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Paunch contents are the recalcitrant, lignocellulose-rich, partially-digested feed present in the rumen of ruminant animals. Cattle forage in Europe is primarily from perennial and Italian ryegrasses and/or white clover, so paunch contents from forage-fed cattle in Europe is enriched in these feedstuffs. Globally, due to its underutilisation, the potential energy in cattle paunch contents annually represents an energy loss of 23,216,548,750–27,804,250,000 Megajoules (MJ) and financial loss of up to ~€800,000,000. Therefore, this review aims to describe progress made to-date in optimising sustainable energy recovery from paunch contents. Furthermore, analyses to determine the economic feasibility/potential of recovering sustainable energy from paunch contents was carried out. The primary method used to recover sustainable energy from paunch contents to-date has involved biomethane production through anaerobic digestion (AD). The major bottleneck in its utilisation through AD is its recalcitrance, resulting in build-up of fibrous material. Pre-treatments partially degrade the lignocellulose in lignocellulose-rich wastes, reducing their recalcitrance. Enzyme systems could be inexpensive and more environmentally compatible than conventional solvent pre-treatments. A potential source of enzyme systems is the rumen microbiome, whose efficiency in lignocellulose degradation is attracting significant research interest. Therefore, the application of rumen fluid (liquid derived from dewatering of paunch contents) to improve biomethane production from AD of lignocellulosic wastes is included in this review. Analysis of a study where rumen fluid was used to pre-treat paper sludge from a paper mill prior to AD for biomethane production suggested economic feasibility for CHP combustion, with potential savings of ~€11,000 annually. Meta-genomic studies of bacterial/archaeal populations have been carried out to understand their ruminal functions. However, despite their importance in degrading lignocellulose in nature, rumen fungi remain comparatively under-investigated. Further investigation of rumen microbes, their cultivation and their enzyme systems, and the role of rumen fluid in degrading lignocellulosic wastes, could provide efficient pre-treatments and co-digestion strategies to maximise biomethane yield from a range of lignocellulosic wastes. This review describes current progress in optimising sustainable energy recovery from paunch contents, and the potential of rumen fluid as a pre-treatment and co-substrate to recover sustainable energy from lignocellulosic wastes using AD.
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INTRODUCTION

Climate change is having a devastating impact on the planet through natural disasters, like floods, droughts, severe storms, fires, increased global temperatures, rising sea levels and increased precipitation (Fawzy et al., 2020). One way to tackle this is through increased use of low-carbon energy, e.g., solar energy, wind energy, hydro energy and bioenergy to displace fossil fuel-derived energy. Over the past decade, renewable energy production has increased steadily worldwide, and is growing at a faster rate than fossil fuel-based energy production. If the increase in the annual production of renewable energy is greater than the increase in energy demand, there will be an overall decrease in fossil fuel energy production, and therefore a reduction in global CO2 emissions (Bertram et al., 2021).


The Relevance of Paunch Contents as a Sustainable Energy Source

Lignocellulosic biomass is an abundant sustainable energy source. Sources include by-products from forestry, paper and pulp industries, and the agricultural industry (Abdeshahian et al., 2020). Paunch contents are an agri-food industry by-product. Currently this biomass-rich waste provides no value to meat processors but has the potential to be utilised for renewable energy due to its high lignocellulose content of c.63.65%; perennial and Italian ryegrasses (Lolium perenne and Lolium multiflorum) dominate European pastureland with 70% coverage (Fowler et al., 2003), resulting in paunch contents being enriched in these feedstuffs (see Table 1). Approximately 8,593 dry-matter tonnes (DMT) of paunch contents are produced from cattle in Ireland annually, according to calculations based on Annual Environmental Reports (AERs) (AERs-Environmental Protection Agency (EPA) Ireland, 2021). The potential energy of this dry matter (DM) is 16.7–20 MJ/kg (Ricci, 1977; Spence, 2017). Currently, 143,503,100–171,860,000 MJ of potential energy per year in Ireland, and 23,216,548,750–27,804,250,000 MJ globally, could be recovered from paunch contents (see Section Volume of Paunch Contents and Rumen Fluid Generated Globally).


Table 1. Composition of perennial ryegrass, Italian ryegrass and paunch contents.

[image: Table 1]

In the EU, waste by-product recovery has become important to slaughterhouses that have a 50 tonnes/day slaughter capacity (all beef slaughterhouses in Ireland), as it is now their legal obligation to use the current Best Available Techniques (BATs) for industrial emissions (BAT Guidance Note on Best Available Techniques for the Slaughtering Sector, 2008; Directive 2010/75/EU, 2010). In Ireland, this obligation has particular relevance as its agricultural sector accounts for 33% of all greenhouse gas emissions and 45% of all Irish non-Emissions Trading System (ETS) emissions. The EU has set obligatory targets for non-ETS emissions reduction by 2020 and 2030. For 2020, Ireland's target was 20% reduction in non-ETS emissions compared to 2005, but in 2018 the country was on track to achieve just a 1% reduction (CO2 Emissions | Energy Statistics in Ireland | Sustainable Energy Authority of Ireland, 2020-2022). By 2030, a 30% reduction on 2005 figures must be achieved. To meet this target, Ireland's agri-food sector needs to harness all routes to reduce greenhouse gas emissions. Therefore, immediate action is required to enable countries with important agri-economies, like Ireland, to make the necessary reductions in non-ETS emissions (SEAI, 2018).



Methods Utilised to-Date to Recover Energy From Paunch Contents

The energy potential of paunch contents has been highlighted using biomethane potential (BMP) tests, where paunch contents were co-digested with other slaughterhouse wastes (Ware and Power, 2016). This study showed that one Irish beef slaughterhouse, which accounts for ~3% of cattle slaughtered every year nationally, could meet its energy needs in full (with a surplus), from the biogas produced. Conventional pre-treatments have been shown to increase hydrolysis of lignocellulosic materials in AD (Nkemka et al., 2015). However, some pre-treatments can result in the overall process costing more than the value of biogas produced. Pre-treatment examples include thermal, physical, biological and chemical pre-treatments. Biological pre-treatments, e.g., enzymatic approaches, hold advantages over conventional pre-treatments, as they require less energy, are more controllable, need uncomplicated equipment and operating conditions, have a lower chemical recycling requirement after the treatment, can be combined with low-cost downstream processing, and result in no/very little inhibitor formation (Xing et al., 2020).

Other sustainable energy-recovery options have also been investigated for paunch contents, including its co-combustion (Bridle, 2011, 2012; Spence, 2012, 2017). Experiments showed that to be used as a boiler fuel, paunch contents should have a moisture content ≤ 35%, with Spence (2017) finding that this was the best moisture content for energy recovery from paunch contents. These experiments also showed that slaughterhouses could make financial savings of $26,000 AUD–$90,000 AUD annually by using this waste as a boiler fuel. However, AD appears to be the predominant method employed to optimise energy recovery from paunch contents to-date.



Role of Rumen Fluid and the Rumen Microbiome in Lignocellulosic Degradation

The rumen microbiome is very efficient at degrading lignocellulosic material. Consequently, much interest exists in obtaining a better understanding of the biological mechanisms involved in this degradation (Henderson et al., 2015). Recent research has shown that rumen fluid (the liquid fraction contained in the paunch) can be used as a pre-treatment and co-substrate prior to/during AD to improve the methane yield from lignocellulosic wastes like paper waste (PW) (Baba et al., 2013; Takizawa et al., 2019), paper sludge (Takizawa et al., 2018), and rice straw (Zhang et al., 2016). There is still much to discover about the functions of rumen microorganisms. Once a better understanding of these functions is gained, opportunities will result to improve the degradation of paunch contents and other lignocellulose-rich wastes, e.g., by replicating their mechanisms outside of the rumen for the biological pre-treatment of lignocellulosic feedstock.



Aims of Review

Sustainable energy sources that are currently underutilised, like paunch contents derived from meat production and lignocellulosic wastes from other industries, e.g., paper waste, must be explored to minimise human impact on the environment. This review aims to describe the progress being made in utilising paunch contents for energy recovery and some of the current challenges that exist. The review also explores the use of rumen fluid in degrading lignocellulosic wastes to improve biomethane production from AD, as well as recent developments in rumen microbiome discovery.




CURRENT AND HISTORICAL METHODS FOR TREATMENT AND DISPOSAL OF PAUNCH CONTENTS

Historically, paunch contents have been challenging to treat. Underlying reasons include the associated high biochemical oxygen demand, its tendency to form masses that block bar screens, pits, hopper bottoms and suction pumps, as well as increased settlement over time at the bottom of tanks and in pipes where paunch contents can become as hard as low-density rock. Removing these settlements requires the use of an auger. Furthermore, compaction reduces accessibility and digestibility of the cellulose fraction in anaerobic digesters, thus causing further blockages and capacity issues over time. Paunch contents also have low protein and high moisture contents (see Table 1). For these reasons amongst others, including odour and designation as a high-risk biological waste, paunch contents are not treated conventionally, e.g., in sewage plants (Witherow and Scaief, 1976; Ricci, 1977).

Historically, disposal methods have ranged from incineration to spreading on non-agriculture land to landfilling, all of which are no longer considered best practise. Today, over 40 years after these issues were described, paunch contents remain difficult to treat. For instance, hydrolysis of the fibrous material contained in paunch contents by microbes continues to be the rate-limiting step in recovering potential energy from AD (Nkemka et al., 2015). Until recently, paunch contents were sent by beef processors to landfill (Murphy et al., 2011; AERs-Environmental Protection Agency (EPA) Ireland, 2021). However, to minimise the environmental impact of waste by-products like paunch contents from the slaughterhouses, current BATs now must be applied (BAT Guidance Note on Best Available Techniques for the Slaughtering Sector, 2008; Directive 2010/75/EU, 2010, 2016).

