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Abstract 
Ireland's pursuit of producing 5.7 TWh of biomethane from anaerobic digestion 

(AD) plants, to reduce reliance on fossil-derived natural gas, necessitates a thorough 

examination of viable system configurations. The implementation of AD in Ireland is 

seen as a targeted approach to achieving emissions reduction of 25% in the 

agricultural sector. On-farm AD unlocks the opportunity to generate biomethane 

from indigenous feedstock and curtail emissions from livestock farming. Previous 

assessments of the mitigation potential of AD systems in agriculture have been 

undertaken through Marginal Abatement Cost Curves in an Irish context. Although 

this initial assessment deemed AD as a high-cost of abatement solution, recent 

uncertainty in energy prices, due to recent geopolitical events, might provide new 

opportunities for the development of biomethane from on-farm AD. Furthermore, 

using single values for abatement costs may not encompass or describe the impact of 

the varying system boundary of an AD system, which can have consequences for the 

financial and environmental performance. Such variables include the scale of the on-

farm AD system, the feedstock used, and the biogas energy end-use. AD systems can 

vary significantly in terms of scale, design, technology, feedstock, and function.  

This thesis delves into the financial and environmental viability of on-farm AD 

systems, emphasising the need to consider additional inputs and outputs beyond 

energy sales that lie within the system boundary. The work evaluates different biogas 

end-use options and varying farm sizes for on-farm AD systems, revealing a wide 

range of abatement costs, whilst accounting for the uncertainty of external factors. 

The findings indicate that, when income from co-products such as biofertilisers are 

factored into the analysis, as well as the emissions reductions from digestate use, a 

more optimistic evaluation of AD system viability is attained. Analysis across 

different scales and process configurations reveals varying mitigation potential, with 

abatement costs ranging from -7 € tCO2eq
-1 to +816 € tCO2eq

-1. A key result of the 

analysis shows that, if a single input variable is changed within the system boundary, 

the financial and environmental performance of a system can be significantly 

changed. The efficiency of the AD process emerges as a key determinant, alongside 

farm conditions such as grass silage yield and synthetic fertiliser use. While heat and 

electricity production exhibit lower uncertainty, biomethane production faces 

challenges, necessitating additional incentives for small-scale AD uptake. Novel 
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approaches, such as the integration of microbial electrolysis cell (MEC) 

technologies, could present an opportunity to enhance small-scale upgrading 

feasibility, though capital constraints remain Connecting on-farm AD systems 

through pipelines to centralised upgrading facilities offers a promising alternative to 

the transportation of materials to a large centralised AD plant, or upgrading biogas at 

small individual plants, reducing investment requirements. Overall, this research 

provides insights into enhancing the economic and environmental feasibility of on-

farm AD systems, crucial for sustainable agricultural practices and emission 

reduction goals. Through strategic integration and policy support, on-farm AD holds 

promise as a key contributor to decarbonisation efforts, offering diversified revenue 

streams for farmers and addressing emissions from the agricultural sector. Further 

research and policy development are essential to realise the full potential of on-farm 

AD in contributing to sustainable development and mitigating climate change 

impacts. 
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1 Introduction 

1.1 Background to thesis 

The European Union (EU), as part of its long-term strategy, has set out to achieve 

carbon neutrality by 2050, to address the increasing threat of global warming (1). 

This commitment has been further extended with the signing of the Glasgow Climate 

Pact at COP26, where 197 participating countries committed to further reductions of 

greenhouse gas (GHG) emissions and increased investments in decarbonisation 

technologies (2). Many countries have individually set their own national strategies 

to tackle rising GHG emissions as a result of the rapid post SARS-Cov-2 (Covid-19) 

pandemic economic growth, which increased the demand for fossil fuels and caused 

emissions to rise across the globe (3). In Ireland, the Climate Action Plan (CAP) 

serves as a response by the government to mitigate emissions across diverse sectors. 

However, sectors like agriculture pose unique challenges, due to intertwined 

economic and social considerations. 

The agricultural sector in Ireland is one of the main contributors to the country's 

economic growth output accounting for 6% of the Gross National Income and 60% 

of agri-food products exports in 2020 (4). The primary agricultural outputs are dairy 

(milk) and livestock (beef) products that are produced on ca. 140,000 farms, with 

average farm size of around 32.5 hectares (5). Perennial ryegrass is cultivated for 

pasture on about 52% of Irish farms, and approximately 24% of these farms produce 

grass silage (6).  Sources of GHG emissions on a farm are typically from livestock 

(enteric fermentation and manure management) and from the application of organic 

and synthetic fertiliser in the form of methane (CH4) and nitrous oxide (N2O), 

respectively (6).  

Agriculture accounted for 33.3% of Ireland's GHG emissions in 2021, a slight 

reduction from 34% in 2020 (7). In 2022, agricultural emissions increased to 38.5% 

mainly from the use of nitrogen fertiliser and from emissions related to manure 

management (8).  Consequently, Irish agriculture faces a significant decarbonisation 

challenge for this sector that requires careful planning to achieve the 2023 CAP goal 

of a 51% reduction in GHG emissions by 2030 (7). As part of these efforts to reduce 

emissions, the Irish government established specific sub-targets to be achieved by 

2030. These include attaining an 80% share of renewable energy in the electricity 
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sector, reducing the emissions in the electricity sector by 75%, a 50% reduction in 

emissions in the transport sector, and a 25% reduction in emissions in the agriculture 

sector (9). On-farm anaerobic digestion (AD) can offer a potentially viable pathway 

towards a sustainable agricultural sector by processing agricultural waste, including 

slurry, directly on-site, reducing the overall fugitive emissions from current slurry 

management practices, whilst producing renewable energy in the form of biogas and 

a nutrient-rich biofertiliser (digestate). However, the integration of on-farm AD must 

be assessed in terms of contributing to both environmental and energy-related 

objectives in the agricultural sector. 

Biogas is generated through the decomposition of organic matter in the AD process 

and consists predominantly of methane (50 to 60%vol) and carbon dioxide (40 to 

50%). Through the removal of carbon dioxide, the biogas can be upgraded to 

produce biomethane (>97% methane). This biomethane can serve as a direct 

substitute for natural gas by injecting it to the national gas grid infrastructure. 

Additionally, it can be used as a transport fuel by utilising compressed natural gas 

(CNG) refuelling points. In line with the CAP, the biomethane sector was explored 

as a viable option for carbon abatement in the agriculture, transport, and energy 

sectors. To reach the abatement targets, the construction of up to 200 new AD plants 

by 2030 may be necessary, with an estimated annual production of 5.7 TWh of 

biomethane (7).  However, ensuring the economic viability of these AD plants is 

crucial to overcome adoption challenges and successfully implement this technology 

on farms.  

The assessment of the economic viability and performance of on-farm AD systems in 

Ireland will be essential to develop the biomethane sector. Previous assessments of 

this economic viability were conducted as part of the 2019 CAP, where two 

alternative applications of AD were examined for climate mitigation in the 

agriculture and forestry sectors. The applications involved the use of biogas for heat 

and electricity generation, as well as producing renewable heat from biomethane 

(10). However, both options were regarded as costly approaches to emissions 

reduction at that time and were represented by singular marginal abatement cost 

values associated with individual scenarios. These scenarios may not capture the 

diverse application of AD systems which include for variable technology, scale, 

design, feedstock, and function.  
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A techno-economic assessment (TEA) can be conducted to assess the technical and 

financial viability of the different configurations of AD systems. Such evaluations 

allow for a comparison and selection of the most optimal system configuration that 

can be deployed to Irish farms. Using a life-cycle assessment (LCA), the 

environmental sustainability can be assessed through the sub-category of climate 

change to evaluate the GHG emissions generated by the system. In coupling the 

economic (TEA) and environmental (LCA) outcomes, the cost and potential carbon 

abatement of a technology such as AD can be calculated in an Irish context.  

Furthermore such analysis can assess the potential for more novel technologies that 

may improve the performance of on-farm AD or refine and optimise the logistics of 

generating and supplying biogas to energy users. This thesis seeks to investigate the 

potential for AD on Irish farms to act as a strategic technology that can aid Ireland’s 

decarbonisation objectives in the coming years. 

 

1.2 Aims and objectives. 
The specific aims and objectives of this thesis are: 

i. Identify economic and environmental parameters to evaluate within the system 

boundary of an on-farm AD system. 

ii. Determine the mitigation potential of on-farm AD systems at different scales. 

iii. Develop a tool capable of assessing the economic and environmental 

performance of on-farm AD systems based on biogas end-uses. 

iv. Generate an abatement cost curve for different configurations of on-farm AD 

systems at various scales based on biogas end-uses. 

v. Determine the key economic and environmental parameters that impact the 

economic viability of on-farm AD systems. 

vi. Assess the uncertainty associated with abatement costs and potential of on-

farm AD to determine if additional sources of income are required to integrate 

on-farm AD systems to Irish farms. 

vii. Assess the economic feasibility of integrating novel technologies such as 

microbial electrolysis cell in AD plants.  

viii. Assess different strategies for integrating biogas pipelines in AD plants.  
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1.3 Thesis outline and link between chapters 

This thesis is comprised of 7 chapters and additional appendices. The theme of each 

chapter relates to the assessment of the feasibility of on-farm anaerobic digestion 

systems in Ireland based on their technical, financial, and environmental 

performance. Chapter 2 consists of a literature review of the current state of the art 

regarding anaerobic digestion in Ireland, highlighting the current development of the 

biogas industry and the financial and technical challenges in integrating AD on Irish 

farms. Chapter 3 discusses the methodologies used to assess the economic and 

environmental feasibility of on-farm anaerobic digestion through the calculation of 

the abatement cost. Chapters 4 and 5 discuss the viability of on-farm anaerobic 

digestion systems based on four different biogas end-uses. Chapter 6 discusses the 

integration of novel AD technologies and the cost of using biogas pipelines to deliver 

biogas. Chapter 3 and 4 are peer-review journal papers, and their methodology, 

results and discussion were included in the thesis as per published manuscripts. 

Chapter 5 is ready to be submitted for review to a journal. Chapter 6  accounts for 

recent innovations in deploying AD at small-scale and concludes the work of the 

EcoAD project. Chapter 7 is a concluding chapter that includes recommendations for 

future research based on the findings of this thesis. The chapters of the thesis follow 

the academic paper model and are arranged as individual published journal papers 

that can be read individually, or as part of a whole. A summary of each chapter is 

detailed below. 

Chapter 2:  Economic structure of on-farm anaerobic digestion to produce biogas: 

types of feedstocks, plant types, and biogas end-uses. 

This chapter outlines the literature review of the economic structure of on-farm 

anaerobic digestion conducted for this thesis. It encompasses the different types of 

on-farm agricultural feedstocks, the general structure, and system boundaries of on-

farm AD plants, as well as the overall utilisation of the biogas produced by these 

plants. The overall economic outlook of AD in Ireland is discussed in relation to 

previous techno-economic analyses. Furthermore, it explores the levelised cost of 

abatement, abatement potential, and main economic and policy barriers. 

Chapter 3:  A perspective on methodologies and system boundaries to develop 

abatement cost for on-farm anaerobic digestion. 
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This chapter provides an overview of the use of marginal abatement cost to evaluate 

the greenhouse gas mitigation potential of AD in Ireland's agricultural sector. 

Previous studies have evaluated the use of large AD facilities but have deemed them 

high-cost abatement solutions. To compare abatement costs across different scales, 

two case studies of on-farm AD systems, representing small and medium scales, 

were analysed. The abatement costs ranged between -117 to +79 € per t CO2eq, 

depending on various factors such as the overall revenue streams, cost and emissions 

savings considered within the system boundary. The addition of key variables such 

as biofertiliser sales, displaced energy savings, additional incentives, and emission 

savings from the avoided use of fertiliser were found to lower the overall abatement 

cost of the systems. Furthermore, as methodologies, system boundaries, and 

assumptions vary between studies, assigning a single mitigation cost to a technology 

such as AD might not be representative of the overall financial viability and 

environmental mitigation these systems can achieve. 

Chapter 4:  Assessing the cost variability of emissions abatement in small-scale on-

farm anaerobic digestion. 

This chapter evaluates the economic performance of different biogas end-uses for 

on-farm AD systems across Ireland. These systems can vary in scale, design, 

technology, and feedstock, leading to differing abatement costs and potentials. To 

determine the most economically feasible scenarios for Ireland, a comparative 

analysis was conducted across different system configurations and farm sizes. Each 

farm size was assessed with four different biogas end-use configurations, comprising 

heat generation, electricity generation, biomethane production, and biomethane 

production using renewable energy sources, resulting in a total of sixteen scenarios. 

Additionally, changes in single input variables within each configuration's system 

boundary were applied to evaluate their impact on the financial and environmental 

performance of the system.  

Chapter 5:  Probabilistic analysis of variables affecting the abatement cost of on-

farm anaerobic digestion in Ireland. 

This chapter models the impact of external events on the calculation of abatement 

costs for on-farm AD systems in Ireland. A Monte Carlo approach was employed to 

conduct an uncertainty analysis comparing the system viability of each of the sixteen 
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scenarios evaluated in Chapter 4. The analysis considered input variables affecting 

farm conditions, operational parameters of the digester, and economic assumptions 

such as revenues and costs for each scenario. 10,000 simulations were conducted for 

each scenario, and the outcomes were presented as probability charts to illustrate the 

uncertainty associated with abatement costs and potential. Furthermore, the overall 

uncertainty associated with each scenario was used to determine if additional 

incentives were required for a biogas end-use configuration to be financially 

competitive.   

Chapter 6:  Investigating the economic impact of novel technologies and biogas 

logistics for on-farm anaerobic digestion. 

This chapter assesses the potential improvement achieved by integrating novel 

technologies into the baseline on-farm AD systems and examines the overall cost 

associated with transporting biogas via pipelines. The microbial-electrolysis cell 

(MEC) was evaluated as a novel technology capable of enhancing the efficiency of 

conventional AD systems by improving biogas and biomethane production. While 

MEC-AD systems have been evaluated at laboratory scale, their application at the 

large scale has yet to be explored. A farm-scale scenario was modelled to compare 

the impact of integrating the MEC-AD system on the four biogas end-use 

configurations evaluated in Chapter 4. Additionally, an assessment of the overall 

network cost to deliver biogas from 10 AD plants to a single biogas user was 

conducted. The economic evaluation considered two scenarios: one where each farm 

had its own upgrading system and supplies biomethane to a central grid injection 

point for transportation optimisation, and another where each plant supplies biogas 

to a centralised upgrading plant with an equivalent biogas demand. 

Chapter 7:  Conclusions and recommendations. 

This chapter offers conclusions for each of the eight objectives outlined in section 

1.2. These conclusions are drawn in consideration of the SFI MaREI research 

centre's three impact priorities, which include informing policy, supporting industry, 

and empowering society. Additionally, recommendations for future research are 

provided, focusing on the comprehensive assessment of on-farm AD systems. 
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2 Economic structure of on-farm anaerobic digestion to 

produce biogas: types of feedstocks, plant types, and biogas 

end-uses 
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2.1 Overview of Ireland’s agricultural sector and feedstock availability  
Since 2011, there has been a notable increase in the number of anaerobic digestion 

(AD) plants across Europe, aimed at producing biogas and biomethane as an 

alternative to fossil-derived natural gas. In 2020, biomethane production in Europe 

accounted for 17% (32 TWh) of the total biogas production of 191 TWh (1). In 

contrast, the development of the AD industry in Ireland has been limited, with only 

59 AD plants as of 2018. Among these, only 3 AD plants produce biomethane, 

resulting in a combined annual production of 22.8 GWh (2). As part of the European 

Union (EU), Ireland is required to achieve a 32% share of renewable energy by 2030 

as set in the Renewable Energy Directive (RED) (3). This target is further divided 

into three sub-targets that include achieving: 70% renewable electricity (RES-E), 

13.4% renewable energy in transport (RES-T), and 24% renewable heating and 

cooling (RES-H&C) (4). As of 2018, Ireland has greatly progressed in the RES-E 

(33.2%) and RES-T (7.2%) leaving only RES-H&C (6.5%) as one of the tougher 

targets to achieve (4). A previous study by O’Shea et al. (5) assessed the potential of 

biomethane production from grass silage and cattle slurry, considering the abundant 

resources available in the agricultural sector. The study estimated that grass silage 

could potentially generate 128.4 PJ a-1 of biomethane, and cattle slurry could 

contribute 9.6 PJ a-1 (5). Given that Ireland's heat demand in 2019 was 200 PJ, this 

indicates that biomethane production from these sources could meet approximately 

69% of the total heat energy requirements (6). 

2.1.1 Agricultural practices and availability of slurry resources 

Grass-based agriculture is the primary focus of Irish farming in which most of the 

agricultural area is devoted to growing grass (silage, hay, and pasture) and a small 

area is devoted to cereals and other crop productions (7). This intensive production 

of grass thrives in temperate maritime/oceanic climates of island countries, such as 

in the cases of Ireland and New Zealand (8). In Ireland, farming practices for dairy 

production prefer the use of pasture-based systems in which the livestock are outdoor 

grazing, as shown in the range of dairy cows that had pasture access for grazing 

which was between 95 to 100% in 2019 (9). Pasture-based systems are particularly 

valued as these improve livestock welfare while improving the economic and 

environmental sustainability of milk production (10,11). Most of the outdoor grazing 

takes place during summer, and during winter the livestock is housed indoors in 
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which slurry can be collected underneath slatted-floor facilities (12). Based on the 

farm location, the amount of time indoors can range between 16 to 22 weeks, 

depending on the required minimum storage capacity set for the region (13). Taking 

into consideration Ireland’s 6.5 million cattle population, which accounts for 1.5 

million dairy cows, there is a considerable quantity of slurry available as feedstock 

(14). Based on previous estimations by Wall et al. (15), the annual production of 

dairy slurry in Ireland could amount to more than 7 Mt, which is typically spread to 

land in raw form, which could be instead used as feedstock for AD. 

Dairy slurry has been widely reported as feedstock for AD with an approximate dry 

solid (DS) content between 5.7% to 9.6%, and a volatile solids (VS) content between 

5.1% to 6.8% (15–17). These properties can vary seasonally, depending on factors 

such as the animal’s diet and lactation stage (17). Further research has also been 

conducted to assess the potential methane yields of the substrate based on results 

from biochemical methane potential (BMP) assays, which yields ranged between 

136 to 239 L CH4 kgVS-1 (15,17). However, it has been found that the use of slurry 

alone might yield low methane production for AD, due its lower biodegradation rates 

(15,16). That said, its inclusion on the AD process can reduce the overall emissions 

from manure management, which facilitates the progression towards a more 

sustainable agricultural sector (18). Furthermore, it provides a source of renewable 

energy for the farm while reducing water, soil, and air pollution from its use as 

fertiliser (18). 

2.1.2 Grass silage utilisation and availability as feedstock for AD. 

A significant portion of agricultural farming in Ireland is dedicated to grass 

production. In 2019, agricultural land accounted for a total of 4.52 million hectares 

(ha), of which 92% was directed to growing grass, and from this around 1.1 million 

ha was directed to produce grass silage (19). This feedstock has been found to be a 

suitable energy crop produced from agricultural biomass for countries such as 

Finland and Germany (2). For Ireland, it has been found that the grass silage surplus 

to livestock requirements could provide an ideal source of biomass for its use in AD 

(15,20). However, the cost of grass production needs to be sustainable to be 

considered as a viable option for AD. 

Farmers in Ireland are confronted with the dual challenge of optimising silage yield 

while simultaneously achieving target silage quality for their production systems. 
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Grass yield can vary depending on the region within Ireland, typically ranging from 

7 to 9 tDM per ha per annum (ha-1 a-1) (21). However, through enhancements in 

nitrogen fertiliser application and the implementation of improved grass utilisation 

practices on fertile farmlands, yields of up to 11 to 13 tDM ha-1 a-1 can be achieved 

(22–26). To assist farmers in achieving high levels of grass growth at a low cost, 

Teagasc (Agriculture and Food Development Authority) launched the “Grass 10” 

campaign, aiming to reach a target of 10 tDM ha-1 a-1 of grass grown across Ireland 

by providing guidance on soil fertility, sward composition, and grassland 

management decisions (27). Given that 85% of farms already produce silage 

annually (28), the use of silage presents an excellent source of feedstock for 

biomethane compared to rapeseed and wheat, as there is no need for changes to land 

use, annual ploughing and planting (26). 

The potential for grass silage as feedstock in digestion systems has been widely 

reported with a DS content around 12% to 33% (17,26) and a VS content between 

11% to 27% (15,17,26,29). The properties of grass silage may vary depending on the 

cultivation method used and the region from which it is sourced. Previous BMP 

assays have been conducted to evaluate methane yield at mesophilic temperatures 

(35°C) from the mono-digestion of various grass species and types of grass silage. 

Methane yields were found to range between 253 to 432 L CH4 kgVS-1 (17,30), 

depending on the maturity and harvest date of the feedstock. Biomass pretreatment 

technologies can also be employed on grass to increase methane yield by enhancing 

digestion efficiency. Wall et al. (31), have explored grass pretreatment methods such 

as the use of biological enzymes and particle size reduction. While these methods 

show promise, further investigation is needed to assess the associated costs of 

implementation. 

2.2 System boundary of on-farm AD systems 

2.2.1 Reactor types for AD systems 

Various types of reactors systems and configurations can be used for AD plants. 

These are commonly classified based on the amount of feedstock they process, the 

quantity of gas they produce, or, whether additional energy conversion is 

implemented (32). In Ireland, reactors such as dry batch digesters or continuous 

stirred tank reactors (CSTR) have been recommended for the mono-digestion of 

grass (33). For slurries, such as dairy manure, swine manure and processing waste, 
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with DS concentrations ranging between 3 to 10%, CSTR reactors are also 

recommended, due to their ability to thoroughly mix the feedstock (34–36). Given 

that co-digestion of grass silage and dairy slurry has been proven to offer a more 

stable AD process (31), it is not surprising that these systems are commonly chosen 

for on-farm AD systems to co-digest slurry with other types of farm crops or wastes 

(37–39). 

The general structure of the CSTR reactor comprises a circular insulated tank, 

constructed from reinforced concrete or steel, equipped with additional heating, and 

mixing capabilities (32). These reactors commonly incorporate a continuously stirred 

stage and may consist of one or more tanks or reactor vessels. Additionally, 

continuous reactors may adopt a two-phase configuration, where the solid substrate 

undergoes hydrolysis and acidogenesis initially, followed by the optimisation of 

conditions for methanogenesis in the second phase (40). Single stage CSTR systems 

often operate with high hydraulic retention times (HRT) (41,42), maintaining an 

average organic loading rate (ORL) between 2 to 4 kg VS m-3 d-1, as a high ORL can 

lead to inhibition during the biogas production process (16,42,43).  

CSTR systems can also be classified as low-rate systems since the feedstock needs to 

be held longer in the digester to maximize biogas yield (32). Typically, these systems 

operate the digestion process under mesophilic (25–40 °C) or thermophilic (50–65 

°C) temperature conditions (34,36). For most on-farm AD systems, the mesophilic 

temperature range is commonly utilised as it can effectively degrade materials with 

the added benefit of lower energy consumption compared to thermophilic systems 

(44,45). However, if pasteurizing manure is required, due to a legal mandate for 

reducing pathogen levels, a thermophilic temperature range might be preferred (46). 

2.2.2 Use of bioenergy and by-products of on-farm AD 

For many on-farm AD systems installed in the EU and North America, the biogas 

produced is usually used to generate electricity and heat with the aid of a combined 

heat and power (CHP) unit (37,46,47). This electricity can be utilised for local 

consumption on the farm or exported to the grid (46). Another approach involves 

burning the biogas in boilers to fulfil the heat demand required in the farm or the 

dairy enterprise (46). However, considering the limited thermal demand from Irish 

farms, the potential heat generated from the biogas could instead be directed towards 

large industrial energy users seeking to reduce their carbon footprint (48). Another 
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viable option for utilising the heat could be in local community heating schemes. In 

Ireland, this presents a potentially feasible option, given the presence of around 

18,641 small areas with the potential for district heating installation (49). 

Biogas can also be upgraded to biomethane by removing carbon dioxide and 

increasing the methane concentration to above 97% (50). This enhancement in the 

energy density of the gas enables its use as a substitute for vehicle fuel or injection 

into the gas grid, making it suitable for appliances designed for natural gas use (46). 

Furthermore, when compared to other fuels like diesel or heavy fuel oil, biomethane 

presents lower sulphur content and reduced life cycle greenhouse gas emissions (51). 

Various technologies are available for biogas upgrading in the market, including 

pressure swing adsorption, amine scrubbing, membrane technologies, and water 

scrubbing (50). While, in most cases, small-scale upgrading might not be financially 

viable, small upgrading plants do exist, albeit typically involving high investment 

and maintenance costs (32). Upgrading is commonly considered for farms with high 

biogas production rates, which can exceed 300 m3 h-1 (46). 

AD as a mitigation technology offers additional benefits to a farm such as generation 

of a nutrient-rich biofertiliser (digestate), the reduction of odours and the reduction 

of pathogen loads by reducing raw slurry application to land (52). Different 

technological solutions can also be applied to AD plants to recover waste heat 

generated during the process to generate on-site renewable energy (53). Previous 

studies have explored the environmental benefits of integrating AD with farms, 

where, reductions of 32% to 44% (CO2eq) were reported for gases such as methane 

and nitrogen oxides (54,55). Digestate use as a biofertiliser has the potential to 

increase soil fertility, although this can be dependent on the type of feedstock used 

(56,57). Furthermore, the displacement of chemical and raw slurry fertilisers through 

the application of digestate as an organic biofertiliser enables the farmer to shift 

towards a more sustainable agricultural practice. Fugitive methane emissions from 

open slurry tanks can be negated by capturing the methane generated (58). The 

amount of water consumption, energy, and greenhouse gas (GHG) emissions avoided 

from reduced chemical fertiliser use can be considered a significant benefit (59). 

2.3 Economic outlook of AD in Europe and Ireland 
Considering the environmental climate-related challenges ahead (60), and the EU 

goal to achieve climate neutrality by 2050 (61), the European Commission launched 
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“The Green New Deal” in 2019 (62). This deal encompasses key policies and 

measures that should be incorporated into circular economy action plans to 

encourage member states to meet the climate objectives for 2030 and 2050 (62). 

Circular economy plans involve initiatives that prompt national authorities to 

establish monitoring frameworks, facilitating progress towards a circular economy to 

achieve the EU’s climate neutrality target (63). These plans also aim to identify best 

practices and the corresponding policies necessary for their implementation. One of 

the strategies included in the deal is the "Farm to Fork" strategy, which aims to make 

food systems environmentally friendly, as they account for one-third of global GHG 

emissions (63). The Farm to Fork strategy aims to redesign agri-food systems to help 

farmers to transition to sustainable agriculture practices through advisory services, 

eco-schemes, and agri-environment-climate measures and investments (64). AD 

systems can be a key part for Irish farms to align with a circular economy approach 

as well as the "Farm to Fork" targets of the EU. Utilising digestate as a primary 

component to manufacture organic biofertiliser instead of chemical fertilisers further 

supports these goals. Additionally, it avoids emissions associated with chemical 

fertiliser production. 

The number of AD plants (and subsequently biogas and biomethane production) has 

increased substantially across Europe with the aim of reducing fossil-derived natural 

gas dependency (55). This rise will continue as targets are set to produce 35 billion 

cubic meters of biomethane by 2030 (65). In Ireland, the uptake for this technology 

remains very low in comparison to other European countries. This can primarily be 

associated with the level of uncertainty such systems present to farmers in terms of 

financial return (52). Two of the most common feedstocks for on-farm AD systems 

in Ireland are grass silage and cattle slurry. The production of grass surplus to 

livestock requirements is a key feedstock for biogas production (26). However, to 

achieve the successful implementation of on-farm AD systems, proof of its economic 

viability is imperative to overcome the potential obstacles in the adoption of the 

technology. 

2.3.1 Previous techno-economic analysis of on-farm AD in Ireland  

To successfully implement AD projects an accurate assessment of the economic 

viability which takes into consideration the ever-changing process characteristics is 

required. Techno-economic assessments (TEAs) can determine the potential 
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technical and financial performance and the overall feasibility of projects. Such 

models consist primarily of mass and energy balances of the proposed system with 

the financial data related to the cost and revenues generated during the lifetime of the 

project (66). Scenario-type analyses within a TEA allow for a high-level assessment 

of the variation and feasibility of AD plants using sensitivity analysis. Previous 

TEAs for AD facilities in Ireland have focused primarily on large centralised 

anaerobic digestion facilities (67–72). It was found that the production of 

biomethane from organic materials such as the organic fraction of municipal solid 

waste and slaughterhouse waste can be economically feasible and competitive. 

Small-scale digesters are less accounted for in Ireland and have only previously been 

assessed in two studies for pig farms (73,74) and a single study for a dairy farm (75). 

In general, there is a lack of TEA data for small-scale on-farm AD systems. 

2.3.2 Life cycle assessment and abatement cost curves  

An economic analysis can be coupled with a Life-Cycle Assessment (LCA) to 

compare and analyse the impact of different technologies and products on the 

environment based on the carbon emissions generated or avoided during the entire 

life cycle of a process. The impact of the process can be analysed in terms of the 

inputs and outputs of the materials and the energy used in the process/product life 

cycle (76). A critical aspect for the development of an LCA is the definition of the 

boundary for the analysis (77). Based on the inputs and outputs selected, different 

system boundaries can be drawn, each one leading to different results and a 

multitude of scenarios. Biogas needs to be considered a zero-carbon renewable fuel; 

therefore, AD plants are required to adhere to the sustainability criteria outlined by 

the Renewable Energy Directive II (RED II) (78). Overall, the emissions generated 

during the production of biogas from agricultural biomass must achieve at least an 

80% emissions savings compared to a fossil fuel comparator when used for 

electricity and heating, or a 70% emissions savings when used for transport (78).  

The result of both analyses (TEA and LCA) can be combined to measure the 

mitigation potential of a technology and compared to other technologies to provide a 

better understanding of the options available. An abatement cost curve can be a 

useful tool to evaluate the cost and abatement potential of various mitigation 

technologies. This curve orders the options based on the cost of GHG abatement of a 

measure and by the quantity of GHG emissions mitigated (79). Abatement measures 
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are ranked based on the cost-effectiveness the technology provides in a specific 

sector, and the results of these rankings have been used by many governments to 

establish low carbon policies (80). 

2.3.3 Economic and policy barriers 

One of the main economic barriers that on-farm AD systems face in Ireland relates to 

the uncertainty associated with the total investment cost and the potential financial 

returns. This uncertainty is a common concern among farmers and stakeholders in 

the literature, especially regarding the economics of renewable energy projects 

(81,82). To overcome these economic barriers, many governments have introduced 

incentives to provide financial viability to early adopters and to promote the adoption 

of renewable energies (46,83). The government of Ireland has two different schemes 

to provide tariff support for projects that generate renewable energy. In the case of 

heat, the support scheme for renewable heat (SSRH) provides a tariff of 29.5 € 

MWh-1 of energy produced below the threshold of 1,000 MJ a-1 (84). For electricity, 

the renewable electricity support scheme (RESS) provided a tariff of 74.08 € MWh-1 

through its first auction undertaken by the state transmission operators (85). Both 

schemes provide payments for a period of up to 15 years. These incentives provide a 

financial support system for on-farm AD systems that generate either heat and 

electricity from a CHP unit or a boiler. 

For biomethane, historically, the price of production has been generally more 

expensive than fossil fuel, due the overall low cost of production of the fossil fuels 

and the costs associated with the construction of the required infrastructure to 

produce biomethane (86). Most European governments provide operational support 

through tariffs that ensure biomethane developers receive revenue for each unit of 

biomethane injected into the gas grid over a specified period (87). In recent times, 

more advanced auction mechanisms or obligation schemes to support biomethane 

development have been explored across Europe. To increase the development of 

biomethane in the Netherlands, a renewable gas obligation was introduced for the 

domestic gas sector (88). To promote the adoption in its industry, Denmark has 

assessed the use of biomethane obligations and auctions (88). For Ireland two 

schemes have been considered: to promote the decarbonisation of the heat sector the 

renewable heat obligation (RHO) scheme will be introduced; and for the transport 

sector the renewable transport fuel obligation (RTFO) will support the use of 
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biomethane as transport fuel (89). Although, to successfully develop the biomethane 

industry in Ireland is required to evaluate which policies will provide the most cost-

efficient pathway for AD plants.  

The analysis of the economic and environmental feasibility of on-farm AD in Ireland 

comparing different plant types, farm sizes, and biogas end-uses is still limited in the 

literature. To assess the financial and the environmental viability of AD, different 

scenarios based on the available pathways for AD plants need to be explored, while 

also evaluating the GHG emissions generated in the production of biogas in a cost-

effective way. Developing a tool that combines both financial and environmental 

analyses will facilitate the assessment of the variations AD systems can present and 

provide insight into the main cost drivers, required policy development, and future 

research needed to integrate on-farm AD into Irish farms. Overall, this thesis aims to 

present the context, challenges, and potential solutions related to decarbonising the 

agricultural sector in Ireland through on-farm AD. 
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Abstract: 

Marginal Abatement Cost Curves compare and assess greenhouse gas mitigation 

options available to various sectors of the economy. In the Irish agricultural sector, 

large anaerobic digestion facilities are currently considered a high-cost abatement 

solution. In prior studies of anaerobic digestion abatement costs, two options were 

assessed: the generation of heat and electricity from biogas (115 € tCO2eq
-1) and the 

production of renewable heat from biomethane (280 € tCO2eq
-1). Both scenarios 

encompass single cost values that may not capture the potential variable nature of 

such systems. In contrast, prior techno-economic analyses and lifecycle analyses can 

provide a comparison of the abatement costs of anaerobic digestion systems at a 

range of scales. This work compares two case studies (based on prior literature) for 

small and medium-scale on farm anaerobic digestion systems. The small-scale 

system is set in Ireland with cattle slurry collected in open tanks during the winter, 

while the medium scale system is set in the USA with cattle slurry collected 

periodically indoors all year-round. It was found that the abatement cost can vary 

between -117 to +79 € per t CO2eq. The key variables that affected the abatement 

cost were additional revenue streams such as biofertiliser sales, displaced energy 

savings, and additional incentives and emissions savings within the system boundary. 

Including only some of these options in the analysis resulted in higher abatement 

costs being reported. Based on the variation between system topologies and therefore 

system boundaries, assigning a single mitigation cost to anaerobic digestion systems 

may not be representative. 

Keywords: Anaerobic Digestion, Techno-Economic Assessment, Abatement Cost, 

GHG mitigation, Life-Cycle Analysis.   
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3.1 Introduction 
With the increasing threat of global warming due to rising greenhouse gas (GHG) 

emissions, climate mitigation has become a leading priority for the European Union 

(EU). Through the European Parliament’s environmental policies, a goal has been set 

to reduce GHG emissions in all sectors of the economy and to achieve carbon 

neutrality by 2050 (1). In 2019, the EU emitted a total of 4,057 Mt of carbon dioxide 

equivalent (CO2eq), of which the agriculture sector was responsible for 11% (2). In 

agriculture, there are limited mitigation options that can reduce GHG emissions and 

improve manure and livestock management while reducing waste production (3). 

Mitigation options can be limited to reducing the demand of consumers for meat and 

dairy products or converting arable land to permanent pasture or wood land to 

sequester carbon in the soil (4). Technologies such as anaerobic digestion (AD) can 

provide a manure management option that mitigates GHG emissions by converting 

manures and slurries into biogas that can replace fossil fuels, as well as reducing 

fugitive methane emissions from manure storage (5). On-farm AD may be a suitable 

mitigation option in Ireland owing to the wide availability of agricultural biomass. 

With over 90% of agricultural land covered by grass, excess grass, which is not used 

as livestock fodder, could provide a potential feedstock to produce biogas in Ireland 

(6). Furthermore, the livestock sector produces a significant share of agricultural 

waste in the form of manure (or slurry) produced by ca. 7 million cattle (7) in a 

country with a population of ca. 5 million people. Previous studies have found that 

grass silage should be co-digested with slurry to ensure sufficient nutrients are 

available to enable the effective production of biogas (8).  

On-farm AD can facilitate the progression to a sustainable agricultural sector by 

processing agricultural waste (such as slurry) on-site, reducing the overall emissions 

from manure management, and providing an indigenous renewable energy source in 

the form of biogas. AD simultaneously provides energy and fuel generation whilst 

reducing water, soil, and air pollution (9). There are drawbacks associated with 

anaerobic digestion such as fugitive methane emissions (ranging from 2% to 10%) 

from different sources within the process (including biogas production, upgrading to 

biomethane, and digestate storage) (10). These can be minimised through careful 

design and prudent operation practices (such as the implementation of covered 

digestate storage) (11). The biofertiliser (digestate) produced as a by-product of AD 
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can displace raw manure (slurry) use on farms and reduce the associated risk of 

water contamination and GHG emissions. Digestate use also mitigates odours 

associated with manure storage and decomposition whilst removing pathogens (12). 

Pyrolysis of digestate may also be implemented to produce biochar that can be used 

as an additive to improve the digestion process and boost the overall biogas 

production, or it can be spread on the land as a soil amendment facilitating carbon 

sequestration and net zero carbon emissions within the process (13). 

A marginal abatement cost curve (MACC) can be a useful tool to evaluate the cost 

and abatement potential of various mitigation technologies. This curve orders the 

options based on the cost of GHG abatement of a measure and by the quantity of 

GHG emissions mitigated (17). Abatement measures are ranked based on the cost-

effectiveness the technology provides in a specific sector, and the results of these 

rankings have been used by many governments to establish low carbon policies (18). 

In Ireland’s Climate Action Plan 2019 (19), a MACC was used to assess the impact 

of technology adoption across all sectors of the economy to reach the 

decarbonisation target of 30% GHG emissions reduction by 2030. Furthermore, a 

specific MACC for the agriculture sector was developed to compare different energy 

mitigation measures (Table 3-1) (20). Some of the measures considered for GHG 

mitigation included: the reduction of energy consumption on dairy farms (Farm 

Energy); the increase of biomass use from sources such as wood thinnings and 

sawmill (Forestry); the use of willow and miscanthus to produce heat (Biomass-

Heat); the use of willow chips and peat to generate electricity (Biomass-Electricity); 

production of biodiesel from oil seed rape to substitute fossils fuels imports 

(biodiesel); and production of bioethanol from sugar beet to substitute fossils fuel 

imports (bioethanol). 
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Table 3-1 MACC results for the agriculture sector of Ireland for 2021-2030. Adapted from (20). 

Scenario Scenario description 
Marginal 

Abatement Cost 
(€ / t CO2eq) 

Abatement 
Potential  

(kt CO2eq) 

Farm Energy Increased Farm Energy Efficiency through 
energy consumption reduction on-site. -359 29 

Forestry  
(Wood / Wood 

Residue) 

Use of fuel-wood, sawmill residues and 
waste wood for energy generation. -30.7 759 

Biomass 
 (Heat) 

Increased use of short rotation coppice and 
miscanthus biomass for heat production. -20 179 

Biomass (Electricity) Combustion of willow and miscanthus in 
biomass boilers for energy generation. -10 196 

Biodiesel Biodiesel production from Oilseed Rape. 90 174 

Biogas AD 
Biogas production from co-digestion of 

slurry and grass silage for energy 
generation. 

115 224 

Bioethanol Bioethanol production from Sugar Beet. 200 51 

Biomethane Biomethane production from biogas 
upgrading for grid injection. 280 150 

 

As part of the analysis, two anaerobic digestion options were considered as potential 

mitigation options within the agriculture and forestry sectors as shown in Table 3-1. 

The first option was related to the production of biogas via the digestion of slurry 

and grass silage to generate heat and electricity (115 €/tCO2eq). The second option 

was to produce biomethane from biogas, followed by the use of this biomethane to 

produce renewable heat (280 €/tCO2eq). Both options were seen as high-cost 

abatement solutions for the Irish agricultural sector based on a price point of 50 

€/tCO2eq (20). MACC analyses are dependent on the methodology used and the 

inputs considered for the calculations. As such, the MACC may not capture the 

entire cost-effectiveness of the technology depending on the methodology used to 

calculate the mitigation potential (17). Furthermore, MACC analyses have largely 

been completed for large-scale operations that encompass whole energy sectors, 

where little granularity of the technologies or options available are provided (21,22). 

As a result, mitigation options such as anaerobic digestion have been represented by 

a single value related to a single scenario that may not encompass or describe the 

impact of different variables which can change between different systems (based on 

scale, type, or energy output). Anaerobic digestion systems vary in scale, design, 

technology, feedstock, and function, and these variabilities cannot be covered by a 

single scenario within a MACC.  

This study aims to provide a perspective on previous methodologies used for 

assessing the economic and environmental feasibility of on-farm anaerobic digestion 
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systems. To the best of the authors' knowledge no prior literature has outlined the 

importance of the assumptions made in the calculation of the abatement potential and 

associated cost for on-farm anaerobic digestion systems. Thus, this work will 

advance beyond the state of the art by encompassing a more holistic methodology 

for the calculation of the abatement cost of a technology such as anaerobic digestion. 

To represent all the potential costs and benefits that a technology may provide, based 

on its abatement cost and potential, clarity on the variables and assumptions selected 

for the construction of the abatement curve is required. For this work, methodologies 

used for calculating the cost and abatement potential of on-farm anaerobic digestion 

systems will be reviewed. The abatement cost of on-farm anaerobic digestion will be 

assessed for two case studies at different scales. Results will be compared against the 

values provided for anaerobic digestion in the Climate Action Plan shown in Table 3-

1. Furthermore, the main variables and assumptions required to calculate the 

mitigation potential of on-farm anaerobic digestion and their impact on results will 

be explored.   
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3.2 Methodology 

3.2.1 Areas of focus within the system boundary of an on-farm AD system 

The AD process at a farm-scale can be divided into three main areas of focus for an 

economic analysis: 1) feedstock production/acquisition and transport including the 

operations and costs associated with the collection and transportation of feedstock to 

the AD plant; 2) pre-treatment and AD processes including the capital and 

operational costs of processing the feedstock and conversion to biogas and digestate, 

and 3) biogas post-processing/utilisation and coproduct handling including but not 

limited to the cost of upgrading the biogas and the handling of the digestate produced 

from the AD process (23). The processes associated with each area of focus may 

vary depending on the design of an individual system. Table 3-2 highlights previous 

literature from a select set of works of TEA and LCA analyses which includes a 

description of the aforementioned areas of focus. These studies were used as they all 

included at least one process relating to the three areas of focus of the AD process 

outlined above. A full list of the articles reviewed can be found in detail in Appendix 

A.1. Providing a system boundary facilitates the development of a process model and 

calculation of the mitigation potential, cost, and revenue associated with each area. 
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Table 3-2 Areas of Focus in previous literature studies including TEA and LCA analyses of on-farm AD systems. 

Areas of Focus Associated Processes TEA TEA + LCA LCA 

Feedstock 
production / 

Acquisition and 
Transport 

Feedstock Acquisition X X X X X X X X X X   

Feedstock Handling X X X  
 

X X X X X  X 

Manure and/or Feedstock Storage 
 

   
  

X X X X X X 

Transportation by Land or Pipe X    
  

X X X X  X 

Farm Labour 
 

X   
  

X  X    

Pre-treatment and 
Anaerobic 
Digestion 

Construction of Anaerobic Digester X X X X X X X X X X X X 

Purchase of CHP unit X X X X X X X X X X X X 

Acquisition of Heat Exchange and Water 
Pumps 

X X X X 
 

X 
 

X     

Maintenance and Repair of the System X X X X 
 

X X X X    

Insurance 
 

 X X 
  

X X X    

Plant Labour 
 

X X X 
 

X X X X    

Biogas Post 
Processing / 

Utilisation and 
coproduct 
handling 

Connection to Gas Grid or Electricity Grid 
 

   X 
  

    X 

Purchase of Gas Purification Unit 
 

   X 
  

    X 

Operation of Upgrading System 
 

   X 
  

    X 

Sale of Electricity and/or Heat Generated X X X X X X X X X X X X 

Sale of Biomethane Produced     X        

Land Spreading of Digestate X  X X X X X   X X  

Treatment of Digestate 
 

   
 

X 
 

 X  X  

Sale of Digestate as Biofertiliser 
 

X   
 

X X X  X X  

Source (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) 

Note: X marks studies that contain the variables or process detailed in the leftmost column of the table. 
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For the TEA and LCA, the selection of the processes within the system boundary 

determines the scope of the analysis and can affect the estimates of operating cost, 

capital cost, revenues, and the total carbon abatement of the overall process. 

