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The EPA is responsible for protecting and improving 
the environment as a valuable asset for the people of 
Ireland. We are committed to protecting people and 
the environment from the harmful effects of radiation 
and pollution.

The work of the EPA can be divided into 
three main areas:
Regulation: Implementing regulation and environmental 
compliance systems to deliver good environmental outcomes  
and target those who don’t comply.

Knowledge: Providing high quality, targeted and timely 
environmental data, information and assessment to inform 
decision making.

Advocacy: Working with others to advocate for a clean, 
productive and well protected environment and for sustainable 
environmental practices.

Our Responsibilities Include:
Licensing

	> Large-scale industrial, waste and petrol storage activities;
	> Urban waste water discharges;
	> The contained use and controlled release of Genetically 

Modified Organisms;
	> Sources of ionising radiation;
	> Greenhouse gas emissions from industry and aviation  

through the EU Emissions Trading Scheme.

National Environmental Enforcement
	> Audit and inspection of EPA licensed facilities;
	> Drive the implementation of best practice in regulated 

activities and facilities;
	> Oversee local authority responsibilities for environmental 

protection;
	> Regulate the quality of public drinking water and enforce 

urban waste water discharge authorisations;
	> Assess and report on public and private drinking water quality;
	> Coordinate a network of public service organisations to 

support action against environmental crime;
	> Prosecute those who flout environmental law and damage  

the environment.

Waste Management and Chemicals in the Environment
	> Implement and enforce waste regulations including  

national enforcement issues;
	> Prepare and publish national waste statistics and the  

National Hazardous Waste Management Plan;
	> Develop and implement the National Waste Prevention 

Programme;
	> Implement and report on legislation on the control of 

chemicals in the environment.

Water Management
	> Engage with national and regional governance and operational 

structures to implement the Water Framework Directive;
	> Monitor, assess and report on the quality of rivers, lakes, 

transitional and coastal waters, bathing waters and 
groundwaters, and measurement of water levels and  
river flows.

Climate Science & Climate Change
	> Publish Ireland’s greenhouse gas emission inventories  

and projections; 

	> Provide the Secretariat to the Climate Change Advisory Council 
and support to the National Dialogue on Climate Action;

	> Support National, EU and UN Climate Science and Policy 
development activities.

Environmental Monitoring & Assessment
	> Design and implement national environmental monitoring 

systems: technology, data management, analysis and 
forecasting;

	> Produce the State of Ireland’s Environment and Indicator 
Reports;

	> Monitor air quality and implement the EU Clean Air for Europe 
Directive, the Convention on Long Range Transboundary Air 
Pollution, and the National Emissions Ceiling Directive;

	> Oversee the implementation of the Environmental Noise 
Directive;

	> Assess the impact of proposed plans and programmes on  
the Irish environment.

Environmental Research and Development
	> Coordinate and fund national environmental research activity 

to identify pressures, inform policy and provide solutions;
	> Collaborate with national and EU environmental research 

activity.

Radiological Protection
	> Monitoring radiation levels and assess public exposure  

to ionising radiation and electromagnetic fields;
	> Assist in developing national plans for emergencies arising 

from nuclear accidents;
	> Monitor developments abroad relating to nuclear installations 

and radiological safety;
	> Provide, or oversee the provision of, specialist radiation 

protection services.

Guidance, Awareness Raising, and Accessible Information
	> Provide independent evidence-based reporting, advice 

and guidance to Government, industry and the public on 
environmental and radiological protection topics;

	> Promote the link between health and wellbeing, the economy 
and a clean environment;

	> Promote environmental awareness including supporting 
behaviours for resource efficiency and climate transition;

	> Promote radon testing in homes and workplaces and 
encourage remediation where necessary.

Partnership and Networking
	> Work with international and national agencies, regional 

and local authorities, non-governmental organisations, 
representative bodies and government departments to 
deliver environmental and radiological protection, research 
coordination and science-based decision making.

Management and Structure of the EPA
The EPA is managed by a full time Board, consisting of a  
Director General and five Directors. The work is carried out  
across five Offices:

1.	 Office of Environmental Sustainability
2.	 Office of Environmental Enforcement
3.	 Office of Evidence and Assessment
4.	 Office of Radiation Protection and Environmental Monitoring
5.	 Office of Communications and Corporate Services

The EPA is assisted by advisory committees who meet regularly  
to discuss issues of concern and provide advice to the Board.
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Identifying pressures
Ireland’s agriculture, forestry and other land use sector accounts for over 40% of national greenhouse gas emissions. 
The Climate Action and Low Carbon Development (Amendment) Act 2021 commits Ireland to reaching a legally 
binding target of net-zero emissions no later than 2050. While there are clear techno-economic pathways towards net-
zero emissions within the energy and industrial sectors, there are no such pathways for the agriculture sector, where 
technical abatement options for emissions of nitrous oxide and methane are limited. Globally, it is assumed that land 
management will provide a net carbon sink to offset residual emissions from agriculture and other sectors. However, 
Ireland’s land sector is a large net emitter of carbon dioxide (CO2) owing to large areas of drained organic soils and a 
low afforestation rate relative to the forest harvest rate. There is an urgent need to identify potential agriculture and 
land use configurations compatible with net zero. The SeQUEsTER project provides new insight into what those future 
land use mixes could look like.  

Informing policy
SeQUEsTER provides new evidence to underpin strategic policymaking across agriculture, the environment and land 
use. The conclusions are relevant to policymakers, farmers, foresters, agri-food businesses and wider stakeholders in 
land management and food production. Key policy messages arising from the research include the following: 

•	Ongoing efforts to deploy ambitious emissions abatement across the agriculture sector are vital; however, the need to 
curtail milk and beef output cannot be avoided if climate neutrality is to be achieved.

•	Delivery of ongoing bog restoration and plans for organic soil rewetting (water table management) will be critical to 
reducing very large (albeit uncertain) emissions from organic soils.

•	The afforestation rate needs to be ramped up to at least 10 times the current rate, and 2.5 times the official policy target, 
in order to support large-scale milk and beef production within net-zero constraints in 2050.

•	There is a need for coordinated policy across sectors to support both supply and demand of bio-based feedstocks for the 
bioeconomy, in a manner that incentivises positive land use change and diversification.

Developing solutions
SeQUEsTER uniquely applied a backcasting approach to identify what “solutions” to net zero could look like for the 
agriculture and land sector. This was necessary owing to the scale of the challenge and differs from approaches 
that extrapolate past trajectories forwards (and inevitably fail to identify net-zero compatible futures). The scale of 
systems transformations invoked in this modelling work indicate reversals or very steep accelerations in trends in land 
use and cattle numbers. Addressing this challenge is imperative to ensure the future viability of farms and agri-food 
exports. Strategic, long-term and cross-sectoral policymaking could realise multifaceted opportunities, linking farm 
diversification to downstream sectors, including timber engineering, construction, bioenergy and alternative proteins 
to support a climate-neutral, circular bioeconomy. Above all, this research highlights the need for a mindset shift 
to explore alternative, sustainable and resilient futures for the food and land sectors. Constructive dialogue across 
diverse stakeholders and stronger government guidance on the precise definition of “climate neutrality” and “net 
zero” with regard to non-CO2 emissions will be essential.
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Executive Summary

Ireland’s agriculture, forestry and other land use 

(AFOLU) sector accounts for c.43% of national 

inventoried greenhouse gas (GHG) emissions. 

The Climate Action and Low Carbon Development 

(Amendment) Act 2021 commits Ireland to reaching a 

legally binding target of net-zero emissions by 2050, 

yet emissions from the AFOLU sector continue to 

increase. The SeQUEsTER (Scenarios Quantifying 

Land-Use & Emissions Transitions Towards 

Equilibrium with Removals) project generated over 

�����������U�D�Q�G�R�P�L�V�H�G���$�)�2�/�8���F�R�Q�¿�J�X�U�D�W�L�R�Q�V���I�R�U���,�U�H�O�D�Q�G���L�Q��

2050, and calculated GHG emissions and removals 

using a new model validated against Ireland’s National 

�,�Q�Y�H�Q�W�R�U�\���5�H�S�R�U�W�����6�F�H�Q�D�U�L�R�V���Z�H�U�H���¿�O�W�H�U�H�G���D�F�F�R�U�G�L�Q�J��

�W�R���Y�D�U�L�R�X�V���G�H�¿�Q�L�W�L�R�Q�V���R�I���³�F�O�L�P�D�W�H���Q�H�X�W�U�D�O�L�W�\�´�����H�Q�D�E�O�L�Q�J��

delineation of a climate-neutral AFOLU sector. Despite 

�X�Q�F�H�U�W�D�L�Q�W�\���D�U�R�X�Q�G���V�R�P�H���*�+�*���À�X�[�H�V���D�Q�G���G�H�¿�Q�L�W�L�R�Q�V����

sensitivity analyses support robust conclusions. 

Achieving climate neutrality will require a combination 

of the following (or variations thereof):

	�” reducing milk and beef output by 30% (or a 

more dramatic cut in either milk or beef); further 

reductions will be required if the below measures 

are not implemented;

	�” implementing widespread emissions abatement 

across farms to reduce the GHG intensity of 

production by 30%;

	�” restoring virtually all degraded peatlands;

	�” raising the water table across thousands of 

hectares (kha) of organic soils under grassland 

(actionable area subject to revision in the light 

�R�I���H�P�H�U�J�L�Q�J���H�Y�L�G�H�Q�F�H���R�Q���W�K�H���H�[�W�H�Q�W���R�I���H�I�I�H�F�W�L�Y�H��

drainage in organic soils);

	�” planting at least 500 kha of new forest (avoiding 

organic soils).

The above is predicated on assumptions that climate 

�S�R�O�L�F�\���H�Y�R�O�Y�H�V���W�R���U�H�À�H�F�W���W�K�H���G�L�V�W�L�Q�F�W�L�Y�H���Z�D�U�P�L�Q�J���H�I�I�H�F�W��

of methane as a short-lived climate pollutant and that 

national methane emissions are reduced to a level 

compatible with climate stabilisation. In that case, 

�F�D�U�E�R�Q���G�L�R�[�L�G�H���U�H�P�R�Y�D�O�����&�'�5�����Z�L�O�O���E�H���U�H�T�X�L�U�H�G���W�R��

�R�I�I�V�H�W���U�H�V�L�G�X�D�O���H�P�L�V�V�L�R�Q�V���³�R�Q�O�\�´���R�I���O�R�Q�J���O�L�Y�H�G���F�D�U�E�R�Q��

�G�L�R�[�L�G�H���D�Q�G���Q�L�W�U�R�X�V���R�[�L�G�H�����$�O�W�H�U�Q�D�W�L�Y�H�O�\�����X�V�L�Q�J���F�X�U�U�H�Q�W��

�*�+�*���D�F�F�R�X�Q�W�L�Q�J���W�R���G�H�W�H�U�P�L�Q�H���³�Q�H�W���]�H�U�R�´�����R�Y�H�U��

850 kha of new forest would be needed to also offset 

methane emissions. Thus, achieving climate neutrality 

implies afforestation rates of 20–35 kha per annum 

between 2025 and 2050 (2.5–4.5 times higher than 

current policy), even assuming agricultural emissions 

are reduced by 50%. Planting on mineral soils to 

ensure effective CDR implies competition with other 

agricultural uses.

Just 14–33% of beef and sheep farms are 

economically viable, and livestock rearing per se is 

often loss making, with farms supported by direct 

payments. Teagasc guidance suggests that forestry 

can generate higher gross revenue per hectare 

than cattle or sheep farming. Meanwhile, over 80% 

�R�I���,�U�H�O�D�Q�G�¶�V���P�L�O�N���D�Q�G���E�H�H�I���S�U�R�G�X�F�W�L�R�Q���L�V���H�[�S�R�U�W�H�G����

�I�D�F�L�O�L�W�D�W�H�G���E�\���H�I�I�H�F�W�L�Y�H���J�U�H�H�Q���P�D�U�N�H�W�L�Q�J���D�Q�G���³�V�R�F�L�D�O��

�O�L�F�H�Q�F�H�´���I�R�U���W�K�H���D�J�U�L���I�R�R�G���V�H�F�W�R�U���±���Q�R�W�D�E�O�\���F�R�Q�W�L�Q�J�H�Q�W��

on the sector operating within ecological limits 

���F�X�U�U�H�Q�W�O�\���H�[�F�H�H�G�H�G�������7�K�X�V�����W�K�H�U�H���L�V���D�Q���H�F�R�Q�R�P�L�F��

�L�P�S�H�U�D�W�L�Y�H���W�R���H�[�S�O�R�U�H���G�L�Y�H�U�V�L�¿�F�D�W�L�R�Q���R�S�W�L�R�Q�V����

�V�D�I�H�J�X�D�U�G�L�Q�J���P�R�U�H���H�I�¿�F�L�H�Q�W���I�R�R�G���S�U�R�G�X�F�W�L�R�Q���Z�K�L�O�H��

�H�Q�V�X�U�L�Q�J���W�K�D�W���W�K�H���Q�H�[�W���J�H�Q�H�U�D�W�L�R�Q���L�Q�K�H�U�L�W�V���Y�L�D�E�O�H���I�D�U�P�V����

Barriers to change appear to be mainly social and 

cultural (outside the scope of this study). Widespread 

misconceptions regarding the need to dramatically 

reduce methane emissions and the difference between 

maintaining carbon stores and creating new carbon 

sinks create confusion about what effective climate 

action looks like. There is an urgent need for an 

inclusive but robust, fact-based conversation among 

key stakeholders on realistic pathways towards a 

genuinely sustainable AFOLU sector. Climate-neutral 

�O�D�Q�G���X�V�H���F�R�Q�¿�J�X�U�D�W�L�R�Q�V���G�H�O�L�Q�H�D�W�H�G���L�Q���6�H�4�8�(�V�7�(�5��

provide a reference.

The magnitude of the forest carbon sink required 

underlines the urgent need to start ramping up 

afforestation rates from a low base. Delay will translate 

into less CDR, and therefore less scope for emission-

generating activities (including livestock production) in 

future. National carbon budgets based on cumulative 

�À�X�[�H�V���S�O�D�F�H���I�X�U�W�K�H�U���H�P�S�K�D�V�L�V���R�Q���S�U�R�P�S�W���D�F�W�L�R�Q����

Maintaining climate neutrality post 2050 may require 

cascading wood value chains to store carbon in wood 
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products and to supply bioenergy (coupled with carbon 

capture and storage in future, i.e. permanent CDR). 

