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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 € tCO2¢q! to +816 € tCO2¢q\. 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

vil



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 (N20),

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



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%~vo1) 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
(CNGQG) 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.



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:

1.

il

1il.

Identify economic and environmental parameters to evaluate within the system
boundary of an on-farm AD system.

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

Vil.

Viil.

farm AD to determine if additional sources of income are required to integrate
on-farm AD systems to Irish farms.

Assess the economic feasibility of integrating novel technologies such as
microbial electrolysis cell in AD plants.

Assess different strategies for integrating biogas pipelines in AD plants.



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.



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



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: [nvestigating 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



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”! of biomethane, and cattle slurry could
contribute 9.6 PJ a™! (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



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™ (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!' a™') (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™! a”! 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™! a! 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™ (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 d”!, 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 (2540 °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 m> h'!' (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% (CO2¢q) 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! of energy produced below the threshold of 1,000 MJ a™!' (84). For electricity,
the renewable electricity support scheme (RESS) provided a tariff of 74.08 € MWh'!
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") and the
production of renewable heat from biomethane (280 € tCO2¢q™!). 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 CO2¢q. 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 (CO2¢q), 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).

Marginal Abatement
Scenario Scenario description Abatement Cost Potential
(€ /t COZeq) (kt COZeq)
Farm Energy Increased Farm Enqrgy Efﬁcigncy thr.ough 359 29
energy consumption reduction on-site.
(W(l:s(rieft\;yoo d Use of fuel-wood, sawmill residuc;s and 307 759
Residue) waste wood for energy generation.
Biomass Increased use of short rotation coppice and 20 179
(Heat) miscanthus biomass for heat production.
. . Combustion of willow and miscanthus in
Biomass (Electricity) . . . -10 196
biomass boilers for energy generation.
Biodiesel Biodiesel production from Oilseed Rape. 90 174
Biogas production from co-digestion of
Biogas AD slurry and grass silage for energy 115 224
generation.
Bioethanol Bioethanol production from Sugar Beet. 200 51
Biomethane Biomethan; product?og f.rom. biogas 230 150
upgrading for grid injection.

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 €/tCO2¢q). The second option
was to produce biomethane from biogas, followed by the use of this biomethane to
produce renewable heat (280 €/tCO2¢q). Both options were seen as high-cost
abatement solutions for the Irish agricultural sector based on a price point of 50
€/tCO2¢q (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 Acquisition X X X X X X X X X X
Feedstock Feedstock Handling X X X X X X X X X
production / Manure and/or Feedstock Storage X X X X X X
Acquisition and
Transport Transportation by Land or Pipe X X X X X X
Farm Labour X X X
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
Pre-treatment and Acquisition of Heat Exchange and Water X X X X X X
Anaerobic Pumps
Digestion 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
Connection to Gas Grid or Electricity Grid X X
Purchase of Gas Purification Unit X X
Biogas Post Operation of Upgrading System X X
Processing / Sale of Electricity and/or Heat Generated X X X X X X X X X X X X
Utilisation and Sale of Biomethane Produced X
coproduct
handling 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) | (295 (26) @27 | (28) 29 | 30) 3D | (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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Feedstock production / Acquisition| Pre-treament and Anaerobic | Biogas Post Processing / Utilization
and Transport Digestion and coproduct handling
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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
OpEXx, 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

Plant Construction X X X X X X

Construction Insurance or
Contingency

Grid Connection Cost X

Equipment
Acquisition/Installation cost

Capital

Land Acquisition and/or
Civil Works

Upgrading Unit X X

Operational Labour X X X X X

>
>

Acquisition of Feedstock X X

Chemicals and
Consumables for the System

Insurance for the System X

Internal Energy
Consumption

Operational

Maintenance X X X X X

o

X<

Handling of Feedstock X X

<
ol Tl BT I i ] e

Digestate Treatment X X

Source eH @ @) | en | e8| @) | @y | @2) | 3o

~
(9%}
—_
~

(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).

Contract Determining
Country Duration* factor's of the Revenue from Biogas Source
prices
Plant size and origin | Biomass from bio-waste: €ct 13.05-14.88 per (45)
of fuel (biogas from | kWh
Germany 20 years bio-waste, manure, | Biogas from manure: €ct 23.13 per kWh
landfill, sewage
gas)
Plant Capacity: (44,47)
<250 kWe: €ct 8.83 per kWh
>250 kWe and <500 kWe: €ct 8.15 per kWh
>500 kWe: €ct 8.4 per kWh
United 20 vears Installed capacity of
Kingdom y the plant. 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)
Plant Capacity: (44)
<150 kWe: €ct 9.745 per kWh
The capacity Ofthe 22 MWe: €ct 8.121 per kWh
France 15 years | plant and the energy
performance A bonus of €ct 4 is granted to the plant if at least
60% or higher amount of the biomass contains
livestock manure.
Anaerobic digestion CHP plant capacity (No (44,46)
longer open for applications):
CHP<500 kWe: €ct 15.7 per kWh
Technology CHP>500 kWe: €ct 13.66 per kWh
dependent (landfill | Non-CHP<500 kWe: €ct 11.55 per kWh
gas, anaerobic Non-CHP>500 kWe: €ct 10.5 per kWh
Ireland 15 years o7, .
digestion) and size
of the CHP or non- | Anaerobic Digestion Heating Systems:
CHP plant 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

*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 X X
district heating network
Sales of by-products from X X X
digestate or co-products from the

system

Sales of biofertiliser (digestate) X X X

Offset of current heat and/or X X X X X

electricity costs avoided from
current farm demand*.

Source 4 | 2| @) | D | 28 | 29 | B0 | 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.

. . e s . TEA +
Variables analysed in Sensitivity Analysis 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) (1)

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.

S~ '_“.'A -~ -~ S~ |T;A gs ~
= S = & = & = ® <z 8 ) - =
TEAKey | 82 | 82|82 |52 | g2 |52 | 82| S¢S
. =< S|z | =& s & PR = N
Indicators & = ? = g = g = e = =z a ] s =
SS |£S|ES | ES |28 |58 |99 | <8
1) <
IRR X X X X X X X
NPV X X X X X X X
LCOE X X
Simple X X X X X X X X
Payback
Period
Discounted X X
Payback
Period

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.

n
E= Z Sn X (eec,n + etd,feedstock,n + el,n - esca,n) + ep + etd,product + €y
1

— €ccs — €cer
Where E amounts to the total emissions produced in the biogas as primary energy
(before energy conversion to electricity, heat, or transport fuel); S, is the energy
share provided by feedstock n for the production of the biofuel, e, ,, is the
emissions associated with the extraction and cultivation of feedstock n;
€td,feedstock,n1S the emissions from the transport of feedstock n to the digester; e; is
the emissions from carbon stock changes caused by land-use change; e, is the
emissions from processing; e;, is the emissions from transport and distribution of
the products; and e,, 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 e,., from improved agricultural management of feedstock, e..; and

eccr 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.

g : = g" S e |3 s = o
wtonponin | 55 | 32|25 4[58 22 |8
GHG Mitigation Potential £ g x|l e-al =@ < < E ~N
S s zs 23 | 22 | £ 3 s S
o= Q Eg zQ | £ gz
Manure Management X X X X X
Displacement of Farm X X X X
Energy Demand
Displacement of Energy X X X X
Exported
Displacement of X X X
Mineral and Organic
Fertilisers

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.

—NPV
DLA

€
Abatement cost < > =
2eq

Where the NPV is obtained from the result of the TEA and the discounted lifetime
abatement (DLA) is calculated from the sum of the discounted annual abatement

(DA) as shown in Equation 3.3.

Equation 3-3 Discounted annual emissions calculation.

Net GHG Abatement
DLA (tC0,,,) = DA, = z A+

t=0 t=0

n n

Where the net GHG abatement (tCO2¢q a™') 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™! a™! with a total solid content of 8.75%
resulting in 0.88 tDM cow™!' a! (30). In the USA scenarios (S5 — S7), the annual
manure collected is 12.8 t cow™ a™! with a total solid content of 12% resulting in 1.53
tDM cow' a”! (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

<100kW. whilst the US process is of medium-scale (>100 kW) (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.

. | Manure . Feedstock (tonnes fresh | Digester | CHP .
Scenario Source Herd Size weight a”') Size (m?) | (kWe) Location| Source

Dairy 1,070 (Grass Silage)

S1 100 NA 26
Cows 1,010 (Slurry)

$ Dairy 150 1,199 (Grass Silage) NA 39
Cows 1,515 (Slurry) (30)

Ireland

Dairy 1,328 (Grass Silage)

S3 200 NA 46
Cows 2,020 (Slurry)
Dairy 1,457 (Grass Silage)

S4 250 NA 55
Cows 2,525 (Slurry)
Beef 3,313 (Corn Husk)

S5 Cattle 2,392 30,558 (Slurry) 3,670 500
Beef 3,313 (Rye)

S6 3,564 3,670 500 UsS 31
Cattle 45,515 (Slurry) S
Beef 3,313 (Wheat)

3,458 3,670 500
57 Cattle ’ 44,165 (Slurry) ,67

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'!
for CHP with capacity < 500kW and the RHI scheme based on the heat produced at a
rate of 2.95 c€ kWh'! for AD plants generating less than 300 MWh a™! (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!. 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! from the electric grid for
consumption less than 0.02 GWh/yr and 15.1 c€ kWh! for consumption between
0.02 and 0.5 GWh al. 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! (based on an
energy input of 36.4 MJ L! and a price of 80 c€ L) (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 CO2¢q a™!) 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.

Discounted
t GH Abat t
, Net GHG |y 4etime of the | NPV for lifetime Lifetime batemen
Scenario abatement . . Source d Cost (€ per
1 project (Years) | of the project (€) Abatement
(tCOZcq a ) tCOZcq)
(tCOZeq)
s1 45 20 -26758° 609 44
S2 88 20 67339 (30) 1192 -56
S3 130 20 171168P 1773 .97
sS4 173 20 275006 2354 -117
S5 5992 30 -181076°¢ 10358 17
S6 446° 30 -197932° (€2)) 7713 26
S7 4217 30 -572124¢ 7273 79

a — Values were obtained by multiplying the GHG emissions reported in the study (kg CO2q kWh!) by the
annual energy generated based on the system capacity of 950kW. with an 85% annual operating capacity (7446
hrs a'l).

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 €-! 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, $3-200, §4-250) 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. DAt is the discounted annual abatement in year t and calculated as show
in Equation 3-3.

45 45
> DAl = m DR 43.12tCO2 €q.
45 45
> DAZ = m = e 41.46t CO2 €qg.
> .
> DAy = ————=—">=2047tCO
2007 (1+004)20 T 219 T 7T 2 ¢4

The total project abatement equals the sum of the discounted annual abatement.
» DLA = 4312+ 41.46 + ---+ 20.47 = 609.47 tCO2¢q.

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.
—(-26758) _

» Abatement Cost = ———— = 43.9 € per tCO2¢q.
609.47
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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 €
tCO2¢q !, in comparison to the values presented in the Irish Climate Action Plan
(Table 3-1) of 115 and 280 € tCO2¢q ! 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™! and from the refit tariff
of 14 c€ kWh'!. The biomethane scenario only considered the income derived from
the sale of the upgraded gas as biomethane at 3.5 c€ kWh'!. It is unclear to the
authors how the cost per tonne of CO; 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.

MACC:s 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 Gonzalez-Arias et al. (70) found that biogas plants with a digester
size of 100 and 250 m* 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 CO> 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 € tCOzeq ™! to +79 € tCO2¢q! 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! to 816 €
tCO2¢q!. 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! to -227 € tCO2¢q . 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 € tCO2¢q”!

t0 492 € tCO2eq™.

Keywords: Anaerobic Digestion; Economic performance; Techno-economic

analysis; GHG assessment; Abatement Cost.
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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.
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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 € tCO2¢q”!
abated) and the production of renewable heat from biomethane (280 € tCO2eq™!
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.
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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 Iu ha! (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 | 444 72.9 136.2
Surplus Grass (ha) 8.4 15.3 244 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 (RSS) and grass silage (RS’) 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).