After the paunch has been removed from the cow, dry dumping (water is not added to aid in emptying paunch) is the current BAT, as opposed to wet dumping (where contents are manually flushed out of the paunch). With wet dumping, only 10–30% of nitrogen and phosphorous and 40% of total solids can be recovered from the waste stream by sedimentation or screening, resulting in the waste stream being high in pollutants. Dry dumping reduces the water quantity used during paunch handling by ≤ 90% (Hui et al., 2001; Integrated Pollution Prevention Control Reference Document on Best Available Techniques in the Slaughterhouses Animal by-products Industries, 2005; BAT Guidance Note on Best Available Techniques for the Slaughtering Sector, 2008).

After paunch-emptying, beef processors usually dewater paunch contents with a paunch press (average DM content is around 23.4% after this according to AERs) and send it off-site for land spreading in accordance with BAT (Integrated Pollution Prevention Control Reference Document on Best Available Techniques in the Slaughterhouses Animal by-products Industries, 2005; Murphy et al., 2011; BAT Documents (BREFs) / Commission Implementing Decisions - Environmental Protection Agency, 2021). The screw press produces paunch contents with the highest DM quantity, followed by the screen press, wedge wire screen and the vibrating screen, respectively, in terms of dewatering capability (EPA Tasmania, 2017; Paunch Contents Land Spreading Management Guidelines, 2017). The rumen fluid from the dewatered paunch contents is treated in a wastewater treatment plant on-site, after which it, and other treated sludges, are recycled/reclaimed through composting and other biological transformation processes (AERs-Environmental Protection Agency (EPA) Ireland, 2021).

Following dewatering, current BATs for the treatment of paunch contents involve composting, AD and land spreading/injection (BAT Guidance Note on Best Available Techniques for the Slaughtering Sector, 2008). Sending paunch contents off-site for recovery as fertiliser helps slaughterhouses to reduce their waste-to-landfill output (A Resource Opportunity- Waste Management Policy in Ireland, 2012), but the composting of paunch contents is being restricted and regulated increasingly and the process is a major source of odour (Jensen et al., 2016).



VOLUME OF PAUNCH CONTENTS AND RUMEN FLUID GENERATED GLOBALLY

The paunch contents quantity produced per head of cattle varies significantly. It can depend on several factors including the animal size, the fasting period length before slaughter, the type of feed given and the animal's age (Tritt and Kang, 1991). Depending on the time of year and their life-stage, an animal's diet will vary. It will also vary depending on whether the cattle are being prepared for the premium or non-premium beef market. Furthermore, individual farmers may have different feeding preferences. In addition, cattle eat silage, fresh grass or processed feed in the UK (as in Ireland), depending on the time of year and weather (Garnett, 2007). Consequently, there are many variables that underpin paunch contents heterogeneity, volume and composition.

The values for paunch contents produced per head of cattle vary in the literature, due to the aforementioned factors. Furthermore, reported paunch contents values may be based on wet, dewatered or DM. Approximately 3.8 kg of dry paunch contents is produced per head of cattle (Baumann, 1971; Witherow and Scaief, 1976; Ricci, 1977). In Ireland, dewatered paunch contents are ~20 ± 8 kg per head of cattle (Sustainable Practices in Irish Beef Processing, 2009). This is comparable to some available international values, e.g., 20 kg per head of cattle in Tasmania, Australia (EPA Tasmania, 2017). However, the range of values reported is much wider for wet paunch contents per head of cattle, which can be expected due to variable moisture contents. For example, earlier studies reported 23–25 kg of wet paunch contents produced per head of cattle (Baumann, 1971; Witherow and Scaief, 1976; Ricci, 1977). However, according to the Wilson (1992), and United Nations Environment Programme and EPA Denmark (2000), wet paunch contents are 36–45 kg per head of cattle. In a report by Verheijen et al. (1996), 27–40 kg of wet paunch contents were produced per head of cattle, which is similar to values (25–40 kg) reported by Antille et al. (2019), while Tritt and Kang (1991) reported 40–60 kg of wet paunch contents per head of cattle.

Taking 20 kg as the average quantity of dewatered paunch contents per head of cattle (Sustainable Practices in Irish Beef Processing, 2009; EPA Tasmania, 2017), and a DM content of 23.4% from analysis of the AERs from Irish beef processors (AERs-Environmental Protection Agency (EPA) Ireland, 2021), the average dry paunch contents quantity produced per head of cattle is 4.68 kg, similar to previous reports (Baumann, 1971; Witherow and Scaief, 1976; Ricci, 1977). In the literature, the average moisture content of dewatered paunch contents was also reported as being ~80–86% (Witherow and Scaief, 1976; Ockerman and Hansen, 1988; Abouheif et al., 1999), which is in line with an approximate DM content reported in the literature of ~15.8% (Table 1).

From 2016 to 2019, an average of 1,836,083 bovines were slaughtered annually in Ireland (Eurostat, 2020), accounting for ~8,593 DMT paunch contents. In the EU, the average annual slaughter numbers from 2016 to 2019 were 26,514,158 bovines (including the UK) (FAOSTAT, 2020). This equates to an annual paunch contents production of c.124,086.26 DMT (including the UK) within the EU. The average number of cattle slaughtered annually worldwide from 2015 to 2018 was 297,053,954 (FAOSTAT, 2020), corresponding to c.1,390,212.5 DMT global paunch contents. These values highlight the abundance of this underutilised waste product globally. Table 2 describes this potential value in economic terms and reveals that €803 million worth of energy is available in paunch contents globally annually.


Table 2. Economic value of potential energy stored in paunch contents on a DM basis.
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Reports on rumen fluid volumes per head of cattle have been more uniform, with volumes of 44–54.7 L being reported (Bauman et al., 1971; Wohlt et al., 1976; Rogers et al., 1982; Estell and Galyean, 1985; Stokes et al., 1985; Moloney et al., 1993). This translates into per annum volumes of c.80,787,652–100,433,740 L of rumen fluid in Ireland (2016-2019), c.1,166,622,952–1,450,324,443 L in the EU (including the UK between 2016 and 2019), and c.13,070,373,980–16,248,851,280 L globally between 2015 and 2018. These values highlight the volumes of rumen fluid that are underutilised globally despite the significant potential to utilise rumen fluid, rich in lignocellulolytic enzymes, as a pre-treatment of lignocellulosic wastes prior to AD or as an inoculum during AD to improve methane yields (see Sections Rumen Fluid From Cattle as a Source of Lignocellulolytic Enzymes for AD and The Rumen Microbiome).



SUSTAINABLE ENERGY PRODUCTION FROM PAUNCH CONTENTS

Paunch contents could be of high value to the meat-processing industry as a sustainable source of energy (Table 2). However, it is currently being lost due to offsite spreading practises. The major bottleneck in using this waste for sustainable energy recovery is its recalcitrance (Nkemka et al., 2015), meaning that post-AD, residual paunch waste remains at the bottom of the digester, rich in unutilised carbon, that needs to be spread offsite. However, if this bottleneck was overcome, the recovered energy would reduce the meat processors' impact on the environment by decreasing fossil fuel dependency of slaughterhouses. This would in turn create a more sustainable meat-processing industry. Different methods have been suggested for energy recovery and bioconversion of paunch contents, including pyrolysis, torrefaction, liquefaction and gasification and hydrothermal carbonisation (Marzbali et al., 2021). Combustion as a boiler fuel and biogas production through AD have been the methods used most to date for sustainable energy recovery from paunch contents (Ware and Power, 2016; Spence, 2017). Paunch contents as a boiler fuel will first be described. However, AD will be the focus, as it has been the main approach described in the literature for biomethane generation from paunch contents.


Using Paunch Contents as a Boiler Fuel

While most efforts to produce sustainable energy from paunch contents have focused on AD, their use as a boiler fuel has been investigated for energy recovery. Bridle (2011) investigated co-combustion of paunch contents dewatered to <30% solids content with sawdust and later investigated co-combustion of dewatered paunch contents (<30% solids) with DAF sludge and wood waste as a boiler fuel (Bridle, 2012). In these studies, anything higher than 30% moisture content in the paunch contents was deemed inefficient for co-combustion (Bridle, 2011, 2012). A moisture content >85% has been shown to have a negative energy value, with the net calorific value being −2.5 MJ/kg when the moisture content is 100% (full saturation) (Spence, 2017). Also, a loss of 0.1% in energy efficiency for every 1% increase in the moisture content of paunch contents has been reported (Hatt, 1997). Therefore, the lower the moisture content, the better the energy output from co-combustion, pyrolysis and gasification, all of which are alternative methods to produce energy from paunch contents. However, this relationship appears to be true up only to a certain point, as Spence (2017) demonstrated the best moisture content for energy return from both grass and grain paunch contents was 35%; in this context, the moisture may have acted as a lubricant and increased the force of compaction on the paunch contents (Spence, 2017).

The Bridle (2011, 2012) studies showed that co-combustion of paunch contents with DAF sludge or sawdust had the potential to reduce greenhouse gas emissions and provide energy for the slaughterhouses, while reducing amounts of paunch contents sent off-site for composting or land spreading. A cost-benefit analysis of co-combustion with sawdust revealed potential yearly savings of ~$72,000 AUD on fuel costs and ~$90,000 AUD on disposal/recovery costs for the slaughterhouse in question, while a cost-benefit analysis of co-combustion with wood waste showed yearly savings of ~$39,000 AUD and ~$26,000 AUD on fuel and disposal/recovery costs (Bridle, 2011, 2012; Spence, 2017). On the basis that paunch contents need a DM content of ≥70% to be useful as a biofuel in processes like pyrolysis, gasification and to replace coal as boiler fuel, Spence (2017) determined predictive equations and paunch contents characteristics and developed new coefficients for the Hukill equation. This will enable further work toward developing an ideal paunch contents dryer (Spence, 2017).

