanced the acidogenesis and 

methanogenesis, reflected by the enrichment of syntrophic bacteria Candidatus 

Cloacimonas and hydrogenotrophic archaea Methanoculleus (Coenzyme-B 

sulfoethylthiotransferase). When testing continuous digestion, the methane yield 

increased from 146 mL/gVS/d (CM alone) to 179 mL/gVS/d (CM:SM at 1:1) at a constant 

organic loading rate (OLR) of 1g VS/L/d and a hydraulic retention time (HRT) of 25 days. 

Furthermore, the syntrophic microbial guilds (Candidatus Cloacimonas and 

Methanoculleus) were identified again in the continuous system, highlighting their 

fundamental roles in manure-based AD. 
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3.1 Introduction 

Intensive livestock farming has been increasingly developed over the last decades to 

satisfy our overwhelming demand for meat and dairy products [9]. However, these farms 

inevitably contribute to a considerable amount of manure annually [6]. Disposal of 

untreated manure not only causes serious environmental problems such as soil 

contamination, eutrophication, and greenhouse gas emissions but also fails to make full 

use of the nutrients in it. Recently, many anaerobic digestion (AD) systems are being 

operated on those farms for the simultaneous waste treatment and production of biogas, 

with cow manure (CM) frequently used due to its high availability [10,21,34,38]. 

However, mono-digestion of CM inherently delivers low biogas yield because the cow-

feed (mostly grass) has already been processed by the microorganisms in cow’s rumen, 

leaving CM with high lignocellulosic contents (cellulose, hemicellulose and lignin) which 

is relatively resistant to AD [44,47]. As a result, the hydrolysis of CM in AD is rather 

slow, making it the rate-limiting step [15,26]. The difficulty can be partly overcome by a 

pre-treatment which breaks up the complex structure (mainly between hemicellulose and 

lignin) and makes the lignocellulosic compounds more accessible for hydrolytic microbes. 

Another approach is through anaerobic co-digestion to increase the number of indigenous 

microorganisms with efficient degradation capabilities [35]. Both solutions are well-

established with the co-digestion preferable due to its low energy input [22,35]. As 

illustrated by Amon et al. [1], a negative correlation between lignin content and final 

methane yield was obtained using CM as the substrate. To avoid lignin inhibition, 

material with a low lignin content is preferred to co-digest with CM to generate maximum 

methane yield [1]. Moreover, one contains active specialized hydrolytic microorganisms 

that work on the depolymerization of lignocellulose is also preferred as a co-digestion 

partner. 

Unlike CM, sheep manure (SM) is rarely mentioned as an addition in AD despite its 

recently proven ability for high methane yield [20,48]. This is surprising, as the number 

of sheep ranks the first among the total livestock population worldwide, making SM a 

non-neglectable source of manure waste [10,37]. Besides, SM possesses lower lignin 

compounds [17,20,24] which is a suitable candidate for co-digestion (Chapter 1). Another 
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intriguing point of SM is that it may contain hydrolytic microbes that could boost the 

hydrolysis step in AD [14], but the species of these microbes remained undocumented. 

Hence, it hints that SM is more than a co-digestion substrate, but also harbors active 

microbes enhancing the hydrolysis of recalcitrant substrates. Recently, Martí-Herrero et 

al. [24] used tubular reactors fed with CM or with a mixture of CM and SM at 

psychrophilic conditions (16.6 ˚C) to investigate the bioprocess efficiency. They found 

that a 4:1 ratio of CM and SM generated almost twice as much methane as when using 

CM alone. Cestonaro et al. [7] used sheep bedding and CM as the substrate in a batch AD 

process at room temperature (18.6 ˚C) and found that co-digestion of sheep bedding and 

≥ 50% cow manure increased biogas production by only 3.4%-4.3% compared with CM 

alone. 

Although the ambient temperature can be applied in specific areas as indicated by the 

aforementioned research, mesophilic conditions (25˚C-40˚C) are still suggested in the 

agricultural sector to fulfil the biogas potential of manure [42]. Detailed knowledge on 

the influence of adding SM to CM, and thus, the effect on the methane production, 

remains unknown. Therefore, this study thoroughly investigated the AD performance of 

co-digestion of CM and SM in both batch and continuous assays. Varying CM:SM co-

digestion ratios (1:0,3:1,1:1,1:3,0:1, on volatile solids basis) were tested in batch trials to 

assess their synergistic effects. Microbial tools were performed to unveil the core 

microbes responsible for the improved methane yield. Such synergy was further 

demonstrated in the continuous system. 

3.2 Materials and methods 

3.2.1 Feedstock and inoculum 

The CM and SM were taken from a sheep and cow dairy farm nearby Groningen, the 

Netherlands. The inoculum was taken from an anaerobic digester fed with aerobic sludge 

from a municipal wastewater treatment plant (WWTP, Garmerwolde, Groningen). After 

collection, all substrates and inoculum were kept at 4˚C in a cold room. Before use, the 

inoculum was acclimated in an incubator at 37˚C for 10 days to reduce the residual 

methane production from the inoculum in AD. Key physicochemical characteristics of 

CM, SM, and inoculum are summarized in Table 1. 
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3.2.2 Batch digester start-up and experimental design 

The batch AD of CM and SM was carried out at five CM/SM ratios based on volatile 

solids (VS): 1:0, 0:1, 1:1, 3:1, 1:3. The experiments were performed in 500 mL glass 

bottles capped with butyl rubber stoppers with a working volume of 400 mL. For each 

treatment, an initial substrate concentration of 25 gVS/L was used. The substrate to 

inoculum ratio (ISR) was set 0.5 [13]. After adding the proper amounts of substrate and 

inoculum, each bottle was filled with distilled water to achieve the working volume. 

Sulfuric acid was used to adjust the initial pH to 7. The bottles were then flushed with 

pure nitrogen gas for 5 min to ensure anaerobic conditions. Finally, the bottles were 

placed in a shaking incubator (140 rpm) at 37 ± 1˚C. Each experiment was done in 

triplicate, and bottles with inoculum alone were used as a control. Samples for biogas 

composition analysis were obtained from the headspace of the bottles. Biogas and 

methane yields from the control were subtracted from the data obtained in the experiments 

with CM and/or SM. Biogas production and methane content were measured daily. The 

cumulative methane yield (CMY) of each treatment was calculated by dividing the 

cumulative volume of methane produced after complete anaerobic degradation by the 

mass of initial VS of substrate added. The experiment ended when there was no further 

gas detected. At the beginning and the end of the experiment, samples were taken and 

stored at -20˚C for chemical and compositional analysis, and 5 mL samples were mixed 

with 5 mL ethanol (100%) and stored at -20˚C for further microbial population analysis.  

3.2.3 Continuous digester set up and design 

A single stage laboratory-scale continuously stirred tank reactor (CSTR) with a working 

volume of 2.4 L was used. The reactor was fed once a day by a peristaltic pump. An 

equivalent volume of digester content was discharged before feeding. The hydrolytic 

retention time (HRT) was set to 25 days based on the batch experiment, and the organic 

loading rate (OLR) was 0.5 g VS L-1d-1 from day 0 to day 50 and then increased to 1g VS 

L-1d-1. The temperature was maintained at 37 ±1˚C by a water bath. A constant stirring 

speed of 120 rpm was used. The reactor started with 2.4L same seed sludge coming from 

WWTP as used in the batch experiments, followed by feeding once per day with CM 

alone or CM and SM. Biogas and methane content were measured daily and chemical 
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analysis was conducted every 3 days in each phase. The detailed experimental design and 

information of the substrate used for the continuous test are shown in Table S1, 

Supplementary data. 

3.2.4 Biogas measurement and mass removal calculation 

The volume of daily biogas production was determined by displacing a 75% saturated 

solution of sodium chloride, which was acidified to pH 2.0 [30]. Biogas composition was 

analyzed by gas chromatography (C2V-200 Micro GC, Thermo Scientific) with a 

GCC200-U-BND cartridge and a thermal conductivity detector (TCD). The temperature 

of the column, injector, and detector was 60˚C, 120˚C, and 120˚C, respectively. Helium 

was used as carrier gas. The measured biogas and methane volumes were then adjusted 

to the volumes of dry gas at standard temperature (0˚C) and pressure (1 atm) [15]. The 

theoretical methane yield (TMY) of CM and SM was calculated based on Li et al. [20]. 

The biodegradability is defined as the ratio of CMY and TMY. For different co-digestion 

treatments, the simulated methane yields of different mixtures were calculated based on 

the proportion of CM and SM in the mixtures as well as methane yields coming from CM 

and SM alone in AD as shown in Eq. (1) [49]. 

Mmixture,i=MCM,i × Y1% + MSM,i × Y2%                                                                              (1)                                                                  

where i= the duration of AD (d), Mmixture,i= the simulated methane yield of mixture at the 

ith day (mL/g VSadded), MCM,i = methane yield of CM at the ith day, Y1% = the percentage 

of CM in the mixture (%), MSM,i = methane yield of SM at the ith day, and Y2% =  the 

percentage of SM in the mixture (%). 

The TS or VS removal rate in the batch test was calculated from the total mass removal 

from the reactors and blank reactors as shown in Eq. (2) [16] 

𝑆𝑅(%) = (𝐹 + 𝐼) × 𝑎 − 𝐼 × 𝑏 𝐹⁄                                                                                              (2)                                                                    

where SR = TS or VS removal of substrate (%), F = total TS or VS added to the reactor 

(g), I = total TS or VS inoculum added to the reactor (g), a = calculated TS or VS removal 

of feed plus inoculum based on total initial and final mass of TS or VS present in the 

reactor (%), b = calculated TS or VS removal of inoculum in blank reactor (%).  
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3.2.5 Analytical methods 

TS% and VS% were determined following the standard methods [2]. The pH was 

measured with a digital pH meter (H160, Hach, Germany). Soluble fractions of all the 

samples were obtained by centrifuging at 10,000 rpm for 10 min at 4 ˚C. The supernatant 

was filtered through a cellulose acetate membrane with a pore size of 0.45 μm to obtain 

the soluble fraction. The soluble fraction was used to determine the soluble chemical 

oxygen demand (SCOD), and total ammonia (TAN). Total soluble oxygen demand 

(TCOD), and SCOD were measured with specific kits (LCK 014, Hach, Germany). TAN 

was measured with a rapid ammonia assay kit (K-AMIAR, Megazyme, USA). Free 

ammonia (NH3-N) was determined according to the equation based on both pH and 

temperature as described elsewhere [11]. Total volatile fatty acids (TVFAs) and total 

alkalinity (TA) were analyzed by titration with 0.1 N H2SO4 to the endpoints of pH 5.0 

and 4.4 with an auto-titrator (AT1000, Hach, Germany) [17]. Air-dried CM, SM, and 

inoculum samples were used for elemental analysis with an elemental analyzer (Vario 

EL/micro cube, Germany). 

CM and SM were pre-treated following the method based on the National Renewable 

Energy Laboratory (NREL) Analytical Procedure. Extractive-free samples were 

subsequently used to determine the structural carbohydrates and lignin with a two-step 

acid hydrolysis method [36]. Monomeric sugars and cellobiose were analyzed with high-

performance liquid chromatography (HPLC) (Agilent Technologies 1200 series) 

equipped with a Bio-Rad Aminex HPX-87H 300 ×7.8 mm column at 60˚C using 5 mM 

H2SO4 as eluent. Then, the exact amount of cellulose and hemicellulose was calculated 

from the monomeric sugars concentrations based on NREL: ‘Determination of Structural 

Carbohydrates and Lignin in Biomass’ [36]. 

3.2.6 High-throughput 16s rRNA gene sequencing and analysis 

Samples were fixed by adding ethanol to a final concentration of 50% (v/v) pending DNA 

and RNA extractions. The fixed samples were sent for sequence analysis using the 

BioProphyler approach (Bioclear Microbial Analysis BV, Groningen, Netherlands). 

Briefly, total RNA was extracted using the FastRNA ProSoil Direct kit (MP Biomedicals, 

Solon, OH, USA) and cDNA was synthesized using the iScript™ Reverse Transcription 
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Supermix with random primers (Biorad, Hercules, USA). High-throughput sequencing 

was performed on an Illumina MiSeq. The reads, maximal 301 bp in size, were processed 

using in-house developed BioProphyler software. The sequence reads were first run 

through a quality filter named Trimmomatic [5], followed by a comparison to sequences 

stored in GenBank using the BLASTn algorithm (http://www.ncbi.nlm.nih.gov/BLAST) 

and the RAPSEARCH2 algorithm (https://doi.org/10.1093/bioinformatics/btr595). 

Identifications were ranked by tag abundance. Relative abundance (RA) was calculated 

from the number of sequences that affiliated with a taxon divided by the total number of 

sequences per sample. Additionally, Alpha diversity metrics were calculated for each 

sample for Shannon and Simpson indices, Beta diversity was calculated with the weighted 

UniFrac distance matrix and then visualized using principal coordinates analysis (PCoA). 

Furthermore, canonical correspondence analysis (CCA) was performed using the R 

package to examine correlations of bacterial and archaeal genera with environmental 

factors and reactor performance with pH (7.45-7.58), TAN (1996 – 2211mg/L), CMY 

(157-210 mL/g), and cellulose removal (38%-56%). RA of the 19 major bacterial genera 

(>1%) and 6 major archaeal genera (>1%) detected were used in the CCA analysis. 

3.2.7 Data analysis 

Differences in the methane yields obtained in co-digestion of CM and SM at different 

ratios in both batch and continuous experiments were evaluated by using single-factor 

analysis of variances (ANOVA) in Excel 2013. Statistical significance was tested using 

Student's t-test with a threshold p-value of 0.05. 

3.3 Results and discussion 

3.3.1 Substrate characterization  

Noticeably, SM contained significantly lower lignin content (8.59%) than CM (13.97%) 

(p˂0.05). In the elemental analysis, CM and SM could be represented as 

C21.99H37.04O13.26N1 and C17.02H29.51O9.66N1, respectively. Hence, the corresponding TMYs 

for CM and SM were 357 mL/gVSadded and 395 mL/gVSadded, respectively. These findings 

suggested that the co-digestion of CM and SM might have a better performance than the 

mono-digestion of CM (Table 1). 
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Table 1. Characteristics of cow manure (CM), sheep manure (SM), and inoculum 

Characteristics CM SM Inoculum      

TS (% FM) 19.99 (0.28) 22.27 (0.02) 5.14 (0.04) 

VS (% FM) 16.95 (0.15) 18.69 (0.01) 3.24 (0.04) 

VS/TS 84.78 (0.59) 83.73 (0.34) 63.09 (0.34) 

pH 8.59 8.07 7.60 

TCOD (g/kg FM) 35.50 (2.12) 62.91 (0.07) 6.75 (0.11) 

SCOD (g/kg FM) 22.30 (0.35) 45.97 (2.75) 3.69 (0.44) 

Cellulose (% TS) 15.31 (0.61) 11.63 (0.68) ND 

Hemi-cellulose (% TS) 14.05 (0.34) 13.27 (0.69) ND 

Acid soluble lignin (% TS) 1.06 (0.07) 1.22 (0.08) ND 

Acid insoluble lignin (% 

TS) 

12.91 (0.89) 7.37 (0.39) ND 

Extractive (% TS) 47.18 (0.46) 61.97 (0.99) 60.55 (0.44) 

Ash (% TS) 15.59 (0.15) 16.08 (0.05) 27.69 (0.33) 

C (% TS) 42.11 (0.22) 42.40 (0.41) 30.23 (0.22) 

N (% TS) 2.23 (0.03) 2.91 (0.06) 4.59 (0.04) 

H (% TS) 5.91 (0.01) 6.13 (0.04) 5.08 (0.03) 

O (% TS) 33.76 (0.31) 32.09 (0.45) 21.97 (0.68) 

S (% TS) 0.39 (0.05) 0.38 (0.02) 1.22 (0.05) 

C/N 18.85 14.59 6.58 

Notes: The values are means (n=3) with the standard deviation between brackets. ND=Not detected 

3.3.2 Methane production of CM and SM 

Methane production started immediately from the first day for all digestion tests (Fig. 1). 

For CM alone, one peak was observed which occurred on day 1 (11 mL/g VS-d), the 

methane production rate remained relatively constant from day 2 to day 4 and then 

declined gradually. For SM alone, the peak occurred on day 2 (16 mL/g VS-d) and from 

day 3 to day 7, the methane production rate remained stable, with little fluctuation, and 

then decreased gradually. The higher peak value observed in SM than in CM could be 

attributed to the higher concentration of TVFAs observed in SM than in CM at the 

beginning of the experiment, as they can be quickly converted into methane via 

acetogenesis and methanogenesis (Table 2). 
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Eventually, the CMY obtained from SM (207 mL/gVSadded) was 1.3-fold higher than that 

from CM (157 mL/gVSadded). The methane yield of CM in this experiment was similar to 

the yield found by Vivekanand et al. [39], and it also fell in the range of 125-166 

mL/gVSadded reported by Amon et al. [1]. Compared with CM, SM is slightly easier 

biodegradable, presumably because of its lower lignin content and a higher amount of 

extractives (acids and oligomers) (Table 2). The methane yield observed in this 

experiment was similar with the methane yield (204 mL/gVSadded) reported by Riggio et 

al. [29] and slightly higher than the methane yield (188 mL/gVSadded) obtained by 

Cestonaro et al. [7]. Also, the biodegradability of CM (44%) was significantly lower than 

that of SM (52%), which was following the CMYs observed for mono-digestion of CM 

and SM (p˂0.05). 

