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Executive Summary 

Introduction 

Most climate change mitigation scenarios analysed to date by the Intergovernmental 

Panel on Climate Change (IPCC), for efforts consistent with the goals of the Paris 

Agreement (keeping global average temperature rise ñwell below 2ÁCò over pre-

industrial), rely on presumed deployment of so-called ñnegative emissions 

technologiesò (NETs) at very large (global) scales within a small number of decades.  

Negative emission technologies are composite technology systems or interventions 

which, on a full lifecycle basis, achieve net removal of one or more greenhouse gases 

from the atmosphere. Because of its long atmospheric lifetime, carbon dioxide (COϜ) 

has a dominant role in human-caused long-term global warming, so NETs typically 

focus exclusively on carbon dioxide removal (CDR). Example NET concepts include: 

Afforestation/Reforestation (AR), Bio-Energy with Carbon Capture and Storage 

(BECCS), Direct Air Carbon Capture and Storage (DACCS), and Enhanced Soil 

Carbon storage (SCS). 

ie-nets is a two-year research project, funded by the Environmental Protection Agency 

of Ireland (EPA) Research Programme 2014-2020 (grant number 2016-CCRP-

MS.36). The project is building Irish research capacity and contributing to national 

policy in this emerging area.  

The overarching objective is to provide a detailed and rigorous assessment of the 

scale and speed of negative emissions technology deployment that is required by 

currently envisaged decarbonisation pathways (globally and nationally), consistent 

with the Paris agreement goals.   

This report, the first interim deliverable from the project, presents a comprehensive 

review of the existing literature on the potential forms of negative emissions technology 

(NET), with a particular focus on technology options suitable for deployment in Ireland. 

This executive summary presents an overview and key results from the full review. 

Literature Review aims and structure  

The review focuses on the global NETs literature most relevant to Ireland, and on the 

existing Irish literature on land-use, bioenergy and conventional, fossil-fuel, carbon 

capture and storage (FFCCS) most applicable to the domestic development of 

substantive negative emissions to enable climate mitigation aligned with Paris 

ambition. The aim is to give a preliminary evaluation of the feasibility, timescale, 

capacity (both stock and flow) and indicative costs (capital and recurrent) of negative 

emissions technology deployment, both globally and specifically in Ireland.  

As Irelandôs climate policy is necessarily aligned with Irelandôs ratification of the Paris 

Agreement the research emphasis is on examining deep decarbonisation pathways 

for the EU and Ireland, with and without NETs, that are aligned with meeting the 1.5ºC 



and ñwell below 2ÜCò Paris temperature limits to global warming. In terms of total future 

emissions the global carbon budgets for these two temperature goals are very similar 

so they are frequently stated in this report simply as ñwell below 2ÜCò or abbreviated 

as ñWB2Cò. 

Climate action policy involving NETs to achieve a low-carbon transition will require 

political decision-making based on knowledge of: the IPCC-assessed and more recent 

peer reviewed climate science; governance of the remaining global carbon budget; a 

global overview of NETs and CCS; scenario modelling of future alternatives (with an 

understanding of underlying assumptions); risk and uncertainty assessment; and 

possible mechanisms to effect deep decarbonisation, including the development of 

NETs. This review is organised as follows: 

Chapters 1 to 6 survey global literature relating negative emissions technologies 

to climate science, multi-lateral management of the remaining WB2C global 

carbon budget, and decision-making and mechanisms to achieve low carbon 

transition from current high emissions, highlighting both the costs of action and 

of inaction (the consequences of exceeding carbon budgets).   

 

Chapters 7 to 9 review material specific to the Irish context: 

¶ Chapter 7 gives an overview of Irelandôs distinctive emissions profile, 

national climate policy and the recently published National Mitigation Plan, 

existing climate-energy-economy modelling, and current EPA emission 

projections relative to possible mitigation pathways;  

¶ Chapter 8 gives an estimation of Irelandôs possible remaining national 

carbon quota in terms of an equitable share of the global carbon budget;  

¶ Chapter 9 presents Irish NETs-relevant literature particularly on bioenergy, 

forestry and soils in the context of global literature and provides a 

preliminary assessment of potential NETs capacity in Ireland. 

Key Findings 

Allocating the Global Carbon Budget (GCB) 

In 2015, the Parties to the Paris Agreement agreed to limit global warming to ówell 

below 2ÜCô and pursue efforts toward a lower limit of 1.5ÜC above pre-industrial levels. 

Climate change will inequitably affect less developed nations, who have the lowest 

historic emissions. Due to the cumulative effect of COϜ emitted into the atmosphere, 

delayed mitigation action will subsequently require substantially steeper nett 

decarbonisation pathways (WB2C).  

The global carbon budget is the nett amount of COϜ that can still be emitted without 

exceeding the WB2C temperature limit. At the end of 2017, it is estimated to be only 

~800 (500-1100) GtCOϜ. Annual global emissions are over 40 GtCOϜ, including fossil 

fuel and land-use. If emissions continue at this rate, this total budget will be exhausted 



within 20 years. National carbon quotas derived from the global carbon budget may 

be a useful tool for resource sharing of the remaining carbon budget.  

There are two main approaches to allocating the global carbon budget amongst 

nations: 

¶ Inertia (grandfathering) quotas based on current national emissions or GDP 

share 

¶ Equity quotas based on population share 

Previously, as a partial outcome of the Kyoto Protocol, multi-lateral management of 

the global carbon budget has focussed on ñtop downò effort sharing frameworks. The 

Paris Agreement takes a ñbottom upò approach using the Nationally Determined 

Contributions (NDCs) specified voluntarily by participating parties. Developed nation 

Parties have committed to acting first and fastest to undertake ñeconomy-wide 

absolute emission reductionò (UNFCCC, 2015). However, the voluntary NDCs are 

currently collectively inadequate to meet the temperature goal.  

Nett global COϜ emissions need to be close to zero by mid-century for WB2C, requiring 

nett energy decarbonisation on average of 4% to 8% yr-1 as of 2015 (with the range 

reflecting continuing scientific uncertainty in the response of the earth system to 

anthropogenic forcing). Removing carbon from the atmosphere through negative 

emissions technologies (NETs) may ease the required mitigation rate of gross 

emissions if NETs can be rapidly developed and deployed at scale. The vast majority 

of integrated assessment model (IAM) scenarios compatible with WB2C assume large 

additional amounts of COϜ removal through NETs being delivered at a rapidly 

increasing scale to at least the year 2100.  

NETs Options 

Removing COϜ from the atmosphere through NETs can be achieved by biological or 

chemical capture. The captured COϜ can be stored terrestrially in biomass and/or soils 

or geologically. Different capture methods vary in efficiency and resource requirement, 

and different storage options vary in long term security and technical availability.  

We review the literature for six NETs options with potential relevance to Ireland: 

¶ Soil Carbon Storage (SCS) 

¶ Biochar (BC) 

¶ Enhanced Weathering (EW) 

¶ Afforestation/Reforestation (AR) 

¶ Bioenergy with Carbon Capture and Storage (BECCS) 

¶ Direct Air Capture with Storage (DACCS) 

Considerations for NETs include relative carbon removal capacity, cost, readiness, 

vulnerability to re-release of captured carbon, vulnerability to future climate change, 

biodiversity risk, energy penalty and land pressure (Table 1). 

 



 

 

Table 1: A simplified schematic to summarise the main policy relevant 

considerations for utilising NET options in Ireland. High uncertainty indicated by * 
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Climate Mitigation Modelling Options 

Modelling future climate-energy-economy outcomes of potential choices through time 

can assist decision-makers. There are a multitude of complex IAMs and energy 

system modelling options. A summary of some models used with descriptions and 

considerations can be seen in Table 2. 

Table 2: An overview of model options used in climate mitigation research 

Model Description 

Benefit-cost analysis 

Employs socioeconomic, physical climate, damage 

function and discounting modules to estimate mitigation 

pathways providing a notionally ñoptimalò balance of 

benefits over costs. The results, including estimates of a 

social cost of carbon (SC-COϜ), tend to vary considerably.  

Cost effectiveness 

analysis 

Used in economic climate mitigation modelling, assumes 

that a target will be met with high certainty. Analysis then 

identifies the least notional cost pathway among 

alternatives that all meet that specific target constraint. 

Within a cost-effectiveness framework, near-term policies 

need to be aligned with a high probability of meeting a 

climate target, otherwise they cannot be judged to be cost-

effective.  

Energy system models 

Detailed models of energy systems, including primary 

sources, conversion processes and final uses, allowing 

identification of alternative configurations (including 

evolution over time) that meet given energy use 

requirements and other constraints (such as GHG 

emissions). They typically incorporate cost-effectiveness 

modelling to rank or select among alternative 

configurations and transformation pathways that meet the 

given constraints. 

Multi-level perspective 

models 

Accounts for decision-making, carbon lock-ins and cultural 

path dependence. May result in more policy relevant 

analysis, especially if stringent mitigation carbon quotas 

are not reflected effectively in near-term policy 

Life cycle assessment 

(LCA) 

Consider all greenhouse gas emissions associated with a 

defined system (e.g. bioenergy crop production system), 

particularly to assess the GHG intensity per unit energy 

output. 



Decision-making and risk assessment  

WB2C targets imply absolute limits on future use of fossil fuels and on fossil fuelled 

economies. Decision-making within a risk assessment framework, given the WB2C 

global carbon budget, means restrictive management measures (e.g. equitable carbon 

quotas) are now advisable. In decision analysis, due to the plausible probability of 

severe climate impacts on global systems the difficulty of how to meet WB2C emission 

paths is secondary to the physical requirement of meeting the quota. Despite the 

scientific certainty that absolute reductions in emissions are required for effective 

climate change mitigation, uncertainty avoidance and short-termism among decision-

makers in public and corporate governance are common. Policies that lead to inaction, 

delayed action, or insufficient action may result in politically unfeasible pathways, 

stranded assets, higher costs, or, ultimately, impacts that overwhelm feasible 

adaptation (locally or globally). 

Achieving deep decarbonisation: role of NETs 

Effective governance needs to enable climate change mitigation and prevent rebound 

effects. Regulation and carbon taxes continue to be strongly resisted by many actors 

in global, regional and national governance. Carbon markets and market-based 

carbon pricing (flexible mechanisms) are increasingly used globally, but their 

effectiveness in achieving verifiable mitigation is strongly contested. Carbon 

accounting, particularly in land use, is complex and often contested or questionable. 

Policy dependence on negative emissions requires policy statements committing to 

defined and quantified investment time-steps in research, institutional design, legal 

enabling and pilot project delivery. In the likely scenario that NETs are required to stay 

within a WB2C global carbon budget, CCS is an essential technology development 

priority because land-based NETs, targeting biogenic storage (SCS, AR, BC), have 

limited long-term value due to saturation and impermanence. Strong Monitoring, 

Reporting and Verification (MRV) is an additional consideration for NETs, and may be 

a significant cost for these NET options. Developing effective NETs at the speed and 

scale necessary to meet a WB2C carbon budget, even allowing for target overshoot, 

may have profound social, environmental and economic implications, especially due 

to competition with traditional agriculture and biodiversity. 

Potential for Ireland  

Annual COϜ emissions for Ireland are now over 40 MtCOϜ yr-1. Current projections 

predict continued rising emissions to 2035, indicating failed decoupling from economic 

growth may continue to outweigh any incremental improvements in carbon intensity. 

In Chapter 8, five models are considered to estimate Irelandôs carbon quota from the 

WB2C aligned global carbon budget (Figure 1). The models consider different 

weightings of inertia and equity. The remaining nett carbon equity quota for Ireland is 

estimated to be less than 600 MtCOϜ as of end 2017, which will be exhausted in less 

than 15 years at the current annual rate of emissions. And even a maximum inertia 



carbon quota of 1000 MtCOϜ will still be exhausted before 2040. Meeting Irelandôs 

COϜ quota would require an exponential reduction rate in nett annual emissions of 

over -4% yr-1 for inertia to over -7% yr-1 for equity. Current projections estimate COϜ 

emissions instead increasing at rates of +0.5% yr-1 to +1.3% yr-1 and indicative figures 

from 2016 show annual Irish emissions increased by 3.5% yr-1 over 2015. Irelandôs 

current emission projections therefore imply either tacit commitment to very rapid, 

large-scale, deployment of NETs, or quantitatively inadequate mitigation policy 

(relative to the committed Paris Agreement temperature goals). 