Grass Silage 1% Grass Silage

Description Cattle Slurry Cut 2 Cut

Total Solids (%wwt) 6.50 29.30 17.90

Volatile Solids (% wwt) 5.10 26.80 16.40

Ash Content (%owwt) 1.40 2.5 1.50

Volatile Solids/Total Solids (%) 78.50 91.70 92.00
Specific Methane Yield (LCH4 kgVS™) 175.5 400 393
Nitrogen in Total Solids (%) 2.00 1.70 1.10
Methane Content (%) 56 53 53

The volumetric biogas production (V,p) from the co-digestion of grass silage and
cattle slurry was then calculated in cubic metres per annum (m?® a!) 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 (V,p).

Electrical energy consumption (ECyp) 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 (ED,p) was
calculated in kWh/a using the mass of each feedstock (RS, RS, twwt a™) used in the
AD process (Equation 4-1).

Equation 4-1 Electrical demand of the AD process.

kWh
EDyp ( 2

To calculate the thermal demand of the AD process (TD4p) in MJ a’!, different

) = ECap * (RES + RE?)

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! 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™! 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 (1g4izer) Of
90% which is common for natural gas boilers (24,34). The overall annual net heat
output (HOpg,;1r) Was calculated based on the gross energy output of the AD process
(EOQ4p, MJ a?') and boiler efficiency (ng4i1er) considering that part of the heat is
supplied to the AD process to cover the thermal demand (TD,p, MJ a™') and then
converted to kWh a! 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.

kWh
HOpoiter <T) = ((EOAD * 77Boiler) - TDAD)/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 (gcyp) of 35% and thermal
efficiency (nrcyp) of 50% for units with less than a 100kW.| 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 kW was considered. The annual net
electric output (EO.yp) was calculated from the overall gross energy output of the
AD process (EO4p, MJ/a) and electric efficiency (ngcyp) and converted to kWh/a
considering that part of the electricity produced will be used to cover the electric
demand of the AD process (ED,p, kWh/a) (Equation 4-3). The overall net heat
output was also calculated based on the AD gross energy output (EO4p, MJ a?)
based on the CHP thermal efficiency (n¢yp); part of the heat is supplied to the AD
process to cover the thermal demand (TD,p, MJ a). The net heat output is converted
to units of kWh a* (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.

kWh
EOcyp ( a ) = ((EOAD * Ngcup)/3.6 — (EDAD))

Equation 4 Net heat output of the boiler configuration.

kWh
a ) = ((EOAD * Nrcup) — TDAD)/3-6

HOcpp (
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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 CO; 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 (V,p) 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 (EOyp) was calculated in kWh/a based on the amount
of methane recovered from the biogas production (V,p, m*a™!), accounting for an
initial 6% methane in the off-gas from the water scrubbing upgrading process
(CH,Slipyp, % Total CH4 Production), with a calorific value of 35.7 MJ Nm>CH,4!
(cvcp,) assuming a LHV of methane as 50 MJ kg! and the density of methane of
0.714 kg m™ 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 (EDy;p) and thermal demand (T Dy;p) were
calculated in kWh a™! based on the amount of biogas upgraded (V,p, m® a™!). 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.

EOyp ( . ) = [(Vap (1 — CH,Slipyp)) * cvcy,] /3.6

The final configuration considers biomethane production with the addition of a CHP
unit fuelled by biogas that will provide electricity (EOcyp_ypg, kWh a!) to cover the
electrical demand of both the AD plant and the upgrading process (EDp, EDyp,
kWh a!). Based on the required electrical power for the anaerobic digestion process
and biogas upgrading, a maximum CHP unit size of 18 kW 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 (HOcpp_ypg, MJ a™') generated by the CHP will be
used to cover the thermal demand of the AD process (TD,p, MJ a™!) and, if the
upgrading technology requires it, the upgrading thermal demand (TDyp, MJ a™!). If
the heat output generated by the CHP unit is not enough to cover both thermal
demands, it was considered that a boiler unit (HOgyijer—upg, MJ a') would produce

the remaining heat demand for the upgrading process and the AD process.

To calculate the volume of biogas that will be upgraded (Vyps, m® a!) from the total
biogas production (V,p, m* a™!), the required volume of biogas for the CHP unit
(Vcyp, m*/a) and boiler unit (V6. m® at) (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 (ED,p,
EDyp, kWh/a).

Calculate the electricity demand of both the AD and upgrading process in kWh a’!
(EDptEDyp kWh a'!) based on the amount of biogas to be upgraded (Vypg).

Based on the electric demand and the efficiency of the CHP unit (ngcyp), calculate the
biogas input to the CHP (Vogp, m? al).

Eap*Ebyr +EDUP)/CUCH4

“Venp = ( NEcHP

Calculate the thermal demand of both the digester and upgrading process
((TD,p/3.6)+TDy, kWh al).

Using the CHP system sized based on electrical demand calculate the thermal production
of the CHP unit (HO¢yp—ype-kWh a'!) using thermal efficiency (nrcyp)-

*HOcpp-yp¢ = Nrcup * (Verp* CVcHa)

If heat production of CHP is insufficient to cover the total thermal demand, calculate the
biogas input required for the boiler (V. m*a!) to cover the remaining demand.

(ngD+TDUp)—H0CHp

*Vpoiter-uprc = ( )/CVcHa

NBoiler-uprG

Find the value of biogas volume that will be upgraded (Vyypg, m3a-') based on the biogas
input to the CHP and boiler.

*Vurc = Vap — Verr — Voiter

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)
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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 €
treedstock " @”' was used. For the CHP configuration a specific CAPEX of 107 €
treedstock - @”! was used. The upgrading configuration (UPG) considered a specific
CAPEX of 159 € tfeedstock ™ a”!, and the upgrading + CHP (UPG+CHP) configuration
used a specific CAPEX of 183 € trecdstock " a7\

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'!,
which would be the typical rate for such labour in Ireland (37). The labour intensity
was set to be 1 hr day™! for the AD system and to be 2 hrs day™! 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 € tyw:™!
as it is produced on the farm, while the grass silage price was set at 43 € tyw"' 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
(HOcyp, HOgoiter, kKWh a!) and electricity output (EOcyp, kWh al) 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! (46). While for the generation of electricity, the tariff of 74.08 €
MWh! 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! (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'! (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.

L

(Re — C¢)

Where C; represent the cost incurred in year t, this includes the (CAPEX, OPEX, and
income tax incurred), R; are the revenues obtained in year t, L is the lifetime of the
selected system in years and r 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.

o Re—C)

NPY(®) = ) T+ IRR) —
t=0

4.2.5 Environmental Calculation and abatement cost assessment

To calculate the net GHG emissions (kg CO2¢q a!) 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.

n
GHGconf,n = Z Sn X (eec,n + etd,feedstock,n + €in — esca,n) + ep + etd,product
1

+ €y — €ccs — €cer — €rq — €eqd
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Where S,, accounts for the energy share of each feedstock n used (grass silage and
slurry) to produce the biofuel (biogas or biomethane), e, ,, are the emissions
associated with the cultivation of feedstock; etq feedstockn 18 the emissions from the
transport of the feedstock to the digester; e, ,, are the emissions from carbon stock
changes caused by land-use changes for feedstock n; e, 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). €4 product are the emissions from the transport of biogas
or/biomethane and e,, is the emissions from fuel in use. The emissions savings are
accounted by egc, , from improved agricultural management of feedstock (-54
kgCO2eq twwi)), €ces are the emissions savings from CO, capture and geological
storage and e, from CO; capture and replacement of fossil fuels (both ecss and ecer
were assumed to be zero), erq are the emissions savings from the displacement of
synthetic fertiliser use and e.q 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 (S,,) of each feedstock n 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.

R x Wy
TSR W,
Equation 4-10 Weighting factor of feedstock n.

j— In
Xt

The weighting factor (I;,) was calculated based on the annual input (1,,) to the

W

digester of each feedstock 7 (twwt a™!) divided by the total amount of input of

feedstock to the digester (Equation 4-10). While in Equation 4-9, P, represent the
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biogas energy yield in MJ kg™ provided by each feedstock n 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 (DGE) generated by each different configuration (Equation 4-11). For
each configuration, the discounted abatement cost (DAC) was calculated in € per
tCO2¢q by multiplying the undiscounted GHG emissions of each different
configuration (GHGonf - tCO2¢q) by an annuity factor or discount factor (DF) to
convert the emissions to the present value (Equation 4-12). Finally, the NPV (€) is
divided by the discounted emissions (DGE - tCO2¢q) to obtain the discounted

abatement cost.

Equation 4-11 Discounted abatement cost calculation.

DAC € _ —NPV
DGE

t COzq)

Equation 4-12 Discounted GHG emissions calculation.
DGE (t CO30q) = GHGeopsn X DF

To calculate the discount factor (%) (Equation 4-13), an environmental discount rate
of 4% (r) was used based on the Irish code for emissions appraisals taking into

account the lifetime of the system (L) detailed in section 4.2.4 (52).

Equation 4-13 Discounted factor to convert future value to present value.

(@@+PE-1)

PE=va+on
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4.3 Results and Discussion

4.3.1
The NPV, IRR and payback period were calculated for each of the different

Economic analysis results

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’!. Installation of such a
system could cover the thermal demand for small areas with low heat demand of ca.

1,000 MWh km'! (32).

Table 4-5 Results from the economic analysis for 16 scenarios. k€ represents thousands of euros.

Configuration/Scenario C?l:)el;jx 1:1:2)] He?l:‘l;;log_lll)c ed f’f:é:ﬁ:g ]:’ll?orgleltcl:?on:
(kWh a™) (m3a™l)
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™ 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 m? 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 CO> 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™') 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-

93



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 CO» 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 CO2¢q tFW™! 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
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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' to 816 € tCO2¢q! 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.

Annual NPV for Total GHG | Abatement Discounted Discounted
Configuration/ GHG lifetime of . GHG Abatement
R A Mitigation Cost e .
Scenario abatement | the project (tCO2eq) (€ tCO2q ) Mitigation cost
(tCO2eq a™) © 2ed 2ea (tCOzq) | (€tCO2q™)
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
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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 — For, Fwoop)

. 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!) 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! (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! 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 (For) and wood
(Fwoop) 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”! to 72 € tCO2eq™! 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 € tCOz¢q ™! to
492 € tCO2q"". 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™! (72).

When an increase in the input revenue (IR) was incorporated, all scenarios became
financially viable obtaining an abatement cost from -32 € tCO2¢q™! to -148 € tCO2eq”!
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 € tCO2q ' and 321 € tCO2q”! (for water scrubbing) to 338 € tCO2eq™! and 255 €
tCO2¢q”! 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 (Forr) and wood (Fwoop) 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™! to 598 € tCO2¢q™'. 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 tCO2¢q a”! compared to 194 tCO2¢q a”! using natural gas

with a total abatement cost of 570 € tCO2eq™".

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 | NPV for lifetime of the DiSCOElI.lted. GHG Discounted Abatement
/ Input Change project (€) Mitigation cost (€ tCO2q™Y)
(tCO2q)

Boiler 185-IC €706,908 3108 =227
CHP 185-1C €462,104 3573 -129
UPG 185-1IC -€389,997 2383 164
UPG+CHP 185-1C -€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 tCO: ha™ a! (21)) and slurry management (-54

kgCO2eq twwi! (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 gCO, MJ!
for heat, 183 gCO> MJ! for electricity and 94 gCO, MJ™! 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).

SBE

Scenario Total Emissi(:ns FFC 1 Emissions ESI:‘II?:;: Criteria
(g CO2 MJY) (g CO: MJY) Saved Criteria
) Sustainable
Boiler 185-SBE 15.3 80 81% 80%
for Heat
Sustainable
CHP 185-SBE 8.2/13.5 80/ 183 90% / 93% 80% for both Heat
and Electricity
Not
UPG 185-SBE 37.2 94 60% 70% Sustainable
for Transport
UPG+CHP 185- 136 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.
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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:

e (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.

e (alculate 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.

e (alculate the abatement cost and the mitigation potential for each on-farm

AD scenario.

