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Acronyms and Glossary of Terms

Negative emissions technologies (NETs) are denoted by bold type.

AR Afforestation  and  Reafforestation.  A NET  whereby  the  total  carbon 
stock of Forestland (as per UNFCCC definition) is intentionally increased 
by planting trees on previously unforested land (afforestation) or replanting 
trees  on  previously  forested  land  (reafforestation).  It  is  possible  that 
increased AR may not  increase national  forest  carbon stock  if  harvest 
cancels or exceeds AR.

AR           Assessment  Report.  As  in  AR5 by the  IPCC, published 2013 to  2014, 
composed of  three working  group reports  and a  synthesis  report,  with 
summaries for policy-makers (SPMs) agreed by governments.

BC Biochar.  A NET competing for the same indigenous bioenergy fuel land 
resource as AR and BECCS.

BE Bioenergy fuel or unabated biofuel energy use.

BECCS Bioenergy with Carbon Capture and Storage, usually describing point-
source CO2 abatement at  power stations fuelled by biomass or  biogas 
combustion  with  on-site  CO2 capture  from the  flue  gases,  followed  by 
transport by pipeline or ship for injection into geologically secure storage.

CCA Carbon  Commitment  Analysis,  charting  the  projected  pathway  of 
cumulative CO2 emissions (net and gross) for an energy-cement-land-use 
scenario

CCAC         Climate  Change Advisory  Committee,  an  expert  advisory  group set  up 
under Ireland’s Climate Action and Low Carbon Development Act (2015).

CCS Carbon Capture and Storage. Methods that achieve capture of CO2 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  of carbon permit 
emissions trading defined by the Kyoto Protocol, aiming to enable global 
mitigation at lower cost.

CDR Carbon Dioxide Removal. Planned and managed removal of CO2, using 
negative emissions technologies, from the atmosphere into land, ocean or 
geostorage (via CCS).

CH4 Methane,  a  potent  greenhouse gas.  Classified  as  a  short-lived climate 
pollutant,  it’s  warming  effect  depends  on  the  total  ongoing  flow  of 
emissions. A permanent increase in CH4 emissions substantially increases 
nett  forcing but  sustained decrease in  CH4 emissions has a equivalent 
effect to achieving negative emissions.

CO2            Carbon  dioxide,  the  main  greenhouse  gas  and very  long  lived  climate 
pollutant, targeted by climate mitigation policy in energy and land use.

CO2e         Carbon dioxide equivalent. Use to include CO2 and all  GHGs (including 
methane and nitrous oxide) in emissions totals. GWP100 is generally the 
conversion metric.
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DACCS Direct  Air  carbon  Capture  and  Storage (also  termed  DAC).  A NET 
whereby large volumes of ambient air (with very low CO2 concentration) 
are  moved  through  chemical  collectors  to  absorb  CO2,  which  is  then 
concentrated and transported for injection into geologically secure storage.

DAFM       Department of Agriculture, Food and the Marine (Ireland).

DCCAE Department of Communication, Climate Action and Environment (Ireland).

DECLG     Department of Environment, Community and Local Government (Ireland).

DECC         Department of Energy and Climate Change (UK).

DPER Department of Public Expenditure and Reform (Ireland).

EU European Union.

EW Enhanced Weathering. A NET whereby ultrabasic or basic rock is mined 
and powdered (requiring large energy input), transported to be diffusely 
spread over large areas of land so that CO2 is absorbed from ambient air 
to produce mineralised carbonates.

FF Fossil fuel or unabated fossil fuel energy.

FFCCS Fossil Fuel energy generation with Carbon Capture and Storage, usually 
describing  a  fossil  fuel  (coal  or  gas)  burning  power  station  with  CCS 
abatement.

FPCCS Fossil fuel and industrial process (cement) emissions with CCS.

GHG          Greenhouse Gas. A trace gas in the atmosphere that reduces re-radiation 
of incident solar energy, keeping the Earth’s surface warmer than it would 
otherwise be (the “greenhouse effect”).

GGR Greenhouse  Gas  removal: a  process  of  system  that  removes  some 
greenhouse gas from atmosphere (and either consigning it directly to long 
term storage, or transforming it to some stable, benign, form). Generally 
synonymous with NET.

IAM           Integrated  Assessment  Models.  Analytical  models  combining  climate 
models with global, regional or national models economic growth, energy-
use and technologies. Used to advise on policy options. 

IPCC          Intergovernmental Panel on Climate Change.

LCA Life Cycle Analysis.

LowGCB:Pop A national carbon quota based on the low-end global carbon budget for 
“well  below  2ºC”  (590  GtCO2)  –  specified  by  Rogelj  et  al.  (2016) as 
relevant to the Paris limit – and shared (divided) by national population in 
2015.

MidGCB:Pop A national carbon quota based on the mid-range global carbon budget for 
“well below 2ºC” (915 GtCO2) specified by Rogelj et al. (2016) and shared 
(divided) by national population in 2015.

NCQ National Carbon Quota: a “fair share” national share of the global carbon 
budget  for  a  defined  temperature  target  on  the  basis  of  a  defined 
allocation method such as population, meaning equal per capita sharing.
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nett            For GHGs describes total emissions to atmosphere minus total removals 
from atmosphere to long term storage (sequestration).

NETs Negative  Emissions  Technologies.  Methods  that  on  a  lifecycle  basis 
achieve  greenhouse gas removal  (GGR),  or, more specifically, carbon 
dioxide  removal  (CDR),  from  the  atmosphere  within  some  specified 
collection of processes (system boundary).

NMP          National Mitigation Plan (Ireland). Produced on a statutory basis under the 
terms of  the  Climate  Action  and  Low Carbon  Development  Act,  2015, 
based on the National Policy Position.

NPP Net Primary Productivity.

NPP            Climate  Action  and  Low-Carbon  Development  National  Policy  Position 
(Ireland).  This is the Irish Government’s current (as of 2019) mitigation 
policy outline guiding the NMP.

Non-ETS Non-traded  national  domestic  emissions  (transport,  agriculture  and 
buildings),  with  member  state  mitigation  targets  agreed  under  the  EU 
Effort Sharing Directive. For Ireland, the 2020 target is a 20% reduction 
relative to 1990.

N2O Nitrous oxide, a potent greenhouse gas. Classified with CO2 as a longCan 
you try calling me?-lived climate pollutant, it has a GWP100 of 265. N2O is 
particularly  related  to  the  use  of  nitrogen  fertiliser  in  agriculture  and 
bioenergy, as emissions from soil and animal manure.

Pathway The  timeseries  outputs from  an  energy  system  model,  particularly  as 
shown  over  the  full  period  of  decarbonisation  transition,  for  example 
showing  primary  energy  or  GHG  emissions/removals  on  an  annual  or 
cumulative basis.

P2M Power to Methane. VRE excess energy going into production of synthetic 
methane.

P2X Power to fuel technologies. Excess grid electricity, predominantly due to 
oversupply  from  variable  renewables,  used  to  produce  chemical  fuels 
(denoted by X) for longer term energy storage and/or direct end use. The 
initial  synthesis  step is  typically  production of  hydrogen by electrolysis. 
Hydrogen may itself be the target fuel, or it may be used as a feedstock for  
the  production  of  alternative  fuels  (ammonia,  methane,  methanol  etc.). 
These fuels may then be used to sustain the grid during under-supply from 
VRE or for other direct end uses (e.g. hydrogen used for heating or in fuel 
cell transport vehicles).

Scenario An  input  set of data and parameters to an energy systems model; may 
include timeseries inputs over a proposed decarbonisation transition.

Scenario step A major change point in time in a scenario at which some significant input 
parameters change.

Scenario stage The period between two specified steps in a scenario.

SCS Soil  Carbon  Sequestration.  A  NET  whereby  soil  carbon  content  is 
intentionally  increased  over  time,  although  the  sequestration  rate  will 
reach saturation within decades and  this type of carbon storage is always 
vulnerable to re-release.
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SEAI          Sustainable Energy Authority of Ireland.

SNG Synthetic Natural Gas: methane (CH4), synthesised chemically.

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

tC Metric  tonnes  (1000 kg)  of  carbon  (1 tC  corresponds  to  3.67 tCO2 on 
combustion).

tCO2          Metric tonnes (1000 kg) of carbon dioxide.

TRL Technology Readiness Level

VRE Variable  Renewable  Energy,  usually  in  the  form  of  electricity,  typically 
generated from wind, solar, tidal etc. sources.
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1. Executive Summary
1.1 Context: the IE-NETs project
IE-NETs,  “Investigating  the  potential  for  Negative  Emissions  Technologies  (NETs)  in 
Ireland”,  has  been  an  EPA-funded  research  project  undertaken  jointly  by  Dublin  City 
University and Trinity College Dublin, running from January 2017 to April 2019.

The central  motivation for IE-NETs project is the need to ‘ratchet up’ national  effort  in 
Ireland  and  other  nations  to  meet  the  global  climate  policy  objectives  of  the  Paris 
Agreement,  to  achieve  climate  action  that  actually  results  in  limiting  global  surface 
warming to well below 2ºC and pursuing efforts to stabilise at less than 1.5ºC in accord 
with science and equity. A large majority of scenarios from IPCC global climate-economy 
modelling  assume early  and continuing  achievement  of  substantial  increases in  gross 
negative  emissions  starting  even  before  2030,  in  addition  to  necessary  deep 
decarbonisation measures to reduce gross greenhouse gas (GHG) emissions. Negative 
emission technologies, known as NETs, are methods that could, if successfully deployed, 
achieve  substantial  carbon  dioxide  removal  (CDR)  from  the  atmosphere  into  secure 
geological  storage  and/or  into  less  secure  land  sinks  (biomass  and  soil  carbon)  to 
progressively counteract global warming and resultant climate change due to past and 
ongoing emissions.

As  acknowledged  in  the  Paris  Agreement,  Ireland  and  other  high  per  capita  emitting 
parties need to mitigate emissions more quickly and deeply than developing nations. This 
increases  the  urgency  to  assess  the  physical  and  biological  potential  for  negative 
emissions in Ireland, particularly with regard to energy use and land use, to evaluate cost-
effective Paris-aligned outcomes, likely  limitations and trade-offs  in technical  feasibility, 
public  acceptance  and  policy  viability.  The  IE-NETs project  has  aimed to  give  policy-
makers, expert policy advisors and the public a clearer risk-assessment of climate impacts 
and mitigation options including negative emissions. IE-NETS has been divided into four 
separate work packages:

• WP1: Comprehensive Negative Emissions Technology Literature Review published 
as an open access working paper  (Price et al. 2018) with an extensive, publicly 
accessible bibliography3.

• WP2: Modelling of bioenergy resource potential in Ireland.

• WP3:  Life  Cycle  Assessment  (LCA)  of  GHG  emissions  and  Techno-economic 
Analysis of bioenergy production in Ireland.

• WP4:  Modelling  of  the  role  of  negative  emissions  technologies  in  deep 
decarbonisation pathways for the Irish energy system.

WP4 was a small-scale, desk-based study aimed at giving a preliminary view of energy 
system model  alternatives to complement and supplement existing methods. This final 
report from WP4 first sets out policy-relevant findings, then describes the work undertaken 
and  concludes  with  a  synthesis  discussion  and  specific  recommendations  for  further 
research.

3  http://tinyurl.com/ie-nets-bib 
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1.2 Key policy recommendations

Across all modelling frameworks studied, Paris-aligned mitigation, without national 
CO2 quota overshoot,  would equate to achieving extremely rapid and immediate 
absolute reductions in near-term fossil fuel usage, at a year-on-year rate of c. 20%, 
falling effectively to zero within 10-15 years (c. 2030-2035). Due to the time lag of large 
scale infrastructure turnover and deployment, this finding remains robust even with the 
fastest technically plausible roll-out of fossil  fuel carbon capture and storage (FFCCS). 
That is,  a CCS “bridge” strategy would no longer be able to avoid overshoot;  at  best,  
FFCCS  deployment  can  now  contribute  only  to  limiting  the  scale  and  duration  of 
overshoot.

In fact, on current projections and policies, including those included in its Draft National 
Energy and Climate Plan [NECP] (DCCAE 2018), Ireland is likely to overshoot its prudent 
maximum Paris-aligned CO2 quota (estimated as 378 MtCO2 from 2015, here denoted 
LowGCB:pop) as early as 2023-25, representing a tacit commitment to carbon debt and 
implying significant  future energy system costs for  large scale carbon dioxide removal 
[CDR] via Negative Emissions Technologies [NETs].  Due to the low current Technology 
Readiness Level  [TRL] of  proposed NETs,  these costs are subject to high uncertainty. 
Nonetheless, prudential estimates of such costs should  now properly be included in any 
notional cost effectiveness analyses of future energy policy interventions.

In  all  scenarios  with  significant  quota  overshoot,  deployment  of  NETs then  becomes 
unavoidable to reverse such overshoot (assuming continued good faith participation in the 
Paris Agreement). The feasibility of doing this at required scale is highly uncertain and is  
likely  sharply  constrained  by  absolute  cost.  Indigenous  territorial  potential  is  further 
severely limited by bioenergy resource availability for bioenergy with CCS [BECCS], total 
low/zero-carbon energy availability for direct air capture (of CO2) with CCS [DACCS] or 
enhanced weathering [EW],  and relatively  very limited  total  territorial  CO2 geo-storage 
potential (required for all forms of CCS deployment).

Accordingly,  even  in  the  (likely)  quota  overshoot  scenarios,  near-term  deep 
reduction in unabated fossil fuel use to limit the extent and duration of overshoot  
remains a key national risk management imperative. This suggests that, even in the 
short  term,  the  finalised  NECP (to  be  properly  Paris-aligned)  should  show a  national 
annual CO2 emissions pathway to nett zero with minimum quota overshoot: that is to say, 
achieving nett-zero annual CO2 emissions much earlier than 2050.

Coupled with rapid reductions in fossil  fuel  CO2 emissions,  early deployment  of 
BECCS could, in principle, contribute to achieving nett-zero and then nett-negative 
total  energy  system  CO2  emissions  (to  reverse  accumulated  quota  overshoot). 
However, this would  inter  alia  imply  early  prioritising of  bioenergy fuel  use into 
BECCS in preference to unabated end use in transport and small or medium scale 
heating. Of course this does not dilute the requirement for deep decarbonisation of the 
latter energy use sectors; rather it points at the need to focus primarily on strategies for 
those sectors which are not based on unabated bioenergy use (e.g., direct electrification 
and/or end use substitution with non-carbon electrofuels such as hydrogen).

Projected cumulative nett CO2 emissions in the LULUCF sector significantly impacts 
on quota available for energy (or, conversely, requires significantly greater cumulative 
nett-negative emissions in the energy sector to compensate). 
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In parallel, early demand reduction in all sectors, and early investment in low-regret or no-
regret mitigation options are likely needed to achieve sustained reductions in nett absolute 
emissions. 

Low regret energy system decarbonisation options,  including large scale wind and 
solar energy development, non-carbon electrofuels produced at periods of excess variable 
renewable energy as large scale energy storage, for grid backup and direct end use in 
heat and transport, and limited CCS + NETs are likely all now essential components to 
prudent and effective climate mitigation action.

1.3 Recommendations for energy system modelling
To assess  climate  risk,  national  energy  system  projections  should  show  gross  CO2 

emissions,  gross  CO2 removals,  and  nett  CO2 emissions/removals  in  annual  and 
cumulative outputs relative to a prudent, Paris-aligned, NCQ estimate or range relative to 
an appropriate baseline year (such as 2015, marking the adoption of the Paris Agreement 
text).

To ensure transparency and research replicability, government and academic source data 
and  model  outputs  relevant  to  climate  and  energy  analysis  should  be  made  easily 
available for download under an appropriate, permissive, open source license to ensure 
ease of re-use.

To avoid confusion, energy system model reporting should specify primary energy type 
and sources over time, especially by separating out unabated carbon-based energy from 
that  abated  using  CCS.  Clarity  is  also  needed  in  making  clear  whether  international 
aviation and shipping fuel or industrial process emissions are included in the analysis and 
whether there are significant fuel exports through time, such as refined oil.
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2. Introduction and Overview
Policy-relevant modelling of energy system change in Ireland has been primarily based on 
‘top  down’  economic  cost  and  growth  assumptions  and  sectoral  energy  demand 
projections produced by the ESRI and others as the input basis for two types of energy  
system modelling: 

• In  policy-based  modelling  by  SEAI  and  EPA,  exemplified  by  the  Draft  NECP 

(DCCAE 2018), energy supply and demand (and emissions) scenario projections 
are  framed  by  oil  price  trajectory  assumptions  and  known  policy  options:  With 
Existing Measures (WEM) and With Additional Measures (WAM). 

• Policy-advisory  modelling,  such  as  Deane  et  al.  (2013),  using  the  ‘bottom-up’, 
technology-rich,  Irish-TIMES  energy  system  proprietary  model  platform  (Ó 
Gallachóir  et  al.  2012) typically takes the economic growth and energy demand 
assumptions as ‘top-down’,  exogenous inputs and includes other constraints such 
as  GHG  emissions  over  time  to  arrive  at  least  (notional)  cost  energy  system 
transition pathways by linear programming optimisation methods. 

To complement and add to these approaches, this report details research and findings 
from a small-scale project (IE-NETS, Work Package 4) aiming to give a preliminary view of 
other  types  of  energy  system  models  and  their  outputs;  and,  to  provide  increased 
understanding  of  specific  policy  implications  for  energy  infrastructure  investment, 
specifically for climate action in accordance with the Paris Agreement goals to achieve full  
decarbonisation of the Irish energy system. Given the rapidly diminishing global carbon 
budget  associated  with  the  agreed  Paris  objective  of  restricting  global  mean  surface 
temperature to “well below 2ºC” above pre-industrial levels and pursuing efforts to limit to 
1.5ºC, with or without temporary overshoot of this temperature limit, this project particularly 
focuses on limiting Ireland’s future cumulative CO2 emissions and the potential  role of 
carbon capture and storage (CCS) and negative emissions technologies (NETs) in Irish 
energy and climate strategy. A detailed review of the overall potential for NETs in Ireland 
within Paris-aligned energy system and land use strategies was previously undertaken in 
IE-NETS Work Package 1  (Price et al. 2018; McGeever et al. 2019).   