Furthermore, process models need to be created around this methodology to include 

all the relevant variables based on the farm and AD system for which the analysis is 

being undertaken. A representative farm model, which captures the entire farm 

context of the region of analysis, is preferred to account for all inputs and outputs 

considered for the TEA and LCA. This can be quite extensive based on the data and 

resources required to determine the multitude of interacting factors that might impact 

upon the viability of an AD system in a real-world context. However, once the 

estimations are set, the constructed model can be easily adapted to a variety of farm 

types and scales (36). For that reason, a methodology in which the processes 

considered for the analysis are clear, such as the one shown in Figure 3-1, for the 

region of analysis facilitates the use of a single modelling tool that can replicate 

different scenarios and compare the mitigation potential taking into consideration 

variations in the calculation of the abatement cost. 
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Figure 3-1 Example of an on-farm AD system, including the costs and revenues taken with an economic 
diversification approach. Elements of the graphics sourced from The Noun Project (37). 
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3.2.2 Capital and operational costs of on-farm AD 

In a TEA, the costs can be divided into the cost of capital expenditure (CapEx) and 

operational expenditure (OpEx). For on-farm AD, the main capital expenditure can 

be designated to the investment required for the plant design which in turn is defined 

by the type of feedstock used, the digester size desired, and the available technology 

(38). Once the type of plant has been selected, the total construction budget is 

divided into costs such as the engineering and permits required for its construction, 

construction insurance, interconnection costs, developer’s fee, equipment 

acquisition/installation costs, and land acquisition (39). Furthermore, depending on 

the business model there may be additional capital expenses including for a CHP 

unit, digestate treatment systems, and an upgrading unit to convert the biogas to 

biomethane (40). CapEx cost can also vary depending on the region where the 

technology is applied as some of the equipment may need to be imported from 

another country, incurring additional costs in the form of taxes. 

For OpEx, the associated costs are the operation and maintenance of the AD plant. 

These costs can include the daily operational labour, acquisition of feedstock, 

chemical and consumables required for the system, insurance, taxes, and 

maintenance of the mechanical systems (39). Depending on the type of feedstock, 

the cost associated with the operation can increase if there is a need for additional 

processes such as waste screening, removal of contaminants, and the need for 

loading and unloading of feedstock based on the size and type of digester (38). 

Furthermore, if the system is not correctly maintained, over time there may be a need 

to replace some of the mechanical and electrical elements of the system. It is also 

important to take into consideration an operation and maintenance (O&M) reserve 

fund to cover unexpected costs in the project such as the need to replace any 

equipment due to malfunctions (39). Finally, the cost of the parasitic electrical and 

thermal energy demand based on the selected AD technology must also be 

considered. For a process model to have an accurate estimation of the CapEx and 

OpEx, it is important to consider all associated processes to the technology that will 

be considered as part of the economic evaluation of the AD system as opposed to 

part of the farm function. For most of the TEAs and LCAs reviewed in the literature, 

these costs are considered within the areas of focus of the AD process as shown in 

Table 3-3. 
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Table 3-3 Capital and operational costs for on-farm AD systems reported in previous literature considering TEA 
and LCA analysis. 

Costs TEA TEA + LCA 

C
ap

ita
l 

Plant Construction X X X X    X  X  
Construction Insurance or 

Contingency 
       X    

Grid Connection Cost     X       
Equipment 

Acquisition/Installation cost X X X X X X X X X X X 

Land Acquisition and/or 
Civil Works 

 X X X  X X X  X X 

Upgrading Unit X    X       

O
pe

ra
tio

na
l 

Operational Labour X X    X  X X X X 
Acquisition of Feedstock  X X   X X   X X 

Chemicals and 
Consumables for the System     X X  X  X  

Insurance for the System   X X     X X  
Internal Energy 
Consumption 

 X X X X X  X X X X 

Maintenance X X X X  X X X X X X 
Handling of Feedstock X     X X   X X 
Digestate Treatment  X    X    X  

Source (24) (25) (26) (27) (28) (29) (41) (42) (30) (31) (32) 
Note: X marks that the study contains the variables or process detailed in the left side of the table. 

3.2.3 Economic diversification and revenues from on-farm AD 

The main revenues obtained from on-farm AD are dependent on the post-processing 

and utilisation of biogas. A CHP unit fuelled by biogas can generate renewable 

electricity and heat that can be sold to generate revenues. In the case of electricity, 

these revenues come from Feed-in-Tariffs (FiT) set by regulators within countries or 

regions that are contract-based with a maximum duration of 15-20 years. Different 

electricity prices are based on the sources of biomass or the capacity of the plant as 

shown in Table 3-4. In the case of heat, revenues can be generated through 

renewable heat incentives (RHI), such as those used in the UK and Ireland that are 

tier-based depending on the AD plant size, and similar to FIT tariffs are available for 

15-20 years. A caveat in reading Table 3-4 is the ever-changing systems for 

reimbursement in different countries over time. The values presented illustrate 

typical ways of remunerating renewable energy at a moment in time for selected 

countries. However, it can be noted that the incentive typically increases when the 

system scale is small, thus encouraging the adoption of small-scale on-farm AD 

systems. Such granularity of incentives is considered crucial by numerous 

governments to enable a profitable and competitive market for biogas plants (43), 

whilst encouraging premium returns to the sector at a local level which cannot avail 

of large (industrial) economies of scale. However, if additional products and benefits 
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are provided by an on-farm AD system over time and are integrated into the farm 

supply chain, the process can increase the potential for financial sustainability 

without the need for subsidies. 

Table 3-4 Financial benefits and support payments for AD in selected countries. Adapted from Pablo-Romero et 
al. (44), RES Legal (45) and RHI from the UK and Ireland (46,47). 

Country Contract 
Duration* 

Determining 
factors of the 

prices 
Revenue from Biogas Source 

Germany 20 years 

Plant size and origin 
of fuel (biogas from 
bio-waste, manure, 

landfill, sewage 
gas) 

Biomass from bio-waste: €ct 13.05–14.88 per 
kWh  
Biogas from manure: €ct 23.13 per kWh  
 

(45) 

United 
Kingdom 20 years Installed capacity of 

the plant. 

Plant Capacity: 
≤250 kWe: €ct 8.83 per kWh 
>250 kWe and ≤500 kWe: €ct 8.15 per kWh 
>500 kWe: €ct 8.4 per kWh 
 
Anaerobic Digestion Heating Systems: 
Capacity <200 MWth: 4.83 GBP (in pence) 
Capacity ≥200 kWth - <600 kWth:  3.79 GBP (in 
pence) 
Capacity ≥600 kWth:  1.21 GBP (in pence) 

(44,47) 

France 15 years 
The capacity of the 
plant and the energy 

performance 

Plant Capacity: 
≤150 kWe: €ct 9.745 per kWh 
≥2 MWe: €ct 8.121 per kWh 

A bonus of €ct 4 is granted to the plant if at least 
60% or higher amount of the biomass contains 
livestock manure. 

(44) 

Ireland 15 years 

Technology 
dependent (landfill 

gas, anaerobic 
digestion) and size 
of the CHP or non-

CHP plant 

Anaerobic digestion CHP plant capacity (No 
longer open for applications): 
CHP≤500 kWe: €ct 15.7 per kWh 
CHP>500 kWe: €ct 13.66 per kWh 
Non-CHP≤500 kWe: €ct 11.55 per kWh 
Non-CHP>500 kWe: €ct 10.5 per kWh 
 
Anaerobic Digestion Heating Systems: 
Tier 1 (0-300 MWh/yr): 2.95 €ct /kWh 
Tier 2 (300-1,000 MWh/yr): 2.95 €ct /kWh 
Tier 3 (1,000-2,400 MWh/yr): 0.50 €ct /kWh 
 

(44,46) 

*Period guaranteed by each government to offer fixed prices per kWh generated. 

Based on the processes considered in the business model selected for the on-farm 

AD system, the sources of revenues may vary between different TEAs, as shown in 

Table 3-5. The main source of income for most on-farm AD systems is the sale of 

electricity generated by the CHP unit. However, depending on the region of analysis, 

an economic diversification approach may be applied. This approach considers the 

generation of multiple products, which can provide benefits in terms of cost 

reduction to the process and additional income streams (48). This concept for on-

farm AD is extended to other potential outputs within the boundary of the on-farm 

AD process that are non-energy related. 
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The inclusion of the digestate (biofertiliser) and volatile fatty acids could diversify 

the product portfolio of the AD industry to increase its viability and feasibility. For 

example, carbohydrates present in the liquid effluent may be used to produce 

carboxylic acids by using membrane filtration which can be sold as platform 

chemicals (49). Digestate can be converted to bio-oil and bio-char with the 

integration of pyrolysis. Through the use of novel upgrading technologies, biogas 

can be converted into methanol, bio-CNG, and/or liquid drop-in fuels (50). 

Biomethane can also be used as a vehicle fuel with the use of compressed natural gas 

(CNG) service stations (51). With the increase in support schemes and technical 

advancements, there has been an increase in natural gas vehicles (NVGs) in the EU; 

ca. 1.3 million vehicles were reported in operation in 2015. Up to 3,345 CNG filling 

stations, of which 697 were biomethane filling stations, have been reported in 

selected EU countries (Germany, Italy, Austria, Finland, Sweden, Iceland, and 

Norway) (12). Biomethane can also be a substitute for natural gas if it is injected into 

the gas grid for use by traditional end-users (power plants, industries, and 

households). However, for this to be possible, the biomethane needs to comply with 

the gas purity requirements of the relevant gas grid. 

The sources of income or revenues may vary between different TEAs, this is 

dependent on the business model selected and the processes considered for the 

analysis, as shown in Table 3-5. Furthermore, if the uncertainty of external variables 

which can vary between regions is added, affecting both the cost and revenues that 

can change with time, the results can vary between each study. To account for this 

variability, some TEAs include additional sensitivity analysis to assess which 

variables are more sensitive to external variables within the study scope. 
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Table 3-5 Main revenues generated from on-farm AD systems reported in previous literature considering TEA 
and LCA analysis. 

Revenues TEA TEA + LCA 
Sale of electricity to the grid X X X X X X X X X 

Sale of biogas and/or biomethane X    X X    
Sale of heat in the 

district heating network 
      X  X 

Sales of by-products from 
digestate or co-products from the 

system 

X       X X 

Sales of biofertiliser (digestate) X X    X    
Offset of current heat and/or 
electricity costs avoided from 

current farm demand*. 

 X X X   X  X 

Source (24) (25) (26) (27) (28) (29) (30) (31) (32) 
 Note: X marks that the study contains the variables or process detailed in the left side of the table.  
*This stream is considered a revenue as it reduces the cost of farm processes not related to the AD process. 

3.2.4 Sensitivity analysis and the variability in costs and revenues  

Sensitivity analyses are used to evaluate the uncertainty that independent variables 

may pose to dependent variables in a mathematical model based on a series of 

assumptions. This allows for the identification of the input factors that contribute to 

the uncertainty of the model for later optimisation (52). For investment projects, it is 

essential to add a sensitivity analysis as an evaluation procedure to assess the 

feasibility of the project. This includes input values (such as the income, costs, value 

of investments), and how external factors may affect the total investment project 

evaluation (53). To assess the impact of external factors within the study scope on 

the profitability of on-farm AD, it is necessary to assess changes in the inputs and 

outputs of the systems that directly affect CapEx and OpEx during the lifetime of the 

project. Such external factors include government energy policies in the region and 

the technological development of AD at the time of the analysis, which directly 

affects the economic performance of the plant (54). 

In a TEA, sensitivity analysis can be conducted to assess the impact of the OpEx and 

the revenues on the key parameters such as the payback period, profitability index, 

and the net present value (55). However, depending on the type of analysis, the 

investment capital related to the CapEx may be included in the sensitivity analysis if 

different technologies or systems are evaluated in the process (29). Some examples 

of the OpEx considered include operating capacity, power efficiency, electricity 

price, gas price, feedstock price (manure, silage, or other agricultural feedstock), 

farm size, pre-treatment costs, and discount rate as shown in Table 3-6. For the 
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revenues, these variables may include applied subsidies, electricity, and heat 

buyback price, solid digestate price, liquid effluent price, biomethane price, liquid, 

and solid fertiliser price (Table 3-6). Once the variables are identified, they are 

altered by a set variation value to identify the variables that have the greatest impact 

on the output(s) and the results can be visualised using a tornado plot. This allows 

for the identification of the external agents that are most relevant for uncertainty 

analysis using a Monte Carlo simulation which is conducted by repeatedly running 

the model with different values of the sensitive parameters sampled from a given 

probability distribution (52). 

Table 3-6 Variables evaluated for sensitivity analysis in recent TEA literature studies.  

Variables analysed in Sensitivity Analysis TEA 
TEA + 
LCA 

Operating Capacity   X  X 
Feedstock Price X X  X X 

Farm Size  X X   
Capital Cost X  X X X 

Pre-treatment Costs  X    
Discount Rate  X X   

Applied Subsidies    X  
Electricity and Heat Buyback Price  X X X  

Digestate and Effluent Price     X 
Fertiliser Price    X  

Source (24) (26) (27) (29) (31) 

Note: X marks that the study contains the variables or process detailed in the left side of the table. 

3.2.5 Implementation of TEA and LCA for on-farm AD 

An indication of the financial feasibility of on-farm AD can be estimated from the 

results of recent TEA scenarios undertaken in different regions across the globe. 

These results tie together the processing capacity of the plant selected for the 

analysis based on the CapEx, OpEx, and the break-even prices of the products 

considered within the AD process in the region of analysis. The most prominent key 

indicators included in the results of recent TEA analyses include the IRR (Internal 

Rate of Return), NPV (Net Present Value), and the payback period as shown in Table 

3-7. The IRR plays a crucial role in assessing the viability and financial feasibility of 

the project before investing. The NPV provides the present value of all future cash 

flow the project will generate during the lifetime of the project, which in most of the 

TEAs reviewed for on-farm AD is in the range of 15-30 years. Each TEA selects a 

particular discount rate based on the assumptions of the inflation in the region of 

analysis, the weighted average cost of capital of the investor, and investor attitudes 
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toward risk; typically, this rate is in the range of 5% to 10%, although it is commonly 

recommended to select a discount rate of 10% for renewable energy investments if 

there is no previous data for the region (56). Furthermore, most of the TEAs 

reviewed provide a simple payback period, in comparison to a discounted payback 

period, which provides a more realistic representation of the payback period by 

taking into consideration the value of money over time. 

Table 3-7 Key Indicators reported by recent TEA analysis in the literature for on-farm AD. 

TEA Key 
Indicators 
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IRR X X X X X  X X 
NPV X X X X X X X X 

LCOE X     X   
Simple 

Payback 
Period  

X X X X X X X X 

Discounted 
Payback 
Period 

     X X  

Note: X marks that the study contains the variables or process detailed in the left side of the table. 

In terms of LCAs, most studies follow the International Organization for 

Standardizations (ISO) 14040 and 14044 standards (31) although, for Europe, the 

International Reference Life Cycle Data System (ILCD) handbook guide provides a 

detailed description on how to carry out the analysis following the definitions 

established by the European guidelines (32). This includes the emissions analysis 

that needs to be set based on the REDII methodology to assess GHG emissions from 

the production and use of biomass-derived fuels; for the co-digestion of crop 

biomass this would include everything from the cultivation of the crop right through 

to biogas upgrading and/or injection for its use as a transport fuel as shown in 

Equation 3.1. If the fuel is used for heat and/or electricity production, an energy 

conversion factor needs to be included to account for the efficiency of the heat or 

electricity generation process when comparing the energy produced to the respective 

fossil fuel comparator. 
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Equation 3-1 Emissions analysed using REDII methodology for GHG assessment. 

  𝐸𝐸 = �𝑆𝑆𝑛𝑛 × �𝑒𝑒𝑒𝑒𝑒𝑒,𝑛𝑛 + 𝑒𝑒𝑡𝑡𝑡𝑡,𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,𝑛𝑛 + 𝑒𝑒𝑙𝑙,𝑛𝑛 − 𝑒𝑒𝑠𝑠𝑠𝑠𝑠𝑠,𝑛𝑛� +  𝑒𝑒𝑝𝑝 + 𝑒𝑒𝑡𝑡𝑡𝑡,𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 + 𝑒𝑒𝑢𝑢

𝑛𝑛

1
− 𝑒𝑒𝑐𝑐𝑐𝑐𝑐𝑐 − 𝑒𝑒𝑐𝑐𝑐𝑐𝑐𝑐 

Where 𝐸𝐸 amounts to the total emissions produced in the biogas as primary energy 

(before energy conversion to electricity, heat, or transport fuel); 𝑆𝑆𝑛𝑛 is the energy 

share provided by feedstock 𝑛𝑛 for the production of the biofuel, 𝑒𝑒𝑒𝑒𝑒𝑒,𝑛𝑛 is the 

emissions associated with the extraction and cultivation of feedstock 𝑛𝑛; 

𝑒𝑒𝑡𝑡𝑡𝑡,𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,𝑛𝑛is the emissions from the transport of feedstock 𝑛𝑛 to the digester; 𝑒𝑒𝑙𝑙 is 

the emissions from carbon stock changes caused by land-use change; 𝑒𝑒𝑝𝑝 is the 

emissions from processing; 𝑒𝑒𝑡𝑡𝑡𝑡 is the emissions from transport and distribution of 

the products; and 𝑒𝑒𝑢𝑢 is the emissions from fuel in use, emitted during combustion, 

which shall be assumed as 0 for biofuels and bioliquids . The emissions savings are 

accounted for by 𝑒𝑒𝑠𝑠𝑠𝑠𝑠𝑠 from improved agricultural management of feedstock, 𝑒𝑒𝑐𝑐𝑐𝑐𝑐𝑐 and 

𝑒𝑒𝑐𝑐𝑐𝑐𝑐𝑐 from CO2 capture from geological storage and fuel replacement (57).   

In the case of co-product allocation in which one or more useful products are 

produced in the production system (such as heat, transport fuel, biofertiliser, etc.) it 

is necessary to select an allocation method so that the emissions can be divided 

between the co-products (35). To achieve this, some authors recommend expanding 

the system boundary of the LCA to include the life-cycle of co- or by-products to 

correctly represent the environmental performance of the biofuel system (58). 

Furthermore, the LCA boundary determines the mitigation potential of the on-farm 

AD system based on the GHG abatement mitigation measures considered in the 

boundary as shown in Table 3-8. 
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Table 3-8 The main GHG mitigation measures taken into consideration for literature LCAs for on-farm AD. 
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Manure Management X  X X X X 
Displacement of Farm 

Energy Demand 
X X X X   

Displacement of Energy 
Exported 

X   X X X 

Displacement of 
Mineral and Organic 

Fertilisers 

 X  X X  

Note: X marks that the study contains the variables or process detailed in the left side of the table. 

3.2.6 Abatement cost curve methodology   

With the values obtained from both the TEA and LCA, it is possible to calculate the 

abatement cost that can assess the impact of technology adoption compared to other 

technologies in the agricultural sector based on the abatement cost and the magnitude 

of abatement possible. The abatement cost can be calculated using the IPCC 

methodology (15) as shown in Equation 3.2 

Equation 3-2 Abatement cost calculation. 

𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨 𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 �
€

𝑡𝑡𝐶𝐶𝐶𝐶2𝑒𝑒𝑒𝑒
� =

−𝑵𝑵𝑵𝑵𝑵𝑵
𝑫𝑫𝑫𝑫𝑫𝑫

 

Where the NPV is obtained from the result of the TEA and the discounted lifetime 

abatement (𝐷𝐷𝐷𝐷𝐷𝐷) is calculated from the sum of the discounted annual abatement 

(𝐷𝐷𝐷𝐷) as shown in Equation 3.3. 

Equation 3-3 Discounted annual emissions calculation. 

𝐷𝐷𝐷𝐷𝐷𝐷 (𝑡𝑡𝐶𝐶𝐶𝐶2𝑒𝑒𝑒𝑒) = �𝑫𝑫𝑨𝑨𝒕𝒕

𝒏𝒏

𝒕𝒕=𝟎𝟎

= �
𝑵𝑵𝑵𝑵𝑵𝑵 𝑮𝑮𝑮𝑮𝑮𝑮 𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨

(𝟏𝟏 + 𝒓𝒓)𝒕𝒕

𝒏𝒏

𝒕𝒕=𝟎𝟎

 

Where the net GHG abatement (tCO2eq a-1) is obtained from the result of the LCA, r 

is the discount rate, t is the year of analysis, and n is the number of years based on 

the lifetime of the project. 

An abatement cost analysis evaluates the potential for GHG mitigation based on two 

main variables: the cost of implementing the measure and the effectiveness in 

reducing the emissions in the sector. Based on Sathaye and Meyers (59), MACCs 

follow three typical approaches.  
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The partial approach evaluates a measure against a reference technology in which 

the incremental changes in emissions and costs are calculated and ranked based on 

the cost-effectiveness of the measure. The results are ranked independently without 

taking into consideration the possible interdependence among the options making 

this approach the shortest and simplest; however, this can sometimes cause 

misinterpretation of the results.  

The retrospective approach is similar to the partial approach in the initial steps, but 

multiple calculations are required to evaluate each option or measure based on the 

interdependence of the variables present and the interaction these have with all of the 

previously implemented options. Compared to the partial approach, it is slower as it 

requires more calculations and does not consider the interaction between more 

expensive options on previously selected options. 

The integrated system approach requires a well-defined baseline and the use of an 

optimisation model that reacts automatically to marginal changes in the demand and 

supply side every time the model is run. This approach is the most complete option 

as it considers all possible interdependencies within the system boundary of the 

analysis.  

MACC analyses for the agriculture sector have been developed for several countries 

where AD is proposed as a mitigation measure to reduce GHG emissions. For the 

majority of MACCs that include AD as a mitigation technology, the preferred 

methodology is the partial approach (20,60,61), despite being more prone to 

misinterpretations due to the lack of data availability used for its construction. A 

recent MACC (62) used a retrospective approach to evaluate the interdependence of 

the variables within the analysis. The abatement cost and potential can be quite 

dependent on the region of analysis, the size of the farm, the type of feedstock, and 

the possibility to commercialise the co-benefits. Thus, the selection of all the 

possible variables affecting the system under analysis is essential in terms of 

considering all measures that contribute to the mitigation potential of the on-farm 

AD system. 

3.2.7 Considerations for the analysis of abatement cost for on-farm AD 

For the majority of TEAs and LCAs reviewed, the processes and variables selected 

were dependent on the region of analysis which influenced the main considerations 
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and assumptions selected for the on-farm AD system. As shown in Table 3-2 the 

main processes included in all of the analyses are the feedstock acquisition, the 

construction of the anaerobic digester, purchase of CHP unit, and the sale of 

electricity and/or heat generated. These processes are the baseline assumptions 

considered in the reviewed TEAs and LCAs as part of the profitability and 

mitigation potential of on-farm AD. This boundary in most cases can be limited as it 

only takes into consideration the main process of AD, namely the production of 

biogas to generate power without considering the co-products and by-products 

produced by the process and the environmental benefits of the technology. To 

characterise the effect of the different variables considered within the boundary of 

the study for on-farm AD systems, two studies (presented in Table 3-9) that included 

both TEA and LCA results with a clear methodology were selected to calculate the 

abatement cost for small and medium-scale systems. Both studies provided the 

assumptions considered for the selection of the variables for the TEA and LCA and 

explained in detail how each scenario was selected for the analysis of the study. 

Scenarios S1 to S4 are based in Ireland, and scenarios S5 to S7 are based in the 

USA. While the feedstock differs in both the Irish and US scenarios, both studies 

represent on-farm AD systems. Typically, in Ireland slurry is collected in open tanks 

in the winter period for 16 weeks when cattle are housed indoors, the cattle are kept 

outdoors on pasture during the rest of the year (63). In the USA, the cattle are housed 

year-round in feedlot operations in which manure is collected periodically based on 

the amount accumulated and the weather conditions (64). In the Irish scenarios (S1 – 

S4), the annual slurry collected is 10.1 t cow-1 a-1 with a total solid content of 8.75% 

resulting in 0.88 tDM cow-1 a-1 (30). In the USA scenarios (S5 – S7), the annual 

manure collected is 12.8 t cow-1 a-1 with a total solid content of 12% resulting in 1.53 

tDM cow-1 a-1 (31). There are obvious differences in the size of the systems assessed; 

the Irish system can be described as small-scale with an electrical output of 

<100kWe whilst the US process is of medium-scale (>100 kWe) (30). 
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Table 3-9 Case study scenarios for on-farm AD systems in Ireland (small-scale) and the USA (medium scale) for 
the calculation of the abatement cost and potential of anaerobic digestion. 

Scenario Manure 
Source 

Herd Size Feedstock (tonnes fresh 
weight a-1) 

Digester 
Size (m3) 

CHP 
(kWe) 

Location Source 

S1 Dairy 
Cows 

100 1,070 (Grass Silage) 
1,010 (Slurry) 

NA 26 

Ireland 
(30) 

 

S2 
Dairy 
Cows 150 

1,199 (Grass Silage) 
1,515 (Slurry) NA 39 

S3 Dairy 
Cows 

200 1,328 (Grass Silage) 
2,020 (Slurry) 

NA 46 

S4 
Dairy 
Cows 

250 
1,457 (Grass Silage) 

2,525 (Slurry) 
NA 55 

S5 
Beef 

Cattle 2,392 
 3,313 (Corn Husk) 

30,558 (Slurry) 3,670 500 

US (31) S6 Beef 
Cattle 

3,564 3,313 (Rye) 
45,515 (Slurry) 

3,670 500 

S7 
Beef 

Cattle 3,458 
3,313 (Wheat) 
44,165 (Slurry) 3,670 500 

 

3.2.8 TEA assumptions  

For the calculation of the TEA for scenarios S1 to S7, each of the studies considered 

different variables for the CapEx, OpEx, and revenues generated by the project to 

calculate the NPV based on the region of analysis. For both studies, CapEx 

considered the cost of the equipment installation at the AD plant and the cost 

associated with the CHP electrical plant. The Irish scenarios (S1 – S4) estimated this 

cost on the average establishment cost based on the installed electrical capacity 

(kWe) of the on-farm AD systems based on reports from Europe (30). The USA 

scenarios (S5 – S7) also included in the CapEx the cost for storage of slurry and 

liquid by-products in the form of a sludge holding tank for the slurry based on the 

total head of cattle and a lagoon for the average liquid effluent produced per head of 

cattle (31). The OpEX for both studies accounted for the maintenance, labour, and 

insurance for the operation of the plant; however, the Irish scenarios (S1 – S4) 

omitted taxes and interest from the calculation as the authors stated that this would 

give a distorted representation of the cost of financing (30). The USA scenarios (S5 – 

S7) also included the cost of raw materials such as the feedstock acquisition cost 
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(Rye, Wheat, and Corn Stover) and raw manure obtained from cattle feedlot 

operations, and the waste handling cost for the solid digestate (31). 

For revenues, both studies considered incentives as part of the income. The Irish 

scenarios (S1 – S4) considered two different incentives for energy, the renewable 

energy FiT scheme for the electricity exported to the grid at a rate of 15.8 c€ kWh-1 

for CHP with capacity ≤ 500kW and the RHI scheme based on the heat produced at a 

rate of 2.95 c€ kWh-1 for AD plants generating less than 300 MWh a-1 (30). For the 

US scenarios (S5 – S7), the incentives came from the Renewable Electricity 

Production Tax Credit based on the electricity generated by the system using a cost 

of $0.015 USD kWhe-1. Additionally, this tax credit provides an incentive through a 

by-product credit claim that provide $35.25 USD per metric ton for solid effluent 

and $2.64 USD per metric ton for liquid effluent if these are reused as fertilisers on 

the farm (31). In addition to the incentives, the Irish scenarios (S1 – S4) consider 

additional revenues from the sale of exported heat via a district heating system at a 

rate of 3 c€ kWh- taking into consideration the cost of infrastructure and from the 

cost-saving from avoided electricity and heat use on the farm. The electricity saving 

is based on the purchase price of 19.9 c€ kWh-1 from the electric grid for 

consumption less than 0.02 GWh/yr and 15.1 c€ kWh-1 for consumption between 

0.02 and 0.5 GWh a-1. Meanwhile, thermal energy savings were based on the cost of 

displacing kerosene as a fuel for heating at a cost of 7.8 c€ kWh-1 (based on an 

energy input of 36.4 MJ L-1 and a price of 80 c€ L-1) (30). 

3.2.9 LCA assumptions  

For the calculations of the net GHG abatement, each of the studies took different 

approaches based on the processes considered in each LCA methodology. For both 

the Irish and US scenarios, the overall Net GHG abatements (kg CO2eq / yr) were 

calculated by subtracting the total GHG emissions produced by the process minus 

the GHG savings provided through avoided emissions. The Irish scenarios (S1 – S4) 

included the GHG emissions produced by the crop production process (grass silage), 

feedstock collection and transport, biogas production process, and digestate disposal. 

These emissions were mainly generated from the diesel fuel consumption of the 

machinery used and from the emissions generated in the combustion of biogas in the 

CHP unit. The GHG savings were divided between emissions avoided by displacing 

fossil fuels used for energy generation and avoided fugitive methane emissions from 
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manure storage and manure application to land (30). The USA scenarios (S5 – S7) 

considered the GHG emissions produced from the production of feedstock, the 

feedstock transportation, feedstock preparation for anaerobic digestion, the 

separation of by-products, and the combustion of biogas in the CHP unit. The GHG 

savings were based on the avoided emissions from the displacement of chemical 

fertiliser through the use of digestate as biofertiliser, and from the emissions avoided 

by displacing fossil fuels used by recycling the heat to the AD process in the form of 

steam (31).   
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3.3 Results and Discussion 

3.3.1 Process variation and the effect on abatement costs for on-farm AD 

Based on the assumptions for both the Irish and US scenarios, the TEA and LCA 

results reported in each study were used to construct an abatement curve for on-farm 

AD. The abatement cost of each scenario was obtained as shown in Table 3-10 by 

using the IPCC methodology shown in Equation 3.2 and a discount rate of 4% for 

the discounted lifetime abatement in guidance with the Irish Public Spending Code 

(65). The NPV and net annual GHG savings (t CO2eq a-1) were obtained from the 

TEA and LCA results reported in each study. Box 3-1 shows in detail the 

calculations of the abatement cost. A partial approach was selected to present the 

data. The resulting abatement curve, shown in Figure 3-2, shows that scenarios S2 to 

S4 have a negative cost of abatement, making them economically viable as 

mitigation options, whilst scenarios S1, S5, S6, and S7 have positive abatement costs 

indicating that they are high-cost abatement solutions.   

Table 3-10 Assessment of abatement cost and Net GHG abatement for different on-farm AD scenarios. 

Scenario 
Net GHG 
abatement   
(tCO2eq a-1) 

Lifetime of the 
project (Years) 

NPV for lifetime 
of the project (€) Source 

Discounted 
Lifetime 

Abatementd 

(tCO2eq) 

 Abatement 
Cost (€ per 

tCO2eq) 

S1 45 20 -26758b 

(30) 
 

609 44 
S2 88 20 67339b 1192 -56 
S3 130 20 171168b 1773 -97 
S4 173 20 275006b 2354 -117 
S5 599a 30 -181076c 

(31) 
10358 17 

S6 446a 30 -197932c 7713 26 
S7 421a 30 -572124c 7273 79 

a – Values were obtained by multiplying the GHG emissions reported in the study (kg CO2eq kWh-1) by the 
annual energy generated based on the system capacity of 950kWe with an 85% annual operating capacity (7446 
hrs a-1). 

b- A discount rate of 5% was used for financing, the tax rate was not considered as part of the calculations of the 
NPV. 

c- An exchange rate of 0.85 USD €-1 was used for the NPV values reported in the study to convert values from 
USD to euro. A discount rate of 7.5% was used for financing while a 39% tax rate was used for income. 

d- Based on a discount rate for GHG emissions of 4 %. 
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Figure 3-2 Abatement Cost Curve for small and medium scale on-farm AD systems. Small-scale scenarios S1 to 
S4 were based on Irish dairy farms with different herd sizes (S1-100, S2-150, S3-200, S4-250) utilizing grass 
silage and slurry as feedstocks. Medium-scale scenarios S5 to S7 were based on US beef farms with different 
types of feedstocks (S5- Corn Husk, S6-Rye, S7-Wheat) being co-digested with beef slurry.    

Box 3-1. Calculation for the Abatement Cost 

Ireland Scenario 1 
Discounted Lifetime abatement 
A discount rate of 4% for GHG emissions was assumed for the calculation of the 
discounted lifetime abatement. A period of 20 years based on the lifetime of the project 
was assumed. 𝐷𝐷𝐷𝐷𝐷𝐷 is the discounted annual abatement in year t and calculated as show 
in Equation 3-3. 
 
 𝐷𝐷𝐴𝐴1  =  45

(1+0.04)1 = 45
1.04

= 43.12 t CO2 eq. 

 𝐷𝐷𝐴𝐴2  =  45
(1+0.04)2 = 45

1.08
=  41.46 t CO2 eq. 

 . 
 𝐷𝐷𝐴𝐴20  =  45

(1+0.04)20 = 45
2.19

= 20.47 t CO2 eq. 
 
The total project abatement equals the sum of the discounted annual abatement. 
 𝐷𝐷𝐷𝐷𝐷𝐷 =  43.12 + 41.46 + ⋯+ 20.47 = 609.47 tCO2eq. 

Abatement cost 
Using both the NPV reported by the study and the sum of the discounted abatement, 
the abatement cost curve was calculated using the IPCC methodology in Equation 3-2.   

 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 =  −(−26758)
609.47

= 43.9 € per tCO2eq. 
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It is apparent from the results obtained in Figure 3-2 that the abatement cost of on-

farm AD can fluctuate based on the scale of the system, the processes considered, 

and the system boundary applied for the calculation of the abatement cost. This is 

evident in scenarios S1 to S7 where the abatement cost ranged between -117 to +79 € 

tCO2eq -1, in comparison to the values presented in the Irish Climate Action Plan 

(Table 3-1) of 115 and 280 € tCO2eq -1 for biogas to heat and power and biomethane, 

respectively (20). The assumptions selected for each study and the system boundary 

considered determine the overall result of the financial viability and the 

environmental mitigation of the system. Scenarios evaluated in the Climate Action 

Plan considered large-scale AD scenarios in which the GHG savings came mainly 

from displacing fossil fuels and the income was derived from the sale of the energy 

generated. The income for the biogas to heat and power scenario was generated from 

the sale of the energy produced set between 6 and 8 c€ kWh-1 and from the refit tariff 

of 14 c€ kWh-1. The biomethane scenario only considered the income derived from 

the sale of the upgraded gas as biomethane at 3.5 c€ kWh-1. It is unclear to the 

authors how the cost per tonne of CO2 abated was calculated for each scenario as 

there is not enough insight on the methodology that was used to calculate the cost of 

each measure in the Climate Action Plan analysis.  

For the scenarios considered in this paper for Ireland (S1 – S4) and the USA (S5 – 

S7), the system boundary selected for both TEA and LCA considered additional 

sources of income and GHG savings which were likely not considered by the 

analysis completed for the Climate Action Plan and may result in a lower cost of 

abatement. These include GHG savings from avoided fugitive methane emissions 

from manure storage and manure application to land and avoided emissions from the 

displacement of chemical fertiliser from the use of digestate as biofertiliser. In the 

case of revenues, these include the sale of heat in district heating networks; 

incentives from the management of by-products from digestate; and the offset of 

current heat and/or electricity costs at the farm. When incentives are included for the 

calculation of the abatement cost, it allows investors, the system operators, and 

policy makers, to see the magnitude of mitigation that each technology can achieve, 

as well as the economic performance of the system from the perspective of the 

system operator.  
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In the case of the scenarios for Ireland (S1-S4), more sources of revenues were 

considered (incentives, sale of heat produced, cost-savings from displaced energy) 

which resulted in a lower cost of abatement as the additional sources of income 

resulted in a positive NPV in comparison to the scenarios for the USA (S5-S7) that 

considered fewer sources of revenue (tax credit incentives) and additional costs 

(feedstock acquisition cost and taxes) which resulted in a negative NPV. The LCA of 

both studies considered similar sources of GHG emissions. In the US scenarios, the 

GHG emissions savings included for displacing synthetic fertiliser with digestate (as 

a biofertiliser) which resulted in greater mitigation owing to the extended system 

boundary in comparison to the Irish scenarios. The Irish scenarios only considered 

the GHG savings from the avoided fugitive methane emissions from manure storage 

and manure application to land. The system boundary differs between each study 

assessed and can vary from case to case based on the methodology used for the 

calculation of the TEA and LCA. This will alter the abatement cost which makes 

selecting a single point value to represent a mitigation technology difficult.  

MACCs are a standard policy tool to assess the cost-effectiveness of mitigation 

options in a simplified and straightforward manner; however, the MACC results for 

certain technologies may present a single average cost that does not account for 

system variation, which ultimately may affect the abatement cost and the abatement 

potential of a mitigation technology. In particular, MACC analyses that use a partial 

approach have shortcomings that include a lack of disclosure of the input data 

assumptions selected for the calculations, the lack of consideration of 

interdependencies and interactions between variables, and the limited representation 

of uncertainty (66). These shortcomings can be a result of the amount of data 

required for the construction of the curve itself and the methodology selected for the 

calculation. 

3.3.2 Integration of uncertainty analysis for the calculation of the abatement cost 

Recent MACC values in other sectors have started to consider the representation of 

uncertainty during the construction of MACCs to provide a more transparent 

methodology where the cost and abatement potentials are compared (67–69). To 

carry out this methodology allowing for uncertainty, the single data points used in 

the construction of the curve need to be sampled from probability distributions, 

which in most cases can be performed using Monte Carlo simulations. However, 
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incorporating various uncertainties may complicate the overall modelling of the 

abatement cost and potential, so it is recommended only to include the uncertainties 

of the input parameters that directly affect these values; these parameters can be 

obtained with a sensitivity analysis. In particular, the discount rate selected is a 

parameter that needs to be assessed in the sensitivity and uncertainty analysis as it 

affects both the calculations of the abatement cost and potential. Furthermore, given 

the shortcomings of the partial approach, the inclusion of uncertainty analysis will 

improve the robustness of the results illustrated in MACC by providing the potential 

range of abatement and abatement costs the mitigation technology provides. 

3.3.3 Inclusion of economic diversification and the environmental benefits of on-

farm AD  

Only a handful of TEAs reviewed recognised two or more of the additional financial 

benefits of on-farm AD which may include the income from the sale of biofertiliser 

and co-products, the reduction of energy costs (for farm equipment, lighting, 

heating) and the reduction in chemical fertiliser use (24,31,32). Including more 

inputs and outputs in the system boundary provides a more representative 

methodology that can include possible additional financial benefits of the technology 

and provide a more realistic estimate of the viability of on-farm AD. 

A recent TEA by González-Arias et al. (70) found that biogas plants with a digester 

size of 100 and 250 m3 were unprofitable in comparison to larger biomethane 

production plants where the only revenue considered was the sale of biomethane 

(which depends on subsidies and incentives available). However, the same study did 

acknowledge that the profitability of small plants can be improved by considering 

other revenue streams where waste is converted into value-added materials and 

energy. Furthermore, new approaches for on-farm AD systems may provide extra 

revenues that can improve profitability by expanding the system boundary to include 

additional processes. Examples of this can be seen in biorefineries for isobutene and 

xylo-oligosaccharides evaluated by Lopes et al. (71) or the use of CO2 produced as a 

by-product of AD for tomatoes cultivation in greenhouses evaluated by Oreggioni et 

al. (72) which were both proven to be economically viable. Another source of 

income could be waste management fees by integrating bio-stabilised organic solid 

wastes diverted from landfills as feedstock to the anaerobic digestion process which 

could increase the financial viability of the system (73). The integration of such fees 
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has also been explored in Ireland as part of the National Waste Management Plan, in 

which waste fees could be modulated for users in a “pay as you throw” scheme 

based on the amount of waste delivered to the waste management system (74). 

However, the acceptance of bio-stabilised waste as an additional feedstock by farm 

scale anaerobic digestion systems would need to be strict in accordance with all 

health and safety requirements, specifically those governing the operation of 

anaerobic digestion plants to avoid the unintended spread of pathogens (reference to 

CN9 and CN11 from DAFM) (75). 

For LCAs, the main emissions savings considered for the calculation of the GHG 

emissions comes from the emissions avoided from manure management, 

displacement of farm energy demand and energy exported, and displacement of 

fertiliser as shown in Table 3-8. Although there are certain environmental 

improvements that are not linked to GHG emissions such as the odour reduction 

through the use of biofertiliser and the improvement of water quality by reducing 

eutrophication, these were not considered in any of the analyses (76). This 

environmental benefit of AD could also be included within the system boundary if 

the GHG emissions that would be produced by technologies used to treat such 

problems are included in the calculations within the system boundary. This could 

prove beneficial in order to compare scenarios where the environmental benefit of 

AD is applied as seen in a MACC produced for the UK Climate Committee [62]. 

This particular MACC considered the environmental mitigation of AD as part of the 

assumptions based on the treatment of livestock excreta that would otherwise be 

stored in slurry tanks or lagoons. Furthermore, integrating technologies such as 

pyrolysis could allow anaerobic digestion systems to offer atmospheric carbon 

removal services based on the production of biochar from digestate (77). This could 

provide an alternative use for excess digestate produced in the anaerobic digestion 

process, which might not be utilised entirely by the farm. If all possible financial 

benefits and environmental improvements are considered within the system 

boundary, a more representative abatement cost and mitigation potential of anaerobic 

digestion, and indeed any technology, can be obtained. 

3.3.4 Limitations of work  

As part of this work, Ireland was presented as an example region to compare the 

abatement cost previously calculated for on-farm anaerobic digestion in the Climate 
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Action Plan 2019 with two case studies which presented results of on-farm anaerobic 

digestion scenarios at different scales. The calculation of the abatement cost can vary 

based on the region of analysis, or the methodology selected in undertaking the 

MACC assessment. The data used in this work were explicitly obtained to compare 

the methodology and system boundary applied in different regions for the calculation 

of key parameters such as the NPV and emissions savings, which allow the 

identification of all the potential financial benefits and environmental improvements 

that anaerobic digestion can provide. The methodology in this work can be expanded 

to other regions to expand the current system boundary used for the calculation of 

the abatement cost of a technology, in this case, anaerobic digestion. This can aid the 

representation of the abatement cost of anaerobic digestion whilst accounting for 

externalities such as improved manure management practices which are not 

commonly represented in abatement cost curve analyses.   
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3.4 Conclusion 
To assess the financial viability of on-farm anaerobic digestion, the key parameters 

to consider in a techno economic assessment (TEA) are the net present value (NPV), 

the internal rate of return (IRR), and the payback period. Likewise, to assess the 

environmental impact, the key consideration in a lifecycle assessment (LCA) for the 

GHG assessment is to include emissions savings from the displacement of fossil fuel 

from avoided energy use; the displacement of chemical fertiliser use on-farm; and 

the emissions avoided from manure management. Most of the literature reviewed 

provided results from a TEA and LCA but did not calculate the abatement cost based 

on the results of the TEA and LCA.  

Within this study, the abatement cost was evaluated for seven different scenarios for 

on-farm anaerobic digestion at different scales (small and medium) based on 

literature case studies (which included clear definitions of the methodology used for 

the TEA and LCA). Each scenario considered different processes and boundaries for 

both TEA and LCA which provided a range of different values of abatement cost and 

potential. The abatement cost varied from -117 € tCO2eq
-1 to +79 € tCO2eq

-1 clearly 

indicating that the variables selected for the study have a significant influence on the 

results. Additionally, the scale of the on-farm AD system and the revenue streams 

considered influenced the results. Small on-farm AD systems that accounted for a 

larger number of revenue streams (Irish scenarios) had a better economic 

performance but lower abatement potential than larger systems (US scenarios) in the 

studies analysed which resulted in lower abatement costs. On the contrary, scenarios 

with larger on-farm AD systems achieved greater GHG mitigation owing to the 

increased system size despite the low economic performance of the systems. 

Including GHG emissions savings from the avoided use of fertiliser further reduced 

abatement costs in the US scenarios. As such, accounting for additional income and 

emission savings from co-benefits can reduce the abatement cost. 

Considering different variables within a study has a substantial impact on the 

calculation of the cost and abatement potential of on-farm anaerobic digestion. The 

scale and processes considered within the analysis determine the overall result in 

terms of financial viability and environmental mitigation. The system boundary 

directly influences the processes considered and therefore influences the results of 

the calculation. In the scenarios assessed in this work, it was found that if the study 
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considered additional sources of revenue streams and savings (therefore a larger 

number of processes) a lower abatement cost would be obtained. Furthermore, the 

methodology differs between each study, and the processes considered to calculate 

the cost and abatement can vary from case to case based on the methodology and 

assumptions of each study.  Prior analyses which presented a single value for the 

abatement cost for on-farm AD may not be able to accurately capture this variability 

in the system boundary considered; the scale of the system; and the revenue streams 

considered. 
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Abstract: 

Agriculture is considered a hard to abate sector in which 2050 net-zero greenhouse 

gas (GHG) emissions targets will be challenging. Anaerobic digestion is a 

technology that can reduce agricultural emissions whilst producing renewable energy 

and a biofertiliser. In Ireland this technology was previously evaluated to be a high 

cost of abatement solution. However, it is not clear if the potential variations in 

anaerobic digestion systems were accounted for in these analyses; scale, plant 

design, technology, feedstock and biogas end-use differ between systems and can 

directly impact abatement costs. This study assesses different biogas end-use options 

(generation of heat, electricity and biomethane) and varying farm sizes for on-farm 

anaerobic digestion systems digesting grass silage and cattle slurry feedstocks. To 

evaluate and compare each biogas end-use for the varying farm sizes, the abatement 

cost and potential was obtained based on the net present value (NPV) and the total 

discounted GHG emissions for each system configuration. The abatement cost of the 

on-farm anaerobic digestion systems assessed varied between -7 € tCO2eq
-1 to 816 € 

tCO2eq
-1. For a farm with 185 dairy cows, the integration of anaerobic digestion with 

the use of a boiler to produce heat sold through a district heating network was found 

to be a financially viable option. Biogas upgrading to produce biomethane was not 

financially viable due to the high operational and capital costs of small-scale 

upgrading systems. A key result of the analysis shows that if a single input variable 

is changed within the system boundary, the financial and environmental performance 

of a system can be significantly changed. For example, an increase in tariffs and 

biomethane sale prices can substantially improve the financial viability from +72 € 

tCO2eq
-1 to -227 € tCO2eq

-1. Similarly, a higher cost for grass silage feedstock (€ 43 
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per tonne) will unfavourably impact the abatement cost; raising it from -7 € tCO2eq
-1 

to 492 € tCO2eq
-1. 