The cost of mitigation for the different scenarios varied between -7 € tCO2q™! to 816
€ tCO2¢q". 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.

e 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 ™! to +72 €
tCOa2eq”! 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 € tCO2¢q! to 492 € tCO2¢q™"). 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 € tCO2¢q™! to -32
€ tCO2¢q’!, 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.

104



References

1. Giannakis E, Zittis G. Assessing the Economic Structure, Climate Change
and Decarbonisation in Europe. Earth Systems and Environment [Internet]. 2021 Sep
1 [cited 2022 Apr 19];5(3):621-33. Available from:
https://link.springer.com/article/10.1007/s41748-021-00232-7

2. Sustainable Food SI. Agriculture & Food in Ireland [Internet]. [cited 2022
Apr 19]. Available from: https://www.sfsi.ie/agriculture-food-ireland/

3. Agriculture | Environmental Protection Agency [Internet]. [cited 2022 Oct
26]. Available from: https://www.epa.ie/our-services/monitoring--

assessment/climate-change/ghg/agriculture/

4, Bose A, O’Shea R, Lin R, Long A, Rajendran K, Wall D, et al. Evaluation of
a biomethane, food and biofertiliser polygeneration system in a circular economy

system. Renewable and Sustainable Energy Reviews. 2022 Dec 1;170:112960.

5. Price PR, Mcmullin B, O’dochartaigh A. International Conference on
Negative CO2 Emissions. [cited 2023 Feb 2]. Methane mitigation achievement,
including agriculture, is crucial to limiting dependence on uncertain carbon dioxide
removal in national carbon budgeting equitably meeting Paris goals. Available from:

https://doras.dcu.ie/27349/

6. Eory V, Topp CFE, Moran D. Multiple-pollutant cost-effectiveness of
greenhouse gas mitigation measures in the UK agriculture. Environ Sci Policy. 2013

Mar 1;27:55-67.

7. Aertsens J, De Nocker L, Gobin A. Valuing the carbon sequestration potential
for European agriculture. Land use policy. 2013 Mar 1;31:584-94.

8. Mceldowney J. EU agricultural policy and climate change [Internet]. 2020
[cited 2022 Apr 20]. Available from:
https://www.europarl.europa.eu/RegData/etudes/BRIE/2020/651922/EPRS BRI(202
0)651922 EN.pdf

9. Liebetrau J, Wellisch M, Lyng KA, Bochmann G, McCabe BK, Harris PW, et
al. Potential and utilization of manure to generate biogas in seven countries

[Internet]. 2021 [cited 2022 Apr 20]. Available from:

105



https://www.ieabioenergy.com/wp-content/uploads/2021/07/Potential-
utilization WEB_END NEW.pdf

10.  Murthy GS. Techno-economic Assessment. In: Bioenergy : principles and

applications. Wiley-Blackwell; 2016. p. 507-18.

11. Murthy GS. Life-Cycle Assessment. In: Bioenergy : principles and
applications. Wiley-Blackwell; 2016. p. 521-43.

12.  Bacenetti J, Fusi A, Azapagic A. Environmental sustainability of integrating
the organic Rankin cycle with anaerobic digestion and combined heat and power

generation. Science of The Total Environment. 2019 Mar 25;658:684-96.

13. Moran D, Macleod M, Wall E, Eory V, McVittie A, Barnes A, et al. Marginal
Abatement Cost Curves for UK Agricultural Greenhouse Gas Emissions. J Agric
Econ [Internet]. 2011 Feb 1 [cited 2022 Oct 26];62(1):93—118. Available from:
https://onlinelibrary-wiley-com.ucc.idm.oclc.org/doi/full/10.1111/;.1477-
9552.2010.00268.x

14. Government of Ireland. Climate Action Plan 2019 [Internet]. 2019 [cited
2022 Jul 13]. Available from: https://www.gov.ie/en/publication/ccb2e0-the-climate-
action-plan-2019/

15. Lanigan GJ, Donnellan T, Lanigan G, Hanrahan K, Paul C, Shalloo L, et al.
An Analysis of Abatement Potential of Greenhouse Gas Emissions in Irish
Agriculture 2021-2030 Prepared by the Teagasc Greenhouse Gas Working Group
Authors. 2019;

16. Central Statistics Office. Farm Structure - CSO [Internet]. 2021 [cited 2022
Sep 20]. Available from: https://www.cso.ie/en/releasesandpublications/ep/p-

coa/censusofagriculture2020-preliminaryresults/farmstructure/

17. Dillon E, Donnellan T, Moran B, Lennon J. Teagasc National Farm Survey

2020 Results Rural Economy Development Programme Acknowledgements. 2021;
18. Hennessy T, Moran B, Thorne F. Why Dairying?

19. European Commission. Directive (EU) 2018/2001 of the European
Parliament and of the Council of 11 December 2018 on the promotion of the use of
energy from renewable sources (recast) [Internet]. 2018 [cited 2022 Jul 21].

Available from: https://eur-lex.europa.eu/legal-

106



content/EN/TXT/?uri=uriserv:OJ.L_.2018.328.01.0082.01. ENG&toc=0J:L:2018:32
8:TOC

20.  vanden Oever AEM, Cardellini G, Sels BF, Messagie M. Life cycle
environmental impacts of compressed biogas production through anaerobic digestion

of manure and municipal organic waste. J Clean Prod. 2021 Jul 15;306:127156.

21. Long A, Murphy JD. Can green gas certificates allow for the accurate
quantification of the energy supply and sustainability of biomethane from a range of
sources for renewable heat and or transport? Renewable and Sustainable Energy

Reviews. 2019 Nov 1;115:109347.

22. O’Shea R, Wall D, Kilgallon I, Murphy JD. Assessment of the impact of
incentives and of scale on the build order and location of biomethane facilities and

the feedstock they utilise. Appl Energy. 2016 Nov 15;182:394—408.

23. O’Shea R, Lin R, Wall DM, Browne JD, Murphy JD. Using biogas to reduce
natural gas consumption and greenhouse gas emissions at a large distillery. Appl

Energy. 2020 Dec 1;279:115812.

24. O’Shea R, Wall DM, Kilgallon I, Browne JD, Murphy JD. Assessing the total
theoretical, and financially viable, resource of biomethane for injection to a natural

gas network in a region. Appl Energy. 2017 Feb 15;188:237-56.

25. Allen E, Wall DM, Herrmann C, Murphy JD. A detailed assessment of
resource of biomethane from first, second and third generation substrates. Renew

Energy. 2016 Mar 1;87:656—65.

26. Liebetrau J, Clemens J, Cuhls C, Hafermann C. Methane emissions from
biogas-producing facilities within the agricultural sector. Eng Life Sci [Internet].
2010 [cited 2022 Dec 6];10(6):595-9. Available from:
https://onlinelibrary.wiley.com/doi/abs/10.1002/elsc.201000070?casa_token=McPVF
CtGSxwAAAAA:igXy XypY3X7X3k83pDalpwCqQE6zv-

c3VWymW fITc3KOto6sIOjqF cvutf-zGQAfLQIVk6zzJfqQ

27.  vanden Oever AEM, Cardellini G, Sels BF, Messagie M. Life cycle
environmental impacts of compressed biogas production through anaerobic digestion

of manure and municipal organic waste. J Clean Prod. 2021 Jul 15;306:127156.

107



28. Deng C, Lin R, Kang X, Wu B, O’Shea R, Murphy JD. Improving gaseous
biofuel yield from seaweed through a cascading circular bioenergy system
integrating anaerobic digestion and pyrolysis. Renewable and Sustainable Energy

Reviews. 2020 Aug 1;128:109895.

29. Power NM, Murphy JD. Which is the preferable transport fuel on a
greenhouse gas basis; biomethane or ethanol? Biomass Bioenergy. 2009 Oct

1;33(10):1403—12.

30.  Murphy JD, McKeogh E, Kiely G. Technical/economic/environmental
analysis of biogas utilisation. Appl Energy. 2004 Apr 1;77(4):407-27.

31. O’Shea R, Wall DM, Kilgallon I, Browne JD, Murphy JD. Assessing the total
theoretical, and financially viable, resource of biomethane for injection to a natural

gas network in a region. Appl Energy. 2017 Feb 15;188:237-56.

32. Element Energy, Ricardo Energy and Environment. District Heating and
Cooling National Heat Study Spatial Analysis of Infrastructure Costs and Potential in
Ireland [Internet]. 2022 Feb [cited 2023 Apr 28]. Available from:
https://www.seai.ie/publications/District-Heating-and-Cooling.pdf

33. Bruton T. A Guide to District Heating in Ireland [Internet]. 2016 [cited 2022
Sep 20]. Available from:

https://www.seai.ie/publications/2016 RDD_79. Guide District Heating Irl -
_CODEMA.pdf

34, Wu B, Lin R, O’Shea R, Deng C, Rajendran K, Murphy JD. Production of
advanced fuels through integration of biological, thermo-chemical and power to gas
technologies in a circular cascading bio-based system. Renewable and Sustainable

Energy Reviews. 2021 Jan 1;135:110371.

35. 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 Apr 1;139:110580.

36. Dennehy C, Lawlor PG, Gardiner GE, Jiang Y, Shalloo L, Zhan X. Stochastic
modelling of the economic viability of on-farm co-digestion of pig manure and food

waste in Ireland. Appl Energy. 2017 Nov 1;205:1528-37.

108



37. O’Connor S, Ehimen E, Pillai SC, Lyons G, Bartlett J. Economic and
Environmental Analysis of Small-Scale Anaerobic Digestion Plants on Irish Dairy
Farms. Energies 2020, Vol 13, Page 637 [Internet]. 2020 Feb 3 [cited 2022 May
23];13(3):637. Available from: https://www.mdpi.com/1996-1073/13/3/637/htm

38. Villarroel-Schneider J, Mainali B, Marti-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 Feb

1;37:100571.

39. Bauer F, Hulteberg C, Persson T, Tamm D. Biogas upgrading-Review of
commercial technologies; Biogasuppgradering-Granskning av kommersiella
tekniker. 2013 [cited 2022 Jun 15]; Available from:
https://www.osti.gov/etdeweb/biblio/22090519

40. Debt Interest | NTMA [Internet]. [cited 2022 Sep 27]. Available from:
https://www.ntma.ie/business-areas/funding-and-debt-management/statistics/debt-

interest

41. Statista. Ireland - Inflation rate 2027 [Internet]. 2023 [cited 2022 Sep 27].

Available from: https://www.statista.com/statistics/375229/inflation-rate-in-ireland/

42. de Dobbelaere A, Keulenaere B, de Mey J, Lebuf' V, Meers E, Ryckaert B, et

al. Small-scale anaerobic digestion : case studies in Western Europe. 2015.

43. Vo TTQ, Wall DM, Ring D, Rajendran K, Murphy JD. Techno-economic
analysis of biogas upgrading via amine scrubber, carbon capture and ex-situ

methanation. Appl Energy. 2018 Feb 15;212:1191-202.

44, The cost of producing home-grown feeds - Teagasc | Agriculture and Food
Development Authority [Internet]. [cited 2022 Sep 20]. Available from:
https://www.teagasc.ie/animals/beef/grange/beef2022-open-day/the-cost-of-

producing-home-grown-feeds--/

45.  Rajendran K, Browne JD, Murphy JD. What is the level of incentivisation
required for biomethane upgrading technologies with carbon capture and reuse?

Renew Energy. 2019 Apr 1;133:951-63.