Another study investigated the theoretical feasibility of immersion-frying to dewater paunch contents and DAF sludge to a moisture content of <5%, to make high-energy pellets suitable for combustion as a boiler fuel in slaughterhouses (Hamawand et al., 2017). It was hypothesised that by reducing the moisture content to this level, combustion would be more stable, and less CO2 would be produced, compared to paunch contents dewatered to a 20–29% solids content. The pay-back period would be 1.8–3.2 years. The study concluded that this approach was economically feasible and that pellets produced would have the energy equivalent of coal/kg but would cost half as much as coal. Further experiments must be carried out to demonstrate whether this process is feasible at-scale and to identify technical constraints which may arise from its integration into existing meat-processing facilities (Hamawand et al., 2017). However, it must also be considered that Spence (2017) established that the optimum energy output from paunch contents was achieved at a moisture content of 35%, so dewatering paunch contents to <5% moisture content may reduce the net energy gain. Although drier paunch contents have a higher calorific value, the bulk density is lower due to empty pockets of air present, which reduces energy output/m3 (Spence, 2017).



Anaerobic Digestion of Paunch Contents

The AD of paunch contents showed that they have higher first-order decay rates compared to virgin plant biomass, e.g., Napier grass, because paunch contents are already partially digested in the animal rumen, which enables more rapid AD outside of the rumen (Tritt and Kang, 1991). This natural pre-treatment speeds up the digestion process so that up to 80% of the biomethane yield can be obtained within 16–17 days of digestion, thereby making it feasible to use as an industrial feedstock (Ware and Power, 2016). So far, research into the potential of using paunch contents alone as an energy feedstock for AD has been limited. Most studies have focused on paunch contents co-digestion with other wastes. The presence of rumen microorganisms in paunch contents is thought to aid the hydrolysis of complex carbohydrates like cellulose. Although a synergistic effect has been shown when different wastes are co-digested, uncaptured energy remains in recalcitrant lignocellulosic material left over at the bottom of the digester (Banks and Wang, 1999; Edström et al., 2003; Ló Pez et al., 2006; Buendía et al., 2009; Palatsi et al., 2011; Browne et al., 2013; Jensen, 2013; Astals et al., 2014).


Is AD of Paunch Contents Economically Feasible for Sustainable Energy Recovery?

According to Jensen et al. (2016), whether the process of anaerobically digesting paunch contents is economically feasible or not is dependent on (a) the methane potential (can the methane produced reduce slaughterhouse energy costs?), (b) the degradable fraction (will it reduce recovery costs?), and (c) the time the paunch contents take to degrade (this will affect the digester size and overall cost of running the process).

Ware and Power (2016) showed that paunch contents co-digested with dissolved air floatation sludge and soft offal for biomethane production is economically feasible for slaughterhouses. Using BMP tests, the biomethane yield from paunch contents waste alone was 229 L CH4/kg VS under mesophilic conditions, while the mixed waste stream had a biomethane yield of 641.55 L CH4/kg VS. The inoculum:substrate used for each BMP test was 2:1. The maximum methane potential and specific methane yield (SMY) values were very similar (226.7 L CH4/kg VS & 228.8 L CH4/kg VS), indicating that the maximum methane amount was produced over the 30-day reaction (Ware and Power, 2016).

A detailed net energy analysis was conducted by Ware and Power (2016) to assess the economic feasibility of using these wastes as a feedstock to produce biomethane to power the slaughterhouse activities on-site. Bishop et al. (2009) concluded that the predicted methane production from BMP tests correlates well with actual methane production from a full-scale reactor (R2 = 0.83 and the over-prediction value = 1.54%). To make this net energy analysis more accurate, only 80% of the SMY produced by the mixed waste was used in the calculations. If 100% of the SMY was considered, the hydraulic retention time (HRT) would be assumed to be 50 days, which would be unrealistic in industry. Usually, the HRT would be ~20 days in a continuously-fed bioreactor. A further consideration made to correlate a continuously-fed bioreactor at full-scale with a batch-fed BMP test, omitted the lag phase (12.5 days) from calculations as it would not exist in a continuously-fed bioreactor (the microorganisms would already be in the log phase of growth). Therefore, it was determined that 80% of the SMY would be produced within 16.5 days, which is more representative of a full-scale operation (Ware and Power, 2016).

An annual gross methane yield of 1,628,258 m3 was reported by Ware and Power (2016). Combusting this directly in a CHP unit resulted in 15,061 MWh of energy being recovered. The annual energy demand of the test slaughterhouse was 5,874 MWh of electricity and 7,786 MWh of thermal energy. In Ireland, the average cost of 1 kWh of electricity for businesses in 2020 was 15.89c, and 3.44c for gas (including Value Added Tax) (Prices | Energy Statistics in Ireland | Sustainable Energy Authority of Ireland, 2021). This translates into an annual expenditure of >€1.2 million to power this slaughterhouse, when gas is used to provide thermal energy, or €2.17 million if electricity provides the thermal energy. The biomethane produced from the co-digestion process has an energy value greater than that of the annual energy use of the slaughterhouse (by 1,401 MWh). Therefore, this slaughterhouse, which processes ~52,000 head of cattle annually, could become completely self-sufficient with excess energy left over, and potential annual savings of €1.2–2.17 million. Biomethane production used 690 MWh of electricity, leaving 711 MWh of surplus energy. In 2018, 30,238 GWh of energy was used by all industry in Ireland (Energy Use Overview | Energy Statistics in Ireland | Sustainable Energy Authority of Ireland, 2021). Ware and Power (2016) calculated that 458.6 GWh of gross energy could be produced if 90% of the national mixed slaughterhouse waste stream was used to recover biomethane. This would allow combustion of the resulting biomethane in CHP units to subsidise 1.52% of the total national industrial energy requirement. This development would increase Irish Renewable Energy Shares, contribute to Ireland's renewable energy targets, and help slaughterhouses to become circular economies. Labour costs, e.g., loading, unloading and maintenance of the digester, were not included in this analysis.

The organic fraction of paunch contents has been shown to be ~59–70% biodegradable in AD. Tritt and Kang (1991) carried out batch reactor tests at mesophilic temperatures to determine the ultimate biodegradability of cattle paunch contents, using substrate:inoculum between 0.2:1 and 10:1 (total VS mass of paunch contents:total VS mass of the inoculum). The paunch contents feed total solids content was 11.3% (dry weight). A maximum BMP of 64–70% was reported and the highest biomethane yield reported was 323 L CH4/kg VS at a substrate:inoculum of 1:1. The highest value for ultimate biodegradability, also at a substrate:inoculum of 1:1, was 83% of total VS (dry weight), after a HRT of 49 days. Digesters containing substrate:inoculum <5:1 showed efficient degradation of paunch contents, with steady-state decay rates of 0.044–0.064 per day for the first 5–40 days of the reaction. Digesters containing higher substrate:inoculum of 7.5:1 and 10:1 had lower decay rates than those with ratios <5:1 (by one-half and one-third, respectively) and were inefficient at removing substrate VS because of reduced bioavailability of paunch contents to the degrading microorganisms, at the higher reactor loading rates. Overall, it was concluded that a substrate:inoculum ≤ 2.5:1 allowed rapid start-up of a full-scale anaerobic digester with cow paunch contents as substrate. This ratio allowed for 69% VS removal over 49 days. However, to achieve this degradation level a long HRT was necessary, which is less desirable in industry.

This long HRT issue was described also by Nkemka et al. (2015), who carried out AD of cattle paunch contents in a continuous stirred tank reactor (CSTR) at mesophilic temperatures. Two reactors were run with HRTs of 30 days (organic loading rate, OLR, of 2.8 g VS/L/day) and 60 days (OLR of 1.4 g VS/L/day), with paunch contents fed at 10% total solids (w/v). The biomethane yield was analysed every 1–2 days in the bioreactors. The higher OLR in the 30-day bioreactor yielded an increase in the biomethane production rate, but a lower overall biomethane yield, i.e., 213 L CH4/kg VS in the 30-day bioreactor vs. 284 L CH4/kg VS in the 60-day bioreactor. This finding suggested that the microorganisms in the digester did not have enough time to digest the available substrate and convert the organic content to biomethane. The low VFA concentrations (0.22 ± 0.04 g/L and 0.22 ± 0.02 g/L) in the effluent on days 30 and 60 of HRT indicated that methanogenesis was not the rate limiting step, but that hydrolysis of particulate organic matter was the barrier. As a result, increasing the HRT was recommended to improve degradation of the lignocellulose (Nkemka et al., 2015). However, increasing the HRT is not feasible in an industrial setting where the average AD time is ~20 days (Ware and Power, 2016).

While AD experiments have been carried out, mainly under mesophilic temperatures, temperature-phased AD (TPAD) has also been utilised. However, TPAD of paunch contents does not seem to hold benefits over the mesophilic AD process in terms of increasing biodegradability of paunch contents or increasing biomethane yield. Results from TPAD in one study showed production of 220 L CH4/kg VS, with a biodegradation value of 60% (Mehta et al., 2015). Yi et al. (2014) and Jensen et al. (2016) have also carried out TPAD and both studies showed that TPAD does not substantially improve paunch contents degradation compared to batch mesophilic AD. A maximum BMP of 230 L CH4/kg VS was recorded in batch mesophilic AD, with a biomethane yield of 63%. However, TPAD did reduce the residual paunch contents quantity through greater destruction of VS (Jensen et al., 2016). Overall, it seems to be more beneficial to operate digesters at mesophilic temperatures to save on heating costs.

