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Abstract

:

Agriculture in Ireland is responsible for producing and exporting healthy, nutritional food pivotal for meeting the Sustainable Development Goals (SDGs) such as global food security, economic development and sustainable communities. However, the agricultural sector, dominated by a large bovine population, faces the challenge of reducing greenhouse gas (GHG) emissions to reach climate neutrality by 2050. The objective of the current study was to model the environmental and economic impact of simultaneously applying farm-level climate change mitigation strategies for a conventional grass-based dairy farm in Ireland. An average farm of 52 ha with a spring-calving herd of 93 was used as a reference scenario to create a business case. Partial budgeting was used to calculate the annual net benefit. A cradle-to-grave life cycle assessment (LCA) was used to model the reduction in GHG emissions, which was expressed as kg of carbon dioxide equivalent per kilogram of fat- and protein-corrected milk (kg CO2-eq/kg FPCM). The baseline for average emissions was 0.960 kg CO2-eq/kg FPCM. An average farm would reduce its annual emissions by 12% to 0.847 kg CO2-eq/kg FPCM in Scenario 1, where climate change mitigation strategies were applied on a minimal scale. For Scenario 2, the emissions are reduced by 36% to 0.614 kg CO2-eq/kg FPCM. In terms of annual savings on cash income, an increase of EUR 6634 and EUR 18,045 in net savings for the farm are realised in Scenarios 1 and 2, respectively. The business case provides evidence that farms can move towards climate neutrality while still remaining economically sustainable.
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1. Introduction


Irish agriculture has the potential to become a global leader in sustainable food systems through the production, marketing and management of low-carbon food. According to Ireland’s Department of Agriculture, Food and the Marine [1], the agricultural sector contributed 9.5% of Irish merchandising exports and approximately EUR 18.7 billion to the value of agri-food exports in 2022. The sector underpins much of rural Ireland, with over 170,400 (7.1% of total employment) people employed in the agri-food sector [1]. Ireland exports 90% of its food products to 160 countries worldwide, contributing directly to the Sustainable Development Goal (SDG) of global food security (SDG2) and economic development [1]. Despite such a positive economic contribution, the agricultural sector, is, however, associated with negative environmental impacts, such as greenhouse gas (GHG) emissions, loss of natural habitats and diversity due to intensive agriculture and monoculture, a decline in air and water quality and deforestation. This poses a threat to the achievement of the SDG13, SDG14 and SDG15 targets of ensuring environmental sustainability. As consumers become more aware of the various production systems and how their consumer choices can have an impact on the environment [2], the demand for products that are sustainably produced will continue to increase. Farmers could integrate greater innovation in the production of food products to ensure that food is produced in an environmentally sustainable manner. Currently, Ireland produces approximately 1.1 million tonnes of food waste each year, which results in a carbon footprint of 3.6 Mt CO2eq [3]. As such, increasing production to feed the world, is not, in and of itself, sustainable. It should be noted that the SDGs towards sustainability, previously listed, are all interlinked and not always antagonistic. For instance, with responsible production and consumption (SDG12), food losses can be minimized, natural resources less depleted and greater food security can be achieved [4].



Unlike other European countries where transport and energy industries are the major GHG emitters, in Ireland, agriculture accounted for about 37.5% of the nation’s total GHG emissions in 2021 [5], approximately double the emissions from the energy industry. The fact that agriculture continues to contribute the largest sectoral percentage of GHG emissions to the national inventory is a major cause for concern for such an important industry. Ireland has regularly fallen short of its climate change emission targets and currently faces a very challenging target of reducing overall emissions by 51% by 2030 and achieving net zero emissions by 2050 [6,7]. The largest share of GHG emissions in Irish agriculture relates to ruminant production and is predominantly a result of rumen methane and nitrous oxide from soils. The 2021 Irish Farm Sustainability Report [8] indicated that the amount of GHG emissions from an average Irish farm rose in 2020, largely due to an increase in herd size, in addition to a 3.3% and 6.2% increase in fertiliser use and liming, respectively [5].



With over 80% of the agricultural land in Ireland being grassland [9], the grass-based nature of livestock production in the country offers positive environmental opportunities in terms of manure recycling, the integration of livestock and crops for feed, low feed–food competition, biodiversity, soil quality and organic carbon content [10]. Grass, a relatively cheap but abundant feed source, also gives Irish dairy farmers a competitive edge in terms of lower costs and higher profits [11]. Results from the National Farm Survey (NFS) [12] show that dairy remains the most economically and socially sustainable farming system in Ireland; however, the continuous expansion of the bovine population has resulted in higher agricultural GHG at the national level due to higher methane emissions. Ireland aims to achieve a climate-neutral food system by 2050 [13]. Climate-neutral agriculture is defined as net zero emissions of agricultural GHG emissions, implying that the total GHGs (expressed in the carbon dioxide equivalent) released into the atmosphere by sources are equal to or less than the carbon absorbed by carbon sinks [14,15]. In grass-fed systems like Ireland, such as Australia [16,17,18] and New Zealand [19], much of the research towards climate-neutral agriculture has put a major emphasis on carbon sequestration modelling or strategies that require major land use changes and capital investment. To reduce emissions in agriculture, robust but practical measures are required to be implemented at the farm level. In previous research in Ireland, strategies such as clover, multispecies swards, slurry management and the use of protected urea have shown positive environmental impacts [20,21,22]. However, such research and analyses of the impact of the mitigation strategies have largely been conducted in isolation. In contrast, the Farm Zero C (FZC) initiative, which is the basis for the current paper, combines at least 15 strategies at once. FZC uses a holistic and pragmatic approach to transform a conventional farm into a more sustainable farm, with the overall aim of achieving a climate-neutral dairy farm. To achieve this, FZC undertakes an interdisciplinary program of work to reduce emissions, targeting several areas:




	
Soil and grassland management: measuring and increasing soil carbon organic stocks through soil and grassland management practices such as incorporating clover and growing multispecies swards;



	
Animal diet and breeding: trialling different types of diets and anti-methane additives that can alter animal digestion, reducing the amount of methane emitted by cows;



	
Renewable energy: producing and using renewable energy on the farm where possible to reduce the farm’s reliance on carbon-emitting fossil fuels.








The research completed to date has demonstrated that the combined strategies can significantly reduce the emissions at Farm Zero C as the life cycle assessment (LCA) modelling of GHG emissions has shown a decrease in emissions from 0.86 kg CO2-eq/kg FPCM in 2018 to 0.66 kg CO2-eq/kg FPCM in 2022. Previous studies have shown that adoption decisions for climate change mitigation practices among farmers are not based solely on the environmental impact of the strategies [23]. Farmers are likely to adopt innovations which they perceive to have economic returns [24]; for instance, those arising from increased efficiencies, economies of scale and financial incentives [23]. Various economic-oriented studies have been published focusing on the costs of climate change mitigation in Ireland; however, most of these either used input-output models or policy analysis to provide a broad perspective on the economic impacts of climate change mitigation at the national or regional level [25,26]. For instance, The Irish Marginal Abatement Cost Curve (MACC) study provides a detailed cost analysis of the climate mitigation strategies across all farming systems with the absolute emission reduction pathways at the national level [26]. This current paper, on the other hand, builds on data arising from Farm Zero C combined with available information on climate change mitigation costs to provide a case study on how a combination of strategies can be applied for economic and environmental sustainability at the farm level. A business case, based on the implementation of a selection of the Farm Zero C climate-neutral strategies, is modelled under specified assumptions to determine the economic and environmental impact of a set of mitigation measures applied at different levels. The objective of this paper is to provide evidence that climate neutrality at the farm level produces opportunities for cost reduction and revenue growth, thus contributing positively to SDG13’s targets of combating climate change.




2. Materials and Methods


2.1. Description of the Farm


A case study dairy farm in Ireland which closely resembles an average Irish dairy farm adopted from the National Farm survey data and agricultural factsheet [1,12] was used for formulating the Holistic FZC business case scenarios. The business case assumes that the case study farm reduces its emissions to a certain level year on year until it reaches climate neutrality by 2050. The physical farm components are important for evaluating the economic and environmental analysis and these are summarized in Table 1 below. An average dairy farm of 52 ha located in the southern part of Ireland stocked at 2.2 LU/ha, which currently uses none of the FZC climate mitigation strategies is presented as the baseline scenario. This represents a typical Irish pasture-based, spring-calving dairy farm where cows spend an average of 241 days on grass.




2.2. Mitigation Measure Selection


Since June 2021, the FZC holistic climate-neutral strategies have been tested and demonstrated on a commercial dairy farm, Shinagh Farm, at Bandon, Co., Cork, Ireland. The selected mitigation strategies, for the current business case, were based on the findings from these research, demonstration and analysis activities. Table 2 presents a summary of the assumptions made, and economic and environmental impacts based on evidence from the FZC trials and other research outcomes. It should be noted that Shinagh farm is not representative of the conventional farm in Ireland, as it is highly resource efficient with a relatively low carbon footprint of 0.66 kg CO2-eq/kg FPCM as compared to 0.96 kg CO2-eq/kg FPCM for an average farm in 2022.



The information in Table 2 includes all trials and strategies implemented at FZC except for green biorefinery and soil carbon sequestration. Holistic livestock management strategies which have been shown to increase technical efficiencies including maximizing utilisation of grass, improving grassland management by incorporating clover and MSS, optimising slurry for organic nitrogen, and improving the economic breeding index were implemented based on previous trials, and assumptions were made based on this work [22,27,28]. Innovative technologies such as feed and slurry additives were trialled at FZC and the results were used to model the conventional farm. The strategies were chosen on the basis that they are both practical to implement in the short run and effective in reducing GHG emissions. Whilst the use of the green biorefinery for grass has demonstrated a high potential for reducing emissions from imported feed, it may be more challenging to implement in the short term, as proper planning is required to address issues relating to the initial investment cost and the ownership of equipment [29]. One option would be for farmers to come together as a cooperative and purchase a biorefinery where they would process their own grass. Similarly, without evidence-based measurement, reporting and verification (MRV) of carbon sequestration it is difficult to model the level of soil organic carbon and the associated costs [30]. The FZC is taking steps to implement MRV, but more data are required to include it in the model.