109



46. SEAI. Support Scheme for Renewable Heat Scheme Overview [Internet].
2019 [cited 2022 Aug 1]. Available from: https://www.seai.ie/publications/SSRH-
Scheme-Details-.pdf

47. EIRGRID. Renewable Electricity Support Scheme 1 RESS 1 Final Auction
Results [Internet]. 2020 [cited 2022 Jul 1]. Available from:
https://www.eirgridgroup.com/site-files/library/EirGrid/207158-EirGrid-Renewable-
Energy-Scheme-LRS5.pdf

48. SEAL Prices - Energy Statistics In Ireland [Internet]. 2022 [cited 2022 Aug
12]. Available from: https://www.seai.ie/data-and-insights/seai-statistics/key-

statistics/prices/

49. Short W, Packey D, Holt T. A manual for the economic evaluation of energy
efficiency and renewable energy technologies. 1995 [cited 2022 Sep 20]; Available
from: https://www.osti.gov/biblio/35391

50. Kvist T, Aryal N. Methane loss from commercially operating biogas
upgrading plants. Waste Management. 2019 Mar 15;87:295-300.

51. Krey V, Masera O, Blanford USA G, Bruckner T, Cooke R, Fisher-Vanden K,
et al. Annex II: Metrics & Methodology. In: Climate Change 2014: Mitigation of
Climate Change. Contribution of Working Group III to the Fifth Assessment Report
of the Intergovernmental Panel on Climate Change. Cambridge University Press.

2014;

52. Public Spending Code. Supplementary Guidance - Measuring & Valuing
Changes in Greenhouse Gas Emissions in Economic Appraisal [Internet]. Dublin;
2019 [cited 2022 Aug 5]. Available from: https://www.gov.ie/en/publication/public-

spending-code/

53. Himanshu H, Murphy JD, Lenehan JJ, O’Kiely P. Impacts of characteristics
of grass silage and cattle slurry feedstocks on the cost of methane production.
Biofuels, Bioproducts and Biorefining [Internet]. 2019 Jan 1 [cited 2023 Jan
17];13(1):129-39. Available from: https://onlinelibrary-wiley-
com.ucc.idm.oclc.org/doi/full/10.1002/bbb.1947

110



54. Electric Ireland to up gas and electricity prices again [Internet]. [cited 2022
Oct 2]. Available from: https://www.rte.ie/news/business/2022/0901/1320041-

electric-ireland-price-hike/

55.  Government of Ireland. Government agrees to the introduction of an
obligation on the heat sector by 2024 [Internet]. [cited 2023 May 2]. Available from:
https://www.gov.ie/en/press-release/83757-government-agrees-to-the-introduction-

of-an-obligation-on-the-heat-sector-by-2024/

56. Government of Ireland. Climate Action Plan 2023 [Internet]. 2023 [cited
2023 May 2]. Available from: https://www.gov.ie/en/publication/7bd8c-climate-
action-plan-2023/

57. O Céileachair D, O’Shea R, Murphy JD, Wall DM. Alternative energy
management strategies for large industry in non-gas-grid regions using on-farm

biomethane. Appl Energy. 2021 Dec 1;303:117627.

58. Singh P, Kalamdhad AS. Assessment of small-scale biogas digesters and its
impact on the household cooking sector in India: Environmental-resource-economic

analysis. Energy for Sustainable Development. 2022 Oct 1;70:170-80.

59. Onwosi CO, Ozoegwu CG, Nwagu TN, Nwobodo TN, Eke IE, Igbokwe VC,
et al. Cattle manure as a sustainable bioenergy source: Prospects and environmental

impacts of its utilization as a major feedstock in Nigeria. Bioresour Technol Rep.

2022 Sep 1;19:101151.

60. Villarroel-Schneider J, Mainali B, Marti-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 Feb

1;37:100571.

61. Jones P, Salter A. Modelling the economics of farm-based anaerobic

digestion in a UK whole-farm context. Energy Policy. 2013 Nov 1;62:215-25.

62. Tan WE, Liew PY, Tan LS, Woon KS, Mohammad Rozali NE, Ho WS, et al.
Life Cycle Assessment and Techno-Economic Analysis for Anaerobic Digestion as
Cow Manure Management System. Energies (Basel) [Internet]. 2022 Dec 1 [cited
2023 May 5];15(24):9586. Available from: https://www.mdpi.com/1996-
1073/15/24/9586/htm

111



63. 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
Valorization [Internet]. 2020 Aug 1 [cited 2023 May 5];11(8):4035-51. Available
from: https://link.springer.com/article/10.1007/s12649-019-00728-4

64. Wu B, Lin R, O’Shea R, Deng C, Rajendran K, Murphy JD. Production of
advanced fuels through integration of biological, thermo-chemical and power to gas
technologies in a circular cascading bio-based system. Renewable and Sustainable

Energy Reviews. 2021 Jan 1;135:110371.

65. Koutra E, Economou CN, Tsafrakidou P, Kornaros M. Bio-Based Products
from Microalgae Cultivated in Digestates. Trends Biotechnol. 2018 Aug
1;36(8):819-33.

66. Stiles WAV, Styles D, Chapman SP, Esteves S, Bywater A, Melville L, et al.
Using microalgae in the circular economy to valorise anaerobic digestate: challenges

and opportunities. Bioresour Technol. 2018 Nov 1;267:732—42.

67. Bose A, O’Shea R, Lin R, Long A, Rajendran K, Wall D, et al. The marginal
abatement cost of co-producing biomethane, food and biofertiliser in a circular
economy system. Renewable and Sustainable Energy Reviews [Internet]. 2022 Nov
1 [cited 2022 Nov 1];169:112946. Available from:
https://linkinghub.elsevier.com/retrieve/pii/S1364032122008279

68. Bose A, O’Shea R, Lin R, Long A, Rajendran K, Wall D, et al. Evaluation of
a biomethane, food and biofertiliser polygeneration system in a circular economy

system. Renewable and Sustainable Energy Reviews. 2022 Dec 1;170:112960.

69.  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. Appl Energy. 2019 May 15;242:1753—66.

70.  Ravina M, Genon G. Global and local emissions of a biogas plant
considering the production of biomethane as an alternative end-use solution. J Clean

Prod. 2015 Sep 1;102:115-26.

112



71. KPMG, Devenish, Gas Networks Ireland. Sustainability of Biomethane
Production in Ireland Exploring how Ireland can deliver a sustainable, agriculture-
led biomethane industry [Internet]. 2021 [cited 2022 Jul 21]. Available from:
https://www.gasnetworks.ie/biomethane-sustainability-report-2021.pdf

72. Greenhouse gas emissions and projections | Environmental Protection
Agency [Internet]. [cited 2023 Feb 2]. Available from: https://www.epa.ie/our-

services/monitoring--assessment/climate-change/ghg/

73. O Céileachair D, O’Shea R, Murphy JD, Wall DM. The effect of seasonal
biomass availability and energy demand on the operation of an on-farm biomethane

plant. J Clean Prod. 2022 Sep 25;368:133129.

74. gov.ie - Renewable Energy Feed-in Tariff (REFIT) Scheme [Internet]. [cited
2022 Oct 2]. Available from: https://www.gov.ie/en/publication/9bf994-renewable-

energy-feed-in-tarift-refit-scheme/

113



5 Probabilistic analysis of the abatement cost and potential of

on-farm anaerobic digestion in Ireland

114



Probabilistic analysis of the abatement cost and potential of on-farm anaerobic

digestion in Ireland.

Jorge Diaz Huerta ®°, Richard O’Shea *°, David M. Wall »°, Nathan Gray *°,
Archishman Bose ®°, Jerry D. Murphy °

# SF1 MaREI Centre for Energy, Climate and Marine, Ellen Hutchins Building,
Environmental Research Institute, University College Cork, Cork T23 XE10, Ireland

b Civil, Structural and Environmental Engineering, School of Engineering and

Architecture, University College Cork, Cork, T12 YN60, Ireland
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 €
tCO2¢q!. 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 € tCO2¢q™!, while that of biomethane to
produce renewable heat was assessed at 280 € tCO2¢q”! (23). A recent update of these

measures decreased the abatement cost of biomethane to -198 € tCO2¢q! (linear
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uptake of measure) and -219 € tCOzq™' (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 Sjostrand 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.

Fa.rm Configuration Scenario Code
Size
Boiler B-40
m CHP CHP-40
Upgrading U-40
U+CHP U+CHP40
Boiler B-60
60 CHP CHP-60
Upgrading U-60
U+CHP U+CHP60
Boiler B-100
100 CHP. CHP-100
Upgrading U-100
U+CHP U+CHP100
Boiler B-185
CHP CHP-185
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! (livestock units per hectare). Based on this
the remaining number of hectares, surplus to livestock requirements (Hg;g) 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.

ha
Hgs (;) = AAsgrm — (Bpc * SRpc)

Where, AAfqrm 1s the available agricultural area on the farm, 6 is the number of

dairy cows, and SR 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 m> 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 tww: 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 (DSg) in terms of wet

tonnes (twwt) per year was calculated using Equation 5.2.
Equation 5-2 Dairy Slurry resource calculation.

tWWt

DS(
R a

) = Opc * STpc * THp¢

Where, DSy, is the mass of slurry feedstock in tonnes, 8y represents the number of
dairy cows on each farm, STp is the slurry collection requirements per dairy cow in
twwt per week, and THp is the time in weeks dairy cows are housed indoors per

year.
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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.



Table 5-12 Farm conditions for the 16 base case scenarios of on-farm AD.

Variable Value | Source
Livestock Indoor Time [Weeks] 18 (3%)
First Cut Yield (Grass Silage) [tDM ha™] 7 (10)
Second Cut Yield (Grass Silage) [tDM ha™] 4 39)
Synthetic Fertiliser (N requirement) [kg N ha’] 185 (40)

Table 5-13 Feedstock characteristics. Adapted from Allen et al. (41).

Parameter Cattle Slurry Grass Silage 1% Cut Grass Silage 2" Cut
Dry Matter (DM) [%] 6.50 29.30 17.90
Volatile solids (VS?) [%] 5.10 26.80 16.40
VS /DM [%] 78.50 91.70 92.00
Specific methane yield 175.5 400 393
(SMY) [LCH4 kgVS]
CH4 in biogas (v/v) [%] 56 53 53

2 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™! 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™' a™! 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 (GSi) was calculated
using Equation 5-3. A value of 7 tonnes of dry matter per hectare (tDM ha™') was
considered as the yield for the first cut of grass silage and 4 tDM ha™! for the second
cut. The amount of synthetic fertiliser required was set at 185 kg N ha'!' as per Table
5-2 based on the average application rate recommended for growing grass silage
(40).

Equation 5-3 Grass Silage resource calculation.

GS (twwt) _ (Hgs * ystagerc)  (Hgg * YSiagesc)
R ~ DMStlagerc /100 © DMSilagesc /100

For Equation 5-3, H represents the hectares surplus to livestock feeding
requirements, YS449€rc and YSilagescrepresents the yield of grass for each cut, and
DMSHagerc gnd pMSiiagesc represents the content of dry matter for each cut

expressed as a decimal as per Table 5-3.
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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™ day™! 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!] 2.5 (50)

Based on the annual average dry bulb
temperature in Cork, Ireland (53).
Process Temperature [°C] 40 (54)

Ambient Temperature [°C] 10

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 100kW .1, 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™ 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

127



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 (€29)]

*Ratio of the total debt to the total assets (CAPEX)
Equation 5-4 Net Present Value calculation.

0 i (1+7)t

In Equation 5-4, C, is the CAPEX of the configuration selected for the analysis, C;
represents the net cash flow period in the time t (¢t € [1,L]), L denotes the lifetime
of the selected systems in years, and 7 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 (C,) 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.

Farm Size
. ) 40 60 100 185
Configuration
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

The net cash flow per year (C;) 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
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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 € tyw !, 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] 15 (58)
Labour cost of Upgrading [€ hr!] 15 (58)
Fuel cost (Natural gas) [€E MWh-!] 74.1 (65)
Electricity Cost [€ MWh] 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”!, a cost of 299 € MWh! was applied, while consumption levels exceeding 20 MWh a'!
were considered at a cost of 237 € MWh!.

