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Executive summary 


While  national  emissions  trends  are  a  useful  tool  for  measuring  government  progress  towards 
 meeting the Paris Agreement 1.5˚C temperature limit at a global level, each government will have to 
 address its own sectors, each with their own, different baseline.  What should government sectoral 
 benchmarks be? Will they meet the global carbon budget? 


The  Climate  Action  Tracker  has  defined  and  analysed  a  global-level  series  of  Paris  Agreement-
 compatible benchmarks, across four major sectors: Power, Transport, Industry, and Buildings. Within 
 each sector, we define benchmarks for several separate but complementary indicators. 


We have also drilled down to present the benchmarks in these sectors for seven individual countries: 


Brazil, China, EU, India, Indonesia, South Africa, and the US, taking into account the current technical 
 and infrastructure circumstances in each country. We have developed the benchmarks for both 2030 
 and 2050, with additional temporal resolution depending on the approach and indicator.  


The data from this work has been added to the Climate Action Tracker interactive data portal 
 https://climateactiontracker.org/data-portal, in addition to the visuals in the Summary Report.


We have identified the following key lessons: 


u Decarbonisation by 2050:  the Paris Agreement requires the world to decarbonise by 2050:


on average, all sectors need to decarbonise in this timeframe, albeit at slightly different rates.


In  this  report,  we  have  identified  the  potential  for  such  rapid  decarbonisation  across  all
 sectors.


u Differences  shrink:  in  terms  of  timing,  benchmarks  differ  between  countries  and  sectors,
 because  they  all  start  from  a  different  base.  But  ultimately,  governments  must  pursue  all
 options in all sectors, and sometimes this will require support between countries


u Benchmarks useful to assess progress:  policymakers can use the benchmarks to assess the
 adequacy of interventions with respect to the Paris Agreement. Our benchmarks provide a
 guide  as  to  the  scale  of  change  that  needs  to  happen,  and  where  -  and  when,  leaving
 governments the freedom to meet them through different decarbonisation strategies.


u Progress  by  2030  is  important:  decarbonisation  by  2050  alone  is  not  sufficient;  to  keep
 carbon budgets within reach, progress must ramp up well before 2030.


u Power  sector  is  relatively  advanced:      the  power  sector  is  already  making  quite  some
 progress in decarbonising, and it should continue to be a government priority, especially in
 avoiding new infrastructure incompatible with the Paris Agreement, such as coal-fired power
 plants.


u Industry,  transport,  buildings  need  to  advance  significantly:    these  sectors  are  not  yet
 moving as quickly as is necessary, and efforts to meet 2030 benchmarks must significantly
 ramp up.
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Introduction 


In  this  document,  we  present  the  analysis  and  results  for  benchmark  definition  across  four  major 
 sectors: Power,  Transport,  Industry,  and  Buildings.  Within  each  sector,  benchmarks  for  several 
 separate but complementary indicators are defined. Please also see our Summary Report that shows 
 similar information in a more condensed form. 


The benchmarks are defined at the global level and for seven individual countries: Brazil, China, EU, 
 India,  Indonesia,  South  Africa,  and  the  US.  National  level  benchmarks  take  account  for  current 
 technical and infrastructure circumstances in each country. Benchmarks are developed for 2030 and 
 2050 in all cases, with additional temporal resolution depending on the approach and indicator. 


Because all sectors need to decarbonise by 2050, the 2050 benchmarks for 2050 are similar across all 
 countries whereas the 2030 benchmarks provide an interim step on the pathway towards 2050.  



General Methods for Defining Paris Agreement-compatible  Benchmarks 


The methods used in this study to define the Paris Agreement-compatible benchmarks include three 
 main  strands:  extraction  of  results  from  global  integrated  assessment  models,  own  analysis  using 
 bottom-up  models,  and  information  from  existing  literature.  Here  we  explain  the  broad  methods 
 under each of these three strands and further explain the sector-specific details in each of the sector 
 chapters below.  



2.1  Global Integrated Assessment Models 


Integrated Assessment Models (IAMs) couple detailed models of energy system technologies with 
 simplified  economic  and  climate  science  models  to  provide  a  suite  of  possible  future  scenarios 
 allowing an assessment of the feasibility of achieving specific climate goals.  


The IPCC has established a criterion for rating these scenarios as being compatible with the long-term 
 temperature goal of the Paris Agreement of limiting warming to 1.5°C. This criterion limits scenarios 
 to those with no - or limited - temperature overshoot. More specifically, those that limit median global 
 warming to 1.5°C throughout the 21st century without exceeding that level (“no overshoot”), or that 
 allow warming to drop below 1.5° at the end of the century (around 1.3°C of warming by 2100) after 
 a  brief  and  limited  overshoot  of  median  peak  warming  below  1.6°C  around  the  2060s  (“low 
 overshoot”).  


Among these scenarios, only 19 simultaneously honour the sustainability criteria of the IPCC (IPCC, 
 2018) related to the two main carbon dioxide removal (CDR) options: namely biomass with carbon 
 capture and storage (BECCS), as well as reforestation and afforestation. The primary goal of the top 
 down  approach  is  to  encapsulate  the  global  perspective  embodied  in  IAMs  and  their  associated 
 enforced  global  CO2  limitations,  and  to  delineate  the  regionally  modelled  pathways  to  country-
 specific pathways for the chosen countries under investigation.  


Contingent  on  data  availability,  we  implement  a  two-stage  approach  to  complete  our  analysis  for 
 national benchmarks that are compatible to the Paris Agreement: 


1. Assess  existing  scenarios  for  a  country  from  independent  source  towards  the
 compatibility to a 1.5°C


2. Downscale  a  global  IAM  based  1.5°C  compatible  scenarios  to  the  country  level
(SIAMESE (Sferra  et  al.,  2018a))  harmonising  results  with  country-specific  historical
data



(5)The IAM pathways used here limit warming to below 1.5°C in 2100 with “limited overshoot”. Because 
 IAMs are based on the underlying concept of least-cost pathways for regions on a global scale, the 
 provided  top-down  benchmarks  reflect  the  technological  and  economical  perspective  of  possible 
 system changes. However, downscaled pathways do not cover equitable distribution of investment, 
 cost and mitigation burden. Instead, these pathways reflect a ‘maximum plausible ambition’ transition 
 which may require international financing to achieve.  