 

Keywords: Anaerobic Digestion; Economic performance; Techno-economic 

analysis; GHG assessment; Abatement Cost. 

 

  



 

72 
 

4.1 Introduction 
The reduction of greenhouse gas (GHG) emissions has become a priority for the 

European Union (EU) due to the increased threat of global warming. Through 

environmental policies, the EU aims to achieve a net-zero GHG economy and be 

climate-neutral by 2050 (1). The agricultural sector has the second highest GHG 

emissions over the combined 27 EU member States, totalling 15.6%, as per Figure 4-

1 (1). Only electricity production had higher associated GHG emissions within the 

EU's primary economic sectors (1). The GHG emissions from agriculture vary by 

country and are based on the type of products and practices used to produce farm-

based goods. In Ireland, the agricultural sector is one of the main contributors to the 

country's economic growth (2). This sector contributes a much higher percentage of 

GHG emissions (38.5%) relative to the EU (15.6%) (3). Thus, agriculture presents a 

serious decarbonisation challenge in Ireland and must be carefully considered in 

future national strategies when accounting for the EU climate mitigation policies. 

 
Figure 4-1 Top 10 greenhouse gas (GHG) emissions share by sector (%) within the main economic sectors of the 
EU-27 for the year 2019. Adapted from Giannakis & Zittis (1). 

Agriculture is deemed a hard to abate sector (4,5); methane emissions from enteric 

fermentation are difficult to mitigate, and manure management is problematic when 

manure is stored in open tanks which leads to fugitive methane emissions, 

eutrophication, and ground water contamination in wet climates (6). Methods are 

sought to reduce GHG emissions, minimise waste production and improve manure 
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and livestock management (7). Options may include a reduction in the herd size 

effected through a reduction in consumer intake of meat and dairy products, and/or 

conversion of arable land to woodland areas or permanent pastures to sequester 

carbon into the soil (8). Additional options include integrating mitigation 

technologies such as anaerobic digestion (AD) that reduce GHG emissions in 

agriculture whilst providing for enhanced manure management (9).  

Techno-economic analyses (TEAs) are used to assess the financial performance of a 

project (10). While a life-cycle assessments (LCAs) can be used to assess the 

material, energy and environmental impact of a project during the life cycle of the 

process (11). Different impact categories can be evaluated such as climate change, 

ozone depletion, particulate matter, eutrophication, and smog formation (12). For the 

purpose of this study, the focus will be on the sub-category of climate change that 

measures the GHG emissions based on a defined system boundary. By combining 

the results from both analyses, it is possible to calculate the abatement cost and 

abatement potential of a project. Based on the cost and potential abatement of a 

technology, the projects can be compared across a marginal abatement cost curve 

(MACC) by comparing and ordering the cost per unit of CO2eq abated (on the y-

axis) and the quantity of GHG emissions mitigated (on the x-axis) from left to right 

as the cost-effectiveness decreases (13).  

In 2019, a MACC was developed to evaluate the adoption of different technologies 

across all sectors of the Irish economy to reach the decarbonisation target of a 30% 

reduction in total GHG emissions by 2030 as set out in the Irish Climate Action Plan 

(14). AD was evaluated as a potential mitigation option within the agriculture and 

forestry sectors, but it was found to be a high cost of abatement solution. Two 

options were assessed, generation of heat and electricity from biogas (115 € tCO2eq
-1 

abated) and the production of renewable heat from biomethane (280 € tCO2eq
-1 

abated) (15). Both scenarios encompass single values that may not capture the 

potential variation of AD systems in terms of scale, design, technology, feedstock, 

and biogas end-use. The development of a customised enviro-economic tool that 

calculates key TEA and the GHG emissions results of AD systems could potentially 

provide an enhanced method to calculate abatement costs.  

This study aims to assess different biogas end-use options (generation of heat, 

electricity and biomethane for transport fuel) for on-farm AD systems through a 
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combined enviro-economic tool (that incorporates both TEA and GHG emissions 

assessment) to develop abatement cost curves. Furthermore, to assess different 

biogas end-uses, the tool will evaluate different scenarios that correspond to various 

AD system configurations and different herd sizes based on the median farm size in 

Ireland. The financial viability and potential carbon abatement of each scenario will 

be assessed and used to obtain individual abatement costs. Comparing scenarios 

through their abatement costs will allow for the identification of the most 

economically feasible scenarios that provide the best carbon mitigation, 

corresponding to a specific abatement cost for farmers and policy makers. Four 

specific objectives for this study are outlined below: 

i. Generate scenarios for on-farm AD that incorporate different configurations 

in terms of biogas end-use and varying farm size; 

ii. Calculate the key parameters of a TEA and the GHG emissions generated for 

the scenarios outlined; 

iii. Calculate the abatement cost and the mitigation potential for each on-farm 

AD scenario; 

iv. Assess the implications of changing the input variables in the calculation of 

abatement cost and illustrate the effect of changing the AD system boundary 

in terms of emissions savings.   
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4.2 Methodology 

4.2.1 Biogas end-use configurations and scenario overview 

A schematic representation of the pathways for biogas end-use in on-farm AD 

systems is presented in Figure 4-2. Four configurations for biogas end-use were 

selected for the analysis: 1) the generation of heat from a boiler (Boiler); 2) the 

generation of electricity and heat from a combined heat and power unit (CHP); 3) the 

production of biomethane via a biogas upgrading technology for use as a source of 

heat or transport fuel  (UPG); and 4) the production of biomethane via biogas 

upgrading with the addition of a CHP unit (UPG + CHP) to provide heat and 

electricity to the AD process (to offset the need for purchasing electricity and gas 

externally). Furthermore, the digestate generated by the system was considered a 

valuable by-product as biofertiliser and a potential source of revenue. 

 

Figure 4-2 Process diagram for biogas end-use gas configurations for on-farm AD systems  
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To evaluate the effect of farm size on each biogas end-use, four hypothetical farm 

sizes were selected based on the median agricultural area of dairy farms in Ireland 

(16). The utilised agricultural area for dairy farms in Ireland ranges between four 

different distributions:  less than 30 ha (13.2%); 30 to 50 ha (29.4%); 50 to 100 ha 

(43.7%), and greater than 100 ha (13.7%). Based on the average herd size for Ireland 

an average farmland area for each hypothetical farm was calculated as shown in 

Table 3-1. The herd size for each of the four hypothetical farm sizes was set as 40, 

60, 100, and 185 dairy cows based on the average dairy cow herd size for dairy 

farms corresponding to the results from the Teagasc National Farm Survey (17). For 

each farm, the pasture area was calculated based on an average dairy stocking rate of 

2.06 lu ha-1 (livestock units per hectare), while the remaining area was assumed to be 

used to cultivate grass silage (Table 4-1) (18). In total, sixteen different scenarios 

were selected to assess the financial viability and potential carbon abatement of on-

farm AD systems through the enviro-economic tool based on the 4 different 

configurations outlined in Figure 4-2 (Boiler, CHP, UPG, UPG+CHP) for each of the 

4 herd sizes (40, 60, 100, 185). 

Table 4-1 Area distribution for each of the four hypothetical farm sizes. 

Average Herd Size (Dairy Cows) 40 60 100 185 

Farmland (ha) 27.8 44.4 72.9 136.2 

Surplus Grass (ha) 8.4 15.3 24.4 46.4 

 

The economic analysis for each scenario requires specific input information for the 

region of analysis including technical aspects of the AD process, costs associated 

with the feedstock, and revenues attributed to the products (biogas and biomethane) 

and by-products (biofertiliser, electricity, steam) generated. For each scenario, an 

economic analysis was carried out using an enviro-economic tool developed for this 

work in which the key indicators (NPV, IRR, and payback period) were obtained to 

compare their financial viability.  

The methodology proposed in the EU Renewable Energy Directive (Recast RED-II) 

was used to calculate the net GHG emissions, with the inclusion of emissions 

savings from energy displacement (heat, electricity and transport fuel) and the 

displacement of synthetic fertiliser (19). This considers that the biofertiliser will 

displace the emissions generated from synthetic fertiliser production and the 

renewable energy produced will displace emissions from energy generated by fossil 
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fuels (20). The emission factors and equations to calculate the emissions were based 

on the IPCC methodology (21). Using the economic and environmental results from 

the enviro-economic tool, an abatement cost curve was constructed based on the 

system configuration to compare the abatement cost and the potential magnitude of 

abatement in the different scenarios. The technical data used in the analysis 

presented was obtained from the work of O’Shea et. al (22–24), Allen et al. (25), and 

Long et al. (21). 

4.2.2 Anaerobic digestion process modelling 

Grass silage and slurry (typical biomass used for AD in Ireland) were considered 

when calculating the total resource of feedstocks available for the on-farm AD 

scenarios. Both cattle slurry (𝑅𝑅1𝐶𝐶𝐶𝐶) and grass silage (𝑅𝑅2𝐺𝐺𝐺𝐺) feedstock resources were 

calculated in terms of wet weight tonnes (twwt) per year. A detailed methodology of 

the calculations used for each of the feedstocks can be found in Appendix B.1. 

The properties of slurry can fluctuate throughout the year based on the animal's diet 

and the stage of lactation which may result in a variable biogas yield (25). 

Additionally, the properties of grass as a feedstock vary depending on the region and 

method of cultivation. Examples of previous grass and slurry feedstocks used in AD 

trials can be found in Tables B-2 and B-3 of Appendix B.2. For the analysis of the 

hypothetical farms in this work, cattle slurry collected in autumn and grass silage 

sourced from the midlands of Ireland (1st cut grass and late-cut grass representing 

the 2nd cut) were selected for the co-digestion analysis (Table 4-2). 

Table 4-2 Feedstock characteristics for grass silage and slurry. Adapted from Allen et al. (25). 

Description Cattle Slurry 
Grass Silage 1st 

Cut 
Grass Silage 

2nd Cut 
Total Solids (%wwt) 6.50 29.30 17.90 

Volatile Solids (%wwt) 5.10 26.80 16.40 
Ash Content (%wwt) 1.40 2.5 1.50 

Volatile Solids/Total Solids (%) 78.50 91.70 92.00 
Specific Methane Yield (LCH4 kgVS-1) 175.5 400 393 

Nitrogen in Total Solids (%) 2.00 1.70 1.10 
Methane Content (%) 56 53 53 

 

The volumetric biogas production (𝑉𝑉𝐴𝐴𝐴𝐴) from the co-digestion of grass silage and 

cattle slurry was then calculated in cubic metres per annum (m3 a-1) based on the 

volatile solids content of the feedstock mixture. Detailed calculations of the 

volumetric biogas production can be found in the Appendix B.2. Methane leakage 
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over the whole system was considered minimal at 2% accounting for each different 

configuration. Existing leakage on biogas systems ranges between 2 to 10% although 

based on prior literature the methane losses can be reduced with adequate digestate 

storage and no direct methane leaks occurring from the digester (26,27). Based on 

the methane leakage the gross biogas obtained was 98% of the total volumetric 

production of biogas (𝑉𝑉𝐴𝐴𝐴𝐴). 

Electrical energy consumption (𝐸𝐸𝐸𝐸𝐴𝐴𝐴𝐴) of the AD process was assumed to be 10 

kWh/twwt per annum based on previous literature values (28–31). Based on the 

electrical energy consumption, the electricity demand of the AD process (𝐸𝐸𝐸𝐸𝐴𝐴𝐴𝐴) was 

calculated in kWh/a using the mass of each feedstock (𝑅𝑅1𝐶𝐶𝐶𝐶,𝑅𝑅2𝐺𝐺𝐺𝐺, twwt a-1) used in the 

AD process (Equation 4-1). 

Equation 4-1 Electrical demand of the AD process. 

𝐸𝐸𝐸𝐸𝐴𝐴𝐴𝐴 �
kWh

a
� = 𝐸𝐸𝐸𝐸𝐴𝐴𝐴𝐴 ∗ (𝑅𝑅1𝐶𝐶𝐶𝐶 + 𝑅𝑅2𝐺𝐺𝐺𝐺)  

To calculate the thermal demand of the AD process (𝑇𝑇𝑇𝑇𝐴𝐴𝐴𝐴)  in MJ a-1, different 

parasitic demands of the AD process comprising of; the heat required for substrate 

heating, the fabric heat loss of the AD tank structure to the environment, and heat 

loss through evaporation inside the digester were considered for the total thermal 

demand. Detailed calculations of the thermal energy losses are based on prior work 

by O’Shea et al. (31) and are summarised in in the Appendix B.3. 

4.2.3 Biogas end-uses 

The first configuration for biogas end-use (as per Figure 4-2) assumes that the biogas 

will be burned in a boiler to generate heat for use in the immediate vicinity of the AD 

plant or in a district heating system (if one exists). District heating has been 

evaluated in Ireland as one option for local community heating schemes in smaller 

towns across Ireland as there are around 18,641 small areas with district heating 

potential (32). From these small areas around 311 have a heat density higher than 

10,000 MWh km-1 which hold the best potential for district heating as systems with 

less heat density are considered not finically viable due to the construction price of a 

network (33). Although if small areas with a heat demand between 1,000 to 10,000 

MWh km-1 were included in these heating schemes, district heating could provide 

54% of the total heat demand of the small areas around Ireland. 
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The thermal energy generated was calculated based on a boiler efficiency (𝜂𝜂𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵) of 

90% which is common for natural gas boilers (24,34). The overall annual net heat 

output (𝐻𝐻𝐻𝐻𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵) was calculated based on the gross energy output of the AD process 

(𝐸𝐸𝐸𝐸𝐴𝐴𝐴𝐴, MJ a-1) and boiler efficiency (𝜂𝜂𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵) considering that part of the heat is 

supplied to the AD process to cover the thermal demand (𝑇𝑇𝑇𝑇𝐴𝐴𝐴𝐴, MJ a-1) and then 

converted to kWh a-1  as shown in Equation 4-2. Detailed calculations of the sizing 

of the boiler unit can be found in the Appendix B.4. 

Equation 4-2 Net heat output of the boiler configuration. 

𝐻𝐻𝐻𝐻𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 �
kWh

a
� = �(𝐸𝐸𝐸𝐸𝐴𝐴𝐴𝐴 ∗ 𝜂𝜂𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵) − 𝑇𝑇𝑇𝑇𝐴𝐴𝐴𝐴�/3.6 

The second configuration for biogas end-use assumes that the biogas will be used to 

generate heat and electricity in a CHP unit. The electricity and heat generated were 

calculated based on the average electrical efficiency (𝜂𝜂𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸) of 35% and thermal 

efficiency (𝜂𝜂𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇) of 50% for units with less than a 100kWel output that are typically 

installed at small-scale systems (35–38).  Based on the required electrical power of 

the scenarios a maximum CHP unit size of 70 kWel was considered. The annual net 

electric output (𝐸𝐸𝐸𝐸𝐶𝐶𝐶𝐶𝐶𝐶)  was calculated from the overall gross energy output of the 

AD process (𝐸𝐸𝐸𝐸𝐴𝐴𝐴𝐴, MJ/a) and electric efficiency (𝜂𝜂𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸) and converted to kWh/a 

considering that part of the electricity produced will be used to cover the electric 

demand of the AD process (𝐸𝐸𝐸𝐸𝐴𝐴𝐴𝐴, kWh/a) (Equation 4-3). The overall net heat 

output was also calculated based on the AD gross energy output (𝐸𝐸𝐸𝐸𝐴𝐴𝐴𝐴, MJ a-1) 

based on the CHP thermal efficiency (𝜂𝜂𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇); part of the heat is supplied to the AD 

process to cover the thermal demand (𝑇𝑇𝑇𝑇𝐴𝐴𝐴𝐴, MJ a-1). The net heat output is converted 

to units of kWh a-1 (Equation 4-4). Detailed calculations of the sizing of the CHP unit 

can be found in the Appendix B.4. 

Equation 4-3 Net electric output of the boiler configuration. 

𝐸𝐸𝐸𝐸𝐶𝐶𝐶𝐶𝐶𝐶 �
kWh

a
� = �(𝐸𝐸𝐸𝐸𝐴𝐴𝐴𝐴 ∗ 𝜂𝜂𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸)/3.6 − (𝐸𝐸𝐸𝐸𝐴𝐴𝐴𝐴)� 

Equation 4 Net heat output of the boiler configuration. 

𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐶𝐶 �
kWh

a
� = �(𝐸𝐸𝐸𝐸𝐴𝐴𝐴𝐴 ∗ 𝜂𝜂𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇) − 𝑇𝑇𝑇𝑇𝐴𝐴𝐴𝐴�/3.6 
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For the biogas upgrading configuration, many technologies (water scrubbing, 

pressure swing adsorption, chemical/amine scrubbing, and membrane separation) are 

available for the removal of CO2 from biogas to produce biomethane which can be 

directly injected into the gas network. A table with the average technical features for 

biogas upgrading technologies can be found in the Appendix B.5 (Table B-5). This 

scenario considers that all of the biogas produced (𝑉𝑉𝐴𝐴𝐴𝐴) is upgraded to biomethane 

using electricity from the electricity grid and natural gas for the boiler to obtain a 

higher revenue from the direct sale of biomethane.  

For the scenarios with an upgrading configuration, water scrubbing (Table B-5) was 

selected as the upgrading technology as there have been previous small-scale 

systems that integrate this technology to upgrade to biomethane (39). The overall 

energy output of biomethane (𝐸𝐸𝐸𝐸𝑈𝑈𝑈𝑈)  was calculated in kWh/a based on the amount 

of methane recovered from the biogas production (𝑉𝑉𝐴𝐴𝐴𝐴, m3 a-1), accounting for an 

initial 6% methane in the off-gas from the water scrubbing upgrading process 

(𝐶𝐶𝐻𝐻4𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑈𝑈𝑈𝑈, % Total CH4 Production), with a calorific value of 35.7 MJ Nm3CH4
-1 

(𝑐𝑐𝑣𝑣𝐶𝐶𝐻𝐻4) assuming a LHV of methane as 50 MJ kg-1 and the density of methane of 

0.714 kg m-3 at STP (Equation 4-5).  The actual methane slip was assessed as less 

than 1% from biogas upgrading, as the model incorporated off gas recirculation for 

further scrubbing and regenerative thermal oxidisation to treat the residual methane 

in the final off-gas. The electrical demand (𝐸𝐸𝐸𝐸𝑈𝑈𝑈𝑈) and thermal demand (𝑇𝑇𝑇𝑇𝑈𝑈𝑈𝑈) were 

calculated in kWh a-1 based on the amount of biogas upgraded (𝑉𝑉𝐴𝐴𝐴𝐴, m3 a-1). Detailed 

calculations of the electrical and thermal demands are summarised in the Appendix 

B.6. 

Equation 4-5 Gross energy output of the upgrading process. 

𝐸𝐸𝐸𝐸𝑈𝑈𝑈𝑈 �
kWh

a
� = ��𝑉𝑉𝐴𝐴𝐴𝐴 (1− 𝐶𝐶𝐻𝐻4𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑈𝑈𝑈𝑈)� ∗ 𝑐𝑐𝑐𝑐𝐶𝐶𝐻𝐻4�/3.6  

The final configuration considers biomethane production with the addition of a CHP 

unit fuelled by biogas that will provide electricity (𝐸𝐸𝐸𝐸𝐶𝐶𝐶𝐶𝐶𝐶−𝑈𝑈𝑈𝑈𝑈𝑈, kWh a-1) to cover the 

electrical demand of both the AD plant and the upgrading process (𝐸𝐸𝐸𝐸𝐴𝐴𝐴𝐴 ,𝐸𝐸𝐸𝐸𝑈𝑈𝑈𝑈, 

kWh a-1). Based on the required electrical power for the anaerobic digestion process 

and biogas upgrading, a maximum CHP unit size of 18 kWel was considered for the 

scenarios. In comparison to the upgrading configuration, this scenario uses a portion 

of the biogas produced to displace the use of fossil fuels in meeting the electric and 
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thermal demand of the system. As such it produces less product in the form of 

biomethane (and hence lowers the revenue generated) but should also reduce the 

carbon footprint of the upgrading configuration by eliminating fossil use. It is 

assumed that the heat output (𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐶𝐶−𝑈𝑈𝑈𝑈𝑈𝑈, MJ a-1) generated by the CHP will be 

used to cover the thermal demand of the AD process (𝑇𝑇𝑇𝑇𝐴𝐴𝐴𝐴, MJ a-1) and, if the 

upgrading technology requires it, the upgrading thermal demand (𝑇𝑇𝑇𝑇𝑈𝑈𝑈𝑈, MJ a-1). If 

the heat output generated by the CHP unit is not enough to cover both thermal 

demands, it was considered that a boiler unit (𝐻𝐻𝐻𝐻𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵−𝑈𝑈𝑈𝑈𝑈𝑈, MJ a-1) would produce 

the remaining heat demand for the upgrading process and the AD process. 

To calculate the volume of biogas that will be upgraded (𝑉𝑉𝑈𝑈𝑈𝑈𝑈𝑈, m3 a-1) from the total 

biogas production (𝑉𝑉𝐴𝐴𝐴𝐴, m3 a-1), the required volume of biogas for the CHP unit 

(𝑉𝑉𝐶𝐶𝐶𝐶𝐶𝐶, m3/a) and boiler unit (𝑉𝑉𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵, m3 a-1) (if required) was determined through a 

recursive quantitative process.  Figure 4-3 provides the iterative procedure to 

calculate the volume of biogas required as the volume of biogas upgraded depends 

on the electric demand of both the AD process and the upgrading system (𝐸𝐸𝐸𝐸𝐴𝐴𝐴𝐴, 

𝐸𝐸𝐸𝐸𝑈𝑈𝑈𝑈, kWh/a). 

 

Figure 4-3 Flowchart of the iterative process to calculate the volume of biogas upgraded in the Upgrading + CHP 
configuration (see full details in Section B3 and Section B6 of Appendix B) 

Calculate the electricity demand of both the AD and upgrading process in kWh a-1

(EDAD+EDUP, kWh a-1) based on the amount of biogas to be upgraded (𝑉𝑉𝑈𝑈𝑈𝑈𝑈𝑈).

Based on the electric demand and the efficiency of the CHP unit (η𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸), calculate the 
biogas input to the CHP (𝑉𝑉𝐶𝐶𝐶𝐶𝐶𝐶, m3 a-1). 

•𝑉𝑉𝐶𝐶𝐶𝐶𝐶𝐶 = (𝐸𝐸𝐸𝐸𝐴𝐴𝐴𝐴+𝐸𝐸𝐸𝐸𝑈𝑈𝑈𝑈η𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸
)/𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶𝐶

Calculate the thermal demand of both the digester and upgrading process 
((TDAD/3.6)+TDUP, kWh a-1).

Using the CHP system sized based on electrical demand calculate the thermal production 
of the CHP unit (𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐶𝐶−𝑈𝑈𝑈𝑈𝑈𝑈-kWh a-1) using thermal efficiency (η𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶).
•𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐶𝐶−𝑈𝑈𝑈𝑈𝑈𝑈 = η𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶 ∗ (𝑉𝑉𝐶𝐶𝐶𝐶𝐶𝐶∗ 𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶𝐶)

If heat production of CHP is insufficient to cover the total thermal demand, calculate the 
biogas input required for the boiler (VBoiler, m3 a-1) to cover the remaining demand.

•𝑉𝑉𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵−𝑈𝑈𝑈𝑈𝑈𝑈 = (
𝑇𝑇𝑇𝑇𝐴𝐴𝐴𝐴
3.6 +𝑇𝑇𝑇𝑇𝑈𝑈𝑈𝑈 −𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐶𝐶
η𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵−𝑈𝑈𝑈𝑈𝑈𝑈

)/𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶𝐶

Find the value of biogas volume that will be upgraded (𝑉𝑉𝑈𝑈𝑈𝑈𝑈𝑈, m3 a-1)  based on the biogas 
input to the CHP and boiler.
•𝑉𝑉𝑈𝑈𝑈𝑈𝑈𝑈 = 𝑉𝑉𝐴𝐴𝐴𝐴 − 𝑉𝑉𝐶𝐶𝐶𝐶𝐶𝐶 − 𝑉𝑉𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵
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4.2.4 Economic Analysis 

For this study, the capital cost (CAPEX) was set as direct fixed capital based on the 

cost of previous co-digestion systems of slurry and grass silage as shown in 

Appendix B.7 (Table B-6). For the boiler configuration a specific CAPEX of 72 € 

tfeedstock
-1 a-1 was used. For the CHP configuration a specific CAPEX of 107 € 

tfeedstock
-1 a-1 was used. The upgrading configuration (UPG) considered a specific 

CAPEX of 159 € tfeedstock
-1 a-1, and the upgrading + CHP (UPG+CHP) configuration 

used a specific CAPEX of 183 € tfeedstock
-1 a-1.  

For each CAPEX, it is assumed that the cost for each configuration includes the 

required infrastructure, site works, and grid connection cost required to operate. 

Although, based on the region of analysis, additional costs may need to be included 

such as contingency costs, development costs, and engineering costs. For the 

CAPEX, a loan was considered to cover the initial cost of each of the AD systems 

based on common economic parameters for Ireland (Table 4-3). 

Table 4-3 Economic Parameters for a loan considered to cover the capital cost of the AD systems. 

Parameters  Value  Note 
Debt ratio* 50% Assumed 
Interest on debt 2% (40) 
Loan period 10 years Assumed 
Inflation 2% Increment applied to both OPEX and revenues. (41) 

* The debt ratio is a ratio of the total debt to the total assets (CAPEX) 

For the operational costs (OPEX), the cost was divided into fixed costs and variable 

costs. The fixed cost included the labour required to run the plant, maintenance, 

insurance, and administrative costs for the management of the facility. The labour 

cost was based on the individual salary of each worker and the operating hours of the 

system. For the scenarios assessed the labour cost was assumed to be 15 € hr-1, 

which would be the typical rate for such labour in Ireland (37). The labour intensity 

was set to be 1 hr day-1 for the AD system and to be 2 hrs day-1 for the upgrading 

system based on systems with a similar capacity (42). For the maintenance, 

insurance, and administrative costs of the system, the values were based on a 

percentage of the CAPEX of the system as shown in Table 4-4. 

Table 4-4 AD system operating cost for the different biogas end-use configurations. 

Parameters Value 
Equipment maintenance  3% of the direct fixed capital (43) 
Insurance 0.7% of the direct fixed capital (43) 
Administrative Cost 1% of the operating labour  
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The variable cost was calculated based on the total feedstock acquisition cost, the 

annual electricity expense of the system, and the annual fuel expense based on the 

thermal and electrical demand of the system. For the scenarios analysed, in 

calculating the feedstock acquisition cost, the slurry cost was assumed to be 0 € twwt
-1 

as it is produced on the farm, while the grass silage price was set at 43 € twwt
-1 based 

on the average silage cost for Ireland in 2022 (44). Detailed calculations of the 

variable costs are summarised in the Appendix B.8. 

In assessing the economic benefits of a system, different revenue streams based on 

the four biogas end-use configurations were considered for each scenario as outlined 

in section 4.2.3. Revenue could be generated through tariffs, selling biomethane via 

the natural gas grid to customers for use as a transport fuel or for heat, avoidance of 

costs associated with synthetic fertiliser use by spreading digestate as a biofertiliser, 

and through the sale of heat for local use or in district heating. For the revenues, an 

income tax of 12.5% was used based on the corporation tax used in Ireland (43,45). 

The tariff revenue for each configuration was assumed to be the annual heat output 

(𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐶𝐶,𝐻𝐻𝐻𝐻𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵, kWh a-1) and electricity output (𝐸𝐸𝐸𝐸𝐶𝐶𝐶𝐶𝐶𝐶, kWh a-1) for the 

respective configuration multiplied by the respective tariff for 15 years. The tariff for 

heat was based in the support scheme for renewable heat (SSRH) which accounts for 

29.5 € MWh-1 (46). While for the generation of electricity, the tariff of 74.08 € 

MWh-1 from the renewable electricity support scheme (RESS) was considered (47). 

For the scenarios that used the boiler configuration, it was also assumed that heat 

would be used locally or sold through district heating (if available) based on a 

customer price of heat of 60 € MWh-1 (33). The revenue from the sale of biomethane 

was set at 53.7 €/MWh based on the weighted average price of the second half of 

2022 for natural gas in Ireland for business consumers (48). 

It was assumed that digestate will be spread on the farm as biofertiliser displacing 

synthetic fertiliser. Based on this assumption, the revenue was calculated based on the 

amount of nitrogen contained in the synthetic fertiliser that is displaced from the 

nitrogen requirements of the farm considering a value of 2.7 € kg N-1 (44). Detailed 

calculations of the displacement of synthetic fertiliser can be found in in the Appendix 

B.9. 
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The economic analysis carried out in the TEA includes the calculation of the NPV, 

IRR, and payback period for each scenario based on the specific configuration for 

the end-use of the biogas (boiler, CHP, biogas upgrading, biogas upgrading + CHP). 

Once all the possible sources of incoming and outgoing cash flow for the farm were 

determined, the NPV was calculated as shown in Equation 4-6. 

Equation 4-6 Net Present Value calculation. 

𝑁𝑁𝑁𝑁𝑁𝑁(€) = �
(𝑅𝑅𝑡𝑡 − 𝐶𝐶𝑡𝑡)
(1 + 𝑟𝑟)𝑡𝑡

𝐿𝐿

𝑡𝑡=0

 

Where 𝐶𝐶𝑡𝑡 represent the cost incurred in year t, this includes the (CAPEX, OPEX, and 

income tax incurred), 𝑅𝑅𝑡𝑡 are the revenues obtained in year t, 𝐿𝐿 is the lifetime of the 

selected system in years and 𝑟𝑟 represents the discount rate of the plant. A discount 

rate of 10% was used as recommended for renewable energy investments (49), and a 

system lifetime of 15 years was assessed.  

The IRR and Payback Period were also calculated based on the discount rate and 

lifetime of the system selected. The discount rate at which the value of the NPV was 

equal to zero was considered in establishing the IRR (Equation 4-7). The payback 

period was the year “t” in which the cash flow compensated the initial investment. 

The discounted payback period was also calculated considering the value of money 

over time based on the discounted cash flow. 

Equation 4-7 Internal Rate of Return. 

𝑁𝑁𝑁𝑁𝑁𝑁(€) = �
(𝑅𝑅𝑡𝑡 − 𝐶𝐶𝑡𝑡)

(1 + 𝐼𝐼𝐼𝐼𝐼𝐼)𝑡𝑡
= 0

𝐿𝐿

𝑡𝑡=0

 

4.2.5 Environmental Calculation and abatement cost assessment 

To calculate the net GHG emissions (kg CO2eq a-1) for each scenario the system 

boundary recommended by the RED-II methodology, including emissions savings 

from displaced use of synthetic fertiliser and emissions from energy displaced, was 

used as shown in Equation 4-8 (19). 
Equation 4-8 Emissions considered for the analysis based on the REDII methodology to assess GHG emissions. 

𝐺𝐺𝐺𝐺𝐺𝐺𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑛𝑛 = �𝑆𝑆𝑛𝑛 × �𝑒𝑒𝑒𝑒𝑒𝑒,𝑛𝑛 + 𝑒𝑒𝑡𝑡𝑡𝑡,𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,𝑛𝑛 + 𝑒𝑒𝑙𝑙,𝑛𝑛 − 𝑒𝑒𝑠𝑠𝑠𝑠𝑠𝑠,𝑛𝑛� +  𝑒𝑒𝑝𝑝 + 𝑒𝑒𝑡𝑡𝑡𝑡,𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

𝑛𝑛

1
+ 𝑒𝑒𝑢𝑢 − 𝑒𝑒𝑐𝑐𝑐𝑐𝑐𝑐 − 𝑒𝑒𝑐𝑐𝑐𝑐𝑐𝑐 − 𝑒𝑒𝑓𝑓𝑓𝑓 − 𝑒𝑒𝑒𝑒𝑒𝑒 
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Where 𝑆𝑆𝑛𝑛 accounts for the energy share of each feedstock 𝑛𝑛 used (grass silage and 

slurry) to produce the biofuel (biogas or biomethane), 𝑒𝑒𝑒𝑒𝑒𝑒,𝑛𝑛 are the emissions 

associated with the cultivation of feedstock; 𝑒𝑒𝑡𝑡𝑡𝑡,𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,𝑛𝑛 is the emissions from the 

transport of the feedstock to the digester; 𝑒𝑒𝑙𝑙,𝑛𝑛 are the emissions from carbon stock 

changes caused by land-use changes for feedstock 𝑛𝑛; 𝑒𝑒𝑝𝑝 is the emissions from 

processing the feedstocks (arising from the AD process and upgrading process which 

includes methane leaks and methane slip). For biogas upgrading the initial off gas 

was considered to have 6% methane composition based on small-scale water 

scrubbing.  However, the model incorporated off gas recirculation for further 

scrubbing and regenerative thermal oxidisation to treat the residual methane in the 

final off-gas.  This reduces the methane concentration in the off-gas by 99.5% which 

results in a total of 0.03% of methane in the off-gas at the end of the upgrading 

process (50). 𝑒𝑒𝑡𝑡𝑡𝑡,𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 are the emissions from the transport of biogas 

or/biomethane and 𝑒𝑒𝑢𝑢 is the emissions from fuel in use. The emissions savings are 

accounted by esca,n from improved agricultural management of feedstock (-54 

kgCO2eq twwt
-1), eccs  are the emissions savings from CO2 capture and geological 

storage and  eccr from CO2 capture and replacement of fossil fuels (both ecss and eccr 

were assumed to be zero), efd are the emissions savings from the displacement of 

synthetic fertiliser use and eed the emissions savings from energy displacement. This 

considers that heat and electricity produced by the CHP and Boiler configuration will 

displace energy from fossil fuel origin and that biomethane will be use as transport 

fuel displacing diesel.  

The share of energy (𝑆𝑆𝑛𝑛) of each feedstock 𝑛𝑛 was calculated as a fraction of input 

into the digester using the following two equations: 

Equation 4-9 Share of energy of feedstock n in energy content. 

𝑆𝑆𝑛𝑛 =
𝑃𝑃𝑛𝑛 ∗ 𝑊𝑊𝑛𝑛

∑ 𝑃𝑃𝑛𝑛 ∗𝑊𝑊𝑛𝑛
𝑛𝑛
1

 

Equation 4-10 Weighting factor of feedstock n. 

𝑊𝑊𝑛𝑛 =
𝐼𝐼𝑛𝑛

∑ 𝐼𝐼𝑛𝑛𝑛𝑛
1

 

The weighting factor (𝑊𝑊𝑛𝑛) was calculated based on the annual input (𝐼𝐼𝑛𝑛) to the 

digester of each feedstock 𝑛𝑛 (twwt a-1) divided by the total amount of input of 

feedstock to the digester (Equation 4-10). While in Equation 4-9, 𝑃𝑃𝑛𝑛 represent the 
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biogas energy yield in MJ kg-1 provided by each feedstock 𝑛𝑛 in the production of the 

biofuel. Further details on the calculation of the GHG assessment for each of the 

emissions generated by each feedstock are detailed in the Appendix B.10. 

To evaluate the cost of GHG abatement and the abatement potential, the abatement 

cost was calculated for each scenario based on the IPCC methodology (51). The 

abatement costs were calculated based on the NPV and the total discounted GHG 

emissions (𝐷𝐷𝐷𝐷𝐷𝐷) generated by each different configuration (Equation 4-11). For 

each configuration, the discounted abatement cost (𝐷𝐷𝐷𝐷𝐷𝐷) was calculated in € per 

tCO2eq by multiplying the undiscounted GHG emissions of each different 

configuration (𝐺𝐺𝐺𝐺𝐺𝐺𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑛𝑛- tCO2eq) by an annuity factor or discount factor (𝐷𝐷𝐷𝐷)  to 

convert the emissions to the present value (Equation 4-12). Finally, the NPV (€) is 

divided by the discounted emissions (𝐷𝐷𝐷𝐷𝐷𝐷 - tCO2eq) to obtain the discounted 

abatement cost. 

Equation 4-11 Discounted abatement cost calculation. 

𝐷𝐷𝐷𝐷𝐷𝐷 �
€

𝑡𝑡 𝐶𝐶𝐶𝐶2𝑒𝑒𝑒𝑒
� =

−𝑁𝑁𝑁𝑁𝑁𝑁 
𝐷𝐷𝐷𝐷𝐷𝐷 

 

Equation 4-12 Discounted GHG emissions calculation. 

𝐷𝐷𝐷𝐷𝐷𝐷 (𝑡𝑡 𝐶𝐶𝐶𝐶2𝑒𝑒𝑒𝑒) = 𝐺𝐺𝐺𝐺𝐺𝐺𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑛𝑛 × 𝐷𝐷𝐷𝐷 

To calculate the discount factor (%) (Equation 4-13), an environmental discount rate 

of 4% (𝑟𝑟) was used based on the Irish code for emissions appraisals taking into 

account the lifetime of the system (𝐿𝐿) detailed in section 4.2.4 (52). 

Equation 4-13 Discounted factor to convert future value to present value. 

𝐷𝐷𝐷𝐷 =
((1 + 𝑟𝑟)𝐿𝐿 − 1)
(𝑟𝑟 ∗ (1 + 𝑟𝑟)𝐿𝐿)  
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4.3 Results and Discussion 

4.3.1 Economic analysis results  

The NPV, IRR and payback period were calculated for each of the different 

hypothetical farms (with herd sizes of 40, 60, 100 and 185) considering the 4 biogas 

end-use configurations (Boiler, CHP, Upgrading, and Upgrading + CHP). The results 

are shown in Table 4-5.  Most of the farms assessed had a negative NPV which 

implied that they were not financially viable. The system that performed the best 

economically was the boiler configuration which had three sources of revenue: the 

renewable heat incentive, the sale of exported heat and the avoided synthetic 

fertiliser costs, and furthermore this system had the lowest capital cost. The boiler 

configuration for a herd size of 185 proved to be the only financially viable system 

that obtained a positive NPV with a payback period of 6 years and a discounted 

payback period of 11 years. Furthermore, this scenario had an IRR of 13% 

suggesting it was a good financial investment decision based on a discount rate of 

10%. This scenario had a net heat output of 1,572 MWh a-1. Installation of such a 

system could cover the thermal demand for small areas with low heat demand of ca. 

1,000 MWh km-1 (32). 

Table 4-5 Results from the economic analysis for 16 scenarios. k€ represents thousands of euros. 

Configuration/Scenario CAPEX 
(k€) 

NPV 
(k€) 

Heat Produced 
(kWh a-1) 

Electricity 
Produced 
(kWh a-1) 

Biomethane 
Production   

(m3 a-1) 
Boiler 40 €45.12 -€38.49 281,293 - - 

Boiler 60 €76.69 -€26.26 512,986 - - 

Boiler 100 €124.15 -€18.74 823,093 - - 

Boiler 185 €233.88 €21.70 1,572,464 - - 

CHP 40 €66.96 -€85.88 159,604 100,983 - 

CHP 60 €113.80 -€108.34 290,360 177,483 - 

CHP 100 €184.23 -€147.04 467,264 283,457 - 

CHP 185 €347.05 -€230.18 896,754 538,539 - 

UPG 40 €99.44 -€332.03 - - 34,002 

UPG 60 €169.01 -€476.89 - - 61,283 

UPG 100 €273.60 -€685.65 - - 97,950 

UPG 185 €515.41 -€1,172.63 - - 186,004 

UPG+CHP 40 €114.36 -€296.33 48,703 28,098 24,849 

UPG+CHP 60 €194.36 -€415.31 86,945 50,161 44,943 

UPG+CHP 100 €314.63 -€589.92 139,250 80,336 71,781 

UPG+CHP 185 €592.72 -€996.84 140,603 152,362 136,374 
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Figure 4-4 and Figure 4-5 show the associated operating costs and revenues for each 

of the 16 scenarios based on the biogas end-use configuration used and by herd size 

(40, 60, 100, 185). For all scenarios, the high operating cost meant that most of the 

systems were not economically feasible.  The main source of expense for the 

scenarios arose from the feedstock. Grass silage represented between 64% to 79% of 

the cost in scenarios with the boiler and CHP configurations and 34% to 66% for the 

scenarios that considered biogas upgrading (UPG and UPG+CHP). In a previous 

study it was found that approximately half of the total cost of methane production 

was associated with the acquisition of grass silage as feedstock for an AD facility 

(53). This high price for grass silage comes from an unprecedented increase in the 

price of fertilisers and fuel due to recent geo-political events between 2021 and 2022 

(44). 

Furthermore, the scenarios with upgrading had two additional sources of high 

operating costs arising from labour (8% to 40%) and electricity purchase (18% to 

24%). In particular, labour represented a high operating cost for smaller systems as 

the hours required to operate the system were considered to be the same for all 

scenarios. Furthermore, for biogas upgrading via water scrubbing, the electrical 

energy consumption was quite high at 0.45 kWh m-3 biogas as the main system 

components (compressor, water pump and cooling) have relatively high energy 

demands in small-scale systems (39). This may be challenging in the short term with 

Irish electricity prices expected to increase by 19% for the last quarter of 2022 due to 

recent geo-political events (54). The scenarios UPG+CHP were more attractive than 

the UPG scenarios as the operational cost was reduced between 21% to 28% with 

only a 15% increase in the total capital cost from the acquisition of the CHP unit and 

boiler unit (if needed). 

For the boiler and CHP configuration, one of the main revenue streams considered in 

this analysis are the tariffs offered through the support scheme for renewable heat 

(SSRH) and the renewable electricity support scheme (RESS). Although when 

compared to the operational cost of the systems it would only cover 32% to 40% of 

the total operational cost for the boiler configuration and 47% to 58% for the CHP 

configuration. This would pose a problem in areas where there is insufficient heating 

demand to consider the sale of exported heat through district heating, as this income 

represents 62% of the total income for the boiler configuration and 41% for the CHP 
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configuration of the scenarios assessed. To be suitable for district heating, the on-

farm AD system would need to be in proximity to dense urban areas or large 

industries with sufficient heat demand that requires shorter pipelines, which would 

make them attractive to investors (33). With the Irish government introducing an 

obligation for the heat sector to increase the use of renewables by 2024, district 

heating could provide a potential investment opportunity (55). The latest Climate 

Action Plan recommends that the installed capacity of district heating in Ireland 

should be 0.8 TWh by 2025 and increase to 2.7 TWh by 2030 (56). Furthermore, 

Irish farms in general lack the thermal demand to use all of the potential heat 

generated from the biogas produced, although an alternative would be to sell the 

biogas to a large industrial energy user in proximity to the farm that had sufficient 

heat demand and was interested in reducing its carbon footprint (57). Furthermore, a 

higher support tariff may be required for developers to procure positive NPVs and 

lower payback periods. Prior studies have indicated that higher incentives to produce 

biomethane may be required for the development of AD systems in rural 

decentralised areas as compared to urban areas due the higher production costs of 

biomethane (45).      
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Figure 4-4 Total annual operating cost and annualised cost of m3 of biogas (Gross Production) for each of the 4 different biogas end-use configurations (boiler, CHP, upgrading, upgrading + 
CHP), based on the assessed systems for on-farm AD for herd size of A) 40, B) 60, C)100 and D)185 dairy cows.  
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Figure 4-5 Total annual revenues and annualised revenues of m3 of biogas (Gross Production) for each of the 4 different biogas end-use configurations (boiler, CHP, upgrading, upgrading + 
CHP), based on the assessed systems for on-farm AD for herd size of A) 40, B) 60, C)100 and D)185 dairy cows.
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For the scenarios that included biogas upgrading (UPG and UPG+CHP), the two 

sources of income considered were the sale of biomethane and the displaced 

synthetic fertiliser costs. However, revenues did not compare favourably to the 

operational cost of these configurations; it only covered 56% to 59% of the operating 

cost (scenarios UPG and UPG+CHP). Furthermore, small-scale upgrading systems 

have high investment costs since elements of the equipment such as the valves, 

analysis equipment and pipes used for smaller systems are the same as that required 

for larger capacity systems (39), thus, the financial viability of the system is reduced 

as the revenues generated are not enough to pay for the initial capital investment. In 

the case of the UPG+CHP system the revenue was reduced as part of the biogas was 

used to cover the electric and thermal demand of the process and there was an 

additional capital cost by integrating a small CHP unit (as the boiler was not required 

for water scrubbing). 