Timber engineering for construction, organic waste 

�E�L�R�U�H�¿�Q�H�U�L�H�V���D�Q�G���J�U�D�V�V�±�F�O�R�Y�H�U���V�Z�D�U�G�V���D�U�H���S�U�R�P�L�V�L�Q�J��

mitigation options. As global demand grows for carbon 

credits, biomaterials and bioenergy, the government 

has a crucial role in fostering the development of 

strategically important bio-based industries in Ireland 

capable of delivering a climate-neutral and circular 

economy. Meanwhile, peatland restoration and native 

woodland planting could deliver biodiversity and water 

�T�X�D�O�L�W�\���F�R���E�H�Q�H�¿�W�V�����$���E�R�O�G�����P�X�O�W�L���V�H�F�W�R�U�D�O���D�Q�G���O�R�Q�J���W�H�U�P��

plan could ensure a just transition. Strong leadership 

and strategic vision are required.
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1	 Introduction

The 2021 Intergovernmental Panel on Climate 

�&�K�D�Q�J�H�����,�3�&�&�����6�L�[�W�K���$�V�V�H�V�V�P�H�Q�W���5�H�S�R�U�W���K�D�V��

left no doubt about the scale of the global climate 

challenge facing humanity. Every region of the globe 

�L�V���S�U�R�M�H�F�W�H�G���W�R���H�[�S�H�U�L�H�Q�F�H���F�R�Q�F�X�U�U�H�Q�W���D�Q�G���P�X�O�W�L�S�O�H��

changes in conditions that will affect societies and 

�H�F�R�V�\�V�W�H�P�V�����/�L�P�L�W�L�Q�J���I�X�W�X�U�H���Z�D�U�P�L�Q�J���W�R���D���V�S�H�F�L�¿�F��

�O�H�Y�H�O���Z�L�O�O���U�H�T�X�L�U�H�����D�W���O�H�D�V�W�����U�H�D�F�K�L�Q�J���³�Q�H�W���]�H�U�R�´���F�D�U�E�R�Q��

�G�L�R�[�L�G�H�����&�22�����H�P�L�V�V�L�R�Q�V���D�O�R�Q�J���Z�L�W�K���³�V�W�U�R�Q�J�����U�D�S�L�G���D�Q�G��

�V�X�V�W�D�L�Q�H�G�´���U�H�G�X�F�W�L�R�Q�V���L�Q���P�H�W�K�D�Q�H�����&�+4) and other 

greenhouse gas (GHG) emissions (IPCC, 2021). The 

United Nations Framework Convention on Climate 

Change (UNFCCC) Paris Agreement (Erickson and 

Brase, 2015) emphasises that we must reach peak 

GHG emissions as quickly as possible, with parties 

striving to achieve a balance between anthropogenic 

emissions and removals.

The agriculture, forestry and other land use (AFOLU) 

sector incorporates both agricultural activities (such 

as animal husbandry and crop production) and land 

use, land use change and forestry (LULUCF) activities. 

Therefore, it contains important GHG sources and 

sinks, contributing c.13–21% of global GHG emissions 

between 2010 and 2019 (Nabuurs et al., 2022). 

However, LULUCF is regarded as a major potential 

CO2 sink that will be central to any future balance 

between emissions and removals (IPCC, 2019; Smith 

et al., 2021). Lóránt and Allen (2019) emphasise the 

central role that the AFOLU sector will play in reaching 

climate neutrality through (i) the mitigation of current 

emission sources, (ii) the reduced emissions intensity 

of agricultural production linked with increased 

�H�I�¿�F�L�H�Q�F�\�������L�L�L�����W�K�H���S�U�R�G�X�F�W�L�R�Q���R�I���E�L�R���E�D�V�H�G���S�U�R�G�X�F�W�V��

to replace more carbon-intensive products and 

(iv) carbon sequestration.

The Climate Action and Low Carbon Development 

(Amendment) Act 2021 commits Ireland to reaching 

a legally binding target of net-zero emissions no later 

than 2050. This is a particular challenge for Ireland’s 

�$�)�2�/�8���V�H�F�W�R�U�����Z�K�L�F�K���V�L�W�V���D�W���W�K�H���L�Q�W�H�U�Q�D�W�L�R�Q�D�O���Q�H�[�X�V���R�I��

livestock production and climate mitigation, and utilises 

almost 5 million of Ireland’s 7.1 million hectares (ha) 

of available land (Table 1.1). In 2020, agriculture 

emitted 21 million tonnes (Mt) CO2 equivalent (CO2e),  

Table 1.1. Summary of GHG emissions or removals and areas related to the main source categories in 

Ireland’s national inventory

Land use/source �*�+�*���H�P�L�V�V�L�R�Q�V�����������D�Q�G���U�H�P�R�Y�D�O�V�����í�������N�W �&�22e) �$�U�H�D�����N�K�D��

�/�8�/�8�&�) Forest land –2984 779

HWPs –819 NA

Cropland (incl. temporary grass) –111 743

Grassland – mineral soils –2294 3874

Grassland – organic soils 8445 339

Wetland 2529 1225

Settlements and other land 172 151

�/�8�/�8�&�)���V�X�E���W�R�W�D�O�����Q�H�W�� 4938

Agriculture Enteric methane 12,605

Manure management 2200

�6�R�L�O���Q�L�W�U�R�X�V���R�[�L�G�H�� 5760

�,�Q�G�L�U�H�F�W���Q�L�W�U�R�X�V���R�[�L�G�H 231

CO2 (lime and urea applications) 509

�$�J�U�L�F�X�O�W�X�U�H���V�X�E���W�R�W�D�O 21,305

�7�2�7�$�/ 26,243 7111

HWP, harvested wood product; NA, not applicable.
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or 36% of national GHG emissions (P. Duffy et al., 

2022), owing to the large ruminant sector producing 

beef and milk largely (> 80%) for international 

�H�[�S�R�U�W�����6�R�P�H�Z�K�D�W���X�Q�X�V�X�D�O�O�\���Z�L�W�K�L�Q���(�X�U�R�S�H�����,�U�H�O�D�Q�G�¶�V��

LULUCF sector is a net source of GHG emissions. 

�7�K�L�V���U�H�À�H�F�W�V��c.330,000 ha of drained organic 

�V�R�L�O�V���H�P�L�W�W�L�Q�J���D�S�S�U�R�[�L�P�D�W�H�O�\���� �0�W CO2e annually 

(Table 1.1), compared with a declining forestry sink of 

�D�S�S�U�R�[�L�P�D�W�H�O�\�������� Mt CO2 annually, including harvested 

wood products (HWPs; P. Duffy et al., 2022) from a low 

share (11%) of land under forest (Table 1.1). In 2020, 

the entire AFOLU sector made up 43% of the Irish 

�Q�D�W�L�R�Q�D�O���H�P�L�V�V�L�R�Q�V���S�U�R�¿�O�H�����3�� �'�X�I�I�\ et al., 2022). CH4 

accounts for c.60% of agricultural GHG emissions, and 

LULUCF emissions of CH4 could increase if organic 

soils are rewetted to reduce CO2 emissions.

The agri-food sector is an important component of 

Ireland’s economy, directly providing over 163,600 jobs 

and contributing 6% of gross national income and 9% 

�R�I���H�[�S�R�U�W���Y�D�O�X�H�����'�$�)�0�������������������,�U�L�V�K���D�J�U�L�F�X�O�W�X�U�D�O���R�X�W�S�X�W��

�L�Q�������������H�T�X�D�O�O�H�G���¼���������E�L�O�O�L�R�Q���D�Q�G���D�J�U�L���I�R�R�G���H�[�S�R�U�W�V��

were valued at €14.2 billion (DAFM, 2020). A highly 

competitive grass-based spring-calving dairy sector 

�F�R�Q�W�L�Q�X�H�V���W�R���H�[�S�D�Q�G���L�Q���U�H�V�S�R�Q�V�H���W�R���P�D�U�N�H�W���V�X�F�F�H�V�V����

despite driving increasing divergence from climate 

and air and water-quality policy targets. The Climate 

Action Plan 2023 (Government of Ireland, 2022) sets 

out a sectoral roadmap designed to deliver a 51% 

reduction in GHG emissions by 2030 and reach net 

zero no later than 2050. Simultaneously, Food Vision 

2030 (DAFM, 2020) sets out a target for Ireland to 

have a climate-neutral agri-food sector by 2050, while 

�W�D�U�J�H�W�L�Q�J���D���I�X�U�W�K�H�U���L�Q�F�U�H�D�V�H���L�Q���D�J�U�L���I�R�R�G���H�[�S�R�U�W���Y�D�O�X�H�V��

to €21 billion by 2030.

There is an urgent need for independent, holistic 

�P�R�G�H�O�O�L�Q�J���W�R���H�[�S�O�R�U�H���Z�K�H�W�K�H�U���D�Q�G���K�R�Z���V�H�H�P�L�Q�J�O�\��

contradictory environmental and agri-food policies 

�F�R�X�O�G���E�H���U�H�F�R�Q�F�L�O�H�G���Z�L�W�K�L�Q���D���P�R�G�L�¿�H�G���$�)�2�/�8���V�H�F�W�R�U����

This research report provides an account of such 

modelling completed in the SeQUEsTER (Scenarios 

Quantifying Land-Use & Emissions Transitions 

Towards Equilibrium with Removals) project.
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2	 The GOBLIN Land–Emissions Model

2.1	 Introduction

This chapter summarises a detailed model description 

available in �*�H�R�V�F�L�H�Q�W�L�¿�F���0�R�G�H�O Development (C. Duffy 

et al., 2022a). Given the increasing divergence of 

Ireland’s AFOLU sector from climate targets, pathways 

�W�R���F�O�L�P�D�W�H���Q�H�X�W�U�D�O�L�W�\���F�D�Q�Q�R�W���E�H���R�E�M�H�F�W�L�Y�H�O�\���L�G�H�Q�W�L�¿�H�G��

�W�K�U�R�X�J�K���H�[�W�U�D�S�R�O�D�W�L�R�Q���R�I���U�H�F�H�Q�W���W�U�D�M�H�F�W�R�U�L�H�V�����L�Q�Y�R�N�L�Q�J��

�W�K�H���Q�H�H�G���I�R�U���D���E�D�F�N�F�D�V�W�L�Q�J���D�S�S�U�R�D�F�K���W�R���¿�U�V�W���H�V�W�D�E�O�L�V�K��

what a climate-neutral AFOLU sector �F�R�X�O�G look 

like. Backcasting is a complementary approach to 

�V�F�H�Q�D�U�L�R���G�H�Y�H�O�R�S�P�H�Q�W���W�K�D�W���V�W�D�U�W�V���Z�L�W�K���W�K�H���G�H�¿�Q�L�W�L�R�Q���R�I��

a desired future state, which then determines various 

pathways that will achieve that future state (Gordon, 

2015; Brunner et al., 2016). The SeQUEsTER team 

developed a new biophysical model capable of 

generating random scenarios for Ireland’s AFOLU 

sector. GOBLIN (General Overview for a Backcasting 

�D�S�S�U�R�D�F�K���R�I���/�L�Y�H�V�W�R�F�N���,�1�W�H�Q�V�L�¿�F�D�W�L�R�Q�����L�Q�W�H�J�U�D�W�H�V���N�H�\��

�S�D�U�D�P�H�W�H�U�V���W�K�D�W���L�Q�À�X�H�Q�F�H���D�J�U�L�F�X�O�W�X�U�D�O���S�U�R�G�X�F�W�L�R�Q�����*�+�*��

�À�X�[�H�V�����D�P�P�R�Q�L�D�����1�+3) emissions and nutrient losses 

to water using a methodology aligned with Ireland’s 

UNFCCC reporting. The model is designed to be 

run repeatedly with randomly varied, biophysically 

compatible, combinations of parameter inputs in 

�R�U�G�H�U���W�R���L�G�H�Q�W�L�I�\���V�S�H�F�L�¿�F���F�R�P�E�L�Q�D�W�L�R�Q�V���R�I���D�J�U�L�F�X�O�W�X�U�D�O��

production and land use that achieve climate neutrality 

�E�\���W�K�H���W�D�U�J�H�W���\�H�D�U�����7�K�L�V���P�H�D�Q�V���W�K�D�W���L�G�H�Q�W�L�¿�H�G���F�O�L�P�D�W�H��

neutral scenarios are not limited or biased by a priori 

�F�R�Q�V�W�U�D�L�Q�W�V���Z�L�W�K���U�H�V�S�H�F�W���W�R���³�I�H�D�V�L�E�L�O�L�W�\�´���R�U���³�S�O�D�X�V�L�E�L�O�L�W�\�´��

2.2	 Model Overview

2.2.1	 Scope

GOBLIN accounts for the main AFOLU sources 

and sinks (Figure 2.1) reported in national inventory 

�)�L�J�X�U�H�������������.�H�\���H�P�L�V�V�L�R�Q���V�R�X�U�F�H�V���D�Q�G���V�L�Q�N�V���F�U�L�W�L�F�D�O���W�R���W�K�H���G�H�W�H�U�P�L�Q�D�W�L�R�Q���R�I���³�F�O�L�P�D�W�H���Q�H�X�W�U�D�O�L�W�\�´���L�Q��

�,�U�H�O�D�Q�G�¶�V���$�)�2�/�8���V�H�F�W�R�U���D�F�F�R�X�Q�W�H�G���I�R�U���L�Q���*�2�%�/�,�1�����Z�K�L�W�H�������D�O�R�Q�J�V�L�G�H���O�L�Q�N�H�G���X�S�V�W�U�H�D�P���D�Q�G���G�R�Z�Q�V�W�U�H�D�P��

�V�R�X�U�F�H�V���D�Q�G���V�L�Q�N�V���W�R���E�H���L�Q�F�O�X�G�H�G���L�Q���V�X�E�V�H�T�X�H�Q�W���O�L�I�H���F�\�F�O�H���D�V�V�H�V�V�P�H�Q�W���P�R�G�H�O�O�L�Q�J���W�R���G�H�W�H�U�P�L�Q�H���Z�L�G�H�U��

�F�O�L�P�D�W�H���P�L�W�L�J�D�W�L�R�Q���H�I�¿�F�D�F�\�����/�&�$�����O�L�I�H���F�\�F�O�H���D�V�V�H�V�V�P�H�Q�W��
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reporting, including CO2���À�X�[�H�V���W�R���D�Q�G���I�U�R�P�����R�U�J�D�Q�L�F����

soils and forestry; CH4 emissions from enteric 

fermentation, manure management, wetlands 

and other sources; and direct and indirect losses 

of nitrogen (N) from animal housing, manure 

management and fertiliser application in the form of 

�Q�L�W�U�R�X�V���R�[�L�G�H�����12O), NH3 and dissolved forms (e.g. 

nitrate, NO3) (P. Duffy et al., 2022). A primary aim 

of the model is to ensure consistency of scenarios 

in terms of land use (e.g. within available areas 

for grazing and carbon sequestration), associated 

agricultural production potential within land constraints 

���U�H�O�D�W�H�G���W�R���N�H�\���S�U�R�G�X�F�W�L�R�Q���H�I�¿�F�L�H�Q�F�\���S�D�U�D�P�H�W�H�U�V�����D�Q�G��

�D�V�V�R�F�L�D�W�H�G���*�+�*���À�X�[�H�V�����7�K�H���V�F�H�Q�D�U�L�R�V���F�D�Q���E�H���¿�O�W�H�U�H�G��

to identify which ones comply with climate neutrality 

�E�D�V�H�G���R�Q���G�L�I�I�H�U�H�Q�W���G�H�¿�Q�L�W�L�R�Q�V���D�Q�G���P�H�W�U�L�F�V�����H���J����

(i) net-zero GHG balance based on GWP100 (warming 

effect of emitted GHGs integrated over a 100-year 

period; IPCC, 2014); (ii) no additional warming based 

on GWP* (warming effect of emitted GHGs through 

time considering the distinct dynamics of CH4 as 

a short-lived climate pollutant (SLCP); Allen et al., 

2018; Lynch et al., 2020); and (iii) compliance with 

�V�S�H�F�L�¿�F���J�O�R�E�D�O���&�+4 targets downscaled from integrated 

assessment models, combined with a GWP100 balance 

across CO2 and N2�2���À�X�[�H�V�����&�O�L�P�D�W�H���Q�H�X�W�U�D�O�L�W�\���F�D�Q���E�H��

determined at one point in time (e.g. 2050) and/or as 

a time-integrated outcome over the second half of the 

century, as per the Paris Agreement (Erickson and 

Brase, 2015).