The mitigation measures included were aimed at reducing emissions per unit of output (CO2-eq/kg FPCM), rather than absolute farm emissions. This approach allows the inclusion of strategies which increase production and sometimes the farm’s emissions such as the economic breeding index (EBI) and extending the grazing season but significantly reduce emissions per kg of product [31]. Where available, costs of inputs such as fertiliser were adopted from the central statistics office; however, for novel technologies such as feed and slurry additives which are not readily available on the market, the FZC prices were used, which may be more or less the same as commercial prices.





 





Table 2. Summary of mitigation strategies and assumptions.
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	Strategy
	Target Emission Source
	Environmental Impacts
	Economic Impacts
	Assumptions





	Reduce chemical N use through

White clover,

Red clover

and Multispecies swards
	Fertiliser use
	Reduces nitrous oxide emissions and nitrate losses to water

Reduces the upstream impacts associated with fertiliser production
	Reduction of fertiliser costs

Incremental reseeding costs
	Nitrogen fertiliser reduction to 150 kg/ha [22]

No changes to Dry Matter (DM) yield [21,32]



	Grazing management
	Manure management
	Manure left on pasture which has lower methane emissions than stored [33]
	Savings from less silage and less concentrate feed

Higher milk solids
	Farmer either reduces concentrate or increases productivity

An extra week on grass reduces total GHG by 1% [31]



	Protected Urea
	Fertiliser use
	Reduces N2O and NH3 losses [20]
	Protected urea is cheaper per kg N than calcium ammonium nitrate (CAN) though slightly more expensive than urea
	Cost is based on nitrogen value only; phosphorous (P) and potassium (k) costs remain constant



	Slurry management through:

Spreading all slurry in Spring

Use of Low Emission Slurry Spreading (LESS)

Chemically amend slurry
	Manure management
	Spreading slurry in Spring ensures less N is lost as NH3

Reduces N losses through NH3

Reduces ammonia and methane emissions during slurry storage slurry
	Approximately 0.4 kgN/m3 more is saved in Spring than in Summer thus reducing total fertiliser costs [34]

Reduces demand for chemical fertiliser thus reducing N2O losses [34]

The extra cost of the chemical amendment
	The value of N retained only is considered, P&K values remain constant

Extra spreading cost EUR 20/h when LESS is used instead of Splash plate, assuming splash plate spreads @ 34 m3/h and trailing shoe @ 28 m3/h [27,35]

Chemical amendment cost was estimated at EUR 2/m3 slurry (estimates from FZC trials)



	Use native feeds
	Feed production
	Reduces GHG emissions associated with imported soya and grain
	The cost of native ingredients is higher than conventional feed
	Native feeds cost EUR 25 more per tonne than conventional feeds (estimates from FZC)



	Anti-methane additives (Bovaer)
	Animal digestion
	Reduces CH4 emissions
	The extra cost of the dietary additive
	Dietary additives cost approximately EUR 75/cow/yr (estimates from FZC)

Milk yield remains constant



	Reduce replacement rate
	All hotspots
	
	Costs are reduced as the farmer has less young stock to rear
	Rearing a heifer from the calf for 24 months costs approximately EUR 1500 [36]



	Use renewable sources to reduce energy inputs
	Farm Energy
	Reduces CO2 emissions
	Investment costs for the renewable energy equipment
	Potential savings or costs were not included in the analysis as they represent an investment cost which differs across different technologies



	Increase productivity by 5% (EBI and management)
	All hotspots
	For every EUR 10 increase in EBI, GHG emissions decline by 1% per unit of product [28]
	Increases farm revenue from sales of extra milk solids
	The total farm, emissions do not decrease but as productivity increases the quantity of GHG per kg of FPCM reduces