 

 

Figure 1: Estimates of Irelandôs carbon quota (proportion of the global carbon 

budget) based on four distinct models (M1-M4) with varying weightings of inertia 

and equity. Percentage labels: Indicative annual emissions reduction rates 

required. 

 

The most immediately deployable NETs options for Ireland are afforestation and soil 

carbon management. These are technologically mature and entail relatively low costs. 

However, these rely on impermanent land sequestration that may saturate within 20 

years and will require continued MRV resources thereafter to retain the stored carbon.  

Enhanced weathering may also be a theoretically feasible near-term option for Ireland, 

as it is technologically ready. However, it requires significant energy input, and would 

only yield nett negative emissions if energy for mining, grinding and transport becomes 

available from very low carbon sources.  

Fossil Fuel with Carbon Capture and Storage (FFCCS) has been preliminarily 

investigated for Ireland, with promising storage potential understood from the Kinsale 

gas field. On this basis, Ireland could potentially deploy BECCS in future provided land 



area was available for bioenergy crops. As well as the significant undertaking of 

developing CCS infrastructure in Ireland, BECCS would also require major expansion 

of reliable bioenergy production and integrated greenhouse gas accounting 

mechanisms in place for biomass productions systems and energy use. Direct Air 

Capture with CCS may also be an option for Ireland, but is currently technologically 

immature, requires very low carbon energy inputs, and appears prohibitively 

expensive.  

Assuming all policy, cost and socio-economic barriers to deploying NETs in Ireland 

were overcome, a preliminary assessment of theoretical NETs capacity in Ireland is 

estimated, on the basis of a notional land resource of up to 550,000 ha (16% of 

agricultural land) being available to terrestrial NETs (Figure 2). This exercise finds the 

highest individual NETs capacities could be achieved from development of BECCS 

and DACCS; lower capacities are from afforestation, enhanced weathering and soil 

carbon management, including biochar, which are time-limited primarily due to the 

saturation effect.  

 

 

Figure 2: Estimated total cumulative COϜ removal capacity of NET options in Ireland 

up to 2100, based on land area availability of 550,000 ha where relevant, and 

DACCS potentially being deployed to the same COϜ removal capacity as BECCS. 
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Preliminary Conclusions 

The most viable preliminary strategy that emerges for deploying NETs in Ireland, 

consistent with an explicitly Paris-aligned COϜ nett emissions pathway, appears to be 

to maximise AR capture and storage now (at least up until 2035, with minimal harvest) 

while supporting the development of BECCS, with the view to allocating AR harvest 

biomass (beyond 2035) to BECCS when CCS costs are lowered and Irish soil carbon 

and forestry stock have saturated. However, if BECCS does not become ready or 

remains infeasibly expensive, the use of AR is limited by saturation and will only 

remove carbon up until a certain time limit (c. 20 years), after which no additional 

significant removals can be assumed. Additionally, carbon removed by AR is stored 

as biomass and soil carbon which is vulnerable to re-release and will require continued 

maintenance, monitoring and protection.  

Hence, while this work informs policy discussions about the potential capacity for 

NETs in Ireland, the limitations imposed by permanence and saturation render NET 

options that are currently available (AR and SCS) high risk. Technological uncertainty 

and high costs render alternative options (BECCS and DACCS) presently unavailable 

at significant scale, and are therefore high risk to depend upon. Furthermore, Irish NET 

capacities estimated herein fall well short of the implied requirements of the emissions 

gap between estimated Irish COϜ quotas and currently projected gross Irish COϜ 

emissions.  

Therefore, while our results indicate that NETs in Ireland may have significant carbon 

removal capacity and contribute towards achieving future net emission targets, the 

highest priority and emphasis of Irish climate mitigation actions must continue 

to be immediate, significant and sustained gross emission reductions. 
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Abbreviations and Acronyms 

AD: Anaerobic Digestion of biomass and bioliquid to produce biogas. 

AR: Afforestation and Reforestation: Land-based CDR aiming to increase the carbon 

stock in forest trees and soils. 

AR5: The Fifth Assessment Report by the IPCC, published 2013 to 2014, composed 

of three working group reports and a synthesis report, with summaries for policy-

makers (SPMs) 

atmCOϜ: Concentration of carbon dioxide in the atmosphere in parts per million 

ALCA: Attributional Life Cycle Analysis 

BAU: Business As Usual. 

BC: Biochar, made by pyrolysis of biomass producing energy and recalcitrant carbon 

for addition to soils. 

BCA: Benefit Cost Analysis. Also called CBA. Optimises future mitigation and damage 

costs and benefits. Usually stated as a Net Present Value, as for the SC-COϜ. 

BECCS: BioEnergy with Carbon Capture and Storage. Burning biomass in large 

electricity generating stations (possibly also using the waste heat) and also 

capturing the COϜ to produce energy with nett negative lifecycle emissions. 

CBDR+RC: ñCommon but differentiated responsibilities and respective capabilitiesò. A 

key phrase in the UNFCCC concerning equitable climate policy action. 

CBA: Cost Benefit Analysis. Also called BCA. 

CBT: Carbon Border Tax 

CCAC: Climate Change Advisory Committee, an expert advisory group set up under 

Irelandôs Climate Action and Low Carbon Development Act (2015) 

CCS: Carbon Capture and Storage. Methods that achieve capture of COϜ from flue 

gases or from the atmosphere, followed by transportation by pipeline and then 

injection into geologically secure storage. 

CDM: Clean Development Mechanism. The largest system of carbon permit emissions 

trading defined by the Kyoto Protocol, aiming to enable global mitigation at lower 

cost. 

CDR: Carbon Dioxide Removal. Managed removal of COϜ from the atmosphere to 

secure geological sinks by CCS and to less permanent sequestration in land 

sinks. 

CEA: Cost Effectiveness Analysis. Assumes a target is met (implying infinite cost for 

failure). 

CER: Certified Emission Reductions, certificates of emission reductions related to 

Kyoto CDM projects. 



CLCA: Consequential Life Cycle Analysis 

COϜ: Carbon dioxide, the main greenhouse gas targeted by climate mitigation policy 

due to the millennial scale global warming due to cumulative COϜ emissions. 

COϜe: Carbon dioxide equivalent. Use to include COϜ and all GHGs (including 

methane and nitrous oxide) in emissions totals. GWP100 is generally the 

conversion metric. 

CoP: UNFCCC Conference of the Parties (next is Nov 2015, Paris)Ο 

DAFM: Department of Agriculture, Food and the Marine 

DACCS: Direct Air Capture with Carbon Capture and Storage. CDR by extraction of 

COϜ from air using alkali media, followed by transport and storage. 

DCCAE: Department of Communications, Climate Action and Environment 

DECLG: Department of Environment, Community and Local Government 

DECC: UKôs Department of Energy and Climate ChangeΟ 

DICE: A climate-economy BCA model.  

EPA: Irelandôs Environmental Protection Agency 

ERU: Emissions Reduction Units, related to Kyotoôs Joint Implementation programme. 

ESM: Energy System Model or Earth System Model 

ESOM: Energy System Optimisation Model 

ESR: Effort Sharing Regulation of the European Union describing national targets for 

non-ETS emissions reduction by 2020 and as proposed for 2030. 

ETS: Emissions Trading Scheme of the European Union covering large GHGs 

emitters with EU targets for aggregate EU ETS emission reduction. 

EW: Enhanced Weathering using crushed ultrabasic silicate rock for CDR. 

FFCCS: Fossil Fuel with Carbon Capture and Storage 

FUND: A climate-economy BCA model. 

GHG: Greenhouse Gas. A trace gas in the atmosphere that contributes to absorbing 

and retaining reflected solar energy (the greenhouse effect), keeping the Earthôs 

surface warmer than it would otherwise be. 

GGR: Greenhouse Gas Removal (typically synonymous with CDR or NET).  

GMST: Global Mean Surface Temperature (as averaged from observations). 

GWP: Global Warming Potential. A factor to compare different GHGs relative to the 

time-integrated radiative forcing of COϜ over a period. In UNFCCC accounting 

GWP100 is for a 100-year comparison. GWP and other metrics produce very 

different comparison values depending on time horizon and gas properties. 



HANPP: Human Appropriation of Net Primary Production. The proportion of NPP used 

by humans for food and energy production. 

IAM: Integrated Assessment Models. Analytical models combining climate models 

with global, regional or national modelling of economic growth, energy-use and 

technologies. Used to develop scenarios informing policy options.  

IEA: International Energy AgencyΟ 

IPCC:  Intergovernmental Panel on Climate ChangeΟ 

LCA: Lifecycle Cost Analysis 

MMV: Measurement, Monitoring and Verification 

MRV: Measurement, Reporting and Verification 

Nett: Here used to describe total emissions minus total removalsΟ 

NϜO: Nitrous oxide, a potent GHG with a GWP100 of 298 compared to COϜ =1. 

NETs: Negative Emissions Technologies. Methods that on a lifecycle basis achieve 

greenhouse gas removal (GGR) from the atmosphere. 

NGO: Non-Governmental Organisation 

NMP: National Mitigation Plan. Irelandôs mitigation policy statement.Ο 

Non-ETS: Non-traded national domestic emissions (transport, agriculture and 

buildings, limited by the EU 2020 target of a 20% reduction relative to 1990.Ο 

NPP: Climate Action and Low-Carbon Development National Policy Position. This is 

the Governmentôs current mitigation policy outline guiding the NMP. 

NPP: Net Primary Production of biomass by photosynthesis (globally, nationally or by 

area). 

OA: Ocean Alkalinisation. The addition of crushed basic rock to enable CDR. 

ppm: parts per million 

PAGE: A climate-economy BCA model. 

PRG: Perennial Rhizomatous Grasses, such as Miscanthus 

RES-E:EU 2020 Renewable energy penetration target for Electricity (for Ireland) 

RES-H: EU 2020 Renewable energy penetration target for Heat (for Ireland) 

RES-T: EU 2020 Renewable energy penetration target for Transport (for Ireland) 

RDD&D: Research, Development, Deployment and Diffusion, 

RF: Radiative Forcing. A measure of the heat trapping (energy imbalance) effect of 

atmospheric greenhouse gases or other climate pollutants; measured in Wm-2. 

SC-COϜ: Social Cost of Carbon Dioxide (also called the Social Cost of Carbon, SCC). 

A Net Present Value produced using BCA methods. 



SCS: Soil Carbon Sequestration. Increasing carbon stocks in soils through improved 

land use management and the use of different crops or grasses. 

SEAI:Sustainable Energy Authority of IrelandΟ 

SOC: Soil Organic Carbon 

SPM: Summary for Policy-Makers, particularly the SPMs from the IPCC Assessment 

Reports. 

SRF: Short Rotation Forestry, such as willow coppice. 

SSP: Shared Socioeconomic Pathway: part of a modelling framework to facilitate the 

integrated analysis of future climate impacts, vulnerabilities, adaptation, and 

mitigation. The framework is built around a matrix that combines climate forcing 

on one axis (as represented by the Representative Forcing Pathways) and socio-

economic conditions on the other. Together, these two axes describe situations 

in which mitigation, adaptation and residual climate damage can be evaluated. 

tC: tonnes of carbon (1 tC is equivalent to 3.67 tCOϜ in the atmosphere). 

TCRE: Transient Climate Response to cumulative carbon emissions. 

tCOϜ: tonnes of carbon dioxide.Ο 

UNFCCC: United Nations Framework Convention on Climate Change 

WB2C: ñWell Below 2ÜCò. Used as an abbreviation for the Paris Agreement 

temperature goal of limiting global warming relative to pre-industrial GMST. In 

terms of cumulative carbon emissions, a WB2C limit is typically interpreted as 

ensuring a 66% probability of not exceeding a 2ºC rise, and is quantitatively 

similar to the budget for ensuing a 50% probability of not exceeding 1.5ºC. 

WG: IPCC Working Group. The IPCC has three Working Groups: WG1 reporting on 

the physical science of climate change; WG2 reporting on the observed and 

future impacts of climate change, and possible adaptation actions; and, WG3 on 

mitigation examples and options. 