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
RESS? [€ MWh!] 74.08 (67)
SSRHP [€ MWh-!] 29.5 (69)
Biomethane selling price [€ MWh'!] 53.7 (70)
Heat Selling Price [€ MWh''] 60 (68)
Displaced Fertiliser (N) cost [€ kg N 2.7 (14)

2RESS: Renewable Electricity Support Scheme
"SSRH: Support Scheme for Renewable Heat

5.2.5 Abatement cost calculation

To calculate the abatement cost, the overall annual GHG emissions savings (tCO2eq
a’!) 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 (es4) and the
emissions savings from energy displacement (e,;) (Equation 5.5). GHG emissions
related to the cultivation of feedstock (eec ), transport (€¢q rq.5), and land use
change (e, ) were calculated based on literature values (71). Emissions from
processing (e,,) 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 (4 proguct) were
considered to be 1.22 gCO2¢q per MJbiomethane (71), while emission from fuel in use
(ey) were set as zero (short carbon cycle). Emissions savings from CO» capture and
geological storage (e..,-) and CO2 capture and replacement of fossil fuels (e..s) were
assumed to be zero and the emissions savings from agricultural management (€54 1)
were set at -54 kgCOo¢q per tonne of cattle slurry digested in line with the
Renewable Energy Directive (20). Emissions savings from energy displacement
(eqq) 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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(erq) 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 (S,,) 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.

n
GHGconf,n = Z Sn X (eec,n + etd,fd,n + el,n - esca,n) + ep + etd,product + ey
1

— €ccs — €cer — €fd — €ed
Once the economic (NPV) and environmental (GHGop ) performance were

obtained, the abatement cost (AC) of each base case scenario was evaluated
according to Equation 5.6. The sum of the undiscounted annual GHG emissions

(GH G(fonf‘n) of time period ¢ was used to calculate the abatement potential or total
GHG mitigation of each base case scenario, based on the lifetime of the system (L)
(t € [1,L).

Equation 5-6 Abatement cost calculation.

AC( € > _ -NPV
t COZ_@Q %=1 GHGctonf,n

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 € tCO,™!) 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')
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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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.

Figure 5-4 Flowchart of the process used to construct the probability chart based on the results of the Monte
Carlo simulations.
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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 € tCO2¢q”!
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™),
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 ! 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.

. Total GHG Abatement Cost
Scenario NPV(© Mitigation (tCO2q) | (€ tCO2eq™)
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 € tCOzq™! (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).

138



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'!) can vary depending on the soil type, climate location, and application rate
of N (kg N ha'!). 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™! from the requirement of synthetic fertiliser
from the base case scenario (185 kg N ha!). 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! to 57 € t'!) 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'!, 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! (5.62 p£ kWh!) (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! (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).

141



Table 5-20 Model Input Parameters for the Monte Carlo Simulation.

Model Input Parameters
Farm Condition Distribution Type Values Source
High: 11
First Cut Yield (GS) [tDM ha] Triangular Median: 7 (46)
Low: 5.9
. . High: 250
rescillilitrl;fttllgnlt:)eflt(lgsljrh(g] Triangular Median: 185 (14,46)
Low: 60
Process Condition
. 0 . b High: 146
AD efficiency [%] Uniform Low: 50 (74,76)
Hich: 44 Assumed, based on a +/-
Process Temperature [°C] Uniform® & ; 10% wvariation of the base
Low: 36
case value
High: 2.2 Assumed, based on a +/-
Leakage of methane [%] Uniform® LOW'. 1.8 10% variation of the base
- case value
Economic Assumptions
1 . b High: 68.15
SSRH [€ MWh!] Uniform Low: 29.05 (82,85)
1 . b High: 97.87
RESS [€ MWh] Uniform Low: 74.08 (67,83)
High:87
Heat selling price [€ MWh'!] Triangular Median:60 (68,81)
Low: 50
High: 100
Biomethane Price [€ MWh!] Triangular Median: 53.7 (€20]
Low: 40
High: Base
CAPEX [€] Uniform® Case Value (84)
Low: -50%
. . b High: 10
Discount Rate [%] Uniform Low: 5 (63)
High:57
Feedstock Cost [€ t1] Triangular Median:43 (14,80,86)
Low:32

2 For triangular distributions: High= maximum bound, Median= most likely value, Low= minimum bond
® 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
NPYV. 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.
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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 € tCO2¢q !,
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with a corresponding abatement potential range between 3,500 to 7,700 tCOz¢q. 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 € tCO2¢q!, while accounting for a more restricted abatement potential range of

2,400 to 5,600 tCO2¢q.

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.
Simultaneously, the scenario's abatement potential range broadened to 3,100 to 6,500
tCO2¢q 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 € tCO2¢q"!, with an abatement potential
range of 3,000 to 6,600 tCO2¢q. 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 € tCO2¢q”! with a corresponding abatement potential between
3,578 to 6,466 tCO2q 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 €

tCO2¢q”!, 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 (vellow) to a 20% probability (blue) of the scenario to achieve the delimited range of abatement cost
and potential.



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 Summarv Statistics Ranges of Abatement Cost (€ tCO2eq™")
ry CL25%¢ | C.I75%°¢ C.I95% ¢
IQR® (€ tCO2q): 144 to 4
Median (€ tCO2q™"): -83
B-1 180020 | -200t0100 | -280 to 240
85 Mean (€ tCO2q™): 63 © © ©
SDP(€ tCO2eq™): 112
IQR (€ tCO2q™): 651075
Median (€ tCO2q™"): -13
CHP-185 100t040 | -120t0140 | -160 to 280
Mean (€ (CO2q™): 1 © © ©
SD (€ tCO2q”)): 99
IQR (€/tCO2q): 185 to 464
Median (€ tCO2q™"): 293
1 120 to 480 80 to 600 0 to 960
U185 Mean (€ tCO2e"): 341 0 0 09
SD(€ tCO2q™): 214
IQR (€ tCO2q): 107 to 292
Median (€ tCO2q™"): 293
+CHP-1 60 to 260 40 to 400 220 to 560
UrCHP-185 Mean (€ tCO2e"): 208 ° 0 0
SD (€ tCO2%q™): 132

a — Interquartile Range; b — Standard Deviation; ¢ — 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 Summarv Statistics Ranges of Abatement Potential (tCO2eq)
vy C.I 25%¢ CIL75%¢ CI95%°
IQR® (tCO2¢q): 3,578 to 5,693
Median (tCO2eq): 4,641
B-185 3,600 to 6,400 | 3,000 to 6,600 | 2,000 to 8,000
Mean (tCO2eq): 4,675 OTRIO D, IR0, VRIS,
SDb (tCOZeq): 1,353
IQR (tCO2¢q): 4,125 to 6,466
Median (tCO2eq): 5,304
CHP-185 4,700 to 7,300 3,500 to 7,700 2,700 to 9,100
Mean (tCO2eq): 5,343 © © °
SD (tCO2¢q): 1,504
IQR (tCO2eq): 2,688 t0 4,512
Median (tCO2eq): 3,609
U-185 2,600 to 5,200 | 2,400 to 5,600 1,600 to 6,200
Mean (€CO2eq): 3,628 OTRIO S, ATRIO S, AURIOD,
SD (tCOZeq): 1,158
IQR (tCO2eq): 3,665 to 5,568
U+CHP- Median (tCO2eq): 4,591
185 Mean (tCOeq): 2,683 3,900 to 6,100 | 3,100 to 6,500 | 2,500 to 7,700
SD (tCOZeq): 1,229

a — Interquartile Range; b — Standard Deviation; ¢ — 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 Absolut(:lt’[ceglzlc?gference Q Critical Value ?)l:gflflelf:;‘:et
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 (?ée(z;?cglfference Q Critical Value f)l:gflfl;f:s:;
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 € m,~ of methane, equivalent
to 38 to 106 € MWh'!, 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™! (72), an incentive between 68 to
116 € MWh™! 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 € tCO2q"!, with an abatement potential range of 3,500 to 7,700
tCO2¢q”!. 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™! 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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1s 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 O 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 km? 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 Ha.02 O3.84 No.o9) 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) (C334 Hs.02 O329 No.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 (DM?) [%] 8.3 22.6
Volatile solids (VS) [%] 6.5 20.7
VS /DM [%] 78.31 91.6
CHy4 in biogas (v/v€) [%] 45.69 48.09

# DM: Dry matter.
VS: Volatile solids.
€ 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 m>, or 0.33 tonnes wet weight (twwi) 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 tww a ! of dairy slurry. Considering the volatile solids (VS)
content of dairy slurry (as detailed in Table 6-1), this equates to 35 tVS a ..

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™! 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 ' 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 (V,p) from the co-digestion was calculated in cubic metres
per annum (m® a ') 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.

v m? _ (VSpm) * SMYpy
“P\"a ]~ %CH,,,
100

In Equation 6-1, VSg,, is the VS content of the feedstock mix in kgVS a™! (as per
Table 6-1), SMYg,, is the specific methane yield of the feedstock mix in m*kgVS™,
and %CH,,, is the methane content in biogas which were 193 m>kgVS™! 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 SMYr,,. 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 CO» to CHj 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 (UPQG)), 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 kW) 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™ 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 tywt

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™! 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 O Céileachair et al. (24) that previously evaluated an area of 120

km? 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
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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 O Céileachair et al.(24).

Feedstock Input Biogas Output
AD plant Catt(ltewil)urry Gra(sti \il)lage Far(r;l1 Srea (m® hr') (m® week)
1 534 1989 45 29.8 5,000
2 534 1815 41 274 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
-} Biogas user
¢ AD Pant
= Biogas Pipeline 1\ . 6
Road Network i

{ /" 0 1 2 km
7 L I—

2

Figure 6-1 Location of 10 AD plants around a biogas user through a direct pipeline network. An area of 120 km*
in Ireland was used to assess the optimisation of a biogas pipeline. Adapted from O Céileachair et al. (24).
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The pipeline layout (Figure 6-1) was derived from the findings of O 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 O Céileachair et al. (24).

Nominal
Di(;Elent:r Unit Cost Required Cost (€)
(mm) (€m™) Length (km)
63 5.09 4.45
90 6.18 15.09
173,062.25
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).

Biomethane Producers End User
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i e =
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=

>

Biomethane

Anaerobic Digestion Upgrading

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 DI.
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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.

L
C
NPV(€) = —Cp + Z %
t=0

The NPV for each scenario was calculated as per Equation 6.2, where Cr represent
the capital cost (CAPEX) of the scenario, C; represent the net cash flow for period ¢,
L represent the lifetime of the system in years, and r 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 (Cr) was used, considering half of
the CAPEX as an initial payment by the developer. Additionally, the net cash flow
per year (C;) 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] 15 (28)
Labour cost of Upgrading [€ hr] 15 (28)
Fuel cost (Natural gas) [€ MWh!] | 134.5 51
Electricity Cost [€ MWh'!] 349 51
Feedstock Cost (Silage) [€ twwi] 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!.
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'! (53), and the
other from the sale of heat based on customer prices for district heating with a value
of 60 € MWh'! (54). Revenue for electricity generation considered only the
renewable electricity support scheme (RESS) with a value of 74.08 € MWh'! (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™ 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! (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 (Cy) 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.
Vapa * cvcn, . Vapa * CVCH4]
TC.
3.6 2 3.6

Vapa * cVcn, Vapa * cVcy
ZAba T TCHs | Bp % —]
3.6 XCz 3.6

Cr (€) = [ETC1 *
+ [Exc1 *

The tariff for each farm (Cr) 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 (Erc) set at 0.15 € MWh'!, and the capacity tariff (Erc,)
valued at 190.93€ MWh'!. Exit tariffs consist of the gas commodity tariff (Ex ) at
0.31 € MWh'', and the capacity tariff (Exc,) at 612.59 € MWh''. Gas commodity
tariffs were calculated based on the annual biomethane output of each farm (V4p,),
while the capacity tariffs considered the peak daily capacity of biomethane
production (V4p4). 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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CH4 (cvcpy, ), at STP with a methane density of 0.714 kg m™ and a lower heating
value for methane of 50 MJ kg™!.