Downscaling IAM results 


SIAMESE (Simplified  Integrated  Assessment  Model  with  Energy  System  Emulator) is a reduced 
 complexity IAM that  provides cost-optimal emissions pathways at the country or state level, taking 
 into account the complex interactions between economic growth, energy consumption (Sferra et al., 
 2018b). While downscaling the energy-sector results from a given model (e.g.  the IEA/ETP  2017), 
 SIAMESE takes into account a coherent set of assumptions in line with a “middle of the road” socio-
 economic  storyline,  e.g.  (Dellink,  Chateau,  Lanzi,  &  Magné,  2017;  Fricko,  Havlik,  Rogelj,  Klimont,  & 


Gusti,  2017).    This  storyline  relies  on  a  continuation  of  historical  trends  regarding  technological 
 developments and GDP growth at the country (or state) level. At the same time, SIAMESE has a cost 
 optimisation perspective when allocating how much a country or a region would need to contribute 
 to global emissions reductions in line with the Paris Agreement long term goal.  


Using IAM benchmarks at the country level faces the challenge of splitting regional results (reported 
 as R5ASIA, R5OECD+EU, R5MAF, R5LAM and R5REF in the IPCC 1.5 data base) to the national level. 


SIAMESE  incorporates  various  sources  of  national  data  for  this  task.  It  uses  the  reported  national 
 projections of the individual scenarios for the population and GDP development in the projected time 
 frame and the current energy use‚ in the base year of the analysis. The current available IAM pathways 
 use 2010 as a base year, SIAMESE is using more recent data from 2015 and therefore incorporates the 
 national developments of countries not in the original IAM model pathway. 


The SIAMESE approach can be applied to the overall economy (e.g.  scaling down the overall primary 
 energy  consumption  and  emissions),  or  adapted  to  individual  sectors  (e.g.  transport,  power  and 
 others). SIAMESE takes as input the original IAM pathways (e.g. of the OECD region, which start in 
 2010  in  this  scenario)  and  the  observed  energy  consumption  and  emissions  data  of  the  specific 
 country.  Based  on  the  SIAMESE  simulation,  we  calculate  the  Paris  Agreement-compatible  energy 
 projection  for  the  specific  county.  Limitations  of  the  downscaling  are  embedded  in  the  driving 
 scenario,  which  in  this  case  is  weak  in  several  areas  including  decarbonisation  in  industry, 
 electrification of transport, and costs of renewable hydrogen as an energy carrier. We therefore use 
 the  SIAMESE  simulation  for  multiple  scenarios  and  IAM  models  to  incorporate  the  full  range  of 
 possible compatible pathways. 


The resulting fuel mix in each scenario can be processed using the emissions factors to derive Paris 
 Agreement-compatible budgets, emissions intensities and other related indicators. 



Uncertainty assessment 


Providing  benchmarks  for  a  changing  system  faces  various  challenges  including  data  gaps,  model 
limitation  and  limited  scenarios  for  socio-economical  changes.  Therefore,  estimates  for  economic, 
technological and political feasibility are constantly in discussion and development. However, using 
multiple  different  approaches  and  models,  robust  benchmarks  can  be  evaluated  using  statistical 
analysis methods.  We assess statistical measures (e.g., median or 75th percentile) of 11 pathways as 
a robust synthesis of pathways, unless otherwise specified for specific benchmarks. In addition, the 
range  (between  minimum  and  maximum  values)  provides  insight  about  the  agreement  and 
disagreement among all studies.  
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2.2  Sectoral modelling 


The Integrated Assessment Models described above provide useful constraints on what is necessary 
 to limit warming to 1.5C at the global level and offer insights into the cost and energy consumption 
 trade-offs between mitigation efforts in different sectors. However, IAMs also have limitations that 
 impact their usefulness for setting sectoral benchmarks. IAMs often do not have sufficient sectoral 
 detail to resolve the indicators and benchmarks that are useful to sectoral policy makers.  


An alternative approach is to build a “bottom-up” analysis that examines the key drivers of emissions 
 within  a  sector  and  the  associated  mitigation  options.  Bottom-up  analyses  often  identify  higher 
 mitigation potentials than IAMs within an individual sector (Ch 2.6.2, IPCC, 2018a),  partly because of 
 a lack of sectoral resolution in the IAMs but also because IAMs are better suited to capturing gradual 
 rather than rapid change (Hare, Brecha, & Schaeffer, 2018). 


For this report we include existing bottom-up analyses from the literature (see below) and, where 
 needed, build our own tools for bottom-up analyses in the transport, industry and building sectors. 


Each  method  is  tailored  to  the  specific  sector  and  is  described  in  detail  in  the  relevant  section. 


However, some elements are consistent across all sectors: 


u  We identify the mitigation options that would bring us as close to full decarbonisation of the 
 sector as quickly as possible. 


u  The current statuses of the individual countries assessed are taken into account when setting 
 benchmarks, recognising current practices and that some changes can occur more readily in 
 some countries than others. For example, we account for the changes in the building stock 
 through time.  


u  We do not perform a full economic analysis and rather focus on the changes necessary to meet 
 the Paris Agreement goals within the bounds of technical feasibility.  


A challenge of setting benchmarks for individual sectors is in evaluating whether those benchmarks 
 are  compatible  with  a  global  1.5°C  emissions  trajectory.  While  the  IAMs  discussed  above  model 
 economy-wide emissions and can therefore assess Paris compatibility with global emissions and their 
 associated warming, that is not the case for bottom-up models. However, we can take some steps to 
 ensure that the benchmarks are Paris Agreement-compatible: 


u  Within  a  global  model,  it  is  possible  to  trade-off  the  pace  and  magnitude  of  emissions 
 reductions between sectors and to utilise carbon dioxide removal (CDR) to reduce cumulative 
 net emissions. In setting benchmarks, we ensure that no sector relies on action in another 
 sector and minimise the reliance on CDR by setting sectoral benchmarks at as ambitious level 
 as possible given technical constraints.  


u  We compare sectoral benchmarks with the overall emissions of the sector in 1.5°C compatible 
 IAM scenarios. These total sectoral emissions give an upper envelope in which our benchmarks 
 should sit to be 1.5°C compatible.   


u  In many cases, the bottom up models include additional mitigation options and recent trends 
 that  are  not  yet  incorporated  within  the  IAM  scenarios  and  the  bottom-up  approaches 
 therefore achieve emissions reductions more quickly. Where that is the case, we assume that 
 the bottom-up scenarios and benchmarks are 1.5°C compatible. 