This report specifically looks at energy system strategies that could limit cumulative CO2 

emissions within an estimated national carbon quota [NCQ], in accordance with the Paris 
goals, with or without temporary quota overshoot. The term “quota” or NCQ is used here to 
denote an assessed national “fair share” of the global carbon budget. In the initial phase of 
the  IE-NETS  project,  the  “well  below  2ºC”  Paris  Agreement  temperature  limit  and  its 
associated global carbon budget range provided a basis for an explicit formulation of a “fair 
share” CO2 NCQ of future emissions for Ireland appropriate to Paris-aligned climate action 
on the basis of best available science and climate justice  (Price et al. 2018, Chapter 2). 
We argue that  a  value of  378 MtCO2 from 2015 currently  represents  a prudent  Paris-
aligned NCQ for Ireland in terms of risk management and at least a minimal allowance for 
global equity. This CO2-only quota includes land use emissions as well as energy CO2. It 
assumes meaningfully commensurate non-CO2 mitigation at the global level (otherwise the 
global carbon budget and related NCQs would be correspondingly less). Given Ireland’s 
2015-2018 energy and land use emissions of about 170 MtCO2,  the remaining prudent 
quota was only about 210 MtCO2 from the start of 2019. On current projections this is very 
likely to be exhausted before 2025 even if  substantial  changes in policy are instituted 
before then to achieve rapid absolute reductions in annual CO2 emissions. 
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The 378 MtCO2 (from 2015) NCQ estimate for Ireland is taken as the overall reference 
NCQ for this report. This NCQ provides the Paris-aligned context and limiting constraint 
for modelled energy system scenarios and their cumulative CO2 outcomes. In principle, 
gross  emissions  from  combustion  of  fossil  energy  and  industrial  processes  could  be 
significantly  decoupled  from  fossil  energy  use  by  deployment  of  carbon  capture  and 
storage  technology  [CCS]  where  technically  feasible.  In  the  event  of  significant  NCQ 
overshoot,  this  can  only  ultimately  be  reversed  if  gross  removals  of  CO2 from  the 
atmosphere by NETs exceed any continuing gross emissions. 

Over the duration of this work package it became clear that there is a policy and public  
information  need for  coarse-grained  modelling  that  is  sufficiently  detailed  to  represent 
energy system transitions meaningfully while still being simple enough to provide useful 
high level information on long-term energy and climate strategy to inform policy makers 
and the public. Tools that are more accessible to a wider range of users with scenario  
assumptions that  are made as transparent  as possible could be particularly  useful  for 
energy and climate assessments by policy advisors such as the Climate Change Advisory 
Council (CCAC), in educational settings, and in deliberative democracy exercises, as in 
Ireland’s use of the Citizens’ Assembly model (CA-IE 2018). The research focus therefore 
was on using, evaluating and producing coarse-grained, energy system modelling that is 
publicly available and, ideally, open source, and useful in planning a long-term energy and 
climate strategy for Ireland relevant to Paris-aligned climate action.

In  this  report,  the  findings  from  use  of  three  models  (one  being  a  new  tool  created 
specifically for this project) are explored in the context of meeting the NCQ constraint. For 
each model a subsection in this report gives an overview of the work and findings, with 
discussion  of  the  model’s  usability  and  applicability  to  analysis  of  transition  pathways 
involving deep decarbonisation and NETs. The models investigated are:

• EnergyPLAN: a well documented, free to use, though closed source, energy system 
model for transition scenario development. For this project a specific energy system 
transition  scenario  (Connolly  and  Mathiesen  2014) based  on  the  Green  Plan 
Ireland4 developed using EnergyPLAN, was assessed to provide an initial baseline 
calibration of deep decarbonisation timing.

• Anthem: an open source spreadsheet model developed for the IE-NETS project to 
evaluate  the  cumulative  and  annual  CO2 emissions  outcomes  of  fossil  and 
bioenergy  primary  energy  supply  scenarios,  with  and  without  CCS  or  negative 
emissions.  The  model  itself  and  its  documentation  has  been  released  under 
permissive open source licencing. 

• Ireland 2050: an open source spreadsheet model developed by the Energy Institute 
and derived from the UK DECC 2050 Pathways calculator and spreadsheet (DECC 
2010). This model was used “as-supplied” and also with some limited modifications, 
including CO2-only annual and cumulative emissions outputs, to explore different 
energy supply and demand scenarios.

4 http://dconnolly.net/greenplanireland/ 
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A concluding discussion assesses the project findings across the three models and relative 
to existing modelling. Given the near-certainty that CO2 emissions from Ireland’s future 
energy usage will now overshoot the estimated prudent, “fair share”, Paris-aligned NCQ, 
Irish energy system emission pathways will need to include assessment of the costs and 
risks due to dependence on negative emissions to return to the NCQ level of cumulative 
emissions within a very few decades (in this report  taken to be by 2100 at the latest, 
though such an extended duration of quota overshoot would likely represent unacceptably 
high risk if replicated at a global level). It is arguable that limiting and assessing the likely 
level and duration of quota overshoot, and the consequent amount of quasi-permanent 
carbon  storage that  may be  required  is  now essential  for  effective  preparation  of  EU 
member state National Energy and Climate Plans (NECPs) that “contribute to fulfilling the 
[temperature]  objective  of  the Paris  Agreement”  (EU 2018,  Article  15:3(b)).  Policy and 
investment implications for mitigation rates, energy infrastructure and negative emissions 
technologies are given based on these modelled scenarios. Although feasibility, economic 
costs and tradeoffs of NETs deployment remain very uncertain, in a context of effective 
policy  commitment  to  substantial  NCQ  overshoot,  these  issues  are  already  critically 
important for effective evidence-based policy making.
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3. Modelling tools: use, findings and discussion

3.1 EnergyPLAN and the “Green Plan for Ireland”

3.1.1 Key points
EnergyPLAN model: 

• Free to use, but not open source and having limited support for NETs.

• Using EnergyPLAN,  the  Green  Plan Ireland targets  a  “100% renewable  energy 
system”, achieving effectively nett zero annual CO2 emissions by 2050 via 7 steps 
in energy system transformation (Connolly and Mathiesen 2014).

Findings:

• Baseline calibration of deep decarbonisation was carried out through validation of 
the Green Plan Ireland outputs and adding cumulative CO2 analysis relative to the 
NCQ. Carbon commitment analysis of a hypothetical scenario of implementing the 
Green  Plan  steps  in  5  year  increments  shows  that  all  Green  Plan  steps  are 
essential for decarbonisation (nett zero annual emissions) of the full energy system, 
including heat and transport. However, this sequence, with the hypothesized timing, 
still leads to very significant NCQ overshoot by 2050.

• Large  scale  offshore  wind  energy  build-out  and  concurrent  deployment  of 
electrofuels to use and store excess energy at times of energy overproduction are 
particularly critical to reaching nett zero or marginally nett negative emissions.

• The prudent, Paris-aligned Irish NCQ is likely to be greatly exceeded unless power-
to-synfuel (P2X) technology is deployed and available at scale to facilitate large 
scale, inter-seasonal storage, along with rapid integration of these fuels into efficient 
use pathways, whether through electrification or otherwise. 

• Early  investment in  electrofuel  development  to  deliver  supplies  of  synthetic  fuel 
would be necessary to  further  reducing scenario  cumulative emissions (i.e.,  the 
extent of NCQ overshoot). 

3.1.2 Overview

The  EnergyPLAN  modelling  tool  was  developed,  and  is  maintained  and  updated,  at 
Aalborg University, Denmark.  It  may be used free  of  charge and is  available  via  free 
weblink download5.  It  is distributed in executable form for Microsoft Windows platforms 
only (closed source).  EnergyPlan is an "energy balance" tool:  given an energy system 
configuration  (supply  sources,  conversions  etc.)  and  demand  profile  time  series,  it  
determines a specific dynamic operation of that system, over time, to meet that demand 
profile. Assuming that that can be done at all then, in general, there will be many different 
possible solutions (many different ways of operating the same system to meet the given 
demand)  and  EnergyPlan  selects  or  determines  one  particular  such  solution  that  is 
“optimal”, evaluated from a “socio-economic perspective”  – accounting for energy cost, 
jobs created and national balance of payments (Connolly and Mathiesen 2014, p. 10). It 
provides a user friendly energy system scenario tool enabling development and analysis of 
energy system transition steps generally oriented toward a 100% renewable final energy 

5 https://www.energyplan.eu/ 
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system. The tool is well documented  (Lund 2017), includes a technology cost database 
(Connolly  2015) that  is  regularly  updated,  and is  supported  by  training  exercises  and 
videos available at the EnergyPLAN website. 

In use, a modelled configuration runs very quickly and balances electricity and energy use 
for a single year on an hourly basis,  outputting detailed charts showing electricity grid 
balance,  gas  and  district  heating,  and  data  giving  annual  emissions  and  estimated 
levelised system costs.  A user  first  defines the initial  energy system configuration and 
costs for primary energy supply and sectoral demands and then the model output can be 
validated against available energy balance data. The user can then define a series of 
plausible scenario steps in a transition pathway to 100% renewables which can each then 
be run to examine the emissions, energy supply-demand balance and the system capital 
and expenditure costs for each step. Scenarios, composed of a series of steps (defined 
sets of  applied measures),  can then be compared to examine different  options on the 
basis of cost, energy mix and annual emissions pathway. Based on the applied measures 
in a step, EnergyPLAN evaluates the annual energy balance, and calculates the costs 
(capital and operating) and emissions related to the system. In the case of the Green Plan 
Ireland scenario, other than completing a transition to a 100% renewables-based energy 
system (with limited bioenergy) by 2050, no specific timeline is specified between the sets 
of input parameters for a single year step in EnergyPLAN scenario modelling so it is up to 
the  user  to  set  out  a  plausible  pathway  storyline  and  timing  for  achievement  of  the 
scenario steps. 

3.1.3 User Notes 

The primary objective of producing a 100% renewable energy system – without requiring 
nuclear energy – underpins the design of  EnergyPLAN. Modelling of fossil  fuel  power 
stations is therefore simplistic and nuclear energy is absent whereas analysis for district 
heating and electrofuels have greater detail. The most time consuming stage in modelling 
is entering data and nation-specific costs for the reference year and verifying that running 
this  EnergyPLAN reference model  outputs data that  match the actual  reported energy 
balance and emissions of the existing energy system. Once this model basis is set up,  
adjusting inputs and running the model is straightforward and execution time is short.

The main disadvantage of EnergyPLAN is that it is a closed source model that cannot be 
altered to enable investigation of options not yet included. Analysis of systems including 
CCS is currently limited by having highly simplified input parameters defining total tonnes 
of CO2 stored per year and the average energy penalty in MWh/tCO2 for storage. This 
means, for example, that no distinction can be made between CCS storage requirement or 
energy penalty for different fossil fuels or bioenegy fuels, or different end use requirements 
(e.g.  heat  vs  electricity  generation).  Definitions  of  fuel  CO2 intensity  are  limited  to 
predefined options, making it difficult to define new NETs – such as DACCS, EW, BC, or 
different forms of BECCS. 
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3.1.4 Timeline and CO2 analysis  

Connolly  and  Mathieson  (2014) sets  out  a  set  of  seven  scenario  steps  which  would 
sequentially constitute a possible energy system transition pathway to 100% renewable 
energy for Ireland, with a notional completion date of 2050. For comparability in terms of 
system cost each step is set up to meet a similar overall energy demand in order to focus 
primarily  on  the  energy  supply  side  of  the  system.  Each  such  scenario  step  is 
independently  configured  and  modelled  using  EnergyPLAN,  against  the  fixed  energy 
demand profile. The discrete scenario steps  making up the complete transition scenario 
are: 

1. Reference energy system based on forecast 2020 energy demands for Ireland and 
including 14 TWh y-1 of primary energy supply from wind.

2. Large scale introduction of district heating in areas of high heat demand density.
3. Heat pumps replace coal and oil residential heating and are added to the district 

heating network, increasing the flexibility of the grid to allow greater wind power 
integration.

4. Electricity grid regulation enabled by high energy system flexibility (heat pumps and 
increased energy storage) allows thermal power plants to shut down completely 
when  variable  renewables  provide  all  required  electricity.  Wind  primary  energy 
increases to 30 TWh y-1.

5. Demand  side  management  and  high  penetration  of  electric  vehicles  increasing 
domestic load flexibility; 80% of private cars are electric. Electricity fixed demand 
drops from ~27 TWh y-1 to ~24 TWh y-1 as a result of configuring 3 TWh of flexible 
demand. Transportation electricity demand is 13 TWh y-1. Wind energy increases to 
36 TWh y-1.

6. Synthetic  gaseous or  liquid  hydrocarbon  fuel  production  (methane,  methanol  or 
dimethyl ether), particularly for heavy transport. The synthesis pathway is based on 
electrolysis to produce hydrogen, which is combined with CO2 derived from biomass 
(thus, captured from atmosphere). This synthesis requires sufficient “excess” wind 
power to provide low carbon electricity but this system change gives excess wind 
and solar  power  access  to  chemical  energy storage  enabling  greatly  increased 
indigenous energy security. Wind primary energy increases to 93 TWh y-1 with large 
scale deployment of offshore wind energy.

7. Using  further  excess  VRE,  additional  bio-methane  and  synthetic-methane 
(“synthetic natural gas” or SNG) is used in high temperature heat in industry and for 
thermal electricity plants during periods of limited variable renewable generation. 
This step is the most uncertain, both in terms of pathways to achieve production 
and  relative  to  other  storage  technologies.  Wind  primary  energy  increases  to 
129 TWh y-1 with very large scale deployment of offshore wind energy.

For  the  synthetic  liquid  and  gas  production  in  Steps  6  and  7,  an  Electrofuels  tab  in  
EnergyPLAN  specifies  the  availability,  energy  intensity  and  costs  of  fuel  production 
including:  plants  producing  hydrogen  and  processing  biomass,  CO2 hydrogenation, 
hydrogenation  from gasification  gas and hydromethanation,  and chemical  synthesis  of 
liquid fuels (Lund 2017 Section 4.2.6.4).
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Connolly and Mathieson do not set out a detailed timeline for these energy transition steps 
other than starting in 2020 and ending in 2050. Therefore, to provide a baseline calibration 
of deep decarbonisation timing for Ireland, here we use the EnergyPLAN model and the 
Green Plan scenario  steps to  show a possible  pathway relative  to  the prudent  Paris-
aligned quota. The aim is not to evaluate the feasibility of the Green Plan itself but simply 
to  evaluate the  cumulative  emissions outcomes and implications under some example 
timeline assumption. The source data for the seven steps in  (Connolly and Mathiesen 
2014) was obtained from the Green Plan Ireland website6 and first validated against the 
stated results. Only minor differences were found so the data sourced online does closely 
match the results of the published paper.

Figure 3-1 shows the annual emissions pathway resulting from fully accomplishing each of 
the transition steps in 5-year increments from 2015 to 2050, assuming that 2015 to 2020 
emissions are flat at the Step 1 level of just over 38 MtCO2 per year from energy use and 
cement  production.  Drawing  a  straight  line  between  each  of  these  annual  emissions 
sample points then gives this possible Green Plan emissions scenario pathway to 2050. In 
the final step, annual CO2 emissions do reach nett zero in the emission values (allowing 
for the embodied bioenergy “credit” for CO2  removal from atmosphere in photosynthesis, 
with minor correction to account for energy imports/exports in the form of electrofuels). For 
comparison, the dashed green emission pathway shows a hypothetical  constant 10% y-1 

emissions reduction from 2015, a rate which would then have been in line with limiting to 
the Paris aligned (Low-GCB-pop) NCQ without overshoot. As shown in Figure 3-2, we can 
then sum CO2 emissions cumulatively starting in 2015 and adding each year of emissions 
(from the values in the annual chart, Figure 3-1) to get total cumulative emissions to 2050. 
For the pathway shown, the annual emissions from 2015 to 2050 add up to cumulative 
CO2 calculated as just over 1000 MtCO2, or about 900 MtCO2 using the corrected values.

6 http://dconnolly.net/greenplanireland/
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Figure 3-1: An annual CO2 emissions pathway of Energy Plan outputs for the Green  
Plan  (Connolly  and  Mathieson,  2014)  assuming  5  year  increments  between  full  
achievement of each stage.

Figure 3-2: Cumulative emissions for the Connolly Green Plan scenario in 5 year  
increments between the defined steps,  compared to a hypothetical  Paris aligned  
(LowGCB:Pop) NCQ exponential emissions reduction pathway (no quota overshoot)
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3.1.5 Discussion

As Figures 3-1 and 3-2 show for the Green Plan Ireland scenario, in 5 year steps, this 
apparently extremely ambitious scenario does achieve very deep emissions reduction by 
the final stage in 2050. Annual emissions do reach net zero and cumulative CO2 therefore 
reaches  maximum  overshoot  (carbon  debt)  just  before  2050.  However,  as  shown  in 
Figure 3-2,  cumulative  emissions  go  well  above  the  estimated  NCQ before  2025  and 
maximum overshoot is ultimately of the order of 350 to 400 MtCO2. This is similar to the 
maximum technical potential for territorial negative CO2 emissions to 2100 for Ireland as 
estimated in McGeever et al. (2019). Therefore, following such a pathway would represent 
an  implied  commitment  for  Ireland  to  achieving  these  very  high  levels  of  negative 
emissions (CO2 removal and storage), using what are currently speculative technologies in 
terms of both cost and performance with large implications for land use area needed, for 
example  to  produce  energy  crops  for  bioenergy  with  carbon  capture  and  storage 
(BECCS). Conversely, given the imminence of NCQ overshoot, cost effective Paris-aligned 
mitigation  is  likely  to  require  significant  near-term  investment  in  NETs development, 
including the enabling technology of CCS, as well as the electrofuel synthesis and storage 
facilities  required to  enable  full  decarbonisation via  (largely)  variable renewable  (wind) 
energy supply. This CCS capacity might need to be prioritised for bioenergy rather than 
abating interim fossil fuel emissions (the so-called “fossil fuel bridge” model) so that nett 
negative emissions on a national level can be realised as early as possible. 