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 €
treedstock - @7 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.

Revenues

upG -Meca [ 51

upG -0
cHp-Mec AD - [ W 111%
cHp-AD N
Boiler - MECAD [ B 105%
Boiler - AD [
€0 €10,000 €20,000 €30,000 €40,000 €50,000 €60,000
M RESS Tariff B Biomethane Revenue M SSHR Tariff

Sale of Heat B Digestate M Increase in Revenue

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 CHj4 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 m?® 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 m?. 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 Upgrading CHP Boiler
m Baseline MEC-AD Baseline MEC-AD Baseline MEC-AD
Biogas (I’I;;’)d““i"“ 62,828 93,839 62,828 93,839 62,828 93,839
PrBog)lirclfitohna?rfﬁ) 31,782 62,928 - - - -
Elezt];izl?;‘;zﬂ;l of 12,061 12,061 - - 12,061 12,061
I e e e -
NPV (€) - 563,886 -563,886 | -292,703 | -292,703 | -243250 - 243,250
CAPEX (€) 191,377 251,806 128,863 269,411 86,842 182,093

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 | Revenes | Ney |

(m*a’)

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 445819 | 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 | 98215 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 CO» 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 Nm?
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 O 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 € tCOzeq! to +79 € tCO2q™! 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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1v.

Vi.

Vil.

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.

The abatement cost curve revealed a wide range of mitigation cost which
varied significantly, from -7 € tCO2q"' to 816 € tCO2q™" 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.

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.

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
€ tCO2¢q!. 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.

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™! of energy produced, and the
Renewable Electricity Support Scheme (RESS), offering a tariff of 74.08 € MWh'!

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:

1. 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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1il.

1v.

vi.

Vii.

Viii.

1X.

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.

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.

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.

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.

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.

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.
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.

TEA TEA + LCA LCA
Areas of Focus Associated Processes s el xlaslolalalslealelelalalasl o ala
SN IR DN BN N O RSN RN BN A A < I B/ B B B B B/ IS IS B
Feedstock Acquisition X[ X | X | X | X | X X X X X | X | X | x|x|X
Feedstock Feedstock Handling X | X X | X X X | X | X|Xx|x]|X X
Aga?l?;fité?lnail d Feedstock Storage X X X | X |x|X|X|X
Transport Transportation by Land or Pipe X X X | X X [ X | x| xXx|xXx|x]|X X
Farm Labour X X X
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
Pre-treatment and | Acquisition of Heat Exchange and Water x| x| x x | x X xIx ! x| x| x| x X
Anaerobic Pumps
Digestion Maintenance and Repair of the system X | X | X X | X | X X |1 X | X[ XX | 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
Connection to Gas Grid or Electricity X x | x X X
Grid
Purchase of Gas Purification Unit X X X
Biogas Post Operation of Upgrading System X X X
UI:irl?s;tsif)lr?i Ii ‘ Selling of e;?;izitte}:i and/or heat x| xIx!Ix! x| x| x X | x X x| x| x x| x| x XXX
c}iﬁfgﬁﬁg Selling of Biomethane produced X X X X
Land spreading of Digestate X | X | X | X | X X X | X X XX
Treatment of Digestate X X X
Selling of Digestate as Biofertiliser X | X X X X XX
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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
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Appendix B
Appendix B.1

The total feedstock resource of both cattle slurry (R¥S) and grass silage (RS®) was

calculated in terms of wet weight tonnes (twwt) per year.

Equation B1 Cattle Slurry resource per year by type of livestock

t
cs [Zwwt) _
R1 ( a ) - Nlivestockg * Ylivestockg +t Nlivestockn * Ylivestockn

In Equation B1, the Cattle Slurry resource (R¥5- tww: a™!) was calculated based on the
annual slurry production per head of livestock (Niivestocks) and the total number of
livestock (Yiivestocks) 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 (Niivesiocks)
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 m? 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 m? of slurry per week. The annual slurry
production per head of livestock (Yiivesocks) 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 (RSS) 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™! per annum (3-7). A value of 7 tDM ha! for
first cut and 4 tDM ha! 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.

Sil Sil
RGS (twwt> — Agrass * Fcl e Agrass Ys(;l 9
2 TSrc/100 TSgc/100

In Equation B2, the grass silage resource (RS, twwt a’') 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 (Agrqss, ha) for each of the four hypothetical farm sizes and the yield of grass

for the first and second cuts (Ylfélag e,YSf:ilag ¢, tDM/ha/a). These values are divided by
the total solids (T'Sgc and T'Ssc) 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, 16
Offaly, Tipperary, Waterford, Wexford, Wicklow
B Clare, Galway, Kerry, Limerick, Longford, Louth, 18
Mayo, Meath, Roscommon, Sligo, Westmeath
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 (V,p) from the co-digestion of grass silage and
cattle slurry was then calculated in cubic metres per annum (m> a™!) based on the
volatile solids content of the feedstock mixture (which include the cattle slurry
(VScs), grass silage first cut (VS ¢rc) and grass silage second cut (VS,¢sc)), the
specific methane yield (LCH4 kgVS™) of the cattle slurry (SMY,s), grass silage first
cut (SMY ¢rc), and the second cut (SMY ¢sc) (Equation B3), and the methane
content of the biogas from each feedstock used in the mixture as per Table B-2. The
methane (CHa) content of each feedstock (% CH, g, 0CHy o orc, YoCHy pgsc) 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).

FC
v (m3> (RES # VSgg) * SMYes (Rgs « VSGSFC) * SMY gorc
AD =

@ %CHy g * %CH ore
100 —100
(Rgssc * VSGSSC) * SMY ;qsc
" %CHaggsc
100

The gross energy output of the AD process (EO,p) in units of MJ/a was then
calculated based on the overall biogas production (V- m? a’!) considering an
organic loading rate (OLR) of 2.5 kgVS m~ per day under mesophilic conditions
(40°C), and a calorific value for methane (cv¢y, ) of 35.7 MJ Nm’CH4! assuming
the lower heating value (LHV) of methane as 50 MJ kg'!' and the density of methane
as 0.714 kg m>at STP (0 C°, 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).
. Volatile . Nitrogen
Volatil fic Meth
Slurry Type Total Solids (TS) Soliod: (1VeS) Ash Solids/Total Speci ;Eielde ane in Total
(Yowwt) o (Yowwt) Solids ) Solids
owwt LCH kgVS-!
(Yowwt) (%) ( 4 kgVS™) (%)
s Dai
“m;'l'z:rya"y 8.8% 6.7% 2.1% 76.5% 239.4 2.2%
Autumn Dai
" ‘;‘l‘l‘l';rya"y 6.5% 5.1% 1.4% 78.5% 175.5 2.0%
Dairy SI
ary Srry 7.1% 5.8% 1.4% 80.9% 199.8 2.5%
(Dec-Jan)
Dairy Slurry
10 6.6° 2.5 2.10 214.0 2.2
(Feb-Apr) 9.1% % % 72.1% %
Slurry 0 V) 0, V) 0,
(Dairy Helfers) 7.8% 5.5% 2.3% 70.3% 136.1 1.7%
I
?B‘::g 8.4% 6.8% 1.7% 80.1% 310.8 2.6%

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).

Volatil
. Total Solids Vola.tile Ash Soo:; dlse Speciﬁc'Methane Nitrogen'in
Silage Type (Yowwt) Solids (Yowwt) Total Yield Total Solids
(1} 0 o -1 ()
t LCH; k
(Yowwt) Solids (%) (LCH4 kgVS™) (%)
ilage Bal
Silage Bales 16.8% 15.3% 1.5% 91.1% 432.9 1.5%
(1st cut)
Silage Bal
rage Ba'es 17.4% 15.9% 1.5% 91.6% 428.4 1.7%
(2nd cut)
1st Cut Grass
Silage 29.3% 26.8% 2.4% 91.7% 399.6 1.7%
(Midlands)
Late Cut Grass
Silage 17.9% 16.4% 1.4% 92.0% 392.6 1.1%
(Midlands)
1st Cut Grass
Silage 16.8% 15.3% 1.5% 91.1% 432.9 1.7%
(North)
1st Cut Grass
Silage 17.4% 15.9% 1.5% 91.6% 428.4 1.0%
(South)

Equation B4 Buswell equation to calculate the methane content based on elemental composition data for a

<n+a b)CH +<n a+b>C0
2tga) itz gt )C0

substrate.

C,H,0p + <

a b)HO
_——— -
n 2 >

2
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Appendix B.3

To calculate the thermal demand of the AD process (TD,p) in MJ a’!, different
thermal demands were considered for the energy balance (Equation BS). These
include the heat required for substrate heating (SH,p), heat loss to the environment

(HLE), and heat loss through evaporation inside the digester (HLy,gg).

Equation B5 Net thermal demand of the AD process.

M
TDAD <?]> = (SHAD + HLE + HLWER)

To determine the energy in MJ/a to heat the feedstock mixture (SHyp), Equation B6
was used which considers the temperature in C° required to heat the feedstock
mixture from the inlet temperature (T},,) to the one specified by the user for the AD

process (T4p), the water content of the mixture (T"CR - kg a™') and the specific heat

capacity of water (C,H,0:4.184 % ) (11).

Equation B6 Thermal demand for substrate heating for the AD process.

M
SHAD <?]> = <(TWCR * 1000 * Cszo * (TAD - Tln)) /1000)

For the heat loss to the environment (HLg), 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
(Urank-W m?C") determines the thermal energy lost through the reactor fabric
based on the difference between the temperature in C° of the AD tank (T4p) and the
external air temperature (Ty,;) (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 m?

with the external environment are the walls (Ayq1), top (Arop), and bottom of the

reactor (Aggse)- For the external air temperature (Ty,, ), the average dry bulb
temperature in C° 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.

o ()

a

(UTankAWall(TAD — Tout) + UrankArop(Tap — Tout) + UrankApase(Tap — TOut))
B 1% 106
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Finally, for the heat loss through evaporation (HLy,ggr), 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 (mwaterbiogas) which is
calculated using the specific enthalpy of water evaporation at the temperature set for

the AD reactor (h,,e: 2260 %) (12).

Equation B8 Thermal demand for substrate heating for the AD process.

M]
HLyEr <?) = (mwaterbiogas * hwe) /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 (V,, - m®) based
on the saturation pressure of the water vapour (ps,:- kPa) within the reactor, the

temperature set for the reactor in C° (T4p) and using the universal gas constant of

kPam?3

water (R gter: 0.461 KoK

) as shown in Equation B9 (12).

Equation B9 Calculation for the mass of water vapour in the biogas for the AD process.

S —
Waterpiogas \ 4 Psat- Ryater * (Tap + 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

(Tap,) and the values set for the coefficients as shown in Table B-4.

Equation B10 Saturation of the water vapour of the biogas.

C
F—+Ca+C3Tap g +CaT A *+CsTaDy > +Co ln(TADK)>

— (AD
Psat = € K

Table B-4 Coefficients used in the calculation of the saturation vapour pressure of water.

Coefficient Value
Ci -5.8002206E+03
C2 1.3914993E+00
Cs -4.8640239E-02
Cq 4.1764768E-05
Cs -1.4452093E-08
Ceo 6.5459673E+00
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Appendix B.4

The required size of the boiler (kW) for each scenario was determined based on the
overall gross heat output calculated from the AD gross energy output (EO4p) and the
boiler efficiency (1g,izer) and the annual operating hours of the system (OLD) 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 (ED,p — kWh a™) will be

satisfied using electricity from the electricity grid.

Equation B11 Boiler configuration: Boiler size.