Consideration of additional sources of revenue, such as increasing the selling price 

of biomethane, or the addition of financial supports, could make such systems more 

economically viable. Previous TEAs of small-scale anaerobic digestion systems that 

have digested manure/slurries have acknowledged similar profitability in both 

developing countries such as India (58), Nigeria (59) and Bolivia (60), and in 

developed countries such as UK (61), Turkey (62) and Spain (63). Furthermore, in a 

more advanced operation, the solid fraction of digestate could be converted into 

high-value by-products such as biochar, bio-oil and syngas through pyrolysis (64), 

while the liquid fraction could be used as a culture medium for microalgae 

cultivation which in turn can be used to generate valuable chemicals or proteins (65–

68). However, both options would require a significant investment for small-scale 

systems considering the additional equipment required. Another source of income 

could be generated from the CO2 by-product of the upgrading process which could 

be separated and sold for use in the food industry (69). Although considering these 

options might increase the capital and operating costs of the systems further analysis 

would be required to assess if the income generated would be sufficient to cover 

these costs and make a profit. 

4.3.2 Environmental analysis results 

In conducting the environmental analysis, the net GHG emissions for all of the 

scenarios (considering the biogas end-use configurations for each hypothetical farm 
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size) were calculated based on the boundary set by the Recast RED-II methodology 

with the inclusion of savings from energy displacement (heat, electricity and 

transport fuel) and displacement of synthetic fertiliser (19). Figure 4-6 shows the 

GHG emissions of the 16 scenarios. 

The largest source of emissions for all the scenarios came from the methane leakage 

that includes for leakage during biogas production and the methane slip during the 

upgrading process. For all scenarios this represented between 43% to 46% of the 

total emissions generated. The second and third largest source of emissions came 

from grass cultivation which includes the direct emissions from fertiliser use and the 

direct and indirect nitrous oxide (N2O) emissions from fertiliser application. 

Fertiliser emissions ranged between 24% to 28% of the total emissions for the boiler, 

CHP and UPG+CHP configuration while for the upgrading configuration it 

represented between 12% and 13% of the emissions. For the upgrading scenarios the 

biogas production and the upgrading process generated higher emissions than the 

other configurations as the energy required for the AD process and upgrading 

process was provided from the electricity grid and the gas grid. For the scenarios 

with CHP configurations, there were no emissions associated with the biogas 

production as the energy required for the AD process (electric and thermal demand) 

was provided by the CHP unit. In the UPG+CHP scenario, integrating the CHP unit 

reduced emissions and increased the sustainability of the system as compared to the 

UPG scenario since there were no fossil fuels associated with biogas production or 

biomethane upgrading. 

The emissions from grass cultivation result primarily from the amount of synthetic 

fertiliser required to meet the nitrogen demand for the farm after using the digestate 

as a biofertiliser. However, the amount of synthetic fertiliser could be reduced close 

to zero with the inclusion of white clover while cultivating perennial ryegrass species 

in multi-species grass swards as the nitrogen fixed by the white clover can cover the 

remaining nitrogen requirement (up to 120-150 kgN ha-1) of the grass (44). One 

significant contributor of emissions in biogas production and upgrading is the 

methane leakage and slip which has a significant impact on the emissions balance 

and is dependent on the type of anaerobic digestion system and the specific 

upgrading technology used in the process (70). Water scrubbing- based plants in 

general can have higher methane slip in comparison to amine-based and membrane-
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based technologies thus higher GHG emissions are evident from water scrubbing 

(50). Furthermore, based on the type of upgrading process, there can be an increase 

in emissions based on the electricity consumption of the system if compressing, 

pumping and storage systems are required (70). 

 Most of the scenarios evaluated achieved high emissions savings through the 

displacement of energy (heat, electricity, and transport fuel); specifically, 70% 

emissions savings for the boiler and CHP configurations and 75% and 69% of the 

savings for the upgrading and upgrading + CHP configurations, respectively. These 

emissions could reduce in the future as renewable energy will reduce the emissions 

associated with the use of fossil fuels in electricity generation and the need to import 

natural gas. In terms of transport fuels, the emissions from natural gas combustion 

fuel offer 25% fewer CO2 emissions than diesel-fuelled trucks (71). The inclusion of 

slurry as a feedstock for AD allows for the capture of methane that may have been 

released into the atmosphere from open slurry holding tanks; thus, the AD plant 

could be considered a carbon-negative technology (on a whole life cycle basis) and 

further increase the overall GHG emissions savings over the full life cycle (71). 

However, in the case of co-digestion of different substrates to produce biogas or 

biomethane the RED methodology only accounts for the emissions savings of each 

feedstock based on the share of feedstock in the energy content. Based on the 

feedstock mixture, slurry only provides 5% of the total energy content for the 

analysis which reduced the potential savings from slurry management to only 5% of 

the total emissions savings from treating the slurry (-54 kg CO2eq tFW-1 manure) 

which may be considered conservative with the current methodology. The detailed 

results of the environmental and economic analysis can be found in the Appendix B 

sections B11 and B12. 
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Figure 4-6 Emissions saved and generated in the 4 different biogas end-use configurations (boiler, CHP, upgrading, upgrading + CHP), based on the assessed systems for on-farm AD for herd 
size of A) 40, B) 60, C)100 and D)185 dairy cows.  

Boiler 185 CHP 185 UPG 185 UPG + CHP 185
-600000

-500000

-400000

-300000

-200000

-100000

0

100000

200000

300000

400000

Em
iss

io
ns

 (k
g 

CO
2e

q/
a)

D)

Boiler 40 CHP 40 UPG 40 UPG+CHP 40
-600000

-500000

-400000

-300000

-200000

-100000

0

100000

200000

300000

400000
Em

iss
io

ns
 (k

g 
CO

2e
q/

a)
A)

Boiler 60 CHP 60 UPG 60 UPG+CHP 60
-600000

-500000

-400000

-300000

-200000

-100000

0

100000

200000

300000

400000

Em
iss

io
ns

 (k
g 

CO
2e

q/
a)

B)

Boiler 100 CHP 100 UPG 100 UPG+CHP 100
-600000

-500000

-400000

-300000

-200000

-100000

0

100000

200000

300000

400000

Em
iss

io
ns

 (k
g 

CO
2e

q/
a)

C)



 

96 
 

4.3.3 Levelised abatement cost analysis results 

The results of the TEA and GHG assessment allow for the evaluation of the 

abatement costs for each scenario as shown in Table 4-6. This includes the 

undiscounted and discounted emissions using a discount rate of 4% in guidance with 

the Irish Public Spending Code (52). The discounted abatement costs of the systems 

varied from -7 € tCO2eq
-1 to 816 € tCO2eq

-1 for the 16 scenarios evaluated. Each 

scenario considered different system boundaries comprising of varying revenue 

streams, costs, and emissions. It is evident from the results that the scale of the plant 

has a significant impact on the associated abatement cost as the costs decrease based 

on economies of scale. These results illustrate that the abatement cost and potential 

of individual AD plants are variable, and a single value may not accurately represent 

the potential mitigation achievable by the technology. The scenarios that provided 

the highest mitigation potential were the ones that considered the boiler and CHP 

configurations as the abatement cost values were below the carbon tax set for Ireland 

for 2030 of 80 €/tCO2 except for the CHP 40 and 60 scenarios (72). The scenarios 

with biogas upgrading had relatively high abatement costs as shown in Figure 4-7. 

This can be explained by the lack of sufficient subsidies or incentives and the high 

capital cost as indicated in section 4.3.1. Opportunities to increase the feasibility of 

these systems would include increasing the biomethane selling price to improve the 

financial performance, or community cooperative approaches in which farms would 

transport their biogas to a centralised upgrading facility and overcome the high costs 

associated with small-scale biogas upgrading flow rates (73). 
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Table 4-6 Assessment of abatement cost of different configurations for biogas end-use (boiler, CHP, upgrading, 
upgrading + CHP) and varying dairy herd size. 

Configuration/ 
Scenario 

Annual 
GHG 

abatement 
(tCO2eq a-1) 

NPV for 
lifetime of 
the project 

(€) 

Total GHG 
Mitigation 
(tCO2eq) 

Abatement 
Cost        

(€ tCO2eq -1) 

Discounted 
GHG 

Mitigation 
(tCO2eq) 

Discounted 
Abatement 

cost  
(€ tCO2eq-1) 

Boiler 40 50 -€38,490 747 52 553 70 

Boiler 60 91 -€26,261 1366 19 1013 26 

Boiler 100 146 -€18,739 2192 9 1625 12 

Boiler 185 280 €21,703 4193 -5 3108 -7 

CHP 40 58 -€85,881 863 100 640 134 

CHP 60 105 -€108,335 1573 69 1166 93 

CHP 100 168 -€147,037 2524 58 1871 79 

CHP 185 321 -€230,183 4821 48 3573 64 

UPG 40 37 -€332,032 549 605 407 816 

UPG 60 69 -€476,889 1028 464 762 626 

UPG 100 111 -€685,647 1662 413 1232 557 

UPG 185 214 -€1,172,633 3214 365 2383 492 

UPG+CHP 40 51 -€296,334 764 388 566 523 

UPG+CHP 60 92 -€415,306 1379 301 1022 406 

UPG+CHP 100 147 -€589,917 2203 268 1633 361 

UPG+CHP 185 279 -€996,842 4184 238 3102 321 

 

 

Figure 4-7 Discounted abatement cost curve for on-farm AD systems.  
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4.3.4 Input variable change and the effect on abatement cost 

To fully understand the barriers that need to be addressed in making on-farm AD 

systems financially viable while representing the abatement potential of the system it 

is important to take into consideration how alterations to input cost, revenues, 

technologies, fuels, and emissions boundary can directly alter the abatement cost. An 

example of this would be to consider changes to single variables such as: 

• Cost of feedstock (change input cost – IC),  

• Increase in tariff or sale prices (change input revenue – IR),  

• Different biogas upgrading technology such as membrane upgrading (change 

input technology – IT),  

• Different energy input source for the boiler used in AD and the upgrading 

process such as oil or woodchips (change in fuel – FOIL, FWOOD) 

• System boundary used by the RED II methodology that excludes emissions 

savings from displaced use of synthetic fertiliser and energy displaced (SBE).  

Based on these input changes, amendments were made for the 4 different biogas end-

use configurations (Boiler, CHP, UPG and UPG+CHP) for a dairy herd of 185 to 

evaluate the effect of an input variable change. The amended abatement results are 

shown in Table 4-7. For the change in feedstock cost (IC), it was considered that 

there were no associated costs acquiring the feedstock. This can be considered akin 

to using food waste or slaughterhouse waste as a feedstock substitute for grass 

silage. Furthermore, no additional costs were considered in terms of CAPEX as the 

purpose was to evaluate the change in a single variable. 

For the change in revenue (IR), an increase in incentives for the boiler and CHP 

configuration was considered while an increase in the biomethane sale price was 

considered for the upgrading configurations (UPG, UPG+CHP). For the boiler 

configuration an increase of 50% (36.88 € MWh-1) in the support scheme for 

renewable heat (SSRH) was considered and for the CHP configuration an increase in 

the RESS tariff was applied using the reference price of the past REFIT tariff for 

2022 of 164.31 € MWh-1 (74). This takes into consideration the increase in the cost 

of fuels due to recent geo-political events. Natural Gas commercial price had a 

percentage change between 21.8% to 74.4% while electricity also increased between 

4.9% to 54.9% across all consumption bands from 2021 to 2022 (48). This increase 
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also was applied to the biomethane selling price; a selling price of 160 € MWh-1 was 

modelled due price volatility, similar to the current natural gas prices in Denmark 

(74).  

To reflect a change of technology (IT), considering a different upgrading method 

such as membrane separation could increase biomethane production based on the 

increased methane recovery and reduced electrical demand. More significantly, the 

methane in the off-gas due to methane slip is reduced from 6% in water scrubbing to 

0.105% in membrane separation. To cover the thermal demand, oil (FOIL) and wood 

(FWOOD) were evaluated instead of natural gas to cover the thermal demand of the 

process to compare the impact on mitigation and financial performance.  Finally, to 

assess a different system boundary for the emissions (SBE), the system boundary 

recommended by the RED-II methodology was assessed, this boundary excludes the 

emissions savings from the displaced use of synthetic fertiliser and emissions saved 

from energy displacement (heat, electricity, and transport fuel).  

4.3.5 Results of input change to abatement costs 

As per Table 4-7, the abatement costs were amended based on the new assumptions 

and varied significantly for the different scenarios. This is further indicated in the 

amended abatement cost curve displayed in Figure 4-8 which is based on alterations 

to the input variables. In the scenarios with no associated cost acquiring feedstock 

(IC), the abatement cost varied between -227 € tCO2eq
-1 to 72 € tCO2eq

-1 for the four 

biogas configurations with a 185-herd size, significantly lower than the previous 

assessment (Table 4-6) in which the same scenarios ranged between -7 € tCO2eq
-1 to 

492 € tCO2eq
-1. By reducing a cost variable in the analysis, the scenarios for both 

boiler and CHP increased their potential profits making them a financially viable 

mitigation option, whilst the upgrading + CHP configuration reached a cost below 

the carbon tax set for Ireland for 2030 of 80 € tCO2
-1 (72).  

When an increase in the input revenue (IR) was incorporated, all scenarios became 

financially viable obtaining an abatement cost from -32 € tCO2eq
-1 to -148 € tCO2eq

-1 

making the technology more attractive to investors compared to the original results 

in Table 4-6. Based on these results the cost and revenues pose one of the main 

barriers to integrate anaerobic digestion to farms. An additional analysis looking at a 

range of fiscal incentives could be also analysed to allow Ireland to decarbonise the 

agriculture sector at minimal cost to the taxpayer. This may be prudent considering 
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that Ireland will increase the production of biomethane from anaerobic digestion to 1 

TWh by and to 5.7 TWh by 2030 (56). 

Using a different upgrading method (membrane separation) as a change on the input 

technology (IT) the abatement cost of the upgrading configurations decreased from 

492 € tCO2eq
-1 and 321 € tCO2eq

-1 (for water scrubbing) to 338 € tCO2eq
-1 and 255 € 

tCO2eq
-1 for the upgrading and upgrading + CHP configuration by increasing the 

GHG mitigation potential due the reduced emissions in terms of methane slippage 

and higher biomethane production due the increased methane recovery.  

Using oil (FOIL) and wood (FWOOD) as fuels to produce heat also altered the 

abatement cost and abatement potential. Oil has a higher associated cost and 

emissions factor than natural gas, thus the abatement cost increased for the 

upgrading configuration from 492€ tCO2eq
-1 to 598 € tCO2eq

-1. Woodchips also had a 

higher cost than natural gas, but as it is considered a zero-emissions fuel the annual 

abatement was higher at 271 tCO2eq a-1 compared to 194 tCO2eq a-1 using natural gas 

with a total abatement cost of 570 € tCO2eq
-1. 

Table 4-7 Assessment of input changes to the abatement cost of different configurations for biogas end-use 
(boiler, CHP, upgrading, upgrading + CHP) changing input variables of the analysis. The input changes include 
change to input cost (IC), input revenue (IR), input technology for the upgrading configurations (IT) and change 
of system boundary for GHG assessment (SBE). 

Configuration/ Scenario 
/ Input Change 

NPV for lifetime of the 
project (€) 

Discounted GHG 
Mitigation 
(tCO2eq) 

Discounted Abatement 
cost (€ tCO2eq-1) 

Boiler 185-IC €706,908 3108 -227 

CHP 185-IC €462,104 3573 -129 

UPG 185-IC -€389,997 2383 164 

UPG+CHP 185-IC -€224,077 3102 72 

Boiler 185-IR €98,936 3108 -32 

CHP 185-IR €144,342 3573 -40 

UPG 185-IR €351,732 2383 -148 

UPG+CHP 185-IR €124,497 3102 -40 

UPG 185-IT -€1,019,264 3012 338 

UPG+CHP 185-IT -€912,218 3579 255 

UPG 185-FOIL -€1,290,522 2159 598 

UPG 185-FWOOD -€1,719,242 3015 570 

Boiler 185-SBE* €21,703 -427 NA 

CHP 185-SBE* -€230,183 -214 NA 

UPG 185-SBE* -€1,172,633 -2222 NA 

UPG+CHP 185-SBE* -€996,842 -275 NA 
Notes- IC = No feedstock cost; IR = change in revenue; IT = change in technology – membrane separation; SBE 
= change in system boundary – RED II.  
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Finally, excluding the scenarios that didn’t consider emissions savings from the 

displaced use of synthetic fertiliser and emissions saved from energy displacement 

(SBE) (heat, electricity and transport fuel) an overall positive mitigation was 

achieved by all the configurations. The total abatement for SBE scenarios resulted in 

negatives values which meant the emissions savings were lower than the emissions 

generated during the process. In effect, only the emissions savings from the carbon 

sequestration of the grass (2.2 tCO₂ ha-1 a-1 (21)) and slurry management (-54 

kgCO2eq twwt
-1 (19)) can be taken into account based on the RED II methodology. 

Although the scenarios generated emissions using the RED II methodology (SBE), 

the boiler, CHP and UPG+CHP scenarios complied with the emissions savings 

required by the sustainability criteria (Table 4-8). The saving criteria set by RED-II 

(recast) requires 80% of GHG emissions savings against the fossil fuel comparator 

(FFC) for heat and electricity and 70% for transport. The FFC is set at 80 gCO2 MJ-1 

for heat, 183 gCO2 MJ-1 for electricity and 94 gCO2 MJ-1 for transport fuel (19). For 

the UPG scenario, the sustainability of the system is reduced as energy sourced from 

fossil fuels was considered to generate the electricity and heat used by the system. 

This analysis shows that a single change of variable or consideration within the 

system boundary for the emissions can have a notable influence on the abatement 

cost. Incorporating uncertainty analysis for such variables would allow for a more 

robust evaluation of scenarios. 

Table 4-8 Renewable Energy Directive sustainability check for the scenarios of 185 cows of different 
configurations for biogas end-use (boiler, CHP, upgrading, upgrading + CHP). 

Scenario 
Total Emissions 

(g CO2 MJ-1) 
FFC 

(g CO2 MJ-1) 
Emissions 

Saved 

Emission 
Savings 
Criteria 

Criteria 

Boiler 185-SBE 15.3 80 81% 80% 
Sustainable 

for Heat 

CHP 185-SBE 8.2 / 13.5 80 / 183 90% / 93% 80% 
Sustainable 

for both Heat 
and Electricity 

UPG 185-SBE 37.2 94 60% 70% 
Not 

Sustainable 
for Transport 

UPG+CHP 185-
SBE 

13.6 94 85% 70% 
Sustainable 

for Transport 
 

This potential uncertainty on the system performance can be coupled with the 

uncertainty of energy prices and fertiliser costs due to recent geo-political events 
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which can directly affect the viability of the system.  It is evident that a more 

detailed analysis is required for the cost, revenue, and emission variables that can 

directly affect the abatement cost. Further evidence could be gleaned from future 

research that integrates Monte Carlo simulation and uncertainty analysis to visualise 

the potential range of abatement potential and abatement cost that on-farm AD 

systems can achieve through a modified probabilistic abatement cost curve. 

 
Figure 4-8 Abatement cost curve for on-farm AD systems. Different changes in variables were evaluated for the 
biogas end-use configurations for a herd size of 185 dairy cows.  
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4.4 Conclusion 
Four objectives were set out in this paper and the key findings for each are presented 

below: 

• Generate scenarios for on-farm AD that incorporate different configurations 

in terms of biogas end-use and varying farm size. 

This work compared 16 different scenarios evaluating 4 different biogas end-uses 

(boiler, CHP, upgrading and upgrading +CHP) and 4 different farm sizes (40, 60, 100 

and 185 dairy cow herds) where grass silage and cattle slurry were considered as 

feedstocks. These scenarios represented the average farm sizes and herd sizes in 

Ireland based on the latest data available. 

• Calculate the key parameters of a TEA and the GHG emissions generated for 

the scenarios outlined. 

In evaluating the 16 scenarios, it was evident that the majority of anaerobic digestion 

systems were not financially viable with current cost of feedstock and energy at 

these relatively small scales. The only scenario that proved to be viable was the 

boiler configuration for a herd size of 185 cows in which the heat produced was sold 

through district heating. The least economically feasible scenarios occurred when 

biogas upgrading was included due to high operational and capital costs. To make 

the current systems viable there is a need to increase the sources of revenues or 

consider higher financial supports for on-farm AD systems. This insight can guide 

policies to target the necessary incentives to enable the penetration and further 

development of the adoption of anaerobic digestion in Ireland. All systems obtained 

negative net GHG emissions considering savings from energy displaced sourced 

from fossils fuel and from the use of biofertiliser to displace the use of synthetic 

fertiliser. 

• Calculate the abatement cost and the mitigation potential for each on-farm 

AD scenario. 

The cost of mitigation for the different scenarios varied between -7 € tCO2eq
-1 to 816 

€ tCO2eq
-1. The scenario that had the lowest abatement cost was the Boiler 

configuration with a herd size of 185, making it a potentially viable option for on-

farm AD. This scenario considered that the heat produced would be sold in a district 

heating system or to a large energy user. The scenarios with the lowest viability were 
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the upgrading scenarios since most of the farms were relatively small to incorporate 

such a large capital cost and operational cost. Furthermore, the net GHG mitigation 

was lower as energy sourced from fossil fuels was used to cover the heat and 

electricity demand of the system. 

• Assess the implications of changing the input variables in the calculation of 

abatement cost and illustrate the effect of changing the AD system boundary 

in terms of emissions savings. 

A single change in an input variable or a change in the system boundary for the 

calculation of the emissions can greatly alter the financial and environmental 

performance of such AD systems. For example, having no associated cost to acquire 

feedstock (considering that food waste and slaughterhouse wastes can substitute 

grass silage) altered the marginal abatement cost from -227 € tCO2eq
-1 to +72 € 

tCO2eq
-1 for the different biogas end-use configurations and a herd size of 185 (as 

compared to the abatement cost for the same scenarios with a feedstock cost 

included: -7 € tCO2eq
-1 to 492 € tCO2eq

-1). If an increase in tariffs and biomethane 

sale prices is considered, the financial viability of the systems that considered 

upgrading improve by decreasing the marginal cost to between -148 € tCO2eq
-1 to -32 

€ tCO2eq
-1, ultimately making the investment more attractive. This shows that a 

single value for the marginal abatement cost for on-farm AD may not be able to 

accurately capture the inherent variability of these systems. The use of sensitivity 

analysis would enable the identification of input variables that directly affect the 

marginal cost and abatement. 
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Abstract: 

There is a need to reduce dependence on fossil-derived natural gas to meet net zero 

targets. For example, Ireland has a climate action plan which includes for generation 

of 5.7 TWh of biomethane by 2030. It is crucial to understand financial and 

environmental barriers for the introduction of anaerobic digestion facilities. Recent 

geopolitical events emphasise the need to consider energy price uncertainty, which 

impacts on anaerobic digestion system costs. Abatement cost curves allow 

comparison of system viability but may overlook uncertainty. This study introduces 

an illustrative approach, factoring in uncertainty, for comparing farm scale anaerobic 

digestion systems by biogas end-use configuration, and by herd size. Probability 

charts derived from a Monte Carlo analysis were developed, altering different input 

variables that directly impact on the financial viability and the environmental 

performance of the systems. It was found that the energy conversion efficiency of the 

feedstock in the anaerobic digestion process directly affected the financial and 

environmental performance of all scenarios. Furthermore, based on the assumptions 

of this work, systems considering the production of electricity and heat using a CHP 

unit had a high probability of achieving lower abatement cost. For instance, a 

scenario with 185 dairy cows could achieve an abatement cost between -140 to 200 € 

tCO2eq
-1. The scenarios that considered an upgrading configuration proved to be not 

financially viable, with high uncertainty in the abatement cost range. To make small-

scale upgrading more attractive, additional incentivisation and revenue streams, or 

the integration of a CHP unit to cover the energy demand of the system would be 

required. 
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5.1 Introduction 
As per Ireland's Climate Action Plan 2023, the expansion of the anaerobic digestion 

(AD) and biomethane sector has been identified as a measure to abate greenhouse 

gas (GHG) emissions from agriculture (1). A target of 5.7 TWh of biomethane by 

2030 has been set, which equates to the construction of approximately 200 new AD 

plants at a scale of 3 MW of biomethane output (1). AD at a farm-level can reduce 

GHG emissions while producing on-site renewable energy, a nutrient-rich 

biofertiliser (digestate), and mitigate odours and pathogen loads by reducing raw 

slurry application to land (2). Furthermore, as a response to the disruption in the 

global energy market, due to recent geo-political events, the EU presented the 

REPowerEU Action Plan that aims to reduce the dependency on Russian natural gas 

by highlighting the importance of renewable energy sources, particularly biomethane 

(3). To decrease dependence on fossil-derived natural gas, there has already been a 

significant increase in the number of AD plants in Europe since 2011. Biomethane 

plants increased six-fold since 2011 with 900 installations producing 32 TWh by 

2020 in Europe, this production will increase with the construction of 92 new 

facilities in 2021 (4). To put this in context the REPowerEU Action Plan sets a 2030 

target for biomethane of 35 billion cubic meters (bcm); this is equivalent to 350 

TWh, a tenfold increase on present levels of production (3). In Ireland, development 

has been slow with only 59 AD plants operational by 2018, of which 3 produce 

biomethane with a total annual production of 22.8 GWh (5). To achieve the 

ambitions to increase AD uptake in Ireland it will be necessary to understand the 

main financial barriers and the policies, incentives, and regulations required to 

encourage growth.  

Previous studies have identified the potential of co-digesting grass silage and cattle 

slurry to produce biomethane in Ireland (6–8). Ireland had 6.5 million cattle in 2020, 

of which 1.5 million were dairy cows, thus it is considered that there are significant 

quantities of slurry available as feedstock (9). In relation to grass silage, most of the 

production is directed to feed livestock during winter. That said, grass surplus to 

livestock requirements (10), or grass obtained as a by-product of landscape 

management from non-pasture areas have been identified as viable feedstock for AD 

(11–13). To cover the nitrogen (N) requirement to grow grass silage, synthetic 

fertiliser (inorganic N) and slurry (organic N) are applied to the land. However, 
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recent geo-political events have seen an unprecedented increase in fuel prices and the 

costs associated with synthetic fertiliser, thus leading to rising costs for grass silage 

(14). This directly impacts the production cost of biomethane, since feedstock costs 

can represent up to half of the biogas production cost at a farm-scale AD facility 

(15).  

The majority of biogas generated in Ireland is used for the production of electricity 

and/or heat through boilers or combined heat and power units (CHP) (16). However, 

a national biomethane strategy is due to be released and is intended to mobilise the 

biomethane industry. This will include for a Renewable Heat Obligation to 

encourage the use of indigenously produced biomethane (1). Furthermore, the gas 

grid operator, Gas Networks Ireland, aims to develop a biomethane network of rural 

on-farm AD facilities injecting biomethane into the gas grid (17,18). In 2022, energy 

prices reached a peak price of €250 per MWh for electricity and €500 per MWh for 

natural gas (19). This uncertainty in energy prices directly influences the value of 

energy produced by on-farm AD systems. Depending on the energy requirements of 

the process, and/or the upgrading technology from biogas to biomethane, additional 

costs may be incurred from sudden increases in energy prices.  

To achieve the desired number of biomethane facilities in Ireland by 2030 (200 AD 

plants) it is essential to evaluate the feasibility of on-farm AD installations that 

would comply with the sustainability criteria set by the recast Renewable Energy 

Directive (RED-II) (20). A techno-economic assessment (TEA) can be used to assess 

the economic performance of an AD system (21), whilst the sustainability of the 

system can be measured through a Life Cycle Assessment (LCA), based on a GHG 

emissions assessment (21,22). The abatement cost can subsequently be calculated by 

combining the financial and sustainability data and presenting as an abatement cost 

curve (22). Abatement cost curves are commonly used to compare climate mitigation 

policies as they provide simple models that compare different abatement options in 

various sectors of the economy (22). Biogas and biomethane abatement costs were 

evaluated previously as a bioenergy GHG mitigation measure to decarbonise 

agriculture in Ireland (23). The use of biogas to generate heat and electricity was 

assessed with an abatement cost of 115 € tCO2eq
-1, while that of biomethane to 

produce renewable heat was assessed at 280 € tCO2eq
-1 (23). A recent update of these 

measures decreased the abatement cost of biomethane to -198 € tCO2eq
-1 (linear 
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uptake of measure) and -219 € tCO2eq
-1 (double uptake of measure) accounting for 

an increase in the selling prices of heat and gas due to recent geo-political events 

(24).This variability in abatement costs has been previously assessed by the authors 

(25), where it was found that even a change in a single input variable within the 

system boundary of the study can significantly affect the abatement cost and 

potential of on-farm AD. 

With the recent increases in energy and fertiliser prices, it must now be considered 

how external events can introduce uncertainty in the calculation of the abatement 

cost for anaerobic digestion systems.  Previous studies have accounted for the impact 

of parameter uncertainty on the financial viability of anaerobic digestion by 

including uncertainty analysis using a Monte Carlo approach (26,27). These specific 

studies remarked on the importance of uncertainty quantification which provides 

probabilistic results that can be far more demonstrative of the potential economic 

viability of an AD system than single-point estimations. In Ireland, the use of 

uncertainty analysis to evaluate the financial viability of on-farm AD plants has been 

completed previously by Dennehy et al. (28) for the mono-digestion of pig slurry 

and its co-digestion with food waste. As part of the analysis, four input variables - 

gate fees, digestate disposal cost, feed-in-tariffs and annual feedstock treated - were 

varied, assuming future market conditions, to evaluate their effect on profitability. It 

was found that, even in high revenue generation scenarios, the system profitability 

can still be influenced by market conditions such as feedstock availability. In 

essence, evaluating the financial feasibility of a project in a changing market through 

the integration of uncertainty modelling can provide crucial information to AD 

developers. The integration of uncertainty analysis may be beneficial in identifying if 

further incentives or additional sources of income are required to integrate AD in 

farms. 

Further studies have assessed abatement cost curves for alternative mitigation 

technologies accounting for uncertainty. Peng et al.(29) and Sjöstrand et al. (30) 

presented abatement cost curves accounting for uncertainty for the transport sector 

and for water scarcity mitigation efforts. However, these analyses solely considered 

uncertainty in the abatement cost calculation and did not account for its impact on 

the abatement potential of the measures. In terms of AD systems, the uncertainty in 

the abatement cost has only been assessed previously in a study by Bose et al. (31) 
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that explored the uncertainty of an AD polygeneration plant. Prior research has 

presented limited approaches to depict and compare the uncertainty in both 

abatement cost and potential. There is a need to provide a more illustrative approach 

that can integrate both the uncertainties of the abatement cost and potential of a 

technology such as anaerobic digestion.  

The aim of this study is to identify the uncertainty associated with different biogas 

end uses from on-farm AD systems. The novelty of this work is the development of 

probability charts to compare the abatement cost and abatement potential, whilst 

accounting for uncertainty, of different on-farm AD systems based on biogas end-use 

at different farm sizes. These probability charts will serve as a valuable tool for 

comparing AD systems based on the range of possible abatement costs, providing 

insights for stakeholders such as farmers, system developers, and policy makers to 

identify economically feasible options of technology implementation. Furthermore, 

this study aims to assist policymakers in recognising the potential incentives required 

for systems with high uncertainty, thus informing the development of energy policies 

that can effectively support the widespread adoption of on-farm AD. Three specific 

objectives are outlined for this study:   

• Identify through a sensitivity analysis the key financial and environmental 

variables affecting the abatement cost for on-farm AD systems. 

• Evaluate the potential ranges of abatement cost and abatement potential for 

different biogas end-uses at different farm scales through Monte Carlo analysis. 

• Assess the results of the Monte Carlo analysis based on the overall 

uncertainty associated with the abatement cost and abatement potential to identify if 

additional incentives are required for on-farm AD systems 
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5.2 Methodology 

5.2.1 Model description and base case scenarios 

For the on-farm base case scenarios, four hypothetical farm sizes based on different 

herd sizes of dairy cows (40, 60, 100, 185) were combined with 4 different biogas 

end-use configurations for a total of 16 scenarios as shown in Table 5-1, as 

previously assessed in Chapter 4. The configurations include the use of biogas to 

produce heat through a boiler unit (B), the production of electricity and heat through 

a CHP unit (CHP), the production of biomethane through upgrading (U), and the 

production of biomethane with the use of a CHP unit to provide the energy demand 

of the upgrading process (U+CHP). These scenarios were selected to study the 

influence of different input variables of the on-farm AD process on the financial 

viability and the environmental performance through the calculation of the 

abatement cost. 

Table 5-11 Base case scenarios for the on-farm AD systems at different farm scales based on the biogas end-use. 

Farm 
Size Configuration Scenario Code 

40 

Boiler B-40 
CHP CHP-40 

Upgrading U-40 
U+CHP U+CHP40 

60 

Boiler B-60 
CHP CHP-60 

Upgrading U-60 
U+CHP U+CHP60 

100 

Boiler B-100 
CHP CHP-100 

Upgrading U-100 
U+CHP U+CHP100 

185 

Boiler B-185 
CHP CHP-185 

Upgrading U-185 
U+CHP U+CHP-185 

 

The main input variables that will be assessed for each base case scenario include the 

farm conditions, the operational parameters of the AD digester, and the economic 

assumptions that include the revenues and cost of each scenario based on the biogas 

end-use configuration. The main output variables of the model are the net present 

value (NPV), the abatement cost, and abatement potential for each scenario. A 

sensitivity analysis will be carried out on 24 selected input variables to identify the 

key factors influencing the NPV, the abatement cost, and the abatement potential. 
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Based on the results of the sensitivity analysis, the most sensitive variables affecting 

the abatement cost will be selected for use in the uncertainty analysis.  

To assess the uncertainty of each scenario an enviro-economic tool previously 

developed for on-farm AD (25) was integrated with Monte Carlo analysis using 

@Risk, a plugin developed by Lumivero for MS Excel (32). For each input variable, 

a probability distribution is assigned to carry out a Monte Carlo analysis. Triangular 

and Uniform distributions were selected for the Monte Carlo assessment as these are 

recommended when there is limited access to data for emerging technologies 

(33,34). Triangular distributions require three main parameters which include the 

upper bound (maximum value), the lower bound (minimum value), and most likely 

value (median) while the uniform distribution only requires upper and lower bounds. 

With the result of the analysis, a probability chart of the abatement cost and potential 

will be created to outline the ranges of values each of the different systems can 

achieve based on the biogas end-use at different farm scales. 

5.2.2 Farm conditions and feedstock resources  

The farmland area for the base case scenarios was based on 4 different herd sizes 

(40, 60, 100, 185) which represent the typical dairy cow herd sizes on dairy farms in 

Ireland (35). For each herd, the farmland area in hectares was selected based on the 

median farm size of utilised agricultural area at different scales for dairy farms in 

Ireland (27.8 ha, 44.4 ha, 72.9 ha, 136.2 ha) (36). For each farm, it was assumed that 

part of the farmland was dedicated for pasture based on the requirements per dairy 

cow with a stocking rate of 2.06 lu ha-1 (livestock units per hectare). Based on this 

the remaining number of hectares, surplus to livestock requirements (𝐻𝐻𝐺𝐺𝐺𝐺) was 

assumed to be used to cultivate grass silage for use in the AD process as per 

Equation 5-1.  

Equation 5-1 Hectares available to cultivate grass silage in each farm. 

𝐻𝐻𝐺𝐺𝐺𝐺 �
ha
a
� = 𝐴𝐴𝐴𝐴𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 − (𝜃𝜃𝐷𝐷𝐷𝐷 ∗ 𝑆𝑆𝑆𝑆𝐷𝐷𝐷𝐷) 

Where, 𝐴𝐴𝐴𝐴𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓  is the available agricultural area on the farm, 𝜃𝜃𝐷𝐷𝐷𝐷  is the number of 

dairy cows, and 𝑆𝑆𝑆𝑆𝐷𝐷𝐷𝐷 is the stocking rate of grazed grass required for feeding each 

dairy cow across the farm.  

In Ireland, livestock are commonly housed indoors during the winter period, ranging 

between 16 to 22 weeks each year, depending on the region, as guided by Good 
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Agricultural Practices (GAP) (32). Slurry collection needs to comply with the slurry 

storage requirements of 0.33 m3 per week per dairy cow (37). For the base case 

scenarios, it was assumed that the dairy cows would be housed for 18 weeks (as per 

Table 5-2), and that the slurry collected would be based on 0.33 twwt
 per week, as it 

mostly consists of water based on the dry matter (DM) content (as per Table 5-3). 

Based on this the total amount of slurry available as feedstock (𝐷𝐷𝐷𝐷𝑅𝑅) in terms of wet 

tonnes (twwt) per year was calculated using Equation 5.2. 

Equation 5-2 Dairy Slurry resource calculation. 

𝐷𝐷𝐷𝐷𝑅𝑅 �
twwt

a
� = 𝜃𝜃𝐷𝐷𝐷𝐷 ∗ 𝑆𝑆𝑆𝑆𝐷𝐷𝐷𝐷 ∗ 𝑇𝑇𝑇𝑇𝐷𝐷𝐷𝐷 

Where, 𝐷𝐷𝐷𝐷𝑅𝑅 is the mass of slurry feedstock in tonnes, 𝜃𝜃𝐷𝐷𝐷𝐷  represents the number of 

dairy cows on each farm, 𝑆𝑆𝑆𝑆𝐷𝐷𝐷𝐷 is the slurry collection requirements per dairy cow in 

twwt per week, and 𝑇𝑇𝑇𝑇𝐷𝐷𝐷𝐷 is the time in weeks dairy cows are housed indoors per 

year.  
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4 

 

Figure 5-3 Summary of the model used for the base case scenarios considering 4-biogas end-uses (Boiler- B, CHP, Upgrading- U and Upgrading+CHP-U+CHP) for the on-farm anaerobic 
digestion scenarios. 24 input variables that include farm conditions, operational parameters of the digester and economic assumptions (revenues and cost) were selected to identify key factors 
influencing the output variables (NPV, abatement cost, and abatement potential) through sensitivity analysis.  
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Table 5-12 Farm conditions for the 16 base case scenarios of on-farm AD. 

Variable Value Source 
Livestock Indoor Time [Weeks] 18 (38) 
First Cut Yield (Grass Silage) [tDM ha-1] 7 (10) 
Second Cut Yield (Grass Silage) [tDM ha-1] 4 (39) 
Synthetic Fertiliser (N requirement) [kg N ha-1] 185 (40) 

 

Table 5-13 Feedstock characteristics. Adapted from Allen et al. (41). 

a VS: Volatile solids. 
b (V/V): Volume concentration for volume of CH4 per volume of biogas. 
 

Grass silage production varies according to the region under analysis within Ireland 

and can range between 11 to 13 tDM ha-1 per annum (17,42–45). If the fertiliser 

application is maximised on the farm there can be an increase in grass production 

which facilitates obtaining grass silage surplus to livestock requirements (8). 

However, the GAP for Protection of Waters (S.I. No. 393/2022) limits the amount of 

fertiliser that can be applied to Irish dairy farms to 250 kg N fertiliser ha-1 a-1 of 

chemical fertiliser with the inclusion of organic fertiliser (46). For the base case 

scenarios, the mass in wet tonnes of grass silage for each cut (𝐺𝐺𝐺𝐺𝑅𝑅) was calculated 

using Equation 5-3. A value of 7 tonnes of dry matter per hectare (tDM ha-1) was 

considered as the yield for the first cut of grass silage and 4 tDM ha-1 for the second 

cut. The amount of synthetic fertiliser required was set at 185 kg N ha-1 as per Table 

5-2 based on the average application rate recommended for growing grass silage 

(40). 

Equation 5-3 Grass Silage resource calculation. 

𝐺𝐺𝐺𝐺𝑅𝑅 �
twwt

a
� =

(𝐻𝐻𝐺𝐺𝐺𝐺 ∗ 𝑌𝑌𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐹𝐹𝐹𝐹)
𝐷𝐷𝐷𝐷𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐹𝐹𝐹𝐹/100

+
(𝐻𝐻𝐺𝐺𝐺𝐺 ∗ 𝑌𝑌𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆)
𝐷𝐷𝐷𝐷𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆/100

 

For Equation 5-3, 𝐻𝐻𝐺𝐺𝐺𝐺 represents the hectares surplus to livestock feeding 

requirements, 𝑌𝑌𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐹𝐹𝐹𝐹 and 𝑌𝑌𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆represents the yield of grass for each cut, and  

𝐷𝐷𝐷𝐷𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐹𝐹𝐹𝐹 and 𝐷𝐷𝐷𝐷𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 represents the content of dry matter for each cut 

expressed as a decimal as per Table 5-3. 

Parameter Cattle Slurry Grass Silage 1st Cut Grass Silage 2nd Cut 
Dry Matter (DM) [%] 6.50 29.30 17.90 

Volatile solids (VSa) [%] 5.10 26.80 16.40 
VS / DM [%] 78.50 91.70 92.00 

Specific methane yield 
(SMY) [LCH4 kgVS-1] 

175.5 400 393 

CH4 in biogas (v/v) [%] 56 53 53 
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5.2.3 Operational parameters for biogas production and biogas end-use  

The production of biogas was modelled on a continuously stirred tank reactor 

(CSTR) commonly used for farm-based AD plants (47–49). The gross biogas output 

from the AD plant was calculated from the co-digestion of slurry and grass silage 

using the respective feedstock specific methane yield (SMY) (as per Table 5-3) at an 

organic loading rate (ORL) of 2.5 kg VS m-3 day-1 under mesophilic conditions (35–

40 °C) (50). Detailed calculations of the biogas output production can be found in 

Appendix B.2. For the base case scenarios as per Table 5-4, a complete energy 

conversion efficiency of feedstock in the AD process was considered to provide an 

optimistic analysis. This value (AD efficiency) is defined in this work as the specific 

methane yield achieved in a commercial process as compared to the results from a 

lab-scale experiment. This variable is directly affected by a variety of characteristics, 

such as feedstock composition, technology implementation and overall process 

conditions. Finally, the methane leakage for the AD system was set at 2% 

considering a minimal leakage of methane, as this value can range between 2 to 5% 

for biogas systems (51,52). 

Table 5-14 Operational parameters of the anaerobic digestion process for the 16 base case scenarios of on-farm 
AD. 

Variable Value Source 
Operational Time of Reactor [Days] 344 (25) 

Leakage of Methane [%] 2 (25) 
ORL [ kg VS m-3 day-1] 2.5 (50) 

Ambient Temperature [⁰C] 10 
Based on the annual average dry bulb 

temperature in Cork, Ireland (53). 
Process Temperature [⁰C] 40 (54) 

 

For the base case scenarios each farm size was assigned a configuration based on the 

biogas end-use within the farm. A detailed description of each configuration can be 

found in Chapter 4.2.3 and is summarised below:   

• The B Configuration generates heat using a biogas boiler for its immediate use in 

the vicinity of large industrial heat users or in district heating systems (if available). 

The heat generated was calculated based on the overall gross energy output of the 

biogas production at each farm size considering a boiler efficiency of 90% which is 

an average value for natural gas boilers (55,56). It was assumed the AD process 

covered its thermal demand using part of the heat generated, while the electricity 

demand was met by sourcing electricity from the grid.  
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• The CHP Configuration considered the production of electricity and heat using a 

CHP unit. The electricity and heat generated were calculated based on a 35% 

electrical efficiency and a 50% thermal efficiency based on a CHP with capacity less 

than 100kWel, which is commonly used in small-scale systems (28,57–59). Part of 

the energy generated was assumed to cover the thermal demand and electrical 

demand of the AD process.  

• The U Configuration considered the production of biomethane by upgrading the 

biogas produced via water scrubbing with the addition of a regenerative thermal 

oxidation unit for off-gas treatment. The biomethane production was calculated 

based on a 94% methane recovery of the gross biogas production (accounting for 

minimal process leakage) and an electrical demand of 0.45 kWh m-3 biogas 

considering previously reported data for small-scale systems (60). It was also 

assumed that the 6% of CH4 not captured in the process would be contained in the 

liquid at the bottom of the scrubber and recirculated, and as such is not released to 

the atmosphere (61). The electrical demand of the AD and upgrading process was 

sourced with electricity from the grid, while the thermal demand was covered with a 

boiler using natural gas from the grid. 

• Finally, the U+CHP Configuration considered the addition of a CHP unit to cover 

the electrical and thermal demand of the biogas production process and the 

upgrading process. This was considered to displace the use of fossil fuels and fossil 

derived energy sources so as to reduce the overall emissions of the configuration.  

Based on the required electrical power of the AD system and the upgrading process, 

the input volume of biogas for the CHP unit was calculated through an iterative 

process as detailed in section 4.2.3 of Chapter 4. 

5.2.4 Economic assumptions  

A techno-economic analysis was carried out to calculate the NPV for each of the 

base case scenarios. To evaluate the profitability of each different scenario the 

economic outputs were calculated based on a system lifetime of 15 years, which is 

common for on-farm AD systems (28,58). To calculate the NPV for each scenario 

the capital cost (CAPEX) of the system was deducted from the overall net cash flow 

which includes the revenues and operational costs (OPEX) of the configuration 

during the lifetime of the project as per Equation 5.4. A yearly inflation of 2% (62) 

was added to the revenues and OPEX to estimate yearly revenues and costs for each 
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scenario. A 10-year loan with a 2% interest rate was considered for the CAPEX of 

each system with a debt ratio of 50% (Table 5-5) to cover the initial cost of the 

project (31). 

Table 5-15 Economic assumptions for the 16 base case scenarios of on-farm AD. 