Of course, it is possible that the Green Plan Ireland steps, as defined, could be planned to 
overlap in time and/or begin much earlier in terms of investment and achievement so that  
the decarbonisation pathway followed in Ireland’s ‘low carbon transition’ is far closer to the 
required target path. Critically though, it is the final two steps that have the largest effect 
on total energy system emission reductions. This suggests that, in parallel with complete 
achievement  of  the  other  key  steps,  early  investment  in  research,  development  and 
capacity building for synthetic fuel production facilities and distribution – including planning 
additional wind and solar energy to provide the required zero carbon energy – might need 
to be a critical focus for mitigation planning, in order to incorporate these key changes as 
early as possible in the energy system transformation, thus yielding the maximum impact 
on  cumulative  CO2 emissions.  It  is  evident  from  the  charts  that  early  and  sustained 
mitigation effort to restrict unabated fossil fuel use is needed to limit the rapid exhaustion 
of the carbon quota due to ongoing high emissions. The Green Plan only looks at energy  
supply to meet current sectoral demands, so near-term measures that achieve real cuts in 
absolute demand would greatly assist. Energy efficiency may help here, but only if carbon 
pricing or supply regulation is sufficient to eliminate rebound effects due to spending of 
cost savings. Immediate phase-out of the most carbon intensive fossil fuels in electricity 
production (peat and coal) would also provide an important early benefit. 
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3.2 Anthem: A novel carbon-based-energy supply model

3.2.1 Key Points

Summary:

The Anthem model, developed specifically within this project, informs timing and depth of 
CO2 options based on decarbonisation aligned with Ireland’s share in meeting Paris limits.

• Anthem is limited to analysis of primary energy supply (PES). It does not attempt to 
model energy transformations or final consumption (requiring additional modelling 
of demands, losses and efficiencies). It is not intended as an energy balance model 
(where  primary  supply  would  be  constrained  to  meet  consumption);  rather  it 
attempts  to  quickly  identify  an  upper  limit  on  specific  forms  of  primary  supply, 
constrained by cumulative CO2 emissions (in the form of an NCQ).

• The model allows for rapid analysis and charting of primary energy and process 
CO2 emissions scenarios including fossil fuels and bioenergy, with or without CCS 
and NETs. 

• LULUCF  emissions  are  also  coarsely  modelled  to  show  scenario  LULUCF 
cumulative CO2 claim on the NCQ to 2100. 

• Anthem can  easily  be  adapted  for  energy  analysis  of  any  nation  or  region,  or 
globally.

• Anthem provides clarity in showing how a cumulative CO2 quota equates to a limit 
on total future unabated fossil fuel use and in designing alternative primary energy 
scenarios. 

Findings:

• Delaying fossil fuel reductions (including oil and gas) increases required mitigation 
rate  with  more  difficult  economic  and  societal  impacts,  and  decreases  cost 
effectiveness.

• Continued high fossil fuel use is rapidly depleting Ireland’s remaining CO2 quota, 
entering carbon debt c. 2023. Use of a ‘gas bridge’ transition, with increased use of 
fossil gas to replace other fossil fuels does little to ensure decarbonisation at the 
rate now required to limit emissions to manageable overshoot. Limiting unabated 
fossil fuel use is critical to limiting overshoot and reducing the tacit carbon dioxide 
removal (CDR) requirement.

• In land use, policy needs to aim for continual increase in land carbon stock (not just  
temporarily  increased  annual  sequestration  rate).  Protection  of  existing  carbon 
stock in peatlands, organic soils and forest is important to allow greater CO2 quota 
to be made available for energy use.
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• All CCS-based scenarios potentially demand substantial CO2 storage: 10-20 MtCO2 

y-1;  up  to  cumulative  1000 MtCO2 by  2100.  Territorial  CCS  storage  limits  need 
further  detailed  assessment.  From  the  point  when  the  NCQ  is  exhausted,  an 
amount of CO2 equal to all further CO2  production from fossil fuel combustion, and 
from industrial processes such as cement manufacture, will ultimately have to be 
consigned to geo-storage (whether mediated through immediate capture at the time 
of  production  via  FFCCS,  or  delayed/displaced  removal  from  atmosphere  via 
BECCS or otherwise). 

• Using Anthem illustrates how bioenergy “sustainability” (by assuming bioenergy is 
carbon neutral) is critical to high bioenergy scenarios as bioenergy emissions and 
corresponding allowable CDR credit strongly affect nett PES CO2 emissions. 

• Projection  of  strong  growth  in  indigenous biomethane  production  could  make  a 
limited  positive  contribution  to  mitigation  but  scenarios  need  to  include  robust 
lifecycle emissions assessment, accounting for potential additional upstream N2O 
emissions from increased fertilizer use and residual or fugitive methane emissions 
from anaerobic digestion (AD) plants. 

• Within  a  fixed NCQ,  and for  any given cumulative  bioenergy resource such as 
forestry, the maximum total primary energy availability results from ring-fencing that 
resource  for  BECCS.  Once  quota  overshoot  is  fully  reversed,  associated  CO2 

removal could then be allocated to offset continuing FF combustion; the primary 
energy effect will be maximised if the latter is further limited to FFCCS use.

Anthem is implemented natively as a cloud-based, cross-platform, spreadsheet tool, using 
the google apps platform. The Google Sheets for each of the Anthem scenarios presented 
here are available via the links in Appendix B.

3.2.2 Motivation

Creating a new tool was found to be necessary to the Work Package 4 research objectives 
because available and accessible energy system modelling tools did not allow rapid or 
transparent  modelling  of  the  cumulative  CO2 outcomes  of  different  primary  energy 
pathways to  measure  the  responsibility  for  global  warming relative  to  meeting  a fixed 
cumulative quota (NCQ).  Primarily, a primary energy supply scenario tool was needed 
focussed on carbon-based fuels, both fossil and bioenergy, to show nett CO2 emissions to 
atmosphere, in terms of gross emissions minus gross removals; and nett CO2 geological 
storage requirement for CCS, if any, comprising CO2 stored from fossil fuel combustion or 
industrial processes and CO2 stored from CDR via NETs such as BECCS or DACCS. In 
particular, available model outputs typically lacked the cumulative CO2 data required for 
carbon commitment analysis relative to Paris-aligned national NCQ values to gauge the 
effect of CCS and NETs.  In contrast, the IE-NETs Anthem tool allows rapid development 
and comparison of alternative primary energy supply scenarios, with or without CCS and 
NETs, relative to Paris cumulative CO  emissions quotas that can assist in analysis toward₂  
the National Energy and Climate Plan or in extending other findings from other work.
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Anthem aims to answer questions such as:

• How much primary energy from unabated fossil fuel (FF) and bioenergy fuel (BE) 
could be available while meeting Ireland’s ‘fair share’ national carbon quota of the 
remaining global carbon budget to limit to the Paris temperature goal, without or 
with NCQ overshoot?

• How do different CCS options – FFCCS, minimising fossil fuel plant emissions, and 
NETs such as BECCS, DACCS or EW, resulting in carbon dioxide removal from 
atmosphere  –  enable  alternative  pathways  to  meeting  a  Paris-aligned  NCQ, 
especially if overshoot of the NCQ is already likely?

• How  much  geo-storage  for  CO2 might  be  needed  in  energy  system  pathways 
involving  CCS  for  fossil  fuel  and  industrial  process  emissions  (FFCCS)  and/or 
bioenergy emissions (BE)?

In decarbonisation government-commissioned policy advice to date  (Deane et al. 2013), 
modelling of the long-term decarbonisation of the Irish energy system to 2050 and beyond, 
has relied particularly on use of the Irish TIMES platform (Ó Gallachóir et al. 2012) derived 
from the IEA TIMES model base. This type of modelling can be characterised as following 
‘economy-energy-emissions’ steps in analysis, whereby economic projections of economic 
growth  and  sectoral  energy  demand from today’s  economy act  largely  as  exogenous 
inputs  to  technology  rich  energy  system  models  (specifying  energy-emissions  data, 
learning curves and costs for each technology) within a constrained emissions pathway to 
an end-date target such as an 80% reduction in CO2 emissions by 2050 relative to 1990. A 
(notional) least cost pathway of fuel and technology change over time is then computed by 
the  model  using linear  optimisation  methods.  However, while  this  approach has some 
undoubted strengths, it also has significant limitations. In particular, energy demand and 
primary  energy  supply  are  derived  from  exogenous  inputs  of  extremely  uncertain 
economic  projections  (Millner  and  McDermott  2016),  based  on  general  or  partial 
equilibrium modelling (Pollitt and Mercure 2017), and often on unrealistic “first best” policy 
choices (Strachan and Usher 2012; Li 2017) within a complex technology-rich model, each 
technology and fuel projection itself having very large cost and development uncertainties 
over the time horizons being studied (Stern 2017). 

Furthermore,  if  actual  policy  choices  and/or  economic  circumstances  (with  their 
corresponding  emissions)  do  not  follow  the  previously  modelled  pathways  inputs  and 
emissions, then these models may rapidly turn out not to have been particularly policy 
relevant  to  the  real  policy  outcomes,  although  they  may  well  be  useful  in  ex  post 
comparative analysis. By implication, if the actual pathway that occurs does not follow the 
earlier modelling then either the modelling (combining economic and technological inputs) 
failed to project outcomes correctly or else the policy choices made will not have achieved 
“least  actual  cost”  (or  both).  Analysis  of  outcomes relative  to  the  previously  modelled 
projections may well enable a useful critique of both policy and modelling.

Separately,  it  should  be  noted  that,  compared  to  the  Irish TIMES  analysis  quoted  by 
government-commissioned policy advice  (Curtin  et  al.  2017;  DCCAE 2017),  continuing 
research using Irish TIMES, now constrained within Paris-aligned carbon budgets, shows 
far steeper, near-term nett CO2 decarbonisation pathways for the Irish energy system (Yue 
et al. 2018; Glynn et al. 2018).

The large uncertainties and lack of  carbon commitment  analysis  (summing cumulative 
emissions  and  removals)  in  most  existing  energy  system  modelling  and  projections 
therefore motivated the creation of a new coarse-grained, high-level, modelling tool, limited 
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to  representation  of  primary  energy  from  CO2-emitting  fossil  fuel  and  bioenergy  fuel 
sources only, where CO2 release to atmosphere may or may not be abated by introducing 
CCS and/or CDR (via NETs) into the energy system (and possibly on industrial process 
emissions). This approach complements and extends existing energy system modelling 
and is, in principle, applicable for any nation or multi-nation region, such as the EU. The 
Anthem tool allows investigation of annual and cumulative CO2 emission pathways, and 
cumulative  CO2 (geo-)storage  requirement,  related  to  following  any  primary  energy 
pathway combination of fossil (oil, gas, coal or peat) and bioenergy usage.

3.2.3 Limitations

In contrast to technology-rich, bottom-up, economy-energy-emissions modelling that aims 
to inform how projected energy demands (dependent on exogenous political economic, 
technical and societal assumptions) might be met, Anthem’s emissions-energy approach, 
for primary energy only, is coarse grained and schematic. Nonetheless, we suggest that it 
is  of  definite  and  immediate  physical  relevance  to  examining  alternative  Paris-aligned 
energy futures.  In  particular, this  approach is in  marked contrast to the inherent  deep 
uncertainty of sociopolitical, economic and technology-rich modelling, because it is based 
on primarily on the constrained GCB confidence range for the Paris temperature targets,  
estimated by physical climate science in the IPCC Fifth Assessment report  (IPCC AR5 
WG1, 2013), using models consilient with observational and paleoclimate evidence. This 
provides  a  much  more  physically  robust  exogenous  constraint  for  exploratory  energy 
system decarbonisation modelling. 

In Anthem, the total  annual  CO2 emissions by fuel are given simply by multiplying the 
thermal combustion carbon intensity of each fuel by the (exogenously defined) primary 
energy  total  from  each  fuel  in  each  year.  NETs are  represented  as  energy  sources 
(BECCS)  or  sinks  (DACCS  and  EW)  having  negative  emissions  intensity  (positive 
“removal intensity”) relative to energy flow. This allows exploratory development of input 
scenarios of carbon-based primary energy use, emissions abatement via CCS (including 
BECCS), and technological nett removals (DACCS and EW), all  constrained to meet a 
prudent NCQ, normally within a maximum time horizon of 2100. This enables a simple yet 
informative approach to generating physically constrained energy-emissions pathways. 

By  focusing  on  potential  Primary  Energy  Supply  from  CO2 emitting  fossil  fuels  and 
bioenergy, with or without CCS options, and in the context of the defined NCQ, the Anthem 
analysis projects nett  energy supply from FF, FFCCS and NETs in different archetypal 
scenarios.  It  gives coarse grained analysis  outlining  the  possibility  space of  long-term 
energy and climate plans, including timelines and expected primary energy supply, relative 
to Ireland’s investment and actual delivery of energy options such as FFCCS and BECCS. 
However, as it looks at primary energy supply only and not final consumption, Anthem 
does not give specific insight into the effect of demand side energy system measures such 
as  absolute  constraints  on  specific  activities  or  improvements  in  overall  energy  use 
efficiency (ratio of final consumption of energy or some energy service, to primary energy 
input).

Bioenergy is included in Anthem to explore its role as providing positive, “on-demand”,  
carbon-based energy input with “low” or “zero” emissions (“unabated”, combustion CO2 

released back to atmosphere) or with potentially “negative” emissions (abated via CCS: 
combustion  CO2 captured  before re-release  to  atmosphere,  and  consigned  to  secure 
geological  storage).  In  Anthem,  (as  in  the  IE2050  Pathways  model,  see  section  3.3), 
bioenergy combustion CO2 emissions are added to fossil fuel CO2 to give total gross CO2 

production (pre-CCS, if any) and emissions (post-CCS).  A negative emissions bioenergy 
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credit, balancing bioenergy gross CO2 production (pre-CCS) is also calculated and shown 
in charts. By default this credit fully counts all (and only) the upstream removal of CO2 from 
atmosphere  that  necessarily  took  place  when  the  biomass  was  cultivated,  so  that 
(unabated) bioenergy use would result in nett zero CO2 or be “carbon neutral” overall. In 
reality, bioenergy production  will  be accompanied by  some  upstream GHG emissions, 
such as CO2 from (fossil) energy use (in machinery etc.) and other GHGs such as N2O 
from fertilizer use etc. Anthem does not attempt to model such overall lifecycle emissions 
effects  of  bioenergy  production  in  detail,  but  does  allow  the  bioenergy  credit  to  be 
“derated”  by a single system-wide factor, reflecting  a heuristic  judgement of  such nett 
bioenergy emissions “sustainability”. However, it might be better (conceptually) to address 
this  through  a  "bioenergy production  energy penalty":  that  is,  in  analogy  with  FFCCS 
where the nett contribution to primary energy is less per unit of fuel than for unabated FF. 
DACCS and  EW are  configured  with  a  similar  energy  penalty  (but  making  them nett 
energy sinks) per tCO2 removed.  DACCS also requires geological storage of this CO2 

whereas EW is applied via direct mineralisation at the land surface, and separate provision 
for carbon storage does not arise.

The NETs values used by Anthem for energy in/out and CDR for BECCS and DACCS are 
configured by default as mid-values from the assessment by Smith et al.  (2015)  These 
values have large uncertainties so the effect of BECCS or NETs should be treated with 
due caution. As in many IAMs, BECCS is assumed in the Anthem model to deliver both 
negative  emissions  and  positive  energy  flow  It  is  important  to  note  that  some recent 
research has indicated that, depending on the detailed bioenergy pathway, BECCS may 
take  decades  to  deliver  nett  CDR  and  the  energy  generated  (or  required)  and  nett 
emissions/removals are critically dependent on biomass sustainability criteria. Modelling 
by Fajardy and Dowell (2018) suggests that BECCS plants may not produce useful CDR 
or energy out unless very strict system sustainability and efficiency criteria are applied to 
feedstock sourcing and electricity power plant design, both requiring early and substantial  
investment toward achieving them.

Despite  its  limitation  to  analysis  of  carbon-based primary  energy  only, the  use  of  the 
Anthem spreadsheet model can complement existing energy system models and policy-
based primary energy supply projections by explicitly showing the energy and cumulative 
emissions  implications  of  proposed  fossil  and  bioenergy  use  over  time,  including 
cumulative CO2 storage requirements for CCS. Outputs show the primary carbon-based 
energy  availability  given  assumptions  for  fossil  and  bioenergy  fuel  supply,  CCS 
deployment and CDR/NETs from bioenergy, direct air capture or enhanced weathering.
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3.2.4 Architecture

Anthem is an open source spreadsheet model developed for the IENETS project. Anthem 
in implemented natively in the Google Suite7 cloud-based application environment. This 
supports online, cross-platform, collaborative use and development as well as export to 
Microsoft Excel [.xlsx] and Open Document Format [.odf] for offline use and archival. Note, 
however, that export compatibility is limited, and not all functionality is therefore preserved 
outside the Google Suite environment.

Figure 3-3 outlines the structure of the Anthem model: rectangles show ‘stocks’ of carbon 
and CO2 in the model with arrows showing flows; yellow ovals show user defined controls 
on annual flows, which determine change over time. Supply % change per year by fuel is 
used to input the change in a year of primary energy supply (by fuel) and in industrial  
process emissions, system abatement fraction and CCS capture rate – resulting in CO2 

emissions  and  storage,  including  removals  due  to  BECCS,  DACCS  or  EW.  System 
abatement fraction sets the percentage of all system CO2 emissions that are subject to 
capture. For the fraction that is subject to CCS, the  CCS capture rate enables different, 
system-wide fractional capture rates for different fuels and an average energy penalty is 
also input for each. Both CO2 storage from abated FFCCS energy and CO2 removals sum 
to the permanent (geological) CO2 storage requirement. 

7 https://gsuite.google.com/ 
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Figure 3-3 Architecture and scope of the Anthem model of system emissions and energy  
due to carbon-based (fossil and biogenergy) primary energy supply. Geological storage  
of CO2 is subdivided according to: CO2 removed from atmosphere (BECCS, DACCS),  
counting as negative emissions; and fossil  energy and industrial process CO2  where 
emission to atmosphere has been (partially) avoided, but does not count as “negative  
emissions”.

https://gsuite.google.com/


Of this  total  storage,  CO2 removals (CDR) are the stored CO2 which is  accounted as 
negative emissions (from deployment of BECCS, DACCS or EW), whereas CO2 capture 
refers  to  the  CO2 arising  from abated fossil  fuel  combustion  and industrial  processes 
(particularly cement production) that is diverted from release to atmosphere.

3.2.5 Inputs and use

The main input data used in Anthem are obtained from the SEAI energy balance data for 
Ireland  (SEAI  2018a) and  the  energy  projections  to  2035  (SEAI  2018b).  These  are 
supplemented by data from the EPA reporting to the UNFCCC and emissions accounting 
and projections to the EU. The energy data is collated onto a single worksheet which 
provides the basis for a series of output worksheets for energy and emissions resulting 
from user choices made on a control worksheet, in particular in a ‘dashboard’ area as 
shown in Figure 3-4. The Figure shows the main user input parameter entry area, key 
output data and charts for primary energy (FF+bio). 