(EOAD * nBoiler)/3'6

Boiler Size(kWy,) = oLD

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 (EQ,p), the CHP electric efficiency (ngcyp), the
CHP heat efficiency (7¢cyp) and the OLD described in section 4.2.3 was used to
obtain the CHP size in kW (Equation B12) and in kW (Equation B13).

Equation B12 Calculations for CHP size (kWei) based on the final gross electric output of the process.

, ((EOAD * TIECHP)/3-6)
CHP Size (kW,;) = 5LD

Equation B13 Calculations for CHP size (kW) based on the final gross electric output of the process.

EO,, * 3.6
CHP Size (kWth)z(( 4D OnLrng)/ )
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Appendix B.5

Table B-5 Common biogas upgrading technologies and their technical features.

Biogas Methane Methane Electrical Thermal .

. . Biomethan
Upgrading Recovery Slip Demand Demand e Purit Source
Technology VIV %) (%V) (kWh m biogas) | (kWh m biogas) y

Water Scrubbing 94% 6.0% 0.45 - 97% (14-16)
P -
ressure Swing 91% 9.0% 0.335 ; 98% (15-17)
Adsorption
Chemical/Ami
emicavamine 90% 10.0% 0.415 0.55 96% (15-17)
Scrubbing
Memb
emprane 99% 0.105% 031 ; 99% (15-17)
Separation
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Appendix B.6

The electrical demand (EDyp) and thermal demand (T Dyp) were calculated in kWh/a
based on the amount of biogas upgraded (V,p-m® a™!) using an specific electricity
demand of 0.45 kWh m? biogas (SEyp) and a thermal demand (TDyp) of 0 kWh m™
biogas for water scrubbing (Table B-5) as per Equation B14 and Equation B15.

Equation B14 Electrical demand of the biogas upgrading process.

kWh
EDyp ( 7

) = Vap * SEyp

Equation B15 Thermal demand of the biogas upgrading process.

kWh
TDUP( 2 ) = Vap * SHyp

It is assumed that to cover the thermal demand of the AD and upgrading process
(TD4p, TDyp- kWh a™!) 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 (ngpierr) 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 (EDyp
and TDyp- kWh a™!), the energy efficiency of the biogas upgrading process (7yp)
was calculated as shown in Equation B16 based on the overall energy output of the
upgrading process (EQyp — kWh a'!) and the overall energy output of the AD process
(EO,p-MJaly.

Equation B16 Energy efficiency of the biogas upgrading process.

EO
o (%) = 5 <L ¥ 100
(—3_21)) + (EDyp + TDyp)
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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€
treedstock ' @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 € tfedstock ™’ @”
!, For the upgrading configuration, based on the systems installed the average value
from the literature resulted in 158.67 € tfeedstock ' "' 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 € treedstock ' @'
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™) Capex (k€) Capex (€ t'a™) 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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CAPEX for AD + CHP Plants
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Figure B-1 Box and Whisker Plot of CAPEX for AD systems with CHP units.
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Appendix B.8

The variable cost was calculated based on the total feedstock acquisition cost (TFC,
€ a’!), the annual electricity expense of the system (CE, € a!), and the annual fuel
expense (CH, € a’!) based on the thermal and electrical demand of the system. The
feedstock costs (TFC, € a™') were calculated based on the required feedstock resource
and the individual feedstock cost (€ twwi™!) of slurry and grass silage (see Equation
B17). For the scenarios analysed, the slurry cost (FCs) is assumed to be 0 € tyw: ™' as
it is produced on the farm, while the grass silage price (FCgs) was set at 43 € tyw ™!

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.

€
TFC (E) = RS « FCps + RSS x FCpg

The annual electricity expense was calculated from two sources, the electricity
demand of the AD process (ED4p, kWh a!) and the biogas upgrading system (EDyp,
kWh a!). 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 (PE) for 2022
based on the consumed amount which ranged between 237 €/MWh to 299 € MWh!
(Table B-8) (30). The annual electricity expense for the AD process (CE,p) was
based on the electricity demand of the AD system (ED,;,, kWh a!) and the electricity
price (PE) (Equation B18). In calculating the electricity expense of the upgrading
system (CEyp) the electricity demand of the upgrading process (EDyp, kWh a™!) will
depend on the specific electricity demand (SEyp, kWh m~biogas) of the biogas
upgrading technology used and the quantity of biogas available for upgrading (V,p,
m?> a!) (Equation B19).

Equation BI8 Annual electricity expense calculation for the AD System.

CE (E) _ EDap PE
AD\a) 7 1000

Equation B19 Annual electricity expense calculation for the Upgrading System.

CE <E> _ EDup « PE
UP\a/ ~ 1000
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The annual fuel expense was sourced from both the thermal demand of the AD
process (CH,p) and the biogas upgrading system (C Hyp) 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 (PF) for 2022. For natural gas, a price of
74.1 € MWh! 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! and 460 € MWh"
!'was used (Table B-8 and B-9) (30). The cost was then calculated based on the
boiler efficiency (Mpoiter> Npoiter—upc) Used to generate heat for the thermal demand
of the AD process (TD4p, MJ a!) and upgrading process (TDyp, MJ a™!) (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.

CHap (5) = (&) /3600 * PF

NBoiler/100

Equation B21 Annual fuel expense calculation for the Upgrading System.

€ TDyp
a NBoiler—UPG/100

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 ((;ig](;ln:g;nptlon Azgl;lg‘;lii;ce
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 | 218¢ (;;‘?V‘;“:ﬂ;“pt“’“ Ag’;ﬁiﬂ;ce
1 <278 74.1
2 >=278 <2,778 74.8
13 >=2,778 <27,778 613
14 >=27,778 <277,778 493
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Table B-10 Commercial fuel cost in Ireland for July 2022. Adapted from SEAI Commercial Fuel Cost Comparison
(30).

Delivered
Fuel Type Unit of Supply Energy Cost
(€ MWh)
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™! 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 (Ngpyry, kgN a’!) 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
(AFg,, kgN a™!), the nitrogen contained in the digestate (N Digestate) Was subtracted
from both the nitrogen of the slurry spread (Ngpyy, kgN/a) and the synthetic
fertiliser used (Nsynthetic, KGN a’!) 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.

kgN
AFSN (T) = NSlurry + NSynthetic - NDigestate

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!,
considering a herd size of 185 cows on 46.4 ha of land; this translates to 8,584

kgNa'.

Based on the annual production of the 185-cow herd the total wet weight of the
slurry amounts to 1,098.9 tFW a’! (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’!, converting to kg the total will be 71,430 kg a™'.

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’!, and considering that slurry has a has a
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50% N availability the total available nitrogen will be 715 kgN a™! (Nsiyrry)- This

results in a total of 9,299 kgN a™! 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’! (as per
Equation B2 on Appendix B2). Assuming a total solids content of 29.27% (Table
B-3), this equates to 324.8 ta’!, or 324,800 kg a™!. Assuming the nitrogen content
in the total solids is 1.7% (Table B-3) the nitrogen content will be 5,421 kgN a™'.

For the second cut of grass, the total fresh weight amounts to 1039.8 tFW a™! (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™!, or 185,600 kg a’'. Assuming the nitrogen
content in the total solids is 1% (Table B-3) the nitrogen content will be 1,856 kgN
al,
Adding the three sources of nitrogen above, the digestate has a total nitrogen

content of 8,706 kgN a’'. Assuming the digestate has a 60% N availability, the
total available nitrogen will be 5,224 kgN a’! (Npigestate)-

Inputting the three values into equation B22:

kgN
AFSN (T) = NSlurry + NSynthetic - NDigestate
kgN
AFgy (R22) = 715 + 8,584 — 5,224
a

kgN
AFSN (_> = 4‘,075
a
The amount of synthetic fertilizer required to meet the nitrogen demand of the
field will be 4,075 kgN a! (88 kgN ha™!). Accounting for the nitrogen of the
digestate, this results in a nitrogen demand of 9,299 kgN a™! to meet the

requirements of the field.
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Thus, a total of 4,509 kgN a™! (8,584 kgN a™! — 4,075 kgN a™!) 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 (e, ,) and savings from
improved agricultural management (€., ) 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 (Fgy) was based on the change in synthetic fertilizer

(AFsy) 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 Fertiliser Required | Emissions Factor
Grass Cultivation (kg ha a') (gCOz¢q halal)
N Fsy 5917.2
P05 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 (e, ), the direct and indirect
N20 emissions generated from the application of the nitrogen synthetic fertiliser and
the organic fertiliser were also calculated. This includes the direct N>O emissions
from managed soils, the Indirect N>O 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.

Ny Opirece = N = (Fsy * EFl(Syn)) + (Fo * EFl(Org))

Equation B24 Indirect N2O-N emissions from atmospheric deposition of N volatilised from managed soils.

NZO(ATD) — N = [(Fsy * Fracgasg) + (Fo * Fracgasm)] * EF,
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Equation B25 Indirect N2-O-N emissions from N leaching/runoff from managed soils.
N;0y — N = (Fsy + Fp) * Fracigacy * EFs

Where, Fgy is the annual amount of synthetic fertiliser per hectare (kg ha' a™! - after
displacement), F,, is the amount of organic fertiliser spread per hectare (kg ha!' a™! -
digestate), EF; is the emissions factor for NoO emissions from N inputs (kgN2O-N
kgN-! input), EF, is the emissions factor for N2O emissions from atmospheric
deposition of N on soils (kgN2O-N kgN-! input) and EF; is the emission factor for
N>O emissions from leaching and runoff (kgN.O-N kgN! input). In Equation B24,
FracgsF represents the fraction of synthetic fertiliser that volatilises and Fracg,sy
represents the fraction of organic fertiliser that is deposited in the soil. In Equation
B25, Fracgacy represents the fraction of both organic and synthetic fertiliser of all
N mineralised through leaching or runoff. To obtain the carbon intensity of the N>O
emissions (COz.¢q) the N2O-N emissions were converted to N>O emissions by
multiplying by the conversion factor (44/28) and by the global warming potential
(GWP) for N20 (298 CO2-¢q) (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

EFy(syn) 0.0124 Kg N20-NKgN'!

EF1(0rg) 0.006 Kg N20-N KgN'!
EF, 0.01 Kg N20-NKgN'!
EFs 0.011 Kg N20-N Kg Nl

kg N volatilised per kg of N applied

F 0.025 . o
Taceasr (synthetic fertilizer)
Fracgusy 0.085 kg N volatlllseq per k'g. of N applied
(organic fertilizer)
Fracipacy 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 gCOzeqa™! to kgCOz¢q a™.

Direct Emissions with slurry as organic fertiliser

Fertiliser and Pesticides | Fertiliser Required Emissions Factor Yearly Emissions
for Grass Cultivation (kg ha! a™) (gCO:2¢q kg'! Fertilizer) (kg CO2¢q ™)
N 185 5,917.2 50,793.5
P05 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 COz¢q a!) 74,356.9

Direct Emissions with digestate as organic fertiliser

Fertiliser and Pesticides | Fertiliser Required Emissions Factor Yearly Emissions
for Grass Cultivation (kg ha! a'l) (gCO0:¢q kg'! Fertilizer) (kg CO2qa™)
N 88 5,917.2 24,161.2
P05 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 COz¢q a™) 47,724.6

The initial emissions with slurry as organic fertiliser were 74,356.9 kgCOzeq a™!,

and reduced to 47,724.6 kgCO2q a”! by using digestate as organic fertiliser. This

change results in a total savings of 26,632.3 kgCOz2¢q a! from the direct

application of less synthetic fertiliser.

Direct and indirect N,O emissions from fertiliser use.

Direct and Indirect N2O Emissions with slurry as organic fertiliser

To obtain the direct and indirect emission N>O 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 N>O-N emitted
by each fertiliser. The emissions factors and fractions used were based on the
National Inventory Report for Ireland 2021 (Table B-12).