2.3. Modelling Different Scenarios


Two scenarios were used to model the likely impacts of different levels of application for several mitigation strategies when applied simultaneously. Scenario 1 (S1) represents the minimal implementation case option which includes strategies that can be implemented in the short term at a low scale without major costs (low-hanging fruit) usually adopted by the risk-averse farmers, as shown in Table 3. These include reducing fertiliser use, incorporating clover and MSS in grasslands, slurry management, and reducing feed concentrate and replacement rate. Reducing chemical fertiliser use and switching to protected urea has been estimated to reduce nitrous oxide emissions by 5.4% for the Irish agricultural sector in the MACC [35]. However, reducing the quantity of chemical fertiliser on its own can result in low productivity and creates a risk of the grassland being less self-sufficient to feed the animals [37]. White clover incorporation in grassland has been shown to reduce chemical fertiliser requirement to 150 kg/ha [22,38,39] and using red clover in silage can completely replace chemical fertiliser requirements [32]. The modelling for the FZC business case considered the area required for grass-clover swards and MSS to maintain sward productivity, which would result in a 16% and 46% reduction in fertiliser use for S1 and S2, respectively, as shown in Table 3. Scenario 2 (S2), on the other hand, involves a larger scaling of immediate technologies as well as the adoption of innovations such as the use of additives, representing a model that would be more likely to be adopted by a risk-tolerant farmer. The Bovaer (3NOP) additive has been trialled at FZC for methane reduction, and based on these results and the results of previous studies, a 28% reduction was estimated during housing with a 10% reduction throughout the grazing period [40,41,42]. The environmental impact is limited to GHG emissions (carbon footprint) only. The description of the strategies employed in the baseline and the two scenarios (S1 and S2) is summarised in Table 3.




2.4. Economic Impact Analysis


The scenarios were modelled to determine the changes in net profit under different levels of mitigation. Firstly, a whole farm budget was prepared for a typical average dairy farm using farm-level data and the 2022 National Farm Survey (NFS) results to create a baseline [12]. The basic components of the dairy budget were adopted from the Teagasc Profit Monitor tool, which is a digital tool used by farmers to assess their profit/loss over a period of time [43]. Components of the data include the revenue, variable costs, fixed costs and net profit as presented in Equation (1).


Profit or loss = Total Revenue − Total Cost



(1)




where profit or loss is the amount remaining after removing total costs from the gross total revenue [44].



Farm gross revenue was calculated by combining milk sales receipts, cow sales, and the average value of calves sold. Market values for revenue items were adopted from [45] and [46] as follows: farm gate milk price of EUR 0.41/L of milk, EUR 1300/culled cow and EUR 169/calf. Costs were split into variable costs and fixed costs. Variable costs are those costs that vary per scale of production [47,48]. The major variable costs were fertiliser, concentrates, reseeding, replacement rearing, and contractor costs. Fixed costs are costs which do not vary with the level of production ha [43]. Fixed costs include machinery running and lease costs, hired labour, repairs and maintenance and overheads. Expenses such as depreciation and loan repayment were not included in order to simplify the model.



Partial Budget Analysis


A partial budget was then used to check the overall changes in net profit under the two scenarios. The changes resulting from adopting and implementing the mitigation strategies only affect a part of the business and mostly the direct costs, as such, a partial budget was applicable for the analysis of the impact of such changes [49]. Using a partial budget, one can evaluate whether a change in management will increase or decrease profit [50]. The method does not determine profit; rather, it checks the changes in net profit which is recorded as net benefit:


Net benefit = Total benefit change − Total cost change



(2)






Total benefit Change = Extra revenue + Cost saved



(3)






Total cost change = Total cost increased + Revenue forgone



(4)




where total benefit change is the summation of extra revenue increased plus cost saved, and total cost change is the total cost increased plus the revenue forgone [49].



The partial budget economic analysis involves understanding the changes in costs and/or revenues associated with various climate change mitigation strategies demonstrated through FZC. The net benefit, expressed in EUR/Farm/year, can also be referred to as net annual profit, which is the total of the marginal benefits accruing from the net savings on each strategy. A positive margin implies an increase in net profits, whereas a negative figure implies that the introduction of the mitigation strategies reduces net farm profit.





2.5. Environmental Impact Analysis


To quantify the environmental footprint of a conventional farm, a LCA model was initially developed for the FZC farm using 2018 and 2022 data, and subsequently, data were adapted for the average farm. The LCA methodology, guided by the International Standardization Organization’s (ISO) framework of goal and scope definition, inventory analysis, impact assessment, and interpretation (ISO 14040:2006) was used to calculate the global warming potential [51]. The cradle-to-farm gate system boundary was used, and the functional unit was the kg carbon dioxide equivalent per kilogram of fat- and protein-corrected milk (kg CO2-eq/kg FPCM). The methodology and functional unit used measured the GHG intensity rather than absolute emissions. In essence, a reduction in kg CO2-eq/kg FPCM means the kg of milk on the dairy farm was produced with a lower carbon footprint [5]. The life cycle inventory analysis was carried out using the LCA model developed at FZC (yet to be published) and average figures from the 2022 National Farm Survey data (highlighted in Table 1) were used to simulate the baseline farm. The model was populated using data on animal performance, fertiliser application, manure management, forage production and energy consumption. The calculations are based on the Intergovernmental Panel on Climate Change (IPCC) tier 2 and tier 3 by using country-specific emissions factors from different sources including Ireland’s National Inventory Report 2022 [52], Ireland’s Informative Inventory Report 2018 [53], the European Environment Agency’s 2019 Air Pollutants Report [54], and the IPCC’s 2019 updates to its 2006 publication [55,56].