2.3  Literature review and national/regional studies 


To  complement  the  above  modelling  analyses,  we  also  incorporate  existing  knowledge  into  our 
benchmark  definitions.  The  power  sector  is  particularly  well-researched  but  we  incorporate  and 
compare our own analysis to the existing literature in all sectors. National studies in particular allow 
us to define meaningful benchmarks for individual countries that are informed by local circumstances 
and current conditions, while studies at the regional scale are used in the absence of such nationally 
focused studies.  



(7)For the benchmarks that utilise a top-down approach of down-scaling regional IAM pathways, in some 
 instances we use existing key literature to supplement the resulting downscaled pathway in deriving 
 the  final  benchmark.  Relevant  literature  is  used  in  this  way  to  ensure  the  benchmarks  reflect  the 


“highest plausible ambition level”, given the numerous factors that have led IAMs to underestimate 
 the  potential  for  high  levels  of  ambition  in  climate  mitigation  actions  including  the  tendency  to 
 underestimate the gradient of learning curves of key technologies.  


Where possible, additional, pre-existing modelling is provided as context to situate a number of the 
 derived benchmarks across some sectors, namely the power, transport, and industry sectors. These 
 are outlined below: 


IEA Energy Technology Perspectives: Beyond 2 Degrees Scenario 


The Energy Technology Perspectives is an IEA report that models how far clean energy technologies 
 could move the energy sector towards higher climate change ambitions if technological innovations 
 were pushed to their “maximum practical limits”. It includes both a ‘2 Degrees Scenario’ and a ‘Beyond 
 2 Degrees Scenario’ (B2DS), with the latter being consistent with “a 50% chance of limiting average 
 future  temperature  increases  to  1.75°C”.  With  this  stated  aim  of  the  B2DS  and  its  high  degree  of 
 scenario  granularity,  it  becomes  an  ideal  point  of  comparison  for  benchmarks  derived  herein. 


However, it is important to highlight that given the B2DS stated aim of limiting warming to 1.75°C, it 
 is questionable whether this scenario is truly Paris Agreement-compatible as we interpret the Paris 
 Agreement to mean limiting warming to 1.5°C. It can thus provide only an upper bound, at best, for 
 Paris-compatible benchmarks. 


Deep Decarbonisation Pathways Project 


The Deep Decarbonisation Pathways Project is a global collaboration of energy research teams from 
 leading research institutions in 16 of the world’s largest greenhouse gas emitting countries. These 
 research teams form a consortium led by The Institute for Sustainable Development and International 
 Relations (IDDRI) and The Sustainable Development Solutions Network (SDSN). This consortium has 
 produced  country-specific  scenarios  that  include  energy  sector  pathways  compatible  with  limiting 
 global warming to below 2°C. Each partner country in 2015 produced a country-specific report, with 
 some containing one modelled energy sector pathway and others containing multiple. Due to the fact 
 that  the  framework  of  these  reports  is  embedded  within  is  the  need  to  limit  warming  to  2°C  as 
 opposed to 1.5°C, we have chosen to provide the most ambitious pathway modelled for each country 
 for comparison1.  


Where  there  is  more  than  one  modelled  pathway  in  the  countries  covered,  the  most  ambitious 
 pathways chosen for comparison in this analysis are outlined below: 


India:     ‘Sustainable’ Scenario 
 Indonesia:   ‘Renewable’ Scenario 


South Africa:   ‘Economic Structure’ Scenario 
 USA:     ‘High Renewables’ Scenario 


Energy Watch Group/LUT University (2017) 


This study was chosen for inclusion in our analysis as it provides evidence of the feasibility of a high 
 degree  of  renewable  energy  penetration  across  every  region  on  the  planet.  This  joint  modelling 
 initiative  between  the  Energy  Watch  Group  and  LUT  University  simulates  a  total  global  energy 
 transition across multiple sectors including electricity and transport, and shows that a transition to 
 100% renewable energy is economically competitive with the current fossil-fuel and nuclear-based 
 system (Ram et al., 2017a). This study is utilised in the following sectors: 


1   As the DPPP involves only a core number of individual member countries from the EU, it is not possible to provide 
comparable EU level benchmarks from this project. 
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u  The finding that every region as defined by the study can feasibly reach either very close to, 
 or a 100%, renewable energy electricity system by 2050 is utilised to provide an upper bound 
 to the share of renewables benchmark. Where possible, this is substantiated by additional 
 literature with a national focus. 


u  The  related  finding  that  asserts  every  region  can  achieve  an  electricity  system  with  an 
 emissions  intensity  of  0g  CO2/kWh  by  2050  is  used  to  substantiate  the  downscaled  IAM 
 findings that emissions intensities need to be, and can feasibly be, negative by 2050 in each 
 country. 


Transport 


u  The implication of a fully decarbonised electricity system in each region of this study is used 
 to substantiate the finding that emissions per km of passenger vehicles can and should reach 
 zero by 2050. 


u  A fully decarbonised electricity system also implies a very high degree of zero-carbon fuels in 
 the transport sector. The findings on this indicator for each region are utilised to formulate 
 the upper bound of this benchmark between 2030 and 2050. 


Teske et al (2019) 


This comprehensive study provides global and regional energy modelling scenarios compatible with 
 limiting warming to 1.5°C. It was chosen as it provides sectoral analysis in the transport and industry 
 sectors that overlaps with our chosen benchmarks. 


Transport 


u  For our benchmark “EV share in stock” the regional modelling results from this study are used 
 as a point of comparison against our bottom-up stocktake models. As the Teske results are 
 less ambitious than our modelled results, they do not form part of our final benchmarks for 
 this indicator. 