Variable Value Source 
Discount rate [%] 10 (63) 

Inflation [%] 2 (62) 
Capex Debt Ratio* [%] 50 (31) 

*Ratio of the total debt to the total assets (CAPEX) 

Equation 5-4 Net Present Value calculation. 

𝑁𝑁𝑁𝑁𝑁𝑁(€) = −𝐶𝐶𝑜𝑜 + �
(𝐶𝐶𝑖𝑖)

(1 + 𝑟𝑟)𝑡𝑡

𝐿𝐿

𝑡𝑡=0

 

In Equation 5-4, 𝐶𝐶𝑜𝑜 is the CAPEX of the configuration selected for the analysis, 𝐶𝐶𝑖𝑖 

represents the net cash flow period in the time 𝑡𝑡 (𝑡𝑡 ∈  [1, 𝐿𝐿]), 𝐿𝐿 denotes the lifetime 

of the selected systems in years, and  𝑟𝑟 is the discount rate of 10% which is an 

average value for biogas facilities (63). 

To calculate the CAPEX of each configuration the capital cost of AD systems 

previously installed in Ireland for which the feedstock processed was reported were 

used to get an approximated value of cost (€) per tonne of treated feedstock per year. 

The initial capital cost (𝐶𝐶𝑜𝑜) used for each system was half of the total value of the 

cost for the developer (Table 5-6) considering a loan based on a capex-debt ratio of 

50%. Detailed calculations of each capital cost can be found in Appendix B.7. For 

each plant, it was assumed that the required site works, infrastructure, and grid 

connection costs were included in the final cost.  

Table 5-16 Capital Cost for each configuration based on the farm size for the 16 base case scenarios of on-farm 
AD. 

 

The net cash flow per year (𝐶𝐶𝑖𝑖) of each system accounted for the total cost of the 

system which included: the CAPEX, loan repayments, the insurance, administrative, 

and maintenance cost (see section 4.2.4 in Chapter 4), the OPEX and revenues 

                         Farm Size 
Configuration 

40 60 100 185 

B €45,124 €76,692 €124,150 €233,880 
CHP €66,959 €113,802 €184,225 €347,053 

U €99,442 €169,009 €273,596 €515,414 
U + CHP €114,358 €194,360 €314,635 €592,725 
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generated by each configuration. The OPEX can be broken down into the labour cost 

required for the operation of the AD system and the upgrading system, and the 

annual expenses of fuel and electricity of the system based on the configuration of 

the base case scenario, and the feedstock acquisition cost as per Table 5-7. The 

labour cost of the AD process was applied to all configurations with an intensity set 

at 1hr/day, while the labour cost of upgrading which only applied to the U and 

U+CHP configurations, was set at 2hrs per day based on small-scale systems (64).  

The electricity expense only applied for the B and U scenarios as the scenarios with 

a CHP unit (CHP and U+CHP) covered the electricity demand of the system with 

part of the produced electricity. The cost of electricity was based on commercial 

electricity prices for Ireland in 2022 (65). Fuel expense only applied for the U 

configuration to cover the thermal demand of the AD process and biogas upgrading 

system with a natural gas boiler, as it was assumed that all the biomethane produce 

would be sold. Finally, the total feedstock procurement cost, based on the average 

silage cost for 2022 in Ireland (Table 5-7) and the procurement cost for slurry, was 

assumed to be 0 € twwt
-1, as slurry is produced on the farm. 

Table 5-17 Operational cost values used for the 16 base case scenarios based on the configuration selected. 

Variable Value Source 
Labour cost of AD process [€ hr-1] 15 (58) 
Labour cost of Upgrading [€ hr-1] 15 (58) 
Fuel cost (Natural gas) [€ MWh-1] 74.1 (65) 

Electricity Cost [€ MWh-1] 237 or 299* (40) 
Feedstock Cost (Silage) [€ twwt] 43 (14) 

*Different electricity costs were used based on the range of consumption for each scenario. For consumption 
levels below 20 MWh a-1, a cost of 299 € MWh-1 was applied, while consumption levels exceeding 20 MWh a-1 
were considered at a cost of 237 € MWh-1. 

For revenues, each of the base case scenarios considered different sources of income 

based on the type of energy generated by the biogas end-use configuration while all 

the scenarios accounted for the use of digestate, a process output of the AD plant, to 

displace synthetic fertiliser (Table 5-8) based on its total nitrogen content (Table C-1 

of Appendix C) assuming a 60% N availability (66). For configurations that 

generated heat (B and CHP), two sources of income were considered, a financial 

incentive by the Irish government in the form of the support scheme for renewable 

heat (SSRH) and the sale of heat based on a customer price for district heating (Table 

5-8) (67,68). As only one configuration produced electricity (CHP), the support from 

the renewable electricity support scheme (RESS) was applied to it (Table 5-8) (69). 
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Both the SSRH and RESS provide up to 15 years of financial subsidies. Finally, the 

configurations that produced biomethane (U and U+CHP) considered a biomethane 

selling price comparable to the weighted average price of natural gas for business 

consumers in Ireland in the second half of 2022 (70). 

Table 5-18 Revenues considered for the 16 base case scenarios. 

Variable Value Source 
RESSa [€ MWh-1] 74.08 (67) 
SSRHb [€ MWh-1] 29.5 (69) 

Biomethane selling price [€ MWh-1] 53.7 (70) 
Heat Selling Price [€ MWh-1] 60 (68) 

Displaced Fertiliser (N) cost [€ kg N-1] 2.7 (14) 
aRESS: Renewable Electricity Support Scheme 
bSSRH: Support Scheme for Renewable Heat 

 

5.2.5 Abatement cost calculation  

To calculate the abatement cost, the overall annual GHG emissions savings (tCO2eq 

a-1) were calculated using the methodology recommended by the EU recast 

Renewable Energy Directive (RED-II) (20) with the modification to include 

emissions savings from the displacement of synthetic fertiliser (𝑒𝑒𝑓𝑓𝑓𝑓) and the 

emissions savings from energy displacement (𝑒𝑒𝑒𝑒𝑒𝑒) (Equation 5.5). GHG emissions 

related to the cultivation of feedstock (𝑒𝑒𝑒𝑒𝑒𝑒,𝑛𝑛), transport (𝑒𝑒𝑡𝑡𝑡𝑡,𝑓𝑓𝑓𝑓,𝑛𝑛), and land use 

change (𝑒𝑒𝑙𝑙,𝑛𝑛) were calculated based on literature values (71). Emissions from 

processing (𝑒𝑒𝑝𝑝) accounted for the direct emissions from energy use in the AD and 

upgrading processes and included for methane leaks in the process (during AD and 

biogas upgrading). Emissions from the transport of biomethane (𝑒𝑒𝑡𝑡𝑡𝑡,𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝)  were 

considered to be 1.22 gCO2eq per MJbiomethane (71), while emission from fuel in use 

(𝑒𝑒𝑢𝑢) were set as zero (short carbon cycle). Emissions savings from CO2 capture and 

geological storage (𝑒𝑒𝑐𝑐𝑐𝑐𝑐𝑐) and CO2 capture and replacement of fossil fuels (𝑒𝑒𝑐𝑐𝑐𝑐𝑐𝑐) were 

assumed to be zero and the emissions savings from agricultural management (𝑒𝑒𝑠𝑠𝑠𝑠𝑠𝑠,𝑛𝑛) 

were set at -54 kgCO2eq per tonne of cattle slurry digested in line with the 

Renewable Energy Directive (20). Emissions savings from energy displacement 

(𝑒𝑒𝑒𝑒𝑒𝑒) considered the savings of emissions displaced from fossil fuel origin, 

accounting for the amount of heat and electricity generated by the B and CHP 

configurations, and for the emissions avoided by replacing diesel with biomethane 

(assuming biomethane will be used as transport fuel) for the U and U+CHP 

configurations. Finally, the emissions from the displacement of synthetic fertiliser 
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(𝑒𝑒𝑓𝑓𝑓𝑓) account for the reduction in emissions from synthetic fertiliser, due to the use 

of digestate as biofertiliser. The methodology used to determine the share of energy 

of each feedstock (𝑆𝑆𝑛𝑛) has been provided in Chapter 4 (Section 4.2.5) 

Equation 5-5 Annual emissions savings calculations for the base case scenario based on the REDII methodology 
to assess GHG emissions. 

𝐺𝐺𝐺𝐺𝐺𝐺𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑛𝑛 = �𝑆𝑆𝑛𝑛 × �𝑒𝑒𝑒𝑒𝑒𝑒,𝑛𝑛 + 𝑒𝑒𝑡𝑡𝑡𝑡,𝑓𝑓𝑓𝑓,𝑛𝑛 + 𝑒𝑒𝑙𝑙,𝑛𝑛 − 𝑒𝑒𝑠𝑠𝑠𝑠𝑠𝑠,𝑛𝑛� +  𝑒𝑒𝑝𝑝 + 𝑒𝑒𝑡𝑡𝑡𝑡,𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 + 𝑒𝑒𝑢𝑢

𝑛𝑛

1
− 𝑒𝑒𝑐𝑐𝑐𝑐𝑐𝑐 − 𝑒𝑒𝑐𝑐𝑐𝑐𝑐𝑐 − 𝑒𝑒𝑓𝑓𝑓𝑓 − 𝑒𝑒𝑒𝑒𝑒𝑒 

Once the economic (NPV) and environmental (𝐺𝐺𝐺𝐺𝐺𝐺𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑛𝑛) performance were 

obtained, the abatement cost (𝐴𝐴𝐴𝐴) of each base case scenario was evaluated 

according to Equation 5.6. The sum of the undiscounted annual GHG emissions 

(𝐺𝐺𝐺𝐺𝐺𝐺𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑛𝑛
𝑡𝑡 ) of time period 𝑡𝑡 was used to calculate the abatement potential or total 

GHG mitigation of each base case scenario, based on the lifetime of the system (𝐿𝐿) 

(𝑡𝑡 ∈  [1, 𝐿𝐿]).  

Equation 5-6 Abatement cost calculation. 

𝐴𝐴𝐴𝐴 �
€

𝑡𝑡 𝐶𝐶𝐶𝐶2−𝑒𝑒𝑒𝑒
� =

−𝑁𝑁𝑁𝑁𝑁𝑁
∑ 𝐺𝐺𝐺𝐺𝐺𝐺𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑛𝑛

𝑡𝑡𝐿𝐿
𝑡𝑡=1

 

In Ireland, a carbon tax is imposed on fuel supplies, which is determined by the 

carbon dioxide emissions generated when the fuel is utilised. As part of this analysis, 

the incentives required for the scenarios to reach a break-even with the carbon tax set 

for Ireland for 2030 (80 € tCO2
-1) were explored (72). This analysis aims to 

determine if the AD systems assessed in the scenarios require economic incentives to 

make them competitive with paying a carbon tax on the fossil fuel alternatives. This 

assessment involved calculating the required NPV based on the total GHG 

mitigation of each base case scenario to match the value of the abatement cost to the 

carbon tax set for 2030. The NPV calculations were conducted using Microsoft 

Excel, employing the Goal Seek function to find the required incentive (€ MWh-1) 

expressed as an additional income based on the net energy output of the 

configuration. 

5.2.6 Sensitivity analysis and uncertainty analysis 

A sensitivity analysis was conducted on the 24 variables previously presented across 

the 16 base case scenarios. These variables encompassed farm conditions, 

operational parameters of the AD digester, and economic assumptions involving 
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costs and revenues associated with each configuration as shown in Figure 5-1. To 

assess their impact on key output variables, such as NPV, annual GHG emissions, 

and abatement cost, a ±10% variation was applied to each input variable. Based on 

the results, the variables that had more than a 5% impact on the abatement cost were 

selected to carry out uncertainty analysis. For this uncertainty analysis, a Monte 

Carlo simulation with 10,000 iterations was conducted to obtain a range of values for 

the NPV, the abatement cost and the abatement potential. Based on the type of 

variable selected for the analysis, a triangular or uniform distribution was assigned. 

The simulation results were used to construct a probability chart, illustrating the 

uncertainty associated with the abatement cost and abatement potential for the 16 

different scenarios. The 10,000 simulated outcomes will be interpreted in terms of 

the probability of the abatement cost and potential to fall within a specific range 

based on the results from the Monte Carlo analysis. This chart will provide a range 

of values for the abatement cost and potential for each scenario’s outcomes based on 

the biogas end-use configuration. Figure 5-2 presents the step-by-step procedure 

used to develop the probability charts for each of the different scenarios. 

To compare the results of each scenario, different probability intervals, including 

25%, 75% and 95%, centred around the mean, were employed to estimate a range of 

values that describe a share of the simulation results. These values fall within typical 

ranges to assess the risk and uncertainty associated while comparing abatement 

strategies (29,73). To assess the dispersion of each of the ranges, the sampled 

interquartile range (IQR), mean, median and standard deviation will be assessed. The 

relationship between the standard deviation to the mean was used to compare the 

uncertainties associated with each biogas end-use configuration for all the scenarios. 

Lastly, significant differences between different biogas end-uses within scenarios 

were assessed using a Tukey-Kramer post hoc test through Microsoft Excel with an 

alpha level of <0.05.  The test was carried out, for both the results from the 

abatement cost and abatement potential, to compare the similarities between biogas 

end-uses within the scenarios. 
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Figure 5-4 Flowchart of the process used to construct the probability chart based on the results of the Monte 
Carlo simulations. 

  

Gather the results of the output variables (abatement cost and abatement potential) from the Monte Carlo 
simulation for each scenario in Excel.

Create bins of data based on specific interval points taking into account the highest and lowest values of 
the output variables for each scenario.

Count the number of instances in which the results from the Monte Carlo simulations fall within the 
selected interval for each bin.

Calculate the probability of the selected interval bin by dividing the number of occurrences within the 
interval by the total number of simulation outcomes

Create probability bands that encompass 20% of the occurrences of the simulation, starting from values 
centered around the mean

Plot the results as a contour plot, in which the different shares of the simulations are represented by ranges 
of different colours to delimit from 20% to 100% of the simulated data.
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5.3 Results  

5.3.1 Base case scenario results 

The results of the economic and environmental assessment for the 16 base case 

scenarios are shown in Table 5-9. It was found that most of the assessed scenarios 

were not financially viable, as evidenced by negative NPV values. However, the 

scenarios that considered the boiler configuration (B) for biogas end-use showed the 

best economic performance across the different farm sizes. Notably, the B-185 

scenario was the only financially viable option across all scenarios which showed a 

positive NPV. The abatement cost of the scenarios ranged from -5 to 605 € tCO2eq
-1 

for the 16 assessed scenarios. For the B and CHP configuration, most scenarios 

obtained abatement costs below the carbon tax set for Ireland for 2030 (80 € tCO2
-1), 

apart from the CHP-60 scenario. Conversely, scenarios considering biogas upgrading 

displayed higher abatement costs, surpassing the carbon tax threshold. For these 

scenarios to achieve the required NPV (based on their GHG mitigation) to match the 

value of the abatement cost to the carbon tax, an incentive in the range of 68 to 116 € 

MWh-1 would be required. The results also demonstrated that the scale of the system 

exerts a substantial influence on the corresponding abatement cost, as evidenced by 

the decreasing abatement costs from scenarios with an increased farm scale, resulting 

from economies of scale. Detailed results from the AD process for the 4 farm scales 

can be found in Appendix C.1 and detailed results of the energy outputs and 

demands of the different configurations for the 16 base case scenarios can be found 

in Appendix C.2.    
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Table 5-19  Economic and environmental results of the 16 base case scenarios. 

Scenario NPV (€) Total GHG 
Mitigation (tCO2eq) 

Abatement Cost 
(€ tCO2eq-1) 

B-40 -€38,490 747 52 
CHP-40 -€85,881 863 100 

U-40 -€332,032 549 605 
U+CHP40 -€296,334 764 388 

B-60 -€26,261 1366 19 
CHP-60 -€108,335 1573 69 

U-60 -€476,889 1028 464 
U+CHP60 -€415,306 1379 301 

B-100 -€18,739 2192 9 
CHP-100 -€147,037 2524 58 

U-100 -€685,647 1662 413 
U+CHP100 -€589,917 2203 268 

B-185 €21,703 4193 -5 
CHP-185 -€230,183 4821 48 

U-185 -€1,172,633 3214 365 
U+CHP-185 -€996,842 4184 238 

 

5.3.2 Sensitivity analysis  

The overall sensitivity results were similar across all base case scenarios. The results 

of the sensitivity assessment in terms of economic and environmental performance 

of the 4 biogas-end uses for one farm size (185 herd size) is shown in Figure 5-3 and 

Figure 5-4. Among all scenarios, the energy conversion efficiency of the AD process 

(AD efficiency) emerged as the most sensitive variable affecting the abatement cost. 

In particular, the B configuration (Figure 5-3) showed a high sensitivity, where a 

10% increase in the efficiency of the process reduced the abatement cost by almost 

450% from the base case scenario value of -5 € tCO2eq
-1 (Table 5-9).This 

enhancement of AD efficiency can be achieved with novel technologies such as 

microbial electrolysis cells (MEC), whereby the insertion of electrodes can increase 

the production of methane above the theoretical methane yield (74) or through 

addition of biochar which acts as an electron bridge and enhances yield while 

reducing time for process to take place (75). The sensitivity of abatement cost to AD 

efficiency was reduced for the CHP configuration to 50% and further reduced to 

14% for the U and U+CHP configurations (Figure 5-4). Moreover, an increase of 

10% in the efficiency improved the overall financial viability of the B and CHP 

configurations, as the NPV increased by 500% for the B-185 scenario and 44% for 

the CHP-185 scenario, with a marginal increase of 10% in the annual GHG 

emissions abated. In contrast, the increase in efficiency had a more pronounced 

impact on the annual GHG emissions abated for the scenarios with the U and 
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U+CHP configurations compared to its effect on the financial viability of the 

systems. The NPV only increased by 4%, while experiencing an 11% increase in 

emissions abated for the U configuration, while the U+CHP configuration had a 6% 

increase in NPV with a 9% rise in emissions abated.  

Based on the results of the sensitivity analysis on the abatement cost, the most 

sensitive variables that affected the farm conditions across the configurations were 

the yield of grass silage from the first cut and the synthetic fertiliser required for its 

cultivation. In terms of operational parameters, the most sensitive variables included 

the efficiency of the AD process and methane leakage. Regarding economic 

assumptions, the most sensitive variables encompassed CAPEX, factors affecting the 

OPEX, revenues considered in the support schemes (SSRH and RESS), selling 

prices of energy (heat and biomethane), discount rate for the analysis, and feedstock 

cost of silage. The results of the sensitivity assessment for the herd sizes of 100, 60 

and 40 can be found in Appendix C.3.   
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Figure 5-5 Results of the sensitivity analysis of B and CHP configurations for on-farm anaerobic digestion based on a herd of 185 dairy cows. The results for each cell indicate a change in 
abatement cost, NPV and annual GHG emissions with a ± 10% alteration in the parameter considered (e.g., SSRH, CAPEX or feedstock cost). 
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Figure 5-6 Results of the sensitivity analysis of U and U+CHP configurations for on-farm anaerobic digestion based on a herd of 185 dairy cows. The results for each cell indicate a change in 
abatement cost, NPV and annual GHG emissions with a ± 10% alteration in the parameter considered (e.g., SSRH, CAPEX or feedstock cost).  
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5.3.3 Uncertainty analysis 

From the original 24 variables assessed in the sensitivity analysis, the most sensitive 

variables that affected the output variables across the configurations were selected 

for a total of 12 variables. This included the sensitive input variables that had an 

effect above 5% on the output variables identified for each of the configurations. 

Based on the relevant information available, probability distributions (Triangular and 

Uniform) were assigned to each of the 12 input variables.  

With respect to the farm conditions, two variables were modelled: the yield of grass 

silage from the first cut and the synthetic fertiliser required for its cultivation. In the 

co-digestion of grass silage and slurry, it has been found that an increase in the 

portion of grass silage leads to an increase in plant profitability as there is an 

increase in overall methane yield (15). However, to accommodate higher amounts of 

grass silage, an increase in synthetic fertiliser (N) is required (8). The grass yield 

(tDM ha-1) can vary depending on the soil type, climate location, and application rate 

of N (kg N ha-1). For the uncertainty analysis a triangular distribution based on 

lower, median, and upper values of grass yield as shown in Table 5-8, considering 

different values depending on the time of harvest of the first cut of grass for silage 

production. To model the amount of synthetic fertiliser required for the cultivation of 

grass silage, a triangular distribution was also selected. The upper value was based 

on the maximum allowed amount of synthetic fertiliser set by the Good Agricultural 

Practice (GAP) directive (46). Consequently, the low value was estimated 

considering a reduction of 125 kg N a-1 from the requirement of synthetic fertiliser 

from the base case scenario (185 kg N ha-1). This reduction was assumed by 

including white clover in a multi-species sward with perennial ryegrass in the field. 

White clover can fix nitrogen from the atmosphere into the field, thus decreasing the 

amount of synthetic fertiliser needed (14).  

In terms of the operational parameters of the AD process, three variables were 

modelled: the efficiency of the AD process, the AD process temperature, and 

methane leakage from the process. A uniform distribution was selected for the AD 

process efficiency as it can be affected by a variety of characteristics such as pH, 

solids concentration (both dry and volatile), oxygen demand and other methanogenic 

inhibitors (50). For feedstocks such as animal slurries, with high nitrogen content, 

one of the most common causes of process inhibition is the accumulation of 
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ammonia that can lead to a significant reduction in methane production: a drop of 

50% in process efficiency was considered as the lower limit in the uncertainty 

analysis (76). In contrast, the integration of novel technologies such as microbial 

electrolysis cells (MEC) to the digester can enhance process stability and 

furthermore has been shown to increase methane production by 46%; thus, the upper 

limit value in the uncertainty analysis was set accordingly (74). Finally, for the 

process temperature and leakage of methane a uniform distribution with a variation 

of ± 10% from the base case scenarios values was assumed for the upper and lower 

values. Temperature was assumed to have a direct impact on the thermal demand, 

while methane leakage influenced the overall biogas production. It is assumed that 

no biological impact (causing alteration in biogas production) resulted from changes 

in temperature as the range of temperature was within the mesophilic range (77,78).  

For the economic assumptions, seven variables were considered: revenues generated 

from support schemes (SSRH and RESS); selling prices of energy produced (heat 

and biomethane); the feedstock cost associated with grass silage; the discount rate 

applied; and the CAPEX of the systems. The price of feedstock has previously been 

shown to be a variable that had a significant impact on the financial performance of 

all configurations as per Figure 5-3 (15). To account for uncertainty in the production 

cost of grass silage, a triangular distribution was selected for the model. If 

production prices for grass silage increase in 2023, similar to the trend observed 

from 2021 to 2022, it is possible to assume an increase of 33% on the current price 

for grass silage (rising from 43 € t-1 to 57 € t-1) which was considered for the upper 

value of the distribution (14). In contrast, under favourable conditions such as 

freeing lands from grazing to allow additional silage production or reducing the 

amount of synthetic fertiliser required, it is possible that production costs may 

decrease. A lower value of 32 € t-1, which is equivalent to a price from 2015 was 

assumed for the lower value (79,80).   

A triangular distribution was selected to model the selling price of the energy 

produced (heat and biomethane). The price of heat was modelled based on district 

heating prices, which depend on current gas prices, seasonality, and tariff schemes. 

The upper value assumed a low tariff scheme during a period with high seasonal 

demand, resulting in an increased selling price (Table 5-10). On the other hand, the 

lower value considered a reduced selling price, due an increase in gas prices during a 
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period of low seasonal demand, as shown in Table 5-10 (68,81). The biomethane 

selling price range was derived from a previous study that evaluated such prices in 

Ireland, accounting for both lower and upper ranges with the exclusion and inclusion 

of incentives to produce biomethane (Table 5-10) (31).  

Finally, a uniform distribution was selected for the support schemes (SSRH and 

RESS), the discount rate and the CAPEX. For the support schemes the base case 

scenario values were used for the lower values based on the current market 

conditions, with the expectation of rate increases in the future for these schemes. For 

the discount rate and CAPEX, the base case scenarios values were used as the upper 

values, as an expectation of increased investments in renewable energies in Ireland, 

which could reduce overall costs. For the SSRH, a higher value for the upper range 

was considered as it is likely that there will need to be an increase in the SSRH tariff 

to stimulate the market; a rate was chosen equivalent to the UK Renewable Heat 

Incentive (RHI) rate of 68.15 € MWh-1 (5.62 p£ kWh-1) (82). For the RESS, the 

upper value was based on the increase in the support scheme from the first to the 

second auction carried out by EIRGRID, with a rate of 97.87 € MWh-1 (83). As for 

the discount rate, a lower value of 5% was considered, anticipating an increase in 

investment in renewable energies across Ireland (63). Lastly, for the CAPEX, for the 

lower value, the inclusion of state support in the form of a capital grant of up to 50% 

to fund part of the capital expenses was considered (84). 
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Table 5-20 Model Input Parameters for the Monte Carlo Simulation. 

Model Input Parameters 
Farm Condition Distribution Type Values Source 

First Cut Yield (GS) [tDM ha-1] Triangular a 
High: 11 

Median: 7 
Low: 5.9 

(46) 

Synthetic Fertiliser (N 
requirement) [kg N ha-1] Triangular a 

High: 250 
Median: 185 

Low: 60 
(14,46) 

Process Condition  

AD efficiency [%] Uniform b High: 146 
Low: 50 (74,76) 

Process Temperature [⁰C] Uniform b High: 44 
Low: 36 

Assumed, based on a +/-
10% variation of the base 

case value 

Leakage of methane [%] Uniform b High: 2.2 
Low:  1.8 

Assumed, based on a +/-
10% variation of the base 

case value 
Economic Assumptions  

SSRH [€ MWh-1] Uniform b High: 68.15 
Low: 29.05 (82,85) 

RESS [€ MWh-1] Uniform b High: 97.87 
Low: 74.08 (67,83) 

Heat selling price [€ MWh-1] Triangular a 
High:87 

Median:60 
Low: 50 

(68,81) 

Biomethane Price [€ MWh-1] Triangular a 
High: 100 

Median: 53.7 
Low: 40 

(31) 

CAPEX [€] Uniform b 
High: Base 
Case Value 
Low: -50% 

(84) 

Discount Rate [%] Uniform b High: 10 
Low: 5 (63) 

Feedstock Cost [€ t-1] Triangular a 
High:57 

Median:43 
Low:32 

(14,80,86) 

a For triangular distributions: High= maximum bound, Median= most likely value, Low= minimum bond 
b For uniform distributions: High= maximum bound, Low = minimum bound 
CGS: Grass Silage 
 

5.3.4 Probabilistic distribution of the financial viability of the systems 

A total of 10,000 simulations were conducted to assess the potential economic 

outputs (NPV) of the scenarios based on their different biogas-end use 

configurations and varying herd sizes. Figure 5-5 provides a summary of the results 

from the Monte Carlos Simulation for the scenarios with a herd size of 185 for the 

NPV. Based on the results of the uncertainty assessment, the scenarios with the B 

and CHP configuration remained financially viable with an NPV greater than zero in 

74% of the cases for the B configuration, and 55% for the CHP configuration. In 

contrast, the scenarios with the U and U+CHP configuration configurations were 

mostly not financially viable with negative NPV based on the results for the 

simulations. Only 1.5% of the simulations had a positive NPV for the U+CHP 

configuration at a herd size of 185. The profitability of the configurations followed a 
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similar trend across the scenarios with different herd sizes (100, 60, and 40), with a 

reduction in profitability for the B and CHP configurations, due to the economies of 

scale. Detailed results of the probabilistic distributions of the herd sizes of 100, 60 

and 40 can be found in Appendix C.4. 

 
Figure 5-7 Cumulative distribution function of the Net Present Value for the 4 biogas-end use configurations for 
a herd size of 185. 

5.3.5 Results of the uncertainty analysis for abatement cost and potential 

With the simulations results, 16 abatement probability charts were developed that 

denote different percentages of the simulation results for the abatement cost and 

abatement potential for each on-farm AD scenario. Figure 5-6 shows the results of 

the probability ranges for the abatement cost and potential for scenarios with a herd 

size of 185, based on the four biogas end-use configurations. Each colour of the chart 

delimits the probability of a certain range of abatement cost and potential to occur 

based on the results of the simulation (10,000 iterations). The ranges are delimited to 

represent a share of the simulations results based on the probability of a result 

occurring within that range from 100% probability (yellow) decreasing to a 20% 

probability (blue). 

Simulation results showed that the CHP-185 scenario had the lowest abatement cost 

range with a low slope gradient as seen in Figure 5-6. There was a 75% probability 

that the abatement cost for this scenario would range between -120 to 140 € tCO2eq
-1, 
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with a corresponding abatement potential range between 3,500 to 7,700 tCO2eq. In 

contrast, the U-185 displayed the highest probability of having a high dispersion 

range of abatement costs with a considerable slope gradient (Figure 5.6), from 80 to 

600 € tCO2eq
-1, while accounting for a more restricted abatement potential range of 

2,400 to 5,600 tCO2eq.  

With the inclusion of a CHP unit, the U+CHP-185 scenario led to a reduction in the 

abatement cost range for upgrading, narrowing it to 40 to 400 € tCO2eq
-1. 

Simultaneously, the scenario's abatement potential range broadened to 3,100 to 6,500 

tCO2eq compared to the U-185 scenario. The B-185 scenario exhibited the highest 

likelihood of yielding a negative abatement cost, with a probability of 75% of 

encompassing a range between -200 to 100 € tCO2eq
-1, with an abatement potential 

range of 3,000 to 6,600 tCO2eq. This scenario displayed the highest probability of 

achieving cost-effective GHG emissions reduction for on-farm AD systems. The 

trend of uncertainty remained consistent across the different farm sizes (100, 60 and 

40 herd size) with an increase in the range of abatement cost and a reduction in the 

abatement potential in smaller farm sizes as result of diseconomies of scale. The 

probability charts of the other farm sizes can be found in Appendix C.5.    

Table 5-11 and Table 5-12 summarise the results from the statistical differences in 

the ranges of abatement cost and potential at different probabilities for the scenarios 

with a herd size of 185.  Upon analysing the results, the interquartile range of the 

abatement cost for the scenarios with the B and CHP configurations remained 

between -144 to 75 € tCO2eq
-1 with a corresponding abatement potential between 

3,578 to 6,466 tCO2eq respectively, establishing a 50% probability of achieving low 

abatement costs for the configurations. This is further reinforced with both median 

values being negative, highlighting a 50% probability associated with the abatement 

cost being negative for both scenarios (Table 5-11). Furthermore, the scenario with 

the CHP configuration proved to have the lowest associated uncertainty, as it has the 

closest standard deviation relative to the mean abatement cost of the scenario. This 

highlights that the CHP scenario had the lowest dispersion among the probability 

distributions for abatement cost. 

In contrast, the scenarios that considered upgrading (U-185 and U+CHP-185), 

exhibited a wider interquartile range for the abatement cost between 107 to 464 € 

tCO2eq
-1, indicating a 50% probability of the scenarios of having high abatement 
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costs. In particular, the U-185 scenario demonstrated the highest associated 

uncertainty as it exhibited the highest standard deviation relative to the mean across 

all scenarios. This can be noticed with the wider dispersion in the range the 

abatement cost had at different probabilities intervals as shown in Table 5-11. 

In terms of the post hoc outcomes, it was found that all scenarios showed significant 

differences in terms of abatement cost (Table 5-13). Meanwhile, for the abatement 

potential (Table 5-14), only the B-185 and U+CHP-185 scenarios did not exhibit 

significant differences, as they achieved similar ranges of abatement potential. 
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Figure 5-8 Probability chart for different confidence interval ranges of abatement cost and abatement potential of different on-farm AD systems for a heard size of 185 accounting for 
uncertainty. The colour band delimits the probability of a result from a 100% probability (yellow) to a 20% probability (blue) of the scenario to achieve the delimited range of abatement cost 
and potential.  
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Table 5-21 Values for the interquartile range, median, mean, and standard deviation for different probability 
interval ranges of abatement cost for different biogas end-uses for a herd size of 185. 

Scenarios Summary Statistics 
Ranges of Abatement Cost (€ tCO2eq-1) 

 C.I. 25% c C.I. 75% c  C.I. 95% c 

B-185 

IQRa (€ tCO2eq-1): -144 to 4  

-180 to -20 -200 to 100 -280 to 240 
Median (€ tCO2eq-1): -83  
Mean (€ tCO2eq-1): -63 
SDb(€ tCO2eq-1): 112 

CHP-185 

IQR (€ tCO2eq-1): -65 to 75  

-100 to 40  -120 to 140 -160 to 280  
Median (€ tCO2eq-1): -13 
Mean (€ tCO2eq-1): 11 

SD (€ tCO2eq-1): 99 

U-185 

IQR (€/tCO2eq): 185 to 464  

120 to 480  80 to 600 0 to 960 
Median (€ tCO2eq-1): 293 
Mean (€ tCO2eq-1): 341 

SD(€ tCO2eq-1): 214 

U+CHP-185 

IQR (€ tCO2eq-1): 107 to 292  

60 to 260  40 to 400 -20 to 560 
Median (€ tCO2eq-1): 293 
Mean (€ tCO2eq-1): 208 

SD (€ tCO2eq-1): 132 
a – Interquartile Range; b – Standard Deviation; c – Probability interval for 25%, 75% and 95% of the total 
values centred around the mean.  
 
Table 5-22 Values for the interquartile range, median, mean, and standard deviation for different probability 
interval ranges of abatement potential for different biogas end-uses for a herd size of 185. 

Scenarios Summary Statistics 
Ranges of Abatement Potential (tCO2eq) 

C.I. 25% c  C.I. 75% c  C.I. 95% c 

B-185 

IQRa (tCO2eq): 3,578 to 5,693 

3,600 to 6,400  3,000 to 6,600  2,000 to 8,000  
Median (tCO2eq): 4,641 
Mean (tCO2eq): 4,675 

SDb (tCO2eq): 1,353 

CHP-185 

IQR (tCO2eq): 4,125 to 6,466 

4,700 to 7,300  3,500 to 7,700  2,700 to 9,100  
Median (tCO2eq): 5,304 
Mean (tCO2eq): 5,343  

SD (tCO2eq): 1,504 

U-185 

IQR (tCO2eq): 2,688 to 4,512 

2,600 to 5,200  2,400 to 5,600  1,600 to 6,200  
Median (tCO2eq): 3,609 
Mean (tCO2eq): 3,628  
SD (tCO2eq): 1,158 

U+CHP-
185 

IQR (tCO2eq): 3,665 to 5,568 

3,900 to 6,100  3,100 to 6,500  2,500 to 7,700  
Median (tCO2eq): 4,591 
Mean (tCO2eq): 4,643 

SD (tCO2eq): 1,229 
a – Interquartile Range; b – Standard Deviation; c – Probability interval for 25%, 75% and 95% of the total 
values centred around the mean. 
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Table 5-23 Results of the post hoc analysis for the abatement cost comparing different biogas-end use 
configurations for the scenarios for a herd size of 185. 

Compared Scenarios 
Absolute Mean Difference 

(€ tCO2eq-1) Q Critical Value 
Significant 
Difference 

B-185 CHP-185 74 5.32 Yes 
B-185 U-185 404 5.32 Yes 
B-185 U+CHP-185 271 5.32 Yes 

CHP-185 U-185 330 5.32 Yes 
CHP-185 U+CHP-185 197 5.32 Yes 

U-185 U+CHP-185 133 5.32 Yes 
 

Table 5-24 Results of the post hoc analysis for the abatement potential comparing different biogas-end use 
configurations for the scenarios for a herd size of 185. 

Compared Scenarios 
Absolute Mean Difference 

(tCO2eq) Q Critical Value 
Significant 
Difference 

B-185 CHP-185 668 47.87 Yes 
B-185 U-185 1047 47.87 Yes 
B-185 U+CHP-185 32 47.87 No 

CHP-185 U-185 1715 47.87 Yes 
CHP-185 U+CHP-185 700 47.87 Yes 

U-185 U+CHP-185 1015 47.87 Yes 
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5.4 Discussion  
From the results of the base case scenarios, the scenarios that considered the B and 

CHP configuration had the best overall performance of abatement cost across the 

different farm sizes. Furthermore, the overall greenhouse gas (GHG) mitigation of 

the systems increased proportionally with farm size. This can be attributed to a 

higher amount of feedstock treated in the AD process, resulting in greater energy 

outputs that translated into more emissions displacement from energy (electricity and 

heat) and fuel (diesel) replacement. Overall, the scenarios employing a CHP 

configuration achieved higher net GHG mitigation across the different farm sizes, as 

the scenarios accounted for both emissions savings from electricity and heat 

displacement. On the other hand, for the scenarios that considered biogas upgrading 

(U and U+CHP), no incentives were considered within the base case scenario's 

economic assumptions. These configurations relied solely on biomethane sales and 

reduced synthetic fertiliser costs due to biofertiliser (digestate) use. Consequently, 

these scenarios exhibited a lower financial viability compared to the B and CHP 

configurations. 

Two different schemes could be considered as incentives to increase the financial 

viability of the production of biomethane. Under the Renewable Transport Fuel 

Obligation scheme, Ireland requires transport fuel suppliers to ensure that 15% of the 

fuel volume on the market is sourced from renewable fuels (87). Producers of 

biomethane can apply to receive three Biofuel Obligation Certificates (BOC) under 

this scheme, which trade within a range of 0.39 to 1.08 € mn
-3 of methane, equivalent 

to 38 to 106 € MWh-1, although this range can fluctuate based on market forces 

(88,89). The SSRH scheme for renewable heat could also be applied (29.5 € MWh-

1), although biomethane grid injection is still under consideration to be included in 

subsequent phases of the scheme (69). For the base case scenarios that considered 

the upgrading configuration (UPG-185 to UPG-40), to reach an abatement cost 

within the carbon tax set for Ireland of 80 € tCO2
-1 (72), an incentive between 68 to 

116 € MWh-1 would be required. Under the SSRH scheme, this would be unrealistic 

as it would require at least an increase of 130% in the current scheme. However, 

such an incentive would be feasible for systems with an increased herd size if 

Biofuel Obligation Certificate prices are considered. Although, these certificates are 
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dependent on the fuel production of the applicant meeting the sustainability criteria 

set by the recast RED II directive (87). 

For all the scenarios, the AD efficiency (defined here as commercial efficiency as 

compared to lab efficiency) proved to be an essential variable to consider for 

optimisation, as it affected both the financial and environmental performance of the 

on-farm AD systems, and thus directly impacted the abatement cost. The financial 

performance of scenarios with the B and CHP configuration were more sensitive to 

changes to the efficiency of the process as highlighted in section 5.3.2. Notably, 

scenarios with the B configuration exhibited high sensitivity, primarily because their 

baseline values were close to zero. This implies that a 10% increase in input 

variables would result in a relatively higher percentage change compared to the 

baseline value. Previous research carried out for co-digestion of grass silage and 

slurry also found that the operational efficiency of the AD facility is essential to 

consider, as it has a direct impact on biomethane production cost (15). 

Conversely, in the scenarios that considered an upgrading configuration (U and 

U+CHP) the efficiency in the process had an increased impact on the abatement 

achieved by the scenarios as highlighted in section 5.3.2. Decreased efficiency 

translates into lower methane yields, leading to reduced biomethane production and 

diminished abatement potential from emissions savings due to energy displacement. 

The upgrading process generated more emissions than the other configurations, as 

the energy requirements are sourced from electricity and gas from the grid. An 

increase in efficiency, can increase the emissions from leakage during biogas 

production, which can represent between 43 to 46% of the total emissions generated 

in the upgrading process (25).  

Based on the outcomes of the simulations, the scenarios that considered the B and 

CHP configurations for biogas end-use showed the best financial viability for 

implementing on-farm AD systems in Ireland, given the assumptions used in this 

assessment. The robust economic performance of the scenarios illustrated that such 

systems do not currently require additional incentivisation schemes. This is based on 

the assumption there will be a continuous increase in the level of support from the 

current schemes (SSRH and RESS) year on year, as a response to the increased 

uncertainty in energy prices due to recent geo-political events (19) and the need to 
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increase levels of decarbonisation to reach Ireland’s Climate Action mandated 

targets.  

As part of the assumptions for the uncertainty analysis, an increase in the biomethane 

selling price and a reduction in capital cost through capital grants were considered to 

improve the financial viability of the scenarios that considered the upgrading 

configuration.  However, the results from the cumulative probability distributions of 

financial viability, indicated that most of the systems with an upgrading 

configuration (U and U+CHP) remained financially unviable. Among the scenarios, 

only the U+CHP-185 scenario demonstrated results with a positive NPV in just 

1.54% of the total simulations. Small-scale biogas upgrading can be commercially 

challenging, particularly due to the high cost of the upgrading technologies for low 

biogas flow rates, as these systems require equipment used for larger capacity 

systems, thus increasing their cost per unit biogas upgraded (60). Based on these 

results of the simulations, the implementation of incentives will be crucial to make 

the biogas market accessible for farmers as small-scale biomethane producers. This 

could also be achieved by considering the use of mobile upgrading systems which 

can be obtained through farming cooperatives to further reduce the capital cost of the 

systems (90), or by adding additional revenue streams by co-producing biomethane 

with other high-value products such as micro-algae (a super food) associated with 

photosynthetic microalgal upgrading (91,92).  

Finally, based on the results of the simulations of the abatement potential, the 

scenarios considering the upgrading configuration (U) had a high probability of 

achieving lower emissions reductions compared to the other configuration. This can 

impact directly on the sustainability of the systems, so integrating a CHP unit could 

mitigate emissions and enhance the sustainability of the upgrading configuration by 

displacing emissions associated with fossil fuels used during the production process. 

This is evident in the simulation results for the U+CHP-185 scenario, which 

exhibited an increased probability of achieving a higher emissions reduction range 

compared to the U-185 scenario results. This scenario reduced the overall abatement 

cost of the configuration with a 75% probability of increasing the range of abatement 

potential by 29% for the lower bound and by 16% for the upper bound as shown in 

Table 5-12. This approach improves stakeholders' comprehension of uncertainty 

related to specific on-farm AD systems, leading to more informed decision-making. 
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It also aids in identifying economically viable options and necessary incentives for 

successful on-farm AD implementation. To allow small-scale on-farm scenarios that 

consider upgrading to be eligible for incentivisation it might be required to include a 

CHP unit to meet sustainability criteria such as the one required for the Renewable 

Transport Fuel Obligation scheme. 
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5.5 Conclusion  
Three objectives were set at the start of the study and the key findings for each can 

be found below: 

• Identify through a sensitivity analysis the main financial and environmental 

variables affecting the abatement cost for on-farm AD systems. 

It was found that one of the main variables that influences the abatement cost was 

the efficiency of the AD process (defined as the specific methane yield achieved in 

the commercial process as compared to that achieved in the lab), as this directly 

affected the financial and environmental performance of all scenarios. In particular, 

the scenarios with the boiler configuration had a high sensitivity to this variable, as 

shown in the B-185 scenario where a 10% increase in efficiency reduced the 

abatement cost by almost 450%. This variable could prove essential to consider for 

optimisation to obtain a low abatement cost consistently. The top 5 input variables 

that had the greatest impact on the abatement cost across all systems include: the 

feedstock cost; grass silage yield; selling prices of energy (heat and biomethane); 

revenues considered in the support schemes (SSRH and RESS); and the CAPEX of 

the system.  

• Evaluate the potential ranges of abatement cost and abatement potential for 

different biogas end-uses at different farm scales through Monte Carlo analysis. 

The simulation results indicated that the trend of uncertainty across the scenarios 

remained consistent with an increase in the range of abatement cost and a reduction 

in the abatement potential in smaller farm sizes as result of diseconomies of scale. 

The scenarios that had the lowest abatement cost range dispersion, were the 

scenarios that considered the CHP configuration. In particular, the results from the 

CHP-185 scenario had a 75% probability of achieving an abatement cost range 

between -140 to 200 € tCO2eq
-1, with an abatement potential range of 3,500 to 7,700 

tCO2eq
-1. The scenarios that considered the upgrading configuration had the highest 

ranges of abatement cost, due the increased uncertainty making them a high-cost 

abatement solution for small scale on-farm AD systems based on the assumptions in 

this work. 
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• Assess the results of the Monte Carlo analysis based on the overall uncertainty 

associated with the abatement cost and abatement potential to identify if additional 

incentives are required for on-farm AD systems.  

Integrating uncertainty analysis in the assessment of abatement cost and abatement 

potential can provide a more robust evaluation to assess the financial and 

environmental performance of a biogas project. By providing a range of potential 

abatement costs and abatement potentials, researchers can gain insights into the 

system configurations that yield the best results for on-farm AD. Moreover, the range 

of results allows decision makers to identify whether increased incentives or 

additional schemes are necessary.  