3. Results


3.1. Baseline


Using the variables described in Table 1 the baseline scenario was first modelled to find the net profit and GHG emissions of the farm before any climate change mitigation measure was applied. Table 4 provides a major summary of the costs, revenue and profit from the case study farm. Total revenue from the sale of milk, culled cows and calves was EUR 255,678. Total variable costs were calculated as EUR 116,087 with the high costs of fertiliser and concentrate the major factor in the high variable costs. The net profit was estimated to be EUR 84,265 for the baseline. Similarly, the net profit for S1 and S2 was estimated as EUR 90,900 and EUR 102,311, respectively.



For the environmental metrics, only the GHG emissions were considered and the absolute farm emissions for the baseline was 534 tonnes CO2. The emission intensity expressed per unit of product using LCA was modelled to be 0.96 kgCO2eq/kg FPCM, before any form of intervention as shown in Figure 1. The main emission sources were animal digestion (0.505 kg), manure management (0.130 kg) and fertiliser use (0.155 kg). Animal digestion constitutes 52% of the farm emissions.




3.2. Changes in Net Profit under Different Scenarios


The partial budget results are shown in Table 5. Savings were realised from fertiliser savings, savings in concentrate and the reduced cost of rearing heifers for replacement. Incremental costs were also realised for reseeding and contractors’ costs for both scenarios. The cost of slurry and anti-methanogenic additives were the major costs of the mitigation strategies employed. Extra revenue was realised from extra milk sales, replacement sales and fertiliser savings.



3.2.1. Costs Saved


Major costs forgone were the reduced fertiliser, concentrate and replacement heifer rearing costs. Fertiliser reduction was due to the use of clover and MSS swards to reduce the need for chemical N fertiliser. The switching from calcium ammonium nitrate (CAN) to protected urea also resulted in large savings because 1 kg of protected urea would cost EUR 0.18 less than CAN. Generally, large savings of EUR 3959 and EUR 7535 were realised in S1 and S2, respectively. This could be attributed to higher fertiliser prices experienced in 2022 and 2023. The reduction in concentrate resulted in net savings of EUR 3649 and EUR 4536, respectively, in S1 and S2. Extra savings were also realised from the reduced cost of rearing replacement heifers.




3.2.2. Extra Revenue


For Scenario 2, extra sales were recognized from increased productivity, as annual milk yield per cow increased from 530,100 L to 556,605 L due to a higher EBI and improved management. This results in an increase of EUR 11,374 in revenue under S2.




3.2.3. Extra Costs


Under Scenario 2, feed and slurry additives were the major costs amounting to EUR 8079.



The reseeding costs were the common costs in both S1 and S2, as clover and MSS would need more frequent reseeding than the grass swards. However, these reseeding costs were offset by the large fertiliser savings.




3.2.4. Net Profit/Loss


The economic modelling showed an increase in net farm profit in both Scenarios 1 and 2. Under S1, where the farmer applied minimum measures for climate change mitigation, a net farm profit increase of EUR 6634 was achieved, and a larger profit (EUR 18,045) was realised for S2. Though high costs were realised for the use of additives, these costs were neutralised by savings from reduced fertiliser use and increased productivity. A positive figure shows that the overall impact of the intervention provides a profit rather than a loss. Farmers may be more willing to adopt the interventions modelled in both scenarios as they have a positive net economic benefit.





3.3. Environmental Impact


Following LCA modelling of climate change mitigation strategies for both scenarios, changes were noted across the main categories of emission sources as shown in Figure 2. The GHG emissions were reduced to 0.847 kg of CO2-eq/kgFPCM and 0.614 kg of CO2-eq/kgFPCM, in S1 and S2, respectively.



3.3.1. Animal Digestion


Methane emissions from enteric fermentation were the dominant source of GHG emissions, contributing 56% (0.458 kg of CO2-eq) of the total GHG emissions under S1 and 62% (0.409 kg of CO2-eq) per kilogram of FPCM under S2. A 28% methane emission reduction during the housing period and a 10% reduction during the grazing season were assumed for S2, where anti-methane additives were used. This resulted in a 12% emission reduction from animal digestion in S2.




3.3.2. Manure Management


As compared to the baseline, manure accounted for a greater percentage of total emissions than fertiliser, after climate change mitigation strategies were applied. By extending the grazing season and applying manure management of chemically amending slurry, applying slurry during favourable weather conditions and using LESS for spreading slurry, the emissions from manure decreased from 0.13 to 0.122 and 0.073 kg CO2-eq/kgFPCM, in S1 and S2, respectively.




3.3.3. Fertiliser Use


Nitrogen fertiliser use is responsible for nitrous oxide emissions during the fertiliser application and production processes. The use of protected urea and a reduction in the quantity of nitrogen fertiliser applied saw the fertiliser emissions drop by 3.3% and 7.1% for S1 and S2, respectively.




3.3.4. Feed Production


Ireland mainly depends on feed imports such as soya from Brazil and grain from America for concentrate ingredients, which have higher GHG emissions from land use changes and transport than local ingredients. A reduction in feed concentrates and sourcing of EU-produced feed ingredients had a significant reduction in emissions from feed production, with a decrease from the baseline of 0.124 to 0.083 and 0.44 kg CO2-eq/kgFPCM, in S1 and S2, respectively.