Industry 


u  The  electrification  of  industry  benchmark  is  a  range  for  each  country  derived  through  a 
 combination  of  the  Teske  et  al.  regional  results  and  the  results  from  down-scaled  IAM 
 pathways. Where the downscaled pathway represents the highest level of ambition between 
 the two, it forms the upper bound of the range, and where the Teske et al. regional result 
 represents  the  highest  level  of  result,  this  forms  the  upper  bound  of  the  range.  Both 
 represent 1.5°C compatible shares of electricity in industry sector. 


Sector-specific literature is also included in each sector and described in more detail in the sector-
 specific sections of this report.  


Data availability 


All energy and emissions-related data at a national level is provided by the IEA World Energy Balance 
and  IEA  CO2  Fuel  Combustion  Emissions  database  (IEA,  2019c).  For  transport-related  indicators, 
various  other  sources  are  used  and  indicated  within  the  report.  In  line  with  IPCC  guidelines,  we 
harmonise the model data in the base year 2015 to the historical data provided by the International 
Energy Agency (IEA). The difference is linearly reduced until the year 2050. 
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Power 



3.1  Key mitigation options in the power sector 


In 2015, the base year used for our analysis of the power sector, fuel input to the global power sector 
 was roughly 38% of global total primary energy demand. This makes the power sector the sector with 
 the largest energy demand, and the highest share of global CO2 emissions of any sector (IEA, 2019a). 


It is therefore imperative to speed up the widespread implementation of strategies to decarbonise 
 the world’s power systems, to achieve the rapid and deep emissions cuts required to limit warming 
 to 1.5°C as agreed under the Paris Climate Agreement. 


In all 1.5°C compatible pathways analysed for the power sector, there is a high degree of uptake in 
 renewable  energy  technology,  with  its  share  of  total  demand  increasing  over  time,  from  2015  to 
 beyond  2050.  This  indicates  the  critical  role  they  will  play  in  achieving  the  outcomes  of  the  Paris 
 Agreement.  


In  later  years  (primarily  beyond  2030),  carbon  capture  and  storage  (CCS)  plays  an  increasingly 
 important role in achieving decarbonisation under most 1.5°C compatible pathways. This later uptake, 
 rather than early, reflects the fact that it is currently not a commercially viable option, and requires 
 further development before it can be rolled out on the scale necessary for deep decarbonisation of 
 the power sector. There are, however, large variations in the extent of eventual CCS utilisation across 
 pathways of the same region, which underscores the uncertainty associated with this technology that 
 is embodied in these pathways. Most “low CCS” pathways compensate for this by substituting a higher 
 share  of  renewable  energy,  and  this  is  a  main  reason  behind  the  considerable  range  that  exists 
 between pathways in the “share of renewables” indicator for the countries analysed. 


Many pathways across all regions exhibit low overall energy demand growth until 2025 or even 2030. 


This demonstrates an expectation of widespread energy efficiency gains, with many such measures 
 being  cost-effective  and  simple  to  implement.  Energy  efficiency  measures  implemented  in  the 
 industry and building sectors both have the potential to significantly reduce electricity demand. 



3.2  Sector-specific methods to define Paris Agreement-compatible  benchmarks 


The three indicators chosen in order to reflect critical elements of the necessary transition in the 
 power  sector  over  time  are: electric  emissions  intensity,  share  of  renewables,  and  share  of 
 unabated  coal  in  the  electricity  mix  of  the  countries  chosen  for  analysis.  These  indicators  were 
 chosen  in  order  to  provide  both  a  general  overview  (electric  emissions  intensity)  of  where  the 
 electricity  sector  needs  to  be  in  the  milestone  years  of  2030,  2040,  and  2050,  as  well  as  a  more 
 granular  description  of  how  much  the  build-up  (renewables  share)  and  phase-out  (coal  share)  of 
 specific critical energy sources needs to have progressed in each country. 


The  Paris  Agreement-compatible  benchmarks  for  these  indicators  reflect  a  synthesis  of  the 
values  in  the  chosen  interval  years  (2030,  2040,  2050)  of  the  75th  percentile  across  the  Paris 
Agreement-compatible pathways analysed and the highest level of ambition found to be viable 
in  the  relevant  literature.  Eleven  scenarios  provide  the  necessary  data  at  the  required  level  of 



(10)granularity  to  derive  country-level  pathways2.  The  median  and  75th  percentile  pathways  for  each 
 country are illustrated by the dotted and solid blue lines respectively in  


Figure  3-1,  Figure  3-2  and  Figure  3-3  below,  and  are  selected  rather  than  the  average  in  order  to 
 safeguard the value of the resultant benchmark from potential outlier pathways. This is illustrated by 
 the range of pathways for South Africa’s electric emissions intensity in  


Figure 3-1 compared to the median and 75th percentile.  


The 75th percentile is chosen as the lower end of the benchmark ranges, rather than the median, to 
 account for a number of factors that have led to IAMs underestimating the potential for high levels 
 of ambition in climate mitigation actions. For example, the IEA has consistently underestimated the 
 penetration of renewable energy generation in the global energy mix, and IAMs have underestimated 
 the  declining  trends  in  capital  costs  of  renewable  energy  systems,  especially  photovoltaics  and 
 storage technologies. Additionally, many IAMs tend to depend to a large extent on Carbon Dioxide 
 Removal  (CDR)  technologies  (e.g.,  BECCS)  in  order  to  meet  temperature  targets,  which  does  not 
 capture the near-term action needed should those technologies not be available at the massive scale 
 needed.  


While an IAM-based assessment provides a consistent estimation of the minimum necessary ambition 
 for Paris compatibility of each benchmark, additional lines of evidence are assessed to further explore 
 the landscape of pathways to meet the Paris Agreement. These sources are employed in a synthesis 
 of the IAM results, including the available literature using bottom-up, hybrid, and sectoral models to 
 estimate the top-end range of plausible ambition.  


Because these studies are based on detailed technological assessments, including on the feasibility 
 of  certain  technical  futures,  and  are  often  combined  with  energy  system  cost  estimation,  they 
 complement  IAM-based  estimates,  and  they  can  provide  an  upper  bounding  term  of  “highest 
 plausible ambition level” in line with a 1.5C outcome. For this reason, they form the upper bound of 
 the Paris Agreement-compatible benchmarks for the power sector. The literature utilised in this way 
 is outlined in section 2.3.  