3.3.3 Methane production from the anaerobic co-digestion of CM and SM 

For the co-digestion of CM and SM at mixing ratios of 3:1, 1:1, and 1:3, there was one 

peak of daily methane yield observed at day 2, which was 13 mL/gVS-d, 16 mL/gVS-d, 

and 18 mL/gVS-d, respectively. Compared with the simulated co-digestion of CM and 

SM, the peak values of daily methane yield were enhanced by 7.8%, 17.9%, and 23.8%, 

respectively for the different mixing ratios of CM and SM. Such enhancement may be 

ascribed to more available fermentable compounds (sugars and acids) brought by the co-

digestion than the mono-digestion. Another possible explanation could be the co-

digestion promotes the activity of microbes, especially the activity of methanogens. 

The CMYs of co-digestion of CM and SM at mixing ratios of 3:1, 1:1, and 1:3 were 175, 

200, and 210 mL/gVSadded, respectively (Fig. 1), which showed a higher methane yield of 

11.6%-30.5% than mono-digestion of CM. Compared to the simulated CMYs of different 

mixing ratios of CM and SM, the actual CMYs of co-digestion of CM and SM at mixing 

ratios of 3:1, 1:1, and 1:3 increased by 3.4%, 10.1%, and 8.2%, respectively (Fig. 1), 

indicating that a synergistic effect took place during co-digestion of CM and SM. A 

similar phenomenon was observed by researchers who compared co-digestion of CM and 

chicken manure with mono digestion of CM or chicken manure alone in AD, 

strengthening the hypothesis that co-digestion of CM and other types of lignin poor 
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manure could boost the methane production compared with mono-digestion of CM alone 

[43]. 

  

Figure 1. Methane production rate and methane cumulative yield for co-digestion of cow manure (CM) with 

sheep manure (SM) at mixing ratio of 1:0, 0:1, 3:1, 1:1,and 1:3 based on VS. The values are means (n = 3). 

3.3.4 Characteristics of the digestates 

To further examine the process, the characteristics of the digestates were measured on 

day 0 and day 75 regarding the chemical parameters listed in Table 2. The pH of the 

digestates in all reactors at day 75 (7.45e7.58) were all higher than the initial value of pH 
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7.0. Similarly, the TAN values increased among all treatments as a result of the gradual 

degradation of nitrogenous compounds in CM and SM. TAN plays a critical role in the 

stability of AD, especially for nitrogen-rich materials such as manure and sludge. The 

threshold concentration of TAN in AD is generally regarded as 2500 mg/L when treating 

cattle wastes [12]. At the end of the experiment, the highest value of TAN in the digestates 

at day 75 was 2211 mg/L of CM alone. Whereas, the co-digestion mixtures showed lower 

TAN values, ranging from 1996 mg/L to 2207 mg/L, with the lowest value of 1996 mg/L 

observed in co-digestion of CM and SM at ratio 1:3. Hence, co-digesting CM with SM 

may reduce the concentration of TAN to guarantee a stable AD environment [12]. As for 

the ratio of TVFAs and TA, it is recommended that a ratio of 0.3-0.4 or even less is the 

optimal range for a successful batch experiment while a ratio of 0.6 or more indicates an 

excessive biomass input [28]. Different from the unbalanced TVFAs/TA ratio in the co-

digests than in CM alone on day 0, no significant differences of the TVFAs/TA ratio 

among all digesters were found when AD finished, which ranged from 0.164 to 0.169, 

strongly implying that the addition of SM didn’t disturb the whole AD process (p > 0.05) 

(Table 2). The higher TVFAs removal obtained in the co-digestion experiments (46%-

49%) than CM alone (44%) was also in line with higher CMYs, since TVFAs are major 

intermediates in AD that are converted into methane. 

3.3.5 Degradation of organic components 

The final methane yield in AD is dependant on the degradation efficiency of organic 

compounds. The removal of TS, VS, and organic components from the AD experiments 

with different ratios of CM and SM are shown in Fig. 2. Along with the methane profiles, 

the removal of VS for all mixtures (43e49%) and SM alone (52%) was significantly 

higher than for CM alone (37%) (p˂0.05). Hence, co-digestion of CM and SM may 

contribute to an improved decomposition of solid fraction and ‘untrap’ more products for 

a further conversion into methane compared with CM alone. 

Lignocellulose is the recalcitrant component of CM and SM but contributes largely to the 

methane yield. In this experiment, the removal of cellulose and hemicellulose in SM alone 

(56% and 54%) was significantly higher than that in CM (38% and 31%) (p˂0.05). 

Similarly, a higher removal was obtained in the mixtures, ranging from 43% to 56% 
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(cellulose) and 38% to 55% (hemicellulose), respectively (p˂0.05). This observation 

could be ascribed to the lower lignin content in SM than in CM, which could make 

lignocellulose more accessible by lignocellulosic-degrading microbes. On the other hand, 

it could be attributed to the presence of more active hydrolytic bacteria in SM. 

Table 2. Chemical parameters of different digestates. 

Chemical 

parameters 

 CM CM:SM=3:1 CM:SM=1:1 CM:SM=1:3 SM 

pH 

 

Initial 

Final 

7.00 

7.47(0.01) 

7.00 

7.45(0.02) 

7.00 

7.51(0.01) 

7.00 

7.58(0.02) 

7.00 

7.55(0.04) 

TVFAs 

(mg CaCO3/L) 

Initial 

Final 

1351(34) 

756(1) 

1466(7) 

767(34) 

1491(19) 

801(11) 

1590(13) 

824(6) 

1654(38) 

846(11) 

TA  

(mg 

CH3COOH/L) 

Initial 

Final 

2953(48) 

4471(56) 

2844(40) 

4595(75) 

2837(22) 

5031(25) 

2766(18) 

5013(50) 

2738(47) 

5115(69) 

TVFAs/TA 

 

Initial 

Final 

0.415(0.007) 

0.169(0.003) 

0.515(0.01) 

0.167(0.005) 

0.521(0.008) 

0.167(0.002) 

0.575(0.005) 

0.164(0.003) 

0.607(0.006) 

0.165(0.001) 

TAN (mg/L) 

 

Initial 

Final 

1663(80) 

2211(90) 

1487 (21) 

2030(63) 

1498(28) 

2207(53) 

1576(26) 

1996(106) 

1554(72) 

2177(43) 

FAN (mg/L) 

 

Initial 

Final 

21(1) 

81(3) 

19(0) 

71(2) 

19(0) 

88(2) 

20(0) 

93(5) 

20(1) 

95(2) 

TCOD (mg/L) 

 

Initial 

Final 

13435(101) 

4989(80) 

13045(75) 

5450(180) 

12995(80) 

6852(51) 

13755(27) 

6482(132) 

12935(94) 

6958.66(211) 

SCOD (mg/L) 

 

Initial 

Final 

4202(177) 

2633(152) 

4852(76) 

2888(106) 

4630(93) 

3035(154) 

4853(152) 

3270(58) 

4786(74) 

3041(32) 

Notes: The values are means (n=3) with the standard deviation between brackets. 
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Figure 2. TS, VS, cellulose, and hemicellulose removal rates for co-digestion of cow manure (CM) with sheep 

manure (SM) at mixing ratios of 1:0, 0:1, 3:1, 1:1, and 1:3. The values are means (n = 3). (Note: For components 

that have different letters, the removal is significantly different (p < 0.05)). 

 

Figure 3. Relative abundance of predominant bacterial phylum (more than 1.0% detected in at least one sample) 
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3.3.6 Microbial community analyses 

3.3.6.1 Comparison of overall community diversity and similarity 

The alpha diversity measurements of the samples were represented using operational 

taxonomic units (OTUs), Shannon and Simpson diversity index (Table S2). Both samples 

on day 0 showed higher values of these diversity measurements than the samples on day 

75, indicating that the microbial diversity decreased throughout the AD process. 

Specifically, on day 75, both indexes were found lower in nearly all co-digestions than 

CM or SM alone except for CM:SM at 3:1. The indexes on day 75 of archaea were found 

higher, except for CM:SM at 3:1. The differences indicated that the co-digestion of CM 

and SM was more beneficial for archaea then for bacteria, especially in the presence of 

higher amounts of SM (≥ 50%). 

Beta diversity was calculated and PCoA was performed to examine the similarity of the 

microbial communities among the samples (Fig. S1). To point out, on PC2, a gradual 

separation of the samples with different CM and SM ratios was shown. The samples with 

a high amount of SM (≥ 50%) and SM alone were separated from low amounts of SM 

and CM alone on day 75. Thus, the microbial community in CM-containing digesters was 

fairly constant unless more SM (≥ 50%) was added to co-digest with CM.  

3.3.6.2 Bacterial community composition and dynamics  

3.3.6.2.1 Bacterial community dynamics at the phylum level 

The major bacteria phyla detected in both mono and co-digestion of CM and SM are 

shown in Fig. 3. Several phyla were found ubiquitous, with high share (more than 1%), 

and included Firmicutes, Bacteroidetes, Proteobacteria, Chloroflexi, and Cloacimonetes. 

Firmicutes were the predominant phylum in all digests on day 75 and are known to 

contain members of cellulolytic bacteria and syntrophic bacteria, which can degrade 

various VFAs. Thus, the contribution of this phylum in our study was probably related to 

the degradation of cellulolytic materials into intermediate products such as VFAs and the 

further utilization of these products. This phylum was found slightly higher in co-

digestion scenarios (48-49%) than in CM alone (46%). In contrast, co-digestion was 
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unfavorable for Proteobacteria, reflected by its low proportion in co-digests (15-19%) 

than in CM alone (24%). Similar to Firmicutes, most of the Alpha-, Beta-, Gamma- and 

Delta-proteobacteria are known for the utilization of glucose, acetate, propionate, and 

butyrate [3]. Differences on the RA of these two phyla may result from the competition 

in the given environment (co-digestion or mono-digestion). Apparently, Cloacimonetes 

thrives in co-digests, especially with 50% and 75% SM addition (8% and 10%, 

respectively), instead of CM alone (4%) (Fig. 3). This phylum has the potential to ferment 

amino acids and may serve as the H2 producer [37]. The RA of two phyla remained almost 

unchanged in both co-digests and mono-digests. Members of Bacteroidetes can produce 

various lytic enzymes and acetic acid via the degradation of organic compounds [31]. The 

phylum Chloroflexi is an important glucose-degrading group[3]. 

3.3.6.2.2 Bacterial community dynamics at the genus level 

The distribution at the genus level is shown in Fig. 4. The genera Clostridium, 

Ruminococcus ，  Ruminococcaceae, and Intestinimonas were predominant within 

samples for CM and SM on day 0 but not on day 75 except for Clostridium. Both 

Ruminococcus and Ruminococcaceae were reported to have the potential to ferment 

cellulose, and they are present mainly within the animal gut [8]. Similarly, some 

Clostridium species can hydrolyze cellulose in AD [18].Together with Clostridium, the 

profusion of Romboutisia and Turicibacter that belong to Firmicutes were observed in all 

digests. They were found to be involved in carbohydrate metabolism [33]. Compared with 

CM alone, higher proportions of these two genera were observed, especially when ≥ 50% 

of SM was added (Fig. 4). Similarly, Clostridium showed an increasing proportion with 

the gradual addition of SM, increasing from 7% in CM alone to 10% in 75% addition of 

SM. This was also in line with previous findings that a higher proportion of Clostridium 

correlated with a better performance in the manure-based AD [46]. Furthermore, the 

appearance of genera Smithella, Syntrophus, and Delftia that belong to the phylum 

Proteobacteria might also indicate their roles in acetogenesis in our test. The genus 

Smithella could conduct propionate oxidation, whereas Syntrophus species are involved 

in butyrate oxidation [8]. No apparent change was observed in co-digests and mono-digest 

with those two genera. It is noteworthy that a high proportion of the genus Candidatus 
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Cloacimonas was observed only in digesters with a high amount of SM, it reached 8% 

and 10% in 50% and 75% addition of SM, respectively. As uncovered by Pelletier et 

al.[27], this genus could obtain most of its energy from fermenting amino acids and sugars 

to generate propionate, CO2, and H2. It is further identified as a syntrophic bacterium, 

associated with hydrogenotrophic methanogen to generate methane [37, 45]. The 

importance of Candidatus Cloacimonas in acidogenesis and its syntrophic ability was 

also illustrated by Li et al. [21] who used dairy manure in a farm-scale plug-flow loop 

reactor. Thus, the prosperity of Candidatus Cloacimonas in the co-digests may contribute 

an improved methane yield (Fig.1). 
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Figure 4. Relative abundance of bacterial genera (more than 1% detected in at least one sample) 
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3.3.6.3 Archaeal community dynamics at the genus level 

The archaea community at day 0 and day 75 is shown in Fig. 5. The predominant archaea 

shifted from Methanocorpusculum and Methanosaeta on day 0 to Methanosaeta, 

Methanospirillum and Methanoculleus on day 75, respectively. Specifically, the 

acetotrophic genus Methanosaeta was dominant within all digests. It may hold its 

competitive advantage under low TVFAs (especially low acetate) concentration due to its 

strong affinity with acetate [23,32]. As the compensation metabolism in our study, the 

hydrogenotrophic genera Methanospirillum, and Methanoculleus accounted for 20%-26% 

in different digests, with varying share. However, these archaeal guilds can’t be 

overlooked, especially Methanoculleus, as this genus was previously found dominant in 

the batch AD treating cellulose-rich, lipid-rich, and protein-rich substrates [40]. It was 

noteworthy that in our study, higher proportions of Methanoculleus were detected in the 

co-digestion of CM with ≥50% of SM (14%-16%) than CM (10%) or SM (8%) alone 

(Fig. 5). The increase of Methanoculleus might be associated with the increase of 

members of the genus Candidatus Cloacimonas as H2 producers from the fermentation 

of (monomers of) lignocellulose. As a result, this microorganism might indicate a 

promoted lignocellulose removal in digesters with a high amount of SM and partially be 

the reason for the observed synergistic effect. Moreover, genera Methanolinea, 

Methanoregula, and Methanobacterium were found in a relatively low abundance (2-3%) 

in our experiments, indicating their limited role in methane formation. Methanolinea is 

normally found in sludge-based bioreactors [25]. Methanoregula and Methanobacterium 

are strictly hydrogenotrophic methanogens using H2 and CO2 to synthesize methane [41].  

3.3.6.4 Correlation of microbial profiles with environmental factors 

The environmental variables were found to have different effects on shaping the bacterial 

and archaeal communities. In fig 6 (a), CMY, cellulose removal, and pH were positively 

inter-correlated, and all of them were negatively correlated with TAN. The bacterial 

genera such as Clostridium, Candidatus Cloacimonas, Romboutisia and Turicibacter 

appeared to be closely positively related to CMY, cellulose removal, and pH variables, 

while negatively related to TAN. The results further implied the contribution of these 

bacteria in carbohydrate metabolism, methane production and TAN reduction when 
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treating manure waste, suggesting the merits of co-digestion CM and SM compared to 

CM alone.  

The CCA results showed a distinctive correlation between environment variables and 

archaea genera, indicating their functional role in shaping the community of archaea (Fig 

6 (b)). Methanoculleus, Methanospirillum, and Methanobacterium were positively 

correlated with the environmental variables. Methanosaeta, Methanolinea and 

Methanoregula were negatively correlated instead. Since pH, CMY, and cellulose 

removal contributed most to CCA1 (73.5%), Methanoculleus was hence most shaped by 

these variables and was an indicator of good performance while using manure as the 

substrate in AD.   

 

Figure 5. Relative abundance of archaeal genera (more than 1% detected in at least one sample) 
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(a) 

 

(b) 

 

Figure 6. Canonical analysis (CCA) for Bacteria (a) and Archaea (b) in relation to the environmental parameters 

pH, cumulative methane yield (CMY), cellulose removal, and total ammonia (TAN). 
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3.3.6.5 Functional enzymes analysis   

The RNA sequence analysis revealed the expression of genes coding for active key-

enzymes in the AD of CM and SM as well as their blends (Table 3 and Fig S1). Enzymes 

involved in carbohydrate metabolism and methane metabolism are discussed here as they 

are major concerns in this study.  

Enzymes such as cellulase, glycogen phosphorylase and alpha-amylase are known for 

hydrolysing polysaccharides. Compared with CM, SM contained more different bacteria 

that excrete these enzymes (Table 3). Particularly, Bacteroides sp. and an uncultured 

bacteria species were observed uniquely in SM that excrete cellulase, suggesting that SM 

may possess enzymes which could effectively degrade lignocellulosic compounds in CM. 

As the final step for methane production, enzymes involved in methane synthesis are also 

listed in Table 3. Coenzyme-B sulfoethylthiotransferase, also known as methyl-coenzyme 

M reductase (MCR), holds its predominance in methane formation in our study (>90%). 

It is responsible for combining the methyl group of coenzyme M with hydrogen from the 

coenzyme B to synthesize methane [4] (Fig. S2). MCR synthesized by Methanothrix 

soehngenii (Methanosaeta) accounted for more than 50% in all digesters. The high 

amount of MCR was in agreement with high RA of Methanosaeta in all cases (Fig. 5). 

Together with the archaeal profile, MCR synthesized by Methanoculleus sp.was found 

more active in CM and SM blends than CM alone, especially in reactors with a high 

amount of SM (CM:SM=1:1 and 1:3), reaching 31% and 29% compared with CM (21%) 

(Table 3 and Fig. S2). Besides, Tetrahydromethanopterin S-methyltransferase and 

methylenetetrahydromethanopterin dehydrogenase (both for CO2 and CH4 formation) 

were identified in CM:SM at 1:1 and 1:3, backing up the fact that co-digestion could 

enrich the methane metabolism pathway, especially in reactors with a high amount of SM.  

 

 

 

 

 



 

Chapter 3 Co-digestion of cow and sheep manure:  

Performance evaluation and relative microbial activity 

 

-115- 

 

 

Table 3. Functional enzymes and microbial species that produce them (Numbers in last column: 1:CM on day 

75, 2:CM:SM ¼ 3:1 on day 75, 3:CM:SM ¼ 1:1 on day 75, 4:CM:SM ¼ 1:3 on day 75, 5:SM on day 75, 9: CM 

on day 0, 10 SM on day 0). 