Studies to-date suggest that paunch contents co-digested with other slaughterhouse wastes to recover biomethane is economically feasible, more so than digesting paunch contents on their own (Browne et al., 2013; Astals et al., 2014). It has been shown that the VS removal from paunch contents can be 75–81% when co-digested with activated sludge waste at a 25:75 ratio. This approach yielded an increase in the readily degradable fraction of paunch contents by ≤ 49%, and a four-fold increase in BMP (Buendía et al., 2009). As paunch contents may contain blood, which results in increased ammonia in the digester, it is hypothesised that by adding activated sludge waste, the C:N ratio is balanced and biomethane production is promoted (Browne et al., 2013). The higher methane yield from co-digesting slaughterhouse wastes in AD compared to that obtained from digesting paunch contents alone was described by Browne et al. (2013). An average biomethane yield of 238 L/kg VS was reported from paunch contents produced in an Irish slaughterhouse using BMP tests. The inoculum was obtained from a mesophilic, farm-scale digester, and the inoculum:substrate was 2:1. Co-digesting paunch contents, green sludge and dewatered activated sludge gave a higher biomethane yield (positive synergy) than respective yields for each individual substrate. The combined sample gave a BMP of 336 ± 15.0 L CH4/kg VS, while the weighted average of the three individually digested substrates was 288 ± 11 L CH4/kg VS. Jensen (2013) also showed that co-digesting DAF sludge with paunch contents had a synergistic effect on the BMP under mesophilic conditions, because of the improved C:N ratio (Browne et al., 2013) and because rumen microorganisms in the paunch contents were likely to be capable of lipolytic activity (Jensen, 2013).

However, the long HRT required to biodegrade recalcitrant lignocellulose in paunch contents remains to be resolved and is an important technological issue to solve to maximise energy recovery. To overcome the obstacle of hydrolysis as the rate-limiting step, additional pre-treatments could provide a viable improvement by making the lignocellulose matrix more accessible to microbes. By pre-treating high-fat wastes and co-digesting with other sludge wastes prior to AD, it can increase the biomethane yield relative to other biogases present, with increased waste biodegradability overall (Buendía et al., 2009; dos Santos Ferreira et al., 2020). Further methods to optimise co-digesting paunch contents with DAF sludge, along with the impacts of pre-treatments for these wastes on the BMP, must be investigated.



Pre-treatment of Paunch Contents Prior to AD

As highlighted in section Is AD of Paunch Contents Economically Feasible for Sustainable Energy Recovery?, co-digesting paunch contents with other slaughterhouse wastes generally increases biomethane production, improves the overall waste biodegradability, and is economically feasible. However, a suitable pre-treatment to increase microbial accessibility to the lignocellulose fraction of paunch contents may further increase the biomethane yield from paunch contents, both when digested alone and with other substrates. Astals et al. (2014) reported the BMP for solid paunch contents waste as 237 L CH4/kg VS for batch mesophilic AD, which corresponds to a degradable fraction of ~60%, and a hydrolysis rate of ~11% per day. As the hydrolysis rate and methane yields were low compared to other slaughterhouse wastes, pre-treatment technologies aimed at improving digestion of paunch contents could be used to improve the overall digestion process.

Few studies have been carried out specifically on the pre-treatment of paunch contents. In a study by Nkemka et al. (2015), the BMP of paunch contents, pre-treated with NaOH at 22°C for 3 days, and at 70 and 100°C for 24 h, was defined using a BMP batch test and compared with the BMP of untreated paunch contents, over 27 days at 40°C. The BMP increased with the NaOH pre-treatment. Six percent NaOH pre-treatment at 70 and 100°C increased the paunch contents solubility the most, but the difference between BMP outputs for untreated (299 L CH4/kg VS) and pre-treated paunch contents (318 L CH4/kg VS) was not considered significant. After 12.4 days in the bioreactor, the pre-treated paunch contents increased the production rate of the digester, yielding a 32% increase in biomethane levels, compared to the digester with the untreated paunch contents. Twenty-seven days was long enough for most of the available energy in the form of biomethane to be produced (Nkemka et al., 2015). Methods applying NaOH and heat as pre-treatments have been used frequently when anaerobically digesting grasses, to delignify lignocellulosic material, thus making it less recalcitrant (Wang et al., 2010; Kataria and Ghosh, 2014; Karp et al., 2015; Rodriguez et al., 2017), and the paper by Nkemka et al. (2015) shows that it can be effective in pre-treating paunch contents also.

Pre-treatments that have been used on grass include physical, thermal, chemical, ultrasound and microwave (Rodriguez et al., 2017). These pre-treatments could also work to pre-treat paunch contents given their similar compositions (Table 1). However, they are not generally used in combination with AD as the energy quantity recovered can make the investment not worthwhile. Biological pre-treatments, e.g., fungal, ensiling, microbial consortium or enzymatic, however, are advantageous over the conventional physicochemical pre-treatments, as they require less energy, uncomplicated equipment and operating conditions, can be more targeted and controllable, recycling of chemicals after the treatment is unnecessary, downstream processing is low-cost, and there is very little, or no, inhibitor formation (Xing et al., 2020).

Despite the benefits of using biological pre-treatments on lignocellulosic wastes, at the moment, the overall economic feasibility of using a biological pre-treatment on paunch contents in industry is unclear, as studies to date have been focused on the scientific aspects of the pre-treatments. A financial barrier could arise from the high cost of commercial enzymes (Hosseini Koupaie et al., 2019), but this could be bypassed by the development of low-cost bulk enzyme cocktails or recycling enzyme cocktails, for example. To the authors' best knowledge, paunch contents have not been pre-treated biologically to-date outside of the rumen.





RUMEN FLUID FROM CATTLE AS A SOURCE OF LIGNOCELLULOLYTIC ENZYMES FOR AD

In addition to being a source of biomass in the form of paunch contents, the rumen is potentially an excellent source of microorganisms with lignocellulolytic capability. In the environment of the rumen, microbes degrade recalcitrant lignocellulose. Rumen fluid has been used to improve the degradation of alternative lignocellulose-rich wastes like PW (Baba et al., 2013; Takizawa et al., 2019), paper sludge (Takizawa et al., 2018), rice straw (Zhang et al., 2016; Deng et al., 2017), corn straw (Jin et al., 2018), corn stover (Li et al., 2017a,b), grass clippings (Wang et al., 2018), and rapeseed (Baba et al., 2017, 2019) through AD. Key enzymes are likely to include cellulases and hemicellulases, which are important in lignocellulolytic degradation (Romano et al., 2009). A study by Takizawa et al. (2020b), for example, showed that endoglucanases produced by microorganisms in rumen fluid exhibit high activity over a 24 h period when rumen fluid was used to treat carboxymethylcellulose. The endoglucanases were likely to be from uncharacterised and non-dominant microbes, which reinforces the fact that much of the rumen microbiome and its functions are yet to be discovered (see section The Rumen Microbiome). Also, some endoglucanases were shown to be active between 0 and 12 h, while the others were active between 12 and 24 h. This reflects microbial changes in the rumen community over time and the production of varying endoglucanases by different microbes (Takizawa et al., 2020b).


Using Cattle Rumen Fluid as a Pre-treatment to Improve Biomethane Yields From Lignocellulosic Wastes During AD

From previous studies, rumen fluid from grass-fed cattle, used to pre-treat PW prior to semi-continuous mesophilic AD, increased the daily methane yield 2.6-fold, with a 73.4% BMP, after a pre-treatment time of only 6 h (Baba et al., 2013). The rumen fluid (300 mL) was used to pre-treat 0.3 g of PW for 6 and 24 h at 37°C. Then 30 mL of pre-treated PW was added to 600 mL of seed sludge in duplicate 1 L bioreactors maintained at 35°C for 20 days (untreated PW as control). There were improvements in the degradation rates of cellulose (from 76.5% in control reactor to 87.9 and 85.8% in the test reactors) and hemicellulose (from 40.6% in control reactor to 55.2 and 57.5% in the test reactors) with pre-treated PW as substrate. Lignin degradation improved significantly from 10.7% in the control reactor to 39.4% when 6-h pre-treated PW, and to 51.8% when 24 h-pre-treated PW was used in the reactor. The theoretical methane yields for the control and post-AD 6 h-pre-treated PW and 24 h-pre-treated PW were 60.8, 73.4, and 63.2%, respectively. The lower methane yield at the longer (24 h) pre-treatment reflected greater loss of carbon through microbial gas (CO2) production. Overall, this study highlighted the value of rumen liquid in the pre-treatment of cellulose, hemicellulose and lignin-containing wastes. The short pre-treatment time of 6 h and 20-day reaction length in semi-continuous bioreactors make this option industrially attractive (Baba et al., 2013).

Takizawa et al. (2019) also carried out PW pre-treatment with rumen fluid at 37°C for 48 h. The rumen fluid, also from grass-fed cattle, was preserved at 4, 20, and 35°C for 7 days. Preservation at 4°C retained the hydrolytic capabilities of microorganisms in the fluid, yielded an increase in dissolved COD and a reduction in organic carbon loss. Rumen fluid preserved at 20 and 35°C, however, effected a 1.8- and 3.5-fold increase in CO2 production during PW. This study provides useful information in terms of transportation and storage longevity of rumen fluid, but further investigation of a longer preservation period would inform long-term storage possibilities.

In an earlier study by Takizawa et al. (2018), dewatered paper sludge (PS) was pre-treated with rumen fluid from grass-fed cattle for 6 h at 37°C, prior to batch mesophilic AD for 20 days. Rumen fluid pre-treatment increased the biomethane yield 3.4-fold compared to the untreated paper sludge. PS is the leftover material after production of recycled paper from wastepaper and is composed of organic fibres (lignocellulose) and ash. Levels of lignin and ash are higher than in PW, making it more recalcitrant. Neutral Detergent Fibre, Acid Detergent Fibre and Acid Detergent Lignin degradability increased from 30.3 to 37.2%, 36.5 to 38.2%, and 17 to 20.9%, respectively, post-AD when pre-treated paper sludge was used as substrate. The biomethane yield from untreated and pre-treated paper sludges post-AD were 67.9 L CH4/kg VS and 231.3 L CH4/kg VS, demonstrating that pre-treatment improved methane yield of paper sludge 3.4 times. Here again, the short pre-treatment time of 6 h and AD running time of 20 days would be attractive to industry.