3.3.5. Other


The category “other” represented all emissions from the farm which may not fall into the broader categories, for example, farm energy use. Energy demand reductions for farm applications, such as manure spreading and fertiliser applications, would result in lower on-farm CO2 emissions.




3.3.6. Net Environmental Impact


The overall results show a net reduction in GHG emissions of 12% from 0.96 kg of CO2-eq/kgFPCM to 0.847 under S1, and in S2 where the farm-level strategies are employed at a larger scale there was a 36% reduction in emissions the final footprint was 0.614 kg CO2-eq/kgFPCM.






4. Discussion


Irish farmers need to move towards climate neutrality by adopting robust but practical technologies which ensure both the environmental and economic sustainability of dairy farms. The national emission reduction target of 25% is based on absolute farm emissions using the IPCC methodology [5]. In the FZC case study, the LCA methodology, which considers emissions from upstream processes such as fertiliser and feed production, was used. The results show the reduction in emissions per kilogram of milk, which is an important measure at the farm level for farmers to be able to understand how their environmental decisions affect the farm profit.



4.1. Economic Impact


The baseline represents an average commercial dairy farm which is economically sustainable, as evidenced by a net profit of EUR 84,265. The higher revenues, as compared to the previous seasons, can be attributed to higher farmgate milk prices [12]. According to the NFS results, fertiliser and concentrate feeds are the major variable costs, with fertiliser contributing almost 20% to the total variable costs [12]. The results are in line with [11], which indicates that more grass in the diet increases the profitability of the farming system, and increasing more concentrate feeds is not always the most economically rational choice. The reduction in the quantity of concentrate feeds is not expected to reduce the productivity of the farm, as the assumption is that any dry matter shortfall is compensated for by grassland management practices such as extending the grazing season [44]. Farmers are expected to reduce their concentrate feed not only due to the environmental benefits but also the realisation of cost reduction opportunities. This is in line with evidence from an online survey of 396 Irish farmers, which showed 73% support for the paradigm of maximizing milk from forage and minimizing concentrate use [57] for both environmental and economic gains. Major incremental gains were also realised from increasing the EBI of the herd. The EBI is an efficiency tool which aims to improve the genetic merit of animals for increased profitability. In line with [24], the increase in dairy productivity would result in reduced emission intensity but absolute farm emissions may not drop.



Though large methane emission reductions were realised from the anti-methane additives in S2, it was determined from this analysis that the additives were the major incremental costs in the dairy system under S2. The costs of anti-methane additives represent a major challenge to the adoption of the strategy, as previous research has shown that costly mitigation strategies are a huge disincentive [23].



Other Opportunities for Revenue Generation


The partial budget results in Section 3 indicate the likely increase in net profit by adopting the current farm-level FZC mitigation opportunities; however, by following specific MRV standards, the products can be certified as “carbon reduced” or “carbon free”. Where an MRV procedure can be established and the emission abatement can be attributed to specific strategies, the farmers can potentially obtain money from carbon credits or market premiums. In the EU, a tonne of CO2 is expected to cost EUR 140 by 2030 [58]; hence, under the S2 scenario, farmers have the potential to earn up to EUR 20,580 from abating 147 tonnes of CO2. A recent Irish consumer survey of 1500 adults showed that 72% of respondents were willing to pay more for dairy products, provided they see the evidence that the increase is going to embed the latest environmental initiatives in production [59]. This view is reiterated by [60]’s findings on consumers’ perceptions of carbon footprint labels for dairy products in Italy, which shows that consumers would be willing to pay extra when they are fully aware of the products and claims made about the carbon footprint.





4.2. Environmental Impact


In contrast to indoor systems where manure is the largest contributor to GHG emissions, in grass-based systems, total emissions consist mainly of methane emissions from enteric fermentation [33]. Scenario 2 resonates with target resource use efficiency systems simulated by [61,62] whose results concur with the current study. Both studies found that methane emissions in target farms would contribute a larger percentage to overall GHG than the baseline current farm with lower efficiency. The results highlight the need to reduce methane emissions in grass-based systems. The additive Bovaer (3NOP) has shown consistency in methane reduction with an average of 30% reduction when administered in feed for dairy cows [42,63,64]. However, there are practical issues around administration of the additives in grass-based systems. The adoption rate of additives in general is expected to be low, as there are issues regarding social acceptance and the cost of the additives [65]. Previous studies have suggested the use of slow-release bolus to incorporate the additives in pasture-based systems where 95% of the animals’ diet is from grazed forage [41,63].