Key-enzymes  Function Species Treatment 

Cellulase Cellulose/hemi-

cellulose metabolism 

Bacteroides sp. 10 

glutamate decarboxylase Butanoate 

metabolism 

Uncultured bacteria sp. 10 

glycogen phosphorylase Starch and sucrose 

metabolism 

Barnesiella 

intestinihominis 

10 

alpha-amylase Starch and sucrose 

metabolism 

Clostridium sp. CAG:448 10 

  Bacterium P201 10 

  Bacteroides sp. 43_108 10 

  Alistipes 9;10 

  Entamoeba dispar SAW760 9;10 

  Entamoeba invadens IP 10 

coenzyme-B 

sulfoethylthiotransferase 

Methane metabolism Methanoculleus sp. 1;3;4 

  Methanoculleus marisnigri 1;3;4;5 

  Methanoculleus sp. 

MH98A 

1;2;3;4 

  Methanoculleus 

thermophilus 

1;2;3;4;5 

  Methanoculleus 

chikugoensis 

2;3 

  Methanoculleus sediminis 4 

  Methanolinea tarda 1;2;5 

  Methanobacterium 

petrolearium 

1;3 

  Methanobacterium 

formicicum 

1;3;5 

  Methanobacterium sp.  1;5 

  Methanomassiliicoccus 

luminyensis 

3 

  Methanothrix soehngenii 1;2;3;4;5 

  Methanospirillum hungatei 1;2;4;5 

  Methanospirillum hungatei 

JF-1 

5 
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tetrahydromethanopterin 

S-methyltransferase 

Methane metabolism 

 

Methanoculleus marisnigri 

 

3 

  Methanoculleus sp. 

MH98A 

4 

  Methanobacterium sp. 

SMA-27 

5 

  Methanothrix soehngenii 1;2 

methylenetetrahydromethanopterin 

dehydrogenase 

Methane metabolism Methanoculleus marisnigri 3 

  Methanoculleus sediminis 3 

formylmethanofuran dehydrogenase Methane metabolism Methanosphaerula 

palustris 

2 

CoB-CoM heterodisulfide reductase Methane metabolism Methanospirillum hungatei 2 

  Methanothrix soehngenii 

GP6 

5 

coenzyme F420 hydrogenase Methane metabolism Smithella sp. SCADC 5 

  Methanospirillum hungatei 

JF-1 

3 

3.3.7 Continuous digester analysis 

The batch test results implied the possibility of using SM to co-digest with CM at long-

time run. Since comparable results were obtained with the CM:SM ratios at 1:1 and 1:3, 

the ratio 1:1 was used here. Based on the batch test results, the time needed to reach 80% 

of the CMY for CM was 25 days (T80), hence, the HRT in the CSTR was set to 25 days 

[16]. 

The operation and performance parameters of the CSTR are summarized in Table 4, and 

the experiment lasted for 150 days. In P1 and P2, the daily feeding was CM alone. P1 

served as the acclimation period, reflected by the low methane yield (102 mL/g/d) and 

methane content (52%). Then, the OLR was further increased and after two HRTs, an 

improved methane yield (146 mL/g/d) and methane content (56%) were obtained in P2. 

Furthermore, an optimal pH (7.8) and moderate TVFAs/TA ratio (0.26) were found in P2. 

This suggested that, a stable environment was established and the methane potential of 

using CM alone was determined. When CM was half replaced by SM in P3, the methane 

yield increased to 179 mL/g/d, which was consistent with the batch results (p˂0.05). This 

enhancement may be due to a more balanced condition favorable for the microbial 
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community in the co-digestion scenario [20]. This was also supported by the lower 

concentrations of TVFAs and SCOD in P3 (644 mg/L and 3381 mg/L) than in P2 (782 

mg/L and 3798 mg/L), implying more intermediate products were converted into methane 

by the newly formed microbial guilds, especially the methanogens. Moreover, co-

digestion didn’t trigger any inhibition, suggested by a comparable pH (7.5) and 

TVFAs/TA (0.26) compared with P2 (P˃0.05) (Table 4). The improved methane yield 

observed in P3 could be ascribed to a concomitance between acetotrophic and 

hydrogenotrophic archaeal community, as indicated by [19] and [32], this hypothesis was 

further proved by our microbial data and found more even distribution of archaeal 

community in P3 than in P2 (dominated by Methnosaeta only). Particularly, genus 

Methanoculleus which was correlated with the enhanced methane yield in the batch tests, 

was higher in P3 (13%) than in P2 (3%) (Fig. S4). Meanwhile, the profusion of syntrophic 

bacteria Candidatus Cloacimonas was obtained in P3 (20%) instead of P2 (6%), which 

could also benefit the methane production (Fig. S3). Although hydrolysis-related bacteria 

dropped from 28% in P2 (Clostridium: 17%; Cytophaga: 11%) to 24% in P3 (Clostridium: 

16%; Cytophaga: 6%; Ruminococcus: 2%), such difference was rather narrow Therefore, 

in continuous AD of CM and SM, we inferred that the addition of SM could maintain the 

activity of indigenous hydrolysis-related bacteria, while stimulating the growth of 

syntrophic bacteria and its corresponding methanogens to boost the overall methane 

production.  

Although batch and continuous experiments performed at lab scale can only describe a 

simplified model of a real farm-scale installation, the present study was able to describe 

synergistic effects derived from the co-digestion of CM and SM on a biochemical and 

microbiological level. From an application-oriented point of view, for dairy farms where 

both CM and SM are available, it is possible to improve the volumetric methane 

production efficiency of the agricultural AD plant (by 20%) through the co-digestion of 

CM and SM instead of CM alone. Such co-digestion approach also favors the enrichment 

of the archaeal community, especially hydrogenotrophic archaea, which are essential for 

an improved methane yield, as shown in our experiments. 
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Table 4. Performance of continuous reactor at mesophilic temperature. 

Feed 

composition 

(%) VS 

basis 

OLR 

(g 

VS/L/Day) 

Days Daily Methane 

yield 

(mL/gVSadded/d) 

Methane 

content 

(%) 

pH TVFAs 

(mg/L) 

TA 

(mg/L) 

TVFAs/TA SCOD 

(mg/L) 

CM-100 0.5 0-50 

(P1) 

102 (19) 52 (2) 7.6(0.1) 592(60) 2557(312) 0.23(0.01) ND 

CM-100 1 50-

100 

(P2) 

146 (7) 56 (1) 7.8(0.1) 782(58) 3017(112) 0.26(0.01) 3798(66) 

CM-50 SM-

50 

1 100-

150 

(P3) 

179 (11) 61 (1) 7.5(0.1) 644(68) 2573 (77) 0.26(0.02) 3381(193) 

Notes: Values are expressed as mean and standard deviations between brackets. ND: not determine 

3.4 Conclusions 

Co-digestion of CM and SM was investigated in both batch and continuous modes. 

Lignocellulose content removal and methane yield in the batch test were improved when 

using a mixture of CM and SM (3:1, 1:1, 1:3 on VS basis) as opposed to CM only. 

Moreover, co-digestion resulted in synergistic methanogenesis that was 3.4%-10.1% 

higher than would be predicted from digesting CM or SM alone. Through high-

throughput sequencing, microorganisms present in SM contributed to the improved 

lignocellulose degradation in CM. The co-digestion strategy also resulted in different 

microbial communities in batch mode, especially on the enrichment of cellulolytic 

bacteria Clostridium and syntrophic microbial guilds (Candidatus Cloacimonas and 

Methanoculleus). These enriched microbes were responsible for the improved methane 

yield observed in co-digestion of CM and SM. Additionally, an improved methane yield 

(20%) was obtained in the continuous reactor when SM was co-digested with CM, 

emphasizing the merit of using co-digestion as a potential solution to boost AD 

performance of CM alone in dairy industry. 
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Supplementary materials 

Table S1. Continuous reactor experimental set-up and substrate information 

Substrate 

information 

CM (g vs/g fresh 

weight)  ± standard 

deviation 

SM (g vs/g fresh 

weight)  ± standard 

deviation 

HRT OLR(gvs/L/d) CM:SM 

Day0 - 

Day50 (P1) 

0.170 ± 0.15  25 0.5 1:0 

Day50 - 

Day100 (P2) 

0.161 ± 0.01  25 1 1:0 

Day100 - 

Day150 (P3) 

0.161 ± 0.01 0.214 ± 0.01 25 1 1:1 

Table S2. Indexes indicating the microbial diversity and richness in different specimens 

 Samples OTUS Shannon Simpson (1-N) 

Bacteria CM Day 0 714 4.553 0.980 

 SM Day 0 733 4.481 0.977 

 CM Day 75 568 4.044 0.964 

 CM:SM=3:1 Day 75 530 4.094 0.966 

 CM:SM=1:1 Day 75 553 4.007 0.961 

 CM:SM=1:3 Day 75 540 3.983 0.958 

 SM Day 75 564 4.054 0.963 

Archaea CM Day 0 21 1.805 0.771 

 SM Day 0 18 1.776  0.760 

 CM Day 75 17 1.133 0.511 

 CM:SM=3:1 Day 75 17 1.113 0.480 

 CM:SM=1:1 Day 75 20 1.158 0.518 

 CM:SM=1:3 Day 75 20 1.206 0.539 

 SM Day 75 20 1.166 0.523 
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Figure S1. PCoA plot 
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Figure S2. Functional methane-metabolism enzymes involved in CM and SM and their blends on day 75 
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Figure S3. Bacteria genera in the continuous test at different time point (P2 (day 100) ,P3 (day 150)) 
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Figure S4. Archaea genera in the continuous test at different time point (P2 (day 100) ,P3 (day 150))
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Abstract 

A bioaugmentation approach was used to enhance the performance of anaerobic digestion 

(AD) using cow manure (CM) as the substrate. To obtain the desirable microbial culture 

for bioaugmentation, a biochemical methane potential test (BMP) was initialized to 

evaluate three commonly used inocula namely (1) municipal solid waste (MSW), (2) 

wastewater treatment plant (WWTP), and (3) cow manure digester (CMMD) for their 

hydrolytic capacity. The highest lignocellulose removal (56% for cellulose and 50% for 

hemicellulose) and the most profusion of cellulolytic bacteria was obtained when CM 

was inoculated with CMMD. CMMD was thus used as the seed inoculum in a 

continuously operated reactor with the fiber fraction of CM as the substrate to further 

enrich cellulolytic microbes. After 100 days (HRT: 30 days), the Bacteria fraction mainly 

contained Ruminofilibacter, norank_o_SBR1031, Treponema, Acetivibrio. Surprisingly, 

the Archaea fraction contained 97% ‘cellulolytic archaea’ norank_c_Bathyarchaeia 

(Phylum Bathyarchaeota), indicating its strong affiliation with fibrous fractions in CM. 
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4.1 Introduction 

Besides well-established co-digestion approach (Chapter 2), alternative implementation 

such as bioaugmentation has gained more attention recently. In this context, 

bioaugmentation enhances the number of microbes capable of hydrolyzing 

lignocellulosic compounds by adding a hydrolytic microbial culture from a suitable 

source to the AD reactor. In studies where one-time or repeated bioaugmentation was 

adopted to deal with lignocellulosic substrates achieved an improved lignocellulose 

degradation and thus, enhanced methane yield in AD [2,14,19,37,50]. Most of the 

published research focuses on batch applications, while for continuous operations, 

bioaugmentation could render a prompt but rather short methane enhancement instead of 

a sustained improvement, as implied by [37] and [50]. Probably, the cultivation 

conditions for the pure hydrolytic bacteria culture are too ideal, making such hydrolytic 

bacteria vulnerable in a bioreactor containing a complex microbial consortium, as argued 

by [50]. Therefore, choosing the mixed microbial guilds instead of the pure culture for 

bioaugmentation might be more advantageous as the introduced microbial consortium 

could provide a metabolic diversity and robustness to survive in a bioreactor containing 

an established indigenous community [42]. In this regard, the screening and enrichment 

of a desirable microbial consortium are assigned to priority. On top of that, special 

attentions should be paid to the seed inoculum since the origin of the inoculum source 

will determine the cellulose-degrading potential of the microorganisms and further 

influence the bioaugmentation efficiency [34]. Hence, an inoculum that harbors various 

hydrolytic bacteria, especially cellulolytic bacteria, is preferred [34]. Inocula obtained 

from bioreactors that treat waste material from (i) wastewater treatment plants, (ii) 

agricultural waste stream facilities, and (iii) municipal solid waste treatment installation 

are most commonly used in practice [43]. The hydrolytic capability of the microbes in 

these inocula on lignocelluloses, however, was not consistent in the peer-reviewed 

literature [8,15,23,30,54]. In addition, microbial profiles of these inocula were described 

insufficiently, preventing the identification of the specific hydrolytic microbes which are 

vital for the subsequent enrichment. Hence, in this chapter, we comprehensively 

evaluated these inocula in terms of methane yield, lignocellulose degradation, and 

microbial profiles to determine one as bioaugmentation seed inoculum for subsequent 
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enrichment process. Moreover, the selected inoculum underwent an enrichment step to 

intentionally enlarge the hydrolytic microbial consortium and therefore, to produce 

desirable bioaugmentation culture.  

4.2 Material and methods 

4.2.1 Inoculum and Substrate information 

Three different inocula were taken from an AD reactor treating municipal solid wastes 

(MSW) (Attero, the Netherlands), an AD reactor treating aerobic sludge (WWTP) 

(Garmerwolde, the Netherlands), and an AD reactor treating dairy cow manure (CMMD) 

(Friesland, the Netherlands). After the collection, the inocula were sieved (1mm mesh) to 

remove big particles. After sieving, all inocula were preserved in a cold room at 4˚C and 

reactivated at mesophilic condition (37˚C) for 7 days before use. CM was used as the 

substrate in both batch and continuous tests. Basic information of inocula and substrate 

is listed in Table 1. 

4.2.2 Batch experiment setup 

The effect of different inocula on the digesting efficiency of CM was investigated with a 

biochemical methane potential (BMP) test. The reactors used in this BMP experiment 

were glass bottles (total and working volume 500 mL and 400 mL, respectively) capped 

with butyl rubber septa. For each treatment, the concentration of the substrate was set at 

7.5 gVS/L. For slowly degradable components (in our case CM), an inoculum to substrate 

ratio of 1 was recommended [17]. Then, the exact amount of CM and inoculum were 

added into the bottles. To reach the setting’s working volume, ultrapure water was added 

in all bottles to achieve the required level. Bottles were purged with N2 for 5 min and then 

sealed. Finally, the reactors were placed in an incubator with a constant temperature (37±1 

˚C). The experiments were carried out in triplicate. Reactors containing only inoculum 

and ultrapure water were used as the control. To determine the composition of biogas 

generated during the BMP test, gas samples were taken regularly. The profiles of methane 

yield in the control reactors were deducted from the methane yield observed in the 

experimental reactors. The daily methane yield (DMY) was calculated in such a way that 

the daily methane volume generated in AD was divided by the total amount of volatile 
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solids (VS) of CM. The cumulative methane yield (CMY) was hence determined as the 

sum-up of DMY. At the initial (day 0) and final (day 30) stage, 10 mL of well-mixed 

samples were taken for the microbial community analysis. Additionally, the digestates at 

day 30 were used for chemical analysis. 

4.2.3 Continuous cultivation experiment set-up 

One continuous stirring tank reactors (CSTR) named Ra was established for the long-term 

continuous experiment. The total and working volume of Ra, was 3.5 L and 3.0 L, 

respectively. Ra followed the same daily feed-in and withdrawn mode, namely a certain 

amount of effluent was withdrawn from the reactor, and an equivalent amount of substrate 

was fed into the reactor. The stirring rate was set to 120 rpm in all cases. The temperature 

was kept at 37±1˚C by a water bath circulating through a two-layer water jacket of the 

reactors. Ra was used for the enrichment of the microbial consortium used in 

bioaugmentation. The seed inoculum in Ra was determined by the BMP test and the 

substrate in Ra was milled fiber isolated from CM (Neutral detergent fiber) (section 2.4.2). 

A mineral salt solution was added to stimulate the growth of microbes (Table S1). The 

organic loading rate (OLR) for Ra was set to 0.5 g VS/L/day, and the initial hydrolytic 

retention time (HRT) was 40 days. After 1 volume refreshment (40 days), the HRT was 

changed to 30 days and kept constant afterward. 

4.2.4 Analytical methods 

4.2.4.1 Biogas and methane measurement 

The volume of daily biogas yield (DBY) in the BMP test was determined by displacing 

the saturated NaCl (75%) solution with a pH of 2.0 [55]. The volume of DBY in the 

continuous test was determined by wet-type biogas meter (MGC-1, Ritter, Germany). The 

concentration of CH4 (%) was recorded by micro GC with helium as the carrier gas [29]. 

The calculated methane yields were adapted to the standard dry gas at 0 ˚C and 1 atm 

[21]. 
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4.2.4.2 Physicochemical analysis 

TS and VS were calculated following the procedure [2]. The pH value was recorded by a 

measuring probe (VOS-70002, VOS, the Netherlands). Both filtered and unfiltered 

supernatant were obtained as described previously [29]. The filtered supernatant was used 

to test the amount of total ammonia (TAN) using measuring kit LCK303 (Hach, US). 

Then, the value of free ammonia (FAN) was calculated as indicated by [15]. For the 

unfiltered supernatant, total volatile fatty acids (TVFAs), as well as total alkalinity (TA) 

were analyzed as described previously [29]. Both substrate and inocula were dried and 

milled. Subsequently, the C, H, O, N, and S composition of different samples were 

analyzed (Vario EL, Germany).  