One study in particular is employed in our analysis, as it provides evidence of the feasibility of a high 
 degree of renewable energy penetration across every region on Earth. This joint modelling initiative 
 between the Energy Watch Group and LUT University simulates a total global energy transition across 
 multiple sectors including electricity and transport, and shows that a transition to 100% renewable 
 energy is economically competitive with the current fossil-fuel and nuclear-based system (Ram et al., 
 2017b). This study forms the lower end of the benchmark range for the power sector. 


In order to further place results for the power sector into context, we have provided benchmarks for 
 the same countries and indicators from two alternative sources that provide an adequate level of 
 granularity  in  their  analyses  to  enable  comparison.  These  sources  are  the Deep  Decarbonisation 
 Pathways  Project, and  the Beyond  2  Degrees  Scenario  (B2DS) from  the International  Energy 
 Agency’s Energy Technology Perspectives Report, outlined in section 2.3.   
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Electricity Emissions Intensity 


g CO2 / kWh 


A clear measure of the decarbonisation of the 
 energy  system  is  CO2  intensity  in  the  power 
 sector, measured in grams of CO2 emitted per 
 kWh  of  electricity  generated  (gCO2/kWh) 
 equivalent  units.  As  a  very  rough  indication, 
 coal-fired  power  results  in  1000  g/kWh  and 
 natural  gas  power  about  half  that.  The  CO2


intensity of the power sector is a complementary 
 indicator  to  that  of  renewable  energy  share  in 
 the power sector and is clearly connected to the 
 rate of coal phase-out.  


The  CO2  emitted  through  the  three  fossil  fuel 
 electricity sources coal, oil and gas is considered 
 in IAMs, and for each fuel and country, specific 
 electric  emissions  intensities  (gCO2/kWh)  are 
 calculated  according  to  IEA  fuel  demand  in 
 electricity data in 2015 (World Energy Balances 
 (IEA,  2019c)).  For  bioenergy  with  CCS  (BECCS), 
 we  assume  a  capture  rate  of  90%  and  an 
 electricity emissions intensity of -300 gCO2/kWh, 
 a  negative  of  the  weighted  average  of  the 
 default direct emissions factors for the various 
 forms  of  bioenergy  provided  in  the  IPCC  2006 
 guidelines (IPCC, 2006). 


The  incorporation  of  negative  emissions 
 intensity for electricity produced using BECCS is 
 chosen in order to express the relative degree to 
 which particular countries are projected to rely 
 on  BECCS  in  the  analysed  pathways,  a 
 technology  that  is  currently  not  viable  and  has 
 limitations  on  the  extent  to  which  it  can  be 
 utilised.  This  also  provides  a  more  detailed 
 picture  of  country-specific  fuel-mix  trajectories 
 than  simply  treating  electricity  resulting  from 
 bioenergy with and without CCS as resulting in 
 zero emissions. However, by including BECCS in 
 overall  emissions  intensity  allows  for  different 
 solutions providing negative emissions and still, 
 overall,  as  a  sum  over  countries  and  sectors, 
 achieve a global 1.5°C compatible pathway. 


Emissions factors derived from for all fossil fuels 
 are used to compute the overall emissions in the 
 power sector and divided by the electric power 
 generated  to  compute  the  electric  emissions 
 intensify. 
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(12)Figure 3-1. Emissions intensity of electricity incl. BECCS, also including uncertainty ranges using 11 different IAM 
 model/scenario runs 


Table 3-1. Emissions intensity of electricity incl. BECCS 



Emissions intensity g CO
2 / kWh 


Country Year  IAM 


pathways 
 median 


IAM 
 pathways 


p75 


ETP B2DS  EWG & LUT  DDPP 2°C  PA 
 Final 
 Benchmark 
 Global 


2030  175  125  229  48  50-125 


2040  31  24  72  6  5-25 


2050  5  -5  -8  0  <0 


USA 


2030  186  132  323  29*  30-130 


2040  55  32  70  0*  0-32 


2050  13  -4  -31  0*  35  <0 


EU 


2030  113  77  78  82*  75-80 


2040  14  0  27  6*  0-5 


2050  -25  -31  -30  0*  <0 


Brazil 


2030  42  20  10  2*  32  0-20 


2040  -6  -11  11  0*  <0 


2050  -17  -46  6  0*  0  <0 


India 


2030  241  156  256  114*  115-155 


2040  18  3  97  0*  5 


2050  -6  -22  32  0*  36  <0 


China 


2030  197  109  277  95*  450  100-110 


2040  24  7  44  0*  0-5 


2050  3  -1  -22  0*  68  <0 


South Africa 


2030  447  377  304  47*  45-377 


2040  38  12  34  5*  5-10 


2050  -3  -21  12  0*  35  <0 


Indonesia 


2030  303  256  50*  400  50-255 


2040  45  32  5*  5-30 


2050  7  -11  0*  68  <0 



(13)Figure  3-1 shows  the  range,  median  and  75th  percentile  of  the  eleven  pathways  downscaled  from 
 regional IAM scenarios. The solid line (75th percentile) represents the pathway chosen to derive the 
 lower bound of the 2030, 2040 and 2050 Paris Agreement-compatible benchmarks for each country. 


The range shown for each country in one sense provides an indication of the degree of uncertainty at 
 any  one  interval  year,  but  also  demonstrates  the  fact  that  there  is  no  definitive  trajectory  that  a 
 country must follow to achieve Paris Agreement compatibility. It is generally true, however, that the 
 slower a country decarbonises over the short term, the more drastic the emissions reductions are 
 required over subsequent years. 


Table  3-1  shows  the  2030,  2040  and  2050  Paris  Agreement-compatible  benchmarks  for  emissions 
 intensity  of  the  electricity  sector  for  the  chosen  countries,  which  are  a  synthesis  of  the  “high” 


ambition  75th  percentile  IAM  pathway  and  the  top  end  range  of  plausible  ambition  found  in  the 
literature. 