The reduction in fertiliser emissions in both S1 and S2 is a result of nitrous oxide reduction. Nitrous oxide emissions account for 25% of the agricultural sector’s emissions in Ireland [35]. In line with [22,37], the FZC case study highlights the importance of incorporating clover and minimising chemical fertiliser for grassland productivity. This also concurs with [33], who showed that nitrogen surplus from chemical nitrogen per hectare was positively correlated to the GHG emission intensity of milk. According to [66], animal excreta and urine are the biggest sources of N2O per year in grasslands, followed by manure applications. Manure acts as an emission source for both methane and nitrous oxide, and the quantity emitted is linked to environmental conditions, type of management and composition of the manure [67]. By extending the grazing season and applying manure management strategies, fewer emissions are released from the storage and application of manure. The overall reduction in emissions from manure management in both S1 and S2 results shows that though extending the grazing season results in more N emissions from excreta deposited on grassland, the reduction in emissions from stored manure will be higher than the marginal increase from manure deposits [33]. In contrast to confinement systems, in grass-based systems, the total GHG emissions associated with feed production are predominantly from grass [61].



The results show that to achieve climate neutrality in dairy systems by 2050, a holistic approach which combines different mitigation strategies at significant but reasonable levels (e.g., S2) of application is required. Farmers are still able to achieve a notable emission reduction of 12% under S1 without incorporating new technologies such as anti-methane additives. The results concur with studies by [62], in Ireland and [19] in New Zealand, which showed that combining climate mitigation strategies that increase production efficiencies, resulted in substantial emission reduction for grass-based systems. The business case underlines the significance of using multiple measures in reducing climate change as there are no quick fixes to achieving net zero emissions [68]. It is important to highlight that efficient use of resources can offer additional benefits, other than reducing costs and carbon dioxide emissions. A study by [62] has already shown that moving to a target-efficient system would reduce freshwater eutrophication, acidification, and non-renewable energy depletion in Irish dairy. As more consumers become more responsible for their purchasing behaviour by purchasing environmentally friendly products [59,60], and reducing food waste and losses, this case study shows that there are potential positive ripple effects of holistic sustainable production [69]. Such solutions are important to achieve all three dimensions of environmental, economic and social sustainability [69].



Opportunities for Further Emission Reduction


While work remains to further reduce the emission footprint of the farm towards net zero, Shinagh Farm has several planned activities which can help to improve these scenarios. The project plans to implement a grass biorefinery and anaerobic digestion plant in 2024. The benefits of grass biorefinery to improve the use of grassland on dairy farms have previously been highlighted in Ireland through projects such as Biorefinery Glas and FZC. In this approach, fresh grass can be converted into multiple protein sources, including a press cake which is suitable for feeding ruminants and a leaf protein concentrate (LPC) which is suitable for feeding monogastric animals, such as pigs and poultry. Previous work from [70] has highlighted the potential for press cake to replace silage in dairy cow diets, achieving comparable milk yields, while offering a reduction in nutrient (nitrogen and phosphorus) excrement losses and delivering a higher nitrogen use efficiency. Work by [71,72] has shown that the extracted protein LPC can serve as a suitable replacement for imported soya bean meal in the diets of pigs. By creating “off-farm” products, the biorefinery approach can help the farm to achieve further environmental benefits by enabling a redistribution of the environmental impacts associated with grassland production. The inclusion of anaerobic digestion to produce biogas using farm residual streams is also expected to add further improvements to the current scenario. For example, ref. [73] has previously shown that small-scale anaerobic digestion of cattle slurry, co-digested with some grass from Irish farms, can meet the farm’s energy needs with surplus energy exported, representing between 73% and 79% of the total energy generated, with all scenarios investigated offering a net CO2 emission reduction of approximately 173,237 kg CO2-eq. yr−1. In addition to the slurry, the residual streams or by-products such as grass whey and press cake from the grass biorefinery can also be utilised as a feedstock for biogas production, helping to further improve the sustainability and circularity of the farm model [72]. It is anticipated that a further 0.3 to 1.1 tonne CO2/ha/yr reduction can be obtained from carbon sequestration from grassland management practices already employed at FZC as well as hedgerows.






5. Conclusions


To meet the GHG targets at the national and EU level without jeopardizing the economic viability of the sector, Irish agriculture needs to adopt practical climate mitigation strategies. Using partial budget analysis and LCA assessment to measure the change in farm profit and GHG emissions under different scenarios, the business case for an average Irish dairy farm was formed based on the FZC holistic approach. The FZC approach reiterates the importance of adopting win–win approaches also highlighted in the Teagasc MACC curve, such as the inclusion of clover, protected urea, slurry management and reducing feed concentrates immediately, as they result in lower operational costs. Evidence from S1 shows that by implementing these win–win solutions even at a small scale, a 16% reduction in GHG emissions can be achieved. Incremental costs are realised especially from methane additives, slurry amendments and the use of native feeds. Biogenic methane is the major GHG in grass-based systems; therefore, the use of methane additives for emission reduction should be considered a priority. As highlighted by the business case, anti-methane additives are costly. Subsidies or other financial policy incentives should be considered to foster the uptake of additives, especially during the period when the animals are housed as the additives are most effective.