WMGHGs: Well Mixed Greenhouse Gases: carbon dioxide (COϜ), methane (CHϞ), 

nitrous oxide (NϜO) and ozone. These GHGs rapidly disperse through the 

troposphere once emitted 

WTO: World Trade Organisation 
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1 Climate and policy context for Negative Emissions 
Technologies 

Summary 

¶ The Paris temperature target, ñwell below 2ÜCò (WB2C) corresponds to a remaining 

global carbon budget of future cumulative net COϜ emissions. As of 2018 the WB2C 

global carbon budget is about ~800 (500-1100) GtCOϜ. Annual global COϜ emissions 

are over 40 GtCOϜ yr-1, rapidly depleting the budget. 

¶ The linear relation between cumulative COϜ emissions and warming can inform policy 

aiming to limit to WB2C. Delay in achieving stringent mitigation effort increasingly 

steepens the required global nett decarbonisation pathway. 

¶ NETs can theoretically extend the possibility of some continuing gross COϜ emissions 

(globally or nationally), while still meeting the Paris temperature targets within a 2100 

time limit but only if developed with sufficient speed and to sufficient scale. 

¶ NETs employ biological (plant and algal) and chemical (alkali media) pathways of 

carbon dioxide removal (CDR) from the atmosphere, using land management and/or 

technological methods to store carbon in the biosphere or geosphere. 

¶ Biogenic NETs, namely afforestation and reforestation (AR), ecosystem restoration, 

and soil carbon sequestration (SCS) including biochar (BC), increase total plant and 

soil carbon stocks. Sustainable harvest of plant stocks can be used to produce 

biochar (by pyrolysis of biomass) for addition to soils, or to produce biomass for 

burning in energy production that is equipped for bioenergy with carbon capture and 

storage (BECCS). Biogenic algal and ocean fertilisation NETs methods are also 

possible. 

¶ Chemical NETs: Direct air capture (DAC) captures COϜ from air passing over alkaline 

media, for storage using CCS. Alternatively, rocks containing alkali reactive minerals 

(such as olivine) can be ground into finer pieces or particles to enable spontaneous 

COϜ removal to solid carbon products through enhanced weathering (EW). 

¶ The radiative forcing effects of different GHGs are not easily equated with simplified 

metrics such as the GWP100 factors used in UNFCCC emission accountings to 

compare with COϜ. In particular, such metrics cannot be directly applied to cumulative 

GHG stocks (such as COϜ global budgets or national quotas) as opposed to flows 

(annual emission rates). Policies and NDCs could be better aligned with best 

available science if they differentiated appropriately between GHGs. 

¶ The natural sequestration available in land and ocean sinks is likely to decrease in 

future, and may be subject to increased probability of reversals given continued 

global warming due to future cumulative COϜ emissions (until nett COϜ flow is zero). 

¶ COϜ emissions are strongly related to fossil fuel use for energy. Methane emissions 

from wetlands and livestock agriculture are also increasing rapidly. 

¶ The effectiveness of NETs in mitigation is potentially limited by large continuing 

emissions and carbon cycle limits including land-carbon saturation, leakage of stored 

carbon, and passing tipping points in the global climate system. 
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1.1 Introduction 

Through the United Nations Framework Convention on Climate Change, the UNFCCC, the 

worldôs nations accept that rapid global warming is now occurring, caused by humanityôs 

burning of fossil fuels and land-use choices, resulting in escalating, negative climate change 

impacts to human and natural systems (IPCC, 2014). Based on overwhelming observational 

and modelling evidence, from multiple sources in climate science, bioscience and ecology, 

the IPCC is categorical in its scientific advice to policy-makers:  

Continued emissions of greenhouse gases will cause further warming and 

changes in all components of the climate system. Limiting climate change 

will require substantial and sustained reductions of greenhouse gas 

emissions. (IPCC AR5 WG1, 2013, p. 19 SPM). 

In signing and ratifying the Paris Agreement, the nations of the world are now collectively 

committed to policy action ñin accordance with best available scienceò and ñon the basis of 

equityò, that will achieve a global decarbonisation pathway aligned with limiting global mean 

surface temperature to ñwell below 2ÜC above pre-industrial levelsò and that ñpursue efforts 

to limit the temperature increase to 1.5 ÁCò (UNFCCC, 2015).  Scientifically, these targets 

translate to absolute carbon budget limits on future global nett COϜ emissions. However, if 

continued at current rates, global COϜ emissions will rapidly exhaust such a budget and 

even with radical emission reductions the Paris goals may rapidly become unattainable 

unless substantial ónegative emissions technologiesô, NETs, are also developed to be 

available at increasingly substantial scale starting in the very near-term. Some modelled 

estimates suggest the potential requirement for annual carbon dioxide removal (CDR) of 

billions of tonnes from the atmosphere to permanent geological storage or to less-permanent 

soil or forestry sequestration.  

Political global agreement on stated target temperature limits to warming has now clarified 

the meaning of the ólevelô described in the phrasing the original UNFCCC objective, to 

stabilise ñgreenhouse gas concentrations in the atmosphere at a level that would prevent 

dangerous anthropogenic interference with the climate systemò (UNFCCC, 1992 Article 2). 

The evident serious impacts already being seen at 1ºC of warming (Yan et al., 2016) ï 

including heat waves of increasing duration and intensity (Diffenbaugh et al., 2017), 

accelerating ice loss from the cryosphere (Ch. 4 IPCC AR5 WG1, 2013, pp. 319ï320) and 

escalating global coral bleaching due to El Ninos boosted by ocean warming (Hughes et al., 

2017) ï are confirming past projections for impacts on human and natural systems stated in 

the ñReasons for Concernò from the IPCC Third Assessment Report (Ch. 19.6 IPCC AR5 

WG2, 2014, pp. 1066ï1079). As reported in AR5, further research updating the ñReasons 

for Concernò has revised temperature thresholds downwards, meaning that serious system 

impacts are likely to occur before reaching 2ºC warming. Furthermore, Article 4 of the Paris 

Agreement states: 

In order to achieve the long-term temperature goal set out in Article 2, 

Parties aim to reach global peaking of greenhouse gas emissions as soon 

as possible, recognizing that peaking will take longer for developing country 

Parties, and to undertake rapid reductions thereafter in accordance with 
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best available science, so as to achieve a balance between anthropogenic 

emissions by sources and removals by sinks of greenhouse gases in the 

second half of this century on the basis of equity, and in the context of 

sustainable development and efforts to eradicate poverty. (UNFCCC, 2015 

Article 4) 

Reported global COϜ emissions óflat linedô in 2014 to 2016, largely due to economic 

conditions in China, but then rose by 2% in 2017 (Quéré et al., 2017) so may or may not be 

close to an ultimate peak. However, for a chance of 2ºC developed nations, particularly, will 

need to now make rapid reductions toward nett zero COϜ emissions. The cumulative 

radiative forcing effect of COϜ places severe limits on future global emissions if temperature 

targets are to be met. Continuing global emissions at the current historic high of about 

40 GtCOϜ yr-1 implies that increasingly steep decarbonisation rates will be needed to meet 

the politically agreed temperature targets (Matthews et al., 2017) unless unfeasible amounts 

of negative emissions are included.  

1.1.1 The possible role of negative emissions in mitigation pathways 

Scenario modelling of possible global transformation pathways shows that extending limited 

future use of fossil fuels while enabling a 50% chance of limiting to 1.5ºC, or to well below 

2ºC (at least a 66% chance) will very likely require substantial amounts of negative 

emissions, starting even well before 2050 (IPCC AR5 WG3, 2014, p. Ch. 6). Even though 

CCS and especially BECCS are unproven at the supposed scales, Integrated Assessment 

Model global scenarios limiting to ñwell below 2ºCò include large numbers of FFCCS plants 

to reduce emissions from fossil fuel and industrial processes, and BECCS generating plants 

to enable dispatchable electricity production with negative emissions (Peters and Geden, 

2017). Planned large-scale carbon dioxide removal in land use and by more technologically 

complex NETs is assumed in IPCC climate-energy economic modelling but assessments 

focused on their potential, trade-offs and limitations in specific countries such as Ireland are 

missing (Fuss et al., 2014a). Global policies relying on these scenarios therefore tacitly 

assume large scale, early deployment of NETs, but NETs are technologically unproven and 

are not referenced in Nationally Determined Contributions, the pledges of the Parties to the 

Paris Agreement, so policy needs to move from targets to implementation of commensurate 

climate action, with or without NETs (Knopf et al., 2017). Therefore, Ireland and the EU, and 

all other nations, will quickly need to articulate a policy viewpoint of their own on negative 

emissions that will align óratcheted-upô mitigation action with quantitative pathway options 

meeting the Paris Agreement  (Rogelj et al., 2016a), including the extent to which negative 

emissions are being relied on within likely estimates of national carbon quotas equitably 

derived from the global carbon budget (Gignac and Matthews, 2015).  

Over the past decade the recognition that negative emissions may be required to meet 

climate stabilisation targets has spurred a very rapidly expanding research literature (Minx 

et al., 2017) examining the global potential for negative emissions technologies to remove 

COϜ from the atmosphere and then store it, either in geologically secure reservoirs or, less  

dependably, in land-based sequestration in forests or soils (IPCC AR5 WG1, 2013). 

However, other than afforestation and unintended ocean fertilisation due to pollution, NETs 
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remain largely undeveloped, or difficult to monitor as in soils. Carbon capture and storage, 

essential to BECCS and DACCS, is a working technology but low carbon prices and risk 

allocation for long term storage continues to limit deployment levels, especially compared to 

the large amounts of COϜ storage being included in modelled low-COϜ concentration 

scenarios ï up to 4000 plants by 2030 compared to only tens planned by 2020 (Peters et 

al., 2017, p. 121).  

1.1.2 Types and implications of Negative Emission Technologies (NETs) 

Defined by basic pathway process, NETs can be classed as biogenic (plant or algal) or 

chemical based on alkali COϜ-reactive media (Lenton, 2014). Biogenic methods can be 

plant-based including Afforestation/Reforestation (AR) or BioEnergy with Carbon Capture 

and Storage (BECCS), burning biomass in power stations for energy and capturing and 

storing the exhaust COϜ, or algal-based methods, such as algal-BECCS and ocean 

fertilisation. Chemical alkali-based methods, include Direct Air Capture (passing air over 

alkali media), and Enhanced Weathering, grinding up basic and ultra-basic silicate rocks for 

spreading on land or ocean to absorb COϜ. In practical terms, NETs range between changes 

in land use practices (requiring relatively low technology and landscape-wide adoption in 

farming and forestry to achieve increased, long term, carbon storage in biomass and soils) 

to more highly engineered methods and facilities, including large power plants for BECCS 

and distributed units as in DACCS (Smith et al, 2015). Figure 1.1 shows NETs types, 

pathways and stages. 

 

 

Figure 1.1 Negative emission technology types, pathways and stages. (Adapted from 

Deich, (2015). 

Comprehensive assessment is urgently needed to examine NETs technical potential but 

also the social, economic, governance and engineering constraints to delivering carbon 

dioxide removal in reality (Lenton, 2014, p. 73). As Fuss et al. (2014a) set out, national-level 

research to establish the real-world feasibility for NETs ï in the context of global climate 
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action and sustainable development goals ï is now critically important to examine and trial 

the technical potential, land-use implications, socio-political acceptability, and likely costs 

for negative emissions. Balancing the implications of climate action and inaction, for current 

generations and future ones, policy decisions to enable investment to investigate, deploy 

and achieve substantive negative emissions may have to begin now, in parallel with deep 

decarbonisation of ongoing fossil fuel and land use GHG emissions (Hansen et al., 2016). 

1.2 Anthropogenic greenhouse gas emissions 

Despite the complexity of Earthôs climate system, many decades of climate science have 

arrived at understanding a surprisingly straightforward emergent property for the specific 

role of COϜ: global temperature rise is approximately linearly related to total cumulative 

anthropogenic emissions of carbon dioxide, such that every additional unit of COϜ emitted 

to the atmosphere produces a corresponding increment of warming (IPCC, 2013, p. 1033). 

