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Abstract 

Ireland must reduce its methane emissions by 30% from Agriculture by 2030. The purpose of 

this Thesis is to explore how Renewable Energy can reduce Methane Emissions from the 

Dairy Herd to safeguard future production. This is in line with legislation derived from the 

Paris Agreement and COP 26 and further supported by indigenous policy. Methane is one of 

the most significant Green House Gases derived from the Dairy industry in Ireland. It is a 

colourless and odourless gas with a significant global warming potential surviving in the 

atmosphere for up to twelve and a half years. In the absence of sufficient remedial action, a 

national cull and loss of production will present the only means of meeting these targets 

currently at an increase of 3.8%. The link between Renewable Energy sources and reduced 

methane emissions provides a means to help reach national emission targets whilst 

maintaining ongoing production with additional benefits to the economy. Anaerobic 

Digestion, in the conversion of biodegradable biomass to biogas observed benefits to reduce 

methane production by 85% when stored as Digestate. Feasibility of construction is also 

observed in herds comprising of over 100 cows typical of an Irish Herd scenario, particularly 

where external investment is attained in the production of energy. Pyrolysis, the 

decomposition of waste material facilitates the reduction in Methane through the beneficial 

production of biochar. Biochar is observed to reduce methane through its addition to 

stockpiled manure facilitating a reduction of 79%, its potential as physical barrier as a 

Biocover and Fertiliser as a saving of chemical fertiliser. Farmers, the primary producers, 

who are central to the implementation of remedial strategies portray a willingness to partake 

in sustainable practices and associate such practices as that of a good farmer. Further 

guidance, education and financial incentive is required to ensure ongoing participation. 
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1 Overview 

Work presented in this thesis investigates how Renewable Energy can reduce methane output 

from the Dairy animal to safeguard future production. The focus of this thesis is to assess 

Renewable Energy processes and their by-products to help mitigate methane emissions from 

the Dairy animal for sustained production. For the purpose of this study, the two methods of 

Renewable Energy studied include Anaerobic Digestion and Pyrolysis and their by-products 

of Energy Production. Digestate and Biochar were studied in terms of their efficacy to reduce 

methane, their feasibility and overall benefit to the circular economy. The introductory chapter 

will set out the landscape of the Irish Dairy Industry, its expansion and its consequence in light 

of environmental targets facing the industry. This chapter will provide background on the 

impact of methane on the planet and why its reduction is necessary to safeguard future 

production in Irish Agriculture, specifically in the Dairy sector. 

1.1 Methane  

Methane is a greenhouse gas pollutant which is odourless and colourless with potential to 

survive in the atmosphere in excess of twelve and a half years, posing a significant challenge 

to global warming (Figure 1.1) (Myhreet et al., 2013). It is the second most abundant GHG 

(Green House gas) (Hellig et al., 1994). It is highly potent and has the ability to increase the 

global temperature more than 21 times that of C02 by trapping infrared radiation in the 

atmosphere (FAO, 2006). Methane is responsible for 30% of Global Green House Gas 

Emissions (Teagasc,2021). From an animal performance standpoint, methane is reported to be 

responsible for 2-12% of gross energy loss through eructation (Lascano et al., 2010). 
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Figure 1.1 Methane Molecule (Taken from Lynch,2019). 

1.3 The Digestive Process 

Dairy animals are categorised as ruminants comprising of the order Artiodactyl alongside 

sheep, beef animals and goats (Hackmann et al.,2010). Their primary source of nutrition is 

derived from plant material through grazing of forage or harvested crops produced by the 

farmer. The digestion process is carried out by a specialised process of complex interactions 

with symbiotic microorganisms in the conversion of food to energy (Tseten et al., 2022). Four 

compartments of the animal’s digestive system work in tandem during this process and are 

known as the Rumen, Reticulum, Omasum and Abomasum (Clauss et al., 2014). Within the 

rumen, a large amount of microorganisms is present including bacteria, fungi, protozoa and 

methanogenic archaea which form a symbiotic relationship with the animal during the 

fermentation process. Complex macromolecules from the animals feed are broken down 

through enzyme synthesis to short volatile fatty acids (SVFA) and crude microbial protein. 

Here, the symbiotic relationship is complete as the animal receives a vital source of energy and 

protein whilst the microbes with an adequate environment to survive and grow (Cammack et 

al., 2018). 

There are three main sources of SVFAs in the rumen: Acetate accounting for circa 65% of total 

SVFAs, Propionate (20%) and butyrate (15%). The three combined provide circa 80% of total 

energy required by the animal (Tseten et al., 2022). Methane is then produced as a result of 

anaerobic fermentation by methanogens present in the gastrointestinal tract (Janssen,2008). 
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1.4 Methane Formation Process  

 

Figure 1.2 Methanogenesis Pathways (Taken from Tseten et al., 2022). 

Methanogens are described as bacterium which produce methane of which they can be divided 

into three clades based on the substrate it exploits: methylotrophic, hydrogenotrophic or 

acetoclastic as seen in Figure 1.2 (De la Fuente et al., 2019). Hydrogenotrophic 

Methanogenesis provides the primary route for the disposal of hydrogen through the substrate 

H2 and C02 as it performs as a hydrogen sink in the absence of oxygen (Thaeur et al., 2008). 

Alternatively, sulphate and nitrate may also perform as a hydrogen sink and is also more 

temperature favourable. However, its concentration within the rumen is low, deeming electron 

flow to the sulphate/nitrate pathway of reduction limited resulting in the bulk of H2 destined 

for methane formation (Van Zijderveld et al., 2010). Therefore, Methanogenesis provides the 

most effective means to abolish hydrogen in the rumen whilst allowing fermentation to 

continue (Tseten et al., 2022). 
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1.5 The Paris Agreement  

In 2015, 191 parties came together at the Conference of Parties to form the Paris Agreement to 

the United Nations Framework Convention on Climate Change (UNFCCC). The agreement 

formed a policy with 2 primary objectives: 

1. Temperature Objective: 

Maintain global temperature to no more than 2 degrees Celsius in excess of pre-Industrial 

levels.  

2. Adaption Objective: 

Provide an increased focus surrounding the adaption of unfavourable effects of climate 

change, promote resilience and growth of reduced greenhouse gas emissions with minimal 

impact to the production of food (EPA,2022). 

The Intergovernmental Panel on Climate Change accredited methane with the responsibility of 

half of the 1.1-degree increase in the global temperature average on pre-industrial records. Most 

significantly for Agriculture, 37 % of Irish emissions is of Agricultural origin. Data from the 

Environmental Protection Agency indicates 80 per cent of emissions from farming are directly 

attributed to methane. The agreement requires each part to provide a Nationally Determined 

Contribution (NDC) to achieve. This is communicated and reviewed every 5 years to the 

UNFCCC. Irelands NDC was determined by the European Union (EU) in 2016. This 

commitment details a 40% reduction in emissions across the EU member states in comparison 

to that of 1990 levels (Government of Ireland, 2020). 

1.6 COP 26 

COP 26, the United Nations Climate Change Conference took place in October 2021 and 

follows on from Targets set about by the Paris Agreement (Teagasc, 2021). Within the 

Conference, specific targets relating to Methane emissions were set out. A global methane 

reduction target of 30% was agreed by 2030, partnering with 80 countries in total including 

America in reducing Methane emissions. In Ireland, the plan outlined includes a 2.5% 

reduction each year until 2025 to assess progress through the uptake of technologies and best 

practices to achieve this target which Ireland heralds at 22-30% (Teagasc, 2021). 

1.7 The Climate Action Plan 

The Government of Ireland introduced a number of policies to align their national objectives 

on GHG emissions with that of the Paris Agreement. The culminate action plan policy sets out 

a roadmap to halve emissions by 2030 and reach net zero no later than 2050. 
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41 actions in total are referenced in the policy with specific objectives for the Agricultural 

industry including: 

1. Reduction of overall emissions from 23 to 16-18 MtC02 eq by 2030 

2. Liaise with the waste sector to produce 1.6TWh of Biomethane indigenously each year 

to the gas grid by 2030. 

3. Implement an action plan to the reduction of emissions to include: Land Diversification, 

Carbon Farming and the use of feed additives to reduce methane in pasture based 

systems (KPMG,2021). 

1.8 Progress in Meeting the Targets 

Thus far, national results aligned with previous European Union targets (2020 Climate and 

Energy Package) have been largely unsuccessful. Here, the expectation to reduce Green House 

Gas emissions by 1% was not met and was instead met with a 3.8% increase in overall 

emissions between 2005 and 2019 (EPA,2020). This largely contradicts the countries National 

policy ambition to reach carbon neutrality in the Agricultural sector by 2050. 

Furthermore, figures from the Central Statistics Office indicate that emissions from agriculture 

is set to increase further from 21.15 Mt C02 eq in 2019 to an increase of 9% by 2030 based on 

2005 levels (EPA,2020). From an Agricultural standpoint, this has largely been attributed to a 

rise in dairy cow numbers post abolition of the milk quota and rising demand in fertiliser and 

associated inputs as a result (Lanigan et al., 2018). KPMG 2021, in a national farm survey 

predicted that if there is no methane reduction achieved with the Agricultural sector, a 18% 

cull in the National herd is required based on average methane produced per animal. On a 

national scale this equates to 1.3 million animals across each livestock category in Ireland. 

1.9 Impact of Abolition of the Milk quota  

Historically, regarding the European Union, Ireland was considered one of the most 

environmentally friendly producers of milk along with Austria in terms of CO2eq per kg of 

milk (Leip et al.,2010). This is largely attributed to the style of management system in Ireland 

which predominately allows the Dairy herd in Ireland to produce milk from grazed grass. From 

this model Green House Gas Emissions per tonne of fat and protein corrected milk (FPCM) is 

attributed to be 15% lower in comparison to indoor systems (O’Brien et al.,2012). This 

competitive advantage is also mirrored in terms of cost of milk production within Europe and 

the greater world, which again I attributed to the economic value of grazed grass (Thorne et 

al.,2017). Recent figures quoted by Glanbia in conjunction with Teagasc indicate, even with 

inflated prices of inputs such as fertiliser in 2022, grazed grass is still a far more economical 
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option with one tonne of grass per dry matter costing approximately €70 and ensiled grass 

silage exactly double (Glanbia,2022). Lower production costs centre around Irelands temperate 

climate allowing grazed grass to be in the cow’s diet for up to 305 days per year from early 

spring into the autumn (Läpple et al.,2012). 

Due to milk quota, a limit on the amount of milk produced per farm was in place. As a result, 

the number of Dairy Cows remained stable with an average growth of 1.3% per year from the 

period 2206 to 2013 (Läpple et al., 2020). In April 2015 this quota was removed and brought 

about a significant increase in cow numbers to the Island of Ireland averaging a growth of 5.8% 

per year from 2014 to 2017(Figure 1.3) (Läpple et al., 2020). 

 

Figure 1.3 Dairy cows by county, taken from CSO,2020. 

Dairy cow numbers seen an increase of 34.8% from 2013 to 2020 with 1,567,700 cows 

recorded by the Central Statistics Office, an increase of 3.4% on the previous year (CSO,2020). 

As a result, milk produced has increased by 50% since 2010(Figure 1.4) (CSO,2020). 
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Moreover, an increase in farm productively is negatively correlated with Green House emission 

intensity such as methane (Läpple et al.,2012). Despite Irelands comparative advantage in milk 

production model, this large increase has now seen a narrowing of its competitive advantage 

and leaves the industry under pressure to reduce intensities without seeing a decrease in cow 

numbers. Data from a study carried out by KPMG found that in order to meet a reduction in 

greenhouse gas emissions of 35% (30% target), the Dairy livestock numbers would have to 

reduce by 45% from2,126,421 in 2018 to 1,176,240 by 2030 (KPMG, 2021). 

 

Figure 1.4 Farm numbers and distribution, taken from O’Connor et al., 2020. 

1.10 Importance of Dairy Industry to Irish Economy  

The Irish Dairy industry is of key importance to the Irish economy employing over 60,000 

people both directly through the primary producer and indirectly through linked practices 

(Glanbia,2020). There are over 18,000 farms producing over 7 billion litres across the year 

destined for production by 1 of 24 production sites across the island of Ireland (Figure 1.5) 
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Figure 1.5 Overview of Dairy milk suppliers in Ireland, taken from Dairy Industry Ireland 

2022. 

2021 saw Irish Dairy exports reach 5 billion euro for the third year in a row from a product 

portfolio across powders, cheese and butter to 147 markets worldwide (BordBia 2021). Most 

significantly, KPMG in their study predict that if this methane target is reached through culling, 

then the impact could see a loss of 4 billion euro to the Irish Economy and a loss of over 56,000 

jobs through Direct and Indirect employment (KMPG,2021). 
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Figure 1.6 Top 5 Dairy Destinations 2021, taken from Bord Bia 2021 

1.11 Methane in Slurry Storage 

Faecal matter produced by the dairy animal is a waste product which poses an environmental 

risk through the loss of methane to the environment. On Intensive farms, livestock manure is 

typically in liquid form or slurry comprising of urine and straw or other bedding material less 

than 15% solids. During the storage of this material, the formation of a crust develops which 

in turn creates anaerobic conditions. Microbes present in this environment break down the 

organic matter within the slurry into simpler forms by a fermentation process with bacteria. 

During this process methane is produced by methanogenic archaea (Dalby et al.,2021). 

Depending on the age and management approach, dry matter of liquid manure ranges from 1.7 

to 9% Dry Matter (Kupper et al.,2020). An average of 75% of this Dry matter is volatile solids 

(VS) and ph. of 7-8. This makes liquid slurry derived from ruminants an excellent source of 

substrate for microorganisms present. Microbial oxidation describes the process of which 

microbe’s uptake and convert methane to carbon dioxide inside the crust of the slurry. This 

formation of this crust essentially seals the liquid slurry in place and slows down the rate of 

gaseous emissions to the environment. methane oxidation is reported to cease with a crust of 

1.5cm as oxygen can no longer penetrate the crust (Yun-Feng et al., 2017). The storage and 

subsequent temperature of the stored storage also contribute to the amount of methane which 

is emitted from the slurry (Baral et al., 2018). Therefore, without ongoing measurement it can 

be difficult to quantify the exact methane losses from slurry as shown in Fig 1.4 comparing 

cattle and pig slurry emissions (Peterson et al., 2016). 
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Table 1.1 Emissions from cattle and pig slurry, taken from Peterson et al., 2016 
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Generally, livestock liquid manure is richer in substrate nutrient as shown in Table 1.2. 

Table 1.2 Cattle liquid slurry vs Pig in terms of Dry Matter and Volatile Solids, taken from 

Kupper et al., 2020. 

 

The timely use of stored manures is core to efficiency and loss of emissions to the environment. 

However, slurries in Ireland and other such countries within the European Union are stored for 

a prolonged period of time in between spreading periods. This is in line with the nitrates 

directive which dictates spreading periods and can result in storage periods of up to 22 weeks 

(91/676/EEC). During this period of storage harmful greenhouse gases are emitted to the 

environment. Furthermore, this loss of gas to the environment also lowers the nutrient value of 

the slurry as a fertiliser for crop usage thereafter (Thorn et al.,2022). Nitrogen is lost via NH3 

volatilisation which in turn increases the need for chemical fertiliser which is not only a cost 

to the producer but a further cause of damage to the environment in its production and use. 

Typical nutrient value of 1000 gallons of Dairy cow slurry comprises of 6 units of Nitrogen, 5 

units of Phosphorus and 30 units of Potassium depending on variables such as timings and 

application method detailed in Fig 1.6 (Teagasc,2022)  
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Table 1.3 Typical slurry nutrient value, taken from Teagasc, 2022. 

 

1.12 Policy considerations  

As a result of the Paris Agreement and more recent COP 26, there has been a number of key 

policies introduced at both a National and European level to aid its successful implication. 

Policies of relevance noted relate to addressing Natural and Synthetic means to reduce methane 

and associated GHG emissions from the Dairy herd. 

 

 

 



25 
 

1.13 European Union: Farm to Fork Deal  

On the 11th of December 2019, the European Commission announced the Farm to Fork Strategy 

as part of the European Green Deal with the aim of addressing Climate Change and associated 

challenges related to the Environment. An Action plan was devised for the period 2020-2024 

and includes the following targets of relevance: 

 Production of food with positive or Neutral Environmental impact. 

 European Union Strategy on Carbon Farming- introduced Green strategies to allow the 

sequestration of Carbon from the Food Chain 

 The Promotion of a bio based circular economy 

 Strategy to reduce excessive pesticide use and nutrient losses by 2030 

 Reduce nutrient losses by 50% without adverse effect on soil health 

 20% reduction in the use of Chemical Fertiliser 

 Increase of 25% in Organic Farming by 2030 (European Commission, Farm to Fork 

Strategy,2020). 

1.14 Methane Strategy  

As the second most significant contributor to Climate change, methane has its own Strategy 

specific to its mitigation within the European Union. It presents both legislative and non-

legislative actions to help cut Methane Emissions. Specifically, regarding Biogas the following 

strategy points are outlined: 

 Benefits of Biogas in Reducing Methane losses to the Environment  

 Rural Development and Potential Revenues associated with Biogas Production  

 The role of Digestate in displacing chemical fertiliser utilising fossil fuels in its 

production. 

 Digestate as a mechanism to improve soil fertility  

 Ultimately, provide information and support through policy to increase the 

development of a market for Biogas from sustainable feedstock such as Slurry or 

organic waste (European Commission,2020). 
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1.15 Circular Economy Action Plan 

The European Union Circular Economy Action Plan was released in tandem with the EU Farm 

to Fork Strategy with the aim to develop the European economy away from linear value chains 

to a circular with the following objectives: 

 Promotion of sustainable practices. 

 Support a circular economy through the Bio Economy Action Plan 

 Create a potential Regulatory framework to certify Carbon Removal through an 

accounting process to facilitate ongoing removal and verification of processes 

(European Commission, 2020). 