(14)
Share of renewables 


Percentage renewables in total generation 


For each scenario and country, the share of renewable power sources (including bioenergy) of the 
 total generated power are derived from the country-specific pathways reflecting the fuel mix over 
 time, downscaled from the regional-level electricity sector pathways. 


Our  definition  of  ‘renewable  energy’  in  this  context  is  broad  and  encompasses  not  only  variable 
 generators like solar and wind, but also dispatchable sources like hydro and power plants fuelled with 
 sustainable, net-zero emissions biomass. Grid stability and reliability in these scenarios is maintained 
 in  a  cost-effective  manner  through  multiple  technologies,  including  storage.  Storage  on  week-to-
 month  timescales  is  enabled  by  pumped  storage  and  on  hourly-daily  time  scales  by  battery 
 technologies and compressed air storage. Models can still find the need for spinning up gas-based 
 reserves to help balance electrical load; in 100% RE scenarios, such turbines are fuelled with synthetic 
 gas derived from renewable sources (e.g., methanation, electrolysis). 


As with the variation in the overall fuel mix in the country-specific downscaled pathways, the variation 
 across countries in the share of renewables and unabated coal indicators across time can be explained 
 by  the  same  interconnected  factors.  These  factors  are  the  country-specific  relative  magnitude  of 
 demand for specific fuels in the base year, and the trajectories of demand for the various fuels at the 
 regional level over time. A high degree of intra-country variation across pathways exhibited by, for 
 example,  the  USA,  South  Africa  and  Indonesia  is  primarily  explained  by  a  large  variation  between 
 pathways of the relative proportions of renewable energy, and nuclear and fossil fuel-based power 
 generation with CCS. 



Results: 


Figure 3-2 shows the range, median, and 75th percentile of the eleven pathways downscaled from 
 regional IAM scenarios. The solid line (75th percentile) represents the pathway chosen to derive the 
 lower bound of the 2030, 2040 and 2050 benchmarks for each country.  Table  3-2 then shows the 
 range of 2030, 2040, and 2050 Paris Agreement-compatible benchmarks reflecting a synthesis of the 


“high” ambition 75th percentile IAM pathway and the top end range of plausible ambition found in the 
 literature. 


Figure 3-2. Share of renewable energy sources in the electricity sector 



(15)
Selection of Paris Agreement-compatible benchmarks 


We  develop  Paris-compatible  benchmarks  for  the 
 share  of  renewable  energy  in  the  power  sector 
 from different sources of evidence in the scenario 
 literature. We rely on IAMs and existing literature 
 to  provide  an  envelope  of  possible  transitions  in 
 the  2030s  and  2040s.  However,  we  are  noting 
 criticisms  with  the  IAM  long-term  assumptions  of 
 costs  and  peculiarities  in  technical  constraints 
 placed within the models. Therefore, for the 2050 
 benchmark, we derive the 2050 benchmarks based 
 on recent literature studies only. 


 In  order  to  meet  the  Paris  Agreement,  it  is  clear 
 that the power system must be carbon-neutral or 
 negative  by  mid-century  –  as  is  reflected  in  our 
 energy intensity benchmarks. The technology mix 
 which achieves this target can be varied, including 
 fossil-based CCS and nuclear. Literature is available 
 describing  cost-effective  (i.e.,  at  or  below  today’s 
 energy  costs)  100%  RE  systems  for  most  of  the 
 countries  under  consideration  in  our  benchmarks 
 as  well  as  global  scenarios  which  do  not  include 
 these  technologies.  The  CAT  therefore  makes 
 some normative assessments as to the viability of 
 these possible futures.  


Dependence  on  fossil-based  CCS  will  further 
 increase  the  mitigation  burden  (only  ~90%  of 
 emissions are captured in an idealised system) and 
 pressure  land-use  sectors  to  extract  ever  more 
 emissions  from  the  atmosphere.  Given  the 
 difficulty in mitigating other sectors mentioned in 
 this  report,  the  CAT  therefore  does  not  assess 
 fossil-based  CCS  in  the  power  sector  as  a  viable 
 option for countries to target in Paris-Agreement 
 compatible scenarios.  


Nuclear  power  has  other  well-discussed 
 complications,  not  least  of  which  concern 
 intergenerational-equity  issues.  While  nuclear 
 power  is  a  near-zero  carbon  emissions  power 
 source, it suffers from political acceptability, safety 
 issues, concerns in relation to the nuclear fuel cycle 
 including  proliferation  as  well  as  disposal  of  high 
 level nuclear waste which is nowhere resolved, high 
 economic cost, slow build times, and inflexibility in 
 relation  to  its  technical  integration  in  large-scale 
 RE systems, which is an ongoing matter of scientific 
 discussion.  
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(16)Table 3-2. Share of renewables (including biomass) % of total generation 