According to [22], CM is different from pure lignocellulosic material such as corn stover. 

The lignocellulosic compounds in CM, or CM plus inoculum were analyzed according to 

[51]. Samples were first pre-treated to wash out all the disturbing monomers using Neutral 

Detergent to get the Neutral Detergent Fiber fraction (NDF) that contained only 

lignocellulosic compounds [51]. Subsequently, the composition of NDF was determined 

by the standard protocol [46]. Monomeric sugars were determined with an HPLC system 

equipped with a refractive index detector (Agilent Tech; Column type: Bio-Rad Aminex 

HPX-87H; Eluent: 5 mM H2SO4). Then, the amount of lignocellulose was calculated 

according to the formula reported by [46]. 

The removal of lignocellulose in the BMP test was determined following the equation: 

Re (%) = ((S+I)×r1-I×r2)/S                                                                                                    (1)               

where Re = cellulose or hemicellulose removal (%), S = cellulose or hemicellulose content 

of the CM (g), I = cellulose or hemicellulose content of the inoculum (g), r1 = calculated 

cellulose or hemicellulose removal of CM plus inoculum according to the initial amount 

of cellulose or hemicellulose and the remaining mass of cellulose or hemicellulose at the 

end of the experiment (%), r2 = calculated cellulose or hemicellulose removal of the 

inoculum (%). 
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4.2.4.3 Microbial analysis 

First, samples were thawed at room temperature. Subsequently, DNA was isolated using 

the FastDNA® Spin Kit for Soil (MP Biomedicals, USA). The 16S rDNA genes were 

amplified using a GeneAmp® 9700 (ABI) with bacterial primer pair 338F (50-

ACTCCTACGGGAGGCAGCAG-30) / 806R (50-GGACTACHVGGGTWTCTAAT-

30) and archaeal primer pair Arch524F (50-TGYCAGCCGCCGCGGTAA-30) / 

Arch958R (50-YCCGGCGTTGAVTCCAATT-30). In order to identify each sample, a 

unique barcode was assigned to the primer targeting different DNA samples. For the DNA 

amplification of both Bacteria and Archaea, the reaction mixtures contained 10 ng 

template DNA, 5 µmol forward primer, 5 µmol reverse primer, 0.4 µL FastPfu 

Polymerase, 4 µL 5 × FastPfu buffer and 2.5 mmol/L dNTP. Additionally, to ensure a 

stable and active polymerase where the archaeal primer was involved, 0.2 µg/µL bovine 

serum albumin (BSA) was added. The polymerase chain reaction (PCR) was initialized 

by a denaturing step at 95˚C for 3 min. Subsequently, 28 cycles (bacterial primer pair) or 

33 cycles (archaeal primer pair) of 30 s at 95˚C, 30 s at 55˚C, and 45 s at 72˚C were 

performed. The PCR was terminated with an extension step at 72˚C for 10 min. 

The PCR was conducted in triplicate for each sample. Then, the generated amplicons 

were extracted from 2% agarose gels (AxyPrep DNA Gel Extraction, Axygen 

Biosciences, USA), and quantified using QuantiFluorTM-ST (Promega, USA). The 

upgraded amplicons were sequenced on the Illumina platform (Majorbio Tech, China). 

Raw reads obtained from the sequencing were stored in the NCBI database (Accession 

Number: SRP071029). 

4.2.5 Data analysis 

4.2.5.1 Sequencing data processing 

The raw FastQ files underwent a quality-filtration using the software QIIME (version 

1.17). In short, raw reads with low quality (quality score ˂20) were truncated in the 

beginning. The qualified reads with short length (˂50 bp) were discarded as well. 

Subsequently, the filtered sequences that contained more than 10 bp overlap were 

assembled based on the overlap. The reads that contained uncertain nucleotides and 
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wrong reads which were due to the mismatch of nucleotide in primer adaptation were 

discarded as well. 

To obtain the operational taxonomic units (OTUs), the OTUs were initially clustered with 

the software UPARSE. The chimeric sequences were identified and discarded using 

UCHIME. Then, the trimmed reads were subsampled either for Bacteria or for Archaea, 

together with a recalculation of the OTUs numbers. Subsequently, the taxonomy of each 

gene sequence was identified by the software RDP Classifier against the SILVA (SSU115) 

database with the 70% confidence threshold. Alpha diversity (Shannon, Simpson) was 

performed using QIIME. Principal component analysis (PCoA) was performed by the 

Unweighted UniFrac distance-metrics.  

4.2.5.2 Statistical analysis 

A Student t-test was performed using Origin (Version 9.4) with a value of 0.05 regarded 

as the significance.  

4.3 Results and discussion 

4.3.1 Characteristics of the inoculum in the BMP test 

Table 1 presents the physicochemical information of CM, MSW, WWTP, and CMMD. 

The TS of different inocula ranged from 3.16 to 6.3 %, which was due to different 

operational conditions in the full-scale facilities from which the samples were obtained. 

CMMD showed the highest values for pH (8.6), TVFAs (2996 mg/L), TA (13548 mg/L), 

and TAN (2390 mg/L), which were attributed to its high manure input in the plant [8]. 

WWTP and MSW showed similar values except for TAN (1087 mg/L and 1905 mg/L for 

MSW and WWTP, respectively) and C/N (13.8 and 6.62 for MSW and WWTP, 

respectively) (Table 1). Thus, based on the physicochemical information, we could 

foresee that all inocula had an adequate buffer capacity due to their reasonably high TA 

(Table 1) [7]. However, concern may rise for the MSW inoculum, since it contained rather 

low TAN which indicated that the microorganisms were poorly acclimated to ammonia 

which would be generated during the subsequent AD process (Table 1).   
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Table 1. Characteristics of substrate and inoculum 

 MSW WWTP CMMD CM 

pH 8.47 ± 0.02 7.73 ± 0.01 8.60 ± 0.00 8.59 ± 0.03 

TS (g/100g FW) 3.16 ± 0 4.61 ± 0.1 6.30 ± 0.1 27.8 ± 1.5 

VS (g/100g FW) 1.67 ± 0.14 2.89 ± 0.02 4.16 ± 0.10 16.8 ± 1.2 

VS/TS (%) 52.8 62.6 65.9 60.4 

TVFAs (mg CH3COOH/L) 1424 ± 72 1162 ± 30 2996 ± 120           ND 

TA (mg CaCO3/L) 7087 ± 104 6643 ± 57 13548 ± 66 ND 

TVFAs/TA 0.201 ± 0.02 0.175 ± 0.01 0.221 ± 0.01 ND 

TAN (mg/L) 

Cellulose (%TS) 

Hemicellulose (%TS) 

1087 ± 5 

14.16 ± 0.11  

5.59 ± 0.23 

1905 ± 20 

14.48 ± 1.42 

18.78 ± 0.31 

2390 ± 11 

12.61 ± 0.01 

32.46 ± 0.81 

ND 

15.31 ± 0.61 

14.05 ± 0.34 

C (%TS) 24.14 ± 0.04 30.41 ± 0.07 36.92 ± 0.12 31.43 ± 0 

H (%TS) 3.38 ± 0 4.62 ± 0 4.92 ± 0.03 4.29 ± 0.01 

N (%TS) 1.76 ± 0.02 4.59 ± 0.05 2.51 ± 0.12 2.21 ± 0.07 

O (%TS) 69.01 ± 0.01 58.69 ± 0.28 54.78 ± 0.18 61.57 ± 0.01 

S (%TS) 

C/N 

1.69 ± 0.11 

13.8 ± 0.18 

1.68 ± 0.19 

6.62 ± 0.01 

0.87 ± 0.14 

14.8 ± 0.65 

0.51± 0.02 

14.3 ± 0.04 

Note: values are expressed as means ± standard deviations (n=3) FW: fresh weight ND: not determined 

4.3.2 Methane production performance in the BMP test 

The experiment was ceased when the DMY was less than 1% of the CMY [17], thus the 

duration of the batch AD lasted for 30 days. The daily and cumulative methane yields for 

CM inoculated with different inocula are shown in Fig.1. A rather similar performance of 

MSW and WWTP was observed, with daily methane production peak values of 24 

mL/g/d and 18 mL/g/d on day 2 and day 1, respectively. The first peak of methane 

production of CMMD was delayed by 9 days (11 mL/gVS/d) but was followed by a 

second identical peak (day 17), which made the methane profile of CMMD-inoculated 

reactor distinguishable compared with the other two reactors. Hence, it seems that the 

methane production peaks correlate with the origin of inoculum instead of the substrate 

[23]. The immediate peak observed in MSW and WWTP inoculated reactors could be 

attributed to the large adaptability of these two inocula to easily-decomposable 

compounds. Thus, they could quickly convert the free sugars, oligomers, and organic 
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acids in CM into methane [23]. In contrast, the AD plant where CMMD originated from, 

received a rather recalcitrant and slowly degradable material (manure), resulting in a 

rather slow response at the beginning of AD [8,23]. It is noteworthy that, the later methane 

production peak observed in the CMMD-inoculated reactors, might be derived from an 

enhanced degradation of the lignocellulose in CM, as implied by [55]. 

While MSW and WWTP presented an excellent performance at the beginning, followed 

by CMMD, the trend inversed at the end of the experiment. Reactors inoculated with 

CMMD achieved the highest CMY, followed by WWTP and MSW. It was further 

manifested by a continuous better performance for the CMMD inoculum than the other 

two inocula after day 6 (Fig. 1). Presumably, the most suitable inoculum to achieve the 

highest CMY using a particular substrate (in our case CM) could be obtained from a full-

scale AD installation treating the same or most of the given substrate due to the adaptation 

of the microbial community [23]. Our observation compared well with [40], who found 

that CM inoculated with a microbial source that was enriched with mostly (˃80%) manure 

as the substrate achieved a higher CMY than the WWTP inoculum. 

 

Figure 1. Daily and cumulative methane yield for CM inoculated with MSW, WWTP and CMMD. The values 

are means (n=3) 
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4.3.3 Degradation of the lignocellulose in CM in the BMP test 

The removal of lignocellulosic components in CM that is inoculated with different 

inocula is shown in Fig. 2. For the reactor inoculated with CMMD, the highest removal 

of cellulose in CM was observed (56%), followed by the reactors inoculated with WWTP 

(42%) and MSW (35%), indicating that the microbes in the digested manure (CMMD) 

were more prone to cellulose degradation than the microbes in MSW and WWTP. Similar 

findings were reported previously using corn stover as the substrate [15,54]. Moreover, 

the removal of cellulose was in line with the corresponding CMY profiles, suggesting a 

compliance between cellulose degradation and methane yield. In contrast, only a small 

difference in the removal of hemicellulose was found, ranging from 43% to 50% (p>0.05). 

Compared with cellulose, hemicellulose is more easily degraded by hydrolytic enzymes 

due to its amorphous and heterogeneous structure [32,54]. Our findings suggested that 

for the degradation of hemicellulose, no special attention was necessary for the selection 

of a suitable inoculum. Therefore, the hydrolytic capacity of different inocula for the 

lignocelluloses in CM varied mainly on their depolymerization ability of cellulose instead 

of hemicellulose. 

 

Figure 2. Cellulose and hemicellulose removal for cow manure (CM) inoculated with MSW,WWTP and 

CMMD. The values are means (n = 3). (Note: For components that have different letters, the removal is 

significantly different (p < 0.05)). 
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4.3.4 Microbial analysis in the BMP test 

4.3.4.1 Diversity Index 

The alpha diversity of different samples is reflected by the OTUs, Shannon Index and 

Simpson Index (Table 2). Commonly, an improved digester performance is correlated 

with high microbial diversity, reflected by a high Shannon or Simpson Index [13]. In 

agreement with this, the CMMD-inoculated reactors with the best digester performance 

showed a relatively higher Shannon or Simpson Index (day 30). For the MSW-inoculated 

reactors, the Index was rather low for Bacteria and Archaea. Particularly, for the bacterial 

community, such a low index implied the convergence that the distribution of microbial 

diversity tended to be governed by groups of specialized microorganisms in the MSW-

inoculated reactors, which made the reactors vulnerable to changes during the AD process 

(i.e., TAN or TVFAs accumulation) (Table 3) [13]. For the WWTP-inoculated reactors, 

a high index for Bacteria at day 0 might suggest that the microbes can initially use a 

variety of metabolic pathways at the beginning of the AD process to degrade complex 

organic compounds in CM. However, the overall digester performance might be restricted 

by its relatively lower index for Archaea compared with the CMMD-inoculated samples 

at day 30 (Table 2) [37].  

Table 2. Alpha diversity metrics of the samples 

 Specimens Time Observed OTUs Shannon Index (H’) Simpson Index (1-D) 

Bacteria MSW+CM (1)   

MSW+CM (2) 

Day 0 

Day 0 

861 

1081 

3.13 

4.15 

0.82 

0.94 

 MSW+CM (3) Day 0 1108 4.19 0.94 

 WWTP+CM (1)  Day 0 1524 5.02 0.98 

 WWTP+CM (2)   Day 0 1714 5.23 0.98 

 WWTP+CM (3) Day 0 1714 5.21 0.98 

 CMMD+CM (1) 

CMMD+CM (2) 

CMMD+CM (3) 

MSW+CM (1)   

MSW+CM (2) 

MSW+CM (3) 

WWTP+CM (1)  

WWTP+CM (2)   

Day 0 

Day 0 

Day 0 

Day 30 

Day 30 

Day 30 

Day 30 

Day 30 

1016 

1311 

1298 

440 

609 

579 

912 

1107 

4.81 

4.86 

4.79 

1.92 

2.88 

2.29 

3.97 

4.42 

0.97 

0.97 

0.97 

0.65 

0.78 

0.62 

0.95 

0.97 
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WWTP+CM (3) 

CMMD+CM (1) 

CMMD+CM (2) 

CMMD+CM (3) 

Day 30 

Day 30 

Day 30 

Day 30 

987 

626 

767 

723 

3.95 

4.37 

4.4 

4.3 

0.94 

0.97 

0.96 

0.96 

Archaea MSW+CM (1)   

MSW+CM (2) 

MSW+CM (3) 

WWTP+CM (1)  

WWTP+CM (2)   

WWTP+CM (3) 

CMMD+CM (1) 

CMMD+CM (2) 

CMMD+CM (3) 

MSW+CM (1)  

MSW+CM (2) 

MSW+CM (3) 

WWTP+CM (1)  

WWTP+CM (2)  

WWTP+CM (3) 

CMMD+CM (1) 

CMMD+CM (2) 

CMMD+CM (3) 

Day 0 

Day 0 

Day 0 

Day 0 

Day 0 

Day 0 

Day 0 

Day 0 

Day 0 

Day 30 

Day 30 

Day 30 

Day 30 

Day 30 

Day 30 

Day 30 

Day 30 

Day 30 

66 

76 

77 

102 

126 

137 

97 

122 

107 

76 

90 

84 

102 

120 

129 

118 

107 

115 

2.21 

2.10 

1.99 

1.74 

2.48 

2.54 

1.97 

2.04 

2.03 

2.12 

1.31 

1.77 

2.52 

2.59 

2.63 

2.74 

2.83 

2.70 

0.80 

0.81 

0.77 

0.61 

0.85 

0.85 

0.80 

0.82 

0.79 

0.75 

0.48 

0.66 

0.86 

0.91 

0.87 

0.91 

0.89 

0.91 

4.3.4.2 Phylogenetic analysis of Bacteria 

The phylogenetic component, as demonstrated by PCoA (Fig. S1(a)), clearly presented a 

clustering of the digesters receiving the same inoculum at different time points, except 

for the MSW-inoculated samples. Additionally, the WWTP and CMMD samples were 

more closely related, while the samples were distantly separated from the MSW-

inoculated samples, indicating that the predominant Bacteria in WWTP and CMMD were 

highly overlapping (Fig.S2). 

Twelve phyla, representing more than 0.1% of the total Bacteria, were identified (Fig. 

S2). Several phyla were found ubiquitous and predominant throughout the AD operation, 

such as Firmicutes, Bacteroidetes, and Cloacimonetes. Firmicutes, being the prevalent 

phylum in the CMMD-inoculated reactors, keeping its predominance throughout the AD 

process (an average of 68%). Some Firmicutes species are regarded as cellulolytic 
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bacteria and are present in bioreactors fed with lignocellulosic substrates [33]. Unlike a 

distinct shrink of Firmicutes in MSW (from an average of 38% to an average of 15%) or 

WWTP (from an average of 36% to an average of 29%) inoculated reactors, the prosperity 

of Firmicutes in the CMMD-inoculated reactors might indicate that the presence of 

lignocellulosic CM promoted the selective enrichment of some members of Firmicutes. 

More importantly, this enrichment could concomitantly enhance cellulose degradation 

(Fig. 2). For the reactors inoculated with WWTP, Bacteroidetes maintained its 

predominance at day 30 (an average of 37%), followed by Firmicutes (an average of 29%). 

Some Bacteroidetes species could degrade variable organic matters in AD, especially in 

protein-fermentation [44]. An apparent outweigh of Bacteroidetes over Firmicutes in the 

WWTP-inoculated reactors might suggest a preferable degradation tendency on 

nitrogenous compounds rather than lignocellulosic compounds in CM. This might well 

explain the constraint cellulose removal in the WWTP-inoculated reactors. Whereas, for 

the MSW-inoculated samples, a distinctive difference was observed. Cloacimonetes 

slightly declined from an average of 21% at day 0 to an average of 19% at day 30. 