1.16 Programme for Government  

Each year the Government of Ireland sets out its strategy for the year ahead. In 2022, the Irish 

Government consisting of a coalition of Fianna Fail and Fianna Gael documented the following 

plan of Interest regarding Renewable Energy in the Agricultural Industry:  

 Investigate Anaerobic Digestion as an opportunity for the Agri- sector 

 Reduce the proportion of chemical fertiliser applications on land incrementally to 2030. 

 Pursue a reform a restructure of the Common Agricultural Policy (CAP) to incentivise 

sustainable practices to improve biodiversity, quality of water and air and the 

production of renewable energy. 

 Promote Carbon sequestration and environmentally beneficial practices. 

 Promote farmer investment in infrastructure in the creation of renewable energy 

(Government of Ireland, 2022). 

1.17 Common Agricultural Policy 

The Common Agricultural Policy was first introduced in 1962 by six of the original founding 

countries with a view to create common guidelines in providing a steady supply of 

affordable, high quality and safe food for citizens within the EU. The CAP has undergone 

many reforms with the same goal dealing with differing environmental conditions each time. 

The period 2021-2022 presents a transitional policy regulation until the next agreed CAP is 

introduced for 2023-2027. The much anticipated documented will set the future direction of 
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Farming within the EU with key areas summarised in Figure 1.7. 

 

Figure 1.7 Objectives of CAP, Taken from European Commission 2022. 

CAP reform agrees 25% of its funding to be allocated towards ECO-SCHEME farm payments. 

Payments of relevance within this scheme include: 

 Practices in the reduction of GHG from Farm activities  

 Maintenance and development of carbon sequestration. 

 Improvement of soil nutrients through a management plan  

 Reduced nutrient losses  

 Crop rotation to include those resilient to climate change such as Multi Species Swards 

 Improved management of manure and storage facilities (KPMG,2021). 

1.18 The Nitrates Directive and Derogation  

European Directive 91/676/EEC sets out a limit to the amount of Nitrogen which can be applied 

to Agricultural land in each member state to 170kg of Nitrogen per hectare each year derived 

from livestock manure in nitrate vulnerable zones (NVZ). The resultant zones were decided by 

member states and Nitrogen Action Programmes (NAP) designed for each. In Ireland, the entire 

country has been designated to a vulnerable zone. The Nitrates Regulations make legal Irelands 

programme of action for nitrogen usage.  



28 
 

Under this regulation, Ireland has been granted the right of derogation in 2018. This allows 

farms of intensive nature to operate at a higher stocking rate of livestock manure. Specifically, 

this is 250 kg of Nitrogen per hectare per annum. This is in accordance to compliance practices 

which allow the safe usage of this nitrogen. This programme was set to run out in 2021 but has 

since been further extended until 2025. 

1.19 Directive II on Renewable Energy (RED II) 

The European Union under the renewable energy directive have set out a number of guidelines 

for biofuel produced to be accepted as renewable. The Directive was reviewed and revised in 

2018 and this new Directive is in play for the period 2021-2030. It sets out an ambition of 

energy produced from renewable sources of 32% by 2030. In relation to agricultural sets out 

the eligibility criteria for biofuel produced from agriculture to include: 

 Agricultural feedstock must not be obtained from: Former Peat land, Land of high 

Biodiversity or Land of high carbon value such Wetlands or Forestry. 

 Fuels used as an electricity source must facilitate a 70 saving of GHG, increasing to 

80% where plants after 2026. 

1.20 Thesis Outline  

Therefore, this thesis sets out to explore how Renewable Energy can be utilised to reduce 

Methane emissions from the Irish Dairy herd. Background provided sets the precedence of its 

importance and how Renewable Energy sources such as Anaerobic Digestion and Pyrolysis 

may be utilised to reduce Methane and associated GHG emissions from the Dairy herd whist 

also benefitting the circular economy. This will be explored at length throughout this thesis 

whilst acknowledging the important financial and political metrics involved in its 

implementation. 
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Chapter 2: Anaerobic Digestion and Digestate 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



30 
 

2.1 Role of Biomethane  

An energy rich gas, Biomethane gas is the by-product of anaerobic decomposition of biomass 

to produce a natural renewable energy source which can then be synthetically processed further 

to create energy. It consists mainly of methane (CH4) and Carbon dioxide (CO2) with smaller 

quantities of nitrogen (N2), hydrogen (H2), ammonia (NH4) and hydrogen sulphide (H2S) 

(Teagasc,2022). In Agriculture, the production of biogas plays a key role in securing 

sustainable farm practices. Methane, found in slurry and manure which would otherwise be 

lost to the atmosphere is trapped and converted into a renewable energy source. This not only 

reduces GHG emissions at farm level but also a potential commercial outlet for an otherwise 

negative by product of milk production from an environmental standpoint. 

2.2 History of Anaerobic Digestion  

The process and theory behind Anaerobic Digestion is not a new concept. First use of the 

process was first recorded over 1000 years BC where biogas created was used to create hot 

water in the bathhouses in Assyrian (Surendra et al., 2013). Medieval alchemists were aware 

of the process creating pure Gas associated with digestion and putrefaction. However, it was 

the Scientist Alessandro Volta who looked at and isolated methane. This was on the back of 

previous studies by Bechamp, Pasteur, Soehngen, Bunsen and Hoppe-Seyler who recognised 

the metabolic pathways and microorganisms involved in the process of Anaerobic Digestion 

(King et al., 1992). 

The aforementioned Pasteur was the first scientist to suggest using the process of fermentation 

as a fuel source in 1884 with subsequent use to power the street lights in his native Exeter 

(Deublein et al., 2011). Soon after one of the first Anaerobic Digestion plants was built in India 

acting a treatment facility for raw sewage which in turn provided power for a local leper asylum 

(Abbasi et al., 2011). From here on, the concept grew in popularity, sparking the creation of 

many anaerobic ponds across the world. 

The growth of Anaerobic Digestion was sparked in many areas of the world due to Global 

events. Two such events include World War 2 and the oil crisis of the 1970s where the process 

was seen as an alternative to fossil fuel generation. Here, agricultural waste was the 

predominant feedstock of choice (Lebuhn et al.,2014). 

This trend has somewhat continued into the 21st century with ongoing global constraints of 

supply and climate pressures have brought about increased interest and growth in the industry. 

Today, the industry is posed for further growth and relevance as confidence in engineering 
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processing and technology have seen many government and private organisations promote the 

installation of the technology indigenously (Auer et al.,2021). 

2.3 History of Anaerobic Digestion in Europe 

2.4 Germany  

Within Europe, Germany is the flagship for the use of Anaerobic Digestion, posing the highest 

production of Biogas with 8000 plants that produce in excess of four gigawatts of energy per 

annum (Auer et al., 2021). The uptake of the technology has increased significantly since the 

1990s where the first commissioned sites had a combined capacity of 300 megawatts. By 2006 

production capacity had increased to over 3 gigawatts (Auer et al.,2021). Where Electricity is 

one of the most common end uses for Biogas, in Germany the majority of energy produced is 

destined for combined heat and power (CHP). Heat produced is destined for Industrial uses 

where CHP sites can create finished energy product with an efficiency of 750-900 J kJ-1 

through the conversion of biogas (Zuber, 2012). Just 1.7% or 151 of German plants further 

process biogas to Biomethane. 

Biogas plants produce in excess of 23 J kJ-1 of Germanys total energy output and a further 230 

J kJ-1 from other renewable sources which accounts for 41.1 % of total Energy produced (Auer 

et al., 2021). The growth in the uptake of Bio digestion in Germany is greatly attributed to the 

German Governments strategy in the support of renewable energy processes.in 2000, the 

Government introduced Feed in tariffs which guarantees an above average price for producers 

who supply the creation of renewable energy whilst guaranteeing a steady supply of feedstock 

for the plant. The EEG Renewable energy legislation guaranteed plants a stable and consistent 

fee for twenty years and given priority of supply to the National Grid (Gestz für den Vorrang 

Erneurerbarere Energien, 2000). Priority was also given to Germanys “Smart Grid” technology 

which consisted of a power grid which was bi-directional, allowing private operators of 

medium and small size to feed any surplus power back to the grid (Aureur et al.,2021). From 

this legislation, a consistent construction phase of plants was created, averaging 240 plants per 

annum. 

Further amendments to this legislation have further encouraged the construction of more plants 

in Germany. In 2004, farmers/producers who provided energy crops as feedstock were granted 

a bonus under a renewed EEG legislation for the CHP industry. Between 2004 and 2009, a 

further 450 plants were constructed each year in response to this legislation (Scheftelowitz et 

al., 2015). 2009 brought about an increased focus on the Environment with bonuses paid the 
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use of manure as feedstock, uptake of new technologies and the reduction of emissions. This 

brought about an additional 1000 plants each year (Auer et al., 2021). 

Today’s legislation in Germany looks to further develop its supply chain of feedstock and help 

diversify farming practices. This is encouraged through the construction of large Anaerobic 

Digestion facilities with a large capacity to hold feedstock, not just from animal manure but 

from energy crops such as Maize and other cereal crops. Typical substrates/ feedstock today 

consist of: Maize Silage, liquid manure, solid manure, grass silage, whole crop silage and 

derivatives of other cereal grain, fodder and rye. This has seen a switch of practice to many 

farms in Germany as although agricultural by products are fed into the system, many farmers 

are now growing crops specifically designed as feedstock to the system. Dedicated arable land 

to this practice is estimated to consist of 23 billion square meters of land or 1/5 of Arable land 

in Germany (Scheftelowitz et al., 2015). 

However, further change was necessary in 2011 to make a switch back to smaller plants as it 

became apparent that large scale plants may not be profitable without government aid which 

encouraged farmers to produce extra crops, increasing monocultures and reducing biodiversity. 

The resulting legislation discouraged large scale bio digestion through limiting supply. For 

example, processing plants must now use at least 60g kg feedstock as manure, limit energy 

crop Maize to 600g kg per annum or use at least 600 J Kj of the heat generated from the process. 

This new legislation has limited new plant construction to 340 per annum (Auer et al., 2021).  

The latest legislation updated in 2015 further echoes this requirement as new plants established 

since and including 2015 receive reduced feed in tariffs for large scale plants. New entrants to 

the Anaerobic Digestion Industry cannot exceed 100 MW per year. Furthermore, smaller scale 

plants which are smaller than 75kW and utilise manure as feedstock receive a higher subsidy 

above those of other plants. Today almost 10% of all power produced in Germany derives from 

the Anaerobic Digestion process (Auer et al., 2021). Therefore, the drive of Anaerobic 

Digestion today is largely focused on the smaller plant which utilises natural feedstock such as 

Dairy manure as a by-product rather than Feedstock specifically grown for the process, 

reducing biodiversity in the process. (Auer et al.,2021). 

2.5 Ireland 

In comparison to Germany, Ireland has not reached the same heights as the country is still very 

much reliant on imported energy to power the country circa 900 J Kj (Auer et al., 2021). This 

is far from the 160 J Kj targeted for 2020 which the country has not met. In 2013, renewable 
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energy sources accounted for just 33 JkJ of total energy produced (28.53bn kWh in total). Of 

the renewable energy sources utilised in Ireland, wind energy holds the majority at 16 J kJ of 

total demand (Dineen et al., 2015). Biomass energy inclusive of landfill, biogas and solid 

biomass was responsible for just 11 JkJ of consumed energy, mainly derived from landfill 

generators of gas (Auer et al.,2021).  

In 2006, the Irish Government through the Department of Communications, National resources 

and Energy developed a Renewable Energy Feed Tariff programme (REFIT) to support the 

growth of renewable energy sources (RE-FIT,2006). Part 3 of the program indicated the 

fundamentals regarding a 15-year plan for Anaerobic Digestion. Here, an obligation was paced 

on the National Grid energy of renewable energy source at a set price. However, uptake was 

considerably low in comparison to Germany due to a lower rate of tariff offered and local 

constraints. In terms of economics, to break even Irish Anaerobic Digester plants needed to 

charge waste producers a gate fee from €50 to €80 for every 100kg of feedstock delivered 

(Singh et al., 2010). Such a gate fee was seen as a significant deterrent for farmers who may 

simply chose to use the waste slurry as fertiliser. These fees also were not regulated, bringing 

further confusion to an already distorted market. 

As a result, only 10 biogas plants exist in Ireland today accepting animal by products (31 in 

total). Anaerobic Digester feedstock in Ireland availability includes slurry and manure from 

agriculture as well as Silages both maize and grass, which are subject to a gate fee. Therefore, 

although the livestock potential to produce feedstock is high, uptake of Anaerobic Digestion 

utilisation is very low in Ireland. With the Irish Dairy sector alone accounting for in excess of 

1.5 million animals, potential feedstock is plentiful. 

Most recently, commenting on the 5th of July 2022, Teachta Dála Christopher O’Sullivan for 

Fianna Fail through their official website has proposed the drafting of a National Strategy for 

Anaerobic Digestion titled “Anaerobic Digestion Bill 2022” (Fianna Fail,2022). The proposed 

bill which if ratified by government proposed to streamline the Renewable Energy sector 

removing the current obstacles in establishing and running an Anaerobic Digestion facility 

today. 

2.6 Anaerobic Digestion 

Anaerobic digesters pose the technology to create biogas on a commercial scale in Ireland 

(Figure 2.1). In this natural process, microorganisms convert biodegradable material into 



34 
 

biogas through the creation of an anaerobic environment. Microorganisms present include 

hydrolytic, acetogenic, fermentative and methanogenic bacteria (O’Connor et al.,2020).  

 

 

Figure 2.1 Applications of Anaerobic Digestion to Ireland, taken from O’Connor et al., 2020. 

 

Figure 2.2 Four stage process of Anaerobic Digestion, taken from Weinrich et al., 2021 

2.7 Hydrolysis 

Hydrolysis is the first stage of Anaerobic Digestion in which molecular polymers consisting of 

those such as Carbohydrates, Protein and fats are broken down into their simplest form (Figure 
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2.2). This is achieved through the action of the enzyme hydrolase which catalyses hydrolytic 

cleavages of the chemical bonds. The portion of amino acids, sugars, glycerine and long-chain 

fatty acids will depend on the substrate available during the process (Sanders et al., 2001). 

Substrate availability and usage will also determine the tie it takes for hydrolysis to occur. 

Dairy cow manure which is a dissolved organic compound is available for direct use in 

fermentation process. Where more complex substrates are present, the rate of hydrolysis has 

been noted as the most limiting factor to the rest of the process (Weinrich et al., 2021). Thus, 

correct substrate choice is of vital importance. Hydrolysis therefore facilitates the degradation 

of dissolved intermediates and makes them available for absorption in the cell membrane of 

microorganisms where further processing can then take place (Pavlostathis et al., 1991). 

2.8 Carbohydrates  

Carbohydrates are formed through the linkage of monosaccharides to form complex 

oligosaccharides and polysaccharides (Mortimer et al., 2007). From an Agricultural standpoint, 

the majority of carbohydrates present will be in the form of long chain polysaccharides such as 

cellulose and starch, the carbohydrate present in many forages including straw. During 

hydrolysis, these complex carbohydrates are broken down into their basic monomeric units 

(Fig 2.3). 

 

Figure 2.3 Hydrolysis of Cellobiose, taken from Weinrich et al., 2021 

Moreover, simple disaccharides such as maltose or sucrose can be broken down quickly. This 

is in contrast to many Agricultural substrates containing pectin or cellulose to which the process 

is considerably slower. Indeed, many products which contain compounds which are 
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lignocellulose cannot be completely hydrolysed, due to lignin’s inability to be split 

anaerobically (Weinrich et al., 2021). 

2.9 Proteins  

Proteins have been described as the building blocks of life formed through the linkage of amino 

acids. Amino acid sequence determines the type of protein formed in terms of structure and 

properties. Hydrolysis of proteins include the enzyme protease which acts on the protein to 

split it into amino acids and polypeptides (Fig 2.4) (Berg et al., 2007). Similar to carbohydrates, 

the rate of breakdown is dependent on the type and structure of protein present. 

 

Figure 2.4 Hydrolysis of Protein, Taken from Weinrich et al., 2021 

2.10 Fats  

Esters of Glycerol, fats consist of long chain fatty acids. The vast majority of natural fats in 

this context are a mix of triglycerides where each hydroxyl group of the glycerol is esterified 

with a fatty acid (Mortimer et al., 2007). The enzyme lipase, splits the fat molecule into long 

chain fatty acids and Glycerol during hydrolysis (Fig 2.5). conversely to proteins, fats can be 

hydrolysed entirely at low decomposition rates (Weinrich et al., 2021). 
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Figure 2.5 Hydrolysis of Fats, Taken from Weinrich et al.,2021 

2.11 Acidogenesis  

Acidogenesis is the second stage in the biogas formation process. In this stage, products which 

have been hydrolysed are fermented by bacteria to produce carbon dioxide, short-chain organic 

acids, hydrogen, ethanol, hydrogen sulphide and ammonia. During this process, metabolic by 

products from prior degradation are converted to carbon dioxide, acetic acid and hydrogen. The 

rate and degree of degradation is determined by the environment present along each metabolic 

pathway. Such factors include temperature and hydrogen partial pressure. 

2.12 Monosaccharides  

Glucose is one of the most famous examples of a Monosaccharide and will be used for 

reference when speaking of Acidogenesis of Monosaccharides. This process requires Energy 

and is obtained through glycolysis where the substrate undergoes phosphorylation. The 

substrate is oxidised moving electrons along the carrier molecule NAD which generates energy 

necessary to regenerate ADP to ATP (Weinrich et al.,2021). Figure 2.6 illustrates this process, 

catalysing the monosaccharide glucose to propionate, butyrate and acetate. 
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Figure 2.6 Fermentation of Glucose to form Propionate, butyrate and acetate, taken from 

Weinrich et al.,2021 

2.13 Amino Acids  

The breakdown of amino acids by Acidogenesis takes place anaerobically in pairs through the 

Stickland reaction or solely through the dehydration of an amino acid via external electron 

acceptors (Ramsay et al., 2001). As the Stickland method is a faster mode of degradation it is 

often favoured in the processing of biogas. Depending on the structure and concentration of 

the amino acids, varying short-chain fatty acids, hydrogen, ammonia, carbon dioxide and 

hydrogen sulphide, although less frequent can be produced. 