Human extraction and burning of fossil fuels takes carbon out of geologically secure stocks 

in the geosphere and adds it to the atmosphere and biosphere; deforestation and soil 

degradation also cause emissions due to nett loss of stored carbon. Unless NETs can be 

developed to achieve substantial COϜ removal then a large proportion of the atmospheric 

COϜ addition remains in the atmosphere, causing energy imbalance, and therefore global 

warming with ongoing climate change that is essentially irreversible on human timescales 

(IPCC, 2013, WG1 Ch. 12). Limiting COϜ emissions quickly has a beneficial effect in limiting 

temperature change within ten years (Ricke and Caldeira, 2014) and limiting total future 

emissions will correspondingly avoid a related amount of global warming and potentially 

avoid tipping points toward non-linear change in the climate system such as ice sheet melt 

in Greenland and West Antarctica (Clark et al., 2016). 

The Global Carbon Budget, a cooperative effort of the international climate science 

community (Le Quéré et al., 2016 is the eleventh annual publication) summarises emissions 

since 1750, giving an in-depth annual update of human-caused emissions as they perturb 

the stocks and flows in the natural carbon cycle. Note that the annual global carbon budget, 

of fluxes between geologic, land, ocean and atmospheric carbon stocks, needs to be 

distinguished from the cumulative global carbon budget corresponding to limiting global 

warming to a specified temperature. For fossil fuel updates the Global Carbon Budget relies 

on data from the annual BP Statistical Review of World Energy (BP, 2016).  

UNFCCC inventory data is reported for the territorial usage of each major type of fossil fuel 

(coal, oil and gas) and territorial land-use carbon flows.  Each new Global Carbon Budget 

assessment assembles observed data for the global carbon budget in the previous year and 

gives a projection of fossil fuel emissions for the current year.  The anthropogenic emission 

sources and their sinks necessarily satisfy the following balance equation as given by the 

assessment: 

EFF + ELUC = GATM + SOCEAN + SLAND 

The annual added increment of carbon dioxide from fossil fuels and cement EFF and from 

land-use change ELUC are emitted to the atmosphere, where about 45% remains as the 
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amount GATM added each year to past atmospheric COϜ accumulation.  The remaining 55% 

is absorbed from the atmosphere, approximately evenly, by the ocean and land sinks, 

SOCEAN and SLAND respectively.  If global nett negative emissions were achieved then the 

overall flows would be reversed: carbon dioxide removal from GATM to store COϜ in land 

sequestration and in geological storage would result in incremental degassing from the 

ocean and land sinks back into the atmosphere, such that the full amount of previous 

emissions (not just the amount retained in GATM) needs to be removed to cancel the warming 

effect. 

On average for 2006 to 2015, fossil fuels use and other industrial processes emitted 9.3 ± 

0.5 GtC yr-1, land-use change contributed 1.0 ±0.5 GtC yr-1. In total, these emissions 

resulted in an annual increase in accumulated atmospheric carbon of 4.5 ±0.1 GtC yr-1 

(adding more than 2 ppm yr-1 to the atmospheric concentration of COϜ).  Decadal flow 

averages are provided from 1960.  Cumulative emissions of COϜ from fossil fuel and land-

use sources are totalled up to the current year since 1750, the nominal start of 

industrialisation, and since 1870 (the IPCC reference year relevant to available data on 

global temperatures). 

Prior to industrialisation the human perturbation of the Earthôs carbon cycle is believed to 

have been generally small, other than significant land-use change such as deforestation. 

(Land-use change in GHG accounting is taken to mean a substantive change in long term 

land-use classification and does not include temporary changes in stocks or flows such as 

clear-cutting of forestry that will be replanted.) Since industrialisation began in the late 18th 

century, atmospheric concentrations of greenhouse gases, especially COϜ, have steadily 

increased due to human-caused emissions from fossil fuels and land use change ï  in the 

case of COϜ, from about 277 parts per million in 1750 to 399 ppm in 2015 (Le Quéré et al., 

2016).  From 1870 up to 2016, the cumulative total of COϜ emissions released by humanity 

has been 565 ± 55 GtC (2,075 ± 205 GtCOϜ), about 75% from burning fossil fuels and 25% 

from land-use change. Greenhouse gas concentration in the atmosphere today exceeds 

levels from the last 800,000 years. From 1750 to 2011, 375 Gt of carbon has been released 

from fossil fuel combustion and cement production, with 9.5 GtC released in 2011 alone (Le 

Quéré et al., 2016). A further 180 GtC has been released from land use change. Of this, 

240 GtC has accumulated in the atmosphere, with the remaining re-absorbed by the ocean 

and terrestrial systems. The human caused perturbation has increased COϜ, CHϞ and NϜO 

concentration by 40%, 150% and 20% respectively, from 1750 to 2011.  

1.3 Impact of GHG emissions on climate and natural systems  

1.3.1 Recorded and current impacts 

The IPCC show ongoing increases of the global mean surface temperature (GMST) since 

the late 19th century, including warming of the troposphere and cooling of the stratosphere 

since the mid-20th century, and warming of the upper ocean since 1971 (IPCC AR5 WG1, 

2013). The radiative energy flux of the earth has become imbalanced, with more solar 

energy entering than leaving, since at least 1970 and notable changes in wind circulation 
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patterns can be seen. Changes have also been observed in precipitation and sea surface 

salinity. In ice extent, there has been significantly decreased Arctic and slightly increased 

Antarctic sea ice extent and glacier size and snow cover extent have been decreasing. 

Global mean sea level has risen by 0.19m from 1901-2010. Globally there has been an 

increase in frequency and strength of extreme weather events. Heat waves and heavy 

precipitation events have been more frequent, droughts have been worse and lasted longer 

and floods have been larger. Oceanic uptake of carbon has resulted in acidification, with 

significant ecological consequences. Oceanic oxygen concentration has decreased. 

The change in climate observed is driven by increased radiative forcing due to 

anthropogenic activity: increased greenhouse gas concentrations due to fossil fuel burning 

and land use changes causing warming, and increased aerosol pollution, which in aggregate 

causes a lesser, offsetting cooling effect. Climate change influence on water, 

biogeochemical and carbon cycles may cause positive or negative feedback effects on 

increasing global mean temperature. 

1.3.2 Future disruption to climate and natural systems from anthropogenic GHG 
additions 

Near term changes in climate projected are sensitive to aerosol emissions, especially at a 

regional scale and in relation to the hydrological cycle. The global mean surface temperature 

is projected to increase by 0.3-0.7ºC from 2016-2035. Consequently, increased duration, 

intensity and spatial extent of heat waves is likely. Other near-term projected changes 

include higher mean zonal precipitation in high and mid latitudes, increased heavy 

precipitation events, changes in atmospheric circulation patterns, increased ocean 

temperatures and an ice free Arctic Ocean. 

Long term climate changes projected include continued rising of globally mean 

temperatures, the extent of which depends strongly on future GHG emission pathways. With 

increased GMST, precipitation will increase generally with more frequent and intense 

extreme precipitation events, decreased Arctic sea ice is expected, with possible decrease 

in Antarctic sea ice also, permafrost will decrease, snow cover area will reduce, and ocean 

temperatures will warm. The ocean will continue to uptake COϜ, positive feedback from loss 

of carbon from frozen soils will occur, nutrient shortage will limit terrestrial COϜ sinks, ocean 

oxygen content will continue to decrease, and global mean sea level will rise. Monsoons are 

likely to increase. 

WG2 of the IPCC observed risks of altered hydrological cycles affecting resource availability, 

altered behavioural patterns or biodiversity, negative impacts on crop yields, increased 

climate extremes, increased vulnerability due to conflict. Potential future risks include 

intensified competition due to reduced renewable surface and groundwater resources, 

increased extinction risk of species, irreversible change in composition of ecosystems, 

submergence and flooding from sea level rise, marine ecosystem degradation from ocean 

acidification, disrupted crop production and undermined food security and stability, negative 

human health impacts, increased displacement of people, increased conflict risk and slowing 

economic growth. 
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1.4 The Paris Agreement 

Within the 2015 Paris Agreement (UNFCCC, 2015) parties agree to hold the óincrease in the 

global average temperature to well below 2ºC above pre-industrial levels and pursuing 

efforts to limit the temperature increase to 1.5ºCô. The parties agree to reach global peak 

emissions as soon as possible, preserve and enhance greenhouse gas sinks and reservoirs, 

use voluntary international cooperation to reach national mitigation targets, enhance global 

adaptive capacity, minimise loss and damage, provide financial assistance from developed 

parties for developing parties, share technology, build capacity, enhance climate change 

education and public awareness, develop an enhanced transparency framework for action 

and support, periodically take stock of the implementation of the agreement and establish 

an implementation mechanism. Mechanisms for implementation involve developing 

voluntary Nationally Determined Contributions (NDCs), taking stock every 5 years and 

developing more ambitious new targets to peak GHG emissions as soon as possible and 

achieve net-zero carbon in the second half of the century. 

1.5 The global carbon budget for ñwell below 2ÜCò 

A global carbon budget is the ófinite quantity of carbon that can be burned associated with a 

chosen ósafeô temperature change thresholdô (MacDougall et al., 2015). The approximately 

linear response of long-term global warming to cumulative carbon emissions enables an 

estimated likely (66%) chance of constraining warming to below 2ºC if the total global carbon 

budget does not exceed 1000 GtC (3670 GtCOϜ) from the year c. 1870 onwards (Summary 

for Policy-Makers, IPCC AR5 WG1, 2013, p. 27). Le Quéré et al. (2016) estimate cumulative 

emission from 1870-2016 are 565 ±55 GtC (2075 ±205 Gt COϜ), with 75% from fossil fuel 

and industry, and 25% from land use change. The estimated carbon budget is 590ï

1240 GtCOϜ from 2015 onwards while current COϜ emissions are about 40 GtCOϜ yr-1; from 

2017, ~800 GtCOϜ remains in the carbon budget (Rogelj et al., 2016c). Rogelj et al. describe 

how, due to uncertainties in climate sensitivity, non-COϜ emissions and future emission 

pathways, different  types of climate model give carbon budget values or ranges, either: up 

to the time when the temperature target level is exceeded as Threshold Exceedance 

Budgets (TEBs, derived from complex climate models; or, as Threshold Avoidance Budgets 

(TABs) for avoiding the temperature target level of warming based on scenarios run on 

simple climate models, allowing for radiative forcing by non-COϜ emissions; see Table 1.1 

below (AR 5 Synthesis Report IPCC, 2014 Table 2.2).  
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Table 1.1: Cumulative COϜ emission ranges from 1870 and 2011 in GtCOϜ consistent 

with limiting warming to less than stated temperature limits at different levels of 

probability (reproduced from IPCC 2014 AR 5 Synthesis Report Table 2.2) 

 

The carbon budget is a robust and simple concept that can be used to inform emission 

pathways to meet the 2ºC target (MacDougall et al., 2015). In providing stated carbon budget 

ranges, it effectively links climate response, economics and equity. It also incentivises 

decoupling of economic growth and fossil fuel burning, aiding the design of a low carbon 

global economy (Messner et al., 2010).  While intuitively appealing, calculating the carbon 

budget is complex so it is impossible to assign a unique or precise budget to a given 

temperature target (Anderson and Peters, 2016). The carbon budget is sensitive, and may 

fluctuate in response to additional factors such as non-COϜ climate forcing and permafrost 

melting (MacDougall et al., 2015). Hence while effective in facilitating policy making and 

developing emission pathways, there are inconsistencies in the budget ranges quoted for 

1.5ºC  and 2ºC temperature limits (Peters, 2016). As discussed further in Chapter 2, 

distributing the carbon budget through time to reach and maintain zero nett emissions is 

likely to require agreed multilateral allocation among nations and through time that will need 

to be managed in a fair and transparent way (Messner et al., 2010). Knutti et al. (2017) 

provide a thorough review of climate sensitivity estimates. 

1.5.1 Climate sensitivity and velocity in relation to the global carbon budget 

The equilibrium climate sensitivity, ECS (defined by the longer-term surface temperature 

response to a doubled atmCOϜ concentration) continues to have a wide scientific uncertainty 

range due to the multiplicity of variables in the climate system. This has been considered as 

a reason to delay mitigation action but in fact it is of little relevance to near-term climate 

policy as even if ECS values were to be at the lower end of the range this would only 

postpone exceeding 2ºC by about 10 years if emissions continue at current levels (Rogelj 

et al., 2014a). Lower ECS values, estimated based on historical temperature and weather 

observations for the past hundred years, fail to account for multi-century, climate system 

responses that only contribute 1 to 7% of current warming but ultimately dominate warming 

toward the long-term equilibrium calculated for doubled COϜ (Proistosescu and Huybers, 

2017). This finding shifts the ECS values significantly upward to a range of 2.2ºC to 6.1ºC 
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(5-95% confidence interval), and increases the risk assessment. Continued unrestricted 

burning of fossil fuels could easily result in atmCOϜ concentrations well beyond 550 ppm, 

potentially reaching two doublings of COϜ above pre-industrial implying far greater eventual 

warming than the commonly stated climate sensitivity range for a single doubling.  