Based on the overall results, the scenarios involving the boiler and CHP 

configurations for biogas end-use currently do not require additional incentives, 

considering the assumptions made in this study. In contrast, the scenarios with the 

upgrading configuration proved to be not financially viable with high uncertainty in 

the abatement cost range. Based on the baseline assumptions for the upgrading 

scenarios, an incentive in the range of 68 to 116 € MWh-1 would be required to reach 

abatement cost within the carbon tax set for Ireland. However, to make small-scale 

scenarios considering upgrading eligible for incentivisation, it may be necessary to 

incorporate a CHP unit to meet the REDII sustainability criteria mandated by 

schemes like the Biofuel Obligation Certificates. This could increase the abatement 

potential range, as demonstrated in the results scenarios with the U+CHP 

configuration. 
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Abstract: 

Ireland seeks to produce 5.7 TWh of biomethane from anaerobic digestion (AD) 

plants to decrease dependence on fossil-derived natural gas. To achieve this goal the 

agricultural sector will be required to assess viable options to decarbonise while 

ensuring that the emissions reduction target of 25% is achieved. On-farm AD can 

provide a suitable opportunity for Ireland to generate biomethane while mitigating 

emissions from livestock production. However, previous assessments have shown 

that due, the elevated cost of upgrading, biogas small-scale AD systems might not be 

financially viable, thus exploring new approaches to improve performance might be 

required. This study aims to improve the economic feasibility of AD as a mitigation 

technology by assessing novel approaches through a techno-economic assessment 

(TEA), including the integration of microbial electrolysis cell (MEC) technology, 

and the cost of biogas logistics through pipeline optimisation to transport biogas or 

biomethane. Results indicate that MEC-AD systems, particularly in combined heat 

and power (CHP) systems, show potential for improved financial viability. Despite 

critical considerations of operational and capital costs, the MEC-AD system offers 

advantages by combining production and upgrading processes within the reactor, 

making small-scale upgrading more affordable. The inclusion of the MEC-AD 

system on small-scale upgrading increased the revenue generated by 91% with only 

a 41% rise in overall operational expenditures. In contrast, pipeline optimisation 

scenarios reveal challenges with small-scale upgrading systems, due to high capital 

and operational costs, driven by substantial feedstock acquisition expenses. 

Centralised upgrading offers a promising alternative, significantly reducing required 

capital expenditure for AD systems compared to on-site upgrading. Further research 
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is necessary to prioritise connections and optimise biogas flow rates, ultimately 

enhancing the economic feasibility of biogas pipeline networks. 

Keywords: Anaerobic Digestion; Techno-Economic Assessment; Sensitivity 

analysis; Abatement Cost; Uncertainty analysis. 
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6.1 Introduction 
The Irish government, under its commitments of the Climate Action Plan 2023, is 

seeking to increase the national production of biomethane and thus decrease 

dependence on fossil-derived natural gas (1). This will involve the construction of 

numerous new anaerobic digestion (AD) plants by 2030 which would deliver an 

annual production of 5.7 TWh of biomethane (1). Strategies will be required to 

ensure the agriculture sector can deliver on this goal whilst also meeting its sectoral 

emissions reduction target of 25% (1). The use of feedstocks such as livestock 

manure (slurry) in AD can help mitigate emissions from livestock production to 

generate biomethane for its use in the heat and transport sectors (2). Grass silage is 

often co-digested with slurry to improve the nutrient balance of the digester. 

However, traditional AD systems can encounter barriers such as low biomethane 

production due to the low biodegradability of feedstocks – specifically if the grass 

silage has high lignin and cellulose content (3). Furthermore, if biomethane is the 

preferred end-product, the relatively high cost of upgrading biogas in small-scale AD 

systems (as would be evident on Irish farms) can become a significant hurdle, due to 

elevated capital costs (4). New concepts and strategies will be required going 

forward to make AD economically viable in such scenarios. The EcoAD project, 

funded by the Sustainable Energy Authority of Ireland (SEAI), sought to identify 

more efficient biomethane production scenarios for Ireland (5). The project intended 

to develop economic solutions for on-farm AD systems using Irish farm-based 

feedstocks. By assessing the integration of novel technologies to enhance on-farm 

digestion efficiency, optimising logistics for biogas delivery, and conducting a 

techno-economic assessment of potential on-farm AD pathways, the project aimed to 

pave the way for economically sustainable AD implementation. 

A key parameter for the optimisation of an AD system is the overall process 

efficiency and enhancing this parameter can improve the financial performance, as 

was indicated in Chapter 5. Previous literature studies have explored the 

enhancement of biogas production while decreasing the specific cost of on-farm AD 

through novel methods. These include strategies like the addition of trace elements 

or the identification of optimal co-digestion ratios for grass silage and slurry (6,7). 

Other novel approaches to improve AD process performance include the use of two-

stage AD reactors (8), the use of conductive carbon materials to increase the 
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interspecies electron transfer with graphene (9), and the utilisation of in-situ electro-

methanogenesis (10). In particular, the latter holds significance for small-scale AD 

since enhancing AD performance concentrates biomethane within the reactor, 

thereby reducing the need for, and the associated expense of, biogas upgrading (10). 

The microbial-electrolysis cell (MEC) is a concept whereby electrodes are inserted 

into the AD reactor and facilitate microbe-electrode interactions enhancing digestion 

and facilitating the conversion of carbon dioxide (CO2) to methane (CH4) (11). 

Currently, this technology is still in development and its techno-economic feasibility 

has not been assessed. 

The integration of MEC into conventional AD systems was evaluated as part of the 

EcoAD project to improve biomethane production in an Irish context with grass and 

slurry feedstocks. In the experimental design, the addition of two-electrodes was 

assessed in enhancing the anaerobic digestion process (12). An assessment was 

conducted on the electrochemical properties of the electrodes and the variations in 

voltage to identify the optimal configuration. The use of a modified graphite cathode 

at an applied voltage of 1.0 V was found to lead to an efficient electron transfer 

between microbes and electrodes. This enhancement resulted in a 6.5-fold increase 

in biomethane yield in relation to the electrical energy input. When compared to a 

traditional AD system, the MEC-AD system demonstrated a notable enhancement in 

the biomethane yield and methane content in biogas with an increase of 96.8% and 

32.5%, respectively. However, this assessment of the MEC-AD concept was 

conducted at a laboratory scale, thus economic and operational factors need to be 

considered when translating this research to larger-scale systems. For system scale-

up, the reactor configuration, energy conversion efficiency and economic feasibility 

need to be accounted for (13,14). The commercial development of MEC-AD has 

previously been undertaken for industrial wastewater treatment, such as through the 

Ecovolt reactor from Cambrian Innovation (15,16). Nonetheless, the impact of this 

innovative approach has yet to be evaluated for small-scale on-farm AD plants. 

When assessing the feasibility of on-farm AD, a second key consideration is the 

transportation of the generated biogas or biomethane to the end user. A previous 

study undertaken by Ó Céileachair et al. (17) revealed that more than one-third of 

Ireland's on-farm biomethane resources are distributed in a decentralised manner, 

often located at distances exceeding 12.5 km from existing gas grid infrastructure. 
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This indicates that the biomass resources intended for use as feedstock in on-farm 

AD systems may be situated beyond the reach of gas grid infrastructure, posing 

logistical and economic challenges to their utilisation. This dispersion implies a need 

to optimise the logistics of renewable gas transportation to the end users. The method 

of delivery to an end-user depends on whether the biogas can be upgraded to 

biomethane on-site or not. An approach to reduce biogas upgrading costs involves 

the use of a low-pressure biogas pipeline to a centralised upgrading facility (18,19). 

However, the specific location of biogas producers will determine the necessity for 

new grid connections, which will, in turn, influence the scale of investments needed 

to establish the biogas pipelines (20).  

The investment necessary for biogas pipelines will be influenced by the physical 

layout required between the AD plants and the end users (21). The most cost-

effective strategy for pipeline construction involves installation that allows for the 

shortest feasible path between the producer and the end user (22). However, 

depending on the number and location of producers, many connections may be 

required, needing construction through the property of landowners who may not 

permit such projects. An alternative approach involves using the existing road 

networks to situate the biogas pipeline, although this approach could lead to 

disruptions for road users and local business owners during the construction phase 

(23). A common optimisation technique to minimize pipeline layout length involves 

the use of a minimum spanning tree (MST). This refers to the most concise route for 

connecting multiple points (vertices). This can even be further optimised using 

Steiner nodes which are supplementary vertices within a network that can effectively 

reduce the total network length while connecting all vertices. 

One of the work packages of the EcoAD project examined the optimisation of biogas 

network logistics in Ireland (24). A methodology employing optimisation software 

was devised to design layouts for biogas pipelines connecting various AD plants to a 

biogas user. To assess the optimal arrangement for a network operator, ten AD plants 

were randomly positioned close to a biogas user, near the national road network, 

within a designated area of 120 km2 to identify the best layout for a network operator 

(24). Through the application of multi-criteria decision analysis (MCDA), the 

optimal pipeline layout and connection methodology were determined by comparing 

different pipeline material costs and biogas flowrates. Notably, it was found that the 
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use of Steiner MST could achieve 26% less cost than using a road network MST. 

This reduction primarily stemmed from the direct correlation between network 

length and pipeline material costs, along with the biogas flow rate. A longer network 

would require more materials and a higher flow rate to reach the end user. However, 

this model exclusively considered pipeline materials as the main investment cost. A 

more comprehensive analysis would entail accounting for engineering, compression, 

clean-up, and labour costs (21,25). Additionally, operational and maintenance costs 

would need to be included as part of the analysis. 

It is evident from the literature that there are relatively few techno-economic 

assessments (TEA) of on-farm AD systems in Ireland (26–28). Furthermore, 

previous assessments by the author for small scale on-farm AD have proven that 

these systems can struggle to be financially viable (4), and novel approaches are now 

required to improve the economic viability of AD as a mitigation technology. One 

approach may involve the novel AD enhancement measure of MEC-AD to 

potentially improve the techno-economic performance. Another approach may relate 

to the optimisation of biogas logistics and the viability of transporting biogas via 

pipeline to a centralised biogas user, as the financial viability of providing access to 

energy users from Irish farm-scale AD systems is essential. This study aims to 

identify the financial requirements through a TEA for the implementation of novel 

technologies such as MEC for on-farm AD systems in Ireland. Furthermore, the cost 

of delivering biogas through pipelines to a central upgrading unit will be evaluated 

as an alternative option to on-site upgrading. The overall objectives of the study 

concerning the implementation of on-farm AD in Ireland are: 

• Compare the techno-economic performance of an on-farm AD system with an 

integrated microbial electrolysis cell (MEC) as compared to a baseline on-farm AD 

system. 

• Calculate the allowable investment (beyond a baseline AD system) for a MEC-AD 

system given a specific biogas end-use (boiler, CHP or upgrading) 

• Carry out an economic analysis of a biogas pipeline network to a centralised 

upgrading facility as an alternative to on-site biogas upgrading for on-farm AD 

systems. 
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6.2 Methodology 

6.2.1 MEC-AD farm-scale scenario  

To evaluate the techno-economic performance of MEC-AD, a farm-scale scenario 

was modelled as a case study. For the economic analysis, the enviro-economic tool 

developed in Chapter 4 was used to derive economic key indicators, including the 

net present value (NPV), and overall system revenue. These indicators will be used 

to assess the novel MEC-AD system in comparison to a baseline 

(traditional/standard) AD system. Given the absence of specific economic data for 

farm-scale AD systems integrating MEC as a technology to enhance biogas 

production performance, the results obtained from a lab-scale two-electrode system 

previously assessed by Ning et al. (12) were used.  

The system was modelled on a single-stage continuously stirred-tank reactor (CSTR) 

incorporating the addition of a modified graphite plate as the cathode and a graphite 

rod as the anode. The process conditions were set at a temperature of 37 °C 

(mesophilic range) utilising a combination of biomass feedstock from on-farm 

sources, including grass silage and cattle slurry at a volatile solid (VS) ratio of 4:1 

(29). The cattle slurry (C2.77 H4.02 O3.84 N0.09) was sourced from a local dairy farm 

located in Co. Cork, Ireland, whilst the grass silage came from an early-cut perennial 

ryegrass (Lolium perenne) (C3.34 H5.02 O3.29 N0.16). Detailed properties of both 

feedstocks can be found in Table 6-1. 

Table 6-25 Feedstock properties used in the MEC-AD assessment. Adapted grom Ning et al. (12). 

Parameter Cattle Slurry Grass Silage 
Dry Matter (DMa) [%] 8.3 22.6 

Volatile solids (VSb) [%] 6.5 20.7 
VS / DM [%] 78.31 91.6 

CH4 in biogas (v/vc) [%] 45.69 48.09 
a DM: Dry matter. 
b VS: Volatile solids. 
C V/V: Volume concentration for volume of CH4 per volume of biogas. 
 
To calculate the total amount of feedstock required, a farm-scale scenario was 

modelled containing 90 dairy cows based on the average herd size for dairy farms in 

Ireland for 2021 (30). Slurry production per head of cattle was calculated based on a 

0.33 m3, or 0.33 tonnes wet weight (twwt) per week (31). Annual production was then 

calculated on the number of weeks the livestock were housed indoors. This period 

varies according to the farm location in Ireland, typically ranging from 16 to 22 

weeks, following Good Agricultural Practice (GAP) guidelines for the Protection of 
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Waters (32). A period of 18 weeks indoors was assumed for the scenario, for a total 

annual production of 535 twwt a−1 of dairy slurry. Considering the volatile solids (VS) 

content of dairy slurry (as detailed in Table 6-1), this equates to 35 tVS a−1. 

To obtain the same energy conversion efficiency as the laboratory-scale experiment, 

the required amount of grass silage feedstock to co-digest with cattle slurry at a VS 

ratio of 4:1 was calculated. This equated to 139 tVS a−1 of grass silage for co-

digestion with slurry. Based on the VS content of grass silage (Table 6-1) a total of 

672 twwt a−1 would be required. Assuming a grass silage yield of 10 tonnes of dry 

matter (tDM) per hectare (33), and accounting for the dry matter (DM) content of 

grass (as detailed in Table 6-1), an area of 15 ha of would be required towards grass 

silage production to be used as AD feedstock. 

The biogas production (𝑉𝑉𝐴𝐴𝐴𝐴) from the co-digestion was calculated in cubic metres 

per annum (m3 a−1) based on the VS content of the feedstock mixture as per Equation 

6.1. A methane leakage of 2% of the overall volumetric production was considered 

based on prior literature on existing biogas systems (34,35).  

Equation 6-1 Biogas production based on the methane yield of co-digestion of cattle slurry and grass silage. 

𝑉𝑉𝐴𝐴𝐴𝐴 �
𝑚𝑚3

𝑎𝑎
� =

(𝑉𝑉𝑉𝑉𝐹𝐹𝐹𝐹) ∗ 𝑆𝑆𝑆𝑆𝑆𝑆𝐹𝐹𝐹𝐹
%𝐶𝐶𝐶𝐶4𝐹𝐹𝐹𝐹

100

 

In Equation 6-1, 𝑉𝑉𝑉𝑉𝐹𝐹𝐹𝐹 is the VS content of the feedstock mix in kgVS a−1 (as per 

Table 6-1), 𝑆𝑆𝑆𝑆𝑆𝑆𝐹𝐹𝐹𝐹 is the specific methane yield of the feedstock mix in m3 kgVS−1, 

and %𝐶𝐶𝐶𝐶4𝐹𝐹𝐹𝐹 is the methane content in biogas which were 193 m3 kgVS−1 and 

52.2% respectively based on the results of the laboratory experiments (12). With the 

MEC-AD system, a notable increase in biogas production of 96.8% was considered 

for 𝑆𝑆𝑆𝑆𝑆𝑆𝐹𝐹𝐹𝐹. Additionally, an increase in the concentration of CH4 in the biogas was 

considered increasing to 69.2%. This increase can be attributed to the 

electrochemical conversion of CO2 to CH4 in-situ, facilitated by the presence of the 

electrodes (11). 

The baseline AD system and the MEC-AD system were assessed using three 

different biogas end-use configurations (Boiler, Combined Heat and Power (CHP), 

and biogas upgrading (UPG)), previously evaluated by the author (as per Chapter 4 

and 5), these include: 
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• Boiler Configuration: In this setup, the heat generated by a biogas boiler was 

utilised in the immediate vicinity by large energy heat users. The overall gross 

energy output was calculated assuming a boiler efficiency of 90%, based on 

values assessed for natural gas boilers (36,37). Part of the heat produced covered 

the thermal demand of the AD process, while electricity from the grid fulfilled 

the system's electricity requirements.  

• CHP Configuration: In this configuration heat and electricity were produced 

through the use of a small CHP unit (less than 70 kWel) with a 35% electrical 

efficiency and a 50% thermal efficiency (27,28,38,39). The thermal and electric 

demand of the AD process was assumed to be covered by part of the energy 

produced by the CHP unit. 

• UPG Configuration: For this configuration, biomethane was produced via biogas 

upgrading using water scrubbing technology, selected based on prior literature 

which recommended this approach for small-scale systems (40). A 94% methane 

recovery rate of the gross biogas production was considered (6% of the methane 

not captured was recirculated at the bottom of the scrubber) with an electrical 

demand of 0.45 kWh m-3 of biogas (40–42). It was assumed that electricity from 

the grid covered the electrical demands of both AD and upgrading, while a 

natural gas boiler, fuelled by natural gas from the grid, met the thermal demand 

of the AD process. 

The electric demand of the baseline AD system was assumed to be 10 kWh per twwt 

of feedstock per annum based on prior literature values (43–46). While the electrical 

demand of the MEC-AD system accounted for an additional electrical demand which 

was 180 kWh tVS−1 considering an optimal voltage of 1.0 V based on the results 

from the laboratory-scale experiments (12). The results were then compared between 

the MEC-AD system and the baseline AD system to assess the overall improvements 

of the integration of the novel technology. 

6.2.2 Biogas pipeline optimisation scenario 

A case study by Ó Céileachair et al. (24) that previously evaluated an area of 120 

km2 in Ireland, was used for the economic analysis of the biogas pipeline network. 

The enviro-economic tool developed in Chapter 4 was also used to derive key 

indicators (NPV and revenues) to assess the viability of transporting biogas via 

pipeline to a centralised biogas user. The location of 10 AD plants in the vicinity of a 



 

176 
 

biogas user (in this case an upgrading facility or a centralised injection point) (Figure 

6-1) were selected randomly with different biogas production rates based on the 

typical biogas production output of a small on-farm AD plant (24). Each plant 

considered to have a baseline AD system producing biogas with the same number of 

dairy cows (90 in total) having a similar input of cattle slurry while the area required 

towards grass silage production to be used as AD feedstock will be different based 

on the farm area available as shown in Table 6-2. 

Table 6-2 AD plants feedstock input, farmland area, and biogas outputs. Adapted from Ó Céileachair et al.(24). 

AD plant 
Feedstock Input  Biogas Output 

Cattle Slurry 
(twwt) 

Grass Silage 
(twwt) 

Farm Area 
(ha) 

(m3 hr-1) (m3 week-1) 

1 534 1989 45 29.8 5,000 
2 534 1815 41 27.4 4,600 
3 534 1642 37 25.0 4,200 
4 534 1468 33 22.6 3,800 
5 534 1294 29 20.2 3,400 
6 534 1128 25.48 17.9 3,000 
7 534 954 21.55 15.5 2,600 
8 534 781 17.63 13.1 2,200 
9 534 607 13.7 10.7 1,800 

10 534 433 9.78 8.3 1,400 
Total 190.5 32,000 

 

 

Figure 6-1 Location of 10 AD plants around a biogas user through a direct pipeline network. An area of 120 km2 
in Ireland was used to assess the optimisation of a biogas pipeline. Adapted from Ó Céileachair et al. (24). 
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The pipeline layout (Figure 6-1) was derived from the findings of Ó Céileachair et 

al. (24), specifically from the Steiner MST results, particularly the MST.X scenario. 

This scenario outlines the shortest possible route for connecting all 10 AD plants to 

the biogas user via the biogas pipeline. This layout was drawn in QGIS, an open-

source geographic information system. The scenario was a result of a lexicographic 

heuristic model, in which the pipeline network was designed by connecting nodes in 

order of biogas output to maximize biogas flow rate. Then the necessary length of 

pipelines connecting the 10 AD plants to the biogas user (central upgrading facility 

or central injection point) were calculated. Based on the result of the analysis the 

pipeline material cost was based on the use of SNAP, a software provided by DNV 

(an internationally accredited registrar and classification society) designed for low-

pressure pipeline network analysis (24). Using the pipe length (m) and the total 

amount of nodes required to connect all the AD plants to the end user SNAP 

calculated the minimal pipe diameter required based on the overall pressure from the 

biogas producers to the biogas end user. This included for smaller pipelines, 

gradually increasing in size based on the desired gauge pressure which resulted in 3 

nominal diameters to minimise the network cost as shown in Table 6-3. (24,47). 

Table 6-3 Required pipeline diameters, pipeline lengths and pipeline material cost required for the 10 AD plants. 
Prices were based on polyethylene pipes (SDR17 PN10) sourced from a local supplier (Irish Tube & Fittings 
Supply Limited). Adapted from Ó Céileachair et al. (24). 

Nominal 
Diameter 

(mm) 

Unit Cost  
(€ m-1) 

Required 
Length (km) Cost (€) 

63 5.09 4.45 

173,062.25 
90 6.18 15.09 

125 11.72 4.87 

Total Length (km) 24.42 

 

The AD plants were numbered from 1 to 10 based on their total biogas production, 

arranged from the largest to the smallest producer. To calculate the most cost-

effective method for an overall biogas network two different scenarios were 

considered. For the first scenario each on-farm AD plant had its own upgrading 

facility (AD-UF) (based on the UPG configuration). The produced biomethane was 

assumed to be fed to a centralised injection point through pipelines to maximise 

transportation efficiency to the gas grid (Figure 6-2). Water scrubbing was selected 

as the upgrading technology for each on-farm AD plant, given its prior use in small-
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scale systems with low biogas flow rates (40)..The overall energy output of 

biomethane and electric demand were calculated based on the parameters used in the 

upgrading configuration as shown on section 6.2.1. For this scenario, the biomethane 

was assumed to be transported using the pipeline networks as per figure 6-1 without 

the need of compression. As water scrubbing operates as a pressurized upgrading 

system, the feeding to a pipeline network operating under 5 bar can be done directly 

(40).  

 

Figure 6-2 Centralised injection point diagram. 

The second scenario had each AD plant feed the biogas to a centralised upgrading 

plant (AD-CUP) with a demand equivalent to the total biogas produced by the 10 

AD plants. The produced biomethane is then delivered to the consumers via the gas 

grid. For the calculations at the AD plants the biogas conditions were based on 

standard temperature and pressure (STP) values at 0°C with an absolute pressure of 

1.013 bar. While for the design of the pipeline network as per the code of operations 

of the Irish gas network operator’s (48) the biogas conditions were based on a 

temperature of 15 °C with a pressure of 1.163 bar were assumed for the biogas user. 

The network assumed that each farm supplied biogas to a centralised upgrading unit 

through smaller pipelines, gradually increasing in size based on the desired gauge 

pressure at the biogas user (1.163 bar) as illustrated in Figure 6-3. It was assumed 
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that the digester site had basic biogas cleaning and a compressor. The biogas was 

assumed to be processed under atmospheric pressure; a reciprocating compressor 

suitable for small-pressure raw biogas pipeline systems was employed. The 

compressor's total power was 13.57 kW, calculated using an online reciprocating 

compressor calculator (49). Detailed calculations can be found in Appendix D1.  

 

Figure 6-3 Centralised biomethane production diagram. 

6.2.3 Economic assumptions  

To undertake the techno-economic analysis, an enviro-economic tool previously 

developed for on-farm AD was used (4). To evaluate the profitability of the MEC-

AD scenario and the pipeline optimisation scenario the economic outputs were 

calculated considering a 15-year system lifetime, commonly used for on-farm AD 

systems (27,28).  

Equation 6.2 Net Present Value calculation. 

𝑁𝑁𝑁𝑁𝑁𝑁(€) = −𝐶𝐶𝐹𝐹 + �
(𝐶𝐶𝐼𝐼)

(1 + 𝑟𝑟)𝑡𝑡

𝐿𝐿

𝑡𝑡=0

 

The NPV for each scenario was calculated as per Equation 6.2, where 𝐶𝐶𝐹𝐹 represent 

the capital cost (CAPEX) of the scenario, 𝐶𝐶𝐼𝐼 represent the net cash flow for period 𝑡𝑡, 

𝐿𝐿 represent the lifetime of the system in years, and 𝑟𝑟 is the discount rate, which was 

considered at 10 %, reflecting an average value in literature for biogas facilities (50). 
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In each scenario calculation, an initial capital cost (𝐶𝐶𝐹𝐹) was used, considering half of 

the CAPEX as an initial payment by the developer. Additionally, the net cash flow 

per year (𝐶𝐶𝐼𝐼) accounted for a loan repayment for the other half of the CAPEX (10 

years), insurance, maintenance, and administrative costs (as detailed in Chapter 4), 

while the operational cost (OPEX) and revenues were calculated based on the 

configuration of the system.  

The calculation of the OPEX of each scenario included for the labour costs for the 

operation of the AD and upgrading systems, the annual fuel and electricity 

requirements of each system configuration (as per Section 6.2.1) and the feedstock 

acquisition cost. Detailed values for the OPEX can be found in Table 6-4.  

Table 6-4 Operational cost values used scenarios based on the configuration selected. 

Variable Value Source 
Labour cost of AD process [€ hr-1] 15 (28) 
Labour cost of Upgrading [€  hr-1] 15 (28) 
Fuel cost (Natural gas) [€ MWh-1] 134.5 (51) 

Electricity Cost [€ MWh-1] 349 (51) 
Feedstock Cost (Silage) [€  twwt-1] 43 (52) 

 

For all scenarios, a revenue stream based on the use of digestate as biofertiliser to 

displace synthetic fertiliser was considered based on a set value of 2.7 € kgN-1. 

Depending on the system configuration, various revenue streams were considered, 

reflecting the overall energy production.  

For the baseline AD system and the MEC-AD systems, based on the boiler and CHP 

configuration, the heat generated considered two revenue streams: one from the 

support scheme for renewable heat (SSHR) valued at 29.5 € MWh-1 (53), and the 

other from the sale of heat based on customer prices for district heating with a value 

of 60 € MWh-1 (54). Revenue for electricity generation considered only the 

renewable electricity support scheme (RESS) with a value of 74.08 € MWh-1 (53). 

For the biomethane configuration the sale of biomethane was set at a selling price of 

83.7 € MWh-1, reflecting the average value for natural gas for businesses for the first 

half of 2023 (57). 

For the pipeline optimisation two sources of revenue were considered based on the 

scenario. For the AD-UF scenario a revenue base from the sale of biogas from the 

baseline AD system was priced at 0.2€ m-3 based on the bioenergy market value 
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(55,56). Meanwhile, the AD-CUP scenario considered each system to have an 

upgrading unit so the sale of biomethane was considered at 83.7 € MWh-1 (57). 

For the MEC-AD scenarios, the CAPEX for baseline AD system was based on 

previous assessed systems in Ireland (4). This accounted for three different biogas 

end-use configurations (Section 6.2.1). As there is no previous financial information 

on MEC-AD systems in the literature, the CAPEX allocated for the scenario was 

calculated based on the additional revenue generated by the increased production of 

biogas and biomethane achieved by integrating the novel technology. To carry out 

this calculation, the Goal Seek function of Microsoft Excel was used to determine 

the maximum amount of investment that could be allocated for the MEC-AD 

CAPEX to match the NPV of the baseline AD system. This calculation accounts for 

the additional operational cost resulting from the electrical demand of the MEC 

system. 

For the pipeline optimisation scenarios, the AD-UF scenario considered the CAPEX 

of each individual farm based on the upgrading configuration as per section 6.2.1. 

For this scenario, it was assumed that the installation and material cost of the 

pipeline (Figure 6-1) was assumed by the network operator. As such each farm 

would pay an additional operational cost in the form of a transmission tariff (𝐶𝐶𝑇𝑇) for 

the use of the transmission system as per Equation 6.3. 

Equation 6.3 Calculation of the overall transmission tariff for the pipeline optimisation scenarios. 

𝐶𝐶𝑇𝑇 (€) = �𝐸𝐸𝑇𝑇𝑇𝑇1 ∗
𝑉𝑉𝐴𝐴𝐴𝐴𝐴𝐴 ∗ 𝑐𝑐𝑐𝑐𝐶𝐶𝐻𝐻4

3.6
+ 𝐸𝐸𝑇𝑇𝑇𝑇2 ∗

𝑉𝑉𝐴𝐴𝐴𝐴𝐴𝐴 ∗ 𝑐𝑐𝑐𝑐𝐶𝐶𝐻𝐻4
3.6

�

+ �𝐸𝐸𝑋𝑋𝑋𝑋1 ∗
𝑉𝑉𝐴𝐴𝐴𝐴𝐴𝐴 ∗ 𝑐𝑐𝑐𝑐𝐶𝐶𝐻𝐻4

3.6
+ 𝐸𝐸𝑋𝑋𝑋𝑋2 ∗

𝑉𝑉𝐴𝐴𝐴𝐴𝐴𝐴 ∗ 𝑐𝑐𝑐𝑐𝐶𝐶𝐻𝐻4
3.6

� 

The tariff for each farm (𝐶𝐶𝑇𝑇) was calculated taking in account entry and exit tariffs 

charged by the network operator (58). Entry tariffs comprise the renewable natural 

gas annual commodity tariff (𝐸𝐸𝑇𝑇𝑇𝑇) set at 0.15 € MWh-1, and the capacity tariff (𝐸𝐸𝑇𝑇𝑇𝑇2) 

valued at 190.93€ MWh-1. Exit tariffs consist of the gas commodity tariff (𝐸𝐸𝑋𝑋𝑋𝑋1) at 

0.31 € MWh-1, and the capacity tariff (𝐸𝐸𝑋𝑋𝑋𝑋2) at 612.59 € MWh-1. Gas commodity 

tariffs were calculated based on the annual biomethane output of each farm (𝑉𝑉𝐴𝐴𝐴𝐴𝐴𝐴), 

while the capacity tariffs considered the peak daily capacity of biomethane 

production (𝑉𝑉𝐴𝐴𝐴𝐴𝐴𝐴). Both were calculated based on the production of each farm as per 

Table 6-2. This assuming an overall calorific value of biomethane of 35.7 MJ Nm-
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3CH4 (𝑐𝑐𝑣𝑣𝐶𝐶𝐻𝐻4), at STP with a methane density of 0.714 kg m-3 and a lower heating 

value for methane of 50 MJ kg-1. 

As data on the installation cost of gas pipelines in Ireland is limited in the literature, 

for the AD-CUP scenarios the allowed pipeline installation cost was calculated using 

the Goal Seek function of Microsoft Excel compared to the NPV of the AD-UF 

scenario. For this the initial CAPEX, each on-farm AD systems were set at 27 € 

tfeedstock
-1 a-1 based on previous evaluated systems in Ireland (59,60). To this cost, the 

pipeline material cost (referenced in Table 6-3) was assumed to be divide equally 

between the 10 farms. Then using the Goal Seek function, the maximum amount of 

investment that could be assigned for the CAPEX of each farm for to the installation 

of the pipeline was calculated by matching it to the NPV of each of the farms in the 

AD-UF scenarios. 
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6.3 Results and Discussion 

6.3.1 Baseline AD vs. MEC-AD systems 

One of the primary distinctions between MEC-AD reactors to baseline AD systems 

is the enhancement of biogas and biomethane yields - achieved by the integration of 

electrodes into the reactor. This subsequently results in increased revenues due to 

additional biogas/biomethane sales. However, it also leads to an increase in 

operational costs due to the electrical demand of the MEC-AD system.  

Based on the different systems evaluated, the configuration that performed the best 

financially was the MEC-AD system with the UPG configuration. This system 

achieved an increase in revenues of 91%, as seen in Figure 6-4, accompanied by a 

modest 41% rise in overall operational expenditures (OPEX), as depicted in Figure 

6-5. The CHP configuration demonstrated the highest revenue increase, by 111%, 

albeit with a corresponding 63% increase in OPEX. On the other hand, the Boiler 

configuration showed a balanced increase in both revenue and OPEX, both standing 

at 105%. Notably, this configuration nearly matched the overall revenue achieved by 

the UPG configuration, making it quite a competitive option. 

 

Figure 6-4 Revenues of baseline AD systems and MEC-AD systems considering 3 different end-use configurations 
(Boiler-production of heat, CHP - production of heat and energy, and UPG - production of biomethane) 
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Figure 6-5 Operational cost of baseline AD systems and MEC-AD systems considering 3 different end-use 
configurations (Boiler-production of heat, CHP - production of heat and energy, and UPG - production of 
biomethane) 

The overall results from the economic analysis of the baseline AD systems proved to 

be not financially viable having negative NPV from the economic analysis (as per 

Table 6-5). As previously demonstrated by the author (Chapter 4 and 5), small-scale 

farm-based AD systems can suffer from increased operating costs due to the high 

price of grass silage (4). Furthermore, considering recent rises in energy prices, the 

financial viability of such projects could further diminish. This is evident in the 47% 

increase in electricity prices observed between the last quarter of 2022 and the first 

quarter of 2023, rising from €299 per MWh to €400.6 per MWh for a consumption 

band between 20 to 500 MWh (51).  

One of the main advantages of integrating MEC-AD technology is its ability to 

combine the biogas production and upgrading processes within the reactor, thereby 

reducing the volume of biogas required to be upgraded (11).  In the case of the 

upgrading configuration, this translates to a lower energy requirement for the 

upgrading process compared to the baseline system, due to a 69.2% increase in the 

concentration of CH4 in the biogas coming from the digester (12).  

The results shown in Table 6-5 indicate a 98% increase in biomethane production 

with only a 49% increase in electric demand for upgrading for the MEC-AD 

upgrading configuration as compared to the baseline system. Accounting for the 

additional 31,146 m3 of biomethane production, the electrical energy input required 
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for the MEC-AD only consumes 9.87% of the total energy produced. This 

demonstrates that integrating this technology can be highly beneficial for small-scale 

upgrading systems, increasing biomethane production while still maintaining an 

overall cost-effective production. 

Comparing the overall results of the NPV between baseline systems and MEC-AD 

systems, the configuration that would allow the maximum amount of investment 

allocated for the CAPEX of the MEC system would be the CHP configuration. One 

of the main advantages of this configuration is the reduction of operational costs due 

to energy inputs, achieved by using part of the biogas produced as a source of 

renewable energy to cover the electric and thermal demand of the system.  Although 

the UPG configuration would derive the greatest benefit from the integration of the 

MEC system, the high operational and capital costs of the small-scale upgrading 

system reduced the amount of CAPEX that could be allocated to this novel 

technology. 

While the CHP configuration appears to offer the most favourable financial 

prospects for integrating MEC-AD technology, operational and capital cost 

considerations remain significant factors affecting the feasibility of adopting this 

innovative approach in small-scale upgrading systems. Further analysis would be 

required to assess how the cost of the carbon anodes and cathodes would translate 

into large-scale applications. Escapa et al. (15) found that, for large-scale 

applications, anode and cathode fabrications comprising of graphene sponge could 

prove to be an easy and relatively low-cost solution, with an associated cost of $4 

USD per m2. Although graphene differs from the graphite as a carbon-based 

material, the overall cost-effectiveness could be assessed in future studies to compare 

its effect on the production of biomethane and its energy efficiency against graphite.  
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Table 6-5 Results from the baseline AD and the MEC-AD scenarios. 

          Configuration 

Variable 

Upgrading CHP Boiler 

Baseline MEC-AD Baseline MEC-AD Baseline MEC-AD 
Biogas Production 

(m3) 62,828 93,839 62,828 93,839 62,828 93,839 

Biomethane 
Production (m3) 

31,782 62,928 - - - - 

Electric Demand of 
AD (kWh a-1) 12,061 12,061 - - 12,061 12,061 

Electric Demand of 
Upgrading (kWh a-1) 

28,273 42,228 - - - - 

Electric Demand of 
MEC-AD (kWh a-1) - 31,276 - 31,276 - 31,276 

Total Electrical 
Demand (kWh a-1) 

40,334 85,565 - - 12,061 43,338 

NPV (€) - 563,886 - 563,886 - 292,703 - 292,703 - 243,250 - 243,250 

CAPEX (€) 191,377 251,806 128,863 269,411 86,842 182,093 

Allowable Investment 
for MEC-AD (€) 

 60,429  140,548  95,251 

 

6.3.2 Biogas pipeline optimisation economic results  

As previously assessed by the author, the cost of biogas upgrading is highly 

dependent on the scale of the AD plant due to economies of scale (4). Table 6-6 

displays the results of the economic analysis for the 10 AD plants in the AD-UF 

scenario. Overall, the results indicate that small-scale upgrading was not financially 

viable having negative NPV due to the high capital and operational costs. The main 

factor driving the high operational costs was the feedstock acquisition cost, 

representing between 39% to 59% of the overall OPEX. In contrast, the overall 

transmission cost represented only between 2% to 3% of the overall OPEX of each 

farm. Detailed results of the OPEX for the scenario can be found in Appendix D2. 
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Table 6-6 Economic results of the AD-UF scenarios for the 10 AD plants. 

AD plant 
CAPEX 

(€) 
OPEX 

(€) 
Revenues 

(€) 
NPV 
(€) 

Biomethane 
Produced 
(m3 a-1) 

1 569,311 222,016 107,475 -1,444,421 121,966 

2 528,147 227,505 98,765 -1,340,085 112,136 

3 486,983 208,965 90,055 -1,235,879 102,320 

4 445,819 190,415 81,346 -1,131,673 92,498 

5 404,654 171,853 72,636 -1,027,289 82,675 

6 365,205 154,052 64,290 -927,528 73,261 

7 324,041 135,461 55,580 -823,144 63,439 

8 282,877 116,850 46,870 -718,938 53,616 

9 241,713 98,215 38,161 -614,732 43,793 

10 200,549 79,547 29,451 -510,347 33,970 

Totals 3,849,299 1,604,877 684,630 -9,774,036 779,675 

 

One advantage of the AD-CUP scenario over the AD-UF scenario is the overall 

reduction in the required CAPEX investment for the AD system. The total CAPEX 

investment for the 10 AD farms, considering only the installation of basic AD 

systems, represents only 21.5% of the overall investment required for on-site 

upgrading systems. Comparing the overall results of the NPV between the AD-UF 

and AD-CUP scenarios, as shown in Table 6-7, indicates an overall maximum 

investment for the network cost of €372,790. This allows for an investment of more 

than double the cost of the pipeline materials, which could be allocated to cover 

construction, ongoing maintenance, and land access costs. 

One factor that directly impacted the financial viability of some farms in the AD-

CUP scenario was the compression requirements. Generally, power requirements for 

compressing raw biogas can be higher than those required for upgrading, primarily 

because there is no need to compress the additional CO2 found in the mix of raw 

biogas compared to biomethane (61). For the AD plants, the compression energy 

requirement represented an overall consumption between 0.49 to 1.62 kWh per Nm3 

of raw biogas. As shown in the results of Table 6-7, for the AD plants numbered 7 to 

10, the overall energy requirements for compressing the raw biogas translated into 

higher OPEX, which could not be covered by the revenues generated, making them 

less financially viable than other farms in the AD-CUP scenario. 

Based on these results, additional analysis is required to determine the connection 

order for AD plants with lower flow rates. As previously noted by Ó Céileachair et 
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al. (24), the connection order of AD plants could be determined based on the 

priorities of the biogas user, in this case, the central upgrading facility. The aim 

would be to improve the biogas flow rate between farms with low production to 

ensure sufficient gas flow, thereby reducing the power consumption of compression. 

Once the connection points with adequate biogas flow rates are identified, the 

compression step can be relocated to those points to reduce the overall power 

consumption of compression.  

Table 6-7 Economic results for the AD-CUP scenarios for the 10 AD plants 

AD plant CAPEX 
(€) 

OPEX 
(€) 

Revenues 
(€) 

NPV 
(€) 

Allowed Network Cost 
(€) 

1 114,362 193,214 57,509 -1,293,205 117,735 

2 107,345 180,732 52,811 -1,217,444 95,487 

3 100,327 168,292 48,128 -1,141,910 73,163 

4 93,309 155,851 43,446 -1,066,376 50,839 

5 86,292 143,390 38,756 -990,728 28,465 

6 79,566 131,480 34,274 -918,408 7,101 

7 72,549 119,019 29,584 -842,761 0 

8 65,531 106,579 24,902 -767,227 0 

9 58,513 94,138 20,220 -691,693 0 

10 51,496 81,677 15,529 -616,045 0 

Totals 829,289 1,374,373 365,158 -9,545,796 372,790 
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6.4 Conclusion  
Based on the overall results it was found the integration of the microbial electrolysis 

cell system might be a cost-effective solution to increase the financial viability of 

baseline on-farm AD systems. The economic analysis revealed that while the MEC-

AD system, particularly in configurations such as CHP, shows potential for improved 

financial viability, operational and capital costs remain critical considerations for its 

viability.  

The ability of the MEC-AD system to combine production and upgrading processes 

within the reactor offers a unique advantage to make small-scale upgrading more 

affordable. Specifically, the integration of the system increased revenues by 91% 

accompanied by only a 41% rise in overall operational expenditures. Additionally, 

comparing the baseline system to the MEC-AD upgrading configuration, a 98% 

increase in biomethane production with only a 49% increase in electric demand for 

upgrading, of which 9.87% of the total energy produced was the electric energy input 

required for the MEC-AD system. 

In the case of the pipeline optimisation scenarios, the results indicates that small-

scale upgrading systems may not be financially viable due to high capital and 

operational costs, particularly driven by substantial feedstock acquisition expenses. 

In contrast, the centralised upgrading approach offers a more promising alternative, 

with a significant reduction in the required CAPEX investment for AD systems 

compared to on-site upgrading systems. 

The analysis provides insights into the overall allowable network cost for farmers to 

install biogas pipelines compared to the cost of contracting with a network provider. 

But to achieve an optimal optimisation at an affordable price, additional research to 

strategically prioritising connections and optimising biogas flow rates between farms 

is required. This to allow the reduction of power consumption for compression, 

further enhancing the economic feasibility of biogas pipeline networks. 
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7.1 Conclusions 
This thesis investigated the financial and environmental feasibility of on-farm 

anaerobic digestion (AD) systems in Ireland as a means of generating renewable 

energy and reducing emissions from the agricultural sector. It explores various end-

uses of biogas, including heat, electricity, and biomethane, derived from agricultural 

feedstocks as sustainable alternatives to fossil fuels. The considerations that are 

studied in this work include: the system boundaries used to assess the economic and 

environmental impact of on-farm AD; the assessment of the mitigation potential of 

on-farm AD based on different biogas end-uses through an enviro-economic tool; the 

influence of external variables over the uncertainty on the abatement cost and 

potential of on-farm AD; and the impact of novel technologies and the 

implementation of biogas pipelines can have on the economic viability of on-farm 

AD systems. Based on these considerations, eight research objectives were raised in 

section 1.2. These objectives are now answered below: 

i. To comprehensively assess the financial and environmental viability of on-

farm AD, it is imperative to consider additional inputs and outputs within the 

system boundary beyond energy sales alone. This approach allows for a more 

reasonable estimation of on-farm AD viability. Such considerations include 

factoring the income generated from the sale of co-products and biofertilisers 

produced during the AD process, as well as accounting for emissions 

reductions resulting from the use of digestate as an organic biofertiliser, 

displacing the need for chemical fertilisers. 

ii. The mitigation potential of on-farm AD can be heavily influenced by the scale 

and processes considered within the analysis. A single scenario may not 

adequately capture the diverse variables present in different AD systems, 

including variation in scale, type of system, or energy output. The assessment 

of on-farm AD at two different scales, small and medium, revealed that the 

abatement cost can vary from -117 € tCO2eq
-1 to +79 € tCO2eq

-1 clearly 

indicating that the variables selected for the study have a significant influence 

on the results.  

iii. Four different configurations for utilising biogas were assessed: heat 

generation with a boiler, heat and electricity generation with a combined heat 

and power (CHP) generation, biogas upgrading to biomethane for heat or 
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transport fuel, and biogas upgrading combined with CHP. Small-scale AD 

systems may not be financially feasible given current feedstock and energy 

costs. Heat generation with a boiler was deemed viable for farms with a 

minimum herd size of 185 cows, while biogas upgrading was found to be the 

least financially viable option due to high capital and operational costs. 

iv. The abatement cost curve revealed a wide range of mitigation cost which 

varied significantly, from -7 € tCO2eq
-1 to 816 € tCO2eq

-1 across different 

scales, considering various biogas end-uses. Mitigation costs can be notably 

affected by minor alterations in input variables or adjustments to the system 

boundary which can significantly impact both the financial and environmental 

performance of AD systems. This shows the importance of comprehensive 

assessments and flexible methodologies in accurately evaluating the viability 

and effectiveness of on-farm AD systems. 

v. The efficiency of the AD process proved pivotal in determining abatement 

costs, impacting both financial and environmental outcomes across biogas end-

uses. Farm conditions, particularly the yield of grass silage and required 

synthetic fertiliser, also significantly influenced system sustainability and 

financial viability. Increasing the proportion of grass silage positively 

correlated with plant profitability due to heightened methane yield. 

vi. Heat and electricity production from on-farm AD systems exhibited lower 

uncertainty in abatement costs, given anticipated rate increases in support 

schemes aligned with Ireland's renewable energy investments. Conversely, 

biomethane production displayed higher uncertainty due to fluctuating energy 

prices stemming from recent geopolitical events. Small-scale upgrading in 

particular had a 50% probability of having abatement cost between 107 to 464 

€ tCO2eq
-1. Small-scale on-farm AD systems may face diseconomies of scale 

in biomethane production, additional incentives will be required to foster 

farmer participation in the biomethane market. 

vii. The integration of microbial electrolysis cell (MEC) technology into AD 

systems offers a clear advantage by making small-scale upgrading more 

economically feasible. This technology can increase the revenues of small-

scale upgrading up to 91% with only a 41% increase in operational cost.  