Share of renewables (including biomass) % of total generation 


Country Year  IAM 


pathways 
 median 


IAM 
 pathways 


p75 


ETP B2DS  EWG & LUT  DDPP 2°C  PA 
 Final 
 Benchmark 
 Global 


2030  52%  56%  47%  89%  55-90% 


2040  73%  76%  63%  98%  75-100% 


2050  71%  82%  74%  100%  98-100% 3456


USA 


2030  48%  52%  33%  94%  50-95% 


2040  70%  72%  51%  99%  70-100% 


2050  72%  85%  66%  100%  84%  98-100% 74


EU 


2030  68%  70%  59%  88%  70-90% 


2040  83%  85%  69%  97%  85-95% 


2050  86%  92%  75%  100%  98-100% 84


Brazil 


2030  89%  90%  93%  98%  92%  90-100% 


2040  95%  96%  94%  99%  95-100% 


2050  95%  97%  96%  99%  97%  98-100% 4


India 


2030  65%  66%  42%  81%  40%  65-80% 


2040  86%  88%  62%  98%  90-100% 


2050  84%  88%  75%  98%  74%  98-100% 94


China 


2030  70%  76%  49%  89%  31%  75-90% 


2040  89%  91%  61%  96%  90-95%  


2050  90%  94%  70%  99%  52%  98-100%4 10 11


South Africa 


2030  40%  44%  39%  98%  16%  45-100% 


2040  81%  85%  55%  99%  85-100%  


2050  65%  70%  62%  100%  94%  98-100% 124


Indonesia 


2030  45%  50%  84%  50-85% 


2040  68%  79%  99%  80-100% 


2050  74%  79%  99%  98-100%134
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(17)Our analysis suggests that to be Paris Agreement-compatible and reach complete decarbonisation by 
 2050, the most promising option is to fully transition the electricity sector to 100% renewable sources 
 using  variable  and  dispatchable  sources,  firm  biomass  capacity,  all  storage  options  and  flexible 
 electricity  demand.  Other  alternative  low-carbon  technologies  are  not  expected  to  compete 
 economically  with  renewable  energy  and  storage  where  costs  are  falling  and  are  expected  to 
 continue  to  fall.  A  combination  of  biomass,  mass  battery  storage,  hydropower  and  power-to-gas 
 technologies will provide enough storage potential to compensate for the variation in wind and solar 
 power supply (Bogdanov et al., 2019; Brown et al., 2018; Cheng, Blakers, Stocks, & Lu, 2019). However, 
 there are uncertainties of future development, and different national preferences may take hold to 
 keep non-renewable, low-carbon technologies in the marketplace.  


While we assess an upper bound in 2050 for this benchmark at 100%, consistent with available global 
 study of (Teske et al., 2019). We omit using IAM based results for the lower bound in 2050, since 
 recent decrease in the costs of renewables suggest a much faster market penetration rate and will 
 significantly  change  projections  in  2050.  Therefore,  we  provide  a  lower  bound  of  98%  across  the 
 board.  This  lower  bound  is  derived  from  the  lowest  country-specific  renewables  penetration  rate 
 from global study of EWG/LUT (Zappa, Junginger, & van den Broek, 2019) which most closely aligned 
 with  recently  observed  developments  in  the  renewable  energy  space,  and  reflects  the 
 abovementioned  uncertainties.  However,  the  CAT  assesses  that  100%  renewable  electricity  is  a 
 technically and economically feasible means of reaching zero emissions in the power sector by 2050 
 and involves the lowest sustainability trade-offs. 


Ram, M., Bogdanov, D., Aghahosseini, A., and Oyewo, A. S. (2017). Global 100% RE System: Southeast Asia - Indonesia, Papua New 
 Guinea. Available at: https://www.researchgate.net/publication/320756200_Global_100_RE_System_Southeast_Asia_- 


_Indonesia_Papua_New_Guinea [Accessed March 19, 2019] 
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Share of unabated coal in the power sector 


Percentage coal in total generation 
 The  share  of  unabated  coal  represented  in  the 
 country-specific  benchmarks  reflects  only  coal-
 fired  power  without  CCS.  As  coal-fired  power 
 with  CCS  is  an  almost  emissions  neutral  power 
 source  and  therefore  does  not  contribute 
 significantly  to  the  exhaustion  of  a  country’s 
 Paris Agreement-compatible carbon budget, the 
 share of this technology represented in the down 
 scaled pathways is not captured by this indicator. 


CCS  technologies  also  represent  a  more 
 expensive  version  of  the  original  fossil 
 technology.  Since  IAMs  do  not  consider  social 
 and  political  implications,  CCS  technologies 
 could  be  interpreted  as  unused  potential  for 
 renewables or biomass. Coal plays a large role in 
 the  world  energy  system  and  is  the  most  CO2


intensive  fossil  fuel.  Although  the  coal  share  in 
 power  generation  has  decreased  in  many 
 countries  in  recent  years,  it  is  still  growing  in 
 others, e.g. India or Indonesia. 



Results: 


Figure  3-3  shows  the  range,  median  and  75th
 percentile  of  the  eleven  pathways  downscaled 
 from regional IAM scenarios. The solid line (75th
 percentile)  represents  the  pathway  chosen  to 
 derive  the  lower  bound  of  the  2030,  2040  and 
 2050 benchmarks for each country.   
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(19).  


Figure 3-3. Share of unabated coal-fired power in the electricity sector and uncertainty ranges 


Table 3-3. Share of unabated coal-fired power in the electricity sector 



Share of coal % of total generation 


Country Year  IAM 


pathways 
 median 


IAM 
 pathways 


p75 


ETP B2DS  EWG & LUT  DDPP 2°C  PA 
 Final 
 Benchmark 
 Global 


2030  7%  2%  14%  1%  0-2.5% 


2040  1%  0%  3%  0%  0% 


2050  0%  0%  1%  0%  0% 


USA 


2030  5%  1%  6%  0%  0%  0% 


2040  1%  0%  2%  0%  0% 


2050  0%  0%  1%  0%  0%  0% 


EU 


2030  3%  1%  7%  1%  0%  0% 


2040  0%  0%  1%  0%  0% 


2050  0%  0%  0%  0%  0%  0% 


Brazil 


2030  0%  0%  2%  0%  26%  0% 


2040  0%  0%  1%  0%  0% 


2050  0%  0%  1%  0%  2%  0% 


India 


2030  19%  11%  15%  7%  17%  5-10% 


2040  1%  1%  1%  0%  0% 


2050  0%  0%  1%  0%  1%  0% 


China 


2030  17%  8%  29%  7%  52%  5-10% 


2040  1%  0%  7%  0%  0% 


2050  0%  0%  0%  0%  5%  0% 


South Africa 


2030  43%  36%  35%  1%  79%  0-35% 


2040  6%  2%  6%  0%  0% 


2050  2%  0%  2%  0%  0%  0% 


Indonesia 


2030  13%  8%  11%  6%  26%  5-10% 


2040  1%  0%  0%  0% 


2050  0%  0%  0%  0%  2%  0% 



(20)Table 3-3 provides 2030, 2040, and 2050 Paris Agreement-compatible benchmarks for the share of 
 coal in the electricity sector reflecting a synthesis of the “high” ambition 75th percentile IAM pathway 
 and the top end range of plausible ambition found in the literature. 



Transport 



4.1  Key mitigation options in the transport sector 


Transport emissions represent close to 20% of global CO2 emissions, with the transport sector having 
 the second highest level of total final consumption behind the power sector, accounting for at least 
 20% of energy consumed (IEA, 2019).  