The Stickland procedure is a redox reaction. An amino acid is oxidised and placed with a 

reducing amino acid. This is to allow different amino acids to participate during the process to 

act as electron acceptors or donors (Weinrich et al., 2021). In a series of reactions, the amino 

acids undergo degradation via decarboxylation and deamination to create energy (ATP) as 

illustrated in Figure 2.6. During the oxidation process Carbon Dioxide and Ammonia are 

created along with carboxylic acid in degrading alanine to acetate. The amino acid which 

utilises hydrogen (Glycine Figure 2.7) is reduced down to ammonia and carboxylic acid in 

turning Glycine to acetate (Weinrich et al.,2021). 



39 
 

 

Figure 2.7 Stickland reaction of alanine and glycine to produce ATP, taken from Weinrich et 

al., 2021 

2.14 Long Chain Fatty Acids 

Beta oxidation is used to break down long chain fatty acids via Acidogenesis. This process is 

depending on the number of carbon atoms and configuration of double bonds presented. 

Configuration will determine the compound formed. Where even chained fatty acids undergo 

Acidogenesis, acetic acid is produced. Whereas odd chains will produce propionic acid 

(McInerney et al., 1981). To facilitate degradation of fatty acids by microbes, fatty acids are 

synthesised by catalytic Acyl-CoA to form an energy dense thioester bond with the carboxyl 

group from the fatty acid and Co Enzyme A which creates Acyl-CoA. In the process of beta 

oxidation, the fatty acids activated are decreased by two carbon atoms each reaction during the 

cycle via thiolysis, hydration and oxidation as seen in Figure 2.8. 
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Figure 2.8 Beta Oxidation of Long Chain Fatty Acids, Taken from Weinrich et al.,2021 

2.15 Acetogenesis 

The third step of Anaerobic Digestion is Acetogenesis. Here, the products of fermentation such 

as alcohols and organic acids undergo a process in the conversion to carbon dioxide, hydrogen 

and acetic acid. In order to produce acetic acid and oxygen, carbon is needed for acetogenic 

bacteria. Oxygen bound or that solved in solution is used to aid this process. This allows the 

bacteria which produce acid to create an environment free from oxygen. This is an essential 

step to facilitate the methane producing microorganisms in the fourth step of anaerobic 

digestion: Methanogenesis (Weinrich et al., 2021). 

2.16 Methanogenese 

Methanogenese is the final stage of Bio Gas formation. Here, obligate anaerobic bacteria create 

methane, carbon dioxide and water through the conversion of acetic acid, carbon dioxide and 

hydrogen. There are a number of possible formation pathways: via carbon dioxide reduction 

with formate, dispropporation using methanol or methylamines (Chynoweth et al., 1996). 

However, commercially the predominant mode of formation is via acetoclastic and 
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hydrogenotrophic methanogenesis. 70% of which is formed via degradation of acetic acid and 

the remaining 30% through hydrogen reduction of Carbon dioxide (Smith, 1966). 

2.17 Supply of Nutrients  

In order for the above process to take place, an adequate supply of nutrients is necessary to 

feed both the aerobic and anaerobic microorganisms in the conversion of biomass to biogas. A 

reduced supply of nutrients will have a detrimental effect on output resulting in decreased 

microbial growth, high levels of acid concentration and ultimately an unstable growth 

environment (Demirel et al., 2011). Figure 2.9 illustrates nutrients deemed essential for the 

process. A diverse range of nutrients has been noted of importance due to the lack of diversity 

observed from feedstock derived from energy crops such as cereals or maize (Pobeheim et al., 

2010). Therefore, a substrate source containing a diverse range of nutrients and micronutrients 

is deemed favourable to allow constant and stable processing conditions. 

 

Figure 2.9 Essential Nutrients for Biogas Production, taken from Weinrich et al., 2021. 

2.18 Macronutrients  

Macronutrients are defined as those required in large amounts for ongoing stable processing to 

feed the microorganisms. Macronutrients are those directly involved in the synthesis of ATP 

and NADP described above in the formation of critical cell material. Table 2.1 summarises the 

most important Macronutrients and their role in Bio Gas Formation. 
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Table 2.1 Essential Macronutrients, taken from Weinrich et al., 2021 

 

2.19 Cations and Anions  

Essential cations and Anions are summarised below in Table 2.2. 

Table 2.2 Role of essential Cations and Anions, Taken from Weinrich et al.,2021 

 

2.20 Trace Elements  

There are a wide variety of micro nutrients which play a key role in co factors associated in the 

production of Biogas. Metals, Iron and Manganese act as an electron acceptor during redox 

reactions. They also help minimise inhibition of the anaerobic degradation stage through the 

precipitation of sulphides (Oleszkiewicz et al., 1990). They play a vital role in the metabolism 

of the microbial microflora even at small quantities, there impact is significant. 
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Previous studies have shown a great variation in trace elements based on the substrate available 

(Schattauer et al., 2011). Studies have shown higher nutrient concentrations present during the 

fermentation process of complex residues such as Dairy slurry (Schattauer et al., 2011). 

Micronutrients which are often lacking from substrate include: iron, selenium, cobalt, tungsten 

molybdenum or nickel (Banks, 2012). Where these nutrients could be added to the substrate, 

production stabilised and output increased significantly. However, conversely, should trace 

element content be sufficient and additional volumes introduced to the environment, lower 

growth rates are observed due to reduced microbial activity as illustrated in figure 2.10 

(Facchin et al., 2013). 

 

Figure 2.10 Optimum Trace Element Content schematic, taken from Weinrich et al., 2021. 

2.21 Irish Agricultural Feedstock 

2.22 Slurry and Manure  

Ruminants (Dairy animals) produce a large amount of methane daily. This is estimated to be 

in the region of 250 dm3 of methane daily (Leytem et el., 2011). Studies have highlighted the 

importance of feed additives in reducing methane in the dairy animal. However, this can be 

difficult to gain clarity at farm level as results are not visible to the eye. Therefore, the proper 

management of the by-product of Digestion in the animal i.e. Manure poses a viable option to 

reduce their impact on the environment (Uddin et al., 2020). Typically, on an Irish Dairy Farm, 

manure is stored in the form of Mixed Manure with straw or liquid slurry collected in a tank 
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below a slatted shed. Ireland produce 100 million tonnes of slurry each year of which 40 million 

tonnes is captured via underground storage (Teagasc,2022) 

2.23 Multi Species Swards as Feedstock for Anaerobic Digestion 

Multi species swards (MSS) have gained an increased interest in the Agricultural sector due to 

its additional benefits in its integration to the grazing platform such as increased animal 

performance and natural anthelmintic properties (Teagasc,2022). They consist of a variety of 

plant species from a variety of families such as grasses, clover, herbs and brassicas. However, 

there also poses an important opportunity in the utilisation of MSS for their benefit to the 

environment. Primarily, the use of MSS boasts the benefit of reduced fertiliser requirement. 

Specifically, where a MSS consists of 20-50% clover inclusion, chemical fertiliser applications 

can be reduced by 50% in that field in the Dairy rotation (Teagsc,2022). From an environmental 

standpoint, GHG emissions are reduced in turn as harmful Ammonia and Methane emissions 

are produced in the production and subsequent application of the fertiliser (Teagssc,2022). 

Figure 2.11 outlines the potential fertiliser saving comparing standard perennial ryegrass as the 

standard grass type used on commercial dairy farms today (KPMG,2021). 

 

Figure 2.11 Difference in Fertiliser applications comparing MSS to standard pasture type, 

Taken from KPMG 2021. 

Furthermore, there lies an opportunity for MSS to be used as a feedstock due to their favourable 

yields and where surpluses occur in times of additional growth on the farm during the grazing 
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season. A report by KPMG researched the potential of MSS as feedstock on a commercial farm 

in Dowth Co Meath. In terms of yield, they found that MSS had the potential to out yield 

traditional Perennial Rye Grass (PRG) by an average of 2t Dry matter (DM) per hectare (ha). 

Furthermore, a total chemical nitrogen reduction of 100 kg Nitrogen per ha was achieved. This 

also holds an economic saving of 80€ per hectare based on current cost of chemical nitrogen 

as of 23/07/22 (Glanbia,2022). This was attributed due to natural nitrogen fixation contributed 

by legumes present in the MSS. The use and uptake of MSS on Dairy farms has been 

encouraged and incentivised through industry in Ireland. For example, Glanbia Co-Op offer 

farmers an extra .25c per litre produced to sow MSS in conjunction with 6 other sustainable 

actions as part of their sustainable action plan for Dairy Farming (Glanbia,2022). 

2.24 Anaerobic Digestion and The Circular Economy 

In line with EU Circular Economy action plan, Anaerobic Digestion and it by products hold 

potential to create and sustain a circular economy with reduced reliance on a linear based 

model. The traditional linear economy is disposal in nature where resources are produced, 

utilised and disposed of. Conversely, a circular economy sets out to utilise resources for as long 

as possible, taking maximum value from them whilst in use and at the end of each cycle, 

resources are reused and regenerated where possible (Blades et al.,2017). The key principles 

circular economy involve preserving and enhancing natural capital, optimal yields from 

resources used and adopt efficiency and effectiveness of system (Blades et al.,2017). Figure 

2.12 details how Anaerobic Digestion may be adopted in the promotion of a circular economy 

through optimal use of resources produced. 
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Figure 2.12 Anaerobic Digestion and the Circular Economy, taken from Blades et al.,2017. 

Dairy farms supply feedstock through Energy crops and slurry to produce Biomethane and 

electricity. This energy may thereby be used in the local community through fuelling of farm 

vehicles and local industry. Furthermore, electricity produced may be reused on farm, local 

industry and in the home. In addition, Digestate as a by-product of production may be used as 

a fertiliser in crop production, regenerating the cycle once more (Blades et al.,2017). 

2.25 Digestate  

Typically, Digestate has been viewed as somewhat of a waste product of the Anaerobic 

Digestion process with many operators historically paying for its disposal. However, it has 

become apparent that Digestate poses as a significant material as an organic fertiliser for Irish 

Grassland management. This aligned with current European Farm to fork legislation whilst 

reducing costs and emissions produced in the production of chemical fertiliser. Fertiliser value 

is dependent on feedstock used and its availability. 

2.26 Chemical Composition of Digestate  

Literature has attributed varying replacement rates of chemical fertiliser with digestate from 15 

to 100% (McCabe et al., 2019). Differing processing techniques have shown differences in 

digestate quality. For example, nutrient quality of availability has been reported to improve 
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where solid liquid separation processing techniques have been used (European Biogas 

Association,2014). In processing, Nitrogen (Organic) is released from the feedstock as 

ammonium and is available for plant nutrient uptake. Livestock slurry has the highest Nitrogen 

concentration in comparison to raw slurry (Vaneeckhaute et al.,2017). The Anaerobic digestion 

process does not have a huge impact on Phosphorus availability versus average animal slurry 

feedstock. However, the process has been recorded to increase the availability of available 

Phosphorus to the plant roots.  

With repeated land use, studies have shown up to an 80% of chemical fertiliser reduction 

(KPMG,2021). Unlike chemical fertiliser, response to application is not instant and a period of 

adaption is required for growth to occur (Vaneeckhaute et al.,2017). Other nutrients of note 

including Potassium, Magnesium, sulphur and calcium are not impacted by the Anaerobic 

Digestion process and therefore their nutrient value is much dependant on the nature of the 

feedstock supplied. 

Digestate exists in 3 differing forms: Liquid, whole and fibre. Whole Digestate mimics the 

appearance of Dairy cow slurry due to its low dry matter yield. Furthermore, liquid Digestate 

represents Digestate where solids have been removed and fibrous opposes the characteristics 

of solid Digestate. 
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Chapter 3: Biochar: The by Product of Pyrolysis 
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3.1 Biochar: By Product of Pyrolysis 

Biochar is an organic substance similar in appearance to common charcoal. It is a light, black, 

porous material containing up to 70% carbon. However, it is characterised by methane 

mitigating characteristics, posing as an additive of great potential for the use in Agriculture. It 

is the by-product of the burning of organic matter derived from agriculture and forestry such 

as Wood chip or leafs. This process is called Pyrolysis, a process which ensures the safe storage 

of carbon and minimises contamination. Through the use of thermochemistry, syngas and bio 

oil reach temperatures between 350 and 700 degrees Celsius. Organic matter is burned in a 

container in vastly anaerobic conditions producing very few fumes in the process. As a result, 

carbon is safely stored in the resultant Biochar which is not lost to the atmosphere through 

volatilisation (Oni et al., 2019). The production of biochar from Pyrolysis has been attributed 

with many Environmental benefits and Greenhouse gas mitigation including: sequestration of 

Carbon (Gupta et al.,2020), removal of heavy metal from the environment (Zhong et al., 2019), 

mitigation of salt (Guo et al., 2016), the production of bioenergy (McHenry et al., 2009) and 

effective waste management (Dahal et al., 2018). 

3.2 Biochar Properties  

Characteristics of biochar have been defined in order to determine its function to facilitate the 

removal of pollutants amongst other benefits to the environment. Structural analysis aids the 

prediction of this impact. Many interactions take place in its function: metal interaction is a 

result of pH 1 whereas its function will differ when pH is 2. Furthermore, contamination with 

metal will also vary with ph. This has allowed biochar to be an effective means of soil pollutant 

removal through its absorptive characteristics. The characteristic of biochar are as a result of 

functional groups, structure and analysis of elements (Brewer et al.,2014). Many characteristic 

techniques have been developed to report on the function of biochar detailed in figure 3.1 

including: 

1.Scanning Electron Microscopy (SEM) 

2.Fourier Transform Infrared Spectroscopy (FTIR) 

3.Thermo Gravimetric analysis (TGA) 

4.X-ray Diffraction (XRD) 

5.Brunauer Emmett Teller (BET) 

6.Nuclear Magnetic Resonance Spectroscopy (NMR) 
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Figure 3.1 Characterisation Techniques of Biochar, taken from Yaashikaa et al., 2020. 

3.3 Functional Groups 

Surface functional groups which aid the properties of sorption include: amine, lactonic, 

carboxylic, hydroxyl and amide groups. Major factors of importance which influence these 

functional groups are temperature and biomass (Li et al.,2017). Thee may also be an interactive 

effect which may reduce these functional groups such as porosity, pH and surface area. FTIR 

is used to characterise the functional groups of biochar. For example, biochar which has been 

produced at different temperatures display great difference in their functional groups present 

(Yaashikaa et al.,2020). 

3.4 Porosity and Surface Area 

By in large, where biochar displays a great surface are and porosity, sorption properties will 

also be significantly high. This surface area porosity is created during the process of pyrolysis 

where water loss is high during the dehydration stage. The pores of biochar vary greatly in size 

from <2 nm (Micro), 2-50nm (Meso) to >50 nm (Macro) (Yaashikaa et al.,2020). Smaller pore 

size is associated with reduction capacity of sorption. Size of Pores may be attributed by SEM. 

The size of the surface area is the key characteristic determining the sorption capacity of 

biochar and temperature in regards to the type of biochar formed. Surface area characteristics 

is affected by the nature of raw materials, be it treated or untreated. Where carbon process has 

been activated, more surface area is present. This is generally completed in commercial 
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scenarios for this reason. In the absence of activation, biochar produced is less porous and 

displays less surface are versus activated (Li et al., 2017). 

3.5 Stability  

The overall stability of biochar may be attributed to a number of factors including temperature. 

Pyrolysis temperature is seen as one of the most important considerations when referencing 

biochar stability. Three main methods of determining its stability include: 

1. Determining Carbon structure, directly and indirectly processing 

2. Determination of Carbon stability through chemical or thermal means 

3. Place biochar in an incubation environment and measure mineralisation of Carbon 

 

The carbonisation of biochar contains two phases: amorphous and crystalline stage. Stability 

of biochar is therefore the main functional element in determining its stability. Two traits of 

importance within carbon structures are its aromaticity and condensation. Where resultant 

biochar is deemed to have a high degree of aromaticity and aromatic condensation, thermal and 

chemical challenges are resisted and the biochar product is highly stable. Element make up of 

biochar consists of aromaticity. Other properties such as biochar pore size, structure, sorption 

and pH will also affect its stability (Yaashikaa et al.,2020). Ideal stability is attained via 

incubation in the soil waiting for complete breakdown and calculate the time taken for break 

down. This process takes in excess of a hundred years; therefore, exact stability characteristics 

are difficult to achieve. Many of the techniques are not economically viable and take too long 

to achieve tangible data, highlighting the need to develop new methods in order to gain accurate 

results to put into practice of environmental benefit (Yaashikaa et al.,2020). 

3.6 Pyrolysis Process Mechanism  

The Mechanism of pyrolysis can be defined as the thermal decomposition of materials of 

organic origin facilitated by an anaerobic setting under high temperatures in the range of 250-

900 degrees (Osayi et al., 2014). The resulting process aids both the destruction of waste 

material and the creation of value add products which can be further utilised such as Biochar, 

bio oil and syngas. Components derived from lignocellulose such as lignin, hemicellulose and 

cellulose undergo three processes. Specifically, they enter a reactive process of 

depolymerisation, fragmentation and cross linking at varying temperatures. Depending on the 

feedstock and process, the resulting by product may be in liquid, solid or gas stage (Yaashikaa 

et al.,2020). From the liquid and solid products, components such as bio oil and char are 

produced, whereas gas produces products such as syngas, hydrogen and carbon monoxide. 
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Varying reactors are used in the process including bubbling fluidised bed, paddle kiln, wagons 

and rotating sand kilns. 

Yields of Biochar is dependent on the nature of the feedstock used. Efficiency of operation is 

largely dependent on temperature used (Wei et al.,2019). Under normal operating conditions, 

it is generally accepted that Biochar yield reduces and syngas production increases where 

temperature is high during the process of pyrolysis. Figure 3.2 details the basic mechanism of 

production. 

 

Figure 3.2 Pyrolysis Process, taken from Yaashikaa et al., 2020. 