Enrichments of the phylum Thermotogae, however, were found from an average of 21% 

at day 0 to an average of 54% at day 30. Cloacimonetes is believed to degrade proteins 

into H2, while members belonging to Thermotogae could efficiently degrade and utilize 

various carbohydrates [31,47]. Taken into consideration of the chemical profiles of the 

digestates (Table S2). It could be inferred that the decline of Cloacimonetes might 

accompany with ammonia inhibition. As mentioned in section 3.1, the microbes in MSW 

were less acclimated to TAN compared with WWTP and CMMD (Table 1). Hence, 

groups of Cloacimonetes could exploit nitrogenous compounds in CM to generate TAN, 

while the accumulation of TAN might in turn suppress the activity of these groups. 

Additionally, a drastic shrink of Firmicutes from an average of 38% to an average of 15% 

might explain its poorest cellulose removal (Fig. 2). 

The distribution pattern of 50 major Bacteria genera is presented in Fig. 3. As expected, 

lignocellulose-degrading bacterial genera (Ruminiclostridium, Ruminofilibacter, 

Herbinix, and Caldicoprobacter) were found more pronounced in the CMMD-inoculated 

reactors than the reactors inoculated with other inocula. Particularly, enrichments of 

cellulolytic bacteria Ruminiclostridium (an average of 5%), Ruminofilibacter (an average 
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of 5%), and Herbinx (an average of 3%) were identified in the CMMD-inoculated reactors 

at day 30, which was in line with its corresponding high cellulose removal [9,24]. 

Additionally, the genus Caldicoprobacter (an average of 7%) is a xylanolytic bacterium 

which could participate in hemicellulose degradation [5]. The genus Acholeplasma (an 

average of 5%) is widely spread in different AD facilities and possesses enzymes that are 

involved in the metabolism of complex compounds [4]. For the WWTP-inoculated 

reactors. Genera like Prolixibacter (norank_f_Prolixibacteraceae), Blvii28_wastewater-

sludge_group, and Sedimentibacter experienced a gradual increase from day 0 to day 30. 

Prolixibacter (from an average of 4% on day 0 to an average of 11% on day 30) can 

ferment polysaccharides (i.e., cellobiose and starch) into acids, while Sedimentibacter 

(from an average of 6% on day 0 to 11% on day 30) specializes in protein fermentation 

and subsequent amino acids conversion [18,20]. Blvii28_wastewater-sludge_group (from 

an average of 4% on day 0 to an average of 9% on day 30) can degrade carbohydrates to 

produce CO2, H2, and acids [48]. Despite WWTP possessed various polysaccharide-

fermenting bacteria, the cellulolytic bacteria was apparently limited in their growth in the 

presence of CM (Ruminiclostridium and Ruminofilibacter: less than 1%). The ability to 

degrade the lignocellulose in CM is most likely caused by the cellulolytic bacteria 

although it is not present in high numbers. For the MSW-inoculated reactors, two genera, 

namely Mesotoga (Phylum Thermotogae) and Cloacimonadaceae W5 (Phylum 

Cloacimonetes) were overwhelmingly predominant. (an average of 41% and an average 

of 72 %  in day 0 and day 30, respectively). Unlike most of the other genera in 

Thermotogae, Mesotoga performs efficient sugar oxidation (including cellobiose and 

xylose derived from the degradation of lignocellulose) through a syntrophic connection 

with hydrogenotrophic partners (sulfate-reducing bacteria or methanogens) [12]. It also 

conducts syntrophic acetate oxidation (SAO) [35]. Cloacimonadaceae W5 is a typical 

syntrophic propionate oxidizing (SPO) bacterium [10]. Since SAO and SPO pathways 

dominated under the stressed condition, the abundance of these two genera might indicate 

that the reactor’s conditions were not optimal. This might be attributed to the high TAN 

and FAN concentration in the MSW-inoculated reactors (Table S2) [45]. Moreover, the 

high ammonia concentration found in the MSW-inoculated reactors might negatively 

affect the activity of cellulose-degrading bacteria and thus, leading to a low cellulose 
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degradation rate, as indicated by [49]. Overall, the MSW inoculum lacked the potential 

on degrading lignocellulosic components in CM, since its microbial distribution patterns 

were mainly assigned to syntrophic bacteria. Whereas, for samples inoculated with 

WWTP and CMMD, most bacteria were capable of using various metabolic pathways, 

especially on polysaccharides degradation. Specifically, CMMD contained cellulolytic 

bacteria, which had the main share in the bacterial profiles. 

4.3.4.3 Phylogenetic analysis of Archaea across samples  

Although a scattered distribution pattern of Archaea was found in digesters containing 

different inocula on day 0, a distinct clustering was seen at day 30, except for the reactors 

inoculated with CMMD (Fig S1(b)). Such a phenomenon implied that for the reactors 

receiving MSW or WWTP, the substrate (in our case CM) could impose a strong 

regulation of Archaeal profiles regardless of the origin of the inoculum. Whereas, a clear 

separation of the archaeal community of the CMMD-inoculated samples might somehow 

explain their extraordinary methane performance. In spite of some differences originated 

from PCoA analysis, in the present experiment, both Methanoculleus and 

norank_c_Bathyarchaeia were found predominant in all reactors at day 30, with different 

proportions each. (Fig. 4). Specifically, the hydrogenotrophic genus Methanoculleus 

could work with syntrophic bacteria to produce CH4 and could act as the main contributor 

in either cellulose-rich or protein-rich AD [29,52]. Furthermore, in our previous research, 

Methanoculleus was responsible for an enhanced methane yield in manure-based AD [29]. 

The proportion of this genus in MSW or WWTP inoculated samples, however, holds an 

opposite trend compared with the reactors inoculated with CMMD. In other words, 

although Methanoculleus could still maintain its dominance due to its great tolerance to 

high ammonia in AD, a decline from an average of 64% to an average of 54% was 

obtained in the MSW-inoculated samples [26]. It was previously reported by [16] that 

inhibition of TAN on methanogens emerged at 1500 mg/L using cattle waste. Besides, 

the formation of TAN also lead to the increase of TA which was essential to balance the 

AD environment. However, the TA value was way high in the MSW-inoculated samples 

which somehow jeopardized the AD process (9360 mg/L) [1,7]. Such dual shocks might 

lead to the decrease of Methanoculleus in the MSW-inoculated reactors (Fig. 4 and Table 
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S2). In contrast, in the CMMD-inoculated samples, the profusion of Methanoculleus was 

obtained (increased from an average of 24% at day 0 to an average of 65% at day 30). 

Probably, the main precursor of methane production was hydrogen emerging from 

increased hydrolysis in the CMMD-inoculated samples, which might subsequently 

stimulate the growth of  Methanoculleus [41]. Moreover, no evident inhibition sign was 

observed in the CMMD-inoculated samples, which contributed to the prosperity of 

Methanoculleus as well (Table 3). 

 

 

Figure 3. Heatmap of lg abundance of the predominant Bacteria genera (with the hierarchical clustering tree on 

the left of the heatmap for sorting the correlation map on) (Note:M1-M3: MSW+CM day 0; M4-M6: MSW+CM 

day 30; W1-W3: WWTP+CM day 0; W4-W6: WWTP+CM day 30; C1-C3: CMMD+CM day 0; C4-C6: 

CMMD+CM day 30; Different number pairs i.e. 1 and 4, 2 and 5, 3 and 6 represent samples taken from the 

same reactor at different timeslot) 
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Table 3. Characteristics of the digestates in the BMP test at the end of the experiment 

Batch test MSW+CM WWTP+CM CMMD+CM 

pH 7.92 ± 0.03 7.62 ± 0.05 7.69 ± 0.04 

TVFAs (mg CH3COOH/L) 1875 ± 43 884 ± 17 1357 ± 76 

TA (mg CaCO3/L) 9360 ± 252 4634 ± 104 5766 ± 253 

TVFAs/TA 0.200 ± 0.001 0.191 ± 0.003 0.235 ± 0.004 

TAN (mg/L) 1510 ± 18 1090 ± 76 1060 ± 35 

FAN (mg/L) 177 ± 6 67 ± 11 76 ± 8 

 

 

Figure 4. Relative abundance of the predominant Archaea genera  (Note: M1-M3: MSW+CM day 0; M4-M6: 

MSW+CM day 30; W1-W3: WWTP+CM day 0; W4-W6: WWTP+CM day 30; C1-C3: CMMD+CM day 0; 

C4-C6: CMMD+CM day 30; Different number pairs i.e. 1 and 4, 2 and 5, 3 and 6 represent samples taken from 

the same reactor at different timeslot) 
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The ability of norank_c_Bathyarchaeia (Phylum Bathyarchaeota) to carry out complex 

metabolism pathways, is unique among archaeal methanogens. The methane metabolism 

of Phylum Bathyarchaeota was first revealed by [10] who analyzed environmental 

samples taken from a coal-bed methane well. Its function was further broadened by [38] 

who took samples from a running AD reactor and found that members of Bathyarchaeota 

could be exclusively involved in the fermentation of hemicellulose and cellulose. This is 

an interesting finding since merely bacterial or fungal microbes were previously reported 

as participants in the decomposition of lignocellulose in AD. The predominance of 

norank_c_Bathyarchaeia took place only in the WWTP-inoculated samples at day 30, 

which was unexpected since the fundamental role of Methanoculleus was underlined in 

both MSW and CMMD-inoculated samples treating CM. Presumably, 

norank_c_Bathyarchaeia could conduct a similar metabolism as Methanoculleus did in 

the WWTP-inoculated samples, but the detailed mechanism needs further investigation. 

Furthermore, it is noteworthy that a low proportion of norank_c_Bathyarchaeia among 

different samples (almost negligible in the CMMD-inoculated samples, an average of 2% 

and 4% in the MSW and WWTP-inoculated samples, respectively) was obtained at day 

0, while the enrichment of norank_c_Bathyarchaeia was obtained in all cases (Fig. 4). 

Hence, using CM in a simple batch system as the sole substrate seems to favor the 

enrichment of this specific ‘archaea’, and its functional role in AD treating CM can’t be 

overlooked. The enrichment phenomenon was also backed up by [9] who reported a 

substantial enrichment of norank_c_Bathyarchaeia using CM as the substrate in a plug-

flow system. Taken into consideration the CMYs and Archaeal profiles, the MSW-

inoculated samples should have presented a better methane performance if there was no 

partial inhibition, reflected also by a high remaining TVFAs in the digestates (Table 3). 

Whereas the CMMD-inoculated samples showed the best methane performance owing to 

the contribution of Methanoculleus. As for the WWTP-inoculated samples, 

norank_c_Bathyarchaeia might have the potential to replace the function of 

Methanoculleus, but the functionalization seemed limited in terms of the outcome of 

CMY (Fig. 1). 
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Figure 5. The phylogenetic tree of norank_c_Bathyarchaeia discussed in the text. 16s rRNA of phylum 

Bathyarchaeota which were published previously [11,25,39] were obtained from NCBI and used as reference 

sequences to build up the tree. Homologous sequences based on OTU of norank_c_Bathyarchaeia in our study 

were obtained by blastn [6] from the reference sequences with default parameters. Homologous sequences were 

aligned in MEGAX using ClustalW algorithm, the multiple alignment sequences were used to construct the 

maximum-likelihood phylogenetic tree with 1000 bootstraps and the Kimura 2-parameter model. The resulting 

bootstrap values were indicated at each node in the tree. The name of Bathy-class 6 was determined based on 

classification of [39]. Our norank_c_Bathyarchaeia is highlighted in yellow. 
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4.3.5 Evaluation of different inocula 

The results presented in sections 4.2 to 4.3 indicated that both MSW and WWTP could 

effectively metabolize easily-degradable compounds in CM and increase the methane 

formation rate in the early stage of AD, reflected by their higher CMYs in the early days 

and general characteristics of the detected bacteria. (Fig. 1 and Fig. 3, respectively). 

However, the reactors lacked sufficient microorganisms with the potential to effectively 

utilize the lignocellulose in CM (Fig. 3). For the CMMD-inoculated reactors, a higher 

CMY, together with the presence of active cellulolytic microbial members were observed, 

backing up the soundness of choosing CMMD as the bioaugmentation seed inoculum 

(Fig. 1 and Fig. 4). Hence, CMMD was chosen for further enrichment. 

4.3.6 Enrichment process 

To cultivate recalcitrant lignocellulose-degrading microorganisms, Ra was initiated with 

sieved CMMD, and fed with the milled fiber fraction from CM (NDF) to intentionally 

enrich cellulolytic microbes. The basic information of Ra after 100-day cultivation was as 

follows: DMY: 92±11 mL/gVS/d; pH: 7.1±0.04; TVFAs: 244±8 mg/CH3COOH/L; TA: 

1514±37 mg CaCO3/L; TVFAs/TA: 0.161±0.02; The microbial consortium of Ra mainly 

contained cellulolytic bacteria Ruminofilibacter (21%), norank_o_SBR1031 (17%), 

Treponema (7%), and Acetivibrio (6%). While norank_c_Bathyarchaeia was 

overwhelmingly dominant (97%) within Archaea in Ra (Fig. S2-S5) (The Bacteria: 

Archaea ratio based on OTUs is 9:1). Due to the unique functional preference of 

norank_c_Bathyarchaeia, it is noteworthy to mention that this enrichment experiment is 

the first reported approach to obtain such a high amount of norank_c_Bathyarchaeia 

within an AD bioreactor. A distinctive characteristic of Phylum Bathyarchaeota is its 

intra-group phylogenetic diversity [22]. To infer the affiliation of 

norank_c_Bathyarchaeia enriched in our study, a phylogenetic tree was established based 

on public data posted in NCBI database on Phylum Bathyarchaeota (Fig. 5). The 

phylogenetic affiliation of norank_c_Bathyarchaeia in our study was grouped into 

Bathyarchaeota class 6 [36]. Members among this class were able to degrade extracellular 

plant-derived carbohydrates such as cellulose [22,35]. Together with the DMY profile of 

Ra, our enrichment experiment showed that members of Bathyarchaeota had the potential 



 

Chapter 4 Bioaugmentation as biological incentives to boost AD performance of CM  

Part I: Selection of bioaugmentation seed inoculum and subsequent cultivation 

 

-152- 

 

to conduct cellulose degradation as well as methane production in an AD system, thus 

broadened the conclusion of [35]. Concomitantly, the application of the enrichment 

biomass in the bioaugmentation test might be an important trial to test the effectiveness 

of norank_c_Bathyarchaeia in increasing the CMY in the AD process fed with CM. 

4.4 Conclusion 

For CM-contained reactors inoculated with three industrial inocula (MSW, WWTP, and 

CMMD), MSW and WWTP could effectively metabolize easily-degradable compounds 

in CM and increase the methane formation rate in the early stage of AD. However, these 

reactors lacked sufficient microorganisms with the potential to effectively utilize the 

lignocellulose in CM. For the CMMD-inoculated reactors, a higher CMY, together with 

the presence of active cellulolytic microbial members were observed, backing up the 

soundness of choosing CMMD as the bioaugmentation seed inoculum. After intentionally 

continuous cultivation, the cellulolytic bacteria, together with a possible cellulolytic 

archaea (norank_c_Bathyarchaeia) were successfully enriched and were qualified as 

desirable bioaugmentation dosage. Here, a potential biological approach for the enhanced 

degradation of certain compounds in the solid waste during AD is proposed. Particularly, 

the seed inoculum should come from the effluent of AD plants treating predominantly 

this solid waste. The seed inoculum should undergo a continuous enrichment procedure 

with the target (recalcitrant) compound obtained from this solid waste.   
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Supplementary materials 

Table S1. Detailed information of the mineral solution  

 Composition Amount 

Mineral solution Na2HPO4 4.0g 

(per liter) KH2PO4 1.5g 

 NH4Cl 1.0g 

 MgSO4ˑ7H2O 0.2g 

 Ferric ammonium citrate 5.0mg 

 Modified Hoagland trace element 

solution 

1.0mL 

Modified Hoagland trace element 

solution 

H3BO3 11.0g 

(per 3.6 liter) MnCl2 ˑ4H20 7.0g 

 AlCl3 1.0g 

 CoCl2 1.0g 

 CuCl2 1.0g 

 KI 1.0g 

 NiCl2 1.0g 

 ZnCl2 1.0g 

 BaCl2 0.5g 

 KBr 0.5g 

 LiCl 0.5g 

 Na2MoO4 0.5g 

 SeCl4 0.5g 

 SnCl2 ˑ2H20 0.5g 

 NaVO3 ˑH20 0.1g 



 

Chapter 4 Bioaugmentation as biological incentives to boost AD performance of CM  

Part I: Selection of bioaugmentation seed inoculum and subsequent cultivation 

 

-159- 

 

 

Figure S1. 2D- PCoA analysis for Bacteria (a) and Archaea (b) in the BMP tests. (Note: M1-M3: MSW + CM 

day 0; M4-M6: MSW + CM day 30; W1-W3: WWTP + CM day 0; W4-W6: WWTP + CM day 30; C1-C3: 

CMMD + CM day 0; C4-C6: CMMD + CM day 30) 
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Figure S2. Predominant bacteria phylum (Note:M1-M3: MSW+CM day 0; M4-M6: MSW+CM day 30; W1-

W3: WWTP+CM day 0; W4-W6: WWTP+CM day 30; C1-C3: CMMD+CM day 0; C4-C6: CMMD+CM day 

30) 
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Figure S3. Predominant (a) Bacteria and (b) Archaea genera in Ra (taken at day 100) 
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Figure S4. Daily methane yield of Ra 

 

Figure S5. Chemical profiles in Ra 
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Abstract 

To boost anaerobic digestion (AD) performance of cow manure (CM) in continuous 

reactors, tailor-made bioaugmentation dosage enriched from fiber fraction of CM was 

introduced to enhance the overall performance. Results indicated that, the 

bioaugmentation dosage work outed after one hydrolytic retention time (25days), 

improving the daily methane yield from 144 mL/gVSadded/d to 179 mL/gVSadded/d. When 

bioaugmentation stopped, such enhancement sustained, reflected by a higher daily 

methane yield (160 mL/gVSadded/d) in the reactor receiving bioaugmentation dosage. 