�$���N�H�\���I�H�D�W�X�U�H���R�I���*�2�%�/�,�1���L�V���L�W�V���U�H�O�D�W�L�R�Q���R�I���F�R�P�S�O�H�[��

interactions across livestock production, grassland 

management and emissions offsetting within the 

AFOLU sector to a few simple input parameters used 

�W�R���G�H�¿�Q�H���D���S�O�H�W�K�R�U�D���R�I���S�R�V�V�L�E�O�H���V�F�H�Q�D�U�L�R�V�����3�U�L�P�D�U�\��

input data to initialise the model are (i) national herd 

sizes (derived from milking cow and suckler cow 

numbers); (ii) average animal-level productivity (e.g. 

milk yield per cow) to determine feed energy intake; 

(iii) fertiliser application rates; (iv) grass utilisation 

rates to determine stocking densities and production 

outputs; and (v) proportions of any spared grassland 

(relative to the baseline year) going to alternative land 

uses. In version 1.0 (v1.0), alternative land uses are 

limited to fallow, commercial or conservation forestry 

and rewetting of drained organic soils (bioenergy 

cropping and anaerobic digestion can be readily 

integrated for coupling with downstream energy 

�P�R�G�H�O�V�������$�F�W�L�Y�L�W�\���G�D�W�D���D�Q�G���H�P�L�V�V�L�R�Q���F�R�H�I�¿�F�L�H�Q�W�V���D�U�H��

largely based on those used in Ireland’s National 

Inventory Report (NIR) (P. Duffy et al., 2022), which 

are, in turn, based on the IPCC (2006, 2019) good 

practice guidelines for national GHG reporting at 

tier 1 level for soil emissions, tier 2 level for animal 

emissions and tier 3 level for forestry carbon 

dynamics.

2.2.2	 Model structure

GOBLIN incorporates seven modules (Table 2.1 and 

Figure 2.2) partially derived from previous models from 

McEniry et al. (2013), Jones et al. (2014), Styles et al. 

(2018) and C. Duffy et al. (2022a) (Figure 2.2).

The scenario generation module (1) varies the key 

input parameters utilised in the sub-modules. The 

cattle and sheep livestock herd module (2) computes 

�W�K�H���V�L�]�H���R�I���W�K�H���Q�D�W�L�R�Q�D�O���F�D�W�W�O�H���K�H�U�G���D�Q�G���H�Z�H���À�R�F�N��

from milking and suckler cow numbers and upland 

and lowland ewe numbers (input parameters) based 

�R�Q���F�R�H�I�¿�F�L�H�Q�W�V���G�H�U�L�Y�H�G���I�U�R�P���W�K�H���D�Y�H�U�D�J�H���Q�D�W�L�R�Q�D�O��

composition (Donnellan et al., 2018). The grassland 

module (3) computes the energy (feed) requirements 

of each animal cohort within the national herd, fertiliser 

application and, subsequently, the area of grassland 

needed (depending on concentrate feed inputs, 

fertiliser application rates and grass utilisation rate) 

�D�Q�G���W�K�H���J�U�D�V�V�O�D�Q�G���D�U�H�D���I�U�H�H�G���I�R�U���H�[�W�H�Q�V�L�¿�F�D�W�L�R�Q���R�U��

�I�R�U���R�W�K�H�U���S�X�U�S�R�V�H�V�����³�V�S�D�U�H�G���J�U�D�V�V�O�D�Q�G�´�������(�P�L�V�V�L�R�Q�V��

related to livestock production are computed in the 

livestock module (4) and rely on inputs from the 

cattle herd (2) and grassland (3) modules based on 

a tier 2 IPCC approach (IPCC, 2019; P. Duffy et al., 

2022). Once the grass and concentrate feed demand 

has been calculated using the herd and grassland 

modules, the land use module (5) computes the 

remaining emissions from land uses related to forests, 

croplands, wetlands and other land. The remaining 

LULUCF categories related to forests are captured in 

the forest module (6) and are utilised by the land use 

module (5). The scenario generation module provides 

the proportion of spared grassland to be converted 

to each alternative land use (forestry, rewetting, etc.) 

(Figure 2.3).

An HWP module takes harvestable biomass outputs 

from the forest module-related tree cohorts (species, 

�\�L�H�O�G���F�O�D�V�V���D�Q�G���D�J�H���S�U�R�¿�O�H�����D�Q�G���P�D�Q�D�J�H�P�H�Q�W���S�U�D�F�W�L�F�H�V��

and applies the relevant HWP carbon storage decay 

functions to calculate downstream carbon storage 
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and CO2 emissions. The sequential resolution of 

these modules allows for an accurate representation 

of biophysically resolved land use combinations in 

terms of land areas, production (meat, milk, crops and 

�I�R�U�H�V�W�U�\�����D�Q�G���*�+�*���À�X�[�H�V��

2.3	 Model Validation

Validation of emission and removal calculations 

for livestock production and land use (change) 

were carried out utilising activity data supplied by 

�W�K�H���&�H�Q�W�U�D�O���6�W�D�W�L�V�W�L�F�V���2�I�¿�F�H�����&�6�2�������7�K�H�V�H���D�F�W�L�Y�L�W�\��

data were also input into the NIR (with some minor 

differences relating to derived variables for simulation 

purposes) so that GOBLIN was calibrated to closely 

match the NIR time series of emissions and removals 

using historic input data. GOBLIN outputs from 

1990 to 2015 were compared with NIR outputs over 

the same time period using Common Reporting 

�)�R�U�P�D�W���¿�O�H�V���G�D�W�L�Q�J���E�D�F�N���W�R���������������)�L�J�X�U�H�����������L�O�O�X�V�W�U�D�W�H�V��

�W�K�H���Y�D�O�L�G�D�W�L�R�Q���R�I���*�2�%�/�,�1�¶�V���U�H�S�O�L�F�D�W�L�R�Q���R�I���1�,�5���À�X�[��

accounting across major emissions and removals 

sources.

Beginning with land use and land use change 

(Figure 2.4), the solid lines represent CO2, CH4 and 

N2O emissions modelled in GOBLIN, while the dashed 

lines represent equivalent emissions reported in the 

NIR. Absolute emission levels and trends calculated by 

GOBLIN very closely match those of the NIR, with the 

most notable deviation arising for forest sequestration 

���U�H�S�U�H�V�H�Q�W�L�Q�J���W�K�H���F�R�P�S�O�H�[���W�L�H�U�������P�R�G�H�O�O�L�Q�J���R�I���À�X�[�H�V����

which is sensitive to compound estimates of stand 

�7�D�E�O�H�������������6�X�P�P�D�U�\���R�I���P�R�G�X�O�H���I�X�Q�F�W�L�R�Q�V���Z�L�W�K�L�Q���*�2�%�/�,�1

Module �)�X�Q�F�W�L�R�Q Details

Scenario Generation of randomised scenario parameters �6�D�P�S�O�H���L�Q�S�X�W���Y�D�U�L�D�E�O�H�V���I�U�R�P���S�U�H�G�H�¿�Q�H�G���P�D�[�L�P�X�P���U�D�Q�J�H�V��
(technical potential) with a Latin hypercube algorithm to build 
each of the scenarios

Herd Generation of dairy, cattle, and upland and lowland 
�V�K�H�H�S���Q�D�W�L�R�Q�D�O���K�H�U�G���À�R�F�N���Q�X�P�E�H�U�V

�8�W�L�O�L�V�H�V���K�H�U�G���À�R�F�N���F�R�H�I�¿�F�L�H�Q�W���G�D�W�D���G�H�U�L�Y�H�G���I�U�R�P���'�R�Q�Q�H�O�O�D�Q et al. 
(2018) to create the national herd number, which is based on 
milking and suckler cow numbers and ewe numbers (from the 
scenario module)

Grassland Calculation of the grassland area required for 
livestock production and calculation of nutrient 
applications to grassland area

Utilises IPCC (2006) guideline tier 2 functionality to calculate 
grassland area required based on the (i) nutritional requirements 
of the national herd (equation 2.1); (ii) organic N returns to soil; 
and (iii) average fertiliser application rates, linked with a fertiliser 
response curve for grass productivity

�'�H�G�X�F�H�V���W�K�H���V�S�D�U�H�G���J�U�D�V�V�O�D�Q�G���D�Y�D�L�O�D�E�O�H���I�R�U���H�[�W�H�Q�V�L�¿�F�D�W�L�R�Q���R�U���I�R�U��
other purposes (Equation 2.1)

Livestock Calculation of agricultural emissions and nutritional 
requirements related to livestock production

Algorithms for emissions of CH4, N2O, NH3 and CO2 to air based 
on IPCC (2006, 2019) methodologies

Includes tier 2 functionality for the estimation of the nutritional 
requirements of livestock

Land use Calculation of emissions and removals related to 
�O�D�Q�G���X�V�H���D�Q�G���O�D�Q�G���X�V�H���F�K�D�Q�J�H�����H�[�F�O�X�G�L�Q�J���I�R�U�H�V�W�V��

Algorithms for emissions of CH4, N2O, NH3 and CO2 to air based 
on IPCC (2006, 2019) methodologies

Land use calculations relate to croplands, wetlands and 
grasslands

Forestry Calculation of emissions and removals related to 
�H�[�L�V�W�L�Q�J���I�R�U�H�V�W�V���D�Q�G���D�I�I�R�U�H�V�W�D�W�L�R�Q

Calculation of forest sequestration based on IPCC (2006, 2019) 
methodologies and C. Duffy et al. (2022a). Past sequestration 
is estimated as well as projected future sequestration. Other 
emissions associated with management of soils under forestry 
are also calculated here

GOBLIN Coordination and integration of the programme 
�P�R�G�X�O�H�V���D�Q�G���S�U�R�G�X�F�W�L�R�Q���R�I���¿�Q�D�O���U�H�V�X�O�W�V

Management module utilising tools and functions from previous 
�P�R�G�X�O�H�V���W�R���S�U�R�G�X�F�H���W�K�H���¿�Q�D�O���U�H�V�X�O�W�V
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�D�J�H���S�U�R�¿�O�H�V���D�F�U�R�V�V���K�X�Q�G�U�H�G�V���R�I���O�D�Q�G���S�D�U�F�H�O�V������

Figure 2.4 shows validation of agricultural emission 

sources. Enteric and manure management CH4 from 

GOBLIN and the NIR are almost identical, while 

CO2 and N2O emissions levels and trends are very 

�V�L�P�L�O�D�U�����7�K�L�V���Y�D�O�L�G�D�W�L�R�Q���V�S�H�F�L�¿�F�D�O�O�\���L�Q�G�L�F�D�W�H�V���W�K�D�W��

emission factors, land area calculations, forest volume 

increments and harvest removals, and animal feed 

intake calculations derived from raw input data are in 

�O�L�Q�H���Z�L�W�K���1�,�5���P�H�W�K�R�G�R�O�R�J�\�����W�K�X�V���S�U�R�Y�L�G�L�Q�J���F�R�Q�¿�G�H�Q�F�H��

�L�Q���V�F�H�Q�D�U�L�R���H�[�W�U�D�S�R�O�D�W�L�R�Q�V���E�D�V�H�G���R�Q���Y�D�U�L�D�W�L�R�Q�V���L�Q���W�K�H�V�H��

input data.

�)�L�J�X�U�H�������������*�2�%�/�,�1���G�D�W�D���À�R�Z���G�L�D�J�U�D�P�����$�U�U�R�Z�V���U�H�S�U�H�V�H�Q�W���G�D�W�D���À�R�Z�����0�R�G�X�O�H�V���D�U�H���U�H�S�U�H�V�H�Q�W�H�G���E�\���J�U�H�H�Q��

boxes and processes are represented by brown boxes. 

�)�L�J�X�U�H�������������$�O�O�R�F�D�W�L�R�Q���R�I���V�S�D�U�H�G���O�D�Q�G���D�F�U�R�V�V���G�L�I�I�H�U�H�Q�W���S�U�L�P�D�U�\���X�V�H�V��
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2.4	 Model Limitations and 
Development Priorities

�*�2�%�/�,�1���H�[�D�P�L�Q�H�V���W�K�H���U�H�Z�H�W�W�L�Q�J���R�I���G�U�D�L�Q�H�G���R�U�J�D�Q�L�F��

soils and forestry as the primary mechanisms of 

emissions mitigation and offset within Ireland’s 

�/�8�/�8�&�)���V�H�F�W�R�U�����W�K�X�V���U�H�À�H�F�W�L�Q�J���W�K�H���³�P�D�L�Q���O�H�Y�H�U�V�´���W�K�D�W��

can be pulled to achieve climate neutrality. GOBLIN 

can be adapted and coupled with downstream energy 

�H�P�L�V�V�L�R�Q�V���P�R�G�H�O�V���W�R���H�[�S�O�L�F�L�W�O�\���U�H�S�U�H�V�H�Q�W���E�L�R�H�Q�H�U�J�\��

�G�L�Y�H�U�V�L�¿�F�D�W�L�R�Q�����)�L�J�X�U�H���������������R�U���Z�L�W�K���F�D�V�F�D�G�L�Q�J���Y�D�O�X�H��

chain models for wood use potentially culminating 

in bioenergy carbon capture and storage (BECCS) 

that could transform forestry CO2 sequestration into 

potentially permanent offsets (Forster et al., 2021). 