Baba et al. (2019) used rumen fluid to treat rapeseed prior to batch AD fermentation and reported the effects that the rumen microorganisms had on the indigenous microorganisms in the seed sludge. The rapeseed was either untreated (control) or pre-treated for 6 or 24 h before being added in 200 mL volumes to duplicate 1 L batch digesters containing 400 mL of seed sludge. The digesters operated at 35°C for 32 days. Pre-treated rapeseed significantly improved the biomethane yield (2,077.3 mL/reactor for 6 h and 1790.4 mL/reactor for 24 h pre-treatment) in contrast to untreated rapeseed (1,325.8 mL/reactor). The effects of rumen microorganisms on flora in native seed sludge were also significant. Compared to the control digester, many hemicellulolytic and cellulolytic bacteria native to the seed sludge either decreased or did not increase in abundance. Conversely, rumen fluid bacteria closely associated with Ruminococcus albus, an established cellulolytic and hemicellulolytic bacterial species (see The Rumen Microbiome) remained established in the fermenter until the end of the process. Furthermore, a rumen archaeon associated with the established H2-utilising archaea Methanosphaera and Methanobrevibacter, was detectable until the end of the process. This study revealed the importance of microbial community structure during AD in optimising methane production and highlights again that much remains to discover about the rumen microbiome.

Rice straw, one of the main agricultural wastes in China, was pre-treated using rumen fluid by Zhang et al. (2016). Rice straw was pre-treated at 39°C for 120 h prior to AD at 35°C for 30 days in 1 L batch digesters with a working volume of 500 mL; untreated rice straw was used as the control. The biomethane yield increased by 40.5–82.6% when pre-treated rice straw was digested vs. the untreated rice straw (pre-treated rice straw methane yields ranged from 218.5 to 285.1 L CH4/kg VS, while the control yielded 156.1 L CH4/kg VS). The optimal pre-treatment time for biomethane yield, in this study was 24 h. Between 12 and 24 h, the biomethane yield increased and when the pre-treatment was longer than 24 h the yield decreased. After 24 h of pre-treatment a significant degradation of lignin (~15%), hemicellulose (~38%), and cellulose (~28%) was observed. However, this study did not analyse the effects of pre-treatments <12 h on methane yield post-AD, which based on studies by Baba et al. (2013, 2019) would be interesting.



Co-digestion of Lignocellulosic Wastes With Cattle Rumen Fluid to Improve Biomethane Yields During AD

Another approach to promote increased biomethane production from lignocellulosic wastes is through co-digestion with rumen fluid. Ince et al. (2019) added rumen fluid directly to the seed sludge in a batch fermenter, with untreated barley as the lignocellulosic substrate. Compared to AD of seed sludge and barley only, the biomethane yield was increased by 18% when rumen fluid was added (from 235 L CH4/kg VS to 278 L CH4/kg VS) and digesters were operated at 37°C, and an inoculum to substrate ratio of 1:2. Rikenella, a known cellulolytic genus, had a significantly higher abundance in digesters containing rumen fluid, while Methanobrevibacter species were the dominant methanogens. In contrast, Methanobacterium was the dominant genus in the digesters without rumen fluid. The work by Ince et al. (2019), like that of Baba et al. (2019) suggests the importance of microbial community structure during AD in the optimisation of biomethane production.

A study by Wall et al. (2015) examined co-digestion of grass silage with rumen fluid. Grass silage used in this study was at an advanced stage of growth, of low quality and high in fibre, making it very recalcitrant. The study examined two different sizes of silage particles (1 cm and 3 cm in size). Batch fermentation tests were carried out in triplicate for 30 days at 37°C in 750 mL fermenters (400 mL working volumes) at a 1:2 inoculum to substrate ratio. Interestingly, when BMP tests were carried out on the digesters, no statistically significant difference existed between any of the SMYs, with or without rumen fluid. All were 340–350 L CH4/kg VS, suggesting that the rumen fluid or silage particle size had no impact on the SMYs. The 1 cm and 3 cm silage particles with or without rumen fluid were also digested in 5 L CSTRs (4 L working volume) over a HRT of 31 days at 37°C. The OLR was maintained at 2.5 kg VS/m3/day. No impact of the addition of rumen fluid on the methane yield was observed when co-digested with 3 cm silage particles (343 and 342 L CH4/kg VS SMYs for the digesters ± rumen fluid). In contrast, the 1 cm silage particles co-digested with rumen fluid, in the semi-continuous reactor, produced a higher SMY than the reactor without rumen fluid with the same sized silage particles (371 L CH4/kg VS). This digester also had a significantly higher SMY than the corresponding predicted BMP of 350 L CH4/kg VS, and digester stability was much greater in the rumen fluid-containing digester overall. The similar SMYs between the semi-continuous reactors with 3 cm particles of silage, with and without rumen fluid, could be explained by mechanical issues, blockage of the outlet port and silage floating to the reactor surface. Overall, this study showed that rumen fluid can improve biomethane yield from a semi-continuous reactor when added as a co-substrate and can increase stability of the microbial community in the digester. It also demonstrates the difficulties in using BMP tests to predict SMYs of larger, continuous digesters, as variables like mechanical stress are not included.

Nagler et al. (2019) studied the co-digestion of rumen fluid, corn straw and cow manure (working volume 300 mL) in 500 mL batch fermenters at 37°C over 31 days. The substrate ratios in each fermenter were either 20% rumen fluid to 80% manure, 40% rumen fluid to 60% manure, 100% manure (control 1), or 100% rumen fluid (control 2), followed by the addition of 16 g/L corn straw to the test (not control) fermenters. The methane production for the fermenters after 31 days with 20 and 40% rumen fluid was 292 and 279 L CH4/kg VS, respectively. In the fermenters containing 100% manure and 100% rumen fluid, 260 and 6.1 L CH4/kg VS were produced. Therefore, the effect of rumen fluid on methane amount compared to the fermenter with cattle manure only was not significant, though as rumen fluid volume in the fermenter increased, methane formation accelerated. By day 22, 90% of the total biomethane yield was reached in the 100% manure fermenter, whereas it was achieved by day 16 and day 17 in the 40 and 20% rumen fluid-containing fermenters, respectively. After 31 days, 49, 78, 78, and 81% of hemicellulose and 50, 77, 83, and 84% of cellulose were degraded in the 100% rumen fluid, 100% manure, 20% rumen fluid, and 40% rumen fluid-containing fermenters. However, lignin was not significantly degraded in any of the fermenters, even with the long HRT of 31 days. The optimal ratio for rumen fluid to substrate in batch AD needs to be further investigated, to maximise methane yield and reduce the HRT and increase industrial feasibility.

Corn straw was also semi-continuously co-digested with rumen fluid and pig manure by Jin et al. (2018), using a CSTR at 39°C with an HRT of 36 days. First, using batch fermentation, pig manure was fermented with corn straw for 3 days at 39°C at a ratio of 1:1. This facilitated optimal VS degradation (79%) of these substrates. Then, the pre-treated substrates were added to a 4 L CSTR containing 1 L of rumen fluid and 3 L of tap water saturated with CO2 at an OLR of 1 g VS/L/day (first 27 days of HRT) or 2 g VS/L/day (last 9 days of HRT). A biogas yield of 430 L/kg VS was obtained, with 60% biomethane content. Although the pre-treatment was carried out prior to CSTR, this study concluded that the co-digestion of substrates with rumen fluid played the largest role in biomethane production, which concurs with findings by Ince et al. (2019) and Nagler et al. (2019). Furthermore, biogas production almost doubled from 1.72 to 3.4 L/kg/day when the OLR was increased to 2 g VS/L/day. Further research is needed to determine the optimal OLR of corn straw to maximise methane production and to reduce the process HRT.

Deng et al. (2017) co-digested rumen fluid with methanogenic seed sludge and rice straw in a 3 L semi-continuous digester (working volume of 2 L) over 48 days at 39°C. The control reactor did not contain the methanogenic seed sludge. The OLR was varied every 16 days during the process—for the first 16 days it was 3 g/day, 7 g/day for the next 16 days and 14 g/day for the final 16 days. The co-inoculum consisted of 20% (v/v) rumen fluid with the seed sludge, and the rice straw was added every 4 days. On day 3, the methane yield in the test reactor was 132.32 mL/day, on day 7 it was 240.53 mL/day, and on day 17 it was 357.68 mL/day. These methane yields were 1.79, 2.07, and 2.26-fold higher than the yields in the control reactor at the same stages. An increase in OLR directly correlates with biogas production in the digester, while the methane content of the biogas produced was 32–44% in the test reactor compared to 24–28% in the control reactor. According to Deng et al. (2017), increased methane content in the test reactor was due to the consumption of VFAs, produced during the hydrolytic action of rumen microbes, by methanogens in the seed sludge. The dominant methanogenic archaeal genera were Methanobrevibacter and Methanosarcina in the test reactor. A decrease in the abundance of Methanobacterium and Methanosphaera genera was noted, in agreement with the Ince et al. (2019) who identified Methanobacterium as the dominant archaeon in the digester with no rumen fluid. Co-inoculation also changed the cellulolytic bacterial composition in the test reactor, with Clostridium and Ruminococcus increasing, and some rumen bacterial genera disappearing, e.g., Fibrobacter, Bacteroides, and Acetivibrio. Therefore, the combination of rumen fluid with a methanogenic seed sludge during AD of rice straw appeared to promote synergy between cellulolytic and methanogenic microorganisms in the digester thereby increasing biomethane yield. The authors proposed that synergy occurs specifically between the Ruminococcus and Methanobrevibacter species. Similar changes in digester microbiota profiles were reported by Baba et al. (2019) (see section Using Cattle Rumen Fluid as a Pre-treatment to Improve Biomethane Yields From Lignocellulosic Wastes During AD), with both these genera establishing themselves during AD until the end of the AD process. Ince et al. (2019) also reported Methanobrevibacter as the dominant methanogen in co-digestion of rumen fluid, seed sludge and barley, while Ozbayram et al. (2017) reported the crucial role of Ruminococcaceae, amongst other bacterial families, in methane production during the co-digestion of rumen fluid with cow manure. Investigation of potential synergistic interactions between Ruminococcus and Methanobrevibacter during co-digestion of rumen fluid, methanogenic seed sludge and lignocellulosic wastes, is needed to improve the biomethane production in the digester.