Metatranscriptomics analysis suggested that for reactor receiving bioaugmentation 

dosage, the introduced Bathyarchaeia successfully established after periodical injection. 

Meanwhile, the abundance of enzymes involved in hydrolysis (lignocellulose) and 

methanogenesis were found higher in the reactor receiving bioaugmentation dosage, 

indicating the stimulatory role of bioaugmentation on indigenous microbes and their 

activity.  
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5.1 Introduction 

Bioaugmentation, which is a means of biological additives, has been proved as an 

intervention for improved anaerobic digestion of lignocellulosic substrates. In particular, 

researchers who adopted bioaugmentation in reactors fed with cow manure (CM) have 

obtained satisfied outcomes, reflected by the enhanced lignocellulose degradation and 

methane yield. However, as identified in [13] (chapter 3), most of these achievements are 

obtained from batch trials, where the fed-in bioaugmentation pure culture is trapped 

within the digesters throughout the AD process. Whereas, in the continuous AD system 

which mimics the industrial AD installation, the fed-in bioaugmentation pure culture may 

ultimately vanish if it is unable to establish within the new environment and reproduce 

by itself. In other words, due to the daily fed-withdraw mode adopted in continuous AD, 

if the reproducing rate of the injected bioaugmentation dosage is lower than the discharge 

rate of the reactor, the injected bioaugmentation dosage could render a short-term 

promotion of methane yield and diminish if the bioaugmentation stops. To tackle this 

problem, the addition of a mixed culture instead of a pure culture could be an alternative 

since it may harbour organisms with various and robust metabolisms. In this context, one 

could reply on metatranscriptomic analysis to gain insights into the transcriptional 

activity of microbiomes (chapter 0). 

Hence, in this chapter, the efficiency of bioaugmentation dosage cultivated on the washed 

fiber fraction of CM (chapter 3) was evaluated in a continuous AD system using CM as 

the sole substrate. A metatranscriptomics analysis was used to understand the metabolism 

of the bioaugmented microbial community within the reactor. 

5.2 Materials and methods 

5.2.1 Continuous experiment set up  

Two identical continuous stirred tank reactors (CSTR) named Rb and Rc were established 

for long-term continuous experiments. The total and working volume of Rb, and Rc were 

3.5 L and 3.0 L, respectively. Both reactors followed the same daily feed-in and 

withdrawn schedule, namely a certain amount of effluent was withdrawn from the reactor, 

and an equivalent amount of substrate and water was fed into the reactor. The stirring rate 

was set to 120 rpm in all cases. The temperature was kept at 37±1˚C by a water bath 
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circulating through a two-layer water jacket of the reactors. Rb served as the experimental 

reactor to test the influence of bioaugmentation, while Rc served as the control reactor. 

Before the bioaugmentation test, both Rb and Rc have been operated for 100 days using 

CM as the substrate with an organic loading rate (OLR) of 1 g VS/L/day and a hydraulic 

retention time (HRT) of 25 days. The OLR and HRT were kept the same throughout the 

bioaugmentation test. In the bioaugmentation experiment, biomass obtained from a 

reactor fed with the washed fiber fraction of CM (Ra. Chapter 3) was used as 

bioaugmentation dosage. To avoid the impact of soluble mineral and chemical 

compounds (i.e., VFAs) present in Ra on Rb, the effluent from Ra was centrifuged at 

5000×g for 6 mins to collect microbial biomass. From day 100 to day 170, Rb received 

daily CM plus microbial biomass (0.82 ± 0.1 g dry cell mass) from 100 mL effluent of Ra 

while Rc received CM plus an equal amount of heat-sterilized microbial biomass from Ra. 

From day 170 on, both Rb and Rc were fed with CM alone till day 220. In the stable phase 

of Rb (day 150-170; day 180-220) and Rc (day 150-220), effluents from Rb and Rc were 

centrifuged, and the supernatant was used for chemical characterization while the pellet 

was air-dried at 45˚C to determine the composition of the structural lignocellulose every 

2 days.  

5.2.2 Metabolic activity assays 

To further investigate the influence of the bioaugmentation on the hydrolysis and 

methanogenesis, batch metabolic activity assays were conducted on representative 

samples of each microbial community collected at different time intervals (day 170 and 

day 220) from Rb and day 220 from Rc, respectively. Metabolic assays were carried out 

at mesophilic temperature (37 ± 1˚C). Metabolic activity assays were performed in 

triplicate in 350 mL bottles, with a working volume of 250 mL. The bottles contained 

inoculum (as collected from the continuous digesters Rb and Rc) and the amount of 

substrate required to achieve an initial inoculum to substrate ratio of 2 (VS-basis). The 

headspace of each bottle was flushed with N2 for 5 min and then sealed with a rubber 

stopper and aluminium caps. The bottles were placed in a temperature-controlled 

incubator with the shaking speed of 140 rpm. Two model substrates were tested: cellulose 

(hydrolytic activity) and sodium acetate (methanogenic activity). For each metabolic 
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assay, triplicates were used. Blank assays containing the only inoculum were used to 

correct the background influence on the target compound.  

5.2.3 Analytical methods 

5.2.3.1 Biogas and methane measurement 

The volume of daily biogas yield (DBY) in the biomethane potential (BMP) test was 

determined by displacing a saturated NaCl (75%) solution with a pH of 2.0 [30]. The 

volume of DBY in the continuous test was determined by wet-type biogas meter (MGC-

1, Ritter, Germany). The concentration of CH4 (%) was analyzed by  gaschromatography 

with helium as the carrier gas [12]. The calculated methane yields were converted to the 

standard dry gas at 0 ˚C and 1 atm [10]. 

5.2.3.2 Physicochemical analysis 

Total solids (TS) and volatile solids (VS) were determined following standardized 

procedures [12]. The pH value was recorded by a measuring probe (VOS-70002, VOS, 

the Netherlands). Both filtered and unfiltered supernatants were obtained as described 

previously [12]. The filtered supernatant was used to test the amount of total ammonia 

(TAN) using measuring kit LCK303 (Hach, US). Then, the value of free ammonia (FAN) 

was calculated as indicated by [9]. For the unfiltered supernatant, total volatile fatty acids 

(TVFAs), as well as total alkalinity (TA) were analyzed as described previously [12]. The 

amount of lignocellulose was determined according to the modified methods described in 

Chapter 3. 

5.2.4 Metatranscriptomic analysis 

Samples were taken at day 130, 170, and 220 for Rb and day 170 and 220 for Rc, 

respectively. After collection, the samples were immediately mixed with 100% ethanol 

at 1:1 (volume basis) and stored at -20 °C for DNA and RNA extraction. To extract total 

RNA, a phenol-chloroform isolation method was adopted. Then the extracted RNA was 

subjected to an initial quality check regarding concentration, RIN, 23S/16S, and size was 

conducted. Additionally, the purity of the samples was tested by NanoDropTM. Then, a 
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prokaryotic transcriptome library was constructed to obtain the transcript sequence 

information from the qualified RNA, as illustrated below: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Prokaryotic Transcriptome Library Construction Workflow (Detailed procedures regarding each step 

were illustrated here: rRNA Depletion: Total RNA samples were treated with Ribo-off®  rRNA Depletion Kit 

(Lexogen, Austria) to deplete rRNA; RNA Fragmentation: RNA molecules were fragmented into small pieces 

using fragmentation reagent; cDNA Synthesis: First-strand cDNA was generated using random primers reverse 

transcription, followed by a second-strand cDNA synthesis; Ends Repair & A-Tailing and Adapter Ligation: 

The synthesized cDNA was subjected to end-repair and then 3’ adenylated. Adapters were ligated to the ends 

of these 3’ adenylated cDNA fragments; PCR: This process was to amplify the cDNA fragments with adapters 

from the cDNA synthesis step. PCR products were purified with XP beads, and dissolved in EB (RB solution); 

Circularization: The library was amplified with phi29 to make DNA nanoball (DNB) which contains more 

than 300 copies of each molecule. The DNBs were loaded into a patterned nanoarray and single-end 50 (pair-

end 100) bases reads were generated in the way of combinatorial Probe-Anchor Synthesis (cPAS). 
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Then, the generated raw data of the Fastq-files were directly used for analyses. 

Specifically, rnaSpades de novo assembler was used to assemble contigs/transcripts 

[5,18]. The contigs/transcripts were identified with a (modified) protein-database 

Uniprotkb/Trembl database (https://www.ebi.ac.uk/uniprot/download-center) using 

Diamond (Fast and sensitive protein alignment using DIAMOND [4].  Enzyme 

information [19] and pathway information (https://www.genome.jp/kegg/pathway.html) 

were added based on the EC numbers by the use of a Python script. Pathways were added 

only to key enzymes (key-enzymes are present in only 1 pathway). The contigs/transcripts 

were also identified against SILVA 132 LSU and SSU reference databases 

(https://www.arbsilva.de/no_cache/download/archive/release_132/Exports/) with 

MEGABLAST [2]. SILVA taxonomy was obtained as a result.  

5.2.5 Kinetic models 

The first-order kinetic model was used for the determination of the hydrolytic rate 

according to [8]. The Monod model was used for the determination of the methanogenesis 

according to [23]. Considering no biomass growth and an excess of substrate, Monod 

kinetic simplifies to a zero-order kinetic model with respect to the substrate [23]. 

Therefore, Km (the maximum consumption rate constant (mL/gVS/d)) is obtained as the 

slope of a linear regression fit of the specific substrate consumption on a VS-basis versus 

time (day) for subsets of data over which the rate was approximately constant.  

5.3 Results and discussion 

5.3.1 Performance of Rb and Rc  

The CSTRs have been running successfully for 100 days, using CM as the substrate. The 

process characterization is shown in Table 1 and Fig. 2. The biomethanation of CM in Rb 

and Rc in the steady phase (day 75 - day 100) was almost equal (149 ± 4 and 144 ± 7 mL 

CH4/gVS/d, respectively), indicating that both reactors had the same performance. 

Subsequently, from day 100 on, the microbial biomass from Ra was added to Rb, and heat-

sterilized microbial biomass from Ra was added to Rc. The effect of bioaugmentation 

didn’t show any difference in the performance of Rb until day 130, probably due to the 

low growth rate of the added microorganisms compared to the existing hydrolytic and 

https://www.ebi.ac.uk/uniprot/download-center
https://www.genome.jp/kegg/pathway.html
https://www.arbsilva.de/no_cache/download/archive/release_132/Exports/
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acidogenic bacteria [15]. Also, the washout effect of the daily fed-withdraw mode used 

in this continuous test might be another cause of the delayed positive bioaugmentation 

effect [26]. Noticeably, from day 130 on, bioaugmentation began to work, reflected by 

the significantly higher daily methane yield (DMY) in Rb (179 ± 5 mL CH4/gVS/d) than 

in Rc (144 ± 4 mL CH4/gVS/d). The results indicated that the added microorganisms 

survived in Rb and might have altered the original microbial structure to boost the 

biomethanation. Moreover, the time needed until the bioaugmentation began to work was 

30 days, which happened to be the HRT of Ra. Therefore, the HRT of the bioreactor where 

the bioaugmentation dosages originated from, might influence the ‘show-up’ time of 

bioaugmentation. From day 170 on, bioaugmentation was stopped, and the decline of 

DMY started on day 175 in Rb, indicating that the reactor operating condition (daily 

withdraw-fed mode) could influence the maintenance of the added microbes. Particularly, 

the HRT of Rb and Rc was 25 days, which was lower than that of Ra (30 days). The lower 

HRT in Rb might cause partial wash-out of the injected bioaugmentation dosages, 

especially for the slow-growing methanogens [15]. However, when reaching a new steady 

phase (day 180-day 220), the DMY in Rb was 160 ± 2 mL CH4/gVS/d, still 11% higher 

than the DMY in Rc. This implied that after bioaugmentation, the initial microbial 

consortium was strengthened by the injected microbial biomass and that the 

microorganisms managed to establish themselves in the reactor instead of being fully 

outcompeted. Compared with [17] who reported a 5-6% enhancement after the 

inoculation of pure cellulolytic Caldicellulosiruptor lactoaceticus in a two-stage 

thermophilic reactor using CM as the substrate, results obtained in this experiment 

affirmed the advantage of using a robust mixed culture instead of pure culture [17]. To 

better elucidate the influence of bioaugmentation on the hydrolysis of the lignocellulose 

in CM, the profiles of the lignocellulose in the effluent of Rb and Rc were determined 

(Table 1). From day 150 to day 170 and from day 180 to day 220, the effluent from Rb 

contained lower cellulose content than that in Rc, suggesting that the degradation of 

cellulose in CM was improved (p˂0.05). However, comparable hemicellulose contents 

were detected in both Rb and Rc’s effluent, indicating that bioaugmentation could not 

improve the degradation of hemicellulose in CM, which was reported by [26] as well. 

Meanwhile, lower TVFAs contents were observed in the effluent of Rb than in Rc, 
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indicating that bioaugmentation could also contribute to a better conversion of TVFAs. 

This advantage was also mentioned by [29]. Moreover, bioaugmentation didn’t disturb 

the initial process, supported by the similar TVFAs/TA ratio and TAN in both Rb and Rc, 

respectively (Table 1). To summarize, we demonstrated that bioaugmentation had a 

positive influence on the CM treatment in a continuous AD system.  

Table 1. Characteristics of the effluent in the continuous test 

Chemical compounds Rb (day150-day170) Rb (day180-day220) Rc (day150-day220) 

pH 7.69 ± 0.07 7.74 ± 0.05 7.67 ± 0.05 

TVFAs (mg CH3COOH /L) 572 ± 26 573 ± 23 610 ± 18 

TA (mg CaCO3/L) 2871 ± 120 2989 ± 85 2927 ± 115 

TVFAs/TA 0.199 ± 0.01 0.194 ± 0.006 0.211 ± 0.005 

TAN (mg/L) 224 ± 8 234 ± 2 252 ± 10 

FAN (mg/L) 

Cellulose (mg/g TS) 

 

Hemicellulose (mg/g TS) 

14 ± 1 

75 ± 1 

 

50 ± 5 

13 ± 1 

53 ± 3 

 

37 ± 3 

16 ± 2 

88 ± 4 (d150-d170) 

63 ± 3 (d180-d220) 

51 ± 2 (d150-d170) 

40 ± 1 (d180-d220) 

Note: values are expressed as means ± standard deviations  *effluent from Rb or Rc 

 

Figure 2. Daily methane yield for Rb and Rc (from day0 - day100, preparation phase, day100 - day130 

bioaugmentation dosage is introduced but no apparent enhancement, day130 - day 170, bioaugmentation dosage 

brings about apparent enhancement, day170 - day220, without bioaugmentation dosage, the dashed lines were 

introduced here to separate the whole process into different phases). 
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5.3.2 Metatranscriptomic analysis 

Approximately 60 million RNA sequences were obtained from each sample taken at the 

three  different timepoints from Rb and Rc (Table 2).  

The amino acid sequences derived from the translated contigs were used to look for 

homologues proteins in the protein databases and link them to different metabolic 

pathways. The identified proteins  were assigned to eleven metabolic categories, as shown 

in Fig. 3. Proteins related to carbohydrate metabolism, amino acid metabolism, energy 

metabolism, cofactors and vitamins metabolism were found predominant. The 

predominance of these metabolisms was due to the characteristic of CM since 

carbohydrate (including lignocellulose) and crude proteins (nitrogenous compounds) 

were major components in CM, while AD relies on energy metabolism to convert these 

resources into methane.  

Table 2. Meta-transcriptomics results derived from the NGS of the constructed cDNA libraries based upon the 

extracted RNA from Rb and RC at different timpeoints and depleted for 16S rNA sequences (Fig 1.). 

Sample RNA 

sequences 

RNA contigs RNA contigs - 

16S rRNA 

contigs 

Unique contigs 

Bacterial  Archaeal  

Rb 130-days 62,543,388 562317 2634 393827 34906 

Rb 170-days 61,341,514 598499 2602 402050 38793 

Rb 220-days 61,293,263 619068 1645 411329 39794 

Rc 130-days 62,528,308 473497 2632 315256 27495 

Rc 170-days 61,574,817 307645 1811 183778 19742 

Rc 220-days 55,753,408 56068 843 24457 2135 
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Figure 3. Overall metabolic pathways that were identified in the metatranscriptome of the microbial community 

extracted on day 130, 170, and 220 from the bioaugmented reactor Rb (Bio-130, Bio-170, and Bio-220) and the 

control reactor Rc (Con-130, Con-170 and Con-220). 

5.3.2.1 Bacterial families involved in cellulose and hemicellulose-degradation  

The bacterial community, especially cellulose or hemicellulose degrading bacterial 

community, is the focus of this study. Hence, we analyzed the metatranscriptomic datafor 

known cellulose and hemicellulose-degrading bacterial guilds at the family level (Fig. 4). 