Although  reducing  transport  emissions  will  require  a  reduction  in  demand  for  transportation  and 
 enabling a modal shift to non-motorised mobility, a key sectoral strategy for the decarbonisation of 
 both passenger and freight transport by 2050 is electrification. This is contingent on a simultaneous 
 decarbonisation of the power sector (see section on power sector). Catalysing a rapid penetration of 
 electric vehicles (EVs) to reduce the share of internal combustion engine vehicle (ICEVs) will be key in 
 reaching  this  target  and  will  be  facilitated  through  the  widespread  deployment  of  charging 
 infrastructure  together  with  incentives  for  passengers  to  shift  to  EVs.  This  acceleration  could  be 
 driven by the implementation of ICEV sales-ban targets, which has already been the case in several 
 countries.  


While  the  penetration  of  EVs  within  different  markets  needs  to  be  scaled  up,  it  also  needs  to  be 
 accompanied  by  an  improvement  in  fuel  efficiency  of  ICEVs  through  the  introduction  or  the 
 improvement of fuel efficiency standards. Passenger car fuel efficiency standards exist for a wide 
 range of countries but with different levels of stringency. If standards were broadly applied at the 
 level of the 2025 EU car standards, this could achieve a potential global emissions reduction of 1.9 
 GtCO2 (Fekete et al., 2015). 


Investments in public transport and urbanisation policies ensuring accessible routes for alternative 
 transports will be key in supporting modal shift for passengers from vehicles to public transport or 
 alternative modes, such as bicycles, as urban population grows.  



4.2  Deriving benchmarks 


Four  indicators  are  chosen  in  order  to  reflect  critical  elements  of  the  necessary  transition  in  the 
 transport sector over time:  


u  share  of  electric  vehicles  in  stock  (%) defined  as  the  number  of  EV  cars,  two  and  three 
 wheelers (only in the case of China, Indonesia and India), expressed as the % of overall Light 
 duty vehicle (LDV) fleet. Our definition of EVs includes only battery electric vehicles (BEVs). 


u  share of electric vehicles sales (%) defined as the % of EV sales of the overall LDV sales, 
 including cars, two and three wheelers (only in the case of China, Indonesia and India).  


u  land-based emissions  per  passenger  kilometres  (gCO2/pkm) travelled  by  cars,  two  and 
 three wheelers (only in the case of China, Indonesia and India), buses and rail transport. 


u  share of low-emissions fuels (biofuels, electricity and hydrogen) of the total (domestic) 
 transport sector demand (%) of final energy, including passenger and freight. 


As with other sectors, our benchmarks are determined from a range of inputs; literature review, a 
bottom-up  model  of  the  transport  sector  focusing  on  passenger  vehicles  (cars,  two  and  three-
wheelers depending on the context of the country), and an analysis of 1.5°C compatible scenarios. 



(21)The first three indicators require the use of a detailed bottom-up model while the last indicator can 
 be derived using IAM pathways as was done for the power sector. 



1.5°C compatible scenarios 


EV shares in stock, sales, and land-based emissions per passenger kilometres require a very detailed 
 technology  perspective.  Thus,  we  rely  on  the  IEA  Energy  Technology  Perspectives  (ETP)    2017 
 (International Energy Agency (IEA)., 2017) and the IEA Mobility Model 2017 (as used for World EV 
 Outlook 2017 ). The “Beyond 2 degrees scenario” (B2DS) applies a combination of back-casting and 
 forecasting over three scenarios from now to 2060. The analytical approach used in the ETP model is 
 described as aiming at identifying a “cost-effective way for society to reach the desired outcome”.  


The Energy-related CO2 emissions in the B2DS scenario up to 2060, together with its peak warming 
 at  1.6°C  around  2060,  are  comparable  with  low-overshoot  1.5°C  scenarios  and  is  likely  to  be  a 
 compatible pathway with the Paris Agreement. However, scenario data from 2060 to 2100 is missing, 
 thus a final statement is not possible. It will, however, require further negative emissions after 2060 
 to reach 1.5°C (Climate Action Tracker, 2018a, 2018b).  Therefore, we further analyse the transport 
 component of the B2DS and the compatibility with the Paris Agreement goal. 


For using the B2DS in these benchmarks we investigated how transport sector emissions compare to 
 the CAT-defined set of 1.5°C compatible pathways14. Figure 4-1 shows the full range of sectoral CO2


emissions in the transport sector, as well as the median. The green diamonds, representing the B2DS, 
 place well within the range of 1.5°C pathways, thus can be categorised as within the set the Paris 
 Agreement-compatible  scenario  pathways.  However,  we  note  that  the  B2DS  is  above  the  median 
 during the transition from 2030-2050, providing a more conservative estimation in this period than 
 most compatible pathways. 


14   'SSP1-19 SSP1-19', 
       'SSP2-19 SSP2-19', 


      'TERL_15D_LowCarbonTransportPolicy TERL_15D_LowCarbonTransportPolicy', 
       'TERL_15D_NoTransportPolicy TERL_15D_NoTransportPolicy', 


      'IMA15-LiStCh IMA15-LiStCh', 
        'SSP1-19 SSP1-19', 


       'ADVANCE_2020_1.5C-2100 ADVANCE_2020_1.5C-2100', 
        'SSP1-19 SSP1-19', 


       'SSP2-19 SSP2-19', 


       'EMF33_1.5C_cost100 EMF33_1.5C_cost100', 
        'EMF33_1.5C_limbio EMF33_1.5C_limbio', 
        'EMF33_1.5C_nofuel EMF33_1.5C_nofuel', 
        'EMF33_WB2C_limbio EMF33_WB2C_limbio', 
        'EMF33_WB2C_nobeccs EMF33_WB2C_nobeccs', 
        'EMF33_WB2C_nofuel EMF33_WB2C_nofuel', 
        'EMF33_WB2C_none EMF33_WB2C_none', 


       'CD-LINKS_NPi2020_1000 CD-LINKS_NPi2020_1000', 
       'CD-LINKS_NPi2020_400 CD-LINKS_NPi2020_400', 
       LowEnergyDemand LowEnergyDemand 
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