There are two different types of Pyrolysis classified by temperature, rate of heating, time and 

pressure: Fast and Slow Pyrolysis. Fast pyrolysis is a direct procedure involving the interaction 

of chemicals and heat in tandem. Solid feedstock is liquefied into bio oil and further used for 

energy production. Identifying categorists of Fast Pyrolysis include: 

1.Rapid warming of Biomass (> 100 degrees per minute) 

2.Rapid timing of particles of biomass and fumes of pyrolysis at high temperatures. 

3.Moderate temperature ranges 400-600 degrees. 

4.Fume residence in hot zone to base (Oil Production) 

5.Rapid cooling of fumes (Wang et al.,2014). 
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Identifying categorists of Slow Pyrolysis include: 

1. Less heating to Fast Pyrolysis at 5-7 degrees per minute 

2. Greater time under resistance (Greater than 1 hour) 

3. Greater Yield of Char 

4. Quality Biochar which may be further utilised (Arni et al.,2018). 

3.7 Breakdown Process of Biomass Components 

3.8 Cellulose  

The decomposition of cellulose takes places in two reactions, identified by the rate of 

polymerization. 

1. Slow Pyrolysis: decomposition at lower heat range under increased time of resistance 

2. Fast Pyrolysis: creation of levoglucosan through quick volatilization at high 

temperatures. Solid Biochar is produced and levoglucosan is dehydrated to create 

hydroxymethyl furfural which may be further broken down to liquid and gas to produce 

syngas or bio oil. Furthermore, the hydroxymethyl furfural can be further processed in 

a reaction step such as aromaticzation, polymerisation or condensation to again produce 

solid Biochar. 

3.9 Hemicellulose 

The decomposition process of hemicellulose is similar to that of cellulose. Hemicellulose 

biomass goes under a depolymerisation process in the formation of oligosaccharides. This 

occurs in a series of reactions including depolymerisation, decarboxylation, aromatization and 

rearrangement of intramolecular particles to produce Biochar or further decomposition to 

syngas and bio oil (Huang et al.,2012). 

3.10 Lignin 

Lignin decomposition is a much more complex process. Beta 0-4 linkage of lignin breaks to 

produce free radicals. The resultant free radicals surround and capture protons from other 

species to form decomposing compounds. Free radicals then continue to move around the cell 

to other molecules resulting in chain propagation (Yaashikaa et al.,2020). 

3.11 Environmental Benefits of Biochar  

It is important to note that there are many functions for Biochar aside from direct removal of 

Green House Gas emissions from Agriculture as seen in Figure 3.3. 
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Figure 3.3 Environmental Benefits of Biochar, taken from Oni et al., 2019. 

3.12 Biofuel from Biochar 

It has been reported that Biochar may also play a significant role in the future through its 

contribution to the circular economy in the production of biofuel. Biofuel is noted as the 

replacement of choice for petrol due to its favourable characteristics. Biofuel is nontoxic, 

biodegradable, renewable and performs similarly. It is created by transesterification of oils such 

as vegetable or the esterification of free unsaturated fats with alcohol (Yaashikaa et al.,2020). 

Catalysts of Biochar produce biofuel in this manner and are categorised into two types: Solid 

acid catalysts and Solid alkali catalysts.  

3.13 Carbon Sequestration 

Carbon dioxide is an important Greenhouse gas with considerable global warming potential. 

Agricultural soil plays a significant role in ensuring carbon dioxide loss to the environment is 

minimised through the carbon cycle. Carbon sequestration has been reported as a feasible 

method of reducing the amount of C02 emissions produced by the soil (Mendez et al., 2012). 

Biochar plays a role due to its physical properties/ aromatic structure which make it difficult 

for breakdown by microbes. However, its benefit may be due to the soil type present also. 

Mineralisation of the organic matter was greater in soils of low fertility versus those of higher 

status. This was also found to be true regarding carbon content where mineralisation of carbon 
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was higher in soils of higher carbon content versus lower status. Therefore, the carbon content 

of Biochar is classified as either liable or recalcitrant carbon (Yaashikaa et al.,2020). Biochar 

defined as liable and is utilised by soil microbes where Biochar is applied to the soil. As a 

result, at initial application, mineralisation of carbon is increased. Conversely, Biochar defined 

as recalcitrant remains in the soil for a much longer period of time (Puga et al.,2015). Hence, 

carbon fixation as a result of Biochar application is enhanced due to liable carbon 

mineralisation. However ongoing work is required to determine the exact cause of action in 

relation to biomass used and conditions of pyrolysis. 

3.14 Removal of Organic Pollutants  

Biochar has been utilised as a source of pollutant removal from water and soils. Where Biochar 

is applied to the soil, it absorbs pollutants present. Such organic pollutants or Agricultural 

chemicals which are removed include: pesticides, herbicides, fungicides and insecticides such 

as carbofuran etc. (Yaashikaa et al., 2020). Studies have shown that where Biochar was 

incorporated into the soil, the absorption capacity of pollutants was increased (Mondal et al., 

2016). Pesticide residue was also reduced through the usage of Biochar in the soil with a 

reduction in harmful carbofuran noted (Mondal et al.,2016). This pesticide absorption and 

degradation characteristic may be attributed to the presence and quality of phenolic and 

carboxylic functional groups present on the surface of Biochar. 

The process of removal is as a result of a direct link between pollutants and Biochar. This is 

through a process of physio sorption and chemisorption in the presence of functional groups 

e.g. OH (Yaashikaa et al.,2020). Biomass of choice, temperature, pH and amount of pollutant 

versus availability of biochar are some of the main factors dictating the effectiveness of 

pollutant removal (Yaashikaa et al., 2020). 

3.15 Removal of Inorganic Pollutants  

Biochar also has a role to play in the removal of inorganic pollutants from the environment. 

These are toxic metals which are non-degradable in high concentrations posing a threat to life 

and the greater environment. examples include zinc, lead and mercury (Yaashikaa et al.,2020). 

Conversely to organic pollutants, Biochar produced at low temperature pyrolysis is suitable for 

the sorbing of contaminants from inorganic sources. Biochar produced in this manner contain 

many functional groups are highly porous and contain a large amount of carbon.  

The mechanism for removal is ion exchange and is particularly aimed at heavy metals. 

Properties of immobilisation demonstrated by biochar aid the modification of metals on 

functional groups, pH and its capacity of cation exchange (Yaashikaa et al.,2020). Feedstock 
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utilised in the production of this type of biochar is of Agricultural origin, including animal 

waste and energy crops. The sorbent capacity of biochar has also been proven to be effective 

in the removal of inorganic pollutants from water such as Uranium. The rate of biochar 

application is a determining factor of its success. 

3.16 Biochar as a Biocover 

Studies conducted now suggest Biochar may have a potential role in direct mitigation of 

methane and associated greenhouse gas emissions from stored slurry. Liquid slurry is an 

important source of Methane and Ammonia loss to the environment. A method of choice which 

is increasingly been utilised is the use of Biochar as a physical shield or cover which floats on 

the surface of the liquid manure. This is commonly referred to as a Biocover, a material derived 

from biological sources to create a physical barrier between the slurry and the atmosphere. 

Increasing interest and research has taken place in this space including Clanton et al., 1999, 

Guarino et al., 2006, Regmi et al., 2007 and VanderZaag et al., 2008. Several other Biocovers 

have been utilised from sources such as wood chip, vegetable oil and straw with varying 

degrees of success (VanderZaag et al., 2008). Although proven to be effective in reducing 

emissions and odours, their  use has not been widespread.  

Biochar is seen as a viable choice of biocover due to its physical state of vast range of particle 

size and highly porous structure. Its resistance to breakdown when placed in this environment 

allows it to withstand volatile conditions. Moreover, due to this persistence an amount of the 

carbon which is stored in the Biochar may be considered that which has been sequestrated from 

the environment when it is returned to the soil as fertiliser (Lehmann, 2007). The resulting 

fertiliser may therefore improve soil health and production characteristics, most notably in low 

performing soils (Lehmann,2007). 

3.17 Biochar as a replacement for Chemical Fertiliser  

3.18 Methane Emissions Saved 

The benefit of Biochar in relation to Methane emissions may be two fold. The chemical 

fertiliser industry is a key source of Ammonia emissions which is a potent GHG and every 

tonne of chemical displaced by an organic source such as Biochar is of benefit to the 

environment. However, a recent study by Zhou et al., 2019 suggest there may also be a direct 

saving in Methane emissions by making the switch from a chemical source of fertiliser. By in 

large, estimations of Green House Gas emissions from the Chemical fertiliser industry have 

focused on upstream processes (Production) and midstream processes such as storage and 

transportation. However, an analysis of the downstream emissions in the surrounding areas 
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surrounding fertiliser production facilities show high amounts of methane are being produced 

industrially. Zhou, in their study used a Google Street view vehicle which was equipped with 

a high tech series of sensors to determine methane emissions on the roads downstream from 

chemical fertiliser plants. They surveyed 6 plants over the course of a year during normal 

production times and found methane emission losses to the environment to be 29 Gig grams 

per year. This was a significant increase on the self-reported 0.2 Gig grams of Methane from 

each facility, an increase of over 100 fold (Zhou et al.,2019). 

3.19 Biochar Benefit to Soil Health 

Chemical fertiliser, in its usage is much more available to the crop in comparison to organic 

forms and therefore its usage is much higher and efficient than its organic counterpart (Han et 

al.,2016). They outperform the initial mineralisation of Nitrogen however this has also been 

reported at the expense of compaction of soil and acidification (Liu et al., 2010). Symbiotic 

relationships between costs and efficacy have been observed where both chemical and organic 

fertiliser types can be incorporated into the farms fertiliser plan (Fageria et al., 2005). They 

reported enhanced soil productivity and fertility where both fertiliser types are used in tandem 

on the farm. Biochar, as an organic fertiliser, contains plant nutrients and acts as a source of 

organic matter unlike chemical depending on the feedstock source which is selected. This 

organic matter also aids aggregation of soil, porosity of soil particles, nutrient holding capacity 

and an enhanced ability to hold water during drought periods (Kumar et al., 2017). When 

applied to a crop of wheat, a crop frequently grown on Irish farms, the crop seen beneficial 

attributes over and above that of chemical fertiliser. Specifically, regarding Nitrogen 

concentration which is the most important macro nutrient for crop growth. Protein content was 

recorded a desired 20%, nitrogen content in the leaves at 24%, straw 24%, stem 20% and most 

importantly 56% from the grain which the farmer is ultimately paid to grow (Ali et al., 2015). 

From an environmental and nutrient holding standpoint, Biochar holds great capacity to absorb 

ammonia and nitrate in water and soil particles. Hence ammonium storage is enhanced where 

Biochar is incorporated into the ground and less losses are reported to the environment 

(Taghizadeh-Toosi et al., 2012). As a result, increase Nitrogen uptake is observed in the plant, 

including above and below ground parts. El- Naggar et al., 2019, reported of the role Biochar 

plays in sustainable Agricultural practices due its role in soil rehabilitation from chemical 

fertiliser damage (Acidification) whilst maintaining if not improving growth of the plant in 

question. 
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3.20 Pyrolysis in Ireland  

The opportunities associated with Biochar as a result of Pyrolysis have great potential for both 

the environment and the circular economy. Ireland is set on a journey to begin utilising these 

opportunities with the announcement of the planned construction of the World’s Largest 

Pyrolysis Plant in County Offaly constructed by Tsk (TSK,2021). The project which is valued 

at 65 million euro will process 75,000 tonnes of waste each year from Bord na Mona, a semi 

state Irish company. 

It represents a significant step by Ireland in recognition of the importance of the Circular 

economy and the environment, avoiding the loss of processed waste to landfills and instead 

reusing it to create syngas. The state of the art plant will include a cleaning system where 

harmful tars and oils and removed and avoid contamination. 

The plant will have a total capacity of 10MW, not only making the system self-sufficient in 

terms of energy usage but also providing excess back to the Irish grid for usage by private 

homes and Industry. This sets out to be the first project of its kind in Ireland with a second 

phase construction planned for a separation line for waste valorisation and increased capacity. 

It is reported that the plant will be fully functional and receiving biomass by 2030 over a total 

construction period of 20 months (TSK,2021). 
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Chapter 4: Methods 
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4.1 Design of Study 

From this section, methods used to demonstrate how Renewable Energy can reduce Methane 

Emissions from the Irish Dairy Herd to Safeguard Future Production is outlined. Desk research 

of peer reviewed publications along with supplementary data from commercial and government 

sources was used to answer the research question. 

4.2 Thesis Outline 

Research has indicated that methane is a highly potent and dangerous GHG of which the Dairy 

sector in Ireland is a key contributor. Therefore, means to mitigate its risk for continued 

production is necessary and presents the thesis question: “How can Renewable Energy Reduce 

Methane Emissions from the Irish Dairy Herd to Safeguard Future Production? 

Chapter 1 reviewed the background to methane and its relevance to the Irish Dairy sector in 

light of Green House Gas emissions targets set out by the European Union and Government. 

An overview was also given to the importance of the Irish Dairy sector to the economy in light 

of its expansion post milk quota abolition.  

Chapter 2 outlines anaerobic digestion as a renewable means of reducing methane from the 

Dairy herd whilst creating a usable energy source. 

Within Chapter 3 the potential of Biochar as a by-product of pyrolysis is observed. It is 

explored as a slurry additive to reduce methane escape from manure and as an organic fertiliser 

to displace the use of Chemical Fertiliser. Potential symbiotic characteristics outside of 

Methane mitigation was also discussed including soil health and pollution removal. 

Chapter 4 will define materials and methods used surrounding the research question whilst 

Chapter 5 outlined the results of relevant literature and studies to reinforce and help further 

understand the significance of the research question factors.  

Chapter 6 reviewed and provided discussion on the results found in chapter 5 to determine the 

accuracy of the research question and will bring forth a synopsis on key outcomes and comment 

on future work direction. 

Finally, Chapter 7 concluded on the research question and offered guidance on future work 

carried out. 

4.3 Research Scope  

The scope of the research question focuses on Renewable energy sources and its by-products 

as a means to reduce methane emissions from the by-product of digestion, centred on efficacy, 
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legislation, cost and feasibility. The scope will include Renewable energy processes: Anaerobic 

Digestion and Pyrolysis which will symbiotically benefit the primary producer and the country 

as a whole in reaching climate action targets. These conditions have been chosen due to its 

significance in meeting Green House Gas emission targets set out by the European Union and 

relevance to primary producer uptake at farm level. 

4.4 Data Inclusion 

Data utilised was taken from studies carried out both in vitro and in vivo primarily from systems 

which are similar to the Irish temperate climate for relevance of feasibility. To obtain the most 

relevant data, recent studies within the last 5 years have been used where new data has been 

discovered. However, where no new advancements have been made or where definitions have 

not changed, older studies were used. 

4.5 Data Exclusions  

For the purpose of Data driven discussion, all research which has not been peer reviewed has 

been excluded from this thesis. 

4.6 Feedstock Selection 

In line with Feedstock availability in Ireland and relevance to reducing methane producing 

practices from Dairy farms, research data was selected based upon Animal Manure and Energy 

Crops which can be grown and utilised in Ireland. Multi species swards are also included as a 

relevant feedstock with potential in Irish Dairy grazing systems. 

4.7 Scale Range 

In order to gain an appropriate feasibility assessment of Data in an Irish system, only data 

relevant to the average Irish Dairy herd was utilised. Both indoor and outdoor systems of 

grassland management are studied. 

4.8 Legislation Concerns 

In order to gain a picture of feasibility to Renewable energy in Ireland, only legislation of 

European concern derived from the European Union was taken into consideration along with 

any indigenous policy derived from the government of Ireland. Similarly, only GHG emission 

targets relevant to Ireland were considered for this study. 
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Figure 4.1 Schematic detailing process of Information collection 
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Chapter 5: Results 
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5.1 Farmer Attitude and perception towards sustainable farming  

A key driver to success to help mitigate methane emissions from the Irish Dairy herd is 

understanding the psyche of the Irish Dairy Farmer as ultimately, the responsibility lays with 

the primary producer to implement the necessary measures. Therefore, its vitally important 

have clarity and understanding amongst this cohort to ensure sustainable farm practices from 

the ground up. From these results, the Industry can then aid in developing programmes and 

strategies to allow sustainable farming practices to become norm and something which the 

farmer can appreciate is making a positive impact both on their farm and to the wider 

community (Shorthall,2022). 

It is well documented that the Irish grass based system of producing milk is one of the most 

environmentally friendly means of production. However, it is important to consider just how 

is this grass produced. Not all grass is grown sustainably, there are significant concerns 

surround the leaching of nutrients from the increased usage of chemical fertilisers and high 

stocking rates in intensive systems to name a few (Van den Pol-van Dasselaar et al., 2020).  

Orla Kathleen Shortall et al therefore set out a means to quantify farmer perception of 

sustainable Dairy farming practices by extracting data from a Quantitative from a sample 

representative of the island of Ireland. Three main areas of study were assessed from the 

qualitative interviews carried out  

1. How does the Primary producer define a “good farmer” with regards to grass based milk 

production?  

2. Define how the idea of intensive and extensive farming systems align with the definition 

of a “good farmer” in the grass based system. 

3.  Is there scope for multi species swards to be incorporated into the “good farmer” 

category? (Shortall et al., 2020). 

For reference, the industry and advisory agencies set about a number of criteria which in theory 

defines a “good farmer” and this sets out the standard for which this study was gauged against. 

This is broadly set around the best use of grazed grass and the usage of advisory tools and 

methods set out by the industry of benefit to promote efficient and sustainable grazing which 

in turn will help reduce methane output. These tools will be covered in detail in a later chapter 

but for reference include: usage of grass measurement, rotational grazing, grass allocation/ 

budgeting, adhering to the spring rotational planner as set out by Teagasc and the usage of 

Multi species swards (Burton et al., 2021). 
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5.2 Intensive and Extensive Farming 

The Primary producer’s definition of intensive and extensive farming will also be described 

and assessed. Again, for reference, the industry accepts a “intensive” farm as those who require 

more inputs to grow grass required whereas extensive are the opposite. This is a very broad 

definition. 