Is Using Rumen Fluid as a Pre-treatment or as a Co-substrate for Lignocellulosic Wastes Prior to/During AD Economically Feasible?

The economic feasibility of using rumen fluid as a pre-treatment or co-substrate for lignocellulosic wastes in AD is uncertain, as studies to date have focused on the scientific aspects of the process rather than the economic aspects. For slaughterhouses, the rumen fluid from the dewatering of paunch contents could be filtered and used to pre-treat or co-digest paunch contents prior to/during AD rather than sending it to a wastewater treatment plant. This could prove to be economically favourable, as pre-treatments and co-substrates would not have to be sourced externally. Supplying other AD facilities with rumen fluid would also reduce the waste sent to wastewater treatment plants. However, economic feasibility for other industries would depend on variables like the storage conditions necessary to preserve rumen fluid, transportation distance and costs, the cost and installation of an anaerobic digester, and labour costs.

As mentioned previously, Takizawa et al. (2019) showed that for rumen fluid to be effectively preserved to retain most of the microbial hydrolytic activities, it should be stored at 4°C. When stored at 20°C, the hydrolytic activity of the rumen fluid on PW dramatically decreased over 7 days. Therefore, refrigeration units would be needed to maintain the hydrolytic capabilities of rumen fluid. As it is unclear, from this study, if rumen fluid hydrolytic abilities are maintained after 7 days at 4°C, further research on its hydrolytic longevity should be carried out at this temperature to establish duration of storage. Using rumen fluid as a pre-treatment or co-substrate prior to/during AD could therefore be feasible for AD facilities located close to a slaughterhouse, where frequent collection of fresh rumen fluid is feasible to avoid storage costs.

A way to reduce the costs of transporting and storing rumen fluids could be to concentrate the rumen fluid. Takizawa et al. (2020a) carried out rumen fluid flocculation with 0.7% poly-ferric sulphate to reduce the liquid volume by 77.3%, while maintaining its fibrolytic capabilities against tomato leaves. However, this method of concentration warrants further investigation to fully uncover its effects on the rumen fluid microbiota. Functional assessment of the concentrated rumen fluid in efficient degradation of alternative lignocellulosics needs to be explored.


The Economic Feasibility of Using Rumen Fluid to Pre-treat Paper Sludge Waste at an Industrial Paper Mill for Biomethane Production Through AD

A paper mill in Southern Italy, the largest in the Campania region, with a recycled paper production capacity of 20 tonnes/day, was analysed for its potential to produce biomethane for use in an existing CHP system, from rumen fluid pre-treated paper sludge. An environmental assessment carried out by Ferrara and De Feo (2021) detailed the energy inputs into the facility and amounts of electrical and thermal energy that are produced from the CHP unit on-site, as well as waste products and quantities produced by the paper production process. These energy values and waste quantities were used as the basis of the analysis in this review.

The Italian paper mill produces packaging paper. The materials used are all recycled—the cardboard and paper waste used are sourced from separated municipal solid waste. The production of recycled paper is very energy intensive, e.g., 453.76 kWh of electrical energy and 1,122.84 kWh of thermal energy per tonne, provided by a natural gas-fired CHP system. The CHP system provides surplus electrical energy (246 kWh/tonne paper produced), which is sold to the national electrical grid. When the CHP unit has maintenance downtime, electricity (26.76 kWh/tonne paper produced) is sourced from the electricity grid to power the mill (Ferrara and De Feo, 2021).

The wastes produced are mostly pulper waste and metals; pulper waste consists mainly of plastics and fibre waste. Fibre waste is also known as paper sludge, which is the lignocellulosic material and ash left over after the production of recycled paper (Takizawa et al., 2018). Per tonne of paper, 52.61 kg of paper sludge is produced, all of which is sent for landfilling or incineration (Ferrara and De Feo, 2021).

Based on the study by Takizawa et al. (2018) where paper sludge pre-treated with rumen fluid prior to batch AD yielded a 3.4 fold increase in biomethane production (section Using Cattle Rumen Fluid as a Pre-treatment to Improve Biomethane Yields From Lignocellulosic Wastes During AD), digesting pre-treated paper sludge could be a way to obtain sustainable energy for this paper mill. Assuming a total solids content of 49.3% (Takizawa et al., 2018), 52.61 kg of paper sludge waste (Ferrara and De Feo, 2021) has 25.94 kg total solids. An assumed VS content of 31.2% of the total solids (Takizawa et al., 2018), would give 8.09 VS/kg waste. Therefore, per tonne of paper produced, the potential biomethane yield could be 1.86 m3, if rumen fluid pre-treated paper sludge was anaerobically digested. Based on annual production of 7,300 tonnes of paper (20 tonnes/day), 13,578 m3 of biomethane could potentially be produced from the paper sludge waste (see Table 3). Per m3 methane, there are 37 MJ of energy potential (Ware and Power, 2016). Annual energy consumption of the paper mill is therefore 135,644.26 kWh [biogas losses included at 2.8% (Ware and Power, 2016)]. If combusted in a CHP unit with a thermal efficiency of 55% (Ferrara and De Feo, 2021), 74,604.34 kWh of thermal energy would be produced. With an electrical efficiency of 45%, 61,039.92 kWh of electrical energy could be produced from the CHP unit.


Table 3. Energy analysis of biomethane produced annually from rumen fluid pre-treated paper sludge waste available from an Italian paper mill combusted using a CHP system.
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Biomethane production costs would need to be considered. For example, the energy consumption of a bioreactor is taken as 10 kWh/tonne feedstock added (Ware and Power, 2016), i.e., an annual electrical energy consumption of 73,000 kWh. A screw press to dewater the paper sludge could require 6.25 kWh electrical energy/tonne paper produced (Ware and Power, 2016), or an electrical energy consumption of 45,625 kWh annually. This leaves 118,625 kWh net electrical energy input into the biomethane production process.

Overall, 1.78 and 0.91% of electrical and thermal energy required annually by the paper mill could be supplied by AD of rumen fluid pre-treated paper sludge. In the Euro zone, 1 kWh of electricity to businesses costs on average 14.49c, while 1 kWh of gas was 3.32c (business), excluding Value Added Tax (Prices | Energy Statistics in Ireland | Sustainable Energy Authority of Ireland, 2021). Therefore, the paper mill could save ~€8,844.68 and ~€2,476.86 of electrical and thermal energy annually (see Table 3). The energy recovery from rumen fluid pre-treated paper sludge would benefit the paper mill environmentally, as it would reduce the waste output to landfill or for incineration, while reducing the annual energy required from natural gas by 1.17%. However, labour and digester maintenance costs are not considered in this analysis. Furthermore, this paper mill does not have an anaerobic digester on-site. Therefore, an initial investment of $500,000–$6,000,000 USD in a bioreactor would be required (Funding On-Farm Anaerobic Digestion EPA AgStar, 2012). Moreover, if the paper mill did not have a slaughterhouse nearby, with the current knowledge available on preservation and concentration of rumen fluid (Takizawa et al., 2019, 2020a), it may be less feasible to use rumen fluid daily both in terms of longevity of the rumen fluid and the transportation costs. If adopted, it could take time to financially profit from this system due to the large initial investment in an anaerobic digester, and relatively small annual energy savings, but co-digestion with complementary substrates, e.g., food waste could be considered to increase the biomethane yield (Lin et al., 2013).





THE RUMEN MICROBIOME

At the moment, although our knowledge of the rumen microbiome is growing, very few microorganisms from this environment have been cultured or are well-understood. To use rumen microorganisms and their enzymes to develop efficient pre-treatments, and to optimise co-digestion protocols, requires better understanding of their functions. Over the last decade, because of its exceptional ability to degrade recalcitrant material, significant research has been undertaken on the rumen microbiome, in particular, its bacterial and archaeal microbiomes. Various metagenomic studies using high-throughput sequencing of 16s and/or 18s rRNA PCR products showed that bacteria make up the vast proportion, population-wise, of the rumen microbiome (Kim et al., 2011; Henderson et al., 2015; Xing et al., 2020). In examples where the relative abundance of the phyla differ between studies, the age of the animal, diet and the DNA extraction method used are thought to underpin observed differences (Henderson et al., 2013, 2015; Jami et al., 2013). CAZymes from rumen microorganisms are the focus of this section.