Both the global carbon budget (the total amount of future COϜ emissions) and climate 

velocity (the speed of global and local change due to continued high annual emission rates) 

are relevant in policy to enable societal low carbon transition pathways and the required 

adaptation of vulnerable human and natural systems (IPCC AR5 WG2, 2014, pp. 924ï927 

Ch. 16.6). As is being seen now in the accelerating global bleaching of coral reefs, high 

óclimate change velocitiesô, (rates of current global warming) are causing mounting stress 

for natural systems that is likely to exceed the adaptation limits of many ecosystems 

(LoPresti et al., 2015). Of greater relevance to near-term climate policy are the transient 

climate response (TCR) at the exact time of doubled COϜ and the transient climate response 

to cumulative carbon emissions (TCRE), likely between 0.8ºC and 2.5ºC per 1000 GtC 

(3,670 GtCOϜ), the basis for the probabilistic carbon budgets (IPCC AR5 WG1, 2013, p. Ch. 

12 see p. 1113 for details on TCRE and carbon budgets). 

1.6 Current global GHG emissions totals, sectors and trends 

Annual carbon emissions increased at a faster rate from 2000-2011 than from 1990-1999, 

with atmospheric concentration of COϜ increasing at a rate of 2 ppm yr-1 from 2002-2011. 

After plateauing in the early 2000s methane concentration has begun to increase again 

since 2004, and nitrous oxide concentration has increased steadily over the last 3 decades. 

Annual GHG emissions are now at the highest level in human history reaching 49 

(±4.5) GtCOϜe yr-1 in 2010, a rise of +80% from 1970ôs level of 27 (Ñ3.2) GtCOϜe yr-1 (IPCC 

2014). About 78% of the increase to 2010 came from burning of fossil fuels and from 

industrial processes, leading to 32 GtCOϜ yr-1, or 69% of emissions in 2010. Land-use 

related emissions in 2010 totalled 12 GtCOϜe (from agriculture, deforestation and land-use 

change). Cumulative past COϜ emissions from human-caused land-use change were larger 

than those from fossil fuels until 1970, but, by 2010, fossil fuel cumulative emissions (over 

1340 ±110 GtCOϜe) were close to double those from past land-use change 680 

(±300) GtCOϜ. Despite the clear evidence of a need for immediate action to reduce future 

costs, and the useful metric of a carbon budget, emission pathways are not deviating from 

business-as-usual scenario and annual emissions have continued to grow.  

Jarvis et al. (2012) point to the remarkably consistent growth in human energy use and 

(related COϜ emissions) suggesting that the key mechanism to explain this phenomenon is 

a strong feedback relationship between climate and society, and find that current policies 

would have to be significantly strengthened for effective, rapid mitigation to be aligned with 

ñwell below 2ºCò emission pathways. Urging that these emission trends be reversed before 

the rapidly decreasing climate budget is used up, Friedlingstein et al. (2014) show that the 

recent and current context of ñlower than anticipated carbon intensity improvements of 

emerging economies and higher global gross domestic product growthò is challenging the 

feasibility of deep decarbonisation. For the years 2014-2016, reported global COϜ emissions 
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plateaued, at least briefly, though at the highest level in human history at about 40 GtCOϜ 

yr-1 (IEA, 2017). This recent levelling off of emissions appears to be more connected to an 

economic slowdown in China, reducing demand for steel and coal, rather than being an 

effect of climate policy (Peters et al., 2017). In general, there is an ongoing, growing 

deviation occurring between climate-target based emission scenarios and actual emission 

trends (Anderson and Peters, 2016).  

Additionally, global methane emissions are now growing again rapidly causing an increasing 

proportion of anthropogenic energy imbalance and climate change. The increase in 

atmospheric methane concentrations is most likely due to mainly biogenic causes ï 

increased tropical wetland emissions and increased agricultural ruminant livestock and rice 

production ï though likely also include increased fugitive emissions from coal mining and 

unconventional (ófrackedô) oil and gas production (Saunois et al., 2016).   

1.7 Mitigation pathways and modelled scenarios 

Most of the scenario literature on achieving stringent emission targets suggests global nett 

zero COϜ emissions would be reached between 2060 and 2075 but near-term delay results 

in a requirement for earlier nett zero emissions, potentially requiring negative emissions to 

enable less stringent gross emissions reductions (Rogelj et al., 2015b; Rozenberg et al., 

2015). 

1.7.1 Delayed action limits future mitigation options 

IAM pathways show that the more action is delayed, the higher the cost and the lower the 

achievability of options (Gambhir et al., 2015). Stocker (2013) projects that, under an 

assumed economic constraint of maximum emission reduction rates of -5% yr-1, the 2ºC 

target will become unachievable by 2027, with increasingly severe (and likely unachievable) 

mitigation required as action is delayed; and the 1.5ºC target is already unachievable and 

we will pass a 2.5ºC warming limit as early as 2040. Huntingford et al. (Huntingford et al., 

2012) also highlight the concerns of narrowing emission pathways options as time of inaction 

lengthens, with the position in 2020 determining flexibility for 2050 targets. Van Vuuren et 

al. (2015) also note concerns of fewer pathway options with delayed action, as well as 

increasing dependence on under-developed technologies. Rogelj et al. (2015b) also note 

that mitigation efforts such as reducing emissions and increasing energy efficiency need to 

be rapidly scaled up as the window to achieve 1.5ºC closes. 

1.7.2 Differentiating between long-lived and short-lived climate pollutants 

Human caused climate pollutants include greenhouse gases that cause warming and 

aerosol particles, such as black carbon, that also causes warming, and sulphate emissions 

that cause cooling by reflecting sunlight (Samset et al., 2018). The major anthropogenic 

GHGs producing significant current radiative forcing to change the global energy balance 

are the ñwell mixed greenhouse gasesò (WMGHGs) ï carbon dioxide (COϜ), methane (CHϞ), 

nitrous oxide (NϜO) and ozone ï that rapidly disperse through the troposphere once emitted. 

Net anthropogenic effective radiative forcing (ERF) is currently about 2.3 ±1.2 Wm-2 
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including 2.8 ±0.5 Wm-2 from the WMGHGs (IPCC AR5 WG1, 2013, p. Ch. 8). Different 

greenhouse gases have atmospheric lifetimes and different radiative forcing properties that 

affect the magnitude and longevity of their resulting temperature effect. Immediate, focused 

reduction of short term non-GHGs may provide some flexibility in meeting the carbon budget 

by reducing the rate of warming earlier but COϜ reductions are needed to limit long term 

warming (Montzka et al., 2011). Rogelj et al. (2015b) considers the role of short lifetime 

climate pollutant (SLCP) GHGs, such as methane, hydrofluorocarbons (HFCs), black-

carbon and sulphates, in calculating the carbon budget and meeting the 2ºC target. The 

release of these GHGs are related, technologically and economically, to COϜ release and 

therefore not straightforward to fully decouple and target reductions of short term GHG 

mitigation. However, they estimate that the COϜ budget could be up to 25% larger if stringent 

methane mitigation was employed. Solomon et al. (2013a) considers using focused 

reduction of SLCPs to ótrim the peakô on an emission pathway and buy time. However, even 

with effective mitigation of methane, COϜ emissions would still need to peak within the next 

two decades and better metrics or separate targets for different GHGs need to reflect that 

different forcing agents have different strengths and lifetimes, rather than a single trading 

basket summarising forcing agents into notional ñCOϜ equivalentò values (Solomon et al., 

2013b). 

1.8 Implications for Policy and Governance 

A carbon budget and temperature limit are useful metrics to inform policy and decision 

makers for long term climate mitigation, but have limitations in their usefulness for short term 

actions (Tavoni and Van Vuuren, 2015). Chapter 5 and 6 of this literature review assesses 

decision-making and governance in climate change action in more detail. 

1.8.1 Action under uncertainty 

To address climate change in terms of risk assessment, global policy makers are advised 

to use the precautionary principle, whereby scientific uncertainty does not excuse inaction.  

Gollier et al. (2000) suggest that prevention effort occurs when prudence is larger than twice 

the risk aversion. Hence it is possible to implement immediate reductions under scientific 

uncertainty; and more uncertainty around future risk should induce stronger immediate 

prevention measures in society. 

1.8.2 Need for a long-term perspective 

Huntingford et al. (2012) highlight the need for a very long-term perspective when writing 

climate policies, rather than focusing on near-future 2020 or 2050 targets, policies should 

consider as far ahead as 2500. Van Vuuren et al. (2015) concur with this view, emphasising 

that policies developed in the next few years will have significant long term implications. 

Similarly, Luderer et al. (2016) question the political feasibility of future emission pathways, 

because (due to current weak policy climate) effective long term mitigation pathways would 

be characterised by fast, aggressive transformations of the energy system, higher costs and 

carbon prices and stronger traditional economic impacts. Pye et al. (2017) also suggest that 
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a focus on 2030 could blindside the climate challenge. At a national level in the UK, 

ambitious targets focused on the short term fall short of achieving net zero by 2100. Hence 

there is a need for longer-term pathways to be considered in mitigation policy. 

1.8.3 Equity 

Sharing the carbon budget amongst nations in an equitable way is a significant challenge 

for multi-lateral management due to the historical disparity in per capita emissions and the 

finite nature of the carbon budget (Gignac and Matthews, 2015). Some countries are on low-

carbon development trajectories and may not use all of their equitable carbon allocation, 

however this has implications for quality of life (Lamb, 2016). Global energy use per person 

since 1971 has increased slowly with the developed nations showing very high energy use 

compared with much lower energy use in the developing nations.  An apparent long-term 

stability in highly inequitable energy use is evident, with the exception of China (Lamb, 

2016). 

The contraction and convergence method is a commonly cited approach for the international 

community to meet the climate targets. The method is described by (Gignac and Matthews, 

2015) as ónational or regional per capita emissions are first allowed to increase or decrease 

for some period of time until they converge to a point of equal per capita emissions across 

all regions at a given year.ô  

Sharing the carbon budget equitably is a daunting task that requires the integration of human 

values and scientific understanding. The recent voluntary pledges (NDCs) by the EU, US 

and China currently would not allow for additional emissions from any other countries if 2ºC 

is to be achieved, implying the expectation that other nations will have to accept 7-14 times 

lower per capita emissions. One proposal to counteract this inequality is a significant 

diplomatic effort to make new technologies quickly and widely available in the near future 

(Peters et al., 2015). 

1.9  Conclusion 

Negative emissions technology to remove COϜ from the atmosphere, intending to reverse 

effects of past and continuing extraction of fossil carbon from geologically secure reservoirs, 

must achieve a comparable level of permanence to fossil stocks, i.e., storage on ñtimescales 

larger than tens of thousands of yearsò (IPCC AR5 WG1, 2013, p. 470). Shorter-term 

sequestration of carbon in land stocks, forests (biomass) and soils is non-permanent and 

likely to return carbon to the atmosphere (especially with continued global warming 

increasing rates of soil respiration and fire), such that warming is only delayed rather than 

avoided (IPCC AR5 WG1, 2013, p. 470). Restoring all feasible land carbon could only 

reduce atmCOϜ by 40-70 ppm by 2100 with another ~25% in potential drawdown resulting 

from the COϜ fertilisation effect (Becken and Mackey, 2017, p. 73). Protecting and adding to 

existing carbon stocks in the terrestrial biosphere is an important mitigation action but in 

general it should be regarded only as replenishing past losses from forests and soils and 

should not be counted as an offset against past or continuing carbon emissions from burning 

fossil fuels extracted from geologic reservoirs (Becken and Mackey, 2017, p. 73). 