The focus of this study was therefore not to draw general assumptions on a large cohort of 

people but to focus in detail, reasoning behind certain behaviours and determine outcomes and 

conclusions based on specific responses (Bryan 2001). The sampling type used was purposive 

in order to obtain a wide range of information from a wide geography from differing areas of 

the Island of Ireland (Maykut et al., 1994). Interviews were then carried in the period from 

December of 2019 and January of 2020. From an original panel of 396, 20 specific farmers 

were interviewed in depth from a range of geographies including: two participants from the 

midland, four participants from the Northeast and fourteen participants from the southwest 

(Table 5.1) The largest amount of participants was chosen from the southwest as this is 

representative of the milk pool in Ireland where the largest amount of Dairy farmers resides 

(Gilsenan,2019). 

Table 5.1 Geographical spread of farmers interviewed (Adapted from Shortall et al., 2020). 
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Farmers were asked to express how much concentrates were fed to give an indication of how 

intensive their system is in line with the Industry recommendations set out by Teagasc which 

champion the use of a low input system that maximises the use of grazed grass as a pose to a 

high concentrate based system (Table 1.1). 

5.3 Findings of Interviews  

Results from the interviews are described under the 3 key areas of discussion outlined above. 

5.4 Definition of a “Good Farmer” 

Those interviewed outlined the qualities, knowhow and facilities necessary to produce good 

quality grazed grass. Farmer No 7 expressed views on reasoning behind the high input system. 

They detailed that the requirement for a high input system may be down to poor management 

and the unwillingness to educate themselves around how grass grows and how to best manage 

the growth cycle. As a result, these high input farmers are happy to graze low quality excess 

covers of grass and feed a high level of concentrate to produce the same amount of milk as a 

farmer who is managing grass correctly, in the interviews opinion. They believe that in order 

to use a low input system then a high level of knowledge is required and put to practice. This 

practice is not only unsustainable but also unprofitable, according to farmer no 7 

(Shorthall,2022). 

Grazed grass was accepted by the interviewees as a low cost feed and therefore linked to farm 

profitability. This practice has changed over the years with research and more progressive 

farmers were observed to uptake these technologies from countries such as New Zealand 

according to the panel. Farmer No 2 made reference to how he has adapted to changes in 

technologies with regard to grass management and what F2 regards as good practice. F2 spoke 

of grassland measurement and how it was never previously practiced on their farm before. They 

believe that all young farmers now measure grass, highlighting a generational shift towards 

todays best practice. By utilising this tool, they found that they can now plan and manage the 

grass ahead of them which in turn reduces their need to feed high cost concentrates 

(Shorthall,2022). 

Farmer number 4 highlighted the fact that there are many farms only recently adapting grass 

measurement, highlighting the fact that many Irish farmers are late adopters to technology in 

their opinion. 

Conversely, these farmers identified as utilising a high input system believed that they were 

not replacing grass with concentrates but simply supplementing it. Farmer number 11, a high 
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input farmer outlined that the need to feed a high level of concentrate was to look after the cow 

and insure she produces a high yield as this was the type of cow which is on the farm. F11 

outlined that the desire was not to replace grass with concentrates but to find the correct balance 

between yield and profitability (Shorthall,2022). 

Farmer number 1 outlined a social dynamic behind the definition of a low input farmer. F1 

believes that there is an element of “Ego” attached to being a low input farmer, highlighting 

that some farmers want to be the first to have the cows out to grass in the spring and last to 

house in the winter feeding little or no concentrate in his opinion. 

5.5 Alignment of Intensive and Extensive Farming with a “Good Farmer” 

According to Food Harvest 2020, Irelands national document on Agriculture defines Irelands 

extensive and low input system of grass based production as the basis of our green image 

worldwide (DAFM, 2020). Therefore, those farming intensively are not working in tandem 

with the policy ideals. The survey set about finding farmer opinion on why this was a necessary 

production type in Ireland.  

Farmer 8 demonstrated how growing as much grass as possible was linked to being a good 

farmer and this becomes somewhat of a competition amongst farmers to the point where 

profitability or indeed sustainability takes a back seat. Displaying how much grass you can 

grow over and above your neighbours is seen as a symbol of status he details. 

Furthermore, when asked what the group believed what then is a “good farmer” in their eyes, 

the results yielded interesting results. Farmer no 10, indicated a god farmer is one which hits 

production targets within certain norms such as in excessive fertiliser usage and good 

management practices. Whilst at the same time farmer no 8 believed that low input farming to 

be underutilising the resources available to the farm and therefore deemed a waste 

(Shorthall,2022). 

Therefore, farmer’s opinion of a good farmer and those linked with government strategy to 

reduce emissions and methane are in somewhat of a conflict in the eyes of today’s farmer as a 

good farmer is seen as one who utilises resources should as harmful chemical nitrogen to drive 

grass growth. In terms of farmer opinion, the more grass grown is linked with a better farmer, 

this is largely in contrast to where the industry needs to be in regards to reduced chemical 

nitrogen usage as more chemical nitrogen usage is directly linked to grass grown 

(Shorthall,2022). 
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5.6 Multi species swards and a “Good Farmer” 

As discussed earlier, multi species swards with clover are seen as a means to help increase 

biodiversity and sustainability which in turn helps reduce methane yields through decreased 

usage of chemical nitrogen.  The same group of farmers were asked their opinion as to the 

potential of such a crop in Ireland and would they be open to utilise such a crop. The vast 

majority of respondents reacted positively to the development and some had already tried the 

crop whilst others questioned the harm associated with spreading chemical nitrogen in respect 

to grass grown. 

Farmer 19 praised the incorporation of clover into grazing swards into commercial grass mixes 

and could appreciate the science behind nitrogen fixation and how this may bring about a 

reduction in the reliance on chemical nitrogen. Farmer 11 admitted there was a need to practice 

reseeding with clover more frequently, hailing the benefits of not only reduced chemical 

nitrogen cost but also the environmental benefit as well whilst maintaining if not improving 

cow performance (Shorthall,2022). 

Where clover inclusion received a resoundingly positive response, multispecies swards 

received somewhat of a reserved reaction with farmers doubting their knowledge in regards to 

its management in terms of persistence, weed control and its ability to cause bloat in animals. 

However, in light of this, there is very much a heightened awareness towards its potential, 

particularly in the last 12 months according to farmer 8. 

The conversation surrounding clover and multi species swards changed the direction of the 

interviews and farmers became open to the uptake of new technologies and practices, 

particularly where Chemical nitrogen could be reduced. Farmer number 8, in their response 

highlighted that too much of any nutrient cannot be good for the soil, directing this comment 

towards the overuse of chemical nitrogen and comparing it to excessive sugar in a human’s 

diet manipulating and upsetting the insulin system causing Diabetes. Furthermore, Farmer 8 

creates a link between the usage of clover and multispecies swards with the practices of a good 

farmer who is engaged in the improvement of faring practices. 

5.7 Digesters needed to Meet Targets 

The above data was then compiled and used to calculate how many Anaerobic Digesters would 

be required under each of the three scenarios as seen in figure 5.1 
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Figure 5.1 Digesters required to reach targets, taken from Maldaner et al., 2018. 

5.8 Methane saved from storage as Digestate  

Previous studies by Owen and Silver, 2015, indicate the importance and significance of GHG 

emissions resulting from liquid manure from dairy cow systems. They identified clear 

opportunities for reduction in conventional systems whilst highlighting the need for further 

research into the topic.  

In this system, the liquid manure is transported from the farm and placed in a biodigester where 

it is subjected to a stable range of pH, temperature and supply of feedstock (Gomez,2013). 

Typically, for on farm Anaerobic Digestion facilities, a singular phase system is adopted within 

the mesophilic range of 32-42 degrees. Fermentation of wet material takes place where dry 

matter content is less than 20% in a feeding system of constant supply (Gomez, 2013). 

Additional organic matter (Degradable) gains additional supply with the addition of extra 

substrate feedstock often comprising of waste products from the food sector. The process 

comes to an end where biogas is produced to supply additional heat or electricity, replacing 

fossil fuel alternatives in the process. The resultant digestate is moved to a storage facility tank 

through a pump after the separation of liquid and solids has taken place. This by product may 

then be used as an organic source of fertiliser thereafter. This system of manure storage has 
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been proven to be of environmental benefit versus conventional storage systems 

(Gomez,2013). 

Amon et al., 2013, in their study first suggested that specifically methane emissions from 

storage of Digestate in this manner are comprehensively lower than that of a commercial Dairy 

farm storage facility. They suggested that this trend to be the result of volatile solids consumed 

during storage in the biodigester and an additional reduction in volatile solids after the 

separation process versus conventional systems. There have been additional factors identified 

by Clemens et al., 2006, Sommer et al., 2007 and Gromke et al., 2015 that suggest the 

controlled temperature environment results in lower methane emissions from storage. 

Specifically, temperature of substrate and digestate were identified. In their study, Liebetrau et 

al., (2013) found the storage tank for digestate as a major source of significance regarding 

methane specifically. This was shown from slips in Methane from data determining the 

utilisation of gas from 10 facilities in Germany. This was further proven by Gromke (2015), 

who identified the emission residual production greater than 10% from 10 plants in the studied 

12 within the range of 4-23%. 

Augmented Gas resulting from Digestate alone was found to represent 12% of all methane 

produced from the digester (Balde et al., 2016). This highlighted the importance of the storage 

facility in utilising the maximum energy potential in recovering additional methane for Biogas 

production. 

Studies surrounding the actual avoidance of methane emissions from Anaerobic Digestion are 

scarce. Comparative studies have been carried out by Amon et al.,2006, Clemens et al., 2006 

and Rodhe et al., 2015. The concluding results shown potential of Anaerobic Digestion to 

reduce GHG emissions. However, studies of a pilot scale have shown results of great variance, 

highlighting the need for further investigation. For example, in their study, Amon et al., 2006 

found methane reductions from storage phase of Anaerobic digestion through the lower 

temperature of digestate at this stage versus conventional storage over an 80-day period. 

However, in contrast, Rodhe et al., 2015 found methane emissions each day over a 3-month 

period yielded higher than that of untreated manure. In response to these varied findings, Hrad 

et al., 2015, shown the significance of a long term approach to predict and determine variance 

in supply and conditions throughout the year. This was further emphasised by Liebetrau who 

found a variance in methane losses from digestate from differing stages of storage. They found 

losses from two, one week periods and determined losses to be 50% higher during the summer 
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than the winter where energy crops and manure were used as feedstock. This was mirrored by 

Rodhe, signifying minimal emission losses from digestate as methane during the winter period. 

A need for a constant measurement throughout the year was thereby deemed necessary to gain 

a true reflection of methane emissions from digestate over a 12-month period vs traditional 

storage. This was explored by Balde using sensors with a backward Lagrangian Stochastic 

(bLS) method of measurement to determine methane emitted from Digestate. The bLS and 

micrometeorological mass balance (MMB) are two models implemented for year round 

analysis. However, MMB may be more suitable as it is a highly adaptive measure accounting 

for a vast range of wind direction (VanderZaag et al., 2011). 

5.9 Case Study Digestate vs Untreated Year Round Study 

There remained a need to quantify a year round response of methane emissions from digestate 

versus traditional storage. With this in mind, Maldaner et al., 2018, explored methane saved as 

a result of liquid manure storage as Digestate in the production of Biogas. Here, emissions from 

a traditional commercial dairy farm manure storage facility (Open Storage) were surveyed and 

measured with the MMB system over the course of the year. This data was then compared to 

data from a similar study by Kariyapperuma et al., 2017 to gain a rounded perspective of data. 

This study gained further clarity on previous work carried out by drawing comparison of 

methane emissions from a solitary dairy farm before and after the install of an Anaerobic 

Digestion facility. This allowed variables in relation to manure production to be identified and 

studied. Results set out were to determine: 

1. Emissions of Methane throughout the year from Digestate. 

2. Determine correlations between emissions and their influences. 

3. Draw comparison from untreated manure and resulting digestate from the one farm.  

5.10 Study Design 

The study carried out by Maldaner took place on a commercial Robotic Dairy Farm in Canada 

comprising of 140 cows predominately of Holstein genetics, similar to that of an Irish Dairy 

Farm. Feeding regime was also somewhat similar to an Irish system consisting of Silage 

(Corn)(Alfalfa), hay and straw. Waste water from dairy washings entered a separate tank to 

that of liquid manure and was not incorporated into the Anaerobic Digestion process. The main 

manure source from underground storage was held in tanks of 3000 m3 capacity before pumped 

to the biodigester. Farm layout referencing proximity of buildings to the Anaerobic Digestion 

facility is outlined in Figure 5.2 below. 
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Figure 5.2 Site Layout, taken from Maldaner et al., 2018. 

5.11 Methane Flux and Influences  

Over the course of the year, many cycles took place both loading and emptying as seen in 

Figure 4.2. during the first half of the year, the recorded temperature was low (<10 degrees). 

As a result, the flux in methane temperatures was also low (< 50 μg m−2 s −1) (Figure 5.3). 

during the winter period, the only fluxes recorded were in response to an increase in air 

temperature. Into the summer months, fluxes increased further. For example, in June where the 

tank was loaded from empty, average fluxes of Methane was 178 μg m−2 s−1, an eight-fold 

increase on recorded fluxes the month previous in May at 21 μg m−2 s −1 (Figure 5.4). 
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Figure 5.3 Temperature and Depth of Digestate throughout the year, taken from Maldaner et 

al., 2018. 

 

Figure 5.4 Flux in Methane emissions recorded over the year, taken from Maldaner et al.,2018. 
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Figure 5.5 detailed correlations between Methane fluxes and temperature, both air temperature 

and Digestate temperature on a monthly basis. a strong positive correlation was observed 

between Methane flux and temperature, most significant at 2 meters deep. The same correlation 

was not recorded between Volatile Solids concentration and Methane from Digestate fluxes. 

 

Figure 5.5 Average Methane fluxes, Digestate Temperature and Volatile solids concentration. 

Taken from Maldaner et al.,2018. 

5.12 Comparison of Methane from Digestate versus Untreated Slurry  

Figure 5.6 outlined the monthly average Methane Fluxes derived from both Digestate and 

untreated slurry whilst also accounting for Volatile Solids concentrations. A 32% reduction in 

Volatile solids was recorded on average in Digestate vs Untreated manure. Total production of 

methane from the year was recorded as 1.0kg m-3 y-1 from Digestate. In comparison to 

untreated manure which yielded 6.6 kg m-3 y-1, an 85% reduction in Methane per volume was 

observed (Figure 5.6). 
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Figure 5.6 Monthly average Methane from Digestate Vs Untreated Slurry, taken from 

Maldaner et al., 2018. 

5.13 Case Study: Feasibility of Anaerobic Digestion to an Irish Dairy system 

Sean O’Connor et al., 2020, comprised a case study to determine the feasibility of small scale 

Anaerobic Digestion for Irish Dairy Farms. Despite the outlined benefits of Anaerobic 

Digestion such as energy production, Greenhouse gas reduction and the creation of a fertiliser 

by product, uptake of the technology in an Irish system has not reached the potential outlined. 

In fact, in Europe Ireland has one of the lowest uptake rates recorded at 20th in penetration rate 

from a total of 28 countries (Stambasky et al.,2016). One of the main reasons detailed to the 

lack of uptake nationally has been in comparison to systems such as Germany and other 

European countries where plants are particularly large scale and the concern for an Irish system 

is whether there is ample feedstock available to feed the system (O’Connor et al., 2018). 

Studies have indicated that for medium and large scale plants to be operational on Agricultural 

feedstock alone, there would not be enough feedstock to satisfy operations based on the average 

dairy herd of 90 cows (De Paor,2018). 
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Therefore, the switch of attention has moved to small-scale anaerobic digestion (SSAD) as a 

means to overcome both economic and technical obstacles relating to smaller quantities of 

biomass available. Such plants have the capacity for 15-100kWe of electrical output (O’Connor 

et al., 2018). SSAD is seen as a more viable option given the large amount of livestock (1.4 

million dairy animals). As a result, energy demand prediction and potential feedstock 

availability are easily calculated, presenting a promising opportunity to achieve its benefits 

outlined in Chapter 2. Therefore, this case study set out to: 

1. Asses the commercial viability of SSAD on Irish dairy farms 

2. Determine technical needs in the operation of a SSAD plant. 

3. Conduct an economic viability test on the technology 

5.14 Feedstock Availability  

The study in line with the Irish Dairy farm system assumed the co digestion feedstock products 

as cow manure and grass silage from small and medium sized farms. Grass silage was chosen 

due to its use and availability in Ireland, given 80% of all land is dedicated to pasture 

(Government of Ireland, 2018). 5 dairy farms of differing sizes were used to represent 5 

differing scenarios. Specifically, Scenario 1 (50 cows), Scenario 2 (100 cows), Scenario 3 (150 

cows), Scenario 4 (200 cows) and Scenario 5 (250 cows). Cow type represented consisted of 

Holstein-Friesian cows typical of a commercial dairy farm in Ireland (Wickham,2007). Manure 

was collected from cattle housing and milking parlour (Ryan,2006). Table 5.2 details the 

typical amount of manure collected over a 16-week winter period where cows are housed, it 

was difficult to find exact data on manure typically produced during the grazing season as 

manure produced is collected in the milking parlour twice per day, 20% collection rate was 

assumed (Teagasc, 2016). 
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Table 5.2 Manure Characteristics of Dairy Animals, taken from O’Connor et al., 2020. 

 

The model assumed Dairy farming to be the primary source of income on the farm and that 

only surplus crops were used as feedstock for biogas production. Available farmland to grow 

this extra feedstock was calculated by taking the average farm size from land necessary to 

sustain the dairy herd. The corresponding farm size to cow numbers indicated were as follows: 

Scenario 1 (43.51 hectares), Scenario 2 (68.74 hectares), Scenario 3 (93.96 hectares), Scenario 

4 (119.19 hectares) and Scenario 5 (144.41 hectares). Recommended stocking rate was placed 

at 2.8 cows per hectare with a 20% margin of safety applied for variation in season and land 

which is unsuitable (Teagasc,2016). Typical yields of silage in Ireland range from 11 to 15 

tonnes of dry solids per hectare with higher yields evident in the southwest and less in the 

northeast (Teagasc,2018). An average yield of 13 tonnes of dry solids was therefore applied to 

the model in this case study.  