N3Opirect =N = (Fsy * EFy(syn)) + (Fo * EF1(0rg))

NyOpirect — N = (185 * 0.0124) + (15.4 * 0.006)
NZODiTBCt - N = 2.39

NZO(ATD) — N = [(Fsy * Fracgasr) + (Fo * Fracgasu)] = EF,
NyOarpy — N = [(185 x 0.025) + (15.4 %« 0.085)] = 0.01
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NZO(ATD) — N =0.06

N0y — N = (Fsy + Fp) * Fracygacy * EFs
N;O¢y— N = (185 + 15.4) 0.1+ 0.011
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! a’!. 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 kgCOzeq ™' emitted.
Direct and Indirect N2O Emissions with digestate as organic fertiliser

To obtain the direct and indirect emission N>O 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).

N;Opirect — N = (Fsy * EFy(syn)) + (Fo * EFy(0rg))

NyOpirect — N = (88 % 0.0124) + (112.6 * 0.006)
NzoDireCt - N S 1.77

NZO(ATD) — N = [(Fsy * Fracgasr) + (Fo * Fracgasy)] * EF,
NZO(ATD) — N =[(88%0.025) + (112.6 * 0.085)] * 0.01
NZO(ATD) —N=0.12

N0y — N = (Fsy + Fp) * Fracygacy * EFs
N;O¢y— N = (88 +112.6) 0.1+ 0.011
The total N2O-N emissions from synthetic fertiliser and slurry (organic fertiliser)
accounts to a total of 2.11 kg N2O-N ha™! a!. 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! a’!. 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 kgCOz¢q a™!' emitted.
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Subtracting the emissions generated from spreading slurry with synthetic fertiliser
(58,015 kgCOzeq a™!) from the emissions generated spreading digestate with
synthetic fertiliser (45,847 kgCO2¢q a™t), the change of organic fertiliser results in a
total savings of 12,168 kgCOxeqa™l.

Adding the savings from direct application (26,632.3 kgCO2¢q a™!) and from direct
and indirect N2O emissions (12,168 kgCOz¢q a!), a total emissions savings of

38,800 kgCOa2cq a! is obtained from the displacement of synthetic fertiliser.

For the savings from agricultural management (es., ,,) €missions savings were
assumed to be 2.2 tCO2 ha™! a™! based on the soil carbon sequestration from the grass
silage (33). In the case of slurry, there are no emissions associated with cultivation
(eecn) so these were assumed to be zero. For the carbon sequestration savings
(€scan )» based on the RED II methodology a bonus of -54 kgCO2eq twwi 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
(€ta,feedstockn) 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 (e, ,,) as there is no land-use change considered for the farm under
analysis. The emissions from production (e, ) 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.¢q (33). For the anaerobic digestion process a methane leak of 2%
was considered while the methane leak from upgrading due methane slip
(CH,Slipyp) 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 CO; 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 gCO: kWh'!
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 (€q proguct) Were considered to be 1.22
gCOzeq per MIpiomethane based on previous studies (33). For the emissions from the
fuel in use (e,) 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 CO; capture and geological storage (e..s) and CO2 capture

and replacement of fossil fuels (e..,) were considered zero for this analysis.

To calculate the emissions saved from the displacement of synthetic fertilizer
replaced by digestate (er4) the emission generated during cultivation and the direct
and indirect emissions generated from the application of synthetic fertiliser (185 kgN
ha') and organic fertiliser (slurry) used originally in the farm were subtracted from
the emissions generated from the amount of synthetic fertiliser displaced (AFsy- kgN
a’!) from the use of digestate as organic fertiliser. The savings are then obtained
subtracting the total emissions calculated previously for cultivation (e, ) using
digestate from the base case without organic fertiliser which considers the original
amount of synthetic fertilizer (Fgy- 185 kg ha™! a’!) and slurry as the organic fertiliser
(Fo).

The emissions saved from displacement of energy (er4) consider the electricity and
heat displaced from the energy output of the configurations (HO;yp, HOgpi1er and
EOcyp- kWh a'!) 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 (EQyp -kWh a'') 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 (HO¢yp, HOgyijer- KWh a!) by the emissions factor of
natural gas while for electricity the electricity produced by the CHP configuration
(EOcyp -kWh a!) 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 gCO. kWh'!)

and electricity (346 gCO. kWh™) for Ireland for 2021 (39).
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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 H.erd Labour Maintenance Insurance Administrative Electricity Fuel Feedstock Total Annual
Size Cost Cost Cost Cost Cost

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
Boiler 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

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

cHp 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

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
UpG 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

40 €15,480 €3,431 €1,715 €1,144 €0 €0 €16,732 €38,502

UPG+CHP 60 €15,480 €5,831 €2915 €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.

Emissions Savings

Emissions Generated

Herd Energy Savings Slurry N20 Emissions
. er e .o .
Configuration Size | Replacement Fuel Carbon from Management Fer.tlllser emissions Biogas Emissions From Grid Net GHG
.. Replacement . - (-54 kg Direct from . from Process .
(Electricity . Sequestration fertiliser . - . Production . Transport Emissions
(Diesel) . CO2¢q tFW- | Emissions fertiliser Upgrading | Leakage
and Heat) displacement 1 .
) application
40 -56877 0 -17383 -7230 =762 8000 7808 1854 0 14823 0 -49767
Boil 60 -103726 0 -31997 -13084 -951 14782 14223 3151 0 26526 0 -91076
oiler
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
40 -60924 0 -17383 -7230 =762 8000 7808 0 0 12970 0 -57521
CHP 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
40 0 -75713 -17383 -7230 =762 8000 7808 8295 8836 30101 1436 -36611
UPG 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
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
UPG+CHP
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
1 F tock
Sturry Feedstoc 238 356 594 1,099
(twwt a )
Grass Silage
Feedstock First 201 366 584 1,110
Cut (twwt a™)
Grass Silage
Feedstock Second 188 343 547 1,040
Cut
(twwt a‘l)
Total Mass of
Fedstock 627 1,065 1,724 3,248
(twwt a‘l)
Digestate M. t
1ges aa_el) ass ( 539 906 1,470 2,766
N content of
Digestate 1651 2908 4671 8843
(kga™)
Bi P ti
iogas Production 66,381 119,717 191,321 363,346
(m* a™)
Gross Energy
1,252,600 2,257,613 3,608,398 6,852,268
Ouput (MJ a!)
Electric Demand
6,26 10,652 17,24 2,48
(kWh ) 267 65 7,243 32,483
Thermal Demand 114,686 185,101 284,425 506,172

(MJ a™)
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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
™ Net Heat Output (MWh a!) 281,293 512,986 823,093 1,572,464
5
2 Boiler Size (kW) 38 68 109 207

Net Heat Output (kWh a™') 159,604 290,360 467,264 896,754
&
5 Net Electrical output (kWh a™) 100,983 177,483 283,457 538,539
CHP size (kWe) 13 23 36 69
~ Electric Demand (kWh a!) 29872 53873 86095 163506
-
g
= Biomethane Produced (m? a™!) 34002 61283 97950 186004
5
=) _
Off gas Methar:; Content (kg a 75 135 217 411
Biogas Input for the CHP unit |, 49 31,919 51,114 96,949
(m’a™)
Biogas for Upgrading (m?a!) 48,513 87,798 140,207 266,397
% Biomethane Produced (m? a™!) 24,849 44,943 71,781 136,374
®
2
E CHP size (KW.) 3.40 6.08 9.73 18.45
Q
&
% CHP Electric Output (kWh a™) 28,098 50,161 80,336 152,362
CHP Heat Output (kWh a™) 48,703 86,945 139,250 140,603
Off gas Methar:e Content (kg a 55 99 15.9 301

)
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Appendix C.3

B-100 Abatement Cost B-100 NPV B-100 Annual GHG

Feedstock Cost
Heat Selling Price
SSRH

CAPEX

Process Tempergture

AD efficiency

Nitrogen Requirement

First cut yield [GrassSilage)

400% 300% 200% 100% 0% -100% -200% -300% -400% 400% 500% 200% 100% 0% -100% -200% -300% -400% 400% 300% 200% 100% 0% -100% -200% -300% -400%
m-10% m10% u-10% m10% m-10% m10%
CHP-100 Abatement Cost CHP-100 NPV CHP-100 Annual GHG

Feedstock Cost
Heat Selling Price
SERH
RESS
CAPEX

o o

Process Temperaure

First cut yield (Grass Siage) -

60% 40% 20% 0 -20% -40% -60% 60% 40% 20% 0% -20% -40% -60% 60% 40% 20% 0% -20% -4l -60%

m-10% m10% u-10% m10% B-10% m10%

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)

242



U-100 Abatement Cost U-100 NPV U-100 Annual GHG

Feedstock Coxt
Biomethane Price
CAPEX

Discourt rate
Proces Temperaiure
AD efficiency
Leakage of Methane

First cut yield [GrassSiage)

20% 15% 10% 5% 0% -5% -10% -15% -20% 20% 15% 10% 5% 0% -0% -10%  -15% -20% 20% 15% 10% 5% 0% -5%  -10%  -15%  -20%
u-10% m10% m-10% m10% m-10% m10%
U+CHP -100 Abatement Cost U+CHP -100 NPV U+CHP-100 Annual GHG
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Figure C.10 Results of the sensitivity analysis of U and U+CHP configurations for on-farm anaerobic digestion
243

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)



Feed=tock Cost
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CAPEX
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AD efficiency
Nitrogen Requirement

First cut yield (Grass Silage)
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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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U-60 Annual GHG

U-60 Abatement Cost

Feedstock Cost
BiomethanePrice
CAPEX

Discourt rate
Process Temperaure
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Leakage of Methane

First cut yield [Grass Siage)
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Figure C.12 Results of the sensitivity analysis of U and U+CHP configurations for on-farm anaerobic digestion
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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)

246



U-40 Annual GHG
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Figure C.14 Results of the sensitivity analysis of U and U+CHP configurations for on-farm anaerobic digestion
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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.15 Cumulative distribution function of the Net Present Value for the 4 biogas-end use configurations
for a herd size of 100.
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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
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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 (yvellow) to a 20% probability (blue) of the scenario to achieve
the delimited range of abatement cost and potential.
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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 (vellow) 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 (vellow) 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%y.1 of methane with the remainder 40%-o1 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 @))]
Outlet Pressure 1.163 bar 1)
Based on the maximum
Gas Flowrat.e at 0.82m?s’! ﬂ(ow rate of the biogas AD
compressor inlet
plants)
Critical Pressure 42.3 bar 2)
Critical Temperature 82.5 °C 2)
Acentric Factor 0.228 ® 2
Molecular Weight 16.04 2)
cp cv'! 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 “)
Polytropic Efficiency 80 npoly (4,5)
Interstage Pressure drop | 0.15 bar
Intercooler No 5)
Mechanical Efficiency | 97 nMech %)

Compression Ratio Equal | Assumed
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Table D-3 Operational cost of the AD-UF scenario for the 10 AD plants.

Fixed
AD plant Operating Ele(c:t(:si:ity Feedstock Cost Tran(s:r(:lsitssion
Costs
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.
Fixe('i Electricity
AD plant Operating Cost Feedstock Cost
Costs
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
l. O Céileachair D. SNAP input parameters and results [Internet]. Vol. 1.
Mendeley Data; 2023 [cited 2023 Oct 23]. Available from:
https://data.mendeley.com/datasets/5vkjkh8c6z/1
2. Cruz-Monterrosa RG, Bribiesca JER. Biomethane production. 2022;

3. Bauer F, Hulteberg C, Persson T, Tamm D. Biogas upgrading-Review of

commercial technologies; Biogasuppgradering-Granskning av kommersiella
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tekniker. 2013 [cited 2022 Jun 15]; Available from:
https://www.osti.gov/etdeweb/biblio/22090519

4. Aspelund A. Gas purification, compression and liquefaction processes and
technology for carbon dioxide (CO2) transport. In: Developments and Innovation in

Carbon Dioxide (CO2) Capture and Storage Technology. Elsevier; 2010. p. 383—407.

5. Carranza-Abaid A, Wanderley RR, Knuutila HK, Jakobsen JP. Analysis and
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