Figure 3-4 View of the Anthem dashboard on the Anthem input worksheet.
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Key Anthem inputs and parameters include:

• Land  use  cumulative  CO2 for  2015-2100:  this  is  determined  by  user  inputs  for 
annual  change in  LULUCF  annual  CO2 emissions,  which  implicitly  defines  a 
pathway of absolute annual emissions. In all example scenarios presented below, in 
order to focus on energy alone, a notional land use emissions pathway resulting in  
nett zero cumulative CO2 from 2015 to 2100 has been assumed. However, given 
current projections showing nett positive annual LULUCF emissions of 5 MtCO2  y-1 

in  2015,  and continuing  to  rise,  this  outcome of  “within  sector”  cumulative  CO2 

balance  would  already  be  very  difficult  to  achieve.  In  effect  it  is  assigning  an 
immediate (as of 2015) and growing “carbon debt” to the LULUCF sector, but then 
assuming that that debt can be “fully discharged” by compensating cumulative nett 
removals and storage, all within this sector, no later than 2100. However, this might 
become feasible with strong policies to cut gross emissions from land drainage and 
peat extraction, and to boost gross removals by Afforestation and Reafforestation 
(AR) and subsequent retention/storage (suitably monitored and verified) in biogenic 
stocks (biomass and soil) and/or Harvested Wood Products (HWP).

• Fossil gas (methane) is assumed as the only ongoing candidate for use in FFCCS 
in each of the representative scenarios, as it is the lowest emissions intensity fossil  
fuel and the technically simplest and most effective for combination with CCS. In 
principle, CCS could be retrofitted to at least some of the existing stock of combined 
cycle gas turbine (CCGT) electricity generating plant already in operation (avoiding 
or minimising some asset stranding). Thus, it  yields an  upper bound for FFCCS 
primary energy availability within any given emissions constraint. Use of other fuels 
might conceivably be preferred in practice on grounds of diversity/security of supply 
or  market  cost  (exclusive  of  externalities):  but  this  would  still  always  mean 
accepting lower total primary energy availability from FFCCS for any given NCQ 
constraint. Yes/No options enable aviation fuel, bioenergy or non-bio renewables to 
be set to zero to exclude them from analysis. 

• Bioenergy “sustainability” is set to a default value of 100%: this means that the CO2 

emissions  “credit”  (removals)  allocated  for  any  given  quantity  of  bioenergy  fuel 
production is made exactly equal to the CO2 produced on use/combustion of that 
same material (upstream of CCS, if any). This effectively stipulates that unabated 
bioenergy  use  would  be  “carbon  neutral”  (zero  nett  CO2  emissions  across 
production and use). This generally reflects existing national and EU energy system 
emissions accounting. In practice, production of bioenergy materials is likely to give 
rise to ancillary upstream GHG emissions,  indirectly  through energy use in that 
production  sector  and  directly  through  additional  fertilizer  use  (giving  rise,  in 
particular, to N2O emissions). As these upstream emissions would not be otherwise 
captured  or  reflected  in  Anthem,  their  effect  can  be  explored,  albeit  somewhat 
crudely, by reducing the bioenergy “sustainability” parameter below 100%. In effect 
this would stipulate that the nett CO2 removals (or CO2e removals, if attempting to 
factor in N2O effects also) or “bioenergy credit” associated with any specific quantity 
of bioenergy fuel falls short of the CO2 that will  be reconstituted when the same 
quantity of bioenergy is used: so that unabated bioenergy use still results in some 
specified  level  of  positive  nett  emissions,  rather  than  being  carbon  neutral. 
Nonetheless, for the specific scenarios reported below, this parameter is left at its 
default setting (100% bioenergy credit).
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Figure 3-5 Screen shot of Anthem dashboard, user input grid (green) for fuel, CCS and  
land use by individual year (shown up to 2030 but grid inputs enabled up to 2100).

As shown in Figure 3-5, a user input grid just below the charts, allows user defined inputs 
specifying  the  year-on-year  fractional  change, separately  for  each  year,  from 2015  to 
2100, for each of the following input factors:

• System-wide supply for each fossil and bioenergy fuel type;

• System-wide percent CCS abatement by fuel or process;

• CCS percent capture rate by fuel type or process, for those plants that are subject 
to CCS  [example scenario default 95%];

• System-wide supply non-bio renewable energy [turned off in example scenarios] 

• Percent CCS energy penalty [in example scenarios default used is 20%].

LULUCF CO2 year-on-year change can also be specified for each of the seven UNFCCC 
categories,  the  most  substantive  being:  emissions  from  Grassland  and  Wetlands; 
removals in Forest Land and HWP. As already noted, in the example scenarios below, 
values have been adjusted to achieve a nett zero cumulative CO2 from LULUCF for the 
period  2015-2100,  leaving  the  full  NCQ  available  for  energy  and  process  emissions 
allocation.
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3.2.6 Land use (LULUCF)

For  this  project,  Anthem  is  particularly  used  to  model  energy scenarios  aligned  with 
meeting a specified NCQ, generally within a time horizon of 2015-2100. By definition, the 
NCQ includes nett cumulative CO2 from all anthropogenic processes within the relevant 
(national) territory. Therefore a simple representation of land use emissions and removals 
is also incorporated in Anthem. For the purposes of  the example scenarios discussed 
below, the Anthem land use model is intentionally set up to hypothetically achieve net zero 
cumulative land use CO2 emissions over the time horizon, starting from the 2015 reported 
actual land use gross CO2 emission and removal values. This is a significant assumption, 
made simply to allow exploration of an  upper bound allocation of 100% of the available 
NCQ  to  energy  and  process  emissions,  assuming  that  it  will  be  difficult  (though  not 
impossible) to achieve cumulative nett-zero or nett-negative land use CO2  emissions in 
LULUCF over the period 2015-2100. It would require very significant changes in land use 
policies: limiting future peat extraction and organic soil carbon losses, and limiting timber 
harvest rates, while increasing long-term forest and woodland carbon storage. 

In theory, with even stronger policies, nett negative cumulative land use emissions could 
possibly  be  achieved,  actually  increasing  the  allowable  CO2 quota  available  for  other 
sectors (even above 100% of the NCQ). However, the existing policy situation is as shown 
in  Figure 3-6,  which  charts  LULUCF  historical  inventory  reports  (EPA  2017),  and 
projections  based  on  current  policies  (EPA 2018).  The  projections  indicate  that  gross 
emissions  will  continue  largely  unchanged  at  a  level  of  about  9 MtCO2 y-1 and  gross 
removals (via forestry in particular) will decrease, at least up to 2030, so that nett annual 
LULUCF emissions may actually increase from 4 to 6 MtCO2 y-1 over the next decade. 

Figure 3-6 showing EPA data for past and projected annual LULUCF total CO2  

gross emissions, gross removals, and nett emissions.

Figure 3-7 shows the default scenario LULUCF annual and cumulative pathways for 2015-
2100 configured here in  Anthem.  The EPA projections to  2035 for  forestry  gross  CO 2 

removals (decreasing over time) are used but all other substantial inputs are adjusted to 
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yield  net  zero  cumulative  CO2 by  2100.  As  of  2015  the  land  use  sectors  producing 
significant CO2 gross emissions are Grassland (from drained organic soils) and Wetlands 
(especially peat extraction for horticulture and cattle bedding: note that peat  combustion 
emissions are accounted in the energy sector, rather than LULUCF). The only LULUCF 
sector potentially enabling significant physical CO2 removal from atmosphere is forestry; 
though in technical inventory reporting this also interacts (through harvest) with carbon 
transfers from the forestry sector to the notional “harvested wood product” sector. In the 
default scenario, near-term mitigation policies are presumed to stop and reverse organic 
soil drainage (by rewetting Grassland) and Wetland peat extraction is cut by more than 
50% by 2035. After 2035, afforestation with limited harvest enables steady growth in gross 
removals.

3.2.7 Baseline scenarios

As a baseline for  comparison with  the Anthem deep decarbonisation scenarios  in  the 
following section (that are constrained by meeting the Paris-aligned NCQ), this section first  
looks at cases that are not constrained to meeting the NCQ, specifically taking account of  
recent policy projections contained in the current Draft National Energy and Climate Plan,  
or NECP (DCCAE 2018). The Draft NECP shows four energy scenarios (including aviation 
and shipping fuel energy), labelled NECP-1 to NECP-4, for the period up to 2040, with the 
variations reflecting distinct oil price and mitigation ambition level assumptions. Appendix A 
presents a detailed emissions analysis for these scenarios, based on the total  primary 
energy demand by fuel given in Figures 22 to 25 of the NECP,   Figure A-1 shows total 
annual  fossil  energy  CO2 and  Figure A-2 shows  total  cumulative  fossil  energy  CO2. 
Despite currently proposed measures, NECP-3 slowly but steadily increases annual fossil 
energy emissions up to 2040, failing to achieve any decarbonisation relative to 2015. The 
NCQ is already overshot by 2024 and the rate of increase in cumulative CO2 over time 
actually increases so that the cumulative curve does not show any levelling out at all (as 
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Figure 3-7 LULUCF annual (left) and cumulative (right) CO2 emissions and removals for  
the default Anthem LULUCF scenarios, configured to achieve nett zero cumulative within 
by 2100. 



required  to  limit  carbon  debt),  already  reaching  1080 MtCO2 by  2040.  As  shown  in 
Figure A-2,  although  NECP-2  does  achieve  limited  reductions  in  annual  emissions  by 
2040, its cumulative CO2 carbon commitment is still little better than flatlining all fossil fuel 
use  from 2015.  Of  the  scenarios,  NECP-3  (low  oil  price,  existing  measures)  has  the 
highest  emissions  and  NECP-2  (high  oil  price,  additional  measures)  has  the  lowest. 
Arguably, NECP-3 therefore represents a possible “worst case” energy emissions scenario 
based on current DCCAE analysis of national policy. 

Figure 3-8 gives Anthem output charts for NECP-3 including fossil and bio- energy primary 
energy supply (PES), annual CO2 and cumulative CO2. For comparison, the NECP-3 PES 
subchart also includes the previous EPA projections for WEM and WAM fossil energy to 
2035 (EU 2017) versus the higher energy use in NECP-3, where fossil energy rises to 187 
TWh y-1 and total PES to nearly 200 TWh y-1. As shown in the annual emissions sub-chart, 
coal use decreases steadily to near-phaseout by just after 2030, peat is phased out at the 
same time, oil  use increases and then stabilises from 2025 onward and fossil  gas use 
doubles between 2015 and 2040. Bioenergy increases to about 15 TWh y-1 by 2020 and 
decreases slightly after 2030 due to closure of projected peat/bioenergy co-fired electricity 
plants.

Figure 3-8 Anthem charts  for  NECP-3 scenario  (low oil  price,  existing  measures)  for  
2015-2040, from fossil and bio energy data given in the Draft NECP (DCCAE, 2018).  
Charts include international aviation and shipping fuel. Primary energy supply subchart  
(left) also shows WEM and WAM fossil fuel projections from EPA MMR submission (EEA,  
2017). The black lines in these charts correspond to the NECP-3 lines in Figures 3-9 and 
3-10.
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The following two charts show two hypothetical scenarios in both of which total annual 
fossil primary energy use flatlines at the 2019 level from 2020 onward, coal and peat are 
phased  out  by  2020  and  bioenergy  use  increases  to  over  42 TWh y-1,  its  estimated 
indigenous potential by 2050 (Deane et al. 2013, p. 6). The first of these, Flatline-2020-Oil-
Gas (Figure 3-9), assumes oil and gas use separately flatline at their projected 2020 level. 
The  second, Flatline-2020-Gas-Only (Figure 3-10),  hypothetically  assumes  that  all  the 
primary energy requirement for oil is entirely substituted by natural gas (the lowest carbon 
intensity  unabated  fossil  fuel).  Although  technically  unrealistic  in  that  timeframe,  the 
purpose of the latter scenario is to delimit the best case (lowest CO2) scenario for use of 
unabated fossil fuel in general compared to flatlining overall energy use while specifically 
maintaining use of oil.

In the  Flatline-2020-Oil-Gas scenario (Figure 3-9), primary energy supply falls at first in 
2020 with the phase-out of peat and coal, but then steadily increases due to increasing 
bioenergy availability. These changes are also reflected in the flatlining annual emissions 
for oil  and gas. Annual gross emissions from (unabated) bioenergy combustion (green) 
add to the gross CO2 emissions (red dashed line). However, a bioenergy credit of negative 
emissions equivalent to the gross bioenergy emissions results in nett zero annual CO2 

emissions for bioenergy and nett total emissions equal to the total aggregate fossil fuel 
combustion and industrial process CO2 emissions. As the cumulative emissions subchart 
shows, even without any use of coal or peat from 2020, the NCQ is exceeded by 2024, 
and  overshoot  then  continues  to  grow  linearly  at  a  rate  of  32.5 MtCO2 y-1,  exceeding 
1000 MtCO2 by 2042. 

In the Flatline-2020-Gas-Only scenario shown in Figure 3-10, the only difference from the 
previous scenario is that oil is phased out completely in 2020 and (unabated) fossil gas 
usage is immediately stepped up to substitute the equivalent energy. This is purely for the 
purpose of illustration to examine the cumulative emissions of natural gas as the only fossil 
energy from the earliest possible date. In practice, constraints of existing infrastructure and 
equipment mean that such a direct fuel substitution, even if  technically feasible,  would 
require a multi-decade transition period. Nonetheless, this scenario is useful in delimiting 
the absolute  best case mitigation outcome from such substitution. As the charts show, 
primary  energy supply  is  unchanged  (by  design),  and  the  flat-lining  annual  emissions 
decrease  from  32 to  28 MtCO2 y-1,  a  saving  of  4 MtCO2 y-1.  However,  even  though 
cumulative oil emissions now flatline after 2020 due to the oil use phase-out, the NCQ is 
nonetheless still exceeded by 2025 and the 2015-2050 emissions are now 1040 MtCO2 – 
with overshoot continuing to escalate nearly linearly without limit. 
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Figure 3-9 Anthem charts  of  Flatline-2020-Oil-Gas scenario  showing oil  and gas use 
flatlining at the 2019 level from 2020 onward, bioenergy increasing to above 40 TWh y-1,  
and coal and peat completely phased out by the beginning of 2020. In each chart totals  
for  NECP2  and  NECP-3  are  shown  for  comparison  with  the  Flatline-2020-Oil-Gas 
scenario.
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Figure 3-10 Flatline-2020-Gas-Only  scenario  to  illustrate  a  hypothetical  case  using  
additional fossil (natural) gas substituting all oil, coal and peat, so that gas supplies are to  
the 2019 level of fossil  energy supply and flatlines thereafter. Bioenergy increases to  
above 40 TWh y- 1, and coal and peat completely phased out by the beginning of 2020.

This  baseline  scenario  comparison  shows  that,  in  itself,  even  unrealistically  fast 
displacement  of  all  other  fossil  fuels  in  favour  of  (unabated)  fossil  gas can yield  only 
marginal mitigation relative to what is required for alignment with the Paris goals. In Irish 
energy policy discussion and analysis there has been a focus on phasing out peat and 
coal usage, often alongside proposals to replace the energy from peat and coal in power 
generation and heating oil used in domestic housing with lower emissions intensity fossil  
gas. However, as these Anthem charts clearly show, rapidly reducing all fossil fuel usage 
including aggregate oil and gas, and acting to enable mitigation measures without delay, is  
required to limit overshoot to a level that might feasibly still be reversed by CDR through 
NETs within a few decades, for example by 2100. It is evident from this coarse grained 
analysis that climate mitigation substantially premised on even the most optimistic “gas 
bridge”  still  commits  to  early  and  rapidly  increasing  NCQ  overshoot;  conversely, 
substantially limiting overshoot suggests that the functioning duration of any such “gas 
bridge” would now likely be so short (less than one decade) as to be irrelevant for further 
practical policy development. 
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3.2.8 Paris-aligned scenarios

3.2.8.1 Motivation and description

Using Anthem allows for modelling the energy and emissions for an infinite range of PES 
scenarios,  therefore  we  have  qualitatively  explored  a  wide  range  of  alternatives.  For 
brevity here, we present the outputs from just four representative scenarios, all under a 
common constraint to meet the estimated Paris-aligned NCQ (378 MtCO2 from 2015) by 
2100. They have been chosen to highlight the key issues in the deep decarbonization 
energy transition  revealed by  use of  this  tool.  The aim is  to  give  informative  findings 
relevant  to  near-term  energy  and  climate  policy  choices  in  the  context  of  good  faith 
participation in the Paris Agreement.

Parameters and assumptions common to all four scenarios:
• All scenarios cover the period 2015-2100 with actual input energy data used for 

2015 and 2016, and projected energy input data for 2017-2019. The scenarios then 
diverge from 2020 onward. 

• Scenarios are compared with each other for each key output: primary carbon-based 
energy supply, annual  and cumulative CO2 emissions, and cumulative CO2 storage 
(primarily referring to geo-storage). 

• All  scenarios  assume  the  same  rising  use  of  bioenergy  up  to  a  maximum 
indigenous level of about 42 GWh projected for 2050. Bioenergy CO2 production 
from combustion (pre-CCS, if any) is assumed to be exactly (100%) matched by a 
bioenergy CDR credit.

• All scenarios must meet the NCQ by 2100 at the latest. (Although this is not an 
explicit  condition of the Paris Agreement the IPCC-assessed IAM modelling that 
forms the “best available science” for the temperature targets is generally based on 
atmospheric CO2 concentration in 2100.)

• All  applied CCS is assumed to operate with a 95% capture rate on all  affected 
carbon-based  fuels  (fossil  and  bioenergy)  and  have  an  energy  penalty  of  20% 
(subtracted from primary energy availability).

The four representative scenarios are distinguished as follows:

• No-Overshoot-No-CCS:  No  temporary  overshoot  of  the  NCQ  (carbon  debt)  is 
permitted, no CCS is deployed and nett cumulative land-based CDR is likely to be 
limited. Given the meagre remaining NCQ and lack of CCS, avoiding overshoot 
therefore implies extremely radical  cuts in  fossil  fuel  use and industrial  process 
emissions (cement production) starting immediately. 