A point of interest from this case study indicated that as more land became available for the 

production of biogas, an increase of just 35.4% was noted between Scenario 1 (smallest) and 

Scenario 5(Largest). This indicates that perhaps a larger amount of land is available for biogas 

production in smaller farms than bigger farms once cow demand has been accounted for (Fig 

4.13). Similarly, feedstock as grass silage represented a larger proportion in Scenario 1 

(Smallest 51%) versus Scenario 5 (Largest 23%). 
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5.15 On Farm Activities Prior Digestion 

The case study determined both direct and indirect costs of co digestion products associated 

with the energy produced detailed in Table 5.3 and 5.4. Cultivation calculations were based on 

cultivation of land every 7 years on average as per Teagasc guidelines. Cow manure feedstock 

accounted for energy inputted in the process of collecting, loading and movement of animals 

from housing to the milking parlour and finally to the digester site. Based on a previous study 

by Berglund et al., 2006, the figure associated with the energy input involved in the transport 

and loading of manure is 2.5 Mj t-1 km-1. Digestate produced was assumed to be spread on 

the farmers own land. 

Table 5.3 Energy consumed from raw material, taken from O’Connor et al., 2020. 
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Table 5.4 Consumed energy and emission from production of raw materials, taken from 

O’Connor et al.,2020. 

 

All 5 farms generated enough energy to create a surplus of supply for external use as seen in 

Figure 5.7 Interestingly, energy demand for the farm itself represented a small proportion of 

overall energy created with range of 3.08% to 4.66% (Fig 4.14). The vast majority of energy 

created was for export off site, totalling between 73.04% to 79.13% of all energy produced. 

 

Figure 5.7 Energy usage on farms, taken from O’Connor et al., 2020. 
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5.16 Biogas Plant operation and output  

Biogas produced is much dependent on the portion of VS in feedstock supplied. Greater 

amounts of VS correlate to an increase in biogas produced (Manchala et al.,2017). The physical 

and chemical properties of the feedstock were determined using the Boyle Buswell 

stoichiometric relationship for flowrates of biogas per kg of VS and detailed in Figure 4.12 

(Boyle, 1977). Methane emitted from this process accounted for. The resultant methane yield 

was 0.6376 m3 CH4 kg-1 for manure and VS 0.822 m3 CH4 kg-1 VS for grass silage 

respectively. Predicted output is tabulated in Table 5.5 below. 

Table 5.5 Properties of dairy cow slurry and grass silage both Physical and Chemical, taken 

from O’Connor et al.,2020. 
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Table 5.6 Determined characteristics of study, taken from O’Connor et al.,2020. 

 

Availability of Dairy cow manure increased in line with an increase in cow numbers (Table 

5.6). Plant type for the Case study consisted of a continuously stirred mesophilic tank reactor 

(CSTR). Biogas produced was used in a combined power and heat unit (CHP) as described in 

Chapter 2. The plant was in operation for 91% of the time or 8000 hours to allow for ongoing 

maintenance. 25 days was allowed for hydraulic retention (Bioenergy Training centre, 2020). 

The required CHP unit size was determined through the equation outlined in Figure 5.8. 

 

Figure 5.8 CHP Capacity calculation, taken from O’Connor et al.,2020. 

Typical of similar sized systems, CHP unit was attributed with thermal efficiency of 55% and 

efficiency of electricity of 30% (Enerblu,2019). The main source of power was required by the 
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stirring and subsequent pumping of feedstock at 7.2 kWh t-1 in line with previous studies by 

Berglund.  

5.17 End use of Energy Produced 

Electricity produced by the system was first used to cover the demand of the farm and any 

surplus sold back to the National Grid. Specifically, 4 main demands were identified as: 

1. AD plant operation. 

2. Farm Demand to produce milk 

3. Surplus electricity supplied to the National Grid. 

4. Surplus exported to thermal energy. 

Average energy demand for the farm was determined by calculating the energy required per 

litre of milk produced (Humphrey et al., 2013), where yield averaged was assumed as 5000 

litres per cow. Energy displaced by the CHP unit was assumed to be kerosene as the main fuel 

source used on Irish Dairy Farms (Humphreys et al., 2013). Excess heat produced by the plant 

also had a number of potential uses including: 

1. Drying of woodchips 

2. Horticultural usage  

3. Local Industry 

4. District Heating Scheme  

5.18 Cost of Construction and Operation 
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Figure 5.9 Costs of AD plants of differing electrical capacity, taken from O’Connor et al., 

2020. 

Figure 5.9 details the costs associated with the construction and establishment of an AD plant 

of Differing electrical capacities. Capital costs were determined through combining the capital 

costs with the CHP capacity to produce electricity from previous studies from Redman 2016 

and Samir. Capital costs reduced as the capacity of the plant increased. Other costs associated 

with the running of the plant include a maintenance cost of 2.5% of capital cost and insurance 

fee 1% of capital costs (O’Connor et al.,2020). Staffing costs associated with the daily 

operation of 8.5 per kWe were determined to be €15 per hour in line with standard pay scale in 

Ireland for such a position. It was not possible to calculate the cost of tax due to an unknown 

surrounding total profit or loss. Similarly, interest could not be calculated due to the nature of 

fluctuation on the financial market. 

5.19 Revenue Potential 

Exported electricity to the National Grid is sold through the Renewable Energy Feed in Tariff 

(REFIT) introduced by the Irish Government in May 2010 (Department of Communications 

Energy and Natural and Resources, 2013). Tariffs were available for a 15-year period through 

indexation to a rate of 15.8c€ kWh-1 for AD electricity exported with CHP of up to capacity 

of 500kW. Current REFIT schemes have ceased as of December 2015 with an expectation for 

it to reopen again with support period of 20 years. Revenue was therefore calculated from the 

point electricity is sold to the National grid and didn’t include losses after this point such as 

distribution or transmission. 

Demand for electricity on site at the farm was determined through an average electrical rate of 

6 months in 2017. Two rates of usage were used: consumption less than 0.02 GWh yr-1 

(19.9c€h-1 purchase rate) and consumption at 0.02 to o.5 GWh yr. -1 (15.1c€ kWh-1 purchase 

rate). At the time of study, the rate of displacement between kerosene with CHP was outlined 

as a fuel cost of 8 c€ 1-1 (SEAI,2018). Plants in the case study were also subject to the Support 

Scheme for Renewable Energy of 2019 allowing a tariff of 2.95 c€ kWh-1 for 15 years on 

plants producing up to 300 MWh yr-1 (SEAI,2018). Outside of infrastructure cost, thermal 

energy sales through a heating system (district) was predicted at €0.03 kWh-1. 

Financial indicators were also applied to the study to determine the economic performance of 

the plants. Four main parameters were assessed including: Net Present Value (NPV), Internal 
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rate of return (IRR), discounted payback period and simple payback period. NPV was used to 

determine project profitability accounting for cash flow during set periods of time. IRR 

represented a discount rate making NPV of all cash flows inclusive to zero. Discount rate was 

used to show investor risk when choosing to invest. Larger risk is associated with a greater 

discounted rate as compensation. This case study set the discount factor at 5% over a 20-year 

plan lifecycle in line with previous studies by Redican (2018). Payback period shows how long 

it took to create revenue to break even on the investment. 

Government grant aid in previous studies accounted for a significant portion of establishment 

costs such as those employed in France and England which have accounted for up to half of 

expenses incurred (Lukehurst,2015). On this basis, a grant aid of 50% was applied to the case 

study. 

The above data was incorporated over the 20-year lifespan of the plant under the 5 scenarios 

of differing cow and land numbers and detailed in table 5.7 below. Results indicated suggest 

commercial SSAD plants to be feasible from an economic standpoint for farms with greater 

than 100 cow (Scenario 2-5). Significantly, payback periods of farms between 100 and 200 

cows were considerably long (Scenario 2-4). this figure may be subject to change given the 

potential to sell to the National grid and energy sold thermal power as they generated the largest 

amount of revenues. Due to economies of scale, capital expenditure that was required as plant 

capacity increased. 

Government Capital infrastructure grant of 50% shows a significant impact on feasibility and 

potential to use this figure to utilise a political pathway to SSAD uptake in Ireland as seen in 

countries such as France (Lukehurst,2015). As portrayed in Figure 5.10 and 5.11, the grant aid 

significantly reduced payback periods where all 5 scenarios are paid back with 17 years or most 

significantly under 8 years in a 100 cow scenario. 
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Table 5.7 Project Revenue Prediction under scenarios, taken from O’Connor et al.,2020. 
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Table 5.8 Investment costs less Financial Indicators, Taken from O’Connor et al., 2020. 

 

 

 

Figure 5.10 Payback period excluding 50% Grant aid, Taken from O’Connor et al., 2020. 
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Figure 5.11 Payback period including 50% Grant Aid, Taken from O’Connor et al.,2020 

5.20 Renewable Energy Directive Considerations 

As outlined in Chapter 1, RED II requires for all biomass fuels in the creation of electricity, 

heating or cooling to satisfy a 70% reduction in GHG, rising to 80% by 2026. This presents a 

challenge to the Agricultural Industry to consider feedstock availability to reach these targets.  

KPMG, SEAI, Teagasc and Ricardo Energy & Environment 2021, drafted a study to determine 

Irelands ability to reach outlined targets through 3 differing scenarios of feedstock inclusion 

type. 

Scenario 1 (Figure 5.12) examined the ability of Standard Ryegrass and slurry inclusion to 

satisfy eligibility criteria. Scenario 2 (Figure 5.13) examined MSS inclusion with slurry and 

Scenario 3 (Figure 5.14) represented a hybrid model consisting of Rye/ Clover and Slurry 

inclusion. The SEAI RED compliance model was utilised to detail their findings in Fig 5.12, 

5.13 and 5.14 
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Figure 5.12 Scenario 1 Perennial Ryegrass inclusion, taken from KPMG,2021 

 

Figure 5.13 Scenario 2 Multi-Species Sward Inclusion, taken from KPMG, 2021. 
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Figure 5.14 Scenario 3, Hybrid Inclusion, Taken from KPMG, 2021. 

As a benchmark of the typical grazing variety used on Irish Dairy Farms, Perennial Ryegrass 

requires between 55-60% inclusion of chemical fertiliser or digestate in order to meet RED II 

criteria. Furthermore, if 75% of fertiliser requirement was met by Digestate then slurry 

incorporation can be reduced to 50-55%. Predictive model results suggest both S2 MSS and 

S3 Hybrid model would not satisfy RED II protocol based on Forage alone. For S2 MSS to 

reach the initial reduction target of 70%, a 29% inclusion of slurry is required (KPMG,2021). 

This is mirrored in S3 Hybrid model with a 21% inclusion of slurry required. Furthermore, to 

reach the 80% target by 2026, S2 will require a 43% inclusion of slurry along with MSS. 

Similarly, S3 Hybrid model will require a 41% inclusion of slurry along with the Hybrid grass/ 

clover mix. 
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5.21 Anaerobic Digestion and the Environment 

All of the energy required for the operation of the plant are facilitated internally through the 

CHP engine, producing no C02 emissions. Any excess heat was utilised on site as a 

replacement for conventional kerosene. A previous study by Upton (2019), attributes 36.4Mj 

1-1 output energy cost to kerosene and associated C02 emissions of 0.25 tC02 MWh-1. 

Electricity produced beyond the needs of the AD plant or farm are exported to the National 

grid for profit. This represented a C02 saving of 0.367 t C02 MWh-1 at the time of study 

(Commission for Regulation of Utilities. Fuel mix disclosure 2020). 

The release of C02 from combustion of biogas was set at a rate of 83.6kg GJ-1 (Nielson et 

al.,2014). A “do nothing” approach was also incorporated to show GH savings if no AD plant 

was constructed to include emissions from the release of emissions from manure and land 

application subsequently. These calculations followed OECD guidelines which detail emission 

release during storage based upon 20% of biogas potential production from a 2-month 

timeframe. Land application emissions were predicted based on 10% biogas potential 

remaining, emission factor for biogas was predicted to the equivalent of 11.9kg C0s from GWP 

of methane at 28 (Myhre et al.,2013). 

Table 5.9 outlines the resultant C02 balance accounting for both C02 inputs and outputs for 

each scenario. 
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Table 5.9 C02 balance under each Scenario, taken from O’Connor et al.,2020. 

 

Each scenario under investigation represented a C02 reduction from 2,059 to 173,237 kg C02 

eq yr-1. This represented a significant reduction under each scenario. Significantly, even the 

smallest plant in Scenario 1 represented a C02 saving of 41,180kg C02 eq or the emissions of 

87 cars. The biogas production process itself exhibited the largest amount of C02 emissions. 

In this process, C02 is released in the combustion of biogas. This represented 90-95% of C02 

emissions each year over the 5 Scenarios. 
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5.22 Environmental Impact of Digestate  

Replacing the use of untreated dairy cow slurry with Digestate has the potential to displace a 

significant amount of GHG emissions to the tune of c.54 kgCO2 e/ tonne slurry (Ruiz et 

al.,2022). However, this figure is largely dependent on the nature of the feedstock supplied, 

type of animal. Its diet, time of the year and manure management system in place. Typically, 

slurry storage is via open tanks in which methane is released to the air and the organic matter 

left behind spread on the land through a tanker system. Utilising this slurry and diverting it 

towards Biomethane production not only creates a renewable energy source but also reduces 

methane and associated GHG emissions whilst creating a usable bioorganic fertiliser. 

Nitrous oxide and methane are the two main GHGs associated with stored slurry. Research by 

Nolan et al.,2020 indicated that stored slurry produces twice as much nitrous oxide than 

Digestate in the process and spreading of the material. Odour emissions are reduced, however 

an increase in ammonia may occur due to an increase in pH as a result of ammonia nitrogen 

availability. However, this may be mitigated with technologies proven to reduce its occurrence 

such as reduction of slurry pH on arrival, increased storage infrastructure or covers on storage 

areas (Nolan et al.,2020). 

From a chemical fertiliser standpoint, Digestate has the potential to offset its use from 15- 

100% depending on the nature of the feedstock supplied and associated conditions (McCabe et 

al., 2019). The Anaerobic Digestion and Bio resources association have reported that for every 

1 tonne of chemical nitrogen replaced with Digestate, a tonne of oil, 108 tonnes of water 

supplied and 7 tonnes of C02 emissions are saved. 

5.23 Biochar as a Natural Methane Mitigation additive  

This thesis has outlined biochar as a potential additive to reduce methane from stored slurry 

both stockpiled and liquid storage which further compliments Anaerobic digestion. The 

resultant digestate created in the process may be used as feedstock in the production of syngas 

via pyrolysis where biochar is created as a by-product. This link requires further assessment to 

determine is biochar a feasible addition to the manure storage on Irish Dairy Farms today. 

5.24 2022 Californian Study 

The uptake of Biochar as a manure additive is very much in its infancy. However, there are a 

number of studies which suggest significant reductions in methane yield can be made. For 

example, di Pertha et al., 2020 in her study found a 33% reduction in methane in vitro when 

comparing against the control slurry which had no biochar present. This was due to the 

formation of a thick crust which was less permeable to volatilisation compared to the control. 
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Harrison et al.,2022, recently conducted a study to identify the impact dairy manure treated 

with biochar had on stockpiled manure to allow Methane targets set about by the American 

Government to be reached. Recent legislation such as the short lived climate pollutant 

reduction law – SB 1383 and Global methane pledge call for significant reduction in methane 

outputs from Agriculture by 2030. Specifically, SB 1383, introduced in 2016 requires methane 

emitted from the Californian dairy herd to be reduced to 40% below levels recorded in 2014 

by 2030 (Lara et al.,2016). More recently, the conference of the parties 26 or COP26 saw the 

introduction of the Global Methane pledge. This pledge signed by 110 countries sets about a 

30% reduction in Methane levels from Agriculture on 2020 levels by 2030 (Global Methane 

Pledge 2021). The primary action which California plan to utilise is in the form of Anaerobic 

Digesters to reduce methane output. However, this target is not currently being reached due to 

financial and legislative barriers hindering the progress of uptake and construction (Satchwell 

et al., 2018). Furthermore, Anaerobic digestion in California is not suitable for stockpiled 

manure and here presents an opportunity to mitigate methane from this stock which represents 

a significant proportion of total waste (Harrison et al.,2022). Therefore, the successful uptake 

and efficacy of biochar to the Californian study may not only help reach emission targets but 

also reduce the need to construct extra costly Digesters. 

Data of significance for an Irish system entails the treatment of the Ruminant Dairy slurry and 

how biochar of similar nature can be utilised nationally in Ireland. This study was of great 

significance as within the Californian system, intensive dairy systems and the associated 

manure management may account for up to half of methane emissions with average of 25% 

(Harrison et al., 2022).Therefore the Dairy feedlots present a significant challenge to the output 

of methane emissions due to their high stock density, manure output and the spatial 

decouplement from livestock and the production of feed (Owen et al., 2015).Studies by Steiner 

(2015) and Wang (2013) have shown that when biochar is added to a stockpile to create a 

compost, lower greenhouse gas emission output are recorded through gas absorption, improved 

aeration and stimulating anti methanogenic microorganisms. This study set about detailing 

potential methane reductions from stockpiled manure through co composting with biochar 

material, the by-product of pyrolysis. 
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5.25 Experimental Design 

This study hypothesised that methane can be reduced from biochar amended stockpiles via 

improved aeration (Harrison et al., 2022). A field based study was carried out testing this 

hypothesis with and without biochar present in the trial sites. Greenhouse gas results from the 

trial sites were then worked into a life cycle assessment (LCA) of a typical management system 

of solid manure. These results are then incorporated into a model to estimate how effective 

biochar composting is in meeting California’s methane goals (Harrison et al.,2022). The trial 

took place for two months between August and September 2021. The biochar used was derived 

from approximately 85% Douglas Fir, Ponderosa pine and remaining waste material sourced 

from Oregon Biochar Solutions from pyrolysis at 900 degrees Celsius. Full composition of 

biochar used is detailed in Table 5.10.  