However, the high operational and capital costs of small-scale upgrading may 

limit the investment available for this innovative technology.  
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viii. Connecting on-farm AD systems to a centralised upgrading facility presents a 

promising alternative for optimising logistics in delivering biogas. This 

approach significantly reduces the required investment by almost 21.5% for 

AD systems compared to on-site upgrading systems.  
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7.2 Research implications and recommendations 
Drawing from the conclusions outlined in section 7.1 and aligning with the SFI 

MaREI research centre's three impact priorities of 1) informing policy, 2) supporting 

industry, and 3) empowering society, the subsequent recommendations are proposed: 

7.2.1 Policy 

 The findings of this thesis demonstrate the need for significant government support 

to enhance the financial viability of small-scale, on-farm anaerobic digestion (AD) 

systems for biomethane production, particularly concerning policies related to 

energy prices and feedstock costs. The Irish government currently offers two 

schemes for renewable energy projects: the Support Scheme for Renewable Heat 

(SSRH), which provides a tariff of 29.5 € MWh-1 of energy produced, and the 

Renewable Electricity Support Scheme (RESS), offering a tariff of 74.08 € MWh-1 

of energy produced. 

As shown in the results of this thesis in chapter 4 and 5, these supports are sufficient 

to make on-farm AD systems with a boiler or a Combined Heat and Power (CHP) 

units financially viable, as these systems can apply the schemes. However, the results 

presented in Chapter 5, specifically the abatement cost curves, indicate that systems 

focused on biomethane production require additional support to become financially 

viable and attractive for farmers to integrate into their operations. 

Schemes like the Renewable Transport Fuel Obligation (RTFO), which requires 

transport fuel suppliers in Ireland to ensure that 15% of the fuel volume on the 

market is sourced from renewable fuels, can provide additional income to farms 

producing biomethane. This income is generated through Biofuel Obligation 

Certificates (BOCs) when the biomethane is used as transport fuel. While this 

additional income can be beneficial, there is still a need to consider capital grants to 

reduce the investment cost of small-scale upgrading systems.  

To formulate effective energy policies for biomethane production, it is crucial to gain 

a comprehensive understanding of the range of abatement cost values associated 

with on-farm anaerobic digestion (AD), taking into account the uncertainties 

inherent in different system scales and processes within the system boundary. In 

Ireland, policymakers have traditionally used marginal abatement cost curves 

(MACC) to assess the mitigation potential of AD and compare it with other 
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agricultural decarbonization options. While these are useful for initial analyses, 

achieving a complete understanding of the factors affecting the viability of on-farm 

AD biomethane production requires consideration of all external variables 

influencing production costs. 

Specifically, variables that impact the efficiency of the AD process in producing 

biomethane, as well as those affecting feedstock costs and energy prices (including 

the energy consumed and the selling price of biomethane), must be incorporated into 

abatement cost scenarios. This comprehensive approach is essential to enable a 

thorough comparison of all potential scenarios that could be integrated into small 

farms, thereby making small-scale upgrading systems viable. 

7.2.2 Industry 

The agricultural sector in Ireland currently contributes a significant 38.5% of total 

greenhouse gas emissions, presenting a considerable challenge in meeting the 

sectoral emission ceiling of 25% reduction. On-farm AD emerges as a potential 

solution, offering livestock farmers a means to mitigate emissions from animal 

wastes while simultaneously producing biobased fertilisers that can replace chemical 

fertilisers, thereby promoting carbon sequestration on land. 

While biogas and biomethane production presents a promising diversification option 

for farmers, enabling them to own, operate, and supply feedstock to AD plants at a 

reasonable price is essential. The economic analysis conducted in this thesis revealed 

that the cost of grass silage as feedstock and current selling prices of energy rendered 

most small-scale AD to be not financially viable. Addressing this issue will require 

exploring options to reduce the cost of growing grass silage, such as integrating 

multi-species sward to lower fertilizer expenses or considering grass obtained as a 

by-product of landscape management from non-pasture areas as potential feedstock. 

Furthermore, considering the biomethane strategy, this sector faces challenges and 

considerations associated with high investment costs for small-scale upgrading. 

Capital grants can help reduce the overall investment cost, but thorough 

communication with farmers will be essential to help them integrate these new 

technologies into their farms. The use of cooperatives might help unite farmers and 

assist them in managing these systems on their farms. Additionally, integrating 

industry, community, and farmers into the broader picture of the biomethane industry 
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will be necessary to make the endeavor of producing the required 5.7 TWh of 

biomethane a reality. 

For small-scale upgrading, this will also entail exploring new technologies that can 

reduce investment costs and increase efficiency in biomethane generation. This could 

integrate new technologies such as Microbial electrolysis cell units in the reactors to 

increase biomethane production. Furthemore, virtual pipelines, and physical 

pipelines can be integrated into small scale systems to facilitate transportation of the 

generated biogas or biomethane to the end user. 

Finally, relying solely on biomethane sales as the main revenue source may prove 

insufficient to secure financial viability for small-scale production, necessitating 

additional revenue streams. These could include biorefinery approaches to convert 

digestate into high-value products or the integration of industries requiring high-

temperature heat processes. Such industries could utilize biomethane as an 

immediate decarbonization solution without directly affecting their operations or 

incurring significant additional expenses. 

7.2.3 Future research 

As this thesis achieved to identified key economic and environmental parameters 

that need to be taken in consideration for the viability of on-farm AD, further 

research is recommended as follows: 

i. This thesis demonstrates that overall, on-farm AD systems co-digesting 

slurry and surplus grass as feedstock can struggle financially in small-scale 

scenarios. The consideration of co-products or biorefineries approaches could 

increase the economic viability of these systems by considering other revenue 

streams. 

ii. The solid and liquid fraction of digestate could also be considered as 

additional revenue stream to on-farm AD. This could involve the production 

of biochar, bio-oil and syngas through pyrolysis, or the cultivation of 

microalgae using the liquid fraction as culture medium to generate valuable 

chemicals or proteins. However, it would be required to take into 

consideration the required investment for additional equipment required and 

the overall increment in operational costs. 
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iii. All the relevant inputs and outputs for the abatement cost calculations should 

incorporate sensitivity analysis and uncertainty analysis to provide a more 

realistic assessment of on-farm AD systems. 

iv. The overall capital cost used in this study was based in previous co-digestion 

systems of slurry and grass silage. A deeper analysis would require analysing 

with Irish developers the overall associated cost with installation and the 

applied cost that some equipment may have if it is imported from other 

countries. 

v. Whilst the overall energy crop considered was focused on grass silage, other 

options could be considered as potential energy crop feedstocks to reduce the 

feedstock acquisition cost for on-farm AD systems. One potential option 

could involve multi-species swards which require less fertiliser and can 

increase grass output while decreasing emissions. Further research is required 

to evaluate the feasibility of co-digestion with slurry, thus expanding the 

scope of potential feedstock options for enhanced sustainability and 

economic viability of on-farm AD.  

vi. Potential improvements to small-scale upgrading technologies could be 

further researched to reduce the overall high cost of upgrading for small-scale 

on-farm AD. 

vii. Multicriteria decision analysis could be integrated into the enviro-economic 

tool developed to provide a cost-effective method for assessing scenarios, 

allowing users to prioritise either financial or environmental performance 

based on their preferences. 

viii. Further research should assess the implementation cost of microbial 

electrolysis cell in farm size digestors to assess the effect on the production 

of biomethane and the energy efficiency against the laboratory results. 

ix. Performing a comprehensive techno-economic analysis, coupled with 

scenario analyses could help to explore different connection points and 

optimising biogas flow rates. This approach could minimise power 

consumption in compression further enhances the economic feasibility of 

biogas pipeline networks. 
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Appendix A 

Appendix A.1 
Table A-1 Variability of system boundary in previous literature for TEA and LCA analyses of on-farm AD systems. 

Areas of Focus Associated Processes 

TEA TEA + LCA LCA 

(1
)*

 

(2
)*

 

(3
)*

 

(4
)*

 

(5
)*

 

(6
)*

 

(7
)*

 

(8
)*

 

(9
)*

 

(1
0) * (1
1) * (1
2) * (1
3) * (1
4) * (1
5) * (1
6) * (1
7) * (1
8) * (1
9) * (2
0) * (2
1) * (2
2) * (2
3)  

Feedstock 
production / 

Acquisition and 
Transport 

Feedstock Acquisition X X X X X X   X     X X X X X X X X   

Feedstock Handling X X   X X   X       X X X X X X  X 

Feedstock Storage         X      X X  X X X X X X 

Transportation by Land or Pipe X        X   X X  X X X X X X X  X 

Farm Labour      X            X  X    

Pre-treatment and 
Anaerobic 
Digestion 

Construction of Anaerobic Digester X X X X X X X X X X X X X X X X X X X X X X X 

Purchase of CHP unit X X X X X X X  X X X X X X X X X X X X X X X 

Acquisition of Heat Exchange and Water 
Pumps X X X  X X   X   X X X X X X  X     

Maintenance and Repair of the system X X X  X X X  X X X X X X X X X X X X    

Insurance  X X     X X X    X    X X X    

Plant Labour  X X  X X  X X X       X X X X    

Biogas Post 
Processing / 

Utilisation and 
coproduct 
handling 

Connection to Gas Grid or Electricity 
Grid 

   X        X X  X        X 

Purchase of Gas Purification Unit    X       X            X 

Operation of Upgrading System    X       X            X 

Selling of electricity and/or heat 
generated X X X X X X X  X X  X X X X X  X X X X X X 

Selling of Biomethane produced    X    X   X  X           

Land spreading of Digestate X X X X X    X      X X  X   X X  

Treatment of Digestate     X               X  X  

Selling of Digestate as Biofertiliser     X X    X    X  X     X X  
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Studies with * were included for review as more insight was provided on the 
processes considered in the system boundary and included at least one process in 
each of the areas of focus of the AD process. Furthermore, the studies selected 
contain a clear breakdown of the processes included in the CapEx, OpEx and 
Revenues. 

[1] Khan EU, Mainali B, Martin A, Silveira S. Techno-economic analysis of 

small scale biogas based polygeneration systems: Bangladesh case study. Sustainable 

Energy Technologies and Assessments 2014;7:68–78. 

https://doi.org/10.1016/j.seta.2014.03.004. 

[2] Imeni SM, Puy N, Ovejero J, Busquets AM, Bartroli J, Pelaz L, et al. Techno-

Economic Assessment of Anaerobic Co-digestion of Cattle Manure and Wheat Straw 

(Raw and Pre-treated) at Small to Medium Dairy Cattle Farms. Waste Biomass Valor 

2020;11:4035–51. https://doi.org/10.1007/s12649-019-00728-4. 

[3] Mostafa Imeni S, Pelaz L, Corchado-Lopo C, Maria Busquets A, Ponsá S, 

Colón J. Techno-economic assessment of anaerobic co-digestion of livestock manure 

and cheese whey (Cow, Goat & Sheep) at small to medium dairy farms. Bioresource 

Technology 2019;291:121872. https://doi.org/10.1016/j.biortech.2019.121872. 

[4] Perta ES di, Cervelli E, Campagna MP di, Pindozzi S. From biogas to 

biomethane: Techno-economic analysis of an anaerobic digestion power plant in a 

cattle/buffalo farm in central Italy. Journal of Agricultural Engineering 2019;50. 

https://doi.org/10.4081/jae.2019.939. 

[5] Villarroel-Schneider J, Mainali B, Martí-Herrero J, Malmquist A, Martin A, 

Alejo L. Biogas based polygeneration plant options utilizing dairy farms waste: A 

Bolivian case. Sustainable Energy Technologies and Assessments 2020;37:100571. 

https://doi.org/10.1016/j.seta.2019.100571. 

[6] Wresta A, Andriani D, Saepudin A, Sudibyo H. Economic Analysis of Cow 

Manure Biogas as Energy Source for Electricity Power Generation in Small Scale 

Ranch. Energy Procedia 2015;68:122–31. 

https://doi.org/10.1016/j.egypro.2015.03.240. 

[7] Teymoori Hamzehkolaei F, Amjady N. A techno-economic assessment for 

replacement of conventional fossil fuel based technologies in animal farms with 

biogas fueled CHP units. Renewable Energy 2018;118:602–14. 

https://doi.org/10.1016/j.renene.2017.11.054. 



 

208 
 

[8] González-Arias J, Baena-Moreno FM, Gonzalez-Castaño M, Arellano-García 

H, Lichtfouse E, Zhang Z. Unprofitability of small biogas plants without subsidies in 

the Brandenburg region. Environ Chem Lett 2021;19:1823–9. 

https://doi.org/10.1007/s10311-020-01175-7. 

[9] Blumenstein B, Siegmeier T, Möller D. Economics of anaerobic digestion in 

organic agriculture: Between system constraints and policy regulations. Biomass and 

Bioenergy 2016;86:105–19. https://doi.org/10.1016/j.biombioe.2016.01.015. 

[10] Jarrar L, Ayadi O, Al Asfar J. Techno-economic Aspects of Electricity 

Generation from a Farm BasedBiogas Plant. Journal of Sustainable Development of 

Energy, Water and Environment Systems 2020;8:476–92. 

https://doi.org/10.13044/j.sdewes.d7.0302. 

[11] Oreggioni GD, Luberti M, Reilly M, Kirby ME, Toop T, Theodorou M, et al. 

Techno-economic analysis of bio-methane production from agriculture and food 

industry waste. Energy Procedia 2017;123:81–8. 

https://doi.org/10.1016/j.egypro.2017.07.252. 

[12] Oreggioni GD, Gowreesunker BL, Tassou SA, Bianchi G, Reilly M, Kirby 

ME, et al. Potential for Energy Production from Farm Wastes Using Anaerobic 

Digestion in the UK: An Economic Comparison of Different Size Plants. Energies 

2017;10:1396. http://dx.doi.org.ucc.idm.oclc.org/10.3390/en10091396. 

[13] Oreggioni GD, Luberti M, Tassou SA. Agricultural greenhouse CO2 

utilization in anaerobic-digestion-based biomethane production plants: A techno-

economic and environmental assessment and comparison with CO2 geological 

storage. Applied Energy 2019;242:1753–66. 

https://doi.org/10.1016/j.apenergy.2019.03.045. 

[14] Tan JB, Jamali NS, Tan WE, Che Man H, Zainal Abidin Z. Techno-Economic 

Assessment of On-Farm Anaerobic Digestion System Using Attached-Biofilm 

Reactor in the Dairy Industry. Sustainability 2021;13:2063. 

https://doi.org/10.3390/su13042063. 

[15] Abdul-Salam Y, Ehlers M-H, Harnmeijer J. Anaerobic Digestion of 

Feedstock Grown on Marginal Land: Break-Even Electricity Prices. Energies 

2017;10:1416. http://dx.doi.org.ucc.idm.oclc.org/10.3390/en10091416. 



 

209 
 

[16] Torquati B, Venanzi S, Ciani A, Diotallevi F, Tamburi V. Environmental 

Sustainability and Economic Benefits of Dairy Farm Biogas Energy Production: A 

Case Study in Umbria. Sustainability 2014;6:6696–713. 

https://doi.org/10.3390/su6106696. 

[17] Lopes TF, Carvalheiro F, Duarte LC, Gírio F, Quintero JA, Aroca G. Techno-

economic and life-cycle assessments of small-scale biorefineries for isobutene and 

xylo-oligosaccharides production: a comparative study in Portugal and Chile. 

Biofuels, Bioproducts and Biorefining 2019;13:1321–32. 

https://doi.org/10.1002/bbb.2036. 

[18] O’Connor S, Ehimen E, Pillai SC, Black A, Tormey D, Bartlett J. Biogas 

production from small-scale anaerobic digestion plants on European farms. 

Renewable and Sustainable Energy Reviews 2021;139:110580. 

https://doi.org/10.1016/j.rser.2020.110580. 

[19] Aui A, Li W, Wright MM. Techno-economic and life cycle analysis of a 

farm-scale anaerobic digestion plant in Iowa. Waste Management 2019;89:154–64. 

https://doi.org/10.1016/j.wasman.2019.04.013. 

[20] Croxatto Vega G, Voogt J, Sohn J, Birkved M, Olsen SI. Assessing New 

Biotechnologies by Combining TEA and TM-LCA for an Efficient Use of Biomass 

Resources. Sustainability 2020;12:3676. https://doi.org/10.3390/su12093676. 

[21] Nayal FS, Mammadov A, Ciliz N. Environmental assessment of energy 

generation from agricultural and farm waste through anaerobic digestion. Journal of 

Environmental Management 2016;184:389–99. 

https://doi.org/10.1016/j.jenvman.2016.09.058. 

[22] Pardo G, Moral R, del Prado A. SIMSWASTE-AD - A modelling framework 

for the environmental assessment of agricultural waste management strategies: 

Anaerobic digestion. Science of The Total Environment 2017;574:806–17. 

https://doi.org/10.1016/j.scitotenv.2016.09.096. 

[23] Adams PWR, McManus MC. Characterisation and variability of greenhouse 

gas emissions from biomethane production via anaerobic digestion of maize. Journal 

of Cleaner Production 2019;218:529–42. 

https://doi.org/10.1016/j.jclepro.2018.12.232.   



 

210 
 

Appendix B 

Appendix B.1 

The total feedstock resource of both cattle slurry (𝑅𝑅1𝐶𝐶𝐶𝐶)  and grass silage (𝑅𝑅2𝐺𝐺𝐺𝐺)  was 

calculated in terms of wet weight tonnes (twwt) per year.  

Equation B1 Cattle Slurry resource per year by type of livestock 

𝑅𝑅1𝐶𝐶𝐶𝐶 �
twwt

a
� = 𝑁𝑁𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑘𝑘𝜃𝜃 ∗ 𝑌𝑌𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑘𝑘𝜃𝜃 + ⋯+ 𝑁𝑁𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑛𝑛 ∗ 𝑌𝑌𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑛𝑛 

In Equation B1, the Cattle Slurry resource (𝑅𝑅1𝐶𝐶𝐶𝐶- twwt a-1) was calculated based on the 

annual slurry production per head of livestock (Nlivestockϑ) and the total number of 

livestock (Ylivestockϑ) on the farm considering that the slurry was collected indoors and 

stored in a slurry tank. As there can be different types of cattle livestock (Nlivestockϑ) 

on a dairy farm (dairy cows, suckler cows, and cattle) the enviro-economic tool 

developed includes preloaded information on the slurry production per head of 

bovine livestock which can range between 0.08 to 0.33 m3 of slurry per week based 

on the national farm survey of manure application and storage practices in Irish 

farms (1). For the scenarios assessed, it was assumed that the herd consisted of adult 

dairy cows with a production of 0.33 m3 of slurry per week. The annual slurry 

production per head of livestock (Ylivestockϑ) was then calculated based on the number 

of weeks that each head of livestock will be housed indoors to facilitate slurry 

collection. In an Irish context, this amount of time can range between 16 to 22 weeks 

based on the required minimum storage capacity for bovine livestock manure based 

on the farm location in Ireland, as part of the Good Agricultural Practice for 

Protection of Waters (GAP) (2). For the analysis, a period of 18 weeks indoors was 

assumed for the livestock based on the nitrate’s directive of the GAP regulation in 

Ireland (Table B-1). It is assumed in this work that the specific gravity of slurry is 1. 

The resource of grass silage (𝑅𝑅2𝐺𝐺𝐺𝐺) available for use in AD was assumed to be the 

excess grass silage (surplus to livestock requirements) harvested at the farm under 

assessment. The yield of the grass (tonnes of dry matter (tDM) per hectare (ha) per 

annum) varies according to the specific region within Ireland but typically for fertile 

farmland ranges from 11 to 13 tDM ha-1 per annum (3–7). A value of 7 tDM ha-1 for 

first cut and 4 tDM ha-1 for second cut per annum was selected for the yield of the 

hypothetical farms under analysis (8,9). 
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Equation B2 Silage resource per year including first and second cut. 

𝑅𝑅2𝐺𝐺𝐺𝐺  �
twwt

a
� =

𝐴𝐴𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ∗ 𝑌𝑌𝐹𝐹𝐹𝐹
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹/100
+
𝐴𝐴𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ∗ 𝑌𝑌𝑆𝑆𝑆𝑆

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑇𝑇𝑇𝑇𝑆𝑆𝑆𝑆/100
 

In Equation B2, the grass silage resource (𝑅𝑅2𝐺𝐺𝐺𝐺, twwt a-1) was calculated considering 

the first and second cuts of grass on the farm that will be allocated for its use as 

feedstock for the AD process. This was based on the area of land used to produce 

silage (𝐴𝐴𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔, ha) for each of the four hypothetical farm sizes and the yield of grass 

for the first and second cuts (𝑌𝑌𝐹𝐹𝐹𝐹
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆,𝑌𝑌𝑆𝑆𝑆𝑆

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆, tDM/ha/a). These values are divided by 

the total solids (𝑇𝑇𝑇𝑇𝐹𝐹𝐹𝐹 and 𝑇𝑇𝑇𝑇𝑆𝑆𝑆𝑆) content (expressed as a decimal) of each grass cut as 

per Table B-2 to obtain the total wet tonnage of grass silage.  

Table B-1 Minimum Storage capacity for bovine livestock manure in Ireland. 

Zone Counties Weeks 

A 
Carlow, Cork, Dublin, Kildare, Kilkenny, Laois, 
Offaly, Tipperary, Waterford, Wexford, Wicklow 16 

B Clare, Galway, Kerry, Limerick, Longford, Louth, 
Mayo, Meath, Roscommon, Sligo, Westmeath 

18 

C Donegal, Leitrim, Cavan*, Monaghan*. 20 or 22* 
*For the regions of Cavan and Monaghan, the minimum storage period was designated as 22 weeks as Donegal 
and Leitrim have higher water quality and lower agricultural production. 
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Appendix B.2 

The volumetric biogas production (𝑉𝑉𝐴𝐴𝐴𝐴) from the co-digestion of grass silage and 

cattle slurry was then calculated in cubic metres per annum (m3 a-1) based on the 

volatile solids content of the feedstock mixture (which include the cattle slurry 

(𝑉𝑉𝑉𝑉𝐶𝐶𝐶𝐶), grass silage first cut (𝑉𝑉𝑉𝑉𝐺𝐺𝐺𝐺𝐹𝐹𝐹𝐹) and grass silage second cut (𝑉𝑉𝑉𝑉𝐺𝐺𝐺𝐺𝑆𝑆𝑆𝑆)), the 

specific methane yield (LCH4 kgVS-1) of the cattle slurry (𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶), grass silage first 

cut (𝑆𝑆𝑆𝑆𝑆𝑆𝐺𝐺𝐺𝐺𝐹𝐹𝐹𝐹), and the second cut (𝑆𝑆𝑆𝑆𝑆𝑆𝐺𝐺𝐺𝐺𝑆𝑆𝑆𝑆) (Equation B3), and the methane 

content of the biogas from each feedstock used in the mixture as per Table B-2. The 

methane (CH4) content of each feedstock (%𝐶𝐶𝐶𝐶4𝐶𝐶𝐶𝐶, %𝐶𝐶𝐶𝐶4𝐺𝐺𝐺𝐺𝐹𝐹𝐹𝐹 , %𝐶𝐶𝐶𝐶4𝐺𝐺𝐺𝐺𝑆𝑆𝑆𝑆) was 

calculated based on the molar portion of methane and carbon dioxide in the biogas 

obtained by the Buswell Equation (Equation B4). 

Equation B3 Biogas production based on the methane yield of co-digestion of cattle slurry (CS) and grass silage 
(GS). 

𝑉𝑉𝐴𝐴𝐴𝐴 �
𝑚𝑚3

𝑎𝑎
� =

(𝑅𝑅1𝐶𝐶𝐶𝐶 ∗ 𝑉𝑉𝑉𝑉𝐶𝐶𝐶𝐶) ∗ 𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶
%𝐶𝐶𝐶𝐶4𝐶𝐶𝐶𝐶

100

+
�𝑅𝑅2𝐺𝐺𝐺𝐺

𝐹𝐹𝐹𝐹 ∗ 𝑉𝑉𝑉𝑉𝐺𝐺𝐺𝐺𝐹𝐹𝐹𝐹� ∗ 𝑆𝑆𝑆𝑆𝑆𝑆𝐺𝐺𝐺𝐺𝐹𝐹𝐹𝐹
%𝐶𝐶𝐶𝐶4𝐺𝐺𝐺𝐺𝐹𝐹𝐹𝐹

100

+
�𝑅𝑅2𝐺𝐺𝐺𝐺

𝑆𝑆𝑆𝑆 ∗ 𝑉𝑉𝑉𝑉𝐺𝐺𝐺𝐺𝑆𝑆𝑆𝑆� ∗ 𝑆𝑆𝑆𝑆𝑆𝑆𝐺𝐺𝐺𝐺𝑆𝑆𝑆𝑆
%𝐶𝐶𝐶𝐶4𝐺𝐺𝐺𝐺𝑆𝑆𝑆𝑆

100

 

The gross energy output of the AD process (𝐸𝐸𝐸𝐸𝐴𝐴𝐴𝐴) in units of MJ/a was then 

calculated based on the overall biogas production (𝑉𝑉𝐴𝐴𝐴𝐴- m3 a-1) considering an 

organic loading rate (OLR) of 2.5 kgVS m-3 per day under mesophilic conditions 

(40⁰C), and a calorific value for methane (𝑐𝑐𝑣𝑣𝐶𝐶𝐻𝐻4) of 35.7 MJ Nm3CH4
-1 assuming 

the lower heating value (LHV) of methane as 50 MJ kg-1 and the density of methane 

as 0.714 kg m-3 at STP (0 C⁰, 1 atm).  
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Table B-2 Characteristics of slurry on Irish farms collected when livestock are indoors. Adapted from Allen et al. 
(10). 

 

Table B-3 Characteristics of grass silage harvested at different stages across three regions of Ireland (North, 
Midland, and South). Adapted from Allen et al. (10). 

Silage Type Total Solids 
(%wwt) 

Volatile 
Solids 

(%wwt) 

Ash 
(%wwt) 

Volatile 
Solids 
/Total 

Solids (%) 

Specific Methane 
Yield 

(LCH4 kgVS-1) 

Nitrogen in 
Total Solids 

(%) 

Silage Bales 
(1st cut) 

16.8% 15.3% 1.5% 91.1% 432.9 1.5% 

Silage Bales 
(2nd cut) 17.4% 15.9% 1.5% 91.6% 428.4 1.7% 

1st Cut Grass 
Silage 

(Midlands) 
29.3% 26.8% 2.4% 91.7% 399.6 1.7% 

Late Cut Grass 
Silage 

(Midlands) 
17.9% 16.4% 1.4% 92.0% 392.6 1.1% 

1st Cut Grass 
Silage 

(North) 
16.8% 15.3% 1.5% 91.1% 432.9 1.7% 

1st Cut Grass 
Silage 

(South) 
17.4% 15.9% 1.5% 91.6% 428.4 1.0% 

 

Equation B4 Buswell equation to calculate the methane content based on elemental composition data for a 
substrate. 

𝐶𝐶𝑛𝑛𝐻𝐻𝑎𝑎𝑂𝑂𝑏𝑏 + �𝑛𝑛 −
𝑎𝑎
4
−
𝑏𝑏
2
�𝐻𝐻2𝑂𝑂 → �

𝑛𝑛
2

+
𝑎𝑎
8
−
𝑏𝑏
4
� 𝐶𝐶𝐶𝐶4 + �

𝑛𝑛
2
−
𝑎𝑎
8

+
𝑏𝑏
4
� 𝐶𝐶𝐶𝐶2 

  

Slurry Type 
Total Solids (TS) 

(%wwt) 

Volatile 
Solids (VS) 

(%wwt) 

Ash 
(%wwt) 

Volatile 
Solids/Total 

Solids 
(%) 

Specific Methane 
Yield 

(LCH4 kgVS-1) 

Nitrogen 
in Total 
Solids 
(%) 

Summer Dairy 
Slurry 8.8% 6.7% 2.1% 76.5% 239.4 2.2% 

Autumn Dairy 
Slurry 

6.5% 5.1% 1.4% 78.5% 175.5 2.0% 

Dairy Slurry 
(Dec-Jan) 7.1% 5.8% 1.4% 80.9% 199.8 2.5% 

Dairy Slurry 
(Feb-Apr) 

9.1% 6.6% 2.5% 72.1% 214.0 2.2% 

Slurry 
(Dairy Heifers) 7.8% 5.5% 2.3% 70.3% 136.1 1.7% 

Slurry 
(Beef) 

8.4% 6.8% 1.7% 80.1% 310.8 2.6% 
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Appendix B.3 

To calculate the thermal demand of the AD process (𝑇𝑇𝑇𝑇𝐴𝐴𝐴𝐴) in MJ a-1, different 

thermal demands were considered for the energy balance (Equation B5). These 

include the heat required for substrate heating (𝑆𝑆𝑆𝑆𝐴𝐴𝐴𝐴), heat loss to the environment 

(𝐻𝐻𝐻𝐻𝐸𝐸), and heat loss through evaporation inside the digester (𝐻𝐻𝐻𝐻𝑊𝑊𝑊𝑊𝑊𝑊). 

Equation B5 Net thermal demand of the AD process. 

𝑇𝑇𝑇𝑇𝐴𝐴𝐴𝐴 �
MJ
a
� = (𝑆𝑆𝑆𝑆𝐴𝐴𝐴𝐴 + 𝐻𝐻𝐻𝐻𝐸𝐸 + 𝐻𝐻𝐻𝐻𝑊𝑊𝑊𝑊𝑊𝑊)  

To determine the energy in MJ/a to heat the feedstock mixture (𝑆𝑆𝑆𝑆𝐴𝐴𝐴𝐴), Equation B6 

was used which considers the temperature in C⁰ required to heat the feedstock 

mixture from the inlet temperature (𝑇𝑇𝐼𝐼𝐼𝐼) to the one specified by the user for the AD 

process (𝑇𝑇𝐴𝐴𝐴𝐴), the water content of the mixture (𝑇𝑇𝑊𝑊𝐶𝐶𝑅𝑅   - kg a-1) and the specific heat 

capacity of water (𝐶𝐶𝑝𝑝𝐻𝐻2𝑂𝑂: 4.184 𝑘𝑘𝑘𝑘
𝑘𝑘𝑘𝑘 °𝐶𝐶

 ) (11). 

Equation B6 Thermal demand for substrate heating for the AD process. 

𝑆𝑆𝑆𝑆𝐴𝐴𝐴𝐴 �
MJ
a
� = ��𝑇𝑇𝑊𝑊𝐶𝐶𝑅𝑅 ∗ 1000 ∗ 𝐶𝐶𝑝𝑝𝐻𝐻2𝑂𝑂 ∗ (𝑇𝑇𝐴𝐴𝐴𝐴 − 𝑇𝑇𝐼𝐼𝐼𝐼)� /1000� 

For the heat loss to the environment (𝐻𝐻𝐻𝐻𝐸𝐸), the thermal demand in MJ/a comes from 

the fabric heat loss which is calculated based on the surface area of the AD reactor 

and the external temperature (Equation B7). The heat transfer value of the material 

(𝑈𝑈𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇-W m2C⁰-1) determines the thermal energy lost through the reactor fabric 

based on the difference between the temperature in C⁰ of the AD tank (𝑇𝑇𝐴𝐴𝐴𝐴) and the 

external air temperature (𝑇𝑇𝑂𝑂𝑂𝑂𝑂𝑂) (12). For the surface area in contact with the external 

air the tool assumes the reactor to be cylindrical and that the areas in contact in m2 

with the external environment are the walls (𝐴𝐴𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊), top (𝐴𝐴𝑇𝑇𝑇𝑇𝑇𝑇), and bottom of the 

reactor (𝐴𝐴𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵). For the external air temperature (𝑇𝑇𝑂𝑂𝑂𝑂𝑂𝑂), the average dry bulb 

temperature in C⁰ for Cork, Ireland based on the ASHRAE climatic design 

conditions for the years 2009, 2013, and 2017 was used (13). 

Equation B7 Thermal demand due to fabric heat loss for the AD process. 

𝐻𝐻𝐻𝐻𝐸𝐸 �
MJ
a
�

=
�𝑈𝑈𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝐴𝐴𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊(𝑇𝑇𝐴𝐴𝐴𝐴 − 𝑇𝑇𝑂𝑂𝑂𝑂𝑂𝑂) + 𝑈𝑈𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝐴𝐴𝑇𝑇𝑇𝑇𝑇𝑇(𝑇𝑇𝐴𝐴𝐴𝐴 − 𝑇𝑇𝑂𝑂𝑂𝑂𝑂𝑂) + 𝑈𝑈𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝐴𝐴𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵(𝑇𝑇𝐴𝐴𝐴𝐴 − 𝑇𝑇𝑂𝑂𝑂𝑂𝑂𝑂)�

1 ∗ 106
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Finally, for the heat loss through evaporation (𝐻𝐻𝐻𝐻𝑊𝑊𝑊𝑊𝑊𝑊), the thermal demand in MJ/a 

was calculated based on the energy required to evaporate the water inside the reactor 

(Equation B8). This assumes that the biogas is saturated with water and uses the 

mass of water vapour in kg contained in the biogas (𝑚𝑚𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑟𝑟𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏) which is 

calculated using the specific enthalpy of water evaporation at the temperature set for 

the AD reactor (ℎ𝑤𝑤𝑤𝑤: 2260 𝐾𝐾𝐾𝐾
𝐾𝐾𝐾𝐾 

 ) (12). 

Equation B8 Thermal demand for substrate heating for the AD process. 

𝐻𝐻𝐻𝐻𝑊𝑊𝑊𝑊𝑊𝑊 �
MJ
a
� = �𝑚𝑚𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑟𝑟𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 ∗ ℎ𝑤𝑤𝑤𝑤� /1000  

To obtain the mass of water vapour (kg) contained in the biogas, it is assumed that 

the water vapour behaves as an ideal gas within the biogas mixture (𝑉𝑉𝐴𝐴𝐴𝐴 - m3) based 

on the saturation pressure of the water vapour (𝑝𝑝𝑠𝑠𝑠𝑠𝑠𝑠- kPa) within the reactor, the 

temperature set for the reactor in C⁰ (𝑇𝑇𝐴𝐴𝐴𝐴) and using the universal gas constant of 

water (𝑅𝑅𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤: 0.461 𝑘𝑘𝑘𝑘𝑘𝑘 𝑚𝑚3

𝐾𝐾𝐾𝐾 𝐾𝐾 
) as shown in Equation B9 (12). 

Equation B9 Calculation for the mass of water vapour in the biogas for the AD process. 

𝑚𝑚𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 �
kg
a
� = 𝑝𝑝𝑠𝑠𝑠𝑠𝑠𝑠 .

𝑉𝑉𝐴𝐴𝐴𝐴
𝑅𝑅𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 ∗ (𝑇𝑇𝐴𝐴𝐴𝐴 + 273.15)

     

The saturation pressure of the water vapour was obtained as by ASHRAE 

fundamentals (Equation B10), by using the temperature set for the reactor in kelvin 

(𝑇𝑇𝐴𝐴𝐴𝐴𝐾𝐾) and the values set for the coefficients as shown in Table B-4. 

Equation B10 Saturation of the water vapour of the biogas. 

𝑝𝑝𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑒𝑒
� 𝐶𝐶1
𝑇𝑇𝐴𝐴𝐴𝐴𝐾𝐾

+𝐶𝐶2+𝐶𝐶3𝑇𝑇𝐴𝐴𝐴𝐴𝐾𝐾+𝐶𝐶4𝑇𝑇𝐴𝐴𝐴𝐴𝐾𝐾
2+𝐶𝐶5𝑇𝑇𝐴𝐴𝐴𝐴𝐾𝐾

3+𝐶𝐶6 ln�𝑇𝑇𝐴𝐴𝐴𝐴𝐾𝐾�� 

Table B-4 Coefficients used in the calculation of the saturation vapour pressure of water. 

Coefficient Value 
C1 -5.8002206E+03 
C2 1.3914993E+00 
C3 -4.8640239E-02 
C4 4.1764768E-05 
C5 -1.4452093E-08 
C6 6.5459673E+00 
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Appendix B.4 

The required size of the boiler (kWth) for each scenario was determined based on the 

overall gross heat output calculated from the AD gross energy output (𝐸𝐸𝐸𝐸𝐴𝐴𝐴𝐴) and the 

boiler efficiency (𝜂𝜂𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵) and the annual operating hours of the system (𝑂𝑂𝑂𝑂𝑂𝑂) based 

on a total operating time of 8250 hours (94% availability) as per Equation B11. It is 

also assumed that the electric demand of the AD process (𝐸𝐸𝐸𝐸𝐴𝐴𝐴𝐴 – kWh a-1) will be 

satisfied using electricity from the electricity grid. 

Equation B11 Boiler configuration: Boiler size. 

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆(𝑘𝑘𝑘𝑘𝑡𝑡ℎ) =
(𝐸𝐸𝐸𝐸𝐴𝐴𝐴𝐴 ∗ 𝜂𝜂𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵)/3.6

𝑂𝑂𝑂𝑂𝑂𝑂
 

The size of the CHP required for each scenario was calculated based on the overall 

gross electric output and the gross heat output from the unit. This was calculated 

from the AD gross energy output (𝐸𝐸𝐸𝐸𝐴𝐴𝐴𝐴), the CHP electric efficiency (𝜂𝜂𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸), the 

CHP heat efficiency (𝜂𝜂𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇) and the 𝑂𝑂𝑂𝑂𝑂𝑂 described in section 4.2.3 was used to 

obtain the CHP size in kWel (Equation B12) and in kWth (Equation B13). 

Equation B12 Calculations for CHP size (kWel) based on the final gross electric output of the process. 

𝐶𝐶𝐶𝐶𝐶𝐶 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 (𝑘𝑘𝑘𝑘𝑒𝑒𝑒𝑒) =
�(𝐸𝐸𝐸𝐸𝐴𝐴𝐴𝐴 ∗ 𝜂𝜂𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸)/3.6�

𝑂𝑂𝑂𝑂𝑂𝑂
 

Equation B13 Calculations for CHP size (kWth) based on the final gross electric output of the process. 

𝐶𝐶𝐶𝐶𝐶𝐶 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 (𝑘𝑘𝑘𝑘𝑡𝑡ℎ) =
�(𝐸𝐸𝐸𝐸𝐴𝐴𝐴𝐴 ∗ 𝜂𝜂𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇)/3.6�

𝑂𝑂𝑂𝑂𝑂𝑂
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Appendix B.5 
Table B-5 Common biogas upgrading technologies and their technical features. 

Biogas 
Upgrading 
Technology 

Methane 
Recovery 
(V/V %) 

Methane 
Slip  

(%V) 

Electrical 
Demand 

(kWh m-3 biogas) 

Thermal 
Demand  

(kWh m-3 biogas) 

Biomethan
e Purity 

Source 

Water Scrubbing 94% 6.0% 0.45 - 97% (14–16) 
Pressure Swing 

Adsorption 
91% 9.0% 0.335 - 98% (15–17) 

Chemical/Amine 
Scrubbing 90% 10.0% 0.415 0.55 96% (15–17) 

Membrane 
Separation 

99% 0.105% 0.31 - 99% (15–17) 
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Appendix B.6 

The electrical demand (𝐸𝐸𝐸𝐸𝑈𝑈𝑈𝑈) and thermal demand (𝑇𝑇𝑇𝑇𝑈𝑈𝑈𝑈) were calculated in kWh/a 

based on the amount of biogas upgraded (𝑉𝑉𝐴𝐴𝐴𝐴-m3 a-1) using an specific electricity 

demand of 0.45 kWh m-3 biogas (𝑆𝑆𝑆𝑆𝑈𝑈𝑈𝑈) and a thermal demand (𝑇𝑇𝑇𝑇𝑈𝑈𝑈𝑈) of 0 kWh m-3 

biogas for water scrubbing (Table B-5) as per Equation B14 and Equation B15. 

Equation B14 Electrical demand of the biogas upgrading process. 

𝐸𝐸𝐸𝐸𝑈𝑈𝑈𝑈 �
𝑘𝑘𝑘𝑘ℎ
𝑎𝑎

� = 𝑉𝑉𝐴𝐴𝐴𝐴 ∗ 𝑆𝑆𝐸𝐸𝑈𝑈𝑈𝑈 

Equation B15 Thermal demand of the biogas upgrading process. 

𝑇𝑇𝑇𝑇𝑈𝑈𝑈𝑈 �
𝑘𝑘𝑘𝑘ℎ
𝑎𝑎

� = 𝑉𝑉𝐴𝐴𝐴𝐴 ∗ 𝑆𝑆𝐻𝐻𝑈𝑈𝑈𝑈 

It is assumed that to cover the thermal demand of the AD and upgrading process 

(𝑇𝑇𝑇𝑇𝐴𝐴𝐴𝐴 , 𝑇𝑇𝑇𝑇𝑈𝑈𝑈𝑈- kWh a-1) natural gas would be combusted in a boiler to provide the 

thermal energy for the system. Different fuel types (natural gas, oil, and wood chips) 

can be used in a boiler to produce heat, but the efficiency of the boiler (𝜂𝜂𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵) will 

change based on the selected fuel (Table B-6). For the initial analysis, natural gas 

was selected to generate heat, but different types of fuels were compared to assess 

the emission and cost impact that each fuel has on the configuration. 

Table B-6 Boiler efficiency for different types of fuels. 

Boiler Type Efficiency Source 
Natural Gas 90% (18,19) 

Oil 85% (20) 
Wood chips 85% (21) 

 

Taking consideration of the parasitic energy demand of the upgrading process (𝐸𝐸𝐸𝐸𝑈𝑈𝑈𝑈 

and 𝑇𝑇𝑇𝑇𝑈𝑈𝑈𝑈- kWh a-1), the energy efficiency of the biogas upgrading process (𝜂𝜂𝑈𝑈𝑈𝑈) 

was calculated as shown in Equation B16 based on the overall energy output of the 

upgrading process (𝐸𝐸𝐸𝐸𝑈𝑈𝑈𝑈 – kWh a-1) and the overall energy output of the AD process 

(𝐸𝐸𝐸𝐸𝐴𝐴𝐴𝐴- MJ a-1) . 

Equation B16 Energy efficiency of the biogas upgrading process. 

𝜂𝜂𝑈𝑈𝑈𝑈 (%) =
𝐸𝐸𝐸𝐸𝑈𝑈𝑈𝑈

�𝐸𝐸𝐸𝐸𝐴𝐴𝐴𝐴3.6 � +  (𝐸𝐸𝐸𝐸𝑈𝑈𝑈𝑈 + 𝑇𝑇𝑇𝑇𝑈𝑈𝑈𝑈)
∗ 100  
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Appendix B.7 

As part of the calculations for the CAPEX of AD systems for the different 

configurations, AD systems previously installed in Ireland were used to calculate an 

approximate value based on the capital cost reported and feedstock processed. Based 

on a previous assessed system in Ireland, the boiler configuration was set at 72€ 

tfeedstock
-1 a-1 (22). In the case of the CHP configuration, as there is plenty of data on 

CHP systems (Table B-7), a whisker plot (Figure B-1) was used to determine the 

average value for AD systems with CHP units which resulted in 106.84 € tfeedstock
-1 a-

1. For the upgrading configuration, based on the systems installed the average value 

from the literature resulted in 158.67 € tfeedstock
-1 a-1 with a standard deviation of 

29.46. Finally, for the upgrading + CHP configuration, a 15% additional cost was 

considered from the upgrading configuration which resulted in 182.47 € tfeedstock
-1 a-1. 

For this configuration, the connection cost is not required so it was assumed the 

additional 15% came from the purchase of the CHP and boiler (if needed) units. 

Table B-7 CAPEX cost of different AD systems in Ireland 

Type of system Feedstock (t a-1) Capex (k€) Capex (€ t-1 a-1) Source 
AD Plant 12,374 411.33 33.23 (23) 
AD Plant 140,000 2,924 20.88 (24) 

AD Plant + Boiler 2,500 188 72 (22) 
AD Plant + CHP 25,550 1,628.57 63.7405 (25) 
AD Plant + CHP 2,080 345.48 166.095 (26) 
AD Plant + CHP 2,714 400.86 147.7 (26) 
AD Plant + CHP 3,348 456.24 136.27 (26) 
AD Plant + CHP 3,982 511.62 128.48 (26) 
AD Plant + CHP 13,950 1,292.16 92.62 (27) 
AD Plant + CHP 63,250 4,625.55 73.13 (27) 
AD Plant + CHP 118,000 8,338.07 70.66 (27) 
AD Plant + CHP 43,540 2,964.73 68.09 (28) 
AD Plant + CHP 12,374 556.83 45.002 (23) 
AD Plant + CHP 68,000 3,767 55.39 (22) 
AD Plant + CHP 15,000 3,526 235 (22) 

AD Plant + Upgrading 13,000 1,923 147.92 (22) 
AD Plant + Upgrading 55,000 6,816 123.92 (22) 
AD Plant + Upgrading 55,000 8,612 156.58 (22) 
AD Plant + Upgrading 43,540 8,924.51 204.97 (28) 
AD Plant + Upgrading 140,000 22,400 160 (24) 
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Figure B-1 Box and Whisker Plot of CAPEX for AD systems with CHP units. 