• No-Overshoot-CCS:  Again,  no  overshoot  of  the  NCQ is  permitted,  but  CCS is 
assumed to become available by 2030 immediately affecting 50% of system-wide 
fossil  fuel and bioenergy fuel use, rising to 65% by 2050 (and remaining at that 
proportion  indefinitely  thereafter).  As  with  the  previous  scenario,  early,  radical 
reductions in use of unabated fossil fuel are needed to avoid near-term overshoot. 
As soon as CCS becomes available for abatement and CDR, then fossil (natural) 
gas supply can be ramped up rapidly for energy from FFCCS, with BECCS enabling 
sufficient CDR to prevent overshoot.
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• Overshoot-CO2-80-CCS:  Fossil  fuel  usage and gross emissions are adjusted to 
decrease so that, up to 2050, total energy available follows the fossil fuel energy 
pathway  in  the  Irish  TIMES modelled  CO2-80  scenario  produced  in  support  of 
Ireland’s  NMP  (Deane  et  al.  2013).  This  inevitably  implies  substantial  NCQ 
overshoot that must be reversed by 2100. 

• Overshoot-Delay-CCS: Fossil fuel usage and related emissions continue to 2035 in 
line with WEM projections, and annual emissions are then constrained to met the 
NPP point-in-time target of an 80% reduction in annual energy CO2 emissions by 
2050 relative to 1990, and CCS is taken to be available only from 2050 onward,  
though is assumed to be applied to ~100% of fossil and bioenergy fuel emissions 
immediately  from  that  point  forward.  Again,  this  scenario  inevitably  implies 
substantial NCQ overshoot that must be reversed by 2100. 

3.2.8.2 Annual carbon-based primary energy availability

In  Figure 3-11,  significant  differences  in  PES  over  time  are  shown  between  these 
nominally Paris-aligned scenarios:

• No-Overshoot-No-CCS:  Minimal  remaining  NCQ  as  of  2019  (~210 MtCO2) 
combined with no permitted overshoot and no access to CCS abatement, means 
that absolute fossil fuel use must reduce dramatically from over 150 TWh y -1 in 2018 
to less than 10 TWh y-1 by 2030, with a complete phase out of fossil fuel use by 
2040.  Total  carbon-based  primary  energy  availability  to  the  economy  falls  to  a 
minimum of just ~25 TWh y-1 in 2033 before rising back to the maximum configured 
42 TWh y-1 level of (nominally carbon-neutral) bioenergy by 2050.

• No-Overshoot-CCS:  CCS is  configured to  become available  on  50% of  carbon-
based energy combustion as  early  as 2030 (optimistic,  but  arguably technically 
feasible), but a near-term energy trough in carbon-based primary energy availability 
is again seen. However, from 2030 onward, CCS enables access to energy from 
relatively low emissions-intensity FFCCS and both additional primary energy supply 
and some CDR from BECCS. Given that there is no NCQ overshoot, this CDR is 
fully available to  compensate for the limited continuing emissions from renewed 
fossil  fuel  use  (both  abated  and  unabated).   From 2050  onward  carbon-based 
primary energy (FF+BE+FFCCS+BECCS) can recover to 130 TWh y-1. All residual 
gross emissions from continuing fossil fuel use and FFCCS after 2050 are exactly 
balanced by gross removals via BECCS, that is, this overall energy system has nett  
zero CO2 emissions. If constrained solely by emissions, this configuration can, in 
principle, then continue indefinitely. However, in practice, this would be subject to 
fossil fuel availability (in the face of potential global depletion), and cumulative CO2 

geo-storage capacity etc.

• Overshoot-CO2-80-CCS:  This  scenario  has  greater  total,  unabated  fossil  fuel 
combustion to allow a relatively much more incremental (and delayed)  fossil fuel 
energy descent. This could, inter alia, allow more time for deployment of large scale 
VRE  and  energy  storage  infrastructure.  Carbon-based  energy 
(FF+BE+FFCCS+BECCS)  is  85 TWh y-1 in  2050.  The  tradeoff  for  this  slower 
decarbonisation pathway for carbon-based energy is resultant CO2 quota overshoot 
and the need for correspondingly larger scale CDR to reverse this. CCS is assumed 
to become progressively available from 2030 and as per  No-Overshoot-CCS (but 
unlike the original Irish TIMES CO2-80 energy pathway which incorporates large 
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scale natural gas CCS only from 2040). Some recovery of fossil fuel use in the form 
of FFCCS does become possible, but only at a more limited scale and duration than 
in  No-Overshoot-CCS due  to  the  prior  overshoot  of  CO2 quota.  Any  further 
deployment of FF or FFCCS would require exactly corresponding  additional CDR 
(and CO2 storage) to balance these increased emissions.

• Overshoot-Delay-CCS:  Delaying  significant  fossil  fuel  emissions  reduction  by 
following  projected  WEM  use  of  fossil  fuel  to  2035  increases  the  near-term 
availability  of  carbon-based  primary  energy  but  then  requires  very  severe 
reductions in fossil fuel use from 2035 onward to still meet the NPP point-in-time 
target of an 80% cut in CO2 emissions by 2050 compared to 1990. Total carbon-
based primary energy available therefore falls from over 180 TWh y-1 in 2035 to only 
45 TWh y-1 in 2050, and dropping further to stabilise at ~30 TWh y-1. This is lower 
than the energy from unabated use of the same bioenergy fuel  because of the 
energy penalty in using BECCS (which is required to reverse the quota overshoot).

3.2.8.3 Annual CO2  emissions 

Scenario annual CO2  emissions, by fuel, are shown in Figure 3-12. The annual emissions 
for each fuel are proportional to their total usage based on thermal combustion emissions 
and deployment of CCS if  any. In all  of  these NCQ constrained scenarios, very steep 
reductions in fossil  fuel  energy availability are required from the effective start  date of 
mitigation. Deployment of of CCS needs to be applied on a large fraction of system-wide 
fossil fuel use, and at relatively high capture rates to have a significant effect.

• No-Overshoot-No-CCS: Nett annual CO2 emissions fall  by over 95% by 2030, to 
below 4 MtCO2  y-1 and reach nett zero by about 2040. Gross emissions rise due to 
bioenergy  combustion  but  this  is  balanced  by  the  bioenergy  credit  that  reflects 
removals equivalent to the emissions (by regrowing the biomass).

• No-Overshoot-CCS: Nett annual CO2 emissions fall rapidly to 2030, similarly to the 
No-Overshoot-No-CCS scenario,  but  system-wide  CCS  enables  storage  of 
approximately  half  of  the  bioenergy  emissions  resulting  in  CDR  at  about 
-10 MtCO2 y-1. In the absence of quota overshoot, this is available to balance the 
ongoing  combined  emissions  from  FF  and  the  much  lower  emissions  intensity 
FFCCS (in fact, FFCCS is here producing about 50% more energy than FF). 

• Overshoot-CO2-80-CCS: CO2 emissions still fall quickly from 2019 but less rapidly 
than in the previous cases, reaching net zero just after 2040, and then reaching and 
sustaining nett negative emissions of about -10 MtCO2 y-1 from about 2050 onward. 
Gross FF emissions decline from ~7 MtCO2 y-1 in  2050 to  ~1 MtCO2 y-1 in  2100, 
meaning that  nett  total  emissions are -9 MtCO2 y-1 by 2100 (at  which point  both 
BECCS  and  residual  FF  use  might  be  discontinued  as  the  cumulative  NCQ 
overshoot has been fully reversed).

• Overshoot-Delay-CCS:  Annual  emissions fall  very rapidly from 2035 to the NPP 
target  of  about  7 MtCO2 y-1 in  2050.  FF emissions  are  near  zero  by  2060.  Any 
additional FF energy, even for FFCCS, would require additional BECCS that may 
be limited by bioenergy fuel  availability. Very  large scale (~98%) deployment of 
BECCS is needed from 2050 to provide ongoing BECCS CDR of  -12 MtCO2 y-1 to 
steadily return to the NCQ limit by 2100 through a sustained nett negative annual 
emissions rate of  -12 MtCO2 y-1 until  2100  (at which point BECCS use might be 
discontinued as the cumulative NCQ overshoot has been fully reversed).
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Figure 3-11 Anthem model output showing annual primary energy availability to the economy for the four illustrative scenarios.  
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Figure 3-12 Annual  CO2 emissions by fuel  and CO2 removals for  Anthem NCQ-constrained representative scenarios.  Note that  
“Bioenergy credit” corresponds only to that fraction of BE use where the produced CO 2 is released to atmosphere (i.e., unabated or  
residual after abatement); while “BECCS CDR” represents BE credit corresponding to that fraction of BE use where the produced  
CO2 is fully retained via CCS; so the total BE credit arising in any scenario would be the sum of these two (not shown separately).
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Figure 3-13 Cumulative CO2 emissions and removals for Anthem NCQ-constrained representative scenarios.
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3.2.8.4 Cumulative CO2  emissions

The  scenario  cumulative  emission  pathways  in  Figure 3-13 represent  very  different 
emissions-energy  system  pathway  choices  that  are,  in  large  part,  dependent  on  the 
degree and ambition of early policy intervention:

• No-Overshoot-No-CCS: With  no  overshoot  allowed  beyond  the  NCQ  level,  the 
cumulative CO2 from FF rapidly levels off after 2030 as unabated usage necessarily 
goes to zero and no CCS is available. The only continuing carbon-based PES is 
from (unabated) bioenergy, which stabilises at the maximum indigenous supply and 
is balanced by the exactly corresponding bioenergy credit. 

• No-Overshoot-CCS:  Residual  gross  FFCCS cumulative  emissions increase at  a 
slow rate  to  2100.  The  use  of  BECCS in  this  scenario  enables  ongoing  gross 
removals  to  balance  ongoing  FF+FFCCS  gross  emissions,  allowing  significant 
ongoing  PES  availability  compared  to  the  No-Overshoot-No-CCS  scenario.  Of 
course, this implies a commitment to large scale ongoing CO2 geo-storage, growing 
indefinitely, as well as continued availability (security of supply) of relevant fossil 
gas.

• Overshoot-CO2-80-CCS:  Peak  overshoot  of  390 MtCO2 above  the  NCQ in  nett 
terms occurs around 2047, but additional ongoing gross emissions from FFCCS 
require 620 MtCO2 in carbon debt to be reversed in total by CDR using BECCS. 

• Overshoot-Delay-CCS:  Peak  NCQ overshoot  of  about  740 MtCO2 in  nett  terms 

occurs around 2051 and very limited FF+FFCCS emissions from then onward limit 
the total CDR needed from BECCS to 790 MtCO2.

3.2.8.5 CO2 geo-storage 

Scenario  CO2 storage  and  removals  are  shown  in  Figure 3-14.  In  the  following  text 
summary,  FFCCS includes CO2 stored from carbon capture from fossil fuel combustion 
and  industrial  processes.  In  each  of  the  CCS  scenarios  industrial  process  storage 
accounts for about 90 MtCO2 of this total FFCCS value.

• No-Overshoot-No-CCS: No geological or mineral CO2 storage is permitted in the 
scenario therefore there is zero annual or cumulative CO2 storage. 

• No-Overshoot-CCS: Annual CO2 storage via CCS starts in 2030, rapidly reaching a 
sustained  rate  of  about  -27 MtCO2 y-1 in  total  from  2050  onwards,  comprising 
FFCCS of -17 MtCO2 y-1 and  BECCS of -10 MtCO2 y-1. Cumulative CO2 storage is 
1630 MtCO2 by  2100  comprising  FFCCS  of  ~1000 MtCO2 and  BECCS  of 
630 MtCO2.

• Overshoot-CO2-80-CCS:  Annual  CO2 storage  via  CCS  starts  in  2030,  rapidly 
increasing from -9 MtCO2 to -19 MtCO2 y-1 by 2050 and falling back to -12 MtCO2 y-1 

in 2100, comprising: FFCCS of -9 MtCO2 y-1 in 2050 falling to 2 MtCO2 y-1 in 2100; 
and BECCS stabilising at -10 MtCO2 y-1 from 2050-2100. Cumulative CO2 storage 
by  2100  is  980 MtCO2 y-1,  comprising FFCCS  of  350 MtCO2 and  BECCS  of 
630 MtCO2.
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• Overshoot-Delay-CCS:  Annual  CO2 storage via CCS starts in 2050, immediately 
reaching  -19 MtCO2 y-1 and  sustained  at  -17 MtCO2 y-1 until  2100,  comprising 
FFCCS of -2 MtCO2 y-1 and BECCS of -15 MtCO2 y-1.  Cumulative CO2 storage is 
about  890 MtCO2 by  2100,  comprising  FFCCS  of  110 MtCO2 and  BECCS  of 
880 MtCO2.

Note  that  in  any  system  configuration  with  continuing  CCS,  cumulative  geo-storage 
requirements would still continue to grow indefinitely (linearly, at a stable annual rate) for 
as  long  as  that  configuration  is  maintained.  Strictly  in  terms  of  Paris-aligned  climate 
mitigation, CDR would no longer be needed once the level of cumulative NCQ overshoot 
has been reversed, for example by 2100 as in the above described overshoot scenarios. 

3.2.8.6 Cumulative energy (to 2100)

Figure 3-15 shows cumulative nett  energy pathways for the scenarios over 2015-2100, 
and also the contributions from FF, BE, FFCCS, BECCS and the (negative) CCS energy 
penalty. For comparison with the scenario outputs below, a scenario flatlining fossil fuel 
energy use, with oil and gas use only after a coal and peat phase-out in 2020, would result  
in cumulative nett  cabon-based PES 2015-2100 availability  of  ~14.2 PWh, comprising 
fossil fuel of 11.2 PWh and bioenergy fuel of 3.0 PWh.

• No-Overshoot-No-CCS:  Total  carbon-based  PES  to  2100  is  ~4.4 PWh.  FF  is 
completely phased out in about 2023, after primary energy use of 1.4 PWh in total 
from 2015, leaving only continued BE use at the assumed 42 TWh y-1 maximum 
rate adding up to about 3.0 PWh by 2100. 

• No-Overshoot-CCS:  Nett  carbon-based  PES  to  2100  is  ~9.1 PWh.  FF  use  is 
restricted until CCS becomes available on system CO2 emissions from 2030. Once 
CCS is available FFCCS use increases and BECCS enables ongoing use of FF 
without overshoot even beyond 2100. Cumulative energy values by 2100 are: FF 
3.9 PWh, FFCCS 3.8 PWh, BE 1.5 PWh, BECCS 1.2 PWh and CCS energy penalty 
of -1.2 PWh.

• Overshoot-CO2-80-CCS:  Nett  carbon-based PES to 2100 is ~7.1 PWh. Total  FF 
use  after  2050  is  very  limited  and  FFCCS  use  is  also  restricted  due  to  prior 
exhaustion  of  the  NCQ.  Cumulative  energy  values  by  2100  are:  FF  3.9 PWh, 
FFCCS  1.5 PWh,  BE  1.1 PWh,  BECCS  1.1 PWh  and  CCS  energy  penalty  of 
-0.6 PWh.

• Overshoot-Delay-CCS: Nett carbon-based PES to 2100 is ~7.1 PWh. Total FF use 
after 2050 is very limited and FFCCS use is also restricted due to prior exhaustion 
of the CO2 quota. Cumulative energy values by 2100 are: FF 3.9 PWh, FFCCS 
1.5 PWh, BE 1.1 PWh, BECCS 1.1 PWh and CCS energy penalty of -0.6 PWh.
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Figure 3-14: Anthem model output showing 2015-2100 CO2 storage or nett removals for the four representative scenarios.
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Figure 3-15: Cumulative energy 2015-2100 for the four representative scenarios..
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3.2.8.7 Summary comparison

Figure  3-16 gives a comparative summary of annual and cumulative Anthem outputs for 
2015-2100 energy and CO2 across the four scenarios. For the three scenarios using CCS, 
Figure 3-17 compares annual and cumulative total CO2 placed in storage, comprising total 
CDR from BECCS and total CO2 diverted to geo-storage from fossil fuel combustion and 
industrial processes.

Figure 3-16:  Annual and cumulative comparisons for the four representative scenarios  
and Flatline-2020-Oil-Gas: carbon-based (fossil+bio) primary energy; fossil-only primary  
energy; and CO2 emissions.
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Figure 3-17:  Annual  and  cumulative  comparisons  of  CO2 storage  for  the  three 
representative scenarios that assume use of CCS: left,  showing totals of CO2 stored;  
middle,  showing CDR totals  (from BECCS);  and right,  CO2 captured from fossil  fuel  
combustion and industrial processes.
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3.2.9 Discussion

The  Anthem model  was used here to  assess carbon-based energy availability to  Irish 
society within the stated NCQ constraint (378 MtCO  from 2015). Using Anthem starkly₂  
illustrates the increasingly difficult near-term carbon-based energy choices now facing Irish 
society and the consequences of delayed mitigation action. As the required (exponential) 
nett CO2 reduction rate of -11% y-1 to meet the NCQ was not achieved in 2015 (Price et al. 
2018) and the required rate has escalated non-linearly to a much higher rate since then, 
Ireland  is  now  likely  to  overshoot  the  NCQ  as  early  as  2023-2025.  Primary  energy 
scenarios used in ongoing policy analysis or energy system modelling should therefore 
indicate the amount  and duration  of  overshoot  in  resultant  pathways.  Anthem usefully 
estimates the amount carbon-based energy (unabated or abated) available to society and 
the quantity of CDR required within scenarios constrained by an appropriately specified 
NCQ. This enables exploration of the (highly constrained) range of alternatives meeting an 
NCQ,  which  defines  the  range  of  scenarios  that  might  then  be  considered  for  cost 
effectiveness analysis  (CEA)  relevant  to  climate action  aligned with  meeting the Paris 
Agreement. By definition, scenarios that do not fully reverse NCQ overshoot by a specified 
date (plausibly within  the decadal-scale global  temperature response)  or which do not 
account for the full cost of CDR to do so, would not meet the  “cost effective” criterion.  
Therefore Anthem is useful in defining different Paris-aligned mitigation scenarios in terms 
of energy availability to society, CDR requirements and CO2 storage capacity that would 
then  need  to  be  costed  by  economic  assessments  accounting  for  potentially  costly 
uncertainties. 