14 

 

Temporarily overshooting global carbon budgets aligned with Paris temperature targets yet 

still avoiding or minimizing the duration of temperature overshoot would depend critically on 

removing the excess carbon from the atmosphere to return to the stated budget limits within 

tight time constraints, and certainly by 2100 (MacDougall et al., 2015). Tokarska and Zickfeld 

(2015) use an Earth System Model to investigate the effect of achieving global negative 

emissions following different levels of temperature overshoot beyond 2ºC, finding that 

committed sea level rise takes several centuries to slow and reverse. In this modelling, 

removing COϜ from the atmosphere to storage results in outgassing of COϜ to the 

atmosphere, confirming the IPCC assessed evidence that for every tonne of COϜ previously 

emitted in excess of any given budget, a full tonne (at least) will have to be extracted and 

stored in future to counteract the warming effect (see Fig. 6.40 IPCC AR5 WG1, 2013). This 

assumes, of course, that critical positive feedbacks have not been already triggered by the 

temperature overshoot (crossing so called ñtipping pointsò). 

Many authors consider the most prudent and plausible decarbonisation pathway to be an 

ñimmediate significant and sustained global mitigation, with a probable reliance on net 

negative emissions in the longer termò (Peters et al 2016). In ESM modelling, Jones et al. 

(2016) considers immediate NET deployment prominent in pathway options finding that the 

effectiveness of NETs may be dampened by the weakening and even potential reversal of 

natural sinks even under low emission pathways. Hence the perturbation to the carbon cycle 

from various pathways must be properly accounted for to predict how effective NETs, or any 

other pathway will be (C. D. Jones et al., 2016). Anderson and Peters (2016)  point out that 

an over-reliance on NETs that may not succeed could lock society into a high emissions 

pathway. This is a criticism of many emission scenarios that they depend on technology that 

is either not yet proven at large scale or not sufficiently developed beyond theoretical study. 

They conclude by suggesting the following uncomfortable, but plausible, rationale for this 

over-reliance on NETs in scenario literature:  

The promise of future and cost-optimal negative-emission technologies is 

more politically appealing than the prospect of developing policies to deliver 

rapid and deep mitigation now. (Anderson and Peters, 2016) 
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2 Options for multilateral management of Paris-aligned 
remaining global carbon budgets 

Summary 

¶ Plausible emission pathways aligned with ñwell below 2ÜCò (WB2C), meeting the 

corresponding global carbon budget, depend on early peaking of global COϜ 

emissions followed by substantial and sustained emission reductions.  

¶ To allow any substantial fossil fuel use after mid-century in WB2C pathways 

Integrated Assessment Models include large amounts of carbon dioxide removals 

(CDR), especially large scale BECCS combining energy production and negative 

emissions.  

¶ Nett COϜ emissions need to be close to zero by mid-century for WB2C pathways, 

requiring nett energy decarbonisation of average 4% yr-1 to 8% yr-1, implying that 

NETs will need to start delivering significant CDR well before 2050 to permit 

continuing fossil fuel use. 

¶ Multi-lateral management has typically focussed on ñtop downò effort sharing 

frameworks such as the mixed outcome of the Kyoto Protocol and its carbon market 

mechanisms (applied only to wealthier nations). 

¶ A ñbottom upò approach of asking for voluntary Nationally Determined Contributions 

(NDCs) to mitigation effort enabled the Paris Agreement. Existing NDCs globally fall 

far short of limiting to WB2C, so substantial, near-term ñratcheting upò of effort will be 

required in early revisions of NDCs.  

¶ Wealthier nations, in accord with historic responsibility and capacity, have agreed to 

act first to undertake ñeconomy-wide absolute emission reductionò. 

¶ Effort-sharing principles, may allocate mitigation effort by resource-sharing of 

remaining global carbon budget among nations into national carbon quotas, or by 

cost-sharing of mitigation effort based on responsibility (historic emissions) and 

capacity (wealth).  

¶ Resource-sharing can be on the basis of inertia quotas, ógrandfatheredô (inequitably) 

based on current national emissions or GDP share of the global totals; or on equity 

quotas, based on global population share.  

¶ Particularly for high per capita emitting parties/nations, there is significant moral 

hazard in policy over-reliance on negative emissions being available in future given 

currently large uncertainties in their potential and long-term reliability at scale. 

¶ Rebound effects across governance boundaries and through time can greatly reduce 

mitigation effectiveness unless overall caps on absolute emissions aligned with 

carbon budget limits are enforced within boundaries and on trade across boundaries. 
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2.1 Multilateral management of GHG emissions and NETs 

2.1.1 Inequitable climate impacts and equitable mitigation responses 

At Paris in 2015, and since entering into force on 4 November 2016, Ireland and all parties 

to the Agreement have now committed to a joint obligation to peak and then cut global 

greenhouse gas emissions in line with limiting global temperature rise to ñwell below 2ÜCò 

over pre-industrial levels and to ñpursuing effortsò to limit the increase at 1.5ÜC (UNFCCC, 

2017). Global climate policy as embodied in UNFCCC negotiations and the Paris Agreement 

has adopted these goals because any lesser response is likely to risk far more severe 

damages (IPCC AR5 WG3, 2014, p. 290). This requires effective multilateral management 

to achieve early peaking of global emissions, followed by rapid, deep and sustained 

decarbonisation ï as opposed to continuing to allow the possibility of unabated burning of 

all accessible fossil fuels, an extremely dangerous climate policy (Pierrehumbert, 2013, p. 

14119). However, such multilateral management requires some global system of 

international institutions, agreements or inter-related markets, capable of actually delivering 

year-on-year progress toward climate stabilisation to limit the projected, accelerating trend 

of increasing damages due to exceeding global planetary limits, including climate change 

(IPCC AR5 WG3, 2014, pp. 318ï19; Rockström et al., 2009).  

Althor et al. (2016) show that most wealthy (highly climate polluting) nations are among 

those least vulnerable to climate change impacts, whereas many much poorer, low emitting 

nations are among the most acutely vulnerable; so, excepting strong efforts to the contrary, 

this inequity between ñfree ridersò and ñforced ridersò is likely to worsen significantly by 2030 

and beyond. This implies that richer nations with well above average per-capita emissions 

have a primary responsibility to lead decarbonisation effort within agreed or unilateral burden 

(and benefit) sharing allocations (IPCC AR5 WG3, 2014, p. Ch. 4). In general equilibrium 

economic modelling of cumulative global GDP for emission pathways within a 2ºC carbon 

budget, Matsumoto et al. (2016) find climate impacts on global socio-economic well-being 

(as measured by GDP) are minimised through peaking emissions before 2020 followed by 

earlier, deeper emission reductions enabling more moderate decreases later simply 

because shallow emission paths are less difficult to achieve than steeper ones. 

Nonetheless, climate policy has had very limited success in curtailing emissions (Helm, 

2008), which currently remain on a trajectory toward 3 to 5ºC or more of global warming. In 

the opinion of Anderson and Bows (2012), such temperature increases would lead to a level 

of climate change impacts on societies and economies that may be incompatible not just 

with continuing economic growth, but with basic material security or even organised human 

society as we currently understand it. 

Even if achieved, the initial pledges made in signing the Paris Agreement, the Nationally 

Determined Contributions (NDCs), indicate a current trajectory toward about 3ºC warming, 

so substantially greater mitigation effort will be required, with minimum delay, to avoid using 

up the carbon budget for ñwell below 2ÜCò (Rogelj et al., 2016a). Andersonôs (2015) ñcandid 

assessmentò concludes that delayed mitigation over recent decades now dictates that 

meeting a 2ºC carbon budget requires radical emission reductions by wealthy high-
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emissions nations starting immediately. Identifying five clusters of nations by average life 

expectancy and per capita carbon emissions, Lamb et al. (2014) show that no nations in the 

wealthy, high-consumption cluster globally are within ñGoldembergôs Cornerò ï living over 

70 years on average with less than 1tC cap-1 yr-1 (= 3.7 tCOϜ cap-1 yr-1) ï but example 

nations from the other four socio-economic clusters identified are represented, indicating 

that there are different low-carbon pathways to enable high welfare and low climate pollution.  

2.1.2 Negative emissions: extending the carbon budget and moral hazard 

Negative emissions could possibly play a socio-economic role by potentially increasing the 

gross emissions budget, easing the rate of reduction needed in the use of fossil fuels, if 

significant amounts of carbon can be stored nearly indefinitely on land and in secure 

geological reservoirs, but this remains unlikely unless doubts over technical feasibility, 

tipping point risks, cost, actual potential and ethical acceptability can be addressed (Field 

and Mach, 2017). Even if NETs could be successfully scaled up to an effective size, it is 

very unclear whether the cumulative socioeconomic impacts of that deployment would be 

significantly less that the alternative impacts of simply targeting equivalent reductions in 

cumulative positive emissions in the first place. Indeed, it can be argued that the apparent 

attraction lies not so much in a good-faith desire to reduce actual socioeconomic impacts, 

but rather in a perceived opportunity to defer politically or socially unpalatable choices for 

as long as possible (colloquially: ñkicking the can down the roadò). Field and Mach (2017) 

emphasise the need for órightsizingô the planned use of NETs relative to these risks, 

advocating the need for balanced and transparent approaches in mitigation planning. 

Anderson and Peters (2016) argue there is a serious moral hazard in climate policy that 

accepts quantitatively inadequate near-term effort by depending on potential future 

mitigation (through NETs) that may never materialise. Such an approach unfairly and 

inequitably loads the risk of failure onto more vulnerable, lower emitters in the first instance, 

and then onto the generality of future generations. To avoid this, prudent and precautionary 

mitigation action should assume minimal future negative emissions, and become more 

lenient only later (if at all) when the potential is much more certain. This is the approach of 

the ñroadmapò mitigation plan, set out by Röckstrom et al. (2017), which envisages a halving 

of total global emissions every decade henceforward. Both existing and new policies and 

actions (including NETs) can be best compared in climate action terms on a carbon budget 

accounting basis, by their increased or decreased commitment to future cumulative 

emissions (Davis and Socolow, 2014). In IAM modelling, an end-period constraint (i.e. 2100) 

on atmospheric COϜ concentration (~450 ppm) in combination with allowing large negative 

emissions globally can result in large temperature overshoots around mid-century due to 

fossil fuel emissions that are only offset subsequently (if ever) by managed increases in 

terrestrial carbon stocks or geological stores (Blanford et al., 2014, p. 388). Such ópollute 

now, clean up laterô pathways including negative emissions highlight the potential for wishful 

thinking and moral hazard pointed to by Anderson and Peters (2016). In modelled, 

feasibility-cost scenarios of energy system transformation, Krey  (2014a) find that 

technological feasibility is more difficult and overall costs are much higher without significant 

FFCCS and bioenergy, particularly for non-electricity sectors. 



18 

 

Nonetheless, even if the global amount of carbon removals delivered by NETs is at the high 

end of plausibility, above 10 GtCOϜ yr-1 by 2100, then very substantial and sustained cuts in 

fossil fuel use and in deforestation are still needed from now onward. However, as is shown 

in the IPCC WG3 pathways (IPCC 2014 AR5 WG3 Ch. 6) and in roadmaps for Paris-aligned 

decarbonisation (Rockström et al., 2017), the cuts are just not quite as big or as early as 

they would otherwise need to be. Therefore, the IPCCôs AR5 assessment and more recent 

science clearly show that Paris-aligned climate action mandates a need for deep 

decarbonisation without delay, even as NETs are being researched, piloted and, if viable 

technically, economically and politically, then deployed quickly at scale  (Rogelj et al., 

2016c). The IPCC modelling for low concentration pathways has large uncertainties but 

research clearly shows that deep decarbonisation and carbon dioxide removal necessarily 

have to be jointly-planned as complementary within climate action that actually adds up to 

carbon quota pathways that will achieve climate stabilisation at the lowest possible level of 

warming (Kriegler et al., 2013). 

Further sections in this chapter outline multilateral carbon management literature by: types 

of multilateral carbon management; the carbon budget science suggesting average global 

rates of decarbonisation; the basic justification for equitable action suggesting the need for 

burden and benefit sharing; equitable allocation principles as trialled and as proposed by 

literature; current NDCôs relative to science-based average and equitable-based allocations; 

and the implications of this comparison for regional and national carbon quotas which will in 

future need to at least consider NETs (and FFCCS). Based on this chapterôs review of 

multilateral allocation literature, Chapter 8 will produce an explicit outline formulation of an 

appropriate range of Irish carbon budgets and compatible emission pathway scenarios. 

2.2 óTop-downô, óbottom-upô, or both? 