�&�U�R�S�O�D�Q�G���D�U�H�D�V���D�U�H���N�H�S�W���F�R�Q�V�W�D�Q�W�����U�H�À�H�F�W�L�Q�J���W�K�H���P�L�Q�R�U��

role of crop production in Ireland’s current agri-food 

�V�\�V�W�H�P���D�Q�G���*�+�*���H�P�L�V�V�L�R�Q���S�U�R�¿�O�H�����1�R�Q�H�W�K�H�O�H�V�V����

with minor developments GOBLIN could model 

consequences of changes in cropping areas to 

�U�H�À�H�F�W���D���S�R�W�H�Q�W�L�D�O���L�Q�F�U�H�D�V�H���L�Q���G�H�P�D�Q�G���I�R�U���S�O�D�Q�W���E�D�V�H�G��

proteins (Tilman and Clark, 2014). Finally, while 

�*�2�%�/�,�1���K�D�V���E�H�H�Q���H�[�W�H�Q�V�L�Y�H�O�\���Y�D�O�L�G�D�W�H�G���D�J�D�L�Q�V�W���W�K�H��

NIR for current management practices, components 

�)�L�J�X�U�H�������������&�R�P�S�D�U�L�V�R�Q���R�I���O�D�Q�G���X�V�H�����W�R�S�����D�Q�G���D�J�U�L�F�X�O�W�X�U�D�O�����E�R�W�W�R�P�����*�+�*���À�X�[�H�V���F�R�P�S�X�W�H�G���E�\���*�2�%�/�,�1���Z�L�W�K��

those reported in the NIR, derived from the same activity data from 1990 to 2015.
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such as fertiliser response curves for grass productivity 

�F�R�X�O�G���E�H���D�O�W�H�U�H�G���E�\���Q�H�Z���J�U�D�V�V���Y�D�U�L�H�W�L�H�V���R�U���P�L�[�H�G��

grass–clover swards or updated to be more spatially 

�H�[�S�O�L�F�L�W���L�Q���U�H�O�D�W�L�R�Q���W�R���V�R�L�O���D�Q�G���O�D�Q�G���F�D�W�H�J�R�U�L�V�D�W�L�R�Q�V��

(O’Donovan et al., 2021). There is potential to adapt 

this (and other) components of GOBLIN to represent 

�V�S�H�F�L�¿�F���P�L�W�L�J�D�W�L�R�Q���R�S�W�L�R�Q�V��

The main value of GOBLIN is the ability to decouple 

the generation of plausible, coherent scenarios from 

preconceptions of what pathways to climate neutrality 

�F�R�X�O�G���O�R�R�N���O�L�N�H���W�K�U�R�X�J�K���U�D�Q�G�R�P�L�V�D�W�L�R�Q���D�Q�G���¿�O�W�H�U�L�Q�J��

(backcasting). Although such modelling on its own 

cannot provide all the answers, it does cut through to 

�W�K�H���³�E�L�J���S�L�F�W�X�U�H�´���D�Q�G���H�V�W�D�E�O�L�V�K�H�V���E�L�R�S�K�\�V�L�F�D�O�O�\���S�O�D�X�V�L�E�O�H��

targets for stakeholders to engage with.

2.5	 Code Availability

�7�K�H���H�[�D�F�W���Y�H�U�V�L�R�Q���R�I���W�K�H���P�R�G�H�O���X�V�H�G���W�R���S�U�R�G�X�F�H���W�K�H��

results used in this report is archived on Zenodo (C. 

Duffy et al., 2021) and is freely available for download.
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3	 Randomised Land Configurations for Net-zero 
Emissions (GWP100)

3.1	 Introduction

The detailed results from this chapter are published in 

Nature Sustainability (C. Duffy et al., 2022b). Headline 

results are presented here. The objective of this 

chapter is to elaborate and interpret independently 

generated scenarios depicting AFOLU scenarios that 

achieve net-zero GHG emissions at 2050. The activity 

inputs to GOBLIN were randomly varied utilising a 

Latin hypercube model (McKay et al., 2000) between 

�S�U�H�G�H�¿�Q�H�G���À�R�R�U���D�Q�G���F�H�L�O�L�Q�J���Y�D�O�X�H�V�����7�D�E�O�H�������������W�R��

generate 850 scenarios. Randomised scenarios were 

�W�K�H�Q���F�O�D�V�V�L�¿�H�G���D�V�����L�����I�D�L�O�H�G���W�R���P�H�H�W���Q�H�X�W�U�D�O�L�W�\�����1���=���)�D�L�O������

�Z�L�W�K���D���Q�H�W���À�X�[���! 2.5 teragram (Tg) CO2e; (ii) achieved 

�$�)�2�/�8���Q�H�X�W�U�D�O�L�W�\�����1���=���$�)�2�/�8�������Z�L�W�K���D���Q�H�W���À�X�[��

�” ������ �7�J �&�22�H�����• �í������ �7�J �&�22e; and (iii) contributed 

�W�R���Q�D�W�L�R�Q�D�O���Q�H�X�W�U�D�O�L�W�\�����1���=���1�D�W�L�R�Q�D�O�������Z�L�W�K���D���Q�H�W���À�X�[��

�” �í������ �7�J �&�22e. The national neutrality scenarios 

�Z�H�U�H���W�K�R�V�H���W�K�D�W���H�[�F�H�H�G���$�)�2�/�8���Q�H�X�W�U�D�O�L�W�\���E�\���D���P�D�U�J�L�Q��

�V�X�I�¿�F�L�H�Q�W���W�R���R�I�I�V�H�W�����±���������R�I���Q�R�Q���$�)�2�/�8���Q�D�W�L�R�Q�D�O��

emissions in 2020 (P. Duffy et al., 2022), i.e. capable 

of balancing out a plausible level of residual emissions 

from energy-related activities in a decarbonised future 

economy.

3.2	 Results

�$���W�R�W�D�O���R�I���������������������D�Q�G���������V�F�H�Q�D�U�L�R�V���Z�H�U�H���F�O�D�V�V�L�¿�H�G���D�V��

N-Z-Fail, N-Z-AFOLU and N-Z-National, respectively. 

�.�U�X�V�N�D�O�±�:�D�O�O�L�V���W�H�V�W�L�Q�J���V�K�R�Z�H�G���V�L�J�Q�L�¿�F�D�Q�W���G�L�I�I�H�U�H�Q�F�H�V��

across groups for dairy, beef and lowland sheep 

populations; areas of total spared land (grassland area 

that no longer supports livestock) and forested land 

(land converted to forest); and proportions of forest 

classed as conifer and land rewetting. Dunn’s post-

�K�R�F���D�Q�D�O�\�V�L�V���L�Q�G�L�F�D�W�H�G���K�L�J�K�O�\���V�L�J�Q�L�¿�F�D�Q�W���G�L�I�I�H�U�H�Q�F�H�V��

in dairy animal numbers across all three categories 

(Figure 3.1). The average reduction in the dairy 

and beef herds, for N-Z-AFOLU and N-Z-National 

�U�H�V�S�H�F�W�L�Y�H�O�\�����Z�D�V�������������F�R�Q�¿�G�H�Q�F�H���L�Q�W�H�U�Y�D�O�����&�,����

40–44%) and 52% (CI 50–54%) for dairy, and 38%  

(CI 36–41%) and 44% (CI 40–47%) for beef. 

�)�X�U�W�K�H�U�P�R�U�H�����W�K�H�U�H���Z�H�U�H���V�L�J�Q�L�¿�F�D�Q�W���G�L�I�I�H�U�H�Q�F�H�V��

regarding total spared area, additional forest area and 

wetland area between N-Z-Fail and the successful 

N-Z groups at the 1% level. Finally, the proportion of 

�U�H�Z�H�W�W�H�G���G�U�D�L�Q�H�G���Z�H�W�O�D�Q�G���Z�D�V���V�L�J�Q�L�¿�F�D�Q�W�O�\���G�L�I�I�H�U�H�Q�W��

between N-Z-Fail and N-Z-National (1% level) and 

between N-Z-AFOLU and N-Z-National (5% level).

Among the most notable observations between the 

three scenario groups are the differences in animal 

population numbers (Figure 3.1), with both net-zero 

�J�U�R�X�S�V���U�H�T�X�L�U�L�Q�J���D���V�L�J�Q�L�¿�F�D�Q�W���U�H�G�X�F�W�L�R�Q���L�Q���W�K�H���V�L�]�H���R�I��

dairy and beef herds. The resulting reductions leave 

�D���V�L�J�Q�L�¿�F�D�Q�W���D�U�H�D���R�I���³�V�S�D�U�H�G���O�D�Q�G�´�����)�L�J�X�U�H���������������7�K�L�V��

allows for additional afforestation in the AFOLU and 

national neutral scenarios. Wetland area (organic 

grassland area rewetted) is constrained by the total 

area of organic soil under grass, and, therefore, the 

�W�R�W�D�O���D�U�H�D���F�O�D�V�V�L�¿�H�G���D�V���Z�H�W�O�D�Q�G���L�V���V�L�P�L�O�D�U���E�H�W�Z�H�H�Q���W�K�H��

groups.

The scenario input data were averaged by group to 

generate average characteristics (Figure 3.1) for each 

of the scenario groups (N-Z-Fail, N-Z-AFOLU and 

N-Z-National). The averaged characteristics were 

then used to generate three scenarios representing 

N-Z-Fail, N-Z-AFOLU and N-Z-National. Across the 

three categories, and relative to the baseline year, 

CH4 emissions from enteric fermentation and manure 

management were, on average, reduced by 37% and 

38%, respectively. N2O emissions relating to manure 

management and other direct and indirect sources 

were reduced by 37%, 43% and 41%, respectively. 

Lastly, CO2 emissions related to fertiliser application 

were reduced by 48%.

�$�I�I�R�U�H�V�W�D�W�L�R�Q���L�Q�S�X�W�V���Z�H�U�H���³�I�U�R�Q�W���O�R�D�G�H�G�´���X�S���W�R��

2050 across scenarios, with no additional land being 

�D�I�I�R�U�H�V�W�H�G���D�I�W�H�U���W�K�L�V���S�R�L�Q�W�����U�H�V�X�O�W�L�Q�J���L�Q���D���³�F�D�U�E�R�Q���F�O�L�I�I�´��

between 2080 and 2090, and again in c.2115, across 

each of the three scenario groups when large areas of 

forest planted up to 2050 are harvested (Figure 3.2). 

However, large increments in HWP carbon storage 

arising from harvests during this period avoid forestry 

becoming a (temporary) net source of emissions at 

any point. As a consequence of the declining forestry 

sink through time, out of the 850 scenarios generated, 
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�)�L�J�X�U�H���������������D�����9�D�U�L�D�W�L�R�Q���D�Q�G���V�S�U�H�D�G���R�I���D�Q�L�P�D�O���S�R�S�X�O�D�W�L�R�Q���L�Q�S�X�W���S�D�U�D�P�H�W�H�U�V�������E�����7�R�W�D�O���V�S�D�U�H�G�����I�R�U�H�V�W��

�D�Q�G���Z�H�W�O�D�Q�G���D�U�H�D���R�X�W�S�X�W�V�������F�����3�U�R�S�R�U�W�L�R�Q�D�O���L�Q�S�X�W���S�D�U�D�P�H�W�H�U�V���U�H�O�D�W�H�G���W�R���O�L�Y�H�V�W�R�F�N���S�U�R�G�X�F�W�L�Y�L�W�\�����I�R�U�H�V�W�U�\����

�U�H�Z�H�W�W�L�Q�J���D�Q�G���J�U�D�V�V�O�D�Q�G���X�W�L�O�L�V�D�W�L�R�Q�������G�����6�L�J�Q�L�¿�F�D�Q�W���G�L�I�I�H�U�H�Q�F�H�V���E�H�W�Z�H�H�Q���V�S�H�F�L�¿�F���J�U�R�X�S�V���I�U�R�P���D���'�X�Q�Q�¶�V��

�S�R�V�W���K�R�F���D�Q�D�O�\�V�L�V�����
�
�
�6�W�D�W�L�V�W�L�F�D�O�O�\���V�L�J�Q�L�¿�F�D�Q�W���D�W���W�K�H���������O�H�Y�H�O�����
�
�V�W�D�W�L�V�W�L�F�D�O�O�\���V�L�J�Q�L�¿�F�D�Q�W���D�W���W�K�H���������O�H�Y�H�O����

�
�V�W�D�W�L�V�W�L�F�D�O�O�\���V�L�J�Q�L�¿�F�D�Q�W���D�W���W�K�H�����������O�H�Y�H�O�����7�K�H���V�W�D�Q�G�D�U�G���G�H�Y�L�D�W�L�R�Q���L�V���U�H�S�U�H�V�H�Q�W�H�G���E�\���Y�H�U�W�L�F�D�O���E�O�D�F�N���O�L�Q�H�V��

�)�L�J�X�U�H�������������&�22 removals from biomass growth and net carbon storage increment in HWPs, displayed 

�I�U�R�P�������������W�K�U�R�X�J�K���W�R���������������D�������D�Q�G���Q�H�W���&�22e emissions and removals to 2050 (b). Removals for the 

2015 baseline year are indicated.
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a total of 40 scenarios sustained climate neutrality. The 

majority of these scenarios were in the N-Z-National 

category (80%). However, only one N-Z-National 

scenario continued to contribute to national-level 

neutrality beyond 2100. The remaining 20% of 

scenarios sustaining carbon neutrality were from the 

N-Z-AFOLU category.

The achievement of climate neutrality incurs a 

�V�L�J�Q�L�¿�F�D�Q�W���W�U�D�G�H���R�I�I���L�Q���U�H�O�D�W�L�R�Q���W�R���Q�D�W�L�R�Q�D�O���D�J�U�L�F�X�O�W�X�U�D�O��

output (C. Duffy et al., 2022b). The highest milk-

producing scenario(s) within the N-Z-AFOLU 

group achieved over 87% of 2015 production, but 

simultaneously just 21% of 2015 beef production. 