As shown by the No-Overshoot-No-CCS scenario, only immediate and severe restrictions 
on unabated fossil fuel supply and process cement emissions could completely avoid NCQ 
overshoot  at  this  point.  The  No-Overshoot-CCS scenario  would  still  require  similarly 
severe  restrictions  on  near-term  carbon-based  energy  availability,  and  assumes 
improbably  early  delivery  of  CCS  at  scale,  for  both  BECCS  and  FFCCS,  to  forstall  
overshoot while still  allowing later recovery of a relatively high level of abated carbon-
based energy. In these two, now-implausible “no overshoot” scenarios Anthem shows a 
severe (likely socio-politically intolerable) ‘trough’ in carbon-based PES availability (see 
Figure 3-11). Conversely, delayed action to reduce gross CO2 emissions, as illustrated in 
the two overshoot scenarios, allows somewhat greater near-term carbon-based energy 
availability, avoiding a discrete supply trough, but still implying historically unprecedented 
rapid and deep reductions in carbon-based energy supply. Given current projections for 
near-term Irish fossil  fuel use  (DCCAE 2018) and cement production, overshoot of the 
prudent Paris-aligned NCQ level is likely before 2025. Immediate near-term and ongoing 
efforts to limit and rapidly reduce all gross emissions to atmosphere (primarily, from fossil  
fuel use but also from cement, bioenergy and land use) will be critically important to limit 
the  level  of  NCQ  overshoot  ultimately  reached  and  the  associated  commitment  to 
significant and costly CDR to reverse it. 

Unabated fossil  fuel consumption uses up a limited carbon quota very quickly. Anthem 
model output for primary energy availability (Figure 3-11) illustrates the NCQ-constraint’s 
tradeoff between using unabated fossil energy over the near-term and using a potentially  
much larger amount of energy from abated FFCCS and BECCS over the longer term.  The 
Anthem output suggests that including FFCCS in national energy and climate plans in fact 
slightly  increases  the  speed  required  for  phase-out  of  unabated fossil  fuel.  Limiting 
unabated fossil fuel use to allow for FFCCS in meeting the Paris aligned NCQ results in a 
large, near-term shortfall in FF energy availability until the energy that would have come 
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from immediate use of unabated FF energy is substituted by a large scale ramp up in 
FFCCS and other low or negative CO  PES (depending on energy demand and energy₂  
balance  requirements  that  Anthem  does  not  address).  In  meeting  the  NCQ,  after 
overshoot,  all  FF  use,  or  FFCCS  (to  a  much  lesser  extent)  requires  subsequent  or 
concurrent CDR to remove all  of  the emitted CO2.  Nett  removals essentially licence a 
corresponding additional amount of FF energy or a far greater amount of FFCCS energy. 
The relationship of available FFCCS energy to remaining CO2 quota is very sensitive to 
the fraction of combustion CO2 captured as given by the equation, E = Q/ρ(1-ε), where E 
denotes energy out, Q is the remaining CO2 quota, ρ is the “raw” CO2 production intensity 
from combustion of the fuel (per unit energy out), and ε is the fraction of the produced CO2 

that is captured and permanently stored (the FFCCS capture fraction ratio). Clearly, if it  
were possible for the FFCCS capture ratio to reach 100% (ε = 1, zero residual emissions 
to atmosphere) then the specific emissions constraint on FFCCS energy availability would 
disappear. Of  course,  other  factors,  such as extra-territorial  upstream emissions in  FF 
production and transport, FF resource depletion and pricing, security of supply risk etc.,  
would then constrain FF supply differently, but outside the scope of the current analysis.  
Somewhat more realistically, the closer the FFCCS capture ratio approaches to 100%, 
perhaps using technology such as Allam cycle power generation (Allam et al. 2014, 2017), 
then  the  FFCCS energy  supply  "bonus"  or  “multiplier”  for  each  unit  of  CO2 removals 
achieved  gets  larger  (tending  toward  infinity  if  the  capture  ratio  could  reach  100%).  
However, even this possibility may be overridden by economic or physical constraints on 
cumulative  CO2 geo-storage.  Therefore,  a  more  critical  parameter  for  distinguishing 
scenarios might well be the system-wide CO2 capture ratio, i.e., the extent to which direct 
FF use can be limited to circumstances where CCS is technically feasible — essentially 
large-scale  point-source  plant:  electricity  generation,  large-scale/high-temperature 
industrial heating or possibly H2 production through steam methane reforming (with zero 
emissions from downstream, distributed/small scale H2 use). 
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3.3 Ireland 2050 [Energy] Pathways Calculator (IE2050)

3.3.1 Key points

Model:
• Derived  from  the  DECC  UK  2050  calculator8,  the  Ireland  2050  Calculator9 (or 

IE2050) is a Microsoft Excel-based model configured for the Ireland context by the 
Irish branch of the Energy Institute.

• Provides a coarse-grained energy-system emissions pathway scenario tool up to 
2050 (including aviation and shipping, and agriculture/land use) with user chosen 
ambition levels for energy supply and demand options (‘levers’).

• Annual  energy  balance  only:  lacks  fine-grained  temporal  electricity  balance 
analysis.

• Key underlying assumptions of indefinitely continuing growth in specific forms of 
material consumption are not accessible to user configuration.

• The time horizon is currently fixed at 2050: significant further development would be 
required to extend IE2050 progressively beyond that horizon.

• While  a web-application of IE2050 offers some schematic  analysis of  estimated 
scenario costs, this functionality is not accessible in the primary, spreadsheet-based 
version.

Findings:
• To enable  carbon  commitment  analysis  and  NCQ  overshoot  risk  assessment, 

annual and cumulative CO2-only output worksheets were added to IE2050.

• Within  the  standard  envelope  of  supply  and  demand  levers  set  to  maximum 
ambition (adjusted downward on supply for bioenergy and up for wind energy), in 
an  As-Supplied scenario it was possible to reach nett-zero annual CO2 emissions 
by 2050 but NCQ overshoot reaches a level of ~200 MtCO2 in excess of the NCQ. 
Irish annual final energy demand decreases from about 130 TWh y-1 (as of the initial 
reference year of 2013) to 73 TWh y-1 in 2050.

• With the same maximum ambition for decarbonised energy supply but extending 
IE2050 to allow deeper and earlier demand reduction, especially in transport, an 
Enhanced-Action  scenario  reduces  Irish  total  annual  final  energy  demand  to 
57 TWh y-1. This scenario restricted overshoot to ~115 MtCO2.

• The  IE2050  Excel  workbook  is  large,  with  complex  interrelationships  making 
recalculation slow and development of new scenarios difficult.

• Characterisation of BECCS appears problematic and increased use of CCS does 
not  appear  to  reliably  deliver  expected  reduced  emissions  in  high  ambition 
scenarios.

8 http://classic.2050.org.uk/ 
9 http://ireland2050.ie/irish-2050-calculator/ 
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• At the highest IE2050 ambition setting, electricity storage is limited to an absolute 
maximum of 70 GWh. Variable renewable electricity generation in excess of this 
buffering  capacity  is  allocated to  export.  Thus IE2050 does not  directly  support 
modelling the use of electrofuels for very large scale (multi-TWh) energy storage 
and  time-shifting.  This  rules  out  investigation  of  the  reciprocal  benefit  of  this 
combination  in  high  variable  renewable  penetration  scenarios  (as  supported  in 
EnergyPLAN) and therefore implicitly  favours high bioenergy pathways for  deep 
decarbonisation.

3.3.2 Description

Ireland 205010 (hereafter  IE2050) is an open source spreadsheet, and set of associated 
web  applications,  developed  by  the  Irish  Branch  of  the  UK-based  Energy  Institute11. 
IE2050 was derived  from an original  UK-focused  tool,  the  UK DECC 2050 Pathways 
calculator and spreadsheet (DECC 2010). Its purpose is to allow a diversity of users, from 
ordinary citizens to energy professionals and policy makers, to explore a wide variety of 
options for achieving deep decarbonization of the Irish energy system. The Irish energy 
balance and mix for 2013 is the reference basis of the IE2050 model. IE2050 pathway 
modelling is structured through a set of “ambition levers”, each typically having three or 
four discrete levels, and each lever representing a distinct sub-sector or aspect of energy 
supply and/or demand. Each lever and level is described in the supporting documentation, 
although the input data and detailed formulae to derive the lever outputs are only found 
within the related sheets in the Excel workbook. Based on the lever settings, the model 
generates a specific pathway for the evolution of the overall energy system for the period 
2015-2015,  with  distinct  configurations  at  5-year  intervals.  In  general,  each  such 
configuration  will  have  a  degree  of  flexibility  of  supply, and  the  model  will  attempt  to  
balance supply and demand on an annual  basis. It  does not attempt to model energy 
balance  at  any  finer  temporal  resolution.  In  the  electricity  sector  in  particular,  any 
aggregate, annual, excess generation (after buffering via energy storage systems with a 
maximum capacity of 70 GWh) is assumed to be exported; conversely, any shortfall  is 
assumed to be met by additional unabated fossil gas generation. 

Two web application versions of IE2050 are available online: a more simplified, high-level, 
My 205012 presentation and the more detailed  Irish 2050 Pathways Calculator13,  which 
most  closely  corresponds  to  the  Excel  model  described  in  this  section.  The  Excel 
workbook version of the  Irish 2050 Pathways Calculator was used in IE-NETS both as-
supplied14 (Energy Institute 2014), and also with some additional worksheets created for 
IE-NETS use to extend it to tabulate and chart annual and cumulative emissions outputs 
for CO2-only. These added sheets enabled emissions-energy comparison of the different 
supply and demand energy scenarios with the EnergyPLAN and Anthem results. 

10 http://ireland2050.ie/ 
11 http://www.energyinst.org/ei-near-me/republic-of-ireland 
12 http://ireland2050.ie/my2050/ 
13 http://calculator.ireland2050.ie 
14 http://calculator.ireland2050.ie/assets/excel/model.xlsx 
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Key assumptions made in IE2050 (that cannot be changed to affect outcomes) include:

• Gross Domestic Product (GDP) rises at an average 2% y-1.

• Population grows by 0.6% per year.

• Housing stock and commercial buildings grow at a rate of 1% per year. 

The  standard  IE2050  Excel  workbook  has  over  50  separate  worksheets  comprising: 
control  and  intermediate  output  data  sheets;  supply  and  demand  sub-sector  sheets 
(including  data  for  lever  options);  data  sheets  for  fossil  fuel  production,  CO2 storage, 
energy transfers and imports; and the annual output sheets at 5-yearly intervals from 2015 
to 2050. For basic usage of the model, the user can simply go to the Control sheet to 
choose the “ambition level” for each supply and demand sub-sector lever. However, it is up 
to the user to make judgements about whether or how these ambition trajectories can 
combine in a plausible or mutually consistent way. On the Control sheet, the predefined 
ambition levels are generically characterised as follows (Energy Institute 2014): 

• Level 1. Very little or no effort, advances toward greater efficiency are purely market  
driven.

• Level 2. This trajectory reflects current trends and achieves targets which require  
medium effort.

• Level  3.  This  trajectory  assumes  significantly  more  effort  is  applied  to  
decarbonisation and reducing energy demand, ambitious targets are achieved and  
medium effort targets are exceeded.

• Level  4.  Extremely  ambitious,  maximum  physical  and  technical  potential.  

On the supply side, IE2050 provides sets of ambition levers for electricity generation and 
bioenergy. Under electricity generation, the levers are for nuclear power stations, CCS 
penetration (of  fossil  fuel  or bioenergy combustion plant),  wind (offshore,  onshore and 
small scale), wave, tidal, solar, hydroelectric, and for bioenergy in electricity generation 
and electricity imports. For overall bioenergy supply, import choices range from 0 to 24 
TWh y-1 in 2050. Indigenous bioenergy supply depends on: the land area dedicated to 
bioenergy (relative to livestock), waste availability, and potential for energy from algae. The 
types of bioenergy fuel predominantly made available to the system can be set as “mixed” 
or mainly one type: solid, liquid or gas. For electricity grid balancing, the highest ambition 
lever allows 5 GW peak power from energy storage and electricity imports; however the 
exact  implementation  and  significance  of  this  is  unclear  within  the  IE2050  context  of  
annual energy balance. However, the documentation refers also to incorporation of a 5-
day “stress test” assessment to determine the potential  need for unabated natural gas 
electricity generation capacity to cover periods of undersupply of variable renewables, in 
addition to meeting the overall annual energy balance.

CCS  enabled  electricity  generation  is  made  available  to  the  system  in  progressive 
ambition levels, up to a maximum of 15 TWh y-1 from five 500 MW power stations (implying 
an average capacity factor of c. 73%), described as “comparable to current [2013] coal 
and gas generation”. The CCS power station fuel mix presents options ranging between 
100% solid fuel (coal and biomass) to 100% gas fuel (fossil  gas and biomethane), the 
proportion of fossil  and bioenergy fuels being dependent on the amount of  indigenous 
bioenergy fuel available. For this project, a separate data table was created to estimate the 
CDR due to BECCS removals on the basis of available CCS and biofuel types.
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Separately, DACCS or “geosequestration” as it  is  termed in IE2050, presents ambition 
levels from zero up to storage of 5.4 MtCO2 y-1.

Demand side mitigation options in  IE2050 are grouped as Transport,  Households and 
Business. In maximum ambition (level 4) for domestic transport by 2050, there is a 1% 
increase in total passenger km, modal share for passenger cars decreases from 83% to 
70% of total passenger-km, all cars are electric (battery or fuel cell) and domestic freight 
increases  by  40%  (rather  than  89%  for  level 1).  In  international  aviation,  for  level 1 
passenger load increases by 150%, with 55% more fuel use, by 2050, whereas for level  4 
there is a 30% increase in passengers with 20% less fuel use overall. No consumption 
variations are presented for international shipping. Residential heating maximum ambition 
by 2050 includes smart meter rollout enabling a 9% reduction in electricity demand, 80% 
of  homes  with  an  A-B2  BER rating,  70%  of  homes  with  heat  pumps  and  significant 
bioenergy and district heating from thermal power stations. A particularly notable maximum 
ambition demand lever assumes Irish industrial output falls by 30-40% by 2050, combined 
with  66%  supply  electrification  and  significant  reductions  in  process  emissions.  In 
commercial energy demand, for highest ambition by 2050, space heating demand reduces 
by 25% (heat pumps and district heating enable this), hot water demand reduces by 10%, 
cooling  demand  by  60%,  lighting  demand  reduces  by  25%,  and  commercial  cooking 
energy demand reduces by 25%.

3.3.3 Use and Limitations

Below we summarise some of the issues and limitations encountered in using IE2050, and 
the way in which some of them were overcome during this project:

• Key economic and population growth assumptions could not be directly changed 
(no  alternative  ambition  settings  offered)  to  investigate  model  behaviour  under 
different economic or population scenarios.

• Although IE2050 is open source, with unrestricted access to the underlying Excel 
workbook,  there  is  extensive  use  of  complex,  multi-layered  data  tables  and 
functions which makes it very difficult to reliably trace specific data relationships. 
The size and complexity of the workbook often made recalculation time excessive, 
particularly  when  experimenting  with  alterations  in  the  model  and  assessing 
changes with more than one scenario-specific workbook version necessarily open 
at any one time.

• When restricted to the choices offered via the preset lever settings, IE2050 usage 
and output is straightforward.  Transferring the list of settings to the online calculator 
enables access to additional charts and a limited level of cost comparison. 

◦ A high ambition  As-Supplied IE2050 scenario was produced using the preset 
supply and demand levers. In this scenario, not all levers are set to maximum 
ambition,  to  reflect  specific  policy  restrictions  on  nuclear  energy  and  some 
additional constraints based on literature estimates.
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• Extending/modifying the workbook to alter assumptions to allow greater freedom in 
trajectory and option choices, or to disaggregate choices, proved difficult due to the 
workbook’s complexity and relative opacity in operation. Altering or extending the 
model structure was awkward due to the complex interrelationships among a large 
number of worksheets. This difficulty restricted practical changes to the details of 
supply  or  demand  trajectories  for  ambition  levers.  In  some  cases  trajectory 
assumptions themselves are subject to a complex matrix of interrelated decisions 
(for  example,  IX.a,  Domestic  space  heating).  These  problems  and  limitations 
restricted the model’s scope, especially with respect to high penetration VRE with 
large scale storage such as enabled by P2X, an option that appears to have been 
severely  constrained  in  IE2050.  Nonetheless,  the  following  were  successfully 
explored:

◦ A high ambition Enhanced-Action scenario shows the effect of increase demand 
side measures in energy sub-sectors, particularly in transport.

◦ An  additional  supply  side  comparison  was  made  to  show  the  IE2050  wind 
energy level for high ambition relative to the SEAI Wind Energy Roadmap (SEAI 
2011).

• IE2050 was designed to target a point in time aggregate GHG (CO2e/GWP-100) 
reduction target (up to 80% by 2050 relative to 1990); whereas the IENETS project  
is particularly focused on achieving nett zero or nett negative CO2 emissions, and 
limiting cumulative future CO2 emissions within a Paris-aligned NCQ. Therefore, to 
facilitate inter-model comparison, an additional worksheet was created to enable 
annual  and  cumulative  CO2 calculations  (exclusive  of  other  GHGs)  and  charts 
showing emission trajectories to 2050.

• The  effects  of  including  CCS  power  stations  and  different  fuel  types  are  not 
structured  to facilitate exploration of maximum nett negative emissions from use of 
bioenergy; indeed, total  emissions can actually rise with increased “ambition” for 
CCS under conditions of high variable renewable penetration.

◦ Tables to estimate BECCS removals relative to bioenergy credit were created. 
However, it did not prove possible to develop robust or consistent analysis of 
this relationship, due to the relatively opaque worksheet interdependencies.

• Some relative cost calculations are presented in the web application version of the 
model,  but  are  not  included  in  the  worksheet  version  (even  though  some 
worksheets relating to cost are present). Accordingly, it did not prove possible to 
interrogate or analyse these notional cost comparisons in a systematic or robust 
way.

• The presentation of data and charts provided with IE2050 is useful but lacks the 
detail relevant to scenarios with high VRE penetration or BECCS. In particular, all 
excess wind, solar or bio-energy is automatically assigned to export  without the 
option  of  storing  the  energy  in  Ireland  for  near-  or  medium-term future  use  to 
displace continuing higher emissions fossil fuel use.
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• Barton et al.  (2017) finds that  the requirements of  system flexibility  and energy 
storage  (including  seasonally)  to  support  continuous  real-time  grid  balancing 
involving increased renewables penetration are considerably underestimated by the 
UK DECC 2050 Calculator (and therefore, presumably, in IE2050 also). Addressing 
this limitation would require much finer grained time resolution, grid modelling and 
detailed technology deployment projections to explore flexibility, energy storage and 
NETs tradeoffs  in  emissions-energy analysis.  IE2050 findings must  therefore be 
considered as only very crudely indicative of the emissions-energy trajectories for 
high ambition measures to decarbonise primary energy supply and reduce energy 
demand. 