2.2.1 Carbon management, policy and rebound effects 

As the IPCC describes, international cooperation for planned decarbonisation ï within 

global, regional or national governance boundaries ï requires some combination of ótop 

downô management, involving defined targets (or, more precisely, quotas) with enforced 

monitoring and penalties for non-compliance, and óbottom upô actions, comprising 

contributions that are independently pledged by nations, sectors or individuals, possibly 

working within their own definitions of climate action that may or may not be linked with 

others (IPCC AR5 WG3, 2014). However, making the distinction less useful, individual 

mitigation agreements and activities very often encompass both top-down and bottom-up 

elements, covering a range of different levels of cooperation over means or ends, and 

different degrees of centralised authority (IPCC AR5 WG3, 2014).  

In practice, all effective climate policy is inevitably both top-down and bottom-up, and, as 

discussed by Kirby (2013), both are necessary. It is the super-wicked problem (Lazarus, 

2008) of how to coordinate the political will, societal license and sustained effort to enable a 

complementary mix of them that achieves global as well as local decarbonisation that has 

proven greatly more difficult.  However, as long understood in business research, effective 
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change programmes are result-driven rather than activity-driven (Schaffer and Thomson, 

1992), so that within a collective of managers (such as nation states, perhaps) acting 

óbottom-upô within their own governance area, all nonetheless meet defined and monitored 

(i.e. top-down) pathway objectives consistent with an overall goal (Kaplan and Norton, 

2005). It is the need to meet critical system goals that drives necessary response activities, 

rather than undertaking activities that may well not add up to meeting the goal.  

Alcott (2010) re-examines the common formulation I=PAT relating environmental impact to 

population, affluence and technology, identifying the mutual feedbacks between the óright 

side factorsô, such that effort to limit one can increase others. Policy which accepts and 

targets top-down caps on impacts (e.g. total COі quotas) on the left-side of the IPAT relation, 

by rationing polluting substances and/or collecting carbon taxes to internalise future costs in 

current prices, can potentially provide long-term certainty for society. This system approach 

is both appropriately results-driven, and, as importantly, essential because individually or 

locally targeting one óright side factorô, P, A and T inevitably results in rebound effects in the 

other factors or elsewhere, in the absence of a system cap. 

Notwithstanding system management logic and the strongly evidenced, physical imperative 

to cut future cumulative global emissions to limit damages, caps are unpopular, so 

predominantly óbottom upô approaches have been generally preferred to top down 

management in global, regional and national climate policy. Since it began in 1992 UNFCCC 

process has been based on a bottom-up approach to decision making that is intended to be 

collegial and diplomatic to ensure progress proceeds by consensus.  

2.2.2 The Kyoto Protocol and the Paris Agreement in carbon management 

The need for wealthier nations with large emissions to act first and fastest was recognised 

by all nations from the UNFCCCôs outset, so the Kyoto Protocol to the Framework 

Convention (UNFCCC, 1997) was intended to set-up ongoing binding commitments by 

developing nations to multiyear periods of emissions reduction. On 11 December 1997 the 

Kyoto Protocol (KP) was adopted and came into force as of 16 February 2005 committing 

37 industrialised countries and the EU as a bloc to cut annual emissions by an average of -

5% relative to levels in 1990 by a ófirst commitment periodô of 2008 to 2012 (UNFCCC, 1997). 

Four individual greenhouse gases are targeted by the KP, carbon dioxide, methane, nitrous 

oxide and sulphur hexafluoride; and two groups of GHGs, the hydrofluorocarbons and the 

perfluorocarbons. Flexibility in compliance was allowed through the Protocolôs three new 

emissions trading mechanisms ï the Clean Development Mechanism (CDM), Joint 

Implementation (JI), and  for international emissions trading (IET) ï that enable signatories 

to pay for emission reductions achieved outside their territorial boundaries, often in 

developing nations (IPCC AR5 WG3, 2014, p. 1021). Such emissions trading markets are 

supposed to be strictly monitored to ensure óadditionalityô; that is, it should be demonstrated 

that the emissions putatively avoided would have definitely occurred otherwise (see further 

discussion in Chapter 6). Non-ratification of Kyoto by the United States and withdrawal by 

Canada further compromised the Protocolôs perceived effectiveness in limiting global 

emissions. Following years of UNFCCC talks, the Doha Amendment extended the Kyoto 
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Protocol process but it was not ratified by a sufficient number of nations to enter into force 

for a second commitment period.  

The effectiveness of the KP continues to be questioned. Quantitatively, nine of the 36 

participating countries exceeded their KP targets (by small amounts) and overall the 

aggregate commitment was exceeded by 2.4 GtCOϜe yr-1 though Shishlov et al. (2016) 

claim that much of this was due to accounting ñhot-airò including carbon leakage. Helm 

(2008) concludes that the Protocol had little real effect on global emissions and much of the 

EU reduction would likely have occurred in any case due to the move from coal to gas for 

electricity and heating, globalisation moving emissions intensive industries to developing 

countries, and higher oil prices in the 2000s. Aichele and Felbermayr (2013) find the Kyoto 

Protocol probably reduced emissions relative to the counterfactual of no-KP. The failure to 

secure agreement on a top-down regime of emission reductions at the 2009 Copenhagen 

CoP even led some (Rayner, 2010; Rayner and Prins, 2010; Victor and Kennel, 2014) to 

advocate for a óreframingô of climate policy away from mitigating COϜ emission reductions 

on the basis of political difficulty despite the physical imperative to limit cumulative COϜ to 

limit future global warming.  

Collectively the experience of Kyoto and Copenhagen led the UNFCCC to move toward a 

bottom-up approach of attracting pledges from almost all countries, ñintended nationally 

determined contributionsò, which became non-binding NDCs with ratification of the Paris 

Agreement, thereafter to be the subject of a global stocktaking every 5 years from 2023 

(Schleussner et al., 2016). Unfortunately, the chosen parameters and assumptions 

underlying NDCs vary widely by nation and are open to ambiguous interpretation creating 

significant uncertainty in the implied global carbon budget and related global warming 

commitment implied by their sum total (Schleussner et al., 2016). Rogelj et al. (2017, p. 6) 

show these uncertainties seriously affect projections of feasibility and costs. These 

uncertainties could be significantly eased by making deeper near-term reductions thereby 

avoiding additional reliance on uncertain amounts of future carbon dioxide removal. The 

undoubted political achievement of the Paris Agreement was certainly facilitated by the 

bottom up INDCs signifying commitment from nations, but to determine the next NDCs, the 

UNFCCCôs ñfacilitative dialogueò among Parties and the IPCCôs Special Report on Global 

Warming of 1.5°C, both due in 2018, will continue to confront the political preference for (as 

yet insufficient) bottom-up actions (and inactions) with the top down physical reality of 

escalating emissions commitment to the damaging climate impacts projected by science as 

the Paris temperature targets are breached, transiently or otherwise (Schellnhuber et al., 

2016). The level of negative emissions implied by current NDCs within a Paris-aligned 

carbon quota will inevitably need to be identified and addressed in the upcoming UNFCCC 

facilitative dialogue in 2018 to take stock of collective efforts toward the óglobal stocktakeô 

set for 2023 for ñupdating and enhancingò NDC pledges (Article 14 UNFCCC, 2015). 

Davis et al. (2013) point out that reaching the level of zero net COϜ emissions required for 

climate stabilisation will be far from easy and requires a ñfundamental and disruptive 

overhaul of the global energy systemò through ñan integrated and aggressive set of policies 

and programsò. In the meantime however, without effective or commensurate mitigation 
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globally, the physics of the Earthôs climate continues to impose a particularly top-down, 

climate change response to anthropogenic emissions-driven global warming, with serious 

global consequences already underway (IPCC AR5 WG2, 2014 TS Part A). These 

consequences will continue to unfold for hundreds, and even thousands of years (Clark et 

al., 2016; IPCC AR5 WG1, 2013, p. Ch. 12). Increasing surface temperature (even 

transiently) also adds to risks of passing tipping points to more abrupt and irreversible 

system change(IPCC AR5 WG1, 2013, p. Ch. 12 p. 1114-1119; Lenton et al., 2008).  

2.3 The Paris Agreement: ñBest available scienceò  

Even if the Paris Agreement fails to explicitly acknowledge a carbon budget framing to the 

temperature target, the physical science linearly relating cumulative COϜ emissions to global 

warming enables quantitative climate policy assessment ï on the basis of the remaining 

global carbon budget ï to underpin policy analysis of multilateral management of global and 

regional climate policy (Frame et al., 2014). Climate science is now able to ascribe an 

associated, remaining global carbon budget confidence range for a specified probability of 

limiting global warming to a stated climate policy temperature goal (Matthews et al., 2009). 

Parallel assumptions are needed for non-COі contributions to radiative forcing and 

reductions to the carbon budget (Peters, 2016) particularly due to methane from fossil fuel 

(extraction and leakage/fugitive emissions) and from land use (rice production and ruminant 

agriculture). Using the carbon quota range, science can indicate an average exponential or 

linear global nett decarbonisation pathway based on a stated quantitative combination of 

carbon budget, amount of temperature overshoot and negative emissions.  

Science cannot be prescriptive, that is for politics, but the carbon budget framing provides 

an indicative global pathway that is useful as a world average rate for comparison with 

proposed global and regional or national pathways. Stocker (2013) finds that, if global 

emissions peak in 2017, and net negative emissions (on a global basis) cannot be reliably 

assumed to occur, then an exponential rate of global decarbonisation averaging at least 

2.5% yr-1 is needed in every year onward, even to limit to an even (50%) chance of eventual 

2ºC warming. The Paris Agreement goal of limiting warming to ñwell below 2ÜCò above pre-

industrial is ambiguous but is commonly being interpreted in recent climate science literature 

(Peters, 2016; Rogelj et al., 2016a) as requiring at least a 66% chance of avoiding 2ºC, so 

even more rapid emission reductions are needed to align action with the smaller carbon 

quotas for the Paris targets. Peaking global emissions and starting rapid decarbonisation as 

soon as possible enable feasible transition pathways to low carbon economies. Failure to 

meet and sustain this (already substantial) global mitigation rate necessarily implies reliance 

instead on rapidly increasing future rates of gross emissions reduction and/or rapidly 

increasing amounts of negative emissions (IPCC AR5 WG1, 2013, p. 1113).  
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Figure 2.1:  Relationship between probability of staying below 2ºC and the median 

temperature increase. (2016). Blue line indicates relationship for a range of future 

emission scenarios. Red line assumes IPCC-assessed statistical relationship. 

This interpretation of ñwell below 2ÜCò as meaning ñat least a 66% chance of avoiding 2ºCò 

is possibly due to the convenience of having an IPCC AR5 stated carbon budget for this 

probability and also the perceived feasibility of meaningful probabilities of avoiding 1.5ºC, 

see Figure 2.1. This analysis investigating the ambiguity inherent in the Paris temperature 

target, finds the ñat least 66% chance of avoiding 2ºCò budget to be approximately equivalent 

to a 50% chance of avoiding 1.6ºC, and so little different from the Paris goal of ñpursuing 

effortsò to limit to 1.5ºC; though there are still large inconsistencies in the budgets due to 

model variations, definitional issues and non-COϜ emissions. Peters (Peters, 2016) gives 

the remaining budget for a 66% likelihood of avoiding 2ºC as 850 ± 450 GtCOϜ (as of the 

end of 2015), the large confidence range being due to uncertainties in the temperature 

response of the climate system, the amount of future non-COϜ emissions, and uncertainties 

in measuring past emissions. However, with higher emissions, high-end ñfat-tailò risks 

(Wagner and Weitzman, 2015) and possible triggering of climate system tipping points, risk-

appropriate climate policy determines a need for a precautionary approach while 

accelerating investments in all mitigation measures without delay (IPCC AR5 WG3, 2014, 

p. 172). Rockström et al. (2017) show that even if negative emissions are to play a significant 

future role in feasibly reducing nett global emissions to zero then deep decarbonisation of 
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source emissions from the current very high emission levels will still nonetheless need to be 

achieved for a ñwell below 2ºC pathway: 

Only deep emission reductions during 2020ï2030 can enable [reliance on] 

BECCS to be scaled back or abandoned, while efforts to increase energy 

efficiency and DACCS continueò. Rockström et al. (2017) 

As Stocker (2013) and the best available science makes clear, to avoid ñclosing doorsò to 

emission pathways aligned with the Paris temperature targets, definite choices and follow-

through decarbonisation actions need to be made (much) sooner rather than later. 