�7�K�H���P�D�[�L�P�X�P���E�H�H�I���S�U�R�G�X�F�W�L�R�Q���L�Q���W�K�H���1���=���$�)�2�/�8��

group was just 49% of 2015 production, with milk 

production equivalent to 58% of the 2015 level in the 

�V�D�P�H���V�F�H�Q�D�U�L�R���V�������,�Q�Y�H�V�W�L�J�D�W�L�R�Q���R�I���W�K�H���P�D�[�L�P�X�P���P�L�O�N��

and beef production in the N-Z-National group shows 

�D���P�D�[�L�P�X�P���Y�D�O�X�H���R�I�����������R�I�������������S�U�R�G�X�F�W�L�R�Q���I�R�U���P�L�O�N��

coupled with 20% of 2015 national beef production. 

�0�D�[�L�P�X�P���E�H�H�I���S�U�R�G�X�F�W�L�R�Q���R�Q���W�K�H���R�W�K�H�U���K�D�Q�G���L�V�����������R�I��

2015 production, coupled with milk production at 43% 

for the same scenario(s).

The N-Z-AFOLU and N-Z-National scenarios are 

associated with much larger areas of land use change, 

driven by higher rates of afforestation and relatively 

smaller shares of spared grassland maintained in 

�D���³�I�D�U�P�D�E�O�H���F�R�Q�G�L�W�L�R�Q�´�����+�H�U�H�����Z�H���G�H�¿�Q�H���D���I�D�U�P�D�E�O�H��

condition as the removal of animals from the land, 

with land maintained under current grassland use (i.e. 

no land use change arising). The mean proportion 

of spared area kept in a farmable condition was, on 

average, c.27% and c.19% lower for N-Z-AFOLU 

and N-Z-National scenarios, respectively, than for 

the N-Z-Failed scenarios. Average areas of rewetted 

grassland are comparatively smaller, constrained by 

drained organic soils representing less than 10% of 

grassland area in the baseline. However, the rewetting 

of previously drained organic soils under grassland 

results in average emissions reductions of 0.5, 5.2 and 

5.5 Tg CO2e for the N-Z-Failed, N-Z-AFOLU and N-Z-

National scenarios, respectively.

3.3	 Discussion

������������ �0�D�L�Q �¿�Q�G�L�Q�J�V

The key differences between scenarios that achieve 

net-zero GHG emissions and those that do not are 

animal numbers and how the remaining (non-farmed) 

land area is utilised. Larger reductions in animal 

numbers lead to more spared land for other activities. 

However, it is active utilisation of this spared land for 

CO2 removal (CDR) that is critical to achieve net zero. 

Afforestation stands out as the most important driver 

in achieving the net-zero balance, being the primary 

scalable and near-term option for CDR (C. Duffy et al., 

2022a). Afforestation removals for the N-Z-AFOLU 

and N-Z-National scenarios are, on average, 73% 

and 114% greater, respectively, than those for the 

N-Z-Failed scenario. Removing animals without an 

ambitious CDR strategy will result in a much higher 

penalty on national herd numbers and, ultimately, on 

animal protein production.

Given the cyclical nature of forestry, it is important 

�W�R���D�F�F�R�X�Q�W���I�R�U���W�K�H���+�:�3���À�R�Z�V���U�H�V�X�O�W�L�Q�J���I�U�R�P���I�R�U�H�V�W��

outputs when calculating emissions balances. These 

�À�R�Z�V���R�I�I�V�H�W���W�K�H���³�F�D�U�E�R�Q���F�O�L�I�I�´���W�K�D�W���Z�R�X�O�G���R�W�K�H�U�Z�L�V�H��

result in net emissions. Recent research by Forster 

et al. (2021) highlights that, via a supply of wood 

�L�Q�W�R���D�Q���H�[�S�D�Q�G�L�Q�J���I�X�W�X�U�H���E�L�R�H�F�R�Q�R�P�\�����F�R�P�P�H�U�F�L�D�O��

afforestation is a highly effective option for long-term 

climate mitigation – through HWP carbon storage, 

the displacement of GHG-intensive products and, 

potentially, permanent biogenic CO2 storage following 

energy generation in future bioenergy carbon capture 

�D�Q�G���V�W�R�U�D�J�H���V�\�V�W�H�P�V�����7�K�H���V�S�H�F�L�¿�F���W�U�H�H���V�S�H�F�L�H�V�����R�U��

functional types) that constitute future afforestation 

efforts are contentious and debated. Forster et al. 

(2021) demonstrate that the fast-growing species 

utilised in commercial forestry support much greater 

climate mitigation than slow-growing semi-natural 

species over a 100-year time horizon. However, that 

�G�R�H�V���Q�R�W���P�H�D�Q���W�K�D�W���E�L�R�G�L�Y�H�U�V�L�W�\���K�D�V���W�R���E�H���V�D�F�U�L�¿�F�H�G����

The average proportions of conifers planted in N-Z-

AFOLU and N-Z-National scenarios are 52% and 55%, 

respectively, thus implying considerable scope for the 

establishment of more biodiverse native woodlands 

within net-zero constraints.

�7�K�R�X�J�K���D���V�L�J�Q�L�¿�F�D�Q�W���Q�X�P�E�H�U���R�I���V�F�H�Q�D�U�L�R�V���G�L�G���D�F�K�L�H�Y�H��

net-zero GHG emissions by 2050, few scenarios were 

able to maintain this balance through to the end of 

this century. In the race to net-zero GHG emissions 

by 2050, it is important to factor in the sustainability 

of the emissions balance, in particular the longevity of 

carbon sinks. This will require not just high levels of 

ambition across stakeholder groups, but also coherent 
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inter-sectoral policymaking informed by horizon 

scanning (Prudhomme et al., 2021).

3.3.2	 Further model and scenario 
development

�7�K�R�X�J�K���*�2�%�/�,�1���U�H�S�U�H�V�H�Q�W�V���D���V�L�J�Q�L�¿�F�D�Q�W���V�W�H�S���I�R�U�Z�D�U�G�V��

in terms of holistic modelling of future land use 

scenarios compatible with national climate neutrality 

targets (C. Duffy et al., 2022b), future research 

�D�Q�G���G�H�Y�H�O�R�S�P�H�Q�W���L�V���H�[�S�H�F�W�H�G���W�R���U�H�D�O�L�V�H���V�L�J�Q�L�¿�F�D�Q�W��

emissions abatement for livestock production 

(Eory et al���������������������)�R�U���H�[�D�P�S�O�H�����W�K�H���X�W�L�O�L�V�D�W�L�R�Q���R�I��

�����Q�L�W�U�R�R�[�\�S�U�R�S�D�Q�R�O���F�R�X�O�G���V�X�E�V�W�D�Q�W�L�D�O�O�\���U�H�G�X�F�H���&�+4 

emissions from enteric fermentation (Van Wesemael 

et al., 2019), while the use of protected urea fertilisers 

�D�Q�G���H�Q�K�D�Q�F�H�G���E�L�R�O�R�J�L�F�D�O���Q�L�W�U�R�J�H�Q���¿�[�D�W�L�R�Q���Y�L�D���F�O�R�Y�H�U���L�Q��

�J�U�D�V�V�O�D�Q�G�V���F�R�X�O�G���V�L�J�Q�L�¿�F�D�Q�W�O�\���U�H�G�X�F�H���12O emissions 

(DAFM, 2018; Lanigan et al., 2019). Furthermore, the 

�L�Q�F�R�U�S�R�U�D�W�L�R�Q���R�I���E�H�Q�H�¿�F�L�D�O���O�D�Q�G���P�D�Q�D�J�H�P�H�Q�W���S�U�D�F�W�L�F�H�V��

such as inversion tillage of grassland soils (Madigan 

et al���������������������D�O�W�K�R�X�J�K���Q�R�W���D���³�J�D�P�H���F�K�D�Q�J�H�U�´�����Z�L�O�O��

give a more nuanced indication of the scale of land 

use change necessary in the Irish AFOLU sector. 

Scenarios that develop additional circularity within the 

�$�)�2�/�8���V�H�F�W�R�U���V�K�R�X�O�G���D�O�V�R���E�H���H�[�S�O�R�U�H�G�����)�R�U���H�[�D�P�S�O�H����

�W�K�H���X�V�H���R�I���E�L�R�F�K�D�U���L�Q���D�J�U�L�F�X�O�W�X�U�H���K�D�V���E�H�H�Q���H�[�W�H�Q�V�L�Y�H�O�\��

studied in recent years (Kalus et al., 2019), with 

potential uses as a soil amendment, manure additive 

and feed additive for livestock. The use of forest and 

agriculture residues as feedstock for biochar has the 

potential to reduce fertiliser application, soil leaching 

and GHG emissions while promoting healthier soils 

and livestock (Kalus et al., 2019; Palansooriya 

et al., 2019). Alternative forest management also 

has considerable potential to change medium-term 

�W�H�U�U�H�V�W�U�L�D�O���À�X�[�H�V�����%�O�D�F�N et al., 2022). As GOBLIN is 

�G�H�Y�H�O�R�S�H�G���W�R���L�Q�F�O�X�G�H���D�G�G�L�W�L�R�Q�D�O���F�R�X�Q�W�U�\���F�R�Q�W�H�[�W�V����

the abatement potential of practices more suited to 

areas with a greater focus on crop, as opposed to 

livestock, production will be necessary. Practices 

such as zero or minimum tillage and agro-forestry 

have potentially wide applications (Uprety et al., 

���������������)�X�U�W�K�H�U���Z�R�U�N���L�V���Q�H�H�G�H�G���W�R���G�H�¿�Q�H���S�O�D�X�V�L�E�O�H��

upper bounds for abatement and productivity factors, 

and how AFOLU management for climate neutrality 

could create price signals affecting food supply and 

demand. Given the spate of 2050 targets that have 

been announced by countries and companies alike, 

the generation of randomised, biophysically resolved 

combinations of land sector activities is an important 

�V�W�H�S���W�R�Z�D�U�G�V���L�P�S�U�R�Y�H�G���F�O�D�U�L�W�\���D�Q�G���F�R�Q�W�H�[�W���I�R�U���F�X�U�U�H�Q�W�O�\��

vague climate neutrality plans. Such modelling should 

�K�H�O�S���W�R���H�[�S�O�R�U�H���H�[�S�H�F�W�H�G���H�Q�Y�L�U�R�Q�P�H�Q�W�D�O���D�Q�G���H�F�R�Q�R�P�L�F��

outcomes in relation to adequacy and fairness (Rogelj 

et al., 2021).

3.4	 Conclusion

This chapter has shown that large reductions in animal 

numbers combined with ambitious afforestation are 

necessary to achieve net-zero GHG emissions by 

2050. There are several important messages for 

policymakers. Active management of land spared 

from livestock production for CDR (primarily via 

new forestry) is crucial, and achieving net-zero 

GHG emissions will require careful reallocation of 

spared land (i.e. an integrated national land use plan 

(Department of the Taoiseach, 2021)). Without careful 

planning to maintain emission sinks beyond 2050, 

the achievement of net-zero GHG emissions may 

�E�H���À�H�H�W�L�Q�J�����7�R���V�X�V�W�D�L�Q���D�Q���H�P�L�V�V�L�R�Q�V���E�D�O�D�Q�F�H���E�H�\�R�Q�G��

2050, future pathways will require greater ambition in 

terms of land use change, as well as careful planning 

in terms of HWP utilisation (i.e. parallel development 

of appropriate bio-based industries and bioenergy 

infrastructure linked with carbon capture capability).

3.5	 Code Availability

�7�K�H���H�[�D�F�W���Y�H�U�V�L�R�Q���R�I���W�K�H���P�R�G�H�O���X�V�H�G���W�R���S�U�R�G�X�F�H��

the results used in this paper is archived on 

Zenodo (C. Duffy et al., 2021) and freely available 

for download.
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4	 National Methane Targets Compatible with 1.5°C

��	 �³�*�U�D�Q�G���S�D�U�H�Q�W�L�Q�J�´���U�H�I�H�U�V���W�R���W�K�H���L�Q�I�H�U�U�H�G���D�O�O�R�F�D�W�L�R�Q���R�I���H�P�L�V�V�L�R�Q���³�D�O�O�R�Z�D�Q�F�H�V�´���D�W���W�K�H���O�H�Y�H�O���R�I���D���E�D�V�H�O�L�Q�H���\�H�D�U��

4.1	 Introduction

This chapter summarises key outputs from a paper 

�D�Q�G���H�[�W�H�Q�V�L�Y�H���V�X�S�S�O�H�P�H�Q�W�D�U�\���L�Q�I�R�U�P�D�W�L�R�Q���S�X�E�O�L�V�K�H�G���L�Q��

Journal of Environmental Management (Prudhomme 

et al., 2021). The paper by Prudhomme et al. (2021) 

addresses how biogenic CH4 could be treated distinctly 

in climate targets, acknowledging that mitigation of 

fugitive CH4���H�P�L�V�V�L�R�Q�V���I�U�R�P���I�R�V�V�L�O���I�X�H�O���H�[�W�U�D�F�W�L�R�Q���D�Q�G��

use should be prioritised for immediate action.

Most national climate plans are based on aggregation 

of the principal GHGs – CH4, N2O and CO2 – using 

the 100-year average global warming potentials 

(GWP100) recommended for national inventory 

reporting (UNFCCC, 2014). Recent modelling has 

demonstrated that short-lived GHGs such as CH4 

(c.20-year atmospheric half-life) behave more like 

�À�R�Z���S�R�O�O�X�W�D�Q�W�V�����Z�K�L�O�H���O�R�Q�J���O�L�Y�H�G���*�+�*�V���V�X�F�K���&�22 and 

N2O act more as stock pollutants, in terms of their 

climate-forcing effects (Allen et al., 2018). This 

results in overestimations of long-term climate forcing 

being attributed to current CH4 emissions under the 

GWP100 metric, and the GWP* aggregation metric has 

been proposed to better represent cumulative climate 

forcing of different emissions through time (Allen et al., 

2018; Cain, 2019). Global climate modelling indicates 

that biogenic CH4 reductions of 24–47%, relative to 

�������������D�U�H���V�X�I�¿�F�L�H�Q�W���W�R���D�F�K�L�H�Y�H���F�O�L�P�D�W�H���V�W�D�E�L�O�L�V�D�W�L�R�Q���D�W���D��

global mean surface temperature of 1.5°C above pre-

industrial times (Rogelj et al., 2018).

According to the GWP* method (Allen et al., 2018; 

Cain et al., 2019), the future climate-forcing effect 

of emissions depends on the recent change in 

CH4 emissions (usually over a 20-year period). 