Initially, Cellulomonadaceae, Micrococcaceae, Bacteroidaceae, Dysgonomonadaceae, 

Prevotellaceae, Chitinophagaceae, Anaerolineaceae, Caldilineaceae, Fibrobacteraceae, 

Bacillaceae, Christensenellaceae, Clostridiaceae, Lachnospiraceae, and 

Ruminococcaceae were identified in at least one sample, and these genera are known to 

be able to ferment lignocellulose [1, 6,7,11,14,16,20,21,22,24,27,28]. Moreover, these 

bacteria were found more pronounced in Rb than in Rc (Fig. 4). Such observation 

complied well with the cellulose degradation profile (Table 1), indicating that the injected 

bioaugmentation biomass could strengthen the indigenous cellulose/hemicellulose 

degrading microbes.  
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5.3.2.2 Archaeal genera 

The distribution pattern of the inhabitated archaeal genera in both reactors is shown in 

Fig. 5. The predominant archaeal genera, such as Bathyarchaeia, Methanoculleus, 

Methanosaeta, Methanolinea, and Methanospirillum accounted for over 80% of the 

Archaea in both reactors, although with different distribution patterns. Among them, 

Bathyarchaeia, Methanoculleus, and Methanosaeta were found ubiquitous in both Rb and 

Rc at different phases, highlighting their contribution to methane production. The 

distribution pattern of Bathyarchaeota was identified in CM-based AD systems, 

underlying its fundamental role in utilizing CM. As demonstrated in Chapter 3, the 

bioaugmentation biomass contains Bathyarchaeota (97%), which owns a distinguished 

metabolic potential among Archaea (Chapter 3). Interestingly, the existence of 

Bathyarchaeia was found also more pronounced in Rb than in Rc at different phases. More 

importantly, the introduced bioaugmentation dosage promoted the growth of 

Bathyarchaeia, reaching a predominant share (65%) even after the bioaugmentation 

stopped. Although the high share of Bathyarchaeia doesn’t necessarily mean a higher 

methane yield (Table 1). The introduction of bioaugmentation biomass enriched from a 

complex microbial pool (in this case inoculum from the effluent of a mono-digester 

treating CM) may present a sustained modification of the indigenous microbial 

community, which was rarely shown in other cases where pure cultures were introduced 

[15,26].  
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Figure 4. Relative abundance of key Bacteria known to be involved in hydrolysis of lignocellulose in samples 

extracted on day 130, 170, and 220 from the bioaugmented reactor Rb (Bio-130, Bio-170, and Bio-220) and the 

control reactor Rc (Con-130, Con-170 and Con-220). 

 

Figure 5. Relative abundance of key Archaea known to be involved in methanogenesis in samples extracted on 

day 130, 170, and 220 from the bioaugmented reactor Rb (Bio-130, Bio-170, and Bio-220) and the control 

reactor Rc (Con-130, Con-170 and Con-220). 
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5.3.2.3 Enzymatic pathway 

In addition to the analysis of the microbial community structure, the differences in 

metabolic pathways in Rb and Rc were deduced from the transcriptomic data. Hydrolysis 

of lignocellulosic biomass is crucial and considered as the rate-limiting step in 

biomethanation, and is carried out by coordinated action of a complex set of enzymes. It 

is important to first delink the lignin mesh in CM to improve the accessibility of the other 

hydrolytic enzymes to the cellulose and hemicellulose fibers. Metatranscriptomic 

analyses revealed that debranching enzymes such as acetylxylan esterase, 

arabinofuranosidase, carboxylesterase which remove the side chain components of the 

xylan backbone were expressed in the microbial community. As a result, cellulose and 

hemicellulose became more accessible for hydrolysis. The metatranscriptomic analysis 

revealed the presence of carbohydrate esterases (CE), which hydrolyze ester linkages in 

sugar residues and make their glycosidic linkages accessible for attack by glycosidic 

hydrolases [3]. Metagenome and metatranscriptome analyses also revealed various 

microbial enzymes involved in saccharification and subsequent acidification of cellulose 

and hemicellulose. These analyses also revealed the presence of cellulosomes, the 

multienzyme complexes produced by lignocellulolytic anaerobes [25]. Various RNA 

transcripts coding for hydrolysis-related enzymes such as cellulase (EC:3.2.1.4), endo-

1,4-beta-xylanase (EC:3.2.1.8), beta-glucosidase (EC:3.2.1.21), glucan 1,4-beta-

glucosidase (EC:3.2.1.74), and xylan 1,4-beta-xylosidase (EC:3.2.1.37) were found in 

higher abundance in the bioaugmented reactor compared with the control (Table 3). These 

results indicated the potential of the selected consortia to produce key cellulolytic, 

xylanolytic and debranching enzymes involved in the hydrolysis of recalcitrant 

lignocellulosic compounds in CM.  

The transcripts encoding enzymes for the conversion of hydrolytic degradation products 

into various VFA, majorly acetate were also found (Fig. 6). Genes encoding for enzymes 

that convert pyruvate to acetate such as pyruvate-ferredoxin oxidoreductase (EC:1.2.7.1), 

phosphotransacetylase (EC:2.3.1.8) and acetate kinase (EC:2.7.2.1) were abundantly 

expressed. Additionally, the transcripts encoding enzymes involved in butyrate 

metabolism such as acetyl-CoA acetyltransferase (EC:2.3.1.9), enoyl-CoA hydratase 
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(EC:4.2.1.17), hydroxyacyl-CoA dehydrogenase (E.C:1.1.1.35), butyryl-CoA 

dehydrogenase (EC:1.3.99.2), acetate CoA-transferase (EC:2.8.3.8) were also expressed 

indicating that butyrate was properly converted into acetate. 

The resultant acetate, CO2 and H2 were finally converted into methane in subsequent steps 

by methanogenesis. Genes for acetoclastic and hydrogenotrophic methanogenesis were 

active, indicating that both types of methanogens were involved in methane metabolism. 

Particularly, bioaugmentation might slightly boost the acetoclastic methanogenesis, 

reflected by higher abundance of transcripts coding for phosphate acetyltransferase 

(EC:2.3.1.8), acetate-CoA ligase (EC:6.2.1.1), and acetate kinase (EC:2.7.2.1), whereas 

no enhancement of hydrogenotrophic methanogenesis was found  (Table 3). 
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Table 3. Key enzymes involved in the metabolism of lignocellulose of CM and their activity (Important 

enzymes involved in hydrolysis of lignocellulose of CM are highlighted in red, enzymes involved in 

methanogenesis are highlighted in blue; DL: detection limitation) 

EC Name Bio130 Bio170 Bio220 Con130 Con170 Con220 

(A) 

1.2.1.12 

 

Glyceraldehyde-3-phosphate dehydrogenase 
0.099 0.103 0.195 0.100 0.055 0.108 

1.1.1.49 
Glucose-6-phosphate dehydrogenase 

(NADP(+)) 
0.012 0.013 0.006 0.014 0.019 <DL 

1.2.1.59 
Glyceraldehyde-3-phosphate dehydrogenase 

(NAD(P)(+)) 
0.087 0.056 0.049 0.063 0.116 <DL 

1.2.7.1 Pyruvate synthase 0.257 0.142 0.186 0.106 0.189 0.001 

2.2.1.1 Transketolase 0.104 0.122 0.093 0.146 0.262 0.289 

2.7.1.11 6-phosphofructokinase 0.182 0.165 0.152 0.196 0.100 <DL 

2.7.1.146 ADP-specific phosphofructokinase <DL 0.008 <DL <DL <DL <DL 

2.7.1.2 Glucokinase 0.039 0.072 0.067 0.038 0.091 <DL 

2.7.2.3 Phosphoglycerate kinase 0.328 0.647 0.507 0.271 0.419 0.001 

2.7.1.40 Pyruvate kinase 0.098 0.094 0.086 0.082 0.091 0.050 

3.1.1.31 6-phosphogluconolactonase 0.001 0.001 0.005 0.004 0.016 <DL 

3.2.1.21 Beta-glucosidase 0.398 0.549 0.406 0.310 0.448 <DL 

3.2.1.37 Xylan 1,4-beta-xylosidase 0.760 0.500 0.967 0.361 0.475 0.371 

3.2.1.74 Glucan 1,4-beta-glucosidase 0.002 0.005 0.001 ˂DL ˂DL ˂DL 

3.2.1.4 Cellulase 0.782 0.847 0.597 0.615 0.365 0.001 

3.2.1.8 Endo-1,4-beta-xylanase 0.727 0.838 0.811 0.582 0.766 0.600 

4.1.2.13 Fructose-bisphosphate aldolase 0.368 0.348 0.413 0.345 0.258 0.271 

4.1.2.14 2-dehydro-3-deoxy-phosphogluconate aldolase 0.002 <DL 0.004 0.017 <DL <DL 

4.2.1.11 Phosphopyruvate hydratase 1.172 0.815 0.817 1.072 0.850 0.468 

4.2.1.12 Phosphogluconate dehydratase 0.002 <DL 0.003 <DL <DL <DL 

5.3.1.9 Glucose-6-phosphate isomerase 0.123 0.135 0.115 0.171 0.120 0.001 

5.4.2.11 Phosphoglycerate mutase 0.024 0.029 0.073 0.018 0.067 0.307 

1.1.1.35 3-hydroxyacyl-CoA dehydrogenase 0.007 0.012 0.026 0.003 0.003 <DL 

1.12.98.1 Coenzyme F420 hydrogenase 0.065 0.089 0.264 0.009 0.306 0.442 

1.12.98.2 
5,10-methenyltetrahydromethanopterin 

hydrogenase 
<DL <DL <DL <DL <DL <DL 

1.17.1.9 Formate dehydrogenase 0.004 0.002 0.008 0.003 0.009 0.002 

1.2.7.12 Formylmethanofuran dehydrogenase <DL 0.001 0.002 0.001 <DL <DL 

1.2.7.4 Anaerobic carbon-monoxide dehydrogenase 0.256 0.296 0.259 0.143 0.564 0.215 

1.5.1.20 
Methylenetetrahydrofolate reductase 

(NAD(P)H) 
0.055 0.053 0.062 0.039 0.092 <DL 

1.5.1.5 
Methylenetetrahydrofolate dehydrogenase 

(NADP(+)) 
0.113 0.122 0.134 0.133 0.140 0.103 

1.5.98.1 
Methylenetetrahydromethanopterin 

dehydrogenase 
0.461 0.354 0.389 0.320 0.392 0.314 

1.5.98.2 
5,10-methylenetetrahydromethanopterin 

reductase 
0.900 0.886 1.152 0.754 1.197 0.932 

2.1.1.245 
5-methyltetrahydrosarcinapterin:corrinoid/iron-

sulfur protein Co-methyltransferase 

0.027 

 

0.048 

 

0.071 

 

0.020 

 

0.314 

 

0.364 
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2.1.1.258 
5-methyltetrahydrofolate:corrinoid/iron-sulfur 

proteinCo-methyltransferase 
0.006 0.004 0.001 0.007 0.007 <DL 

2.1.1.86 Tetrahydromethanopterin S methyltransferase 1.508 0.784 0.550 0.597 0.681 1.780 

2.3.1.101 
Formylmethanofuran--tetrahydromethanopterin 

N-formyltransferase 
0.086 0.074 0.083 0.065 0.057 <DL 

2.3.1.169 CO-methylating acetyl-CoA synthase 0.032 0.084 0.179 0.018 0.155 0.178 

2.3.1.8 Phosphate acetyltransferase 0.056 0.068 0.085 0.051 0.064 0.004 

2.3.1.9 Acetyl-CoA C-acetyltransferase 0.077 0.098 0.076 0.069 0.051 0.116 

2.7.2.1 Acetate kinase 0.175 0.162 0.203 0.135 0.122 0.001 

2.8.3.8 Acetate CoA-transferase 0.021 0.050 0.029 0.003 0.022 <DL 

2.8.4.1 Coenzyme-B sulfoethylthiotransferase 2.526 1.193 1.215 0.818 2.808 6.050 

3.5.4.27 
Methenyltetrahydromethanopterin 

cyclohydrolase 
0.055 0.044 0.046 0.042 0.036 <DL 

3.5.4.9 Methenyltetrahydrofolate cyclohydrolase 0.018 0.026 0.053 0.051 0.047 <DL 

4.2.1.17 Enoyl-CoA hydratase 0.088 0.070 0.103 0.084 0.052 0.072 

6.2.1.1 Acetate--CoA ligase 1.833 1.928 1.739 1.337 1.790 0.749 

6.3.4.3 formate-tetrahydrofolate ligase 0.210 0.173 0.181 0.177 0.410 0.057 

(B)        

1.1.1.44 
Phosphogluconatedehydrogenase (NADP(+)-

dependent, decarboxylating) 
0.106 0.283 0.155 0.093 0.090 0.002 

1.1.1.343 
Phosphogluconate dehydrogenase (NAD(+)-

dependent, decarboxylating) 
˂DL ˂DL ˂DL ˂DL ˂DL ˂DL 

2.2.1.2 Transaldolase 0.008 0.200 0.150 0.100 0.116 0.028 

2.7.1.15 Ribokinase 0.028 0.032 0.021 0.019 0.022 ˂DL 

4.1.2.43 3-hexulose-6-phosphate synthase ˂DL ˂DL ˂DL ˂DL ˂DL ˂DL 

4.1.2.9 Phosphoketolase ˂DL ˂DL ˂DL ˂DL ˂DL ˂DL 

5.1.3.1 Ribulose-phosphate 3-epimerase 0.085 0.069 0.069 0.063 0.068 0.041 

5.3.1.6 Ribose-5-phosphate isomerase 0.035 0.074 0.059 0.054 0.085 0.016 

5.3.1.27 6-phospho-3-hexuloisomerase ˂DL ˂DL ˂DL ˂DL ˂DL ˂DL 



 

Chapter 5 Bioaugmentation as biological incentive to boost anaerobic digestion performance of cow manure  

Part II: Implementation of bioaugmentation dosage in continuous systems and metatranscriptomics analysis 

 

-182- 

 

 



 

Chapter 5 Bioaugmentation as biological incentive to boost anaerobic digestion performance of cow manure  

Part II: Implementation of bioaugmentation dosage in continuous systems and metatranscriptomics analysis 

 

-183- 

 

 

Figure 6. (A) Metabolic pathway construction of the different steps involved in the conversion of lignocellulose 

in CM to methane. Numbers between the metabolites are EC numbers for different enzymes, detailed 

information of the enzymes is shown in Table 3. (Note HM: hydrogenotrophic methanogenesis, AM: 

acetoclastic methanogenesis, Shared stands for shared intermediates. Since the metabolic pathways in the 

dashed triangle are complicated, detailed information is listed in (B) ).  

 

Figure 7. Kinetics for the inoculum taken from Rb and Rc from different time spot on the model substrates (For 

each box, the top of the box represents the 75th percentile of the group, the line through the box means the 

median of the group dataset, the bottom of the box shows the 25th percentile of the sample. The average value 

of each box was shown with a rectangular).  



 

Chapter 5 Bioaugmentation as biological incentive to boost anaerobic digestion performance of cow manure  

Part II: Implementation of bioaugmentation dosage in continuous systems and metatranscriptomics analysis 

 

-184- 

 

5.3.3 Metabolic analysis  

The metabolic batch AD was conducted using cellulose and sodium acetate to test the 

hydrolytic and methanogenic kinetics, respectively. As shown in Fig. 7, the kinetics 

obtained from cells obtained from the bioaugmented reactor Rb showed an accelerated 

degrading rate over cells obtained from the non-bioaugmentated reactor Rc on the given 

substrates, indicating more active hydrolytic and methanogenic microbes brought by 

bioaugmentation. These results complied well with the microbial community and 

metabolism analysis, further strengthing the role of bioaugmentation on sustained 

improvement of the hydrolytic and methanogenic performance of AD of CM.   

5.4 Conclusion 

The biomethane production of continuous reactors treating CM was successfully boosted 

via bioaugmentation dosage derived from a fiber-fed reactor. The bioaugmented reactor 

showed improved AD performance in terms of higher DMY and improved degradation 

of cellulose compared with the control reactor. Moreover, the bacterial microbes involved 

in the degradation of lignocellulose thrived in the bioaugmented reactor. For Archaea, 

Bathyarchaeota gained its predominance role in the bioaugmented reactor and was able 

to reproduce after the bioaugmentation stopped. The improved AD performance brought 

by bioaugmentation was further proved by metatranscriptomic analysis, where the 

amount of RNA transcripts encoding enzymes involved in lignocellulose hydrolysis and 

acetoclastic methanogenesis were increased in the bioaugmented reactor. The success of 

the bioaugmentation in continuous experiments may underline the possibility of using 

complex microbial cultures (containing cellulolytic bacteria and corresponding archaea) 

instead of pure cultures (only cellulolytic culture) when dealing with CM in real industrial 

AD plant.  
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Summary and future perspectives  

Cow manure (CM) is one of the most abundant on-land agricultural wastes worldwide, 

which imposes a significant threat to the environment if left untreated. Anaerobic 

digestion (AD), in this regard, represents a viable disposal approach that can turn such 

‘waste’ into valuable renewable energy (biogas). Nevertheless, the recalcitrant 

lignocellulosic compounds in CM hinder its effective utilization in AD. Hence, suitable 

AD incentives are necessary to exploit better CM’s energy potential, which are the main 

topics of this thesis. 

In chapter 2, a comprehensive review of strategies to boost AD performance of CM is 

described. Initially, CM is tagged as a lignocellulosic substrate which is also rich in 

minerals (buffer capacity) and fermentative microbes. On the one hand, these features 

enable CM as a suitable substrate in AD either as sole or co-digestion form. On the other 

hand, the lignocelluloses in CM hinders a good AD performance since they are resistant 

to hydrolysis. Thus, various strategies have been developed to improve the performance 

of AD. For pretreatment methods, chemical pretreatment has a strong modification effect 

on lignocellulose and was the most attractive to use in the lab on a small scale. AD of 

chemically pretreated CM reached up to 120% enhancement of methane yield compared 

with other pretreatment methods. However, chemical pretreatment was economically 

infeasible and therefore is less attractive for full-scale application. Although mechanical 

and thermal pretreatment of CM attained mild enhancement of methane yield (10-58%), 

they remained viable at full-scale due to the costs are lower than the additional profit for 

extra methane.  

Moreover, in chapter 2, it was concluded that biological pretreatment deserved more 

attention due to its environmentally friendly nature, but researchers hardly documented 

recent lab-work. Another approach to optimize AD is co-digesting CM with other organic 

wastes. Co-digesting was widely realized and is a simple yet effective way to promote 

CM’s methane yield. However, not all the co-digestion studies that were published 

presented a synergistic effect and did not report improved lignocellulose degradation. 