Bacterial and Archaeal Carbohydrate-Active Enzymes (CAZymes) in the Rumen

The hydrolysis of complex lignocellulosic substrates is mediated by a plethora of CAZymes (and accessory proteins), with complementary and synergistic activities against polysaccharides present in a given substrate. A metagenomic sequencing study carried out by Stewart et al. (2018) resulted in the assembly of 913 draft genomes of bacteria and archaea from the 43 Scottish cattle rumens and established the predicted CAZymes present in their genomes. This study revealed very similar bacterial and archaeal relative abundances to those reported previously (Jami et al., 2013; Henderson et al., 2015; Seshadri et al., 2018). The 913 draft genomes contained almost 2,000,000 predicted proteins, of which almost 70,000 were predicted as carbohydrate-active when searched against the CAZy database. To cheque for novelty, these carbohydrate-active proteins were compared to gene predictions from Hess et al. (2011), in UniProt, TrEMBL, nr, ENV-nr, and M5nr. Only 8.7% had >95% identity to any of the sequences in these databases, meaning that almost 64,000 of the proteins were novel. Altogether, the draft genomes contained ~40,000 glycoside hydrolases, ~20,000 glycosyl transferases, ~9,000 carbohydrate esterases, ~1,000 polysaccharide lyases, ~2,500 carbohydrate-binding proteins and 154 proteins with auxiliary activities. The glycoside hydrolases and glycosyl transferases were numerous in the family Prevotellaceae and in other members of the order Bacteroidales, along with some members of the order Clostridiales. However, they were largely absent in the Proteobacteria and Archaea. All predicted carbohydrate-active proteins (except for auxiliary activities) were found to be 65–72% identical to the protein sequences publicly available at the time. The median identity of the protein sequences with auxiliary activities was about 83%. Furthermore, 15 of the 913 draft genomes encoded predicted proteins with cohesin domains, indicating that the source microbes may produce cellulosomes. Nine of the draft genomes appeared to cluster closely with R. flavefaciens, a species known to produce cellulosomes and a dominant bacterium with cellulolytic capabilities in the rumen (Bayer et al., 2004; Israeli-Ruimy et al., 2017). However, the predicted proteins were only 70–80% identical to those of R. flavefaciens, suggesting that, at the protein level, the 9 draft genomes are notably different to the Ruminococcaceae identified prior to the study by Stewart et al. (2018). Five of the 15 mapped to the order Clostridiales, while the remaining draft genome was assigned to the family Prevotellaceae. Polysaccharide-utilisation loci (1,743) were identified in 203 of the draft genomes, with 187 genomes having more than one locus. The two draft genomes with the largest number of loci (37+35), and others that had large numbers of loci, clustered with Prevotella multisaccharivorax, whose ability to use many polysaccharide substrates is known (Sakamoto et al., 2005). Beta- and alpha- glucosidases were the best represented enzymes in loci within the draft genomes, followed by beta-galactosidase. Other enzymes commonly found in these loci were arabinanases, xylanases, levanases, and enzymes involved in the degradation of mannans and pectins (Stewart et al., 2018).

A follow-on study by Stewart et al. (2019) increased the number of assembled rumen genomes to 5,845. The relative abundances of bacteria and archaea in this 2019 study remained very similar to the studies mentioned previously. However, in the Global Rumen Census by Henderson et al. (2015), a core rumen microbiome was said to be comprised of Prevotella, Butyvibrio, and Ruminococcus, along with unclassified Lachnospiraceae, Ruminococcaceae, Bacteroidales, and Clostridiales. While these species were dominant in the 2019 study, multiple abundant Proteobacteria were also identified in this dataset (and in the Rumen Census data). Therefore, the authors of the 2019 study proposed adding these Proteobacteria to the core rumen microbiome (Stewart et al., 2019).

There were 10.69 million predicted proteins in the draft genomes of the study by Stewart et al. (2019). However, none of the carbohydrate-active proteins had a mean protein identity >60%, suggesting that the CAZy database may not currently reflect the carbohydrate-active enzyme diversity present in ruminant microbe genomes. Proteins with auxiliary activities had <30% mean protein identity with CAZy database proteins. As this class includes lytic polysaccharide monooxygenases and lignin-degrading enzymes, the findings highlight the potential of the rumen to harbour novel ligninolytic enzymes and suggest the need to mine further datasets and samples to increase scientific knowledge of this multi-component, efficient microbial system for biomass pre-treatment. Such studies would identify and enhance the likelihood of future biotechnological applications.



Fungi in the Rumen: Less Well-Understood Agents of Biodegradation

While our understanding of bacteria and archaea in the rumen microbiome has expanded significantly, our understanding of fungi in the rumen, their true diversity and function as biomass degraders is comparatively less well-understood. Studies have revealed that fungi in the rumen are very important for breakdown of complex plant organic matter (i.e., cell wall) (Youssef et al., 2013; Solomon et al., 2016; Haitjema et al., 2017; Hagen et al., 2020; Stabel et al., 2020). At present, 20 genera of rumen anaerobic fungi have been isolated and described from various herbivores; all fungi belong to the Neocallimastigomycota (see Table 4; Youssef et al., 2013; Haitjema et al., 2017; Hanafy et al., 2017, 2020, 2021; Paul et al., 2018; Stabel et al., 2020). In previous studies, the potential of specific anaerobic fungi to produce lignocellulose degrading enzymes had been identified (Ljungdahl, 2008). However, using transcriptomics, it has been shown that rumen fungi produce a huge range of CAZymes, reinforcing their importance in the degradation of lignocellulose (Henske et al., 2018; Gruninger et al., 2019).


Table 4. Genera and species of anaerobic gut fungi cultivated to date.

[image: Table 4]

A recent study by Hagen et al. (2020) attempted to define the functional roles of rumen fungi through meta-proteomics. Air-dried switchgrass was incubated in two cannulated Holstein-Friesian cows for 48h (in nylon bags to select for lignocellulolytic enzymes). Protein and RNA extraction was carried out on the switchgrass after this period for proteomics and transcriptomics analyses. The protein profiles from the switchgrass fibre and the rumen fluid were mapped against RUS-refDB, a database containing 122 microbial genomes associated with the rumen, including bacterial metagenome-assembled genomes and isolates from bacteria, fungi and archaea, along with metagenome assembled viral scaffolds recovered from metagenome analysis (Hess et al., 2011; Parks et al., 2017). This mapping allowed the identification of 4,673 protein groups and showed a strong positive correlation between the proteins present in the samples from both Friesian cows. A large proportion of proteins detected in the meta-proteome that were of fungal origin (316–787 proteins) aligned well with predicted proteins present in the genomes of Neocallimastix californiae and Piromyces finnis. Interestingly, not many proteins mapped to both prokaryotes and fungi, despite evidence from previous studies of extensive levels of horizontal gene transfer between the microorganisms in the rumen (Haitjema et al., 2017; Murphy et al., 2019; Wang et al., 2019; Hagen et al., 2020). This suggests divergent evolution of specific proteins of potential functional significance in fungi and prokaryotes.

Fungal CAZymes appeared to be more associated with fibre-adherent samples than in the rumen fluid samples, whereas bacterial CAZyme levels did not appear to differ as significantly between the rumen fluid and fibre-adherent samples. Glycosyl hydrolases in GH48 and GH6 families accounted for the largest group of fibre-adherent proteins associated with rumen fungi in this study. GH48 family proteins include reducing-end cellobiohydrolases, endo-1,4-β-glucanases and chitinases, known to synergise with other cellulolytic enzymes in the degradation of recalcitrant cellulosic biomass (Parsiegla et al., 2008). The GH48 enzymes in this dataset were found to contain Type-II dockerin domains in tandem repeats, which suggests their presence in cellulosome complexes, and therefore their potential inclusion in enzyme complexes with multiple modules that efficiently degrade cellulose in its crystalline form. The GH48 family enzymes aligned well with predicted proteins from Orpinomyces sp., as did proteins from families GH1, GH3, GH5_1 and GH6. Protein sequences of xylanases belonging to the GH43 family were also well-aligned to the reference fungal genomes. Interestingly, no polysaccharide lyase proteins were detected in the meta-proteome, although the reference database contained 314 genes encoding GH43 members. No enzymes that play a key role in lignin degradation were found in the metaproteome. Degradation of their substrates (lignin and pectin) occurs later on in the digestion process, i.e., beyond the 48 h sampling point (Hagen et al., 2020).

Rumen fungi also degrade the sclerenchyma, which are the hardest cell wall tissues, to a greater degree than rumen bacteria. Fungal rhizoids can penetrate cell walls, which also facilitates access by other lignocellulolytic microbes like bacteria into the cell wall thereby promoting further cell wall degradation. So far, as mentioned earlier, there are only 20 cultured genera of fungi from the rumen, many of which have only been cultured in recent years (Table 4). Clearly, there is much work to be done, on the identification and culturing of rumen fungi, as information from earlier studies may have been limited by the paucity of sequence information and tools to identify new genera and species. Furthermore, it is important to elucidate the arsenal of enzymes and accessory proteins rumen fungi produce for lignocellulose degradation, both in isolated cultures and in co-cultures with other rumen microorganisms, using functional proteomics approaches. In this way, we can begin to fully understand the true importance and contribution of these important eukaryotic microorganisms to the degradation of the most recalcitrant fractions of grass (Akin et al., 1983; Grenet et al., 1989; Paul et al., 2018).




DISCUSSION AND FUTURE PERSPECTIVES

It is clear that paunch contents are a viable option as a source of sustainable energy. Not only would the widespread use of paunch contents in AD reduce slaughterhouses energy costs, but it would help to create a circular economy within slaughterhouses. In an Irish context, this would have the potential to increase Ireland's Renewable Energy Shares (Ware and Power, 2016). If AD of paunch contents was to become more efficient in terms of biomethane production and better utilisation of the substrate, the slaughterhouses could potentially profit by contributing excess biomethane into the national gas grid. Ways to increase the biomethane yield of paunch contents discussed in this review include the development of a suitable pre-treatment prior to AD, or the development of a co-digestion protocol with rumen fluid which could reduce the recalcitrance of the lignocellulose-rich paunch contents (Nkemka et al., 2015). This review also discusses the uses of rumen fluid as a pre-treatment or co-substrate prior to/during AD for biomethane production from alternative lignocellulosic wastes. The approach of using the entire rumen fluid microbiome to improve biomethane yield from AD is promising but needs optimisation. The study of a paper mill in this review (section Rumen Fluid From Cattle as a Source of Lignocellulolytic Enzymes for AD) showed that utilising rumen fluid pre-treated paper sludge in AD has the potential to reduce the paper mill's carbon footprint by reducing annual natural gas usage. Approaches to increase the biomethane yield from this process should be investigated. It may be possible to develop enzymatic pre-treatments derived from rumen microorganisms, as the rumen microbiome is an extremely efficient degrader of lignocellulose (sections Pre-treatment of Paunch Contents Prior to AD, Rumen Fluid From Cattle as a Source of Lignocellulolytic Enzymes for AD, Using Cattle Rumen Fluid as a Pre-treatment to Improve Biomethane Yields From Lignocellulosic Wastes During AD, Co-digestion of Lignocellulosic Wastes With Cattle Rumen Fluid to Improve Biomethane Yields During AD, Is Using Rumen Fluid as a Pre-treatment or as a Co-substrate for Lignocellulosic Wastes Prior to/During AD Economically Feasible?, The Economic Feasibility of Using Rumen Fluid to Pre-treat Paper Sludge Waste at an Industrial Paper Mill for Biomethane Production Through AD, The Rumen Microbiome), to also degrade other lignocellulose-rich wastes. However, before this is possible, many more rumen microorganisms must be cultured, their CAZymes studied in detail using proteomics, their potential synergies investigated, and the applicability of these cell factories as an enabling technology investigated further. As highlighted, much remains to be done to achieve this goal, primarily due to the difficulties in culturing anaerobic microorganisms. It is clear also that more bio-discovery studies are required, as to-date an overwhelming focus has been placed on studying the bacterial and archaeal populations in the rumen, even though it has been shown that fungi are responsible for degrading the most recalcitrant fraction of the grass (section The Rumen Microbiome). As many rumen microorganisms are yet to be cultured and studied in detail, novel microorganisms from environments other than the rumen could also be used to prepare inexpensive and effective pre-treatments for paunch contents. For example, alkali- and thermotolerant xylanases were discovered in marine fungi (Raghukumar et al., 2004). Therefore, their enzymes could be used with NaOH or thermal pre-treatments, in a combined biological and chemical pre-treatment strategy. Overall, further research into potential pre-treatments or combinations of pre-treatments, and approaches to utilise rumen microorganisms (especially fungi) is needed to make the AD of valuable resources like paunch contents and other lignocellulosic wastes cost and energy efficient.
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Potential gross energy production from rumen fluid pre-treated paper sludge
waste AD