This representation is more consistent with climate 

modelling used to determine pathways towards 

climate stabilisation at the global scale (IPCC, 2018), 

and could be used to more accurately determine 

the contribution of national CH4 emissions, at 

�J�L�Y�H�Q���À�X�[�H�V���R�I���&�22 and N2O, to climate neutrality. 

However, when applied at a national scale, it involves 

�W�K�H���³�J�U�D�Q�G���S�D�U�H�Q�W�L�Q�J�´1 of national CH4 emissions, 

which has pronounced implications for how the 

global CH4 budget is apportioned, and that may be 

challenged in terms of international fairness (Rogelj 

and Schleussner, 2019). New Zealand’s climate 

neutrality policy is not directly based on GWP*, but 

aims to reduce biogenic CH4 emissions by 24–47% 

between 2017 and 2050 (Ministry for the Environment, 

2019). There is no internationally agreed method 

to establish separate targets for CH4 in national 

climate plans. The aim of this chapter is to elucidate 

trade-offs and complementarities among different 

approaches to establish national biogenic CH4 targets 

�L�Q���W�H�U�P�V���R�I���V�S�H�F�L�¿�F���S�R�V�V�L�E�O�H���P�H�D�V�X�U�H�V���R�I���L�Q�W�H�U�Q�D�W�L�R�Q�D�O��

equity, national food security and national climate 

targets. To do this, implications of different national 

biogenic CH4 targets, compatible with global climate 

stabilisation for national CH4-emitting food production 

(milk, eggs, meat, rice) and national agriculture 

�D�Q�G���O�D�Q�G���X�V�H���*�:�3���E�D�O�D�Q�F�H�V�����D�U�H���H�[�S�O�R�U�H�G���D�F�U�R�V�V��

four contrasting countries (Brazil, France, India and 

Ireland).

�)�L�Q�D�O�O�\�����F�O�L�P�D�W�H���S�O�D�Q�V���G�R���Q�R�W���H�[�L�V�W���L�Q���L�V�R�O�D�W�L�R�Q���R�I��

other policy objectives and societal priorities. There 

is a challenge to reduce global CH4 emissions 

while increasing the production of nutritious food by 

82–149% by 2050, compared with 2010, in order 

to deliver food security (Huppmann et al., 2019). 

Biogenic CH4 emissions are largely associated with 

the production of nutritious (high-quality protein) 

food (Key and Tallard, 2012). Some might argue that 

tackling global malnutrition could be threatened by 

the introduction of quotas on ruminant production 

(Adesogan et al., 2020), while rice, the only CH4-

emitting crop, represents a primary source of energy 

for 3.5 billion people who depend on it for more 

than 20% of their daily calories (Maclean et al., 

2013). The amount of livestock and rice production 

compatible with climate neutrality will depend not 

just on CH4 but also on other GHG emissions 

associated with such production (especially N2O) 

�D�Q�G���D�O�V�R���O�D�Q�G���U�H�T�X�L�U�H�P�H�Q�W�V���W�K�D�W���L�Q�À�X�H�Q�F�H���D�U�H�D�V��

available for emissions offsetting via afforestation or 
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other CDR options (IPCC, 2019). Therefore, there 

is an urgent need to understand the implications of 

different approaches to establishing separate biogenic 

CH4 targets for, inter alia, food security and AFOLU 

climate neutrality objectives at a national scale.

The primary objective of this chapter is to provide 

new insights into linkages between different value 

judgements, national biogenic CH4 targets compatible 

with global climate stabilisation, food security and 

national climate neutrality objectives.

4.2	 Methodology (Short Summary)

Readers are directed to Prudhomme et al. (2021) 

for full methodological details. In essence, national 

biogenic CH4 targets for Brazil, France, India and 

Ireland compatible with the 1.5°C scenario are 

derived by scaling down global targets (Huppmann 

et al., 2019) using different allocation rules. The four 

�V�H�O�H�F�W�H�G���F�R�X�Q�W�U�\���H�[�D�P�S�O�H�V���S�U�R�Y�L�G�H���D���G�L�Y�H�U�V�H���V�S�U�H�D�G��

�R�I���$�)�2�/�8���D�Q�G���V�R�F�L�R���H�F�R�Q�R�P�L�F���F�R�Q�W�H�[�W�V�����7�K�H���L�P�S�D�F�W�V��

on agricultural production, other AFOLU emissions 

and land-based carbon sequestration potential are 

�W�K�H�Q���T�X�D�Q�W�L�¿�H�G���W�R���H�O�X�F�L�G�D�W�H���W�K�H���Z�L�G�H�U���F�O�L�P�D�W�H���D�Q�G��

food security implications of how global biogenic 

CH4 emissions targets are allocated. The methodology 

�F�R�P�S�U�L�V�H�V���V�L�[���V�W�H�S�V�����D�Q�G���D���F�R�U�H���V�H�U�L�H�V���R�I���Q�L�Q�H��

equations that are detailed subsequently (Figure 4.1).

1.	 The allocation of national CH4 quotas according to 

different rules.

2.	 �7�K�H���L�Q�À�X�H�Q�F�H���R�I���G�L�I�I�H�U�H�Q�W���&�+4 quotas on 

production.

3.	 �7�K�H���L�Q�À�X�H�Q�F�H���R�I���G�L�I�I�H�U�H�Q�W���O�H�Y�H�O�V���R�I���S�U�R�G�X�F�W�L�R�Q���R�Q��

land use.

4.	 �7�K�H���L�Q�À�X�H�Q�F�H���R�I���G�L�I�I�H�U�H�Q�W���Q�D�W�L�R�Q�D�O���&�+4 quotas on 

AFOLU CO2 emissions.

�)�L�J�X�U�H�������������2�Y�H�U�Y�L�H�Z���R�I���W�K�H���P�H�W�K�R�G�R�O�R�J�\���X�V�H�G���L�Q���W�K�L�V���V�W�X�G�\�����'�D�W�D���X�V�H�G���W�R���F�R�P�S�X�W�H���S�X�U�S�O�H�����G�D�V�K�H�G���E�R�[����

�H�O�H�P�H�Q�W�V���D�U�H���W�D�N�H�Q���I�U�R�P���W�K�H���*�O�R�E�D�O���/�L�Y�H�V�W�R�F�N���(�Q�Y�L�U�R�Q�P�H�Q�W���$�V�V�H�V�V�P�H�Q�W���0�R�G�H�O���±���L�Q�W�H�U�D�F�W�L�Y�H�����*�/�(�$�0���L����

�G�D�W�D�E�D�V�H�����)�$�2�������������������'�D�W�D���X�V�H�G���W�R���F�R�P�S�X�W�H���J�U�H�H�Q���H�O�H�P�H�Q�W�V�����O�R�Q�J�±�V�K�R�U�W���G�D�V�K�H�G���E�R�[�����D�U�H���W�D�N�H�Q���I�U�R�P��

�)�$�2�6�7�$�7�����)�$�2�6�7�$�7�������������������'�D�W�D���X�V�H�G���W�R���F�R�P�S�X�W�H���U�H�G���H�O�H�P�H�Q�W�V���D�U�H���W�D�N�H�Q���I�U�R�P���Q�D�W�L�R�Q�D�O���D�E�D�W�H�P�H�Q�W��

�F�R�V�W���F�X�U�Y�H�V���S�U�H�V�H�Q�W�H�G���L�Q���(�R�U�\��et al . (2017) (short dashed box). Numbers in the schematic represent the 

�H�T�X�D�W�L�R�Q�V���S�U�H�V�H�Q�W�H�G���L�Q���W�K�H���I�R�O�O�R�Z�L�Q�J���P�H�W�K�R�G�����%�O�X�H���E�R�[�H�V�����G�R�X�E�O�H���O�L�Q�H���E�R�[�H�V�����U�H�S�U�H�V�H�Q�W���W�K�H���P�D�M�R�U���R�X�W�S�X�W�V��

�I�U�R�P���W�K�L�V���V�W�X�G�\�����H�*�:�3�
���G�D�W�D���W�D�N�H�Q���I�U�R�P���5�R�J�H�O�M���D�Q�G���6�F�O�H�X�V�V�Q�Q�H�U�������������������
�3�U�R�G�X�F�W�L�R�Q���D�Q�G���H�P�L�V�V�L�R�Q��

intensities are detailed in table 1 of Prudhomme et al ���������������������
�
�0�L�W�L�J�D�W�L�R�Q���S�R�W�H�Q�W�L�D�O�V���D�U�H���G�H�W�D�L�O�H�G���L�Q���W�D�E�O�H��

S9 of Prudhomme et al . (2021).
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5.	 �7�K�H���L�Q�À�X�H�Q�F�H���R�I���G�L�I�I�H�U�H�Q�W���Q�D�W�L�R�Q�D�O���&�+4 quotas on 

AFOLU N2O emissions.

6.	 �7�K�H���L�Q�À�X�H�Q�F�H���R�I���D�O�O���W�K�H���D�E�R�Y�H���R�Q���W�K�H���D�J�J�U�H�J�D�W�H��

GWP balance for national AFOLU sectors, 

calculated using GWP100 and an adapted 

equity GWP* (eGWP*) approach (Rogelj and 

Schleussner, 2019). This adaptation of GWP* 

replaces contemporaneous national emissions 

of CH4 as the reference for calculating future 

�Z�D�U�P�L�Q�J���H�I�I�H�F�W�V���Z�L�W�K���D���P�R�G�L�¿�H�G���U�H�I�H�U�H�Q�F�H���O�H�Y�H�O��

of CH4���H�P�L�V�V�L�R�Q�V���E�D�V�H�G���R�Q���V�R�P�H���G�H�¿�Q�L�W�L�R�Q���R�I���D��

�Q�D�W�L�R�Q�D�O���³�I�D�L�U���V�K�D�U�H�´���R�I���J�O�R�E�D�O���H�P�L�V�V�L�R�Q�V��

4.3	 Key Results

4.3.1	 National biogenic CH4 quotas and 
production

To comply with global emission scenarios compatible 

with climate stabilisation, national biogenic 

CH4 emissions would need to be reduced by 11–81% 

for Brazil, 28–80% for France, 26–59% for India and 

30–79% for Ireland, depending on the allocation 

rule (Table 4.1). The choice of allocation rule has a 

�J�U�H�D�W�H�U���L�Q�À�X�H�Q�F�H���R�Q���W�K�H���Q�D�W�L�R�Q�D�O���&�+4 quota than the 

choice of global scenario compatible with 1.5°C of 

warming, with the quota for Ireland varying by a factor 

of more than 6 depending on the allocation method 

(Table 4.1). Based on the inverse gross domestic 

product (GDP) effort, the smallest relative reduction 

�R�Q�������������H�P�L�V�V�L�R�Q�V���������������L�V���V�H�H�Q���I�R�U���%�U�D�]�L�O�����U�H�À�H�F�W�L�Q�J��

high baseline emissions per US$GDP, while the 

largest required reduction in both absolute and relative 

terms (80%) is seen for France. In fact, because 

GDP allocation represents national shares of global 

emission reduction (rather than remaining budgets), 

France’s CH4 quota has a zero lower bound for many 

scenarios with GDP allocation (Figure 4.1). Population-

based allocations require reductions in 2010 biogenic 

CH4 emissions of 81% and 79% for Brazil and Ireland, 

�U�H�V�S�H�F�W�L�Y�H�O�\�����U�H�À�H�F�W�L�Q�J���K�L�J�K���H�P�L�V�V�L�R�Q�V���I�U�R�P���S�U�R�G�X�F�W�L�R�Q��

�I�R�U���H�[�S�R�U�W���R�I���E�H�H�I���D�Q�G���P�L�O�N���I�U�R�P���W�K�R�V�H���F�R�X�Q�W�U�L�H�V����

However, protein-based allocation results in a smaller 

required reduction (31%) for France than for Brazil or 

Ireland, because a high share of protein production 

in France comes from pigs and poultry, which are 

less CH4 intensive than cattle. Finally, of the four 

�V�W�X�G�L�H�G���F�R�X�Q�W�U�L�H�V�����R�Q�O�\���,�Q�G�L�D���F�R�X�O�G���Q�R�W���H�[�S�D�Q�G���F�X�U�U�H�Q�W��

�S�U�R�G�X�F�W�L�R�Q���W�R���¿�O�O���D�O�O���L�W�V�������������&�+4 quota, owing to a high 

assumed level of CH4 mitigation potential for rice and 

constraints on the area of land into which future rice 

�S�U�R�G�X�F�W�L�R�Q���F�R�X�O�G���H�[�S�D�Q�G�����7�K�L�V���U�H�V�X�O�W�H�G���L�Q���Q�R�Q���X�V�H�G��

quotas of 0.9 to 4.4 Mt CH4 in 2050 (Table 4.1).

������������ �&�O�L�P�D�W�H �H	ý�F�D�F�\ �D�Q�G �I�R�R�G �V�H�F�X�U�L�W�\ 
associations

�'�L�Y�L�G�L�Q�J���D�O�O���Q�D�W�L�R�Q�D�O���V�F�H�Q�D�U�L�R�V���L�Q�W�R���T�X�D�U�W�L�O�H�V���U�H�À�H�F�W�L�Y�H��

of their climate mitigation potential provides additional 

insight into associations between climate mitigation 

�7�D�E�O�H�������������1�D�W�L�R�Q�D�O���E�L�R�J�H�Q�L�F���&�+4���W�D�U�J�H�W�V���I�R�U�������������D�F�U�R�V�V���%�U�D�]�L�O�����)�U�D�Q�F�H�����,�Q�G�L�D���D�Q�G���,�U�H�O�D�Q�G���E�D�V�H�G���R�Q��

�I�R�X�U���G�L�I�I�H�U�H�Q�W���D�O�O�R�F�D�W�L�R�Q���D�S�S�U�R�D�F�K�H�V���W�R���V�K�D�U�H���W�K�H���J�O�R�E�D�O���E�L�R�J�H�Q�L�F���&�+4 budget compatible with climate 

�V�W�D�E�L�O�L�V�D�W�L�R�Q�����U�L�J�K�W�������Z�L�W�K���S�H�U�F�H�Q�W�D�J�H���U�H�G�X�F�W�L�R�Q�V���I�U�R�P���Q�D�W�L�R�Q�D�O�������������H�P�L�V�V�L�R�Q�V���V�K�R�Z�Q���L�Q���E�U�D�F�N�H�W�V�����$�O�V�R��

�V�K�R�Z�Q���D�U�H���U�H�I�H�U�H�Q�F�H�������������&�+4 emissions

�&�R�X�Q�W�U�\

Reference 
emissions in 
�������������0�W �&�+4)

�����������W�D�U�J�H�W�V�����0�W �&�+4) �1�R�Q���X�V�H�G���E�L�R�J�H�Q�L�F���&�+4���T�X�R�W�D���������������0�W �&�+4)

GDP �*�U�D�Q�G���S�D�U�H�Q�W�L�Q�JPopulation Protein GDP �*�U�D�Q�G���S�D�U�H�Q�W�L�Q�JPopulation Protein

Brazil 13.5 11.9 9.1 2.6 3.6 NA NA NA NA

(–11%) (–33%) (–81%) (–73%)

France   1.8 0.4 1.2 0.9 1.2 NA NA NA NA

(–80%) (–33%) (–28%) (–31%)

India 19.4 13.9 10.3 12.3 8.0 4.4 2.7 3.9 0.9

(–28%) (–47%) (–26%) (–59%)

Ireland   0.6 0.4 0.4 0.06 0.2 NA NA NA NA

(–30%) (–35%) (–79%) (–58%)

GDP, gross domestic product; NA, not applicable.
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�H�I�¿�F�D�F�\���D�Q�G���I�R�R�G���V�H�F�X�U�L�W�\�����Z�L�W�K�L�Q���D�Q�G���D�F�U�R�V�V���F�R�X�Q�W�U�L�H�V����

�L�Q���W�K�H���F�R�Q�W�H�[�W���R�I���H�*�:�3�
���D�F�F�R�X�Q�W�L�Q�J���I�R�U���F�O�L�P�D�W�H���I�R�U�F�L�Q�J��

(Table 4.2). CO2 offset is strongly inversely associated 

with GWP quartile rankings – more negative GWP 

balances are associated with higher CO2 offsets. 