  



 

221 
 

Appendix B.8 

The variable cost was calculated based on the total feedstock acquisition cost (𝑇𝑇𝑇𝑇𝑇𝑇, 

€ a-1), the annual electricity expense of the system (𝐶𝐶𝐶𝐶, € a-1), and the annual fuel 

expense (𝐶𝐶𝐶𝐶, € a-1) based on the thermal and electrical demand of the system. The 

feedstock costs (𝑇𝑇𝑇𝑇𝑇𝑇, € a-1) were calculated based on the required feedstock resource 

and the individual feedstock cost (€ twwt
-1) of slurry and grass silage (see Equation 

B17). For the scenarios analysed, the slurry cost (𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶) is assumed to be 0 € twwt
-1 as 

it is produced on the farm, while the grass silage price (𝐹𝐹𝐹𝐹𝐺𝐺𝐺𝐺) was set at 43 € twwt
-1 

based on the average silage cost for 2022 in Ireland (29). 

Equation B17 Total Feedstock Acquisition cost based on the feedstock resource (Grass Silage and Cattle Slurry) 
used for co-digestion in the AD plant. 

𝑇𝑇𝑇𝑇𝑇𝑇 �
€
𝑎𝑎
� = 𝑅𝑅1𝐶𝐶𝐶𝐶 ∗ 𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶 + 𝑅𝑅2𝐺𝐺𝐺𝐺 ∗ 𝐹𝐹𝐹𝐹𝐺𝐺𝐺𝐺 

The annual electricity expense was calculated from two sources, the electricity 

demand of the AD process (𝐸𝐸𝐸𝐸𝐴𝐴𝐴𝐴, kWh a-1) and the biogas upgrading system (𝐸𝐸𝐸𝐸𝑈𝑈𝑈𝑈, 

kWh a-1). This expense only applied to scenarios with the boiler and upgrading 

configuration. To meet the electricity demand, electricity sourced from Ireland’s 

electricity grid was considered with a commercial electricity price (𝑃𝑃𝑃𝑃) for 2022 

based on the consumed amount which ranged between 237 €/MWh to 299 € MWh-1 

(Table B-8) (30). The annual electricity expense for the AD process (𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴) was 

based on the electricity demand of the AD system (𝐸𝐸𝐸𝐸𝐴𝐴𝐴𝐴, kWh a-1) and the electricity 

price (𝑃𝑃𝑃𝑃) (Equation B18). In calculating the electricity expense of the upgrading 

system (𝐶𝐶𝐸𝐸𝑈𝑈𝑈𝑈) the electricity demand of the upgrading process (𝐸𝐸𝐸𝐸𝑈𝑈𝑈𝑈, kWh a-1) will 

depend on the specific electricity demand (𝑆𝑆𝐸𝐸𝑈𝑈𝑈𝑈, kWh m-3biogas) of the biogas 

upgrading technology used and the quantity of biogas available for upgrading (𝑉𝑉𝐴𝐴𝐴𝐴, 

m3 a-1) (Equation B19).  

Equation B18 Annual electricity expense calculation for the AD System. 

𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴 �
€
𝑎𝑎
� =

𝐸𝐸𝐸𝐸𝐴𝐴𝐴𝐴
1000

∗ 𝑃𝑃𝑃𝑃 

Equation B19 Annual electricity expense calculation for the Upgrading System. 

𝐶𝐶𝐸𝐸𝑈𝑈𝑈𝑈 �
€
𝑎𝑎
� =

𝐸𝐸𝐸𝐸𝑈𝑈𝑈𝑈
1000

 ∗ 𝑃𝑃𝑃𝑃 
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The annual fuel expense was sourced from both the thermal demand of the AD 

process (𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴) and the biogas upgrading system (𝐶𝐶𝐻𝐻𝑈𝑈𝑈𝑈) selected. This expense only 

applied to the upgrading scenario (UPG). For both aspects, the cost was derived from 

the use of a specific fuel (natural gas, oil, and wood chips) combusted in a boiler to 

generate heat based on commercial prices (𝑃𝑃𝑃𝑃) for 2022. For natural gas, a price of 

74.1 € MWh-1 was used based on the range of consumption of the systems while for 

the gas oil and fuel chips a delivered energy cost of 154.1 € MWh-1 and 460 € MWh-

1 was used (Table B-8 and B-9) (30). The cost was then calculated based on the 

boiler efficiency (𝜂𝜂𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵, 𝜂𝜂𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵−𝑈𝑈𝑈𝑈𝑈𝑈) used to generate heat for the thermal demand 

of the AD process (𝑇𝑇𝑇𝑇𝐴𝐴𝐴𝐴, MJ a-1) and upgrading process (𝑇𝑇𝑇𝑇𝑈𝑈𝑈𝑈, MJ a-1) (if needed in 

Upgrading + CHP) and then multiplied by the price of fuel (Equation B20 and 

Equation B21). 

Equation B20 Annual fuel expense calculation for the AD system. 

𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴 �
€
𝑎𝑎
� = � 𝑇𝑇𝑇𝑇𝐴𝐴𝐴𝐴

𝜂𝜂𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵/100
� /3600 ∗ 𝑃𝑃𝑃𝑃  

Equation B21 Annual fuel expense calculation for the Upgrading System. 

𝐶𝐶𝐻𝐻𝑈𝑈𝑈𝑈 �
€
𝑎𝑎
� = �

𝑇𝑇𝑇𝑇𝑈𝑈𝑈𝑈
𝜂𝜂𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵−𝑈𝑈𝑈𝑈𝑈𝑈/100 

� /3600 ∗ 𝑃𝑃𝑃𝑃 

 

Table B-8 Commercial electricity cost in Ireland for July 2022 based on a biannual payment. Adapted from SEAI 
Commercial Fuel Cost Comparison (30). 

Consumption Band 
Range of Consumption 

(MWh a-1) 
Average Price 

(€ MWh-1) 
IA <20 299 
IB >=20 <500 237.4 
IC >=500 <2,000 212.2 
ID >=2,000 <20,000 185.5 
IE >=20,000 <70,000 159.6 
IF >=70,000 <150,000 185.9 

 

Table B-9 Commercial cost for natural gas in Ireland for July 2022 based on a biannual payment. Adapted from 
SEAI Commercial Fuel Cost Comparison (30). 

Consumption Band 
Range of Consumption 

(MWh a-1) 
Average Price 

(€ MWh-1) 
I1 <278 74.1 
I2 >=278 <2,778 74.8 
I3 >=2,778 <27,778 61.3 
I4 >=27,778 <277,778 49.3 

 



 

223 
 

Table B-10 Commercial fuel cost in Ireland for July 2022. Adapted from SEAI Commercial Fuel Cost Comparison 
(30). 

Fuel Type Unit of Supply 
Delivered 

Energy Cost 
(€ MWh-1) 

Gas Oil 10ppm Litre 154.1 

Fuel Chips (35% moisture) Kg wet 460 
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Appendix B.9 

To calculate the amount of displaced synthetic fertiliser based on the use of digestate 

as organic fertiliser it was assumed that initially to grow grass for its use as silage 

synthetic fertilizer was spread at an amount of 185 kgN ha-1 to cover the total 

nitrogen requirement of the field (31). Additional to this, slurry was spread as 

organic fertiliser to enrich the content of potassium and phosphorous. To calculate 

the amount of nitrogen in the slurry (𝑁𝑁𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆, kgN a-1) the nitrogen content was 

based in the total solids (Table B-2) assuming a 50% N availability (32). 

To calculate the annual change in nitrogen by using digestate as organic fertiliser 

(∆𝐹𝐹𝑆𝑆𝑆𝑆, kgN a-1), the nitrogen contained in the digestate (𝑁𝑁𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷) was subtracted 

from both the nitrogen of the slurry spread (𝑁𝑁𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆, kgN/a) and the synthetic 

fertiliser used (𝑁𝑁𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒, kgN a-1) as shown in Equation B22. In the case of the 

digestate, the amount of nitrogen contained in both the slurry and the grass silage 

was based on the amount of nitrogen contained in each feedstock total solids (Table 

B-2, Table B-3) assuming a 60% N availability (12). 

Equation B22 Change in synthetic fertiliser based on digestate spread on the farm. 

∆𝐹𝐹𝑆𝑆𝑆𝑆 �
𝑘𝑘𝑘𝑘𝑘𝑘
𝑎𝑎

� = 𝑁𝑁𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 + 𝑁𝑁𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 − 𝑁𝑁𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 

 

Box B1 Calculation of the amount of synthetic fertiliser displaced: 

Scenario- 185 herd size. 

Amount of synthetic fertilizer with slurry. 

The amount of synthetic fertiliser was based on a requirement of 185 kgN ha-1, 

considering a herd size of 185 cows on 46.4 ha of land; this translates to 8,584 

kgN a-1. 

Based on the annual production of the 185-cow herd the total wet weight of the 

slurry amounts to 1,098.9 tFW a-1 (as per Equation B1 on Appendix B1). 

Assuming the total solids of the slurry accounts for 6.5% (Table B-2) of the wet 

weight that translates to 71.43 t a-1, converting to kg the total will be 71,430 kg a-1.  

Assuming the nitrogen content in the total solids is 2% (Table B-2) the nitrogen 

content in the slurry will be 1,429 kgN a-1, and considering that slurry has a has a 
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50% N availability the total available nitrogen will be 715 kgN a-1 (𝑁𝑁𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆). This 

results in a total of 9,299 kgN a-1 spread on the land. 

Amount of synthetic fertilizer with digestate. 

To calculate the amount of nitrogen contained in the digestate the nitrogen 

contained in both feedstocks (cattle slurry and grass silage) was calculated. From 

the previous calculation the nitrogen found in the slurry accounts for 1,429 kgN a-

1.  

For the first cut of grass, the total fresh weight amounts to 1,109.7 tFW a-1 (as per 

Equation B2 on Appendix B2). Assuming a total solids content of 29.27% (Table 

B-3), this equates to 324.8 t a-1, or 324,800 kg a-1. Assuming the nitrogen content 

in the total solids is 1.7% (Table B-3) the nitrogen content will be 5,421 kgN a-1. 

For the second cut of grass, the total fresh weight amounts to 1039.8 tFW a-1 (as 

per Equation B2 of Appendix B2). Assuming a total solids content of 17.85% 

(Table B-3), this equates to 185.6 t a-1, or 185,600 kg a-1. Assuming the nitrogen 

content in the total solids is 1% (Table B-3) the nitrogen content will be 1,856 kgN 

a-1.  

Adding the three sources of nitrogen above, the digestate has a total nitrogen 

content of 8,706 kgN a-1. Assuming the digestate has a 60% N availability, the 

total available nitrogen will be 5,224 kgN a-1 (𝑁𝑁𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷). 

Inputting the three values into equation B22: 

 

∆𝐹𝐹𝑆𝑆𝑆𝑆 �
𝑘𝑘𝑘𝑘𝑘𝑘
𝑎𝑎

� = 𝑁𝑁𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 + 𝑁𝑁𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 − 𝑁𝑁𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 

∆𝐹𝐹𝑆𝑆𝑆𝑆 �
𝑘𝑘𝑘𝑘𝑘𝑘
𝑎𝑎

� = 715 + 8,584 − 5,224 

∆𝐹𝐹𝑆𝑆𝑆𝑆 �
𝑘𝑘𝑘𝑘𝑘𝑘
𝑎𝑎

� = 4,075 
 
The amount of synthetic fertilizer required to meet the nitrogen demand of the 

field will be 4,075 kgN a-1 (88 kgN ha-1). Accounting for the nitrogen of the 

digestate, this results in a nitrogen demand of 9,299 kgN a-1 to meet the 

requirements of the field. 
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Thus, a total of 4,509 kgN a-1 (8,584 kgN a-1 – 4,075 kgN a-1) of synthetic fertiliser 

will be displaced which represents a reduction of 97 kgN per hectare. 

Appendix B.10 

For the emissions generated through the cultivation (𝑒𝑒𝑒𝑒𝑒𝑒,𝑛𝑛) and savings from 

improved agricultural management (𝑒𝑒𝑠𝑠𝑠𝑠𝑠𝑠,𝑛𝑛) from grass silage the calculations of 

Long et al. (33) were used. This includes the calculations for the emissions generated 

from the direct and indirect application of fertilisers and pesticides and the carbon 

sequestration savings. To calculate the total emissions generated by the direct 

application of each agro-chemical (synthetic fertiliser, pesticides, and herbicides) the 

amount used of each different chemical was multiplied by its respective emissions 

factors (Table B-11) and by the number of hectares used to grow the grass silage in 

the farm. Regarding the amount of nitrogen fertiliser used, the amount of synthetic 

fertilizer required per hectare (𝐹𝐹𝑆𝑆𝑆𝑆) was based on the change in synthetic fertilizer 

(∆𝐹𝐹𝑆𝑆𝑆𝑆) from the use of the digestate as biofertiliser. 

Table B-11 Emissions Factors from fertiliser and pesticides used during the cultivation of Grass Silage. Adapted 
from Long et al. (33). 

Fertiliser and Pesticides for 
Grass Cultivation 

Fertiliser Required 
(kg ha-1 a-1) 

Emissions Factor 
(gCO₂eq ha-1 a-1) 

N 𝐹𝐹𝑆𝑆𝑆𝑆 5917.2 
P2O5 89.1 1013.5 
K20 370.5 579.3 
CaO 1500 130 

Pesticides / Herbicides 0.72 11025.7 
 

As part of the emissions generated during cultivation (𝑒𝑒𝑒𝑒𝑒𝑒,𝑛𝑛), the direct and indirect 

N2O emissions generated from the application of the nitrogen synthetic fertiliser and 

the organic fertiliser were also calculated. This includes the direct N2O emissions 

from managed soils, the Indirect N2O emissions from atmospheric deposition, and 

the indirect N2O emissions from leaching/runoff which were calculated with the 

following equations based on the Tier 1 IPCC methodology for managed soils (34). 

Equation B23 Direct N2O-N emissions from managed soils. 

𝑁𝑁2𝑂𝑂𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 − 𝑁𝑁 = (𝐹𝐹𝑆𝑆𝑆𝑆 ∗ 𝐸𝐸𝐸𝐸1(𝑆𝑆𝑆𝑆𝑆𝑆)) + (𝐹𝐹𝑂𝑂 ∗ 𝐸𝐸𝐸𝐸1(𝑂𝑂𝑂𝑂𝑂𝑂)) 

Equation B24 Indirect N2O-N emissions from atmospheric deposition of N volatilised from managed soils. 

𝑁𝑁2𝑂𝑂(𝐴𝐴𝐴𝐴𝐴𝐴) − 𝑁𝑁 = [(𝐹𝐹𝑆𝑆𝑆𝑆 ∗ 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺) + (𝐹𝐹𝑂𝑂 ∗ 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺)] ∗ 𝐸𝐸𝐸𝐸4 
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Equation B25 Indirect N2-O-N emissions from N leaching/runoff from managed soils. 

𝑁𝑁2𝑂𝑂(𝐿𝐿) − 𝑁𝑁 = (𝐹𝐹𝑆𝑆𝑆𝑆 + 𝐹𝐹𝑂𝑂) ∗ 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 ∗ 𝐸𝐸𝐸𝐸5 

Where, 𝐹𝐹𝑆𝑆𝑆𝑆 is the annual amount of synthetic fertiliser per hectare (kg ha-1 a-1 - after 

displacement), 𝐹𝐹𝑂𝑂 is the amount of organic fertiliser spread per hectare (kg ha-1 a-1 - 

digestate), 𝐸𝐸𝐸𝐸1 is the emissions factor for N2O emissions from N inputs (kgN2O-N 

kgN-1 input), 𝐸𝐸𝐸𝐸4 is the emissions factor for N2O emissions from atmospheric 

deposition of N on soils (kgN2O-N kgN-1 input) and 𝐸𝐸𝐸𝐸5 is the emission factor for 

N2O emissions from leaching and runoff (kgN2O-N  kgN-1 input). In Equation B24, 

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 represents the fraction of synthetic fertiliser that volatilises and  𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 

represents the fraction of organic fertiliser that is deposited in the soil. In Equation 

B25, 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 represents the fraction of both organic and synthetic fertiliser of all 

N mineralised through leaching or runoff. To obtain the carbon intensity of the N2O 

emissions (CO2-eq) the N2O-N emissions were converted to N2O emissions by 

multiplying by the conversion factor (44/28) and by the global warming potential 

(GWP) for N2O (298 CO2-eq) (33). The emissions factors and fractions used were 

based on Ireland from the National Inventory Report as shown in Table B-12 (35). 

Table B-12 Information related to Direct and Indirect N20 emissions from managed soils. Adapted from the 
National Inventory Report for Ireland 2021 (35). 

Parameter Emissions Factor Unit 

𝑬𝑬𝑬𝑬𝟏𝟏(𝑺𝑺𝑺𝑺𝑺𝑺) 0.0124 Kg N20-N Kg N-1 

𝑬𝑬𝑬𝑬𝟏𝟏(𝑶𝑶𝑶𝑶𝑶𝑶) 0.006 Kg N20-N Kg N-1 

𝑬𝑬𝑬𝑬𝟒𝟒 0.01 Kg N20-N Kg N-1 

𝑬𝑬𝑬𝑬𝟓𝟓 0.011 Kg N20-N Kg N-1 

𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑮𝑮𝑮𝑮𝑮𝑮𝑮𝑮 0.025 
kg N volatilised per kg of N applied 

(synthetic fertilizer) 

𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑮𝑮𝑮𝑮𝑮𝑮𝑮𝑮 0.085 kg N volatilised per kg of N applied 
(organic fertilizer) 

𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳 0.1 kg N per kg of N additions 

 

Box B2 Calculation of the emissions savings from the displacement of synthetic 

fertiliser: 

Scenario- 185 herd size. 

Direct emissions from fertiliser use. 

To calculate the total emissions generated by the direct application of synthetic 

fertiliser before and after the use of digestate, the amount used of each different 
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chemical was multiplied by its respective emissions factors (Table B-11), 

multiplied by the area of land considering a herd size of 185 cows on 46.4 ha of 

land, and then converted from gCO₂eq a-1 to kgCO₂eq a-1. 

Direct Emissions with slurry as organic fertiliser 
 

Fertiliser and Pesticides 
for Grass Cultivation 

Fertiliser Required  
(kg ha-1 a-1) 

Emissions Factor 
(gCO₂eq kg-1 Fertilizer) 

Yearly Emissions  
(kg CO2eq a-1) 

N 185 5,917.2 50,793.5 
P2O5 89.1 1,013.5 4,191.3 
K20 370.5 579.3 9,958 
CaO 1,500 130 9,045.7 

Pesticides / Herbicides 0.72 11,025.7 368.4 
Total Yearly Emissions (kg CO2eq a-1) 74,356.9 

 
Direct Emissions with digestate as organic fertiliser 
 

Fertiliser and Pesticides 
for Grass Cultivation 

Fertiliser Required  
(kg ha-1 a-1) 

Emissions Factor 
(gCO₂eq kg-1 Fertilizer) 

Yearly Emissions  
(kg CO2eq a-1) 

N 88 5,917.2 24,161.2 
P2O5 89.1 1,013.5 4,191.3 
K20 370.5 579.3 9,958 
CaO 1500 130 9,045.7 

Pesticides / Herbicides 0.72 11,025.7 368.4 
Total Yearly Emissions (kg CO2eq a-1) 47,724.6 

 
The initial emissions with slurry as organic fertiliser were 74,356.9 kgCO₂eq a-1, 

and reduced to 47,724.6 kgCO₂eq a-1 by using digestate as organic fertiliser. This 

change results in a total savings of 26,632.3 kgCO₂eq a-1 from the direct 

application of less synthetic fertiliser. 

Direct and indirect N2O emissions from fertiliser use. 

Direct and Indirect N2O  Emissions with slurry as organic fertiliser 

To obtain the direct and indirect emission N2O emissions generated from the 

application of the nitrogen synthetic fertiliser and the slurry (organic fertiliser) we 

substitute the values in equation B23, B24 and B25 to obtain the N2O-N emitted 

by each fertiliser. The emissions factors and fractions used were based on the 

National Inventory Report for Ireland 2021 (Table B-12). 

𝑁𝑁2𝑂𝑂𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 − 𝑁𝑁 = (𝐹𝐹𝑆𝑆𝑆𝑆 ∗ 𝐸𝐸𝐸𝐸1(𝑆𝑆𝑆𝑆𝑆𝑆)) + (𝐹𝐹𝑂𝑂 ∗ 𝐸𝐸𝐸𝐸1(𝑂𝑂𝑂𝑂𝑂𝑂)) 
𝑁𝑁2𝑂𝑂𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 − 𝑁𝑁 = (185 ∗ 0.0124) + (15.4 ∗ 0.006) 

𝑁𝑁2𝑂𝑂𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 − 𝑁𝑁 = 2.39 
 

𝑁𝑁2𝑂𝑂(𝐴𝐴𝐴𝐴𝐴𝐴) − 𝑁𝑁 = [(𝐹𝐹𝑆𝑆𝑆𝑆 ∗ 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺) + (𝐹𝐹𝑂𝑂 ∗ 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺)] ∗ 𝐸𝐸𝐸𝐸4 
𝑁𝑁2𝑂𝑂(𝐴𝐴𝐴𝐴𝐴𝐴) − 𝑁𝑁 = [(185 ∗ 0.025) + (15.4 ∗ 0.085)] ∗ 0.01 
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𝑁𝑁2𝑂𝑂(𝐴𝐴𝐴𝐴𝐴𝐴) − 𝑁𝑁 = 0.06 
 

𝑁𝑁2𝑂𝑂(𝐿𝐿) − 𝑁𝑁 = (𝐹𝐹𝑆𝑆𝑆𝑆 + 𝐹𝐹𝑂𝑂) ∗ 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 ∗ 𝐸𝐸𝐸𝐸5 
𝑁𝑁2𝑂𝑂(𝐿𝐿) − 𝑁𝑁 = (185 + 15.4) ∗ 0.1 ∗ 0.011 

𝑁𝑁2𝑂𝑂(𝐿𝐿) − 𝑁𝑁 = 0.22 
 
The total N2O-N emissions from synthetic fertiliser and slurry (organic fertiliser) 

accounts to a total of 2.67 kg N2O-N /ha/yr. The emissions were then converted 

from N2O-N emissions to N2O emissions multiplying by a conversion factor 

(44/28) which results in 4.19 kg N2O ha-1 a-1. Considering that the global warming 

potential of N2O is 298 and the area of land (46.4 ha) based on a herd size of 185 

cows the total emissions account for 58,015 kgCO₂eq a-1 emitted. 

Direct and Indirect N2O  Emissions with digestate as organic fertiliser 

To obtain the direct and indirect emission N2O emissions generated from the 

application of the nitrogen synthetic fertiliser and the digestate (organic fertiliser) 

we substitute the values in equation B23, B24 and B25 to obtain the N2O-N 

emitted by each fertiliser. The emissions factors and fractions used were based on 

the National Inventory Report for Ireland 2021 (Table B-12). 

𝑁𝑁2𝑂𝑂𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 − 𝑁𝑁 = (𝐹𝐹𝑆𝑆𝑆𝑆 ∗ 𝐸𝐸𝐸𝐸1(𝑆𝑆𝑆𝑆𝑆𝑆)) + (𝐹𝐹𝑂𝑂 ∗ 𝐸𝐸𝐸𝐸1(𝑂𝑂𝑂𝑂𝑂𝑂)) 
𝑁𝑁2𝑂𝑂𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 − 𝑁𝑁 = (88 ∗ 0.0124) + (112.6 ∗ 0.006) 

𝑁𝑁2𝑂𝑂𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 − 𝑁𝑁 = 1.77 
 

𝑁𝑁2𝑂𝑂(𝐴𝐴𝐴𝐴𝐴𝐴) − 𝑁𝑁 = [(𝐹𝐹𝑆𝑆𝑆𝑆 ∗ 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺) + (𝐹𝐹𝑂𝑂 ∗ 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺)] ∗ 𝐸𝐸𝐸𝐸4 
𝑁𝑁2𝑂𝑂(𝐴𝐴𝐴𝐴𝐴𝐴) − 𝑁𝑁 = [(88 ∗ 0.025) + (112.6 ∗ 0.085)] ∗ 0.01 

𝑁𝑁2𝑂𝑂(𝐴𝐴𝐴𝐴𝐴𝐴) − 𝑁𝑁 = 0.12 
 

𝑁𝑁2𝑂𝑂(𝐿𝐿) − 𝑁𝑁 = (𝐹𝐹𝑆𝑆𝑆𝑆 + 𝐹𝐹𝑂𝑂) ∗ 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 ∗ 𝐸𝐸𝐸𝐸5 
𝑁𝑁2𝑂𝑂(𝐿𝐿) − 𝑁𝑁 = (88 + 112.6) ∗ 0.1 ∗ 0.011 

𝑁𝑁2𝑂𝑂(𝐿𝐿) − 𝑁𝑁 = 0.22 
 
The total N2O-N emissions from synthetic fertiliser and slurry (organic fertiliser) 

accounts to a total of 2.11 kg N2O-N ha-1 a-1. The emissions were then converted 

from N2O-N emissions to N2O emissions multiplying by a conversion factor 

(44/28) which results in 3.32 kg N2O ha-1 a-1. Considering that the global warming 

potential of N2O is 298 and the area of land (46.4 ha) based on a heard size of 185 

cows the total emissions account for 45,847 kgCO₂eq a-1 emitted. 
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Subtracting the emissions generated from spreading slurry with synthetic fertiliser 

(58,015 kgCO₂eq a-1) from the emissions generated spreading digestate with 

synthetic fertiliser (45,847 kgCO₂eq a-1), the change of organic fertiliser results in a 

total savings of 12,168 kgCO₂eq a-1. 

Adding the savings from direct application (26,632.3 kgCO₂eq a-1) and from direct 

and indirect N2O emissions (12,168 kgCO₂eq a-1), a total emissions savings of 

38,800 kgCO₂eq a-1 is obtained from the displacement of synthetic fertiliser. 

 

For the savings from agricultural management (𝑒𝑒𝑠𝑠𝑠𝑠𝑠𝑠,𝑛𝑛) emissions savings were 

assumed to be 2.2 tCO₂ ha-1 a-1 based on the soil carbon sequestration from the grass 

silage (33). In the case of slurry, there are no emissions associated with cultivation 

(𝑒𝑒𝑒𝑒𝑒𝑒,𝑛𝑛) so these were assumed to be zero.  For the carbon sequestration savings 

(𝑒𝑒𝑠𝑠𝑠𝑠𝑠𝑠,𝑛𝑛 ), based on the RED II methodology a bonus of -54 kgCO2eq twwt
-1 was used 

as manure used in the AD process as a substrate is considered attributed to 

improvements in manure management which reduce associated fugitive methane e 

missions (36). 

The emissions from the transport of feedstock for both slurry and grass silage 

(𝑒𝑒𝑡𝑡𝑡𝑡,𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,𝑛𝑛) were considered zero as it is assumed that both feedstocks were 

produced on the farm under analysis. The same applied to the emissions from carbon 

stock changes (𝑒𝑒𝑙𝑙,𝑛𝑛) as there is no land-use change considered for the farm under 

analysis. The emissions from production (𝑒𝑒𝑝𝑝) were considered to come from methane 

leaks during the AD and upgrading processes, from fuel (natural gas, oil, and wood 

chips) used to cover the thermal demand of the processes and from the use of 

electricity from the electricity grid. To calculate the emissions from fuel and 

electricity use, emissions factors recommended for Ireland were used as shown in 

Table B-13. Finally, the emissions from methane leaks were obtained based on a 

GWP of 25 CO2-eq (33). For the anaerobic digestion process a methane leak of 2% 

was considered while the methane leak from upgrading due methane slip 

(𝐶𝐶𝐻𝐻4𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑈𝑈𝑈𝑈) a regenerative thermal oxidiser at the end of the upgrading process was 

considered to reduce the methane concentration in the off-gas by 99. 5% (37). 
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Table B-13 Emissions factor for CO2 per unit of energy for fuels. Values of electricity and natural gas change 
annually. Adapted from the SEIA Conversion Factors for energy use in Ireland (37). 

Emissions Factor Energy gCO₂ kWh-1 

Electricity 2020 295.8 

Natural Gas 2021 202.2 

Fuel Oil 273.6 

Woodchips 0 

Diesel 263.9 

 

For the scenarios that considered the upgrading configurations it was assumed that 

the biomethane would be transported through the natural gas grid, so the emissions 

generated from transport and distribution (𝑒𝑒𝑡𝑡𝑡𝑡,𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝) were considered to be 1.22 

gCO2eq per MJbiomethane based on previous studies (33). For the emissions from the 

fuel in use (𝑒𝑒𝑢𝑢) these were set to be zero as the RED II methodology recommends 

that the emissions from the combustion of biomass fuels shall be taken as zero. The 

emissions savings from CO2 capture and geological storage (𝑒𝑒𝑐𝑐𝑐𝑐𝑐𝑐) and CO2 capture 

and replacement of fossil fuels (𝑒𝑒𝑐𝑐𝑐𝑐𝑐𝑐) were considered zero for this analysis.  

To calculate the emissions saved from the displacement of synthetic fertilizer 

replaced by digestate (𝑒𝑒𝑓𝑓𝑓𝑓) the emission generated during cultivation and the direct 

and indirect emissions generated from the application of synthetic fertiliser (185 kgN 

ha-1) and organic fertiliser (slurry) used originally in the farm were subtracted from 

the emissions generated from the amount of synthetic fertiliser displaced (∆𝐹𝐹𝑆𝑆𝑆𝑆- kgN 

a-1) from the use of digestate as organic fertiliser. The savings are then obtained 

subtracting the total emissions calculated previously for cultivation (𝑒𝑒𝑒𝑒𝑒𝑒,𝑛𝑛) using 

digestate from the base case without organic fertiliser which considers the original 

amount of synthetic fertilizer (𝐹𝐹𝑆𝑆𝑆𝑆- 185 kg ha-1 a-1) and slurry as the organic fertiliser 

(𝐹𝐹𝑂𝑂). 

The emissions saved from displacement of energy (𝑒𝑒𝑓𝑓𝑓𝑓) consider the electricity and 

heat displaced from the energy output of the configurations (𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐶𝐶,𝐻𝐻𝐻𝐻𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 and 

𝐸𝐸𝐸𝐸𝐶𝐶𝐶𝐶𝐶𝐶- kWh a-1) and from the amount of fuel displaced (diesel) if biomethane is 

used as a transport fuel. For the emissions saved from fuel displaced, it was assumed 

that biomethane would be used in the form of compressed natural gas (CNG), based 

on this assumption the energy output of the biomethane (𝐸𝐸𝐸𝐸𝑈𝑈𝑈𝑈 -kWh a-1) was 

multiplied by the average fuel consumption factor of CNG relative to diesel 
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considered for this study to be 88% based on literature values (38), and multiplied by 

the emissions factor of diesel for Ireland (Table B-13). Finally, the emissions from 

energy displaced were obtained for heat by multiplying the heat output of the CHP 

and Boiler configuration (𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐶𝐶,𝐻𝐻𝐻𝐻𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵- kWh a-1) by the emissions factor of 

natural gas while for electricity the electricity produced by the CHP configuration 

(𝐸𝐸𝐸𝐸𝐶𝐶𝐶𝐶𝐶𝐶 -kWh a-1) was multiplied by the emissions factor for electricity (Table B-13). 

The emissions savings from the displacement of heat and electricity are based on the 

current emissions generated from the production of natural gas (202 gCO₂ kWh-1) 

and electricity (346 gCO₂ kWh-1) for Ireland for 2021 (39). 

 



 

 
 

23
3 

Appendix B.11 
Table B-14 Summary of the annual operative cost for each of the 16 scenarios assessed divided by the end-gas configuration and herd size. 

Configuration 
Herd 
Size Labour Maintenance Insurance 

Administrative 
Cost 

Electricity 
Cost 

Fuel 
Cost 

Feedstock 
Cost 

Total Annual 
Cost 

Boiler 

40 €5,160 €1,354 €677 €451 €1,874 €0 €16,732 €26,248 

60 €5,160 €2,301 €1,150 €767 €3,185 €0 €30,477 €43,040 

100 €5,160 €3,725 €1,862 €1,242 €5,156 €0 €48,603 €65,747 

185 €5,160 €7,016 €3,508 €2,339 €7,712 €0 €92,426 €118,161 

CHP 

40 €5,160 €2,009 €1,004 €670 €0 €0 €16,732 €25,575 

60 €5,160 €3,414 €1,707 €1,138 €0 €0 €30,477 €41,896 

100 €5,160 €5,527 €2,763 €1,842 €0 €0 €48,603 €63,896 

185 €5,160 €10,412 €5,206 €3,471 €0 €0 €92,426 €116,674 

UPG 

40 €15,480 €2,983 €1,492 €994 €8,724 €2,623 €16,732 €49,029 

60 €15,480 €5,070 €2,535 €1,690 €15,579 €4,233 €30,477 €75,065 

100 €15,480 €8,208 €4,104 €2,736 €24,949 €6,505 €48,603 €110,586 

185 €15,480 €15,462 €7,731 €5,154 €47,320 €11,576 €92,426 €195,150 

UPG+CHP 

40 €15,480 €3,431 €1,715 €1,144 €0 €0 €16,732 €38,502 

60 €15,480 €5,831 €2,915 €1,944 €0 €0 €30,477 €56,647 

100 €15,480 €9,439 €4,720 €3,146 €0 €0 €48,603 €81,388 

185 €15,480 €17,782 €8,891 €5,927 €0 €0 €92,426 €140,506 

 
.  
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Appendix B.12 
Table B-16 Summary of the annual emissions savings, and emissions generated in kg CO2eq for each of the 16 scenarios assessed divided by the end-gas configuration and herd size. 

Configuration Herd 
Size 

Emissions Savings Emissions Generated 

Energy 
Replacement 
(Electricity 
and Heat) 

Fuel 
Replacement 

(Diesel) 

Carbon 
Sequestration 

Savings 
from 

fertiliser 
displacement 

Slurry 
Management 

(-54 kg 
CO2eq tFW-

1) 

Fertiliser 
Direct 

Emissions 

N2O 
emissions 

from 
fertiliser 

application 

Biogas 
Production 

Emissions 
from 

Upgrading 

Emissions 
From 

Process 
Leakage 

 

Grid 
Transport 

Net GHG 
Emissions 

Boiler 

40 -56877 0 -17383 -7230 -762 8000 7808 1854 0 14823 0 -49767 
60 -103726 0 -31997 -13084 -951 14782 14223 3151 0 26526 0 -91076 

100 -166429 0 -50914 -20895 -1653 23503 22682 5101 0 42462 0 -146143 
185 -317952 0 -96955 -39701 -2979 44779 43134 9609 0 80558 0 -279508 

CHP 

40 -60924 0 -17383 -7230 -762 8000 7808 0 0 12970 0 -57521 
60 -111210 0 -31997 -13084 -951 14782 14223 0 0 23376 0 -104862 

100 -178327 0 -50914 -20895 -1653 23503 22682 0 0 37362 0 -168243 
185 -340623 0 -96955 -39701 -2979 44779 43134 0 0 70949 0 -321397 

UPG 

40 0 -75713 -17383 -7230 -762 8000 7808 8295 8836 30101 1436 -36611 
60 0 -136461 -31997 -13084 -951 14782 14223 13547 15936 52858 2589 -68558 

100 0 -218109 -50914 -20895 -1653 23503 22682 21076 25467 83904 4138 -110801 
185 0 -414185 -96955 -39701 -2979 44779 43134 38039 48365 157352 7858 -214293 

UPG+CHP 

40 0 -55333 -17383 -7230 -762 8000 7808 0 0 12919 1050 -50931 
60 0 -100078 -31997 -13084 -951 14782 14223 0 0 23285 1899 -91921 

100 0 -159838 -50914 -20895 -1653 23503 22682 0 0 37217 3033 -146865 
185 0 -303671 -96955 -39701 -2979 44779 43134 0 0 70675 5761 -278957 

 

.
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Appendix C 

Appendix C.1 
Table C-26 Results from the anaerobic digestion process for the base case scenario of the 4 different farm scales. 

Anaerobic Digestion Results 

Farm Size 40 60 100 185 
Slurry Feedstock 

(twwt a-1) 
238 356 594 1,099 

Grass Silage 
Feedstock First 

Cut (twwt a-1) 
201 366 584 1,110 

Grass Silage 
Feedstock Second 

Cut  
(twwt a-1) 

188 343 547 1,040 

Total Mass of 
Fedstock 
(twwt a-1) 

627 1,065 1,724 3,248 

Digestate Mass (t 
a-1) 

539 906 1,470 2,766 

N content of 
Digestate  
(kg a-1) 

1651 2908 4671 8843 

Biogas Production  
(m3 a-1) 66,381 119,717 191,321 363,346 

Gross Energy 
Ouput (MJ a-1) 

1,252,600 2,257,613 3,608,398 6,852,268 

Electric Demand 
(kWh a-1) 6,267 10,652 17,243 32,483 

Thermal Demand 
(MJ a-1) 114,686 185,101 284,425 506,172 
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Appendix C.2 
Table C.27 Main energy outputs and energy demands of the different configurations of the 16 base case 
scenarios. 

Biogas end-use Configurations 

Configuration Farm Size 40 60 100 185 

B
oi

le
r 

(B
) Net Heat Output (MWh a-1) 281,293 512,986 823,093 1,572,464 

Boiler Size (kWth) 38 68 109 207 

C
H

P 

Net Heat Output (kWh a-1) 159,604 290,360 467,264 896,754 

Net Electrical output (kWh a-1) 100,983 177,483 283,457 538,539 

CHP size (kWe) 13 23 36 69 

U
pg

ra
di

ng
 (U

) Electric Demand (kWh a-1) 29872 53873 86095 163506 

Biomethane Produced (m3 a-1) 34002 61283 97950 186004 

Off gas Methane Content (kg a-

1) 7.5 13.5 21.7 41.1 

U
PG

+C
H

P 
(U

+C
H

P)
 

Biogas Input for the CHP unit 
(m3 a-1) 17,869 31,919 51,114 96,949 

Biogas for Upgrading (m3 a-1) 48,513 87,798 140,207 266,397 

Biomethane Produced (m3 a-1) 24,849 44,943 71,781 136,374 

CHP size (KWe) 3.40 6.08 9.73 18.45 

CHP Electric Output (kWh a-1) 28,098 50,161 80,336 152,362 

CHP Heat Output (kWh a-1) 48,703 86,945 139,250 140,603 

Off gas Methane Content (kg a-

1) 5.5 9.9 15.9 30.1 
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Appendix C.3 

 
Figure C.9 Results of the sensitivity analysis of B and CHP configurations for on-farm anaerobic digestion based 
on a herd of 100 dairy cows. The results for each cell indicate a change in abatement cost, NPV and annual 
GHG emissions with a ± 10% alteration in the parameter considered (e.g. SSRH, CAPEX or feedstock cost) 
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Figure C.10 Results of the sensitivity analysis of U and U+CHP configurations for on-farm anaerobic digestion 
based on a herd of 100 dairy cows. The results for each cell indicate a change in abatement cost, NPV and 
annual GHG emissions with a ± 10% alteration in the parameter considered (e.g. SSRH, CAPEX or feedstock 
cost) 
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Figure C.11 Results of the sensitivity analysis of B and CHP configurations for on-farm anaerobic digestion 
based on a herd of 60 dairy cows. The results for each cell indicate a change in abatement cost, NPV and annual 
GHG emissions with a ± 10% alteration in the parameter considered (e.g. SSRH, CAPEX or feedstock cost) 
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Figure C.12 Results of the sensitivity analysis of U and U+CHP configurations for on-farm anaerobic digestion 
based on a herd of 60 dairy cows. The results for each cell indicate a change in abatement cost, NPV and annual 
GHG emissions with a ± 10% alteration in the parameter considered (e.g. SSRH, CAPEX or feedstock cost) 
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Figure C.13 Results of the sensitivity analysis of B and CHP configurations for on-farm anaerobic digestion 
based on a herd of 40 dairy cows. The results for each cell indicate a change in abatement cost, NPV and annual 
GHG emissions with a ± 10% alteration in the parameter considered (e.g. SSRH, CAPEX or feedstock cost) 
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Figure C.14 Results of the sensitivity analysis of U and U+CHP configurations for on-farm anaerobic digestion 
based on a herd of 40 dairy cows. The results for each cell indicate a change in abatement cost, NPV and annual 
GHG emissions with a ± 10% alteration in the parameter considered (e.g. SSRH, CAPEX or feedstock cost) 
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Appendix C.4 

 
Figure C.15 Cumulative distribution function of the Net Present Value for the 4 biogas-end use configurations 
for a herd size of 100. 

 
Figure C.16 Cumulative distribution function of the Net Present Value for the 4 biogas-end use configurations 
for a herd size of 60. 
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Figure C.17 Cumulative distribution function of the Net Present Value for the 4 biogas-end use configurations 
for a herd size of 40. 
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Appendix C.5 

 
Figure C.18 Probability chart for different confidence interval ranges of abatement cost and abatement potential 
of different on-farm AD systems for a heard size of 100 accounting for uncertainty. The colour band delimits the 
probability of a result from a 100% probability (yellow) to a 20% probability (blue) of the scenario to achieve 
the delimited range of abatement cost and potential.  

 
Figure C.19 Probability chart for different confidence interval ranges of abatement cost and abatement potential 
of different on-farm AD systems for a heard size of 60 accounting for uncertainty. The colour band delimits the 
probability of a result from a 100% probability (yellow) to a 20% probability (blue) of the scenario to achieve 
the delimited range of abatement cost and potential.  
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Figure C.20 Probability chart for different confidence interval ranges of abatement cost and abatement potential 
of different on-farm AD systems for a heard size of 40 accounting for uncertainty. The colour band delimits the 
probability of a result from a 100% probability (yellow) to a 20% probability (blue) of the scenario to achieve 
the delimited range of abatement cost and potential.  
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Appendix D 

Appendix D.1 

To calculate the reciprocating compressor power required in kW a reciprocating 

compressor calculator from CheCalc was used (1). This application estimates the 

overall power required based on input data from the gas mixture and the compressor 

data. For the calculations, the properties of biogas were based on an overall 

concentration of 60%vol of methane with the remainder 40%vol of the mixture 

assumed to be carbon dioxide. The input data for the gas can be found in table D-1 

and for the compressor in table D-2. 

Table D-1 Physicochemical properties for the biogas mixture for compression from the AD plants to a 
centralised unit. 

Gas Data 
Parameter Unit Source 

Inlet Pressure 1.013 bar (1) 
Temperature 15 °C (1) 

Outlet Pressure 1.163 bar (1) 

Gas Flowrate at 
compressor inlet 0.82 m3 s-1 

(Based on the maximum 
flow rate of the biogas AD 

plants) 
Critical Pressure 42.3 bar (2) 

Critical Temperature 82.5 °C (2) 
Acentric Factor 0.228 ω (2) 

Molecular Weight 16.04 (2) 
cp cv-1 ratio 1.307 (3) 

 

Table D-2 Technical properties for the reciprocator compressor for the AD plants to a centralised unit 

Compressor Data 
Parameter Unit Source 

Number of Stages 1 (4) 
Polytropic Efficiency 80 ηPoly (4,5) 

Interstage Pressure drop 0.15 bar  
Intercooler No (5) 

Mechanical Efficiency 97 ηMech (5) 
Compression Ratio Equal Assumed 
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Appendix D.2 
Table D-3 Operational cost of the AD-UF scenario for the 10 AD plants. 

AD plant 
Fixed 

Operating 
Costs 

Electricity 
Cost 

Feedstock Cost Transmission 
Cost 

1 €46,792 €37,866 €131,297 €6,061 

2 €44,526 €34,814 €120,134 €5,572 

3 €42,264 €31,766 €108,984 €5,084 

4 €40,001 €28,718 €97,835 €4,597 

5 €37,734 €25,665 €86,666 €4,108 

6 €35,568 €22,747 €75,992 €3,641 

7 €33,301 €19,694 €64,823 €3,152 

8 €31,038 €16,646 €53,674 €2,664 

9 €28,776 €13,598 €42,524 €2,177 

10 €26,509 €10,545 €31,356 €1,688 

Totals €366,509.87 €242,061.02 €813,284.69 €38,744.07 

 

Table D-4 Operational cost of the AD-CUP scenarios for the 10 AD plants. 

AD plant 
Fixed 

Operating 
Costs 

Electricity 
Cost 

Feedstock Cost 

1 €11,449.92 €50,442.64 €131,321.24 

2 €11,063.95 €49,534.62 €120,133.63 

3 €10,677.98 €48,629.69 €108,984.07 

4 €10,292.01 €47,724.76 €97,834.51 

5 €9,906.04 €46,818.29 €86,665.93 

6 €9,536.15 €45,951.97 €75,992.04 

7 €9,150.18 €45,045.49 €64,823.45 

8 €8,764.20 €44,140.56 €53,673.89 

9 €8,378.23 €43,235.63 €42,524.34 

10 €7,992.26 €42,329.16 €31,355.75 

Totals €97,210.91 €463,852.83 €813,308.85 
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