Regarding high ambition trajectories, the guidance notes remark that “it is also important to 
bear in mind that the ‘level 4’ (L4) trajectories represent heroic levels of effort or change”.  
This description appears questionable in several L4 cases, particularly in energy supply 
where,  compared  with  published  estimates,  wind  energy  potential  appears  to  be 
underestimated and bioenergy potential appears to be overestimated. Maximum ambition 
wind energy capacity by 2050 is given as 45 TWh y-1 in total:  offshore, 6 GW capacity 
providing  23 TWh y-1 (capacity  factor  of  44%);  and,  onshore,   8.6 GW  delivering 
22 TWh y-1 (capacity factor of 31%). However, this L4 ambition for wind falls well below the 
SEAI  (2011) combined  (onshore  and  offshore)  estimate  of  at  least  140 TWh y-1 being 
possible  by 2050.  Accordingly, in our  work,  the supply side model’s L4 trajectory was 
adjusted, internally to the worksheet, to give an alternative supply side trajectory to match 
the larger SEAI projection of wind energy supply.  

Another option, not explored in the model levers is early closure of peat burning power 
stations before 2030, or reduced use of biomass for power, or the possibility of ring-fencing 
biomass (including  forest  growth)  for  use in  BECCS power  (and heat)  facilities.  In  all 
IE2050 ambition levels, hydrogen is restricted to transport use, reaching 4.8 TWh y-1 by 
2050,  increasingly  produced  by  water  electrolysis  (100% by  2050)  rather  than  steam 
methane reforming, but its production is not linked to excess electricity generation from 
otherwise curtailed or  exported variable renewables (because of  the lack of  high time 
resolution in the model). CCS is not enabled on industrial or cement process emissions in 
any IE2050 ambition level.

3.3.4 Comparing As-Supplied and Enhanced-Action high ambition scenarios 

In this section we discuss, two high ambition scenarios, both using the available set of  
levers, the majority set to the highest L4 ambition level: 

• As-Supplied, predominantly using the L4 trajectories as supplied; 

• Enhanced-Action, where some L4 trajectories were modified internally to increase 
ambition by specifying earlier or deeper actions. 

The Enhanced-Action choices made here to increase mitigation ambition beyond the As-
Supplied  choices  attempt  to  explore  plausible,  but  even  more  challenging  ambition 
alternatives, to examine the effect on emissions. The scenario annual and cumulative CO2 

pathways  are  then  compared with  each other  and  with  a  Paris-aligned NCQ.  On the 
demand side, many of the L4  As-Supplied  trajectories would require significant sectoral 
and policy changes, but transport (personal, freight and international aviation) appears to 
be an exception where it at least arguable that earlier and deeper mitigation action might  
plausibly be possible given strong political and societal will. Therefore a particular focus in 
extending IE2050 was to adjust the transport levers for Enhanced-Action.

51



Figures  3-15 and  3-16 give an energy system supply and demand comparison between 
these  two  high  ambition  scenarios:  As-Supplied in  Figure 3-15 is  compared  with 
Enhanced-Action scenario in Figure 3-16. The following high ambition supply levers are 
not activated in either scenario: 

• CCS power stations: kept at L1 as CCS addition, under conditions of high variable 
renewable  penetration,  may  actually  yield  higher cumulative  CO2 emissions 
(through increased overall fossil fuel use in the mix); 

• Nuclear  power  stations,  kept  at  L1  (none),  to  reflect  the  existing  prohibition  of  
nuclear power deployment in Ireland; 

• Indigenous bioenergy was restricted to L3 to align its maximum output with the Irish 
domestic bioenergy total resource capacity limit of 3747 ktoe (44 TWh y-1) estimated 
by Deane et al. (2013);

• Bioenergy  imports  are  kept  at  L1  to  reflect  a  precautionary  assumption  that 
bioenergy production limits will progressively affect all nations so prudent climate 
policy and energy security should largely restrict bioenergy to indigenous sources 
with short supply chains and high confidence in robust sustainability assessment; 

• Small scale wind, marine algae fuels and electricity imports are set to L1 or L2 to 
focus on larger scale energy sources and to favour indigenous energy security in 
electricity supply, particularly directing attention to the possibility of using indigenous 
surplus electricity for synthetic fuel production in line with the previous EnergyPLAN 
analysis.

Increased demand reduction ambition is particularly reflected in the earlier and deeper 
reductions in oil in primary energy supply. Overall in 2050, the As-Supplied energy system 
requires  73 TWh y-1 compared  to  57 TWh y-1 for  Enhanced-Action. In  both  scenarios, 
electricity “losses” increase after 2030 due to increasing allocation to geosequestration 
(DACCS) energy requirement. For both scenarios, coal and peat are phased out by 2030 
and oil  and natural gas usage decreases rapidly over time to 2050: in  As-Supplied, to 
9 TWh y-1 for oil and 7 TWh y-1  for gas; and in  Enhanced-Action to 4 TWh y-1 for oil and 
3 TWh y-1 for gas. By 2050, bioenergy produces 46 TWh y-1 and non-bio renewables (wind, 
solar  and  environmental  heat)  produce  85 TWh y-1.  IE2050  automatically  allocates 
otherwise  curtailed  wind  and  solar  energy  to  export  (i.e.,  assuming  unlimited  export 
demand): for  As-Supplied this amounts to 18 TWh y-1 and higher in  Enhanced-Action at 
23 TWh y-1.  Potentially  this  electricity  could  instead  be  directed  to  battery  storage 
(including vehicle batteries), pumped hydro, and to heat or chemical storage, including 
synthetic fuel production.
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Figure 3-18 Energy system supply and demand pathways for the high ambition As-
Supplied scenario. Scenario utilises DACCS (geosequestration) but not BECCS due  
to IE2050 output issues when CCS power station lever is set to high ambition.

Figure 3-19 Energy system supply and demand pathways for the Enhanced-Action  
scenario. As with As-Supplied, this scenario utilises DACCS (geosequestration) but  
not BECCS.
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As seen in the demand-by-sector charts (right, Figures 3-18,  3-19), the most significant 
changes  in  the  Enhanced-Action scenario  compared  to  As-Supplied are  in  domestic 
transport  and  international  aviation,  whereby  early  and  sustained  mitigation  enables 
significantly lowered energy demand by 2050. Table 3-1 shows key differences in demand 
sectors between the scenarios and Table  3-2 compares mode share in domestic non-
freight  transport  between  the  2013  IE2050  reference  year,  and  the  As-Supplied and 
Enhanced-Action scenarios.  The far  greater  modal  shift  away from cars  and to  public 
transport hypothesised in  Enhanced-Action is in line with reported least cost outcomes if 
Irish TIMES optimisation energy system modelling is not constrained to maintain car use 
or account for opportunity costs  (JOCCA 2018). However, there should be no doubt that 
both  scenarios,  As-Supplied and,  even  more  so,  Enhanced-Action,  represent  radical 
demand reductions and sectoral changes compared to current policy ambition, aiming to 
more than halve total final consumption between today and 2050. These pathways imply 
energy demand reductions that are far greater than shown by sectoral energy demand 
curves assumed in typical Irish TIMES modelling (Hickey et al. 2019, see Supplementary 
Information).

As-Supplied Enhanced-Action

Comparison data 2050 change vs. 2013      [2050 value]

Heating: commercial -14%    [ 7.0 TWh] -50%    [4.2 TWh]

Lighting and appliances -27%    [2.4 TWh] -50%    [1.7 TWh]

Catering -23%    [0.9 TWh] -50%    [0.6 TWh]

Total travel demand per 
person

+1%
 [12,900 passenger-km person-1 y-1]

-17% 
[10,700 passenger-km person-1 y-1]

Diesel HGV +40%   [12.8 bn tonne km] -85%  [1.37 bn tonne km]

International aviation: 
passenger

+31%   [32 million passengers] -23%   [19 million passengers]

Table 3-1: Summary of key differences in demand side measures between selected high  
ambition scenario trajectories to 2050.
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Comparing domestic 
transport mode share in 

2013 and scenarios 2013 value As-Supplied Enhanced-Action

Walking 2.5% 3% 5%

Cycling 0.5% 5% 15%

Public transport: buses 10% 17% 35%

Public transport: railways 4% 5% 10%

Cars, vans, motorcycles 83% 70% 35%

Table  3-2:  Summary  of  key  differences  in  2050  mode  share  in  the  Enhanced-Action  
scenario, greatly increasing the percentage of passenger-km in public transport, cycling  
and walking relative to the 2013 and As-Supplied scenarios.

Figure 3-20 CO2 trajectory comparison between the selected high ambition scenarios: As-
Supplied (left) and Enhanced-Action (right). For each scenario, annual CO2 emissions are 
shown above and cumulative CO2 below.
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Figure 3-20 compares  annual  and  cumulative  emissions  for  As-Supplied (left)  and 
Enhanced-Action.  Both  scenarios  overshoot  the  target  NCQ,  but  earlier  and  deeper 
mitigation action in  Enhanced-Action accumulates ~85 MtCO2 lower emissions to 2050 
than  As-Supplied.  Both  scenarios  achieve nett  negative  annual  CO2 emissions before 
2050, enabling the cumulative emissions curves to flatten out and beginning to reverse 
accumulated carbon debt relative to the NCQ. The CO2 pathways and maximum overshoot 
for the PES in these scenarios are most similar to the  Overshoot-CO2-80-CCS scenario 
examined in the Anthem modelling. Although detailed costings of technologies are shown 
in the IE2050 Excel workbook, they are not directly utilised so no pathway costs for the 
chosen scenario are available within the workbook. However, entering the As-Supplied set 
of lever choices into the IE2050 web application version results in the cost assessment 
shown  in  the  upper  part  of  Figure 3-21,  in  terms  of  total  euro  per  capita  transition 
investment cost compared to a baseline scenario with a full set of low ambition L1 choices. 
Also shown for  the  As-Supplied  scenario  in Figure 3-21 are stacked charts  of  primary 
energy supply and energy demand by sector.

Figure 3-21: Top, IE2050 web application tool cost comparison of the As-Supplied  
maximum ambition measures versus those for  a  baseline low ambition pathway.  
Below, stacked charts for the As-Supplied primary energy supply (left) and energy  
demand by sector (right).
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3.3.5 Comparing IE2050 and SEAI high ambition wind energy supply

As discussed above (section 3.3.3) the IE2050 L4 settings for onshore and offshore wind 
potential  only  reach  about  one  third  of  the  potential  level  estimated  by  SEAI  (2011). 
Therefore to assess the SEAI pathway in IE2050 an adjusted L4 wind PES trajectory was 
modelled by approximately matching the SEAI pathways of onshore and offshore wind 
energy capacity additions from 2025 to 2050. Using the same settings for other levers as 
used in the high ambition scenarios, Figure 3-22 shows the PES model output comparison 
between these IE2050-Wind and SEAI-Wind scenarios. 

Figure 3-22 Comparison of primary energy supply in high ambition IE2050 scenarios 
with different wind energy trajectories and otherwise based on the scenario inputs  
used for As-Supplied and Enhanced-Action. Left, using the stated L4 wind trajectory  
to 45 TWh y-1 by 2050. Right, using altered onshore and offshore wind trajectories to  
match the SEAI Wind Energy Roadmap (2011) to over 140 TWh y- 1 by 2050, blue 
line, which also results in IE2050 showing large electricity exports (magenta line).

Given the SEAI wind energy trajectory, IE2050 shows an energy supply from wind energy 
of  150 TWh y-1,  which  is  similar  to  the  140 TWh y-1 stated  by  SEAI  from the  installed 
capacity of 11 GW onshore and 30 GW offshore. The resulting primary energy oversupply 
produced by excess wind is automatically allocated by IE2050 to electricity exports,  in 
addition  to  export  of  10 TWh y-1 of  bioenergy. This  reflects  the  fact  that,  absent  high 
resolution temporal  modelling,  IE2050 does not  have the capability  to  further  displace 
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continued fossil fuel use by allocating excess wind power into creating long-term (inter-
seasonal)  energy  storage  via  power  to  fuel  transformations  (P2X),  such  as  hydrogen 
production  via  electrolysis.   Indeed,  the  only  material  end-use  of  hydrogen  offered  in 
IE2050 is for limited deployment of fuel cell vehicles in transport. 

By contrast, it appears from this analysis that the excess wind energy potential is so large,  
particularly from offshore wind, that it  does in fact open up far greater  energy system 
decarbonisation  choices,  with  significant  opportunity  for  increased  energy  security, 
including the use of  P2X to phase out  the remaining fossil  fuels and decarbonise the 
energy sector completely. In principle, this could allow a reduced requirement on the rate 
and amount of demand reduction needed, and reduced pressure on land use.

3.3.6 Discussion

On the supply side, it is surprising that IE2050 wind energy Level 4 (L4) highest ambition is 
restricted to 45 TWh y-1 by 2050, compared to the 140 TWh y-1 wind capacity estimated by 
the SEAI (2011). At face value, this appears to be a large difference given that the SEAI 
report  was available  before  the  IE2050 development.  For  onshore  and offshore  wind, 
IE2050  seems  to  assume  'existing  measures'  only  rather  than  following  the  "heroic" 
characterisation of L4 ambition adopted for other levers. This may be because large scale 
electrofuel production using excess wind energy is not included in IE2050 options, thereby 
restricting  and likely  discounting  the  potential  P2X synergy between them:  so  that  an 
underestimate of maximum wind energy potential doesn’t materially change the degree of 
indigenous  energy  system  decarbonisation  that  is  practically  accessible  within  this 
particular model. In contrast, bioenergy is effectively favoured by assuming an indigenous 
bioenergy resource of 63 TWh y-1, in addition to 17 TWh y-1 from waste biomass, which is 
substantially larger than the 44 TWh y-1  projected by Deane et al.  (2013) albeit a much 
higher indigenous biomass fuel energy estimate of up to 200 TWh y-1 is given by Corcoran 
(2007, as quoted in Connolly and Mathiesen 2014 p. 12) based on all “suitable land” in 
Ireland being used specifically to grow miscanthus energy crops. Moreover, large scale 
bioenergy  imports,  up  to  24 TWh y-1 for  L4  are  allowed  in  IE2050,  compared  to  the 
EnergyPLAN outlook and IE-NETs  literature review conclusion that bioenergy availability 
in  deep  decarbonisation  scenarios  (unlike  wind  and  solar)  should  be  assessed  on  a 
precautionary basis, and generally limited to lower estimates of indigenous potential, given 
sustainability and land use issues, and international factors including climate justice. For 
these reasons, in both the assessed high ambition scenarios L4 wind energy was adjusted 
to  the  SEAI  level  and  bioenergy  levers  were  reduced,  to  L3  for  land  dedicated  to 
indigenous bioenergy production, and to L1 for bioenergy imports. 

On the demand side, many of the IE2050 high ambition levers are certainly challenging, by 
2050: 70% of homes have heat pumps installed, commercial space heating demand drops 
by 25%, Ireland’s industrial output falls 30-40%, 80% of homes in Ireland have an A-B2 
BER rating in 2050, 100% of cars are electrified (battery or fuel cell). However, in terms of  
maximum possible ambition, modal share change in transport is limited and international 
aviation  continues  to  grow.  Therefore,  existing  levers  were  used  in  an  As-Supplied 
scenario  and  then  in  the  Enhanced-Action scenario  several  L4  lever  outcomes  were 
adjusted for greater ambition, especially in the transport sector but also in heating. Total  
transport sector demand, including aviation, in the 2013 reference year was 123 TWh y-1 

reducing to 73 TWh y-1 in the As-Supplied scenario, and to 57 TWh y-1 in the Enhanced-
Action scenario.  As  this  modelling  is  relatively  coarse-grained,  these  figures  must  be 
treated with  due caution,  but  it  is  evident  that  reducing  total  amounts  of  high  carbon 
activities such as private car use and aviation could have significant mitigation effect in 
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addition to energy efficiency savings. Overall, with planned and delivered high ambition 
climate  action  across  society  and  the  economy  it  appears  feasible  that  final  energy 
demand  could  potentially  halve  by  2050,  greatly  reducing  the  primary  energy  supply 
requirement to levels that could more easily be met by a 100% renewables energy system 
based largely on wind energy with electrofuel energy storage, but also complemented with 
a  significant  indigenous  bioenergy  contribution.  In  terms  of  current  policy  projections 
however, the types of demand reduction outlined by the two high ambition levers that  
combine to steadily reduce energy system emissions to nett zero annual CO2 by 2050 are 
likely not compatible with expectations of continued overall expansion of economic activity, 
population  increase,  and  specific  planned  high-energy/high-emissions  intensity 
development  priorities  such  as  increased  trade  and  deployment  of  large  scale  data 
centres. 

IE2050 is motivated by a point-in-time goal of meeting an 80% reduction in aggregate 
GHG  emissions  (CO2e/GWP-100)  by  2050  compared  to  1990,  whereas  the  IE-NETs 
project  in  general  focuses  on  carbon  commitment  analysis  for  CO2-only  scenario 
comparisons of nett  and gross  cumulative  CO2 pathways relative to a specified, Paris-
aligned  NCQ.  This  led  to  adding  calculation  worksheets  to  IE2050  for  annual  and 
cumulative  CO2 emissions  and  removals  (the  latter  by  CCS  power  stations  and 
geosequestration  from  DACCS),  which  enabled  production  of  charts  of  annual  and 
cumulative CO2 emissions from the energy system. However, problems in disaggregating 
CCS  between  fossil  fuel  and  bioenergy  meant  that  CDR  was  generally  restricted  to 
DACCS-based geosequestration. Both high ambition scenarios were able to reach zero 
nett annual emissions by 2050 thereby potentially peaking NCQ overshoot, but implying a 
significant period of nett negative emissions, beyond the 2050 horizon, to return to the 
NCQ level of cumulative nett CO2 emissions.