2.4 The Paris Agreement: ñOn the basis of equityò  

Effort-sharing of mitigation among nations is ultimately critical to halting global warming. As 

acknowledged from the original United Nations Framework Convention on Climate Change 

(1992) effort needs to be differentially shared to ensure equitable climate action as 

exemplified in the key phrase in Article 4: ñcommon but differentiated responsibilities and 

respective capabilitiesò (CBDR+RC). The UNFCCC Paris Agreementôs main stated target of 

limiting global surface warming to ñwell below 2ÜCò combined with the science-defined range 

for the associated remaining global carbon budget (described in Chapter 1) gives a well-

evidenced basis to assess and inform climate mitigation policy, to guide nations toward 

making the required societally transformations become politically possible, globally enabled 

and technically achievable (Knopf et al., 2017). óEquitable burden-sharingô has been and 

continues to be a  major point of contention within the UNFCCC that persists today, largely 

due to conflicting national- and vested self-interest, resolution of which continues to requires 

a consensus on the meaning of fairness (Meinshausen et al., 2015, pp. 3ï4). Despite the 

globally agreed importance of CBDR+RC, enabling equity principles in international 

agreements that ensure burden sharing has been contentious and is complicated by relative 

changes in national income and emissions over time, especially related to rapidly developing 

nations such as China (IPCC AR5 WG3, 2014, p. 1021). 

As discussed in IPCC WG3 Ch. 3 (2014), effective global climate mitigation policy will require 

sustained collective action based on (sometimes conflicting) ethical judgements of justice 

(what is ódueô to people) and value (what is good or beneficial) regarding rights and 

responsibility in distributive equity (see p. 219). Economic valuations may provide some 

guidance in decision-making about value (though not justice and rights) but economic 

methods inevitably implicitly embody value judgements affecting equity (pp. 223-225). 

Geoengineering, especially solar radiation management, but also negative emissions 

technologies, has been questioned on ethical grounds. For example, large-scale land-use 

change to enable BECCS could have negative outcomes on the well-being of local 

populations, on global food security or on biodiversity (IPCC 2014 WG3 Ch. 3). Examining 

the literature on climate resilient pathways that could best reduce climate damages, IPCC 

WG2 Chapter 20 (2014) identifies climate change as a direct threat to sustainable 

development, and mitigation as critically important to moderating impacts on human and 

natural systems.  
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The strong relationship of equity and sustainable development to climate mitigation trade-

offs and benefits are detailed in the IPCC WG3 Ch. 4 assessment (2014). Equity 

encompasses both distributive equity (social justice in burden and benefit sharing) and 

procedural equity (enabling participation and fair consideration in decision-making), while 

sustainable development depends on the concept of equity between, as well as within, 

human generations (2014). Underpinning the Paris Agreementôs references to the need for 

climate action to be undertaken on the basis of equity (Preamble and Articles 2, 4 and 14 in 

UNFCCC, 2015) there are three key justifications (IPCC AR5 WG3, 2014, pp. 294ï295): 

first, that burden sharing morally requires allocation according to ethical principles of justice 

and value; second, within international law, that countries have the legal duty to act equitably 

in mitigating climate change; and third, positively, that effective climate mitigation must 

needs be collective so cooperation largely depends on motivating others by showing fair 

effort based on relative responsibility and capacity. In practice though, path dependency in 

governance and political economy, affected by powerful vested interests and norms of 

societal behaviour based on GHG intensive consumption, continue to hinder decision-

making to enable coordinated climate mitigation action (IPCC AR5 WG3, 2014, pp. 294ï

295).   

As described in the previous section, to be acting on the basis of equity, regions or nations 

with high per capita emissions (or wealth, giving capacity to act) will, at a minimum, need to 

show in future Paris Agreement stocktaking how they are achieving an effective 

decarbonisation rate (possibly including stated negative emissions) that is much more rapid 

than the average global rate derived from the well below 2ºC global carbon budget. For any 

temperature target, delays in achieving rapid global mitigation (including CDR delivery, if 

such a contribution is assumed) have a very serious steepening effect on the required 

decarbonisation rate. If delay continues, the subsequent decarbonisation rate can rapidly 

become first politically and economically unfeasible, and then physically impossible to 

achieve (Stocker, 2013).  Mitigation delay, in itself, therefore inequitably transfers costs or 

impacts to the future ï cutting off transformation pathways, reducing societal choices and 

lowering resilience to climate impacts (den Elzen et al., 2010; Friedlingstein et al., 2014). 

2.5 Mitigation burden-sharing: allocating the global carbon budget 

2.5.1 Resource-sharing and cost-sharing allocation principles 

Principles of equitable burden-sharing in international climate policy are fully discussed in 

IPCC WG3 4.6.2 (2014), and include: responsibility, often based on present or historic total 

emissions; capacity, or ability to pay for or to deliver mitigation; equality, as in access to 

current and future rights to emit GHGs; and the right to development in meeting basic needs, 

particularly in poorer countries. These principles are just as applicable to consideration of 

NETs within global, regional or national mitigation planning. óResource-sharingô (sharing the 

óresourceô of the global carbon budget) and óeffort-sharingô (sharing the costs of mitigation), 

are complementary classes of burden sharing frameworks, respectively addressing the 

ótragedy of the commonsô and free-rider aspects of the climate policy collective action 

problem (2014). Given a bounded global carbon budget aligned with a stabilisation 
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temperature target, an equal per capita approach is the most obviously ñequitableò allocation 

principle. However, for countries with emissions high above the global average this may 

impose extreme immediate reductions. Accordingly, transitional emission rights, allocated 

in a way reflecting de facto current emissions, have also been proposed. Per capita emission 

frameworks can also extend to historic as well as future national cumulative emissions, 

differing proposals varying by initial date, population, and basic survival vs. ñluxuryò 

emissions and emission paths. óEffort-sharingô frameworks aim at fairly sharing the costs of 

mitigation aligned with a stated target pathway or atmospheric COϜ concentration.  

The question then becomes, what is fair and who will pay? The proposed answers are 

generally set in proportion to differing stated interpretations of responsibility and capacity. 

Climate policy architectures based on alternative allocation frameworks are usefully 

tabulated in IPCC WG3 Table 13.2 (2014, p. 1022). A quantitative comparison of regional 

mitigation costs according to different allocation principles is attempted in IPCC WG3 6.3.6.6 

(2014; see also Pan 2014). A requirement for continuing overall economic growth is 

stipulated as a constraint in most modelling so technology deployment (including NETs and 

CCS) that can, in principle, achieve absolute decoupling of emissions from economic 

growth, is critical to projected mitigation costs. In the idealised case of a global carbon price 

the projected relative regional costs proved to be highly unequal ï for example, OECD costs 

are about a fifth of óMiddle East and Africaô ï implying the need for very large economic 

transfers from richer nations to support mitigation and adaptation in poorer ones (see Figure 

6.27). Exploring the IPCC WG3 database of scenarios (IIASA 2014), Tavoni and van Vuuren 

(2015) find that regional carbon quotas directly show the regional COі contribution to 

warming, therefore a regional scenario quota indicates the level of regional climate policy 

effort. However, if real-world, actual policies do not follow ñfirst bestò ideals (rational-actor, 

whole-economy optimal changes) then costs are inevitably greater than modelled (van 

Vuuren 2015).  

Inevitably, as Schuppert, and Seidel (2015) illustrate in examining the German Advisory 

Council on Global Change proposal (WBGU, 2009), all such allocation frameworks are open 

to critique, and, above all, their adoption is subject to political and societal will in the context 

of varied current political economies and path dependent inertias across an inequitable 

world (Knight et al., 2017). At present, the disparate Paris NDCs are very far from expressing 

a clear ñwell below 2ÜCò carbon quota allocation framework. Despite this lack of clarity, if 

followed through, then they would nonetheless indicate some significant collective intent. 

This would still need to be swiftly intensified, especially by the major absolute emitters: 

China, USA, EU and Japan (Jiang et al., 2017).  

2.5.2 Resource-sharing according to inertia and equity 

Raupach et al. (2014) analyse multilateral resource-sharing of a global fossil fuel COϜ 

budget (exclusive land use COϜ emissions) for a 50% chance of exceeding +2ºC warming 

(estimated as 1400 GtCOϜ from 2013 onwards) on a range between two end-point metrics: 

óinertiaô (also known as ógrandfatheringô), meaning sharing the remaining global budget 

based the current national fractions of current emissions; and, óequityô, per capita sharing of 
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the budget based on national population. The analysis takes into account: likely changes in 

national population (not a large factor); the possible inclusion of GDP into the sharing 

principle (producing moderate but not large adjustments in allocations); and responsibility 

for historic emissions, which does not change the overall rate but greatly shifts the remaining 

share of emissions to developing nations and requiring far more effort of developed nations 

that harnessed large amounts of fossil fuel energy. Delaying mitigation has by far the highest 

effect on the rates required.  

In the Raupach et al. (2014) analysis, under óinertiaô, poorer developing nations would likely 

have insufficient access to energy for needed development, and under óequityô, richer 

developed nations would face very high decarbonisation rates (regarded as ñunfeasibleò, 

politically, economically and/or technically). A óblendedô allocation, half-way between inertia 

and equity, is also given as a ócontraction and convergenceô principle, and charts are given 

showing the regional carbon quotas and mitigation rates for all three options (see Figure 

2.2). However, even with this global carbon budget that is larger than a Paris-aligned 

ñWB2Cò one, average global decarbonisation rates are already high at over 5% yr-1, starting 

from 2013 onwards. Alternatively, with a 10-year delay in peaking global emissions, the 

required subsequent global mitigation rate increases to 9% yr-1. Interestingly, using 

consumption, rather than territorially based accounting does not change country shares 

significantly as the consequent decreases in the exporting nationsô emissions are offset by 

the persistence of growth in their manufacturing emissions. As Raupach et al. (2014) point 

out, accounting for negative emissions in mitigation planning is mathematically 

straightforward at every scale (from global to sub-national sectors).  

 

 

 

Figure 2.2: The share of an available global carbon budget allocated to 10 regions under 

three sharing principles based on equation (2), with sharing index w = 0, 0.5 and 1. 

Shares are calculated using equation (2) with emissions (fi) averaged over last five years 

of data, and population (pi) averaged over a five-year period centred on the time at which 

world population reaches nine billion. Reproduced from Raupach et al. (2014). 

Anderson and Bows (2011) analyse remaining 2ºC quotas (based on varying probabilities 

of avoiding 2ºC increase) on the simple equitable allocation principle of dividing it between 
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(Kyoto Protocol) Annex 1 and non-Annex 1 nations using conservative assumptions. For a 

ñ37% chance of not exceeding 2ÜCò the equitable remaining carbon budget for Annex 1 

nations is already exhausted now or will be within the next 10 years unless radical emissions 

reductions at far greater rates than current politically contemplated begin immediately. In 

contrast to many studies it concludes: ñThere is now little to no chance of maintaining the 

rise in global mean surface temperature at below 2ºC, despite repeated high-level 

statements to the contraryò.  

To meet the ñlikely 2ÜC scenariosò in the IPCC WG3 database, Pan et al. (2014b) base a 

very different analysis on the moral principle of equal per capita cumulative emissions 

(EPCCE), allocating every person globally an immediate, equal emission right per year 

(Figure 2.3). This means that developed nations have already exhausted their emissions 

budgets under this scheme requiring financial and technical transfers to developing nations, 

through mechanisms like the Green Climate Fund, to enable their mitigation efforts, avoiding 

high GHG development pathways. Presumably, in the developed nations, planning a faster 

pathway to net zero COі emissions and achieving negative emissions would lower the 

requirement to make such transfers. 

 

  

Figure 2.3: Schematic indication of Non-Annex I and Annex I country per capita emission 

pathways (from Pan et al. 2014). 

Sargl et al. (2016a) examine the use of the Regensburg Formula to enable contraction and 

convergence bringing all countries to equal per capita emissions by a stated future year and 

within a carbon budget.  In the Regensburg model, unlike EPCCE, all nationsô annual 

emissions proceed nearly linearly toward the target, so developing nations which start out 

below the target per capita emissions are awarded a lower cumulative emissions quota than 




























































































































































































































































































































































































































