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Executive Summary

Authors: International Energy Agency and InternagioRenewable Energy Agency

Scope of the study Page |5

Investment is the lifeblood of the global energytsys. Individual decisions about how to direct
capital to various energy projects— related to the collection, conversion, transport and
consumption of energy resourcescombine to shape global patterng energy use andelated
emissions for decades to come. Government energy e@imate policies seek to influence the
scaleand nature of investments across the economy, and lergn climate goals depend on
their success. Understanding the energy investirlandscape today and how it can evolve to
meet decarbonisation goals are central elementsha&f energy transitionAround twathirds of
global greenhouse gas (GHG) emissions stem fromggn@oduction and use, which puts the
energy sector at the core effforts to combat climate change.

Against this backdrgphe German government has requested the Interoasl Energy Agency
(IEA) and the International Renewable Energy AgditiREENA) to shed light on the essential
elements of an energy sector transitidimat would be consistent with limiting the rise global
temperature to well belomtwo degrees Celisiu®{Q, as set out in the Paris Agreement. The
overarching objective of thstudy is to analyse the scale and scope of investmi lowcarbon
techrnologies in power generation, transport, buildingadaindustry (including heating and
cooling) that are needed to facilitate such a triios in a costeffective manner, whilealso
working towards other policy goals. The findingsttaé report will infom G20 work on energy
and climatein the context of the 201German G2@residency.

The analyss in this reportare framed by several key questions which include:

x How can the energy sector achieve a transition tdegarbonised, reliable and secure
energysector at reasonable costs?

x  What are the investment needs associated with timelgy sector transition and how do
investment patterns need to change to reach a loarbon energy system?

x What are the cebenefits for other energy policy objectives thatutd result from an
energy sector transformation?

x Assuming a timely and effective lemarbon energy sector transition, what is the outlook
for stranded assets? What is the impact for stratdessets if action is delayed and the
transition is sharper?

x How doesthe trend of declining costs for renewables and @tHow-carbon energy
technologies, as well as acceleration of efficiegeayns, support the decarbonisation?
How can policy accelerate this development?

x What are the roles of carbon pricing and the phase of fossilfuel subsidies in ensuring
a costeffective decarbonisation of energy systems?

x What are the roles of more stringent regulationstter market design and/or higher
carbon prices for the energy sector transition?

x What is the role of researchjevelopment and demonstration, and how can early
deployment of a broad array of leearbon technologies support an efficient and
effective energy sector transition?

In order to address thee questions, the IEA and IREBEparatelyhave examined the invament
needs for energy sector pathways that would fosgitting the world on track towards a
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significant reduction in energielated GHG emissions until the middle of this cent Each
institution has developed one core scenario thatulbbe compatiblewith limiting the rise in
global mean temperature to 2°C by 2100 with a phobty of 66%, as a way of contributing to
the “well below 2°C” target of the Paris AgreemeBbth the IEA and IRENA analyses start with
the same carbon budget for the energy s®c But the pathways to reaching the goal differ
between the two analyses: the modelling analysiadiected by the IEA aims at laying out a
pathway towards energy sector decarbonisation tistechnologyneutral and includes all low
carbon technologies, taking into account each coystparticular circumstances. The analysis
conducted by IRENA maps out an energy transitioat tsiresses the potential of energy
efficiency and renewable energy sources to achiguime climate goal, while also taking into
consideration all othetow-carbontechnologies.

While IEA and IREN#ase theirenergy sectoanaly®s on different approaches and use different
models and/or toolsthere are similarities in higlevel outcomes that support the relevance for a
pathway andframework fora timely transition of theglobal energy sector.in the following
sections, key findings from the analyses of eadfanisation are presented.

Carbon budget

The average global surface temperature rise has aémost linear relationship withthe
cumulative emissions aarbon dioxide€©Q). This useful relationship has resulted in the apic
of a remaining global “GCbudget” (the cumulative amount of GQemitted over a given
timeframe) that can be associated with a probapilidf remainingoelow a chosen temperature
target.

The Paris Agreement makes reference to keeping txatpre rises to “well below 2°C” and
pursuing efforts to limit the temperature increase 1.5°C. However it offers no clear guidance
on what “well below 2°C” means joractice, or what probabilities should be attachaa the
temperature goals.For the purpose of this reportwvas chosen to focus on a scenario with a 66%
probability of keeping the average global surfaeeperature rise throughout the 21st century
to below 2°C without any temporary overshootUnderstanding theassociated CObudget
consistent with this definition is a critical coderation for modelling the pace and extent of the
energy sector transition (TableS.). To generate an estimate of gBudget for a 66% chance of
staying below 2°C, it is necessary to estimate ltewad rates of nof€Q emissions For the
purpose of this studynon-CQ emissions originating from neenergy sectors rely on the
scenarios from the database the FifthAssessment Report of tHatergovernmental Panel on
Climate ChangeRC({ With these assumptions, for the purpose of thisdstuwe estimate that