Given its array of supply and demand levers and its open code in Excel, the IE2050 model 
was expected to be amenable to creating and examining alternative deep decarbonisation 
scenarios, but, due to the limitations described outlined above, it proved quite limited in 
practical scope, particularly in addressing energy and emissions scenarios including CCS 
and CDR, or systems with high grid penetration by variable renewables. Nonetheless, it 
does offer at least a coarse-grained understanding of energy system supply and demand 
in some selected high ambition pathways that could be usefully compared with results 
from use of EnergyPLAN and Anthem. 
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4. Conclusion
4.1 Synthesis
As indicated by the IENETS WP1 assessment of NCQ pathways for Ireland (Price et al. 
2018, Chapter 8) and largely borne out by the modelling developed in this work package, 
Ireland’s (prudent, minimally equitable) NCQ is likely to be exhausted by 2023-2025, tacitly 
committing to some level of NCQ overshoot dependent on nett cumulative CO2 emissions 
thereafter. The overall  structure and evolution of Ireland’s energy system will  therefore 
need  to  change and  decarbonise  very  rapidly  to  limit  the  scale  and duration  of  such 
overshoot, lest effective reversal of it becomes infeasible. This is the essential physical 
consequence of good faith commitment to the Paris Agreement. Sufficient carbon dioxide 
removal (CDR) using negative emissions technologies (NETs) would then be needed to 
return to the NCQ level within a very few decades (assumed in this research to be by 2100 
at the latest). Cost effectiveness analysis of alternative energy system transition options 
for national energy and climate plans should therefore account for the full aggregate costs 
of long-term strategies toward fulfilling the Paris temperature objective  (EU 2018, Article 
15:3(b)).  These  costs  need  to  include  risk  averse  estimates  of  projected  negative 
emissions reliance in terms of technology and the uncertainty attached to policy reliance 
on NETs such as  BECCS and DACCS that  are  not  yet  proven or  available  at  scale. 
Carbon commitment analysis of policy and modelled energy system pathways to evaluate 
their likely cumulative CO2 outcomes (nett and gross) is therefore essential to economic 
and feasibility  assessment  of  the alternatives  that  do plausibly  meet  the Paris-aligned 
NCQ.

This work package investigated modelling options that could complement energy system 
models  currently  used to  guide policy-making in  Ireland and potentially  provide  useful 
additional  insights into  Paris-aligned energy system decarbonisation.  The outputs from 
such coarse-grained modelling are not comprehensive and all quantified results presented 
should  be  treated  with  due  caution  as  outputs  that  are  only  indicative  of  the  overall 
mitigation  outcomes of  the  particular  scenarios.  Nonetheless,  as  described in  the  key 
policy recommendations (section 1.2) and prior discussion, the modelling outputs clearly 
indicate  serious  carbon  commitment  concerns  and  critical  risks  related  to  alternative 
scenarios and sketched the possibility-space of energy system change constrained by a 
Paris-aligned carbon quota, with or without use of CCS or NETs. 

Using the Anthem tool, the strong effect of CCS on primary energy options is evident –  
both in limiting fossil carbon combustion emissions and in enabling permanent CDR via 
BECCS  and  DACCS  to  limit  and  potentially  reverse  NCQ  overshoot  –  as  are  the 
associated tradeoffs in CCS energy penalty and requirements for large scale infrastructure 
investment to capture and store such large amounts of CO2. Incorporating the potential 
backstop economic costs of CCS options into decarbonisation analysis may well militate in 
favour of other mitigation options: near-term supply-side constraint (rationing, in effect) of 
unabated fossil  fuel energy to drive more rapid deployment of non-bio renewables and 
planned  reductions  in  societal  energy  demand;  or  early  deployment  of  other  NETs 
including land carbon storage and EW and ocean carbon storage. 
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These findings are potentially highly policy relevant for near-term choices that will  now 
determine the availability of energy to society within an equitable Paris-aligned cumulative 
carbon constraint. The over-riding advice to policy makers, and society at large, from this 
analysis is to act on these options without delay. A plan for sustained and substantial  
reductions in absolute system emissions is required, aiming for nett-zero CO2 emissions 
from  aggregate  energy,  cement  and  land-use,  including  a  period  of  significant  nett 
negative emissions to cancel accumulated carbon debt following overshoot.

After initial assessment of a range of freely available energy modelling tools, two different 
models – EnergyPLAN and the Ireland 2050 Pathways (IE2050) – were used to examine 
the carbon commitment of scenarios in terms of annual and cumulative CO2 pathways 
relative to the NCQ. Despite the differing limitations of EnergyPLAN and IE2050 and the 
technical difficulties encountered in extending them usefully, it was worthwhile to examine 
how  the  “possibility  space”  of  an  energy  system model  is  bounded  by  its  design.  In 
particular,  working  with  these models  was effective  in  assessing  the  embodied expert 
assumptions regarding deployment extent and transition timing and the inherent risks of 
making essentially  ad hoc  user choices (including our own) that may be questionable in 
themselves  and  need  to  be  very  clearly  identified  and  logged  in  presenting  findings. 
EnergyPLAN is  focused  on  achieving  an  energy  system based  on  100% renewables 
(excluding  nuclear),  predominantly  reliant  for  primary  energy  supply  on  variable 
renewables (VRE), wind and solar, with limited availability of bioenergy, enabled by access 
to  large  scale  system flexibility  via  heat  and  chemical  (electrofuel)  energy  storage  at  
multi-TWh y-1 level.  CCS  is  only  relatively  simplistically  enabled  in  the  most  recent 
EnergyPLAN release  and  BECCS is  not  explicitly  represented.  In  contrast,  IE2050 is 
designed with  the intention of being agnostic  toward energy system outcome, using a 
range of user choices for supply and demand ambition levers (including nuclear energy). 
However, its detailed internal design means that, in addressing any given mitigation target,  
it tends to favour unabated bioenergy (assuming unproblematic carbon neutrality for all  
bioenergy  fuels),  and  implicitly  excluding  the  high  VRE+electrofuel  alternative 
configurations  that  EnergyPLAN accommodates.  Our  work  with  these  models  showed 
EnergyPLAN’s usefulness in examining energy supply options (assuming nuclear energy 
is  excluded)  and  in  exploring  system design  whereas  IE2050’s  usefulness  was  more 
limited to examining demand options, particularly through changing the internal effect of 
some high ambition levers to find potential opportunities for plausibly increased ambition. 

Using EnergyPLAN to validate the Green Plan Ireland data and findings of Connolly and 
Mathiesen (2014) and using these steps to define a hypothetical scenario, whereby each 
step was fully completed in 5-year stages, indicated that the earlier delivery of all steps, 
but  particularly  early  investment  in  ensuring  availability  of  electrofuel  infrastructure  in 
combination  with  very  large  scale  deployment  of  offshore  wind  energy  are  critical  to 
limiting NCQ overshoot while still maintaining access to levels of final energy consumption 
comparable to the current system.

Although  useful  in  giving  a  limited  assessment  of  the  speed and extent  of  overshoot 
relative to different supply and demand policies, in the different ways discussed for each, 
neither  EnergyPLAN  nor  IE2050 proved  adequate  to  investigating  substantive  NCQ 
overshoot scenarios requiring significant and prolonged CDR from NETs. A new modelling 
tool, Anthem was created to provide specific additional insight on this question. Anthem is  
coarse-grained and schematic, based primarily on the thermal combustion emissions of 
hydrocarbon fuel pathways through time and any nett capture rate to storage. Despite this 
comparatively  schematic  approach,  it  proved  effective  in  providing  rapid  carbon 
commitment analysis (CCA) for a variety of  scenarios of carbon-based primary energy 
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supply, with or without CCS and NETs. It yielded high-level, but correspondingly robust, 
insights into the annual and cumulative outcomes for energy availability to society, CO 2 

(nett  value,  gross  emissions  and  gross  removals)  and  quasi-permanent  CO2 storage 
requirements for CDR and for FFCCS (including cement emissions).  Anthem was also 
specifically used to  assess the energy system scenarios presented in the Draft  NECP 
(DCCAE 2018).  All of these scenarios indicate steadily increasing total primary energy 
supply  (up  to  an  horizon  of  2040),  without  a  committed  or  quantified  use  of  CCS. 
Accordingly, they do not show a significant reduction in annual emissions, and would lead 
to overshoot  of  the Paris-aligned NCQ by 600 MtCO2 to 750 MtCO2 already by 2040. 
Separately, Anthem was applied to  assess a  Long Term Resilience Study of  the  Irish 
Energy system  (GNI  and  Eirgrid  2018).  This  study  envisaged  increased  use of  lower 
carbon intensity methane (mainly natural gas, but including some limited biomethane), to 
replace  the  other  fossil  fuels  currently  used  in  the  Irish  energy  system.  The  Anthem 
analysis  shows that  this  would  have a  relatively  minimal  effect  on  emission  reduction 
unless and until large scale CCS is also applied. 

Climate mitigation is usually described in policy terms of “reducing emissions” within a “low 
carbon transition” but this framing is becoming progressively less useful as NCQ overshoot 
is  approached.  Within  good  faith  commitment  to  the  Paris  Agreement,  the  overriding 
climate action objective and narrative is arguably now better focused on: radical, near-term 
and sustained reductions in unabated carbon combustion (fossil and bio-energy) usage to 
near-zero as soon as possible; and, in parallel, investing in development of sufficient gross  
CDR  capability,  made  available  as  soon  as  possible,  to  offset  ongoing  gross  CO2 

emissions and, in excess of that, to progressively cancel carbon debt within a very few 
decades by achieving nett negative emissions at least until returning to the NCQ level.

BECCS and DACCS remain highly speculative technologies with uncertain costs, energy 
input or output, and CO  removal capability. Therefore, their early delivery by 2030 shown₂  
in the various scenarios assessed,  represents a likely  upper bound on what  might  be 
technically feasible; in that sense the outputs of this research are coarsely informative in 
indicating the most optimistic relative availability of carbon-based energy and associated 
annual and cumulative emissions between scenarios over time. Continued high, near-term 
fossil fuel emissions and delayed negative emissions (gross removals) will inevitably tend 
to lock in progressively more cumulative CO  overshoot relative to the NCQ limit. In all of₂  
the scenarios, the ambitious but highly uncertain assumptions of a substantial indigenous 
supply of  bioenergy of about 40 TWh y-1 by 2050 while meeting stringent sustainability 
criteria and CCS availability, allows a supply of nett-negative-CO2 energy from BECCS 
which theoretically also enables a far slower reduction in fossil energy supply. However, as 
for the tradeoff between early unabated FF and later FFCCS, high levels of BECCS may 
therefore require limiting near-term harvest of forestry biomass, particularly avoiding its 
relative  emissions-inefficient  use  in  unabated  bioenergy  production,  so  that  it  can  be 
conserved to allow much greater total  carbon-based energy if or when harvest can be 
allocated to use in BECCS. DACCS is currently even more speculative than BECCS, likely 
requires large nett energy input (i.e., is not in itself a source of energy supply, but rather 
would result in a reduction in energy supply to conventional societal needs as DACCS 
deployment ramps up). 

Ideally, all carbon removed from atmosphere into biomass should be prevented from re-
release to atmosphere. So, specifically, in biomethane pathways, the CO2 that is present in 
the raw biogas, and separated during "upgrading for grid injection" should not simply be 
re-released to atmosphere. It can either be directly consigned to geo-storage, or used as a 
feedstock for P2M (producing "synthetic natural gas" SNG by combining CO2 with H2 from 
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water electrolysis using excess VRE); but in the latter case, the produced SNG should still 
be routed to some CCS combustion pathway to minimise CO2 release to atmosphere.

Unlike  current  energy  projections,  or  energy  system  modelling  results  underpinning 
Ireland’s National  Mitigation  Plan,  the  research  in  this  report  clearly  indicates  that  an 
escalating level of climate action and intensive energy system planning is now appropriate 
in  the  very  near-term to  limit  NCQ overshoot  and deliver  socio-politically  manageable 
decarbonisation in accord with the Paris Agreement.  As a matter of urgency, Irish society 
and its policy makers need to address very challenging near-term energy and climate 
planning decisions that could deeply affect economic and societal planning, with rapidly 
escalating future CDR costs for every year that required reduction pathways are not met. 

4.2 Recommendations for further research
This work package has given a preliminary examination of Paris-aligned energy system 
decarbonisation issues using coarse grained models to inform Irish policy development. 
Specific recommendations for possible further research in this domain are as follows:

• Further refinement of the Anthem spreadsheet model could produce a more user-
friendly tool for rapid carbon commitment analysis of options, particularly to include 
non-bio renewables with large scale energy storage in primary energy supply,  and 
possibly to enable assessment of simplified transformation and end-use (demand-
side)  factors  to  provide  a  coarse  grained  energy  system  tool  which  could  be 
especially useful in education and public understanding.

• Our  research identified  a  lack  of  coarse  grained,  properly  open source  models 
relevant to Paris-aligned decarbonisation of the Irish energy system and land use 
sectors, that also support inclusion of CCS and NETs options. Given the increasing 
urgency  of  climate  mitigation  action,  research  to  develop  such  models, 
incorporating IE-NETS findings, might be particularly useful to policy-makers and in 
educational  and  non-expert  settings  to  understand  and  explain  the  climate 
mitigation implications of energy system interventions.

• It is important to properly incorporate non-CO2 effects into climate action planning, 
particularly  as  Ireland has relatively  high  per  capita  nitrous oxide  and methane 
emissions. The recently developed GWP* methodology (Allen et al. 2018) arguably 
provides a better way of weighing up the comparative benefits of particular actions 
on these different pollutants than the current de facto standard aggregation metric 
of  GWP-100. Incorporating the option of GWP* accounting into suitable coarse-
grained models, might identify a wider range of cost-effective mitigation options for 
overall Irish climate action policy. 
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A. Ireland’s  Draft  National  Energy  and  Climate 
Plan (NECP)

In December 2018, Ireland released its Draft NECP (DCCAE 2018) to be considered in 
public  consultations  and  EU assessments  toward  formulating  a  finalised  NECP to  be 
published by the end of 2019 as part of a coherent EU governance regulation objective to 
align mitigation action with the Paris Agreement. As shown in Table 1, the Draft presents 
four scenarios of primary energy and final consumption up to 2040, based on oil  price 
being “high” or “low”, and ambition level being ‘with existing measures” (WEM) or “with 
additional measures” (WAM).

Draft NECP scenarios WEM (baseline) WAM (advanced)

High oil price NECP 1 NECP 2

Low oil price NECP 3 NECP 4

Table 1: Draft NECP scenarios, based on Table 4 in (DCCAE 2018)

Based on the Draft NECP scenario values given for the “Total Primary Energy Demand by 
Fuel” (DCCAE 2018 Figures 22-25) and the thermal combustion emissions for coal, peat, 
oil and gas, we chart calculated annual and cumulative CO2 emissions for each scenario 
as shown in Figures A-1 and A-2. For comparison, illustrative emission reduction pathways 
are shown in these charts for a flat-lining of annual CO2 from 2015, for a linear reduction 
interpretation  of  the  National  Policy  Position  (DECLG  2014) and  for  an  exponential 
decarbonisation  pathway  meeting  Ireland’s  NCQ  without  overshoot.  This  preliminary 
carbon commitment analysis – including international aviation and shipping but excluding 
cement or land use CO2 – shows that the Draft NECP scenarios all approximately flat-line 
CO2 emissions and therefore  fail  to  significantly  limit  escalating  overshoot  of  Ireland’s 
NCQ.

The supporting carbon commitment analysis for Figures A-1 and A-2 is based on data 
provided with the original Draft NECP consultation (“Annex I part 2 template”) by DCCAE:

http://tinyurl.com/DCCAE-Draft-NECP 

The detailed IE-NETs analysis is contained in the workbook available in the public folder at 
the following link (both Google Sheets and Microsoft Excel formats; IE-NETs analysis in 
worksheets denoted by red tab colour and tab names beginning with “IENETS”): 

http://tinyurl.com/DraftNECP-IENETS-CCA 
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Figure A-1: Annual fossil fuel CO2 carbon commitment analysis of Draft NECP scenarios in MtCO2 y-1 compared with 
illustrative pathways (IE-NETs calculations).
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Figure A-2 Cumulative fossil fuel CO2 carbon commitment in Draft NECP scenarios in MtCO2 compared 
with illustrative pathways. Blue line shows Ireland’s estimated, Paris-aligned NCQ.
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B. Archive links to data and models
B.1 Green Plan Ireland scenarios

• Link to original Green Plan Ireland model archive comprising executable Energy 
Plan software (MS-Windows only), configuration and output data (.zip): 
http://tinyurl.com/Green-Plan-Ireland-EnergyPLAN

• IE-NETs spreadsheet analysis of Green Plan Ireland pathways, assuming 5-Year 
steps (.xlsx): http://tinyurl.com/Green-Plan-5yr-Steps-xls-DL 

B.2 Anthem scenarios
The native form of Anthem scenarios is as cloud-based Google Sheets workbooks. 

• With  a  Google  account  sign-in  it  is  possible  to  open  each  workbook  in  any 
compatible web browser, copy the workbook, and then make arbitrary edits to the 
copy. It  is  also possible  to  export/download to  Microsoft  Excel  format;  however, 
conversion to Excel negatively affects certain formatting, including rendering of all  
charts.

• Without a Google account sign-in it is possible to open each workbook for viewing 
only, or to export/download to Microsoft  Excel format (with the same conversion 
limitations).

Anthem scenario public folder: https://tinyurl.com/IENETS-WP4-Anthem-Scenarios

• Anthem-NECP-2: https://tinyurl.com/IENETS-WP4-Anthem-NECP-2

• Anthem-NECP-3: https://tinyurl.com/IENETS-WP4-Anthem-NECP-3

• Flatline-2020-Oil-Gas: https://tinyurl.com/IENETS-WP4-Flatline-2020-O-G

• Flatline-2020-Gas-Only: https://tinyurl.com/IENETS-WP4-All-Gas-From-2020

• No-Overshoot-No-CCS: https://tinyurl.com/IENETS-WP4-No-Overshoot-No-CCS

• No-Overshoot-CCS: https://tinyurl.com/IENETS-WP4-No-Overshoot-CCS

• Overshoot-CO2-80-CCS: https://tinyurl.com/IENETSWP4-Overshoot-CO2-80-CCS

• Overshoot-Delay-CCS: https://tinyurl.com/IENETS-WP4-Overshoot-Delay-CCS

B.3 Ireland 2050 scenarios:
• L4-As-Supplied (.xlsx): http://tinyurl.com/IE2050-L4-As-Supplied-xls-DL 

• Link  to  native  IE2050  web application version  of  the  L4-As-Supplied  scenario, 
mirroring lever choices in the Excel workbook link above:

https://tinyurl.com/IE2050-Webtool-As-Supplied

• L4-Enhanced-Action (.xlsx): http://tinyurl.com/IE2050-L4-Enhanced-xls-DL 
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