Table 5.10 Composition of Biochar used, taken from Harrison et al., 2022. 

 

Each pile consisted of a trapezoidal shape, 30 meters long, 3 meters in width and 1 meter of 

height approximately. The control pile, containing only manure contained 15.34 tonnes of solid 

manure fresh and 1.32 tonnes of residue from orchard clippings. The experimental pile 
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containing the biochar contained 15.35 tonnes of solid manure fresh, 1.32 tonnes of orchard 

residue and 1 tonne of biochar (Fig 4.1). During the 35-day trial period, both piles were turned 

o days 8,15,22 and 29. The three main Greenhouse gases measured were CH4, N20 and C02 

each day over the 35-day trial period via a spectrometer linked to a closed system static 

chamber from nine different locations on each pile. Fluxes were discovered via the Picarro Soil 

Flux Processor program (Hutchinson et al.,1981). To determine physiochemical properties, 

new samples were taken each week once the piles were turned and moisture content 

determined. 

5.26 Life Cycle Assessment  

Part 2 of the study involved the incorporation of a life cycle assessment (LCA) into the equation 

to estimate the potential impact linked to each stage of biochar composting, composting and 

final stockpiling (Vergara et al., 2019). The first consideration on this system begins with the 

transportation of raw feedstock and final application of compost to the soil as fertiliser. 20 and 

10-year global warming potential (GWP) were accounted for each experiment. The 20 year 

GWP was used as methane possess a significant GWP over a 12-year period lifecycle. This 

was also most relevant to SB 1383 and Global Methane Pledge as America seeks a transition 

period away from fossil fuel (Isaksson et al., 2020). Fossil fuel emissions avoided as a result 

of the process of pyrolysis was calculated using a net energy value of 4043 MJ/ feedstock and 

biochar yield of 28.8%. Default factors of emissions from IPCC were also used assuming a 

mix of 50/50 (IPCC, 2006). In this scenario, biochar was also said to reduce GHG from the 

burning of biomass such as crop and forestry residues, assuming up to 10% of the feedstock in 

biochar and compost production would have been burned. This was based upon the percentage 

of corn and wheat burned per annum in America (FAO,2019). The feedstock and compost was 

also transported by diesel lorries weighing 36 tonnes and delivered with 40 kilometres which 

was also accounted for in the calculations. From an economic standpoint, an estimation was 

also calculated regarding extra Anaerobic digesters required to meet the 40% reduction target 

set. Calculations were based on Digesters required without Biochar composting, with Biochar 

composting and Biochar composting along with a 1% reduction in herd numbers. 
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5.27 Methane Produced  

 

Figure 5.15 Daily CH4 output with and without Biochar, taken from Harrison et al., 2022. 

 

 

Figure 5.16 Cumulative CH4 production with and without biochar, taken from Harrison et al., 

2022 



97 
 

As seen from fig 5.16, over the 35-day trial period, the pile containing manure only released 

2.43g CH4 kg of dry feedstock per day. 218g C02 kg dry feedstock and 0.029mg of N20 per 

kg of dry feedstock was also emitted. Conversely, emissions from the biochar stockpile resulted 

in accumulative CH4 kg of dry feedstock of 0.51g. C02 and N20 were not statistically 

significant at 177g and 0.075mg respectively. This result in CH4 reduction indicated a 79% 

reduction to that of the manure only stockpile with majority of emissions taken place in the 

first 3 weeks of the trial. The mode of action was said to be consistent with previous studies 

which indicated the increase in 02 from the addition of the biochar reduced methane production 

by methanogens and increased uptake or consumption by methanotrophs which reduced the 

flux of CH4. 

5.28 Emissions saved by association (LCA) 

The findings from the Gas measurement experiment were incorporated into the LCA model to 

detail the significance of this reduction in meeting their GHG targets. The results indicated a 

vast reduction in GWP. This was based on functional unit comprising of a metric ton of solid 

manure from a dairy animal managed by composting of biochar in line with a reference system 

where solid manure separated is stockpiled as seen in Figure 5.17. 

 

Figure 5.17 Schematic detailing boundaries for each of the three management approaches, 

taken from Harrison et al., 2022. 
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Results from the 100 year GWP, the impact of composting, biochar composting and stockpiling 

were −535 kg CO2e, −194 kg CO2e, and 102 kg CO2e simultaneously as seen in Figure 5.18. 

 

Figure 5.18 LCA strategies under 100 year GWP. Number indicates net GWP in kg, Taken 

from Harrison et al., 2022. 

The results of the 20 year GWP model are seen in Figure 4.7 below. Impact is detailed as s 

−870 kg CO2e, −441 kg CO2e, and 446 kg CO2e for biochar composting, composting and 

stockpiling individually (Figure 5.19). 
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Figure 5.19 Results of 20 Year GWP Model, Taken from Harrison et al., 2022. 

5.29 Avoided Fossil Fuel 

Avoided fossil fuel was detailed in figure 4.7 above. this was a s a result of the biochar produced 

and the energy/ electricity created as a result. A reduction of 76CO2e was observed. 

5.30 Biochar as a Biocover  

Dougherty et al., 2020 in their study explored the potential of biochar as a potential Biocover 

based on previous work which suggest it may be beneficial in reducing emissions lost to the 

environment during slurry storage. Over an 8-week period, emissions of Ammonia and 

Hydrogen Sulphide were measured from a lagoon protected with biochar versus a control 

without. Manure stored was typical of that of a commercial Dairy farm consisting of dairy 

washings and manure from an underground collection tank. 

The biochar covers used were created and sourced through Bio-Logical a company based in 

Philomath. Four different treatments were applied to the slurry as follows: 

1. Douglas Fir biochar produced through gasification at 650 degrees (FC650) 

2. Douglas Fir Biochar produced through slow pyrolysis at 600 degrees (HF600) 

3. Straw derived from Wheat 
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4. No Cover (Control) 

Covers applied reached a depth of 5cm. The treatments were repeated three times in terms of 

emissions in comparison to a control without any cover. Gas emissions were measured via a 

sampling port to the side of the lagoon through Colorimetric analysis of gas. Samples were 

taken on the first day and subsequent days 14, 28, 42 and 56 to gauge the change in headspace 

concentration over the trial period and detailed in Figure 5.20 below. 

 

Figure 5.20 Ammonia concentration during trial period for 4 treatments for two manure types 

used, taken from Dougherty et al.,2020. 

Concentrations of Hydrogen Sulphide were below levels of measurement and therefore were 

deemed irrelevant for this study. As seen in figure 5.20, concentrations of Ammonia declined 

with the straw, control and FC650 treatments over time. HF600 covers displayed an increase 

in Ammonia emission on Day 14 unexpectedly. To compare concentration of Ammonia in the 

headspace two sample t tests (Unpaired) were conducted. Significant reductions (p<0.05) was 
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observed with straw and HF600 covers. In comparison to the control, a reduction in ammonia 

emissions was also observed in FC650 covers. However, this was deemed statistically 

insignificant (p<0.05) displayed in figure 5.21 (Dougherty et al.,2020). 

 

Figure 5.21 Headspace Ammonia concentration comparison, taken from Dougherty et 

al.,2020. 

5.31 Biochar as an Organic Fertiliser 

The use of biochar as an organic fertiliser has been discussed as a potential replacement for 

chemical fertiliser or as an aid to offset its use which produces harmful GHG emissions in its 

creation. Based on quotations from local trade in Ireland, there may also be a heavy financial 

incentive for its usage with quoted prices of chemical nitrogen ranging from 800-850€ per 

tonne, a fourfold increase in 2018 quoted prices (Teagasc,2022). On Irish dairy farms, chemical 

nitrogen is one of the most widely used fertilisers to grow grass and crops to feed their animals. 

Khan et al., 2022, in their study investigated the potential role biochar may have with 

improving the availability of Nitrogen from the soil when applying other sources of organic 

nitrogen, reducing reliance on chemical sources in the production of wheat. Availability of 
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nitrogen from Urea was also conducted to observe its effect on chemical sources over a 2-year 

period. 

5.32 Study Design  

The study set out to find the influence Biochar has on the availability of Nitrogen from organic 

sources and a chemical source when applied at 0, 10, 20 and 30 tonnes per hectare. Organic 

sources used were farm yard manure and poultry manure, both of which are available to an 

Irish system. Granular Urea represented chemical source of nitrogen used. Manure was applied 

at a rate of 0, 90, 120 and 150 kilogrammes per hectare. A total of 120 plots of wheat were 

cultivated and assessed for accuracy of data. 

Pirsabak wheat seed was sown at a rate of 120 kilogrammes per hectare in rows of 30 cm apart. 

Poultry manure and farm yard manure were applied one-month prior sowing whilst, biochar 

was applied at sowing and Urea administered in a split dose. In the second year, half rate of 

organic sources was applied to allow appropriate decomposition time. Response to Grain yield, 

straw yield, nitrogen yield and uptake were recorded. 

5.33 Grain Yield 

A significant difference in Grain Yield was apparent over the control for each treatment as seen 

in figure 5.22. Over the 2-year period, grain yield increased significantly. It was observed that 

where biochar was present in soil, yields were higher than the control without. Peak grain yield 

was observed as 13.26% over the control at 20 tonnes of biochar per hectare and the lowest 

yield recorded at the control (No Biochar). In terms of Nitrogen interaction, Grain yield was 

increased significantly by 49.73% in comparison to the control at 150 kilograms of nitrogen 

per hectare as poultry manure. This yield was slightly lower at 46.4% extra over the control for 

Urea. Lowest yields were created in control plots (Khan et al., 2022). 
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Figure 5.22 Effect of interaction between Biochar and Nitrogen with Urea (Chemical), Farm 

Yard Manure (Organic) and Poultry Manure (Organic) on Grain yield, adapted from Khan et 

al., 2022. 

5.34 Straw Yield 

Variations were observed between biochar, Nitrogen interaction and their yield of straw given 

as detailed in figure 5.23. Similarly, to Grain yield, significant increases of yield were recorded 

in the second year of trial work. Maximum yield of straw was recorded where biochar was 

applied at 20 tonnes per hectare at 15.56% over the control of no biochar. Increases were also 

observed at 30 and 10 tonnes per hectare yielding an increase of 10.29% and 8.85% 

accordingly. In terms of Nitrogen management, maximum yield of straw was observed at 

7.36% over the control at 120 kilogrammes of Nitrogen per hectare applied as Farm Yard 

Manure. Interactive effect of biochar and Nitrogen found greatest yield of straw where 20 

tonnes of biochar per hectare was applied along with 120 kilogrammes per hectare of Nitrogen 

as Farm Yard Manure (Figure 5.23) (Khan et al.,2022). 
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Figure 5.23 Effect of interaction between Biochar and Nitrogen on Yield of Straw when treated 

with Urea, Farm Yard Manure and Poultry Manure, Adapted from Khan et al., 2022. 
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Chapter 6: Discussion 
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6.1 Encouragement of Active Engagement  

The willingness of the primary producer is central to the implementation of studied remedies 

to help mitigate methane emissions from the Dairy herd to help safeguard future production. 

Overall, results from the survey indicate that farmers are very much willing to engage with 

practices which help reduce farming’s impact on Global warming. However, there was 

admittedly a knowledge gap evident in these practices and farmers were also somewhat 

unwilling to engage should this have an adverse financial impact on their enterprise. Therefore, 

a range of development and financial packages have become available to help incentivise the 

uptake of methane reducing practices at farm level. 

6.2 Glanbia Co-Op Sustainability Action Plan Payment 

 

Figure 6.1 Glanbia Sustainably action plan Payment plan, Taken from Glanbia,2022. 

Results from Shorthall et al suggest farmers are willing to uptake sustainable practices, thereby 

facilitating a reduction in associated Methane producing practices. However, it was also 

commented that the uptake of such practices must may financial sense for the primary producer. 

The industry in Ireland has begun to answer this call with symbiotic incentives which secure 

financial viability for the farmer whist securing supply of product for the Industry. Glanbia 

Ireland is Ireland’s largest processor of milk, processing over 8 billion litres of milk globally, 

producing liquid milk products, cheese products and performance nutrition ingredients. 



107 
 

Glanbia as a company and processor are very much aware of the challenges facing the industry 

and strive to become market leaders in sustainable practices pledging to become Carbon neutral 

in the Dairy supply chain. Specifically, the processor has targeted a thirty percent reduction in 

Green House Gas emissions from each litre of milk produced by 2030. A part of this journey 

includes the management of raw milk and ensuring it is produced in the most environmentally 

friendly way. With this in mind, they have introduced a support scheme to help incentivise 

farmers in sustainable practices by making an 18-million-euro support fund available over 3 

years for their 5,000milk suppliers in Ireland. The aim of the project is to reduce the carbon 

footprint of milk produced, improve water and air quality on farm and ensuring best practices 

from the ground up incorporating each process from soil to milk (Glanbia,2022). 

The 18-million-euro fund translates into the equivalent 0.5 cent per litre produced including 

value added tax once in compliance with the sustainable actions. On average, each Glanbia 

dairy supplier will receive a payment of three thousand euro each year or 54 million euro across 

the duration of the plan. 

6.3 Requirements 

Glanbia have set a number criterion to meet in order to become eligible for the payment detailed 

below: 

1. Commit to the reduction of carbon emissions through the utilisation of clover and multi 

species swards, grass measurement practices, breeding to reduce emissions, the use of 

milk recording or the uptake of renewable energy on farm. 

2. Enhance and improve the quality of air by implementing the usage of Protected Urea 

and slurry spreading technology to reduce emissions lost as volatilisation to the 

atmosphere. 

3. Promote biodiversity through hedgerow growth and native trees. 

4. Aid and support healthy soil and water by implementing nutrient management. 

5. Improve animal health to ensure efficient operations through disease screening and 

partaking in the Beef Twenty-Twenty club to ensure a closed loop of sustainably 

produced Dairy-Beef animals to the consumer. 

In total there are 17 measures to choose from in which a farmer must meet a minimum of 6 in 

order to be eligible to the support payment. This shows an example of how the industry is 

leading the way in ensuring Milk produced in Ireland is produced sustainably with reduced 

Green House Gas emissions (Glanbia,2022). 
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6.4 Multi Species Sward Scheme  

This thesis outlined the potential of Multi species swards as a Feedstock for Anaerobic 

Digestion due to its favourable growth potential and its positive impact on biodiversity. Farmer 

based surveys also indicate that the uptake in usage of Multi Species sward is linked with that 

of a “Good Farmer” and there is a willingness to adapt such practices. However, this potential 

to adapt was met with a financial dilemma in that although MSS was deemed the “right thing 

to do”, it must also make financial sense to do so. On Friday the 25th of March, the Department 

of Agriculture in Ireland announced the role out of the multi species sward scheme for Irish 

farmers to incentivise the uptake in its growth. The scheme was launched in an effort to reduce 

the countries dependence on chemical nitrogen whilst also gaining the advantages of the crop 

without compromising production potential. Farmers eligible received a payment the 

equivalent of fifty euros per acre towards a twelve-kilogram bag of the seed. The scheme has 

aided in the establishment of 12,000 hectares of multi species swards, incorporating varieties 

of white clover, red clover, timothy, chicory, plantain and perennial ryegrass into Irish 

grassland (DAFM, 2022). This incentive has thereby paved the way for its uptake and creates 

another potential feedstock for Anaerobic Digestion and one step closer to facilitating 

feedstock requirements set out by RED II. 

6.5 Anaerobic Digestion: Potential to reduce Methane  

This thesis has highlighted the potential multi-functional use of Anaerobic Digestion to reduce 

methane from the Dairy herd for sustained production. Maldaner et al in their study concluded 

significant findings to suggest the storage of untreated slurry as Digestate greatly reduces 

methane emissions emitted from storage by 85% on average (Figure 5.5). The impact of 

Volatile solids was also highlighted versus untreated manure. For the month of April where 

Volatile solids mass percentage was similar for Digestate vs untreated manure, methane 

emissions per volatile solid were 2.3 times lower in Digestate. This signifies the potential of 

Volatile solids as an emission precursor in untreated manure and the impact the Anaerobic 

Digestion process has on Volatile solids and its potential to produce methane. The exact 

mechanics of this result was not defined and may require future work from various feedstock 

types to verify. 

 A strong positive relationship between Methane flux and temperature (Air and Digestate) show 

that Anaerobic Digestion holds great potential in colder climates with regard to methane 

emissions. However, this study has also highlighted the need for Irish specific data regarding 

Methane emissions. This study has set the basis for potential and one could hypothesis a 
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somewhat steady rate of methane emissions throughout the year given Irelands temperate 

climate. However, further work in an Irish system with differing feedstock types is needed to 

verify this claim. 

6.6 Anaerobic Digestion: Significance of Financial Data 

As highlighted by Shorthall et al, the uptake of remedial practices must also be financially 

feasible for the primary producer to partake. The 5 scenarios outlined in the Irish feasibility 

scenario indicate that SSAD feasible economically for herds greater than 100 cows (Scenario 

2-5). However, it is worth noting that some important financial metrics were not considered in 

this study such as connection fee to the national grid, civil construction and legal fees. Such 

metrics would need to be considered to get a true picture of financial feasibility. 

This data has outlined the significance of Government funding and support to bridge the gap 

created through length of payback on investment which may discourage investors from 

committing to such a project. Such financial incentives presently include the REFIT scheme, 

which reduces the payback period significantly where applicable. Payments available are based 

on two payments: 15.8c€ kWh-1for plants of CHP capacity up to 500kW and 13.7 c€ kWh-1 

for plants in excess of this (Department of Communications Energy and Natural and Resources, 

2013). As a result, smaller plants are left somewhat disadvantaged with higher costs due to lack 

of economies of scale. As outlined in Chapter 2, Germany leads the way with regards AD 

uptake with subsequent policy amendments to suit. By way of comparison, Germany offers 

tariff rate of 23.73 c€ kWh-1 for plants with capacity not in excess of 75 kWe in an effort to 

encourage SSAD. Similarly, in the UK a tariff of 4.50£ kWh-1 is provided for plants with 

capacity which does not exceed 250 kW. Renewed legislation in Ireland through the Support 

Scheme for Renewable heat has not addressed this problem with current tariff based on 2.95 

c€ kWh-1 to all plants which do not exceed 1000 MWh yr.-(Department of Communications 

Climate Action & Environment,2018). Although tariffs are welcome, in order to encourage the 

uptake of SSAD in Ireland, government funding must reflect and support extra costs associated 

with SSAD in comparison to large production sites. 