Meanwhile, the biogenic CH4 quota is positively 

associated with rankings. These associations, in 

particular involving CH4, break down somewhat 

�I�R�U���,�Q�G�L�D�����U�H�À�H�F�W�L�Q�J���W�K�H���G�\�Q�D�P�L�F�V���R�I���P�D�L�Q�O�\���O�D�Q�G��

constrained (rather than CH4-constrained) food 

production in India. Notably, India’s third quartile is 

associated with a larger median CH4 quota, but higher 

CO2 offsets, than the second quartile, and a high share 

�R�I���³�E�D�V�H�´���S�U�R�G�X�F�W�L�R�Q���H�I�¿�F�L�H�Q�F�\���±���W�K�H���O�R�Z�H�U���S�U�R�G�X�F�W�L�R�Q��

�H�I�¿�F�L�H�Q�F�\���L�Q�F�U�H�D�V�H�V���&�+4 emission per hectare utilised 

and means that land requirements for production 

could be constrained by CH4 in some scenarios, 

as for the other countries. Across all countries, 

median CO2 offsets vary more markedly than median 

CH4 quotas, implying a dominant role of offsetting in 

determining GWP balances, but also showing that 

offsetting is typically inversely linked with CH4 quotas 

�Y�L�D���O�D�Q�G���U�H�T�X�L�U�H�P�H�Q�W�V���I�R�U���³�D�O�O�R�Z�D�E�O�H�´���I�R�R�G���S�U�R�G�X�F�W�L�R�Q��

Production of CH4-intensive foods increases strongly 

with quartile ranking. National protein production is 

�M�X�V�W���R�Y�H�U���W�K�U�H�H�����,�Q�G�L�D�����W�R���V�L�[�����,�U�H�O�D�Q�G�����W�L�P�H�V���K�L�J�K�H�U��

�L�Q���W�K�H���I�R�X�U�W�K���T�X�D�U�W�L�O�H���W�K�D�Q���W�K�H���¿�U�V�W���T�X�D�U�W�L�O�H�����)�R�U���P�R�V�W��

�F�R�X�Q�W�U�L�H�V�����P�H�G�L�D�Q���S�U�R�W�H�L�Q���S�U�R�G�X�F�W�L�R�Q���H�[�F�H�H�G�V���Q�D�W�L�R�Q�D�O��

population requirements in the upper quartiles, with the 

�Q�R�W�D�E�O�H���H�[�F�H�S�W�L�R�Q���R�I���,�Q�G�L�D�����Z�K�H�U�H���W�K�H���I�R�X�U�W�K���T�X�D�U�W�L�O�H��

food production is just short of meeting the needs of 

the current population of 1.35 billion people. AFOLU 

climate neutrality for India lies somewhere between 

�W�K�H���¿�U�V�W���D�Q�G���V�H�F�R�Q�G���T�X�D�U�W�L�O�H�V�����E�H�W�Z�H�H�Q���Q�H�J�D�W�L�Y�H���D�Q�G��

positive median eGWP* values in Table 4.2). Only the 

�¿�U�V�W���T�X�D�U�W�L�O�H���L�V���F�R�P�S�D�W�L�E�O�H���Z�L�W�K���F�O�L�P�D�W�H���Q�H�X�W�U�D�O�L�W�\���D�W���W�K�H��

national level for India, supporting < 30% of national 

protein requirements. Protein security for France lies 

between the third and fourth quartiles, neither of which 

complies with climate neutrality at the national level. 

Ireland and Brazil can achieve national protein security 

alongside climate neutrality.

4.4	 Discussion

4.4.1	 Fairness of national methane reduction 
targets

In the light of recent criticism of representation of 

CH4 warming through time by the GWP100 aggregation 

metric (Allen et al., 2018; Cain et al., 2019), as used 

�W�R���U�H�S�R�U�W���Q�D�W�L�R�Q�D�O���*�+�*���H�P�L�V�V�L�R�Q�V���D�Q�G���W�R���G�H�¿�Q�H��

national net-zero GHG targets (UK CCC, 2019), 

�W�K�L�V���V�W�X�G�\���H�[�S�O�R�U�H�G���W�K�H���L�P�S�O�L�F�D�W�L�R�Q�V���R�I���G�L�I�I�H�U�H�Q�W��

approaches to determine separate national targets 

for biogenic CH4 – with a particular focus on national 

food production and climate neutrality objectives for 

2050 and beyond. Emitting GHGs to the atmosphere 

is not a basic need per se. Discussions of fairness 

in GHG mitigation burden-sharing therefore invoke 

�W�K�H���T�X�H�V�W�L�R�Q���R�I���³�D�O�O�R�Z�D�Q�F�H�V�´���W�R���Q�D�W�L�R�Q�V���D�Q�G���W�R��

individuals (Caney, 2009; Arnold, 2011). In this study, 

this principle of distributive justice is elucidated by 

considering biogenic CH4 emission quotas alongside 

food production and CO2 offset potential within the 

�$�)�2�/�8���V�H�F�W�R�U�����)�R�U���H�[�D�P�S�O�H�����O�D�U�J�H���U�H�G�X�F�W�L�R�Q�V���L�Q��

Ireland’s CH4 emissions may be ethically desirable in 

terms of international CH4 quotas but could lead to a 

���������U�H�G�X�F�W�L�R�Q���L�Q���O�L�Y�H�V�W�R�F�N���S�U�R�G�X�F�W�L�R�Q���W�K�D�W�����Y�L�D���H�[�S�R�U�W����

feeds millions of people living in other countries, and 

could lead to the unemployment of many Irish farmers. 

Conversely, a hypothetical Indian government desire 

to achieve territorial climate neutrality would lead 

to a decline in rice production that could undermine 

�Q�D�W�L�R�Q�D�O���I�R�R�G���V�H�F�X�U�L�W�\���Z�K�L�O�H���³�R�Y�H�U���V�K�R�R�W�L�Q�J�´���Q�D�W�L�R�Q�D�O��

biogenic CH4 targets based on the principles of 

equity. There is an urgent need for international 

and cross-sectoral negotiation on burden sharing 

for CH4 reduction that considers ethics alongside, 

inter alia, food production and CO2 offset obligations 

(which ultimately will need to compensate for ongoing 

emissions in other sectors) (McMullin et al., 2020).

4.4.2	 Climate policy implications

Either using GWP* or establishing a national biogenic 

CH4 reduction target directly in line with the global 

24–47% reduction required for climate stabilisation to 

set climate neutrality targets in industrialised countries 

(Ministry for the Environment, 2019) involves emission 

�³�J�U�D�Q�G���S�D�U�H�Q�W�L�Q�J�´���D�W���D���Q�D�W�L�R�Q�D�O���O�H�Y�H�O�����7�K�L�V���F�R�X�O�G��

�G�H�Q�\���G�H�Y�H�O�R�S�L�Q�J���F�R�X�Q�W�U�L�H�V���D�Q���R�S�S�R�U�W�X�Q�L�W�\���W�R���H�[�S�D�Q�G��

livestock production and is thus likely to be challenged 

internationally on grounds of equity (Rogelj and 

�6�F�K�O�H�X�V�V�Q�H�U�������������������7�K�H�U�H�I�R�U�H�����L�W���L�V���G�L�I�¿�F�X�O�W���W�R���H�Q�Y�L�V�D�J�H��

how the separate treatment of biogenic CH4 in national 

climate policies can be removed from issues around 

the equitable sharing of global biogenic CH4 budgets 

���D�Q�G���P�L�W�L�J�D�W�L�R�Q���E�X�U�G�H�Q�V�������,�W���Z�R�X�O�G���E�H���Q�D�L�Y�H���W�R���H�[�S�H�F�W��

international agreement on a harmonised approach 

to determine national CH4���³�T�X�R�W�D�V�´���D�V���¿�[�H�G���F�O�L�P�D�W�H��
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D. Styles et al. (2018-CCRP-MS.57)

targets in the near future, not least because of the 

wide range of global budgets from which to allocate 

these quotas depending on climate stabilisation 

pathways and modelling choices (Huppmann et al., 

���������������:�H���G�R���Q�R�W���U�H�F�R�P�P�H�Q�G���D���V�S�H�F�L�¿�F���D�S�S�U�R�D�F�K��

to setting biogenic CH4 targets, but recommend 

open discussions on how this could be done in a 

robust and internationally fair manner – we provide 

an open-source modelling tool (https://github.com/

prudhomme-nuig/methane) in the hope of stimulating 

the necessary debate.

4.5	 Conclusion

Short-lived GHGs such as CH4 behave more like 

�À�R�Z���S�R�O�O�X�W�D�Q�W�V���W�K�D�Q���V�W�R�F�N���S�R�O�O�X�W�D�Q�W�V���L�Q���W�H�U�P�V���R�I��

their climate-warming effects. Recent modelling 

indicates that climate stabilisation requires biogenic 

CH4 reductions of 24–47% globally, and GWP* has 

been proposed as an alternative GHG aggregation 

metric that better represents the climate-forcing 

effects of CH4 through time than the GWP100 metric 

currently used for national GHG reporting. However, 

the application of GWP* to determine national GHG 

budgets compatible with climate stabilisation implies 

grand-parenting of CH4 emissions, which may be 

perceived as unfair to countries with low baseline 

emissions. Separate treatment of biogenic CH4 in 

climate policies will therefore necessitate consideration 

of how global biogenic CH4 budgets, compatible with 

climate stabilisation, can be translated into national 

climate policy targets.

�7�K�L�V���F�K�D�S�W�H�U���H�[�S�O�R�U�H�G���W�K�H���H�I�I�H�F�W�V���R�I���D�O�W�H�U�Q�D�W�L�Y�H��

approaches to set national biogenic CH4 targets on 

food production and an ability to achieve net zero GHG 

emissions (GWP100 metric) or climate stabilisation 

(eGWP* metric) within national AFOLU sectors, using 

�I�R�X�U���F�R�Q�W�U�D�V�W�L�Q�J���F�R�X�Q�W�U�L�H�V���D�V���H�[�D�P�S�O�H�V�����%�U�D�]�L�O�����)�U�D�Q�F�H����

India and Ireland. National biogenic CH4 budgets were 

�G�H�U�L�Y�H�G���E�\���G�R�Z�Q�V�F�D�O�L�Q�J���J�O�R�E�D�O���E�X�G�J�H�W�V���G�H�¿�Q�H�G���I�R�U��

1.5°C scenarios based on allocation rules representing 

the principle of equity (emissions proportionate to 

population), ability to reduce emissions (mitigation 

proportionate to GDP) and protein security (emissions 

proportionate to protein production in 2010), alongside 

a grand-parenting approach for reference. Choice 

of allocation method was shown to have a profound 

�H�I�I�H�F�W���R�Q���W�K�H���O�H�Y�H�O���R�I���³�D�O�O�R�Z�D�E�O�H�´���U�X�P�L�Q�D�Q�W���S�U�R�G�X�F�W�L�R�Q���L�Q��

�P�L�O�N�����D�Q�G���E�H�H�I���H�[�S�R�U�W�L�Q�J���F�R�X�Q�W�U�L�H�V�����V�X�F�K���D�V���%�U�D�]�L�O���D�Q�G��

Ireland. Nonetheless, owing to relatively low population 

densities, AFOLU sectors in these countries have a 

high level of potential to achieve climate neutrality if 

spared land is used for forestry. Meanwhile, countries 

�V�X�F�K���D�V���,�Q�G�L�D���K�D�Y�H���F�R�Q�V�W�U�D�L�Q�H�G���O�D�Q�G���D�U�H�D�V���W�R���¿�O�O���W�K�H�L�U��

CH4 quota with CH4-emitting food production (milk, 

meat, eggs, rice), and may not be able to achieve 

climate neutrality targets while maintaining food 

(protein and calorie) security. Our results illustrate the 

need for more detailed coordination of international 

GHG mitigation efforts in order to achieve climate 

stabilisation, with a particular focus on how global 

biogenic CH4 budgets can be equitably allocated. Such 

coordination will require consideration of food security 

and land banks available for offsetting activities.
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5	 Defining National “Climate Neutrality”

This chapter is a synthesis of a more detailed paper 

published in Communications, Earth & Environment by 

Bishop et al.�������������������7�K�H���W�H�[�W���L�V���U�H�S�U�R�G�X�F�H�G���K�H�U�H���X�Q�G�H�U��

the terms of the Creative Commons v4.0 International 

(CC BY 4.0) licence (https://creativecommons.org/

licenses/by/4.0/).

5.1	 Introduction

Separate accounting for CH4���W�R���U�H�À�H�F�W���L�W�V���S�D�U�W�L�F�X�O�D�U��

role as an SLCP implies a non-zero target for this 

�J�D�V�����Z�K�L�F�K���P�D�\���E�H���U�H�À�H�F�W�H�G���L�Q���V�H�S�D�U�D�W�H���&�+4 targets 

(Chapter 4 and Prudhomme et al., 2021) or alternative 

metrics (e.g. GWP*) that integrate the effects of SLCP 

with long-lived CO2 and N2O gases (Cain et al., 2019). 