CH yield of paper sludge from batch fermentation (HRT = 20 days): 1.86 m®
CHa/tonne of paper produced

Annual paper production: 7,300 tonnes per year (20 tonnes/day) (Ferrara and De
Feo, 2021)

GH, production: 7,300 x 1.86 = 13,578 m® GH, per year
Lower heating value of CHy: 37 MJ/m? (Ware and Power, 2016)

2.8% biogas losses prior to utilisation: 13,578 x 0.972 = 13,197.82 m?® CH, per
year (Ware and Power, 2016)

Annual gross energy production: 13197.82 x 37 = 488319.34 MJ =
135,644.26 KiWh

Potential annual energy input

Screw press: 6.25 KWh x 7,300 = 45,625 kih (Ware and Power, 2016)
Digester: 10 kWh x 7,300 = 73,000 kWh (Ware and Power, 2016)
External electricity input at biogas facilty: 118,625 kWh

Potential energy production from CHP unit annually

Electricity @ 45% efficiency: 0.45 x 135,644.26 = 61,039.92 kWh (Ferrara and
De Feo, 2021).

Thermal @ 55% efficiency: 0.55 x 135,644.26 = 74,604.34 KWh (Ferrara and
De Feo, 2021).

Potential energy substitution

Energy demand of paper mill: 1576.6 kWh/tonne paper produced from natural
gas (Ferrara and De Feo, 2021).

Annual energy demand: 1576.6 x 7,300 = 11,509,180 + 118,625 =
11,627,805 kWh

Electricity consumed by paper mil @ 29.51%*: 0.2051 x 11,627,805 =
3,431,365.25 kWh

Thermal energy consumed by paper mill @ 70.49%: 0.7049 x 11,627,805 =
8,196,439.74 KWh

Potential electricity subsidised: 61,089.92/3,431,365.25= 1.78%
Potential thermal energy subsidised: 74,604.34/8,196,439.74= 0.91%

Net energy demand of facility subsidised annually: 2.69%

Potential financial savings:

Electricity: 61,039.92 x €0.1449 = €8,844.68 (Prices | Energy Statistics in
Ireland | Sustainable Energy Authority of Ireland, 2021)

Thermal energy: 74,604.34 x €0.0332= €2,476.86 (Prices | Eneray Statistics in
Ireland | Sustainable Energy Authority of Ireland, 2021)

Total annual potential financial savings: €11,321.64

Annual reliance on natural gas decrease: 135,644.26 KWh/11,627,805 kWh =
1.17%

*453.76 kWh/tonne paper produced x 20 tonnes/day x 365 days = 3,312,448 kWh
(Ferrara and De Feo, 2021). 3,312,448 KWh + 118,625 kWh external energy input
for biomethane production = 3,431,078 kWh. 3,431,073 KWh/11,627,805 kith =
29.51% electrical energy consumed by paper mil, remainder consumed as thermal
energy (70.49%).
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Neocallimastix

Caecomyces

Piromyces

Oontomyces
Buwchfawromyces
Pecoramyces
Orpinomyces

Anaeromyces
Cyllamyces
Feramyces
Liebetanzomyces
Aestipascuomyces
Agriosomyces
Aklioshbomyces
Capellomyces
Ghazallomyces
Joblinomyces
Khoyollomyces
Tahromyces
Paucimyces

Species

frontals, patricarium, hurleyensis,
variabilis

equi communis sympodialis

communis, mae, dumbonica, citroni
minutus, polycephalus, rhizinflata,
spiralis

anksri
eastoni
ruminantium

bovis, joyonii, intercalaris

mucronatus elegans
aberensis

austinii
polymorphus
duplicilberans
longus

papilarum

foraminis, elongatus
constrictus

apicalis

ramosus
munnarensis
polynucleatus

Thallus, flagella, and rhizoids

Monocentric, polyflagellate, flamentous

Polycentric, uniflageliate, Bulbous

Monocentric, uniflagellate, Filamentous

Monocentric, unifiagellate, flamentous
Monocentric, unifiagellate, filamentous
Monocentric, unifiagellate, flamentous
Polycentric, polyflagellate, filamentous

Polycentric, uniflagellate, flamentous
Polycentric, uniflageliate, bulbous
Monocentric, polyflagellate, flamentous
Monocentric, uniflagellate, flamentous
Monocentric, polyflagellate, flamentous
Monocentric, Uni-/bi-flagellate, flamentous.
Monocentric, Uni-/bi-/tri-flagellate, filamentous
Monocentric, Uni-/bi-/tri-flagelate, flamentous
Monocentric, polyflagellate, filamentous
Monocentric, Uni-/bi-flagellate, filamentous
Monocentric, monoflagellate, filamentous
Monocentric, Uni-/bi-/tri-flagelate, filamentous
Polycentric, monoflageliate, filamentous
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Composition (%) Feedstock type
(Average = Standard deviation)

Perennial Italian Paunch
ryegrass ryegrass contents
Moisture 79554235 7979608  Inconclusive’
Protein 1767621 1570+473  11.30+88
Fat 538+358  815+£093 258+ 151
Calcium 048012  043+04  046+022
Ash 885+086  11.00£277  850%2.70
Phospohorus 031£004  038+£008 1174058
Water-soluble Carbohydrate  17.92 £639 1455830 5373+ 21.37
TS 2580+ 1079 2031 +578 1584+ 12.48
VS (% of TS) 94444363 9240+132 92904017
Nitrogen 278+£082  405:101  1.59+072
Cellulose 26934805 2282+520 3365049
Hemicellulose 22534680 1994+£393 2880+ 1.70
NDF/lignocellulose 48784914  49.73+£792 6365629
ADF 26754353 2816566 3830226
ADL 3.38+1.35 4994314 8124242
omMD 8024+ 444 7422447 =

“Value recorded as “Inconclusive” because paunch content values are given as a mixture
of wet and oy weights i literature, therefore estimation of an average valuie would not be
scientifically accurate (see Supplementary Data).

Al values are averages of avaiable values from the lterature. Detailed tables of the
composition of each grass is avaiable as Supplementary Data. Some moisture contents
values are calculated by sublracting total solids from 100%, and some total solcs values
are calculated by subtracting moisture content from 100% (Viackenzie and Wylam, 1957;
Baumann, 1971; Ulyatt, 1971; Witherow and Scaief, 1976; Ricci, 1977; Wilkinson et al,
1982; Cammell et al, 1986; Ockerman and Hansen, 1988; Crush et al, 1989; Waghom
et al, 1989; Abouheif et al, 1999; Hannaway et al, 1999; Keating and O'Kiely, 2000;
Chaves, 2003; Hopkins, 2003; Aganga et al,, 2004; Meeske et al, 2009; Sokolovié et al,
2010; Sun etal, 2010; McEniry and O'Kiely, 2013; Wims et al,, 2013; Burns et al, 2015;
Nkemka et al, 2015; Ozelgam et al, 2015; So et al, 2015; Dai et al, 2016; Ware and
Power, 2016; dos Santos etal., 2017; Nkemka and Hao, 2018; Garcia et ., 2019; Oamen
etal, 2019; Alende et al., 2020).
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No. of cattle
slaughtered

annually*
Ireland (2016-2019) 1,836,083

EU-27(2016-2019) 23,721,835
EU-27 + UK (2016-2019) 26,514,158
Globally (2015-2018) 297,053,954

*Sources: Eurostat and FAOSTAT.

Quantity of paunch
contents produced
annually (DMT)*

8,593
111,018.18
124,086.26
1,390,212.5

¢Calculations based on assumption that all energy would be used as electricity.

Energy potential of
paunch contents
produced (GWh)***

39.8-47.7

515-616

576-689
6,449-7,723

Average price of Value of gross potential
electricity to businesses electrical energy® (million
in 2020 (€/kWh) €) (Ex. VAT)
0.137° 5565
0.13 66.95-80.18
0132 +0.19° 785-94
0.104° 670-803

‘Calculated based on paunch contents per head of cattle weighing 4.68kg on a DM basis (see Section Volume of Paunch Contents and Rumen Fluid Generated Globally)
“Calculated based on potential energy values of 16.7-20 Md/kg paunch contents on a DM basis (Ricci, 1977; Spence, 2017).

2Source: htps://www.seai.e/date-and-insights/seai-statistics/ key-statistics/prices/.

bSource: Electricity Prices Around the World (2021).
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