Based upon findings from the case study and similar to others such as Kampman, 2017, one of 

the main barriers to SSAD is the cost of finance associated with the construction of a plant. 

Related issues also included lack of expertise surrounding the technology from investors and 

financial agencies in assessing feasibility. The government capital grant subvention has been 

seen as a successful legislation in countries such as France where up to 50% grant funding has 

been secured (Lukehurst et al.,2015). Figure 5.11 shows the potential impact such a measure 
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would have in an Irish Scenario, reducing the payback period 3.88 years to 14.62 years. Here 

lays food for thought for the Government of Ireland in the reduction of Methane and associated 

GHG from the Dairy herd through the support of AD adoption in Ireland. 

Future predictions estimate the overall cost of running such plants will reduce in the coming 

years as technology and processes improve efficiency of operations. The increased emphasis 

on smaller plants may lead to cost reductions as modular systems are developed further. There 

are many companies are in the testing phase and or commercial operations in Europe 

representing this technology, with many more in development (QUBE Renewables,2019). 

6.7 Environmental Impact of Anaerobic Digestion 

The SSAD feasibility case study highlighted reductions of C02 in each scenario in the range of 

2 to 173 tonnes C02 eq per annum (Table 5.9). Should SSAD be developed in Ireland on a 

commercial basis, a C02 reduction in excess of 211,349 tonnes is achievable. This is achieved 

where 20% of all farms with greater than 250 cows (61 farms) implemented SSAD 

(CSO,2016). With Ireland under pressure to meet its GHG commitment targets of 40% 

reduction by 2030, creation of a renewed policy which supports SSAD presents itself as a 

lucrative strategy of improvement. 

6.8 Comparative to similar Case Studies 

Results indicated in this study are not found in isolation with similar findings reported in 

various other studies from De Dobbelaere, Walker and Wilkinson where similar livestock and 

production type are similar. The overwhelming result was the financial feasibility should be 

assessed individually and is often closely related to conditions locally, energy cost, feedstock 

availability and Government Intervention. This highlights the need for careful planning to take 

place on a case by case basis. 

SSAD has been subject to extensive research in recent years with topic such as: The 

optimisation of plant operations and design (Nguyen,2015), pre-treatments of feedstock 

(Ehimen,2009), trace compound impact (Pauperello,2018) and cleaning technologies of biogas 

(Kupeckia,2018). Into the future, further developments in these fields may see further 

integration and improvements to SSAD in Ireland. 

6.9 SSAD and Ireland: Future Outlook 

With the abolition of the European Milk Quota, Irelands National herd has seen a dramatic 

increase in cow numbers. This growth in herd size may provide a potential path to implement 
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SSAD without the reduction of cow numbers as economies of scale may be incorporated into 

the business model as seen in Table 5.7. 

Teagasc is predicting the National herd to grow even further, 19% above figures seen in 2018 

by 2025. This would mean the national herd average would thereby exceed 100 cows by 2025. 

This further reinforces the argument for economies of scale in the resultant larger herds along 

with significant capacity to mitigate GHG emissions including methane to safeguard future 

production. 

6.10 Legislative Concerns  

Legislative challenges must also be considered in order to assess the feasibility of Anaerobic 

Digestion in Ireland to reduce methane from the Dairy Herd. Planning permission for an AD 

facility is first and foremost the primary legislative challenge facing the viability of Anaerobic 

digestion to mitigate methane emissions from the Dairy herd. There is requirement to gain 

permission from the local council to begin construction and subsequent use of the site. It is 

important to consider the Potential environmental impact of the plants construction and use. 

This requires the completion of an Environmental Impact Assessment application. As there are 

a number of Irish Ad plants in operation, issues arising from applications have been identified. 

The Sustainable Energy Authority of Ireland has published a guide outlining potential issues 

from the planning process and summarised below. 

6.11 Specialised Environmental Permit 

Furthermore, to planning permission for construction, each operation within the plant requires 

prior consent to carry out its activities from the local authority or in the form of a license from 

Environmental Protection Agency. This legislation from the EPA is in accordance with 

publication No.821 2008 under Waste Management. Specifically obtaining permit and 

registration process. The need for such a permit is determined by the size/capacity of the plant. 

Small plants with intake of less than 10,000 tonnes per year must apply for a permit and this 

can be obtained through the local authority. However, if a plant exceeds 10,000 tonnes intake, 

a licence is required from the EPA. Summarised in Fig 6.2 below. 
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Figure 6.2 Environmental Legislation process, taken from SEAI, 2020 

6.12 Legislation on the Handling of Animal by products 

For the purpose of this thesis, it is assumed that any such facility constructed will involve the 

processing of animal by products i.e. Slurry and Manure. Legislation 1069/2009 sets out the 

requirement to ensure any such facility involved in the processing of animal by products 

handles them correctly, to ensure risk of disease contamination through the subsequent 

Digestate is mitigated and controlled. Regulation No 187 2014 enforces this requirement and 

requires plants to carry out heat pasteurisation. The risk associated with individual animal by 

products are categorised as such with Category 1 representing the highest risk and 3 the least. 

Certification where applicable is obtained from The Department of Agriculture. Certification 

needed is determined by the facility type and inputs it processes. Slurry and manure are present 

in Category 2. However, this risk may be downgraded where the facility processes manure only 

and where the subsequent Digestate is used on the host farm summarised in Figure 6.1 below. 
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Table 6.1 Category types based on feedstock, taken from SEAI 2020. 

 

Irrespective of the intended feedstock used to supply the plant, it is considered good practice 

to design a plant as if it is Categorised as 1 (Figure 5.1). This thereby allows diversification of 

feedstock and the processing of animal by products into the future should the opportunity or 

need arise into the future. This would also remove the need for retrofitting pasteurisation units 

into the future. 

6.13 Environmental impact of Digestate 

Results indicate a varied environmental saving between 15-100% displacement of chemical 

fertiliser depending on the nature of feedstock and conditions of processing (McCabe et al., 

2019). This varied response is further mirrored through associated ammonia loss due to 

increased pH of processing versus conventional untreated slurry. This uncertainty is due to 

infrastructure differences which may improve losses such as appropriate storage facilities, 

covers and treatment of feedstock on arrival to reduce overall ph. An increased clarity is needed 

to truly understand the impact the use of Digestate has in the mitigation of methane and 

associated GHG emissions from the dairy herd both from an environmental and economic 

standpoint. Such infrastructure to mitigate ammonia losses from processing need to installed 

an economic weight attached to them to reflect the results of the feasibility of SSAD study to 

truly understand its impact. 
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6.14 Policy Implications  

6.15 Nitrates Directive  

Under the Nitrates Directive farmers are required to limit their Nitrogen usage to 170 kg N/ha 

per annum and 250 kg for those farmers granted a derogation for intensive farming purposes. 

This policy and particularly that of derogation has been subjected to extensive scrutiny and its 

implementation beyond 2025 is somewhat in doubt. Anaerobic Digestion presents an 

opportunity for Dairy farmers to offset a portion of their organic nitrogen created as feedstock 

in the creation of Biogas. It will also work beneficially into the nutrient management 

requirement set out by the CAP and related policies. Through the use of slurry as a co feedstock, 

nutrient management of Nitrogen, Phosphorus and Potassium can be more exact through the 

digestive process. This therefore improves the amount and quality of nutrients available to the 

land over and above that of untreated slurry whilst offsetting against Nitrates requirements. 

6.16 Renewable Energy Directive II 

RED II has set out the requirement for a 70 and 80% GHG saving from biofuel used for 

electricity, cooling and heating initially and by 2026. This presents Dairy farmers with a 

challenge in regards to feedstock requirement to meet this necessity. Studies from KPMG and 

Teagasc suggest that it is indeed possible to produce Biomethane from Agriculture and meet 

this requirement presented by the European Union. All three scenarios echo the one result that 

agricultural slurry is required in at least co digestion to produce Biomethane in this regard. This 

is due to GHG saving of methane in harvesting methane from slurry and subsequent saving to 

the atmosphere as atmospheric methane loss. Overall slurry required ranges from 40-55% in 

Scenario 2-3. Differences versus Perennial Ryegrass is due to GHG emissions offset as a result 

of lower chemical fertiliser required for normal growth in S2 and S3. Therefore, its clear slurry 

incorporation works in tandem with Anaerobic Digestion not only by reducing methane loss to 

the environment but also in satisfying policy criteria set out by the European Union. 

6.17 Anaerobic Digestion to Feed Pyrolysis to Produce Biochar 

This thesis outlined the importance of Bio Digestion in utilising methane containing feedstock 

such as slurry to help reach Green House Gas emission targets. Furthermore, this thesis creates 

an important link between Anaerobic Digestion, Pyrolysis and its by-products. As outlined 

above, in the process of anaerobic digestion, biogas is produced through the fermentation of 

volatile solids present in the feedstock (Slurry or Energy crops). As a result of anaerobic 

digestion, Digestate sludge is created. This is a mixture of inert solids along with the substrate, 

ungradable (Biologically) volatile solids and a portion of biomass formed from bacteria whilst 

utilising the volatile solids fed as feedstock. Typical solids content range from 2-10%. This by 
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product may then be utilised in the process of pyrolysis, turning biomass into Biochar, gas and 

liquid thermos chemically in the absence of oxygen. 

Solids present in the Digestate from Anaerobic Digestion possess an energy content through 

its potential for further oxidation. Pyrolysis can thereby utilise this energy source to produce 

syngas or synthetic gas that can be used as fuel. The by-product of pyrolysis is the Biochar, an 

organic compound with potential to reduce methane from stored slurry as outlined above. 

Therefore, by incorporating the processes of Anaerobic Digestion with Pyrolysis, the two 

systems may work in tandem to create a full circle of renewable energy which by products are 

of environmental benefit to the Dairy herd in reducing its emission potential. Specifically, from 

an Irish standpoint, there holds great potential in creating this full circle at farm level.  

However, there are a number of variables to be addressed. Namely from a legislative 

standpoint, the Government of Ireland need to act on the proposed bill to create a universal 

approach to Renewable energy sources to incentivise the construction of Anaerobic digestion 

plants to ensure their viability similar to that seen in Germany through the EEG. There lays 

positive outlook for potential development as seen through KWS in the commissioning the 

world’s largest pyrolysis site in Ireland in the coming years. Such a plant and future plants will 

need a continuous source of biomass. Creating a viable link between the agricultural industry 

and the energy industry is the challenge in safeguarding supply for both industries. 

6.18 Biochar as a Manure Additive 

Work carried out in this thesis has highlighted the importance of Biochar, the by-product of 

pyrolysis in the mitigation of methane emissions from the Dairy herd to safeguard future 

production. Harrison et al., 2022, in their study highlighted a potential end use of biochar 

indicating a knowledge gap in the Industry regarding the treatment of stockpiled manure on 

Irish Dairy farms. Most Dairy farms in Ireland hold manure in both a solid and liquid state. 

However, natural additives to treat methane emissions in this space are underutilised and under 

researched. This study displayed promising findings in its management in a reduction of 79% 

displayed over the control within the trial period. This promising result gave insight into the 

mechanism of methane production within stockpiled manure. The biochar utilised reduced the 

prevalence of methanotrophs in their production of methane through increased 02 availabilities 

(Harrison et al., 2022) This study gives rise to further insight into this mechanism and potential 

production of a commercial additive which may be utilised at scale within the Industry. 
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6.19 Biochar as a Biocover  

Biochar has been highlighted as a potential physical barrier of emissions created by the Dairy 

herd from manure management. Dougherty et al in their study highlighted important findings 

regarding manure storage and emissions lost to the environment. Interestingly, there is no data 

or relevance to show the significance of biocovers in reducing methane from stored slurry. In 

this study, Ammonia losses were reduced in each case in comparison to the control of no cover. 

Contrary to other treatments, a spike of Ammonia emissions was recorded in the FC650 covers. 

This may be due to the higher pH associated with this biochar type which may have caused a 

conversion of ammonium in the manure to Ammonia. This effect was not observed in HF600 

covers at biochar pH of 7.28 (versus 9.32) and Ammonia reduction were significantly higher. 

This highlights the need for further study into the area of biocovers, factors of effectiveness 

and a study specific to methane emissions to further quantity its place in safeguarding future 

production from the Dairy herd.   

6.20 Biochar as a fertiliser  

This thesis has outlined that there is unreported or underreported methane emitted from 

industry as a result of chemical fertiliser production. Khan et al., 2022, in their study looked at 

the potential for Biochar to be used as a fertiliser through its interaction with Nitrogen from a 

chemical or organic source. Fundamentally, the application of biochar to the soil is seen as a 

key component in increasing crop yield irrespective of the Nitrogen source used. Critically, 

from an environmental standpoint, greatest yield increases were observed from the interaction 

of biochar with organic sources. Specifically, from poultry manure at 62.9% Grain (figure 5.22) 

and 28.7% straw (Figure 5.23). This was also an increase from the previous year of the same 

treatment highlighting the long term impact and longevity of biochar applications. This study 

has therefore highlighted a potential beneficial outlet for biochar produced from the newly 

constructed pyrolysis site for Bord Na Mona. However, further work will be required specific 

to an Irish system with this specific biochar derivative to evaluate its potential returns and 

chemical fertiliser replacement quantity as a result to sustain production. 
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Chapter 7: Conclusions and Further Study 
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7.1 Conclusion  

To conclude, this thesis has highlighted the major challenge facing the Irish Dairy Industry in 

Meeting its emission targets set out by the Paris Agreement and most recently COP 26 on the 

impact methane emissions derived from Agriculture plays on its success or failure. It is clear 

that at present, Ireland will not reach its Methane targets by 2030 set out by COP 26 and 

therefore remedial action is required in order to avoid a significant cull of cow numbers which 

will hamper production and also adversely affect the rural and greater economy as a whole. 

This thesis has outlined two renewable energy sources as a direct and indirect means to reduce 

methane from the Dairy herd. 

Anaerobic Digestion is seen as a realistic strategy to incorporate the safe disposal of 

Agricultural waste products and its conversion to usable biogas and digestate. This process is 

observed not only to reduce methane emitted through the storage as Digestate but also an aid 

to the circular economy as Energy produced can be sold back to the grid or used any the farmer 

to reduce the overall energy cost on the farm. Ireland must take note of its success in market 

leaders Germany in their implementation and how it has benefitted their energy requirements. 

The major drawback to its implementation is the cost associated with setting up and running a 

plant. The fact that SSAD was observed as feasible under each scenario incorporating 100 

cows, Irelands mean herd size, gives reason for the government of Ireland to incentivise its 

construction as seen with the EEG in Germany. Such a financial incentive will not only reduce 

the capital cost for primary producers but also encourage investors interest with reduced 

payback periods. Digestate as a by-product of the Anaerobic Digestion process is also 

attributed with methane reducing characteristics through reduced chemical usage up to 80 with 

repeated use (KPMG, 2021). The supply of feedstock has also been quantified and incentivised 

in the case of MSS growth. Therefore, a renewable full circle of methane mitigating properties 

can be attributed to Anaerobic Digestion and its by-products. 

This Thesis has also created a link between Anaerobic Digestion and Pyrolysis in its role to 

reduce Methane from the Dairy herd. In light of construction of the world’s largest pyrolysis 

facility in County Offaly, its process poses potential to reduce methane emissions in the Dairy 

herd through utilisation of its by-product biochar. Its incorporation into stockpiled manure 

showing a reduction in 79% Methane emissions versus no biochar signify its direct potential 

whilst also gaining environmental benefits through reduced chemical fertiliser usage in its 

application. Where applied to wheat crop, readily grown by Irish dairy farmers, a significant 

increase and straw and grain yield was observed when further incorporated with organic 
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sources of Nitrogen such as farm yard manure and poultry manure. Finally, in terms of liquid 

slurry, biochar has potential as an additive by creating a physical barrier between the harmful 

gaseous gases and the environment. It is clear that the primary producer is willing to adapt to 

environmental practices in line with what is perceived as being a “Good Farmer”. However, 

this desire for environmental compliance must also meet with financial feasibility highlighting 

the importance of incentive scheme such as the MSS payment and Sustainability bonus by 

Glanbia, Irelands largest milk producer. 

7.2 Future Work 

This thesis has highlighted the tangible and feasible actions which will bring about a reduction 

of methane yield from the dairy herd and help safeguard future production. However, there are 

a number of issues which need to be addressed and further investigated in order to evaluate 

their true potential. 

Anaerobic Digestion benefits the circular economy through the creation of renewable energy 

whist reducing methane through the storage of Dairy manure as feedstock. Feasibility costings 

by O’Connor et al., 2020, highlight its application and need for further financial incentive from 

the Government of Ireland. A detailed and up to date study portraying SSAD its potential to 

the rural economy and direct impact in saving GHG emissions will further reinforce this 

necessity and help fast track its implementation. 

Pyrolysis in its application produces the by-product of biochar and its benefit in terms of 

manure additive, Biocover and fertiliser saving has been highlighted in this study. However, in 

their study, Dougherty assessed the Ammonia saving from the use of a Biocover and yielded 

varied results of reduction over the control of no cover. To reinforce the potential of biocovers 

derived from biochar as a potential end use of Irish Biochar, specific study regarding Methane 

saved will need to be conducted. Study is also required regarding biochar as an additive for 

stockpiled manure in the creation of a product available at scale to treat the underutilised area 

of manure management in dry form. Furthermore, greater work will be needed to identify the 

reason of variation among differing biochar types and the impact biochar produced from the 

new pyrolysis site in Offaly will have on localised Dairy farm emissions. 

Ultimately, the fate of methane emissions targets lays with the primary producer to implement. 

It is apparent through Shorthalls study that farmers want to operate environmentally and deem 

it best practice. However, further work is required in their education, guidance, implementation 

and encouragement of best practices highlighted by Industry. 
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