In addition, recent research has shown that the time-

horizon considered for climate neutrality has a major 

�L�Q�À�X�H�Q�F�H���R�Q���W�K�H���H�[�W�H�Q�W���R�I���O�D�Q�G���X�V�H���F�K�D�Q�J�H���U�H�T�X�L�U�H�G��

(Chapter 3 and C. Duffy et al., 2022b). Despite these 

important uncertainties, there has been little research 

�S�X�E�O�L�V�K�H�G���R�Q���K�R�Z���G�L�I�I�H�U�H�Q�W���S�R�V�V�L�E�O�H���G�H�¿�Q�L�W�L�R�Q�V���R�I��

�F�O�L�P�D�W�H���Q�H�X�W�U�D�O�L�W�\���F�R�X�O�G���L�Q�À�X�H�Q�F�H���D�J�U�L�F�X�O�W�X�U�D�O���D�Q�G��

land use policies at the national scale. This chapter 

provides new evidence on the consequences 

�R�I���D�S�S�O�\�L�Q�J���Y�D�U�L�R�X�V���F�R�Q�W�H�P�S�R�U�D�U�\���G�H�¿�Q�L�W�L�R�Q�V���R�I��

�³�F�O�L�P�D�W�H���Q�H�X�W�U�D�O�L�W�\�´���I�R�U���S�U�R�V�S�H�F�W�L�Y�H���F�O�L�P�D�W�H���Q�H�X�W�U�D�O��

�F�R�Q�¿�J�X�U�D�W�L�R�Q�V���R�I���,�U�H�O�D�Q�G�¶�V���$�)�2�/�8���V�H�F�W�R�U�����7�K�H��

implications for sustainable levels of milk and beef 

production (with and without further ambitious GHG 

abatement measures), and land use transformation, 

�D�U�H���H�[�S�O�R�U�H�G��

5.2	 Methodology

5.2.1	 Scenarios

A total of 3000 randomised scenarios were generated 

using a Latin hypercube model (McKay et al., 2000) 

by randomly varying the key input parameters, 

utilised in the GOBLIN model, between set minimum 

�D�Q�G���P�D�[�L�P�X�P���Y�D�O�X�H�V���I�R�U���H�D�F�K���L�Q�G�L�Y�L�G�X�D�O���V�F�H�Q�D�U�L�R��

(Table 5.1). Total animal numbers were set between 

one and values reported for 2021 (CSO, 2022), with 

grassland utilisation rates calibrated at between 67% 

and 80% productivity, based on calculated grass 

uptake and total grassland area utilised by the updated 

�Q�D�W�L�R�Q�D�O���K�H�U�G���D�Q�G���À�R�F�N���Q�X�P�E�H�U�V�����)�X�U�W�K�H�U���G�H�W�D�L�O�V��

on GOBLIN input parameters can also be found in 

C. Duffy et al. (2022a). It is important to note that 

�W�K�H���W�D�U�J�H�W���\�H�D�U���I�R�U���$�)�2�/�8���F�R�Q�¿�J�X�U�D�W�L�R�Q�V���L�V��������������

no further changes to agricultural production or land 

use are considered after 2050. Emissions beyond 

�����������W�K�X�V���U�H�S�U�H�V�H�Q�W���W�K�L�V���Q�H�Z���³�H�T�X�L�O�L�E�U�L�X�P�´���O�D�Q�G���X�V�H����

incorporating forestry (re)growth and harvest cycles.

������������ �&�O�L�P�D�W�H �Q�H�X�W�U�D�O�L�W�\ �G�H�¿�Q�L�W�L�R�Q�V

�7�H�Q���G�L�I�I�H�U�H�Q�W���G�H�¿�Q�L�W�L�R�Q�V���I�R�U���Q�H�W���]�H�U�R���*�+�*���H�P�L�V�V�L�R�Q�V��

�O�L�Q�N�H�G���Z�L�W�K���F�O�L�P�D�W�H���Q�H�X�W�U�D�O�L�W�\���Z�H�U�H���H�[�S�O�R�U�H�G��

���)�L�J�X�U�H���������������7�K�H�V�H���G�H�¿�Q�L�W�L�R�Q�V���L�Q�F�O�X�G�H�G���D�F�K�L�H�Y�L�Q�J��

net-zero CO2 (only) emissions by 2050 (IPCC, 

2022); net-zero GHG emissions (CO2, CH4 and N2O) 

based on GWP100 (IPCC, 2014) – either for the year 

2050 only or cumulatively between 2050 and 2100; 

�V�H�S�D�U�D�W�H���V�S�H�F�L�¿�F���³�I�D�L�U�´���&�+4 targets proposed by 

Prudhomme et al., (2021) in addition to GWP100 net-

zero emissions from N2O and CO2 by 2050; no net 

warming effect by 2050 or 2100 based on GWP* 

(Smith et al., 2021); or no net warming by 2050 based 

�R�Q���*�:�3�
���Z�L�W�K���D���P�R�G�L�¿�H�G���³�I�D�L�U�´���U�H�I�H�U�H�Q�F�H���O�H�Y�H�O���R�I��

CH4 emissions (eGWP*) (Rogelj and Schleussner, 

���������������(�D�F�K���R�I���W�K�H�������������V�F�H�Q�D�U�L�R�V���Z�D�V���F�O�D�V�V�L�¿�H�G���D�V��

succeeding (S-Neut) or failing (F-Neut) to meet climate 

�Q�H�X�W�U�D�O�L�W�\���D�F�F�R�U�G�L�Q�J���W�R���H�D�F�K���R�I���W�K�H���G�H�¿�Q�L�W�L�R�Q�V��

5.2.3	 Abatement

It is possible for climate neutrality targets to be met 

�Q�R�W���M�X�V�W���W�K�U�R�X�J�K���V�S�H�F�L�¿�F���F�R�Q�¿�J�X�U�D�W�L�R�Q�V���R�I���D�J�U�L�F�X�O�W�X�U�D�O��

production and land use but also through the reduction 

of agricultural emissions at source following the 

implementation of abatement measures. Important 

abatement measures include reducing N fertiliser 

application (including via grass–clover pastures), 

applying abated-urea fertilisers, improving animal 

genetics, low-emission storage and spreading 

�W�H�F�K�Q�L�T�X�H�V���I�R�U���P�D�Q�X�U�H�V�����D�F�L�G�L�¿�F�D�W�L�R�Q���R�I���P�D�Q�X�U�H�V����

and using CH4���D�Q�G���Q�L�W�U�L�¿�F�D�W�L�R�Q���L�Q�K�L�E�L�W�R�U�V�����2�¶�%�U�L�H�Q 

et al., 2014; Lanigan et al., 2019). The GOBLIN 

model randomly accounts for animal productivity 
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improvements of up to 15–20%. In addition to this, a 

30% post hoc reduction in agriculture emissions was 

uniformly applied across enteric and manure CH4 and 

manure, direct and indirect N2�2���H�P�L�V�V�L�R�Q�V�����U�H�À�H�F�W�L�Q�J��

�W�K�H���X�S�S�H�U���H�Q�G���R�I���D�E�D�W�H�P�H�Q�W���S�R�V�V�L�E�O�H���Z�L�W�K���L�G�H�Q�W�L�¿�H�G��

technologies (Lanigan et al., 2019; Rees et al., 2020). 

Abated scenarios allow for a conservative approach 

�Z�L�W�K���U�H�V�S�H�F�W���W�R���W�K�H���¿�Q�D�O���F�R�Q�F�O�X�V�L�R�Q�V�����D�Q�G���W�K�X�V���D�U�H��

our default assumption. Each of the 3000 abated 

�V�F�H�Q�D�U�L�R�V���Z�D�V���F�O�D�V�V�L�¿�H�G���D�V���V�X�F�F�H�H�G�L�Q�J�����6���1�H�X�W���$����

or failing (F-Neut-A) to meet climate neutrality with 

�D�E�D�W�H�P�H�Q�W�����D�F�F�R�U�G�L�Q�J���W�R���H�D�F�K���R�I���W�K�H���G�H�¿�Q�L�W�L�R�Q�V��

5.3	 Results

�7�K�H���G�H�¿�Q�L�W�L�R�Q�V���W�K�D�W���V�D�Z���P�R�V�W���V�F�H�Q�D�U�L�R�V���V�X�F�F�H�H�G���L�Q��

achieving climate neutrality were (Table 5.2) carbon 

neutrality, with 99% of scenarios attaining neutrality; 

GWP*, with 82% and 85% of non-abated and abated 

scenarios, respectively, accomplishing neutrality; 

CH4 target grand-parenting, where 58% and 85% 

of non-abated and abated scenarios, respectively, 

reached neutrality; and eGWP* protein, where 61% 

and 84% of non-abated and abated scenarios, 

respectively, succeeded in neutrality. Conversely, 

the lowest counts of climate neutrality were for 

CH4 target population (1% and 3% of non-abated and 

abated scenarios, respectively, achieved neutrality), 

GWP100 long-term balanced 2050–2100 (18% and 27% 

of non-abated and abated scenarios, respectively, 

succeeded in neutrality), and eGWP* population 

(26% and 39% of non-abated and abated scenarios, 

respectively, accomplished neutrality).

�7�D�E�O�H�������������,�Q�S�X�W���V�F�H�Q�D�U�L�R���Y�D�O�X�H���U�D�Q�J�H�V���I�R�U���V�H�O�H�F�W�H�G���N�H�\���S�D�U�D�P�H�W�H�U�V���U�H�T�X�L�U�H�G���I�R�U���W�K�H���*�2�%�/�,�1���P�R�G�H�O

Parameter �'�H�¿�Q�L�W�L�R�Q

Scenario value range

Minimum Maximum

Livestock population Milking cow numbers 1 1,604,500

Suckler cow numbers 1 940,300

Lowland ewe numbers 1 2,252,320

Upland ewe numbers 1 563,080

Productivity Milk output head–1 13.8 kg 15.9 kg

Heifer weight head–1 (1 year) 276 kg 322 kg

Heifer weight head–1 (2 years) 431 kg 504 kg

Grassland area �$�U�H�D���R�I���J�U�D�V�V�O�D�Q�G���W�R���V�X�S�S�R�U�W���Q�D�W�L�R�Q�D�O���K�H�U�G���D�Q�G���À�R�F�NDeduced

Cropland area Area under crop 361.6 kha

New wetland area Area of available drained organic soil to be rewetted 20% 100%

Grassland utilisation The proportion of grass production consumed by livestock via grazing and 
feeding on conserved grasses (silage and hay)

67% 80%

New afforested area The proportion of spared grassland area on mineral soils that will be utilised 
for forest

20% 80%

Proportion broadleaf Proportion of forest area that is under broadleaf (vs conifer) 30% 70%

Proportion conifer Proportion of forest area that is under conifer (vs broadleaf) 30% 70%

Proportion conifer harvested Proportion of conifer area that is harvested 50% 90%

Proportion conifer thinned The proportion of harvested conifer area that is thinned 50%
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Overall, the successful scenarios had considerably 

larger areas of new forestry and wetlands, but lower 

quantities of milk and beef output. The median new 

forest areas for S-Neut were between 1100 and 

2300 �N�K�D���D�F�U�R�V�V���W�K�H���������G�H�¿�Q�L�W�L�R�Q�V�����Z�K�H�U�H�D�V���W�K�H��

median range for new forest area of F-Neut was 

between 300 and 1100 kha. The minimum new forestry 

area required to achieve S-Neut and S-Neut-A was 

�O�R�Z�H�V�W���I�R�U���W�K�H���F�D�U�E�R�Q���Q�H�X�W�U�D�O�L�W�\���G�H�¿�Q�L�W�L�R�Q���D�Q�G���K�L�J�K�H�V�W��

for the CH4 target population and GWP100 long-term 

�E�D�O�D�Q�F�H�G�����������±�����������G�H�¿�Q�L�W�L�R�Q�V�����0�L�O�N���D�Q�G���R�U���E�H�H�I��

outputs declined relative to 2021 levels across 

all climate-neutral scenarios, even with ambitious 

�D�E�D�W�H�P�H�Q�W�����,�W���Z�D�V���G�L�I�¿�F�X�O�W���I�R�U���W�K�H���G�H�¿�Q�L�W�L�R�Q�V���W�R��

preserve 2021 dairy cow populations, with the 

scenarios that modelled high numbers of dairy cows 

needing to have large reductions in suckler cow 

numbers to achieve climate neutrality (Figure 5.2). 

Even with abatement measures, it was not possible 

for any of the S-Neut-A scenarios to achieve 

2021 population levels for both adult suckler beef and 

�)�L�J�X�U�H�������������'�H�¿�Q�L�W�L�R�Q�V���R�I���F�O�L�P�D�W�H���Q�H�X�W�U�D�O�L�W�\���H�[�S�O�R�U�H�G�����2�Y�D�O�V���U�H�S�U�H�V�H�Q�W���G�H�¿�Q�L�W�L�R�Q�V�����'�H�¿�Q�L�W�L�R�Q�V���R�Q���W�K�H��

�U�L�J�K�W���D�U�H���G�H�U�L�Y�D�W�L�R�Q�V���I�U�R�P���W�K�H���I�R�X�U���G�H�¿�Q�L�W�L�R�Q�V���R�Q���W�K�H���O�H�I�W�����/�7�����O�R�Q�J���W�H�U�P�����J�U�D�Q�G���S�D�U�H�Q�W�L�Q�J�����H�D�F�K���F�R�X�Q�W�U�\��

�D�F�K�L�H�Y�H�V���W�K�H���V�D�P�H���S�H�U�F�H�Q�W�D�J�H���R�I���&�+4���H�P�L�V�V�L�R�Q���U�H�G�X�F�W�L�R�Q���D�V���W�K�H���J�O�R�E�D�O���&�+4 emission reduction target.

Table 5.2. Total number (out of 3000) of scenarios 

that achieved climate neutrality according to each 

�R�I���W�K�H���G�H�¿�Q�L�W�L�R�Q�V���H�[�S�O�R�U�H�G�����6���1�H�X�W���D�Q�G���6���1�H�X�W���$����

scenarios that succeeded in achieving neutrality 

without and with ambitious agricultural abatement, 

respectively

Metrics

Total count

�6���1�H�X�W �6���1�H�X�W���$

GWP100 1102 1513

GWP* 2464 2547

CH4 target grand-parenting 1744 2560

CH4 target population 35 92

CH4 target protein 856 1505

eGWP* population 770 1172

eGWP* protein 1816 2511

Carbon neutrality 2969 2969

GWP100 LT balanced 2050–2100 551 805

GWP* LT balanced 2050–2100 1684 1891

LT, long term.
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