While significant sustainability improvements can be achieved by implementing the current farm-level mitigation strategies at a higher scale (S2), these steps alone may not be sufficient to achieve climate neutrality, as shown by the reduction to 0.614 kg CO2-eq/kg FPCM in S2. This means that there is a need for more research into additional climate mitigation measures in order to reach net zero emissions on the farm. Targeting net zero ensures that the environmental sustainability goals are achieved without compromising food security. More research should be invested towards the MRV of soil carbon sequestration potential of grasslands and hedgerows so that the contribution of soil organic carbon could be incorporated in future business cases. Other ways to further reduce the emissions include anaerobic biodigesters for renewable energy, and the implementation of biorefineries to improve the efficiency of grassland use. Consumers will also be crucial in driving the demand for climate-neutral agriculture; therefore, consumer-side policies should be aimed at increasing awareness of the climate change challenge. In addition, multi-actor partnerships would be crucial in the dissemination of information on climate change mitigation across the agricultural sector. Stakeholders like producer associations, dairy companies, cooperatives and advisory organisations should continue to advise farmers on low-carbon farming. The holistic approach to sustainable agricultural production can be instrumental in achieving other SDGs including food security, responsible production and consumption, and life in water and on the ground.
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Figure 1. Baseline GHG emissions. 
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Figure 2. Changes in GHG emissions under different scenarios. 
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Table 1. Values used to describe case study farm.
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	Variable
	Description





	Farm Size
	52 ha



	Soil drainage
	Average



	Herd size
	93 dairy cows



	Replacement rate
	22%



	Productivity
	5700 L/cow/yr @4.21% fat and 3.57% protein

KG MS/Cow—455



	Chemical nitrogen fertiliser use
	220 kg/ha (50% Urea & 50% CAN)



	Concentrate
	1100 kg/cow/yr



	Grazing management
	241 days per annum



	Animals culled
	20 Mature heads @ 550 kg live weight



	Slurry spreading method
	Splash plate



	Slurry spreading season
	50% in Summer 50% in Spring



	Manure storage
	Pit storage for the mature herd and heifers, solid storage for calves










 





Table 3. Scenarios under consideration.






Table 3. Scenarios under consideration.





	Strategy
	Baseline
	S1
	S2





	Reduce Chemical N
	No change (220 kgN/ha)
	To 185 kg N/ha (16%)

-Include white clover on 25% of pasture area

-Include red clover on 10% of silage area

-Include MSS on 10% of pasture area
	To 150 kg N/ha (45%) -Include white clover on 50% of pasture area

-Include red clover on 25% of silage area

-Include MSS on 20% of pasture area



	Grazing management
	235 Days grazing Season
	Extend grazing season by 7 days
	Extend grazing season by 14 days



	Protected urea
	0% of chemical N
	50% of chemical N
	100% of chemical N



	Slurry spreading season
	50% Summer, 50% Spring
	50% in Summer, 50% in Spring
	80% in Spring, 20% in Summer



	Slurry spreading method
	Splash plate
	LESS
	LESS



	Chemically amend slurry
	0% Slurry
	0% of slurry
	100% of slurry



	Native feeds
	0% of feed
	50% of the diet is native
	100% of the diet is native



	Reduce feed concentrate
	No change
	By 5%
	By 10%



	Anti-methanogenic feeds (Bovaer)
	No change
	No change
	Throughout the year—housing + grazing (28% reduction during housing and 10% when grazing).



	Reduce replacement rate
	No change (22%)
	To 20%
	To 18%



	Use renewable sources to reduce energy inputs
	No change
	By 25%
	By 50%



	Increase production of milk solids (EBI—management practices)
	No change
	No changes
	By 5%










 





Table 4. Dairy enterprise budget.
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	Baseline
	S1
	S2





	Annual concentrates fed (kg/cow)
	1100 kg
	1045 kg
	990 kg



	Milk yield (L/cow)
	530,100 L
	530,100 L
	556,605 L



	Milk sales (EUR)
	12,337 EUR
	12,506 EUR
	12,844 EUR



	Meat sales (EUR)
	38,337 EUR
	38,506 EUR
	38,844 EUR



	Total Sales(EUR)
	255,678 EUR
	255,847 EUR
	267,052 EUR



	Variable costs
	
	
	



	Concentrates (EUR)
	43,682 EUR
	41,491 EUR
	39,145 EUR



	Fertiliser (EUR)
	18,533 EUR
	14,574 EUR
	10,998 EUR



	Reseeding (EUR)
	1633 EUR
	2163 EUR
	2799 EUR



	Additives (EUR)
	-
	-
	8079 EUR



	Replacements rearing (EUR)
	21,769 EUR
	20,269 EUR
	17,269 EUR



	Contractor costs (EUR)
	15,874 EUR
	16,529 EUR
	16,529 EUR



	Veterinary and breeding (EUR)
	14,596 EUR
	14,596 EUR
	14,596 EUR



	Total variable costs (EUR)
	116,087 EUR
	109,622 EUR
	109,416 EUR



	Gross