Therefore, a careful selection of the right co-substrate (such as lignin-poor substrate) 

should be given priority. Researchers found that several metal, carbonaceous, or 
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biological additives were enhancers of AD of CM. The additives resulted in an improved 

lignocellulose degradation of CM, followed by an increased methane yield. Among them, 

waste-carbon based additives and Fe-based nanomaterials stood out for their 

extraordinary performance at lab-scale and full-scale. Finally, for innovative reactor set-

ups, bioelectrochemical systems were found advantageous over conventional reactor 

installations because methanogens and hydrolytic microorganisms thrived well in 

biofilms on the electrodes. 

In chapter 3, co-digestion of CM and sheep manure (SM) at various ratios was studied in 

batch and continuous systems. In batch co-digestion experiments, SM’s introduction 

brought about enhanced lignocellulose degradation compared with digesting CM alone. 

Moreover, synergistic effects were obtained in the blends, with CM:SM at 1:1 reaching 

the highest synergy (10.2%). The microbial analysis indicated that co-digestion enhanced 

the hydrolysis, acidogenesis and methanogenesis. This was concluded by the enrichment 

of hydrolytic bacteria (Clostridium), syntrophic bacteria (Candidatus Cloacimonas) and 

hydrogenotrophic archaea (Methanoculleus). Moreover, the presence of syntrophic 

microbial guilds (Candidatus Cloacimonas and Methanoculleus) was evident in the SM-

fed continuous system, and the methane yield increased from 146 mL/gVS/d (CM alone) 

to 179 mL/gVS/d (CM:SM at 1:1). 

In chapter 4, the focus was on obtaining a bioaugmentation culture to improve the 

digestion of CM. To selectively enrich microbes specializing in lignocellulose 

metabolism, the hydrolytic capacity of different microbial inocula was evaluated as the 

first step. Hence, three commonly used inocula from full-scale AD installations treating 

municipal solid waste (MSW), wastewater sludge (WWTP), and CM (CMMD) were 

comprehensively evaluated in batch AD fed with CM. The results indicated that reactors 

inoculated with CMMD reached the highest cellulose (56%) and hemicellulose (50%) 

degradation. Moreover, the highest profusion of cellulolytic bacteria was obtained when 

CM was inoculated with CMMD. Furthermore, the enrichment of ‘the cellulolytic 

archaea’ norank_c_Bathyarchaeia was identified in all tested cases, suggesting a 

potential functional role in AD. Then, CMMD was used as the seed inoculum undergoing 

long-term cultivation. After cultivation for 100 days (hydraulytic retention time of 30 



 

Summary 

 

-191- 

 

days), not only cellulolytic bacteria (Ruminofilibacter, norank_o_SBR1031, Treponema, 

Acetivibrio) were enriched, but also the norank_c_Bathyarchaeia was successfully 

enriched to 97% within the archaea genera. The high content of hydrolytic and 

methanogenic species in the selection reactor increased its application potential as 

bioaugmentation dosage in the continuous AD of CM.  

In chapter 5, experiments were performed in which the bioaugmentation culture (chapter 

4) was dosed into a continuous AD reactor fed with CM. The positive effect of 

bioaugmentation was shown by a substantial daily methane yield (DMY) enhancement 

(24.3%) obtained in the bioaugmented reactor (179 mLCH4/gVS/d) compared with that 

of the control reactor (144 mLCH4/gVS/d) (P˂0.05). The effluent of the bioaugmented 

reactor contained lower cellulose content, and this indicated an improved cellulose 

reduction (14.7%) in the reactor compared with that of the control. In contrast, the amount 

of hemicellulose remained similar in both reactors' effluent. When bioaugmentation 

stopped, its influence on the hydrolysis and methanogenesis sustained, reflected by an 

improved DMY (160 mL CH4/gVS/d) and lower cellulose content (53 mg/g TS) in the 

bioaugmented reactor compared with the control (DMY 144 mL/CH4/gVS/d and 

cellulose content 63 mg/g TS, respectively). The increased DMY of the continuous 

reactor seeded with a specifically enriched consortium able to degrade the fiber fraction 

in CM showed the feasibility of applying bioaugmentation in AD of CM. The increased 

hydrolysis of cellulose was also supported by the enrichment of typical hydrolytic 

bacteria (Cellulomonadaceae, Micrococcaceae, Bacteroidaceae, Dysgonomonadaceae, 

Prevotellaceae, Chitinophagaceae, Anaerolineaceae, Caldilineaceae, Fibrobacteraceae, 

Bacillaceae, Christensenellaceae, Clostridiaceae, Lachnospiraceae, and 

Ruminococcaceae) in the bioaugmented reactor compared with the control. More 

importantly, the injected norank_c_Bathyarchaeia (within the bioaugmentation dosage) 

successfully grew in the reactor and was responsible for the improved methane yield. A 

transcriptomic analysis of the mRNA extracted from the microbial community showed 

that hydrolytic enzymes such as cellulase (EC 3.2.1.4), endo-1,4-beta-xylanase (EC 

3.2.1.8), beta-glucosidase (EC 3.2.1.21), glucan 1,4-beta-glucosidase (EC 3.2.1.74), and 

xylan 1,4-beta-xylosidase (EC 3.2.1.37) were found in higher abundance in the 
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bioaugmented reactor than in the control. This indicated the promotive role of 

bioaugmentation dosage for a sustained improvement of AD performance.  

Accordingly, future perspectives regarding better utilization of CM in AD should focus 

on the following aspects: 1) development of new reactor types. As the key players in AD, 

the  composition and metabolism of the anaerobic microbial community should be kept 

as diverse and active as possible. In traditional continuous stirred tank reactors, AD 

cannot sustain this diverse and active microbial community due to the daily fed-in-

withdraw mode with a relatively low hydraulic retention time. Anaerobic membrane 

reactors, in this respect, deserve more investigation since it can retain the microorganisms 

in the reactor and enables a low hydraulic retention time and a high biomass retention 

time. However, CM contains a high amount of partially digested grass and other solids 

that could clog the membrane, damaging the membrane surface and shortening its lifespan. 

Future studies related to the investigation of how to utilize CM in membrane-based 

bioreactors effectively are encouraged;  

2) development of sustainable and affordable biological pretreatment. Biological 

pretreatment should be highlighted since it is an environmentally friendly technology. 

The screening of microbes that degrade lignin might be an option since after pretreatment, 

the lignin is degraded and the hemicellulose and cellulose are better accessible for 

hydrolytic conversion into monomeric sugars. A lignin degrader such as Pleurotus 

ostreatus is commercially available nowadays, but the pretreatment process lasts for 

months. Therefore, looking for an accelerated biological way to shorten the pretreatment 

process is vital and will improve overall efficiency. A relevant economic analysis, as well 

as a life-cycle analysis should be conducted to better elucidate the feasibility of this 

biological pretreatment strategy;  

3) a combination of various genetic tools. AD has long been regarded as a ‘black box’ 

due to the complex microbial community within AD reactors. Understanding the 

microbial community will help us design a suitable tailor-made strategy to better regulate 

the activity of the microbes and maximize their performance in AD. Future studies can 

use ‘omics’ tools such as metagenomics, transcriptomics and  metaproteomics to illustrate 

the presence of certain species within a successful or failed AD scenario and identify 
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functional metabolic pathways within the reactors. Next Generation Sequencing like, e.g., 

the newly developed third-generation sequencing equipment using ‘Oxford Nanopore 

Technology’, which can generate long-reads of DNA molecules, will help reconstruct the 

whole genome of known or unknown microorganisms in metagenome sequencing 

projects of AD reactors. In combination with high-throughput next-generation sequencing 

(second-generation sequencing) of small DNA fragments to generate more concrete and 

precise datasets that will help the researchers better understand the microbial dynamics 

in AD;  

4) development of field study. AD has already been regarded as an indispensable part of 

the ‘sustainable society’ due to its role in waste diminishment and energy recovery. No 

matter how successful the lab work is, the outcome from the lab should be ultimately 

applied in full-scale installations to give a real contribution to the society. Future research 

should prioritize how to effectively transfer the results of optimization studies performed 

in the lab on a small scale to pilot-scale and full-scale installations. To further tackle the 

difficulties faced by AD plant runners, livestock owners, governmental authorities should 

pay close attention to AD-related research on waste substrates, biogas and digestates. By 

doing so, the developed technology and knowledge generated in the lab can reach the 

world outside instead of merely ‘trapped’ in published papers.   
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Koemest (CM) is één van de meest voorkomende landbouwafvalstoffen ter wereld en 

vormt een grote bedreiging voor het milieu als het niet wordt behandeld. Anaerobe 

digestie (AD) van koemest is in potentie een goede technologie om een groot deel van de 

koemest om te zetten in groene energie (biogas) en gerecyclede meststoffen. Een 

aanzienlijk deel van koemest bestaat uit recalcitrante lignine verbindingen die de 

efficiëntie van AD verminderen. In dit proefschrift worden technologieën beschreven 

waarmee het energiepotentieel van koemest beter kan worden benut. 

In hoofdstuk 2 wordt een uitgebreid overzicht beschreven van mogelijke strategieën om 

de AD-prestaties van koemest te verbeteren. Koemest wordt gekenmerkt als een 

lignocellulose substraat dat daarnaast veel mineralen (buffercapaciteit) en fermentatieve 

micro-organismen bevat. Enerzijds maken deze eigenschappen koemest geschikt als 

substraat voor AD, hetzij als enige voedingsbron maar ook als co-substraat. Anderzijds 

belemmert het lignocellulose deel in koemest een goede AD-werking omdat het resistent 

is tegen hydrolyse. Er zijn verschillende strategieën ontwikkeld om de prestaties van AD 

te verbeteren. Van de verschillende voorbehandelingsmethoden heeft een chemische 

voorbehandeling een sterk modificerend effect op lignocellulose, en is daardoor het meest 

aantrekkelijk om op kleine schaal in het laboratorium te gebruiken. Verhoging tot 120% 

van de methaanopbrengst blijkt mogelijk in vergelijking met andere 

voorbehandelingsmethoden. Chemische voorbehandeling is echter te kostbaar voor een 

toepassing op grote schaal. Hoewel met mechanische en thermische voorbehandeling van 

koemest slechts een matige verhoging van de methaanopbrengst (10-58%) bereikt wordt, 

zijn ze op grote schaal wel levensvatbaar: de kosten zijn lager dan de extra winst door het 

extra geproduceerde methaan. Biologische voorbehandeling zou meer aandacht 

verdienen vanwege het milieuvriendelijke karakter ervan, maar onderzoekers 

documenteerden nauwelijks recent laboratoriumwerk.  

Een andere benadering om AD te optimaliseren is het co-vergisten van koemest met ander 

organisch afval. Co-vergisting wordt algemeen toegepast en is een eenvoudige maar 

effectieve manier om de methaanopbrengst van koemest te verhogen. Niet alle 

gepubliceerde co-digestiestudies vertoonden echter een synergetisch effect en rapporteren 

geen verbeterde afbraak van het lignocellulose in koemest. Daarom is een zorgvuldige 
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selectie van het juiste co-substraat (bijvoorbeeld lignine-arm substraat) belangrijk om de 

juiste verhoudingen te behouden. Ook verschillende metaal-, koolstofhoudende of 

biologische additieven verbeteren AD van koemest. De additieven resulteren in een 

verbeterde afbraak van lignocellulose in de koemest, met een verhoogde 

methaanopbrengst als gevolg. De op afval gebaseerde additieven op koolstofbasis en op 

Fe-gebaseerde nanomaterialen vallen op door hun uitstekende prestaties op zowel 

laboratoriumschaal als grote schaal. Ook blijken bio-elektrochemische systemen als 

onderdeel van innovatieve reactoropstellingen gunstig ten opzichte van conventionele 

reactoren. Met name doordat methanogenen en hydrolytische micro-organismen actiever 

zijn in de biofilms op de elektroden. 

In hoofdstuk 3 is de covergisting van koemest en schapenmest (SM) in verschillende 

verhoudingen bestudeerd in batch- en continue systemen. In batch-co-

vergistingsexperimenten zorgt de introductie van SM voor een verbeterde afbraak van 

lignocellulose in vergelijking met de afbraak van in koemest alleen. Bovendien worden 

synergetische effecten verkregen in de mengsels, die het hoogst is bij de verhouding van 

koemest en SM van 1: 1 (10.2%). De microbiële analyse laat zien dat in de co-digestie de 

aantallen micro-organismen die betrokken zijn bij de hydrolyse (Clostridium), 

acidogenese (Candidatus Cloacimonas) en methanogenese (Methanoculleus) waren 

toegenomen. Bovendien waren de syntrofe microbiële gilden (Candidatus Cloacimonas 

en Methanoculleus) duidelijk aanwezig in de reactoren die werden gevoed met SM. De 

methaanopbrengst nam toe van 146 ml CH4/gVS/d (alleen CM) tot 179 ml CH4/gVS/d 

(koemest : SM was 1 : 1). 

Hoofdstuk 4 focust op het verkrijgen van een bioaugmentatie culture om de afbraak van 

de recalcitrante lignocellulose in koemest te verbeteren. Om micro-organismen die 

gespecialiseerd zijn in de afbraak van lignocellulose selectief te verrijken, is als eerste 

stap de hydrolytische capaciteit van drie verschillende microbiële inocula geëvalueerd: 

een inoculum van een full-scale AD-installatie gevoed met stedelijk vast afval (MSW), 

een inoculum vanuit afvalwaterslib-vergister en een koemest-inoculum vanuit een 

monovergister (CMMD). De resultaten gaven aan dat met reactoren die waren beënt met 

CMMD de hoogste cellulose (56%) en hemicellulose (50%) afbraak werd bereikt, 



 

Samenvatting 

 

-197- 

 

veroorzaakt door de hoge aantallen cellulolytische bacteriën. Verrijking van ‘de 

cellulolytische archaea’ norank_c_Bathyarchaeia werd overigens in alle geteste gevallen 

aangetoond, wat duidt op een mogelijke functionele rol van dit type micro-organisme in 

AD. Vervolgens werd materiaal uit de koemest-monovergister gebruikt als entmateriaal 

in een reactor die werd gevoed met alleen de vezelfractie van koemest. Na 100 dagen 

(hydraulische retentietijd van 30 dagen) werden naast de cellulolytische bacteriën 

(Ruminofilibacter, norank_o_SBR1031, Treponema, Acetivibrio) ook de 

norank_c_Bathyarchaeia opnieuw met succes verrijkt tot maar liefst 97% van de archaea-

genera. Met deze hoge gehaltes hydrolytische en methanogene micro-organismen in deze 

selectiereactor, is een uitstekend bioaugmentatiemateriaal verkregen voor verbeterde AD 

van koemest. 

Hoofdstuk 5 laat experimenten zien waarbij de bioaugmentatiecultuur (hoofdstuk 4) werd 

gedoseerd in een continue AD-reactor gevoed met koemest. Het positieve effect van 

bioaugmentatie is aangetoond door een aanzienlijke verhoging van de dagelijkse 

methaanopbrengst (DMY) (24.3%) verkregen uit de gebioaugmenteerde reactor (179 ml 

CH4/ gVS/d) vergeleken met die van de controlereactor (144 ml CH4/gVS/d) (P˂0.05). 

Het effluent van de gebioaugmenteerde reactor bevatte ook een lager cellulosegehalte 

(door verbeterde cellulose afbraak (14.7%) in de reactor) vergeleken met die van de 

controle reactor. Daarentegen bleef de hoeveelheid hemicellulose vergelijkbaar in het 

effluent van beide reactoren. Toen de bioaugmentatie werd gestopt, bleef de verbetering 

van de hydrolyse en methanogenese zichtbaar. Dit was te zien door een verbeterde 

methaan opbrengst (160 ml CH4/gVS/d) en een lager cellulosegehalte (53 mg/gTS) in de 

gebioaugmenteerde reactor vergeleken met de controle (144 ml CH4/gVS/d en 

cellulosegehalte 63 mg/gTS, respectievelijk). De verhoogde dagelijkse methaanopbrengst 

van de continue reactor beënt met een specifiek verrijkt consortium dat de vezelfractie in 

koemest kan afbreken, toonde de haalbaarheid aan van bioaugmentatie in een AD gevoed 

met koemest. De verhoogde hydrolyse van cellulose werd ook bevestigd door de 

verrijking van typische hydrolytische bacteriën (Cellulomonadaceae, Micrococcaceae, 

Bacteroidaceae, Dysgonomonadaceae, Prevotellaceae, Chitinophagaceae, 

Anaerolineaceae, Caldilineaceae, Fibrobacteraceae, Bacillaceae, Christensenellaceae, 

Clostridiaceae, Lachnospiraceae, en Ruminococcaceae. Belangrijker is dat de 
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geïnjecteerde norank_c_Bathyarchaeia (aanwezig in de bioaugmentatiedosering) zich 

handhaafde in de reactor en waarschijnlijk verantwoordelijk was voor de verbeterde 

methaanopbrengst. Een transcriptoom analyse van het mRNA geëxtraheerd uit de 

microbiële gemeenschap toonde aan dat hydrolytische enzymen zoals cellulase (EC: 

3.2.1.4), endo-1,4-beta-xylanase (EC: 3.2.1.8), beta-glucosidase (EC: 3.2.1.21) glucaan 

1,4-beta-glucosidase (EC: 3.2.1.74) en xylaan 1,4-beta-xylosidase (EC: 3.2.1.37) in 

grotere hoeveelheden werden aangetroffen in de beënte reactor dan in de controle reactor. 

Dit duidde op een stimulerende rol van bioaugmentatie met een permanente verbetering 

van AD van koemest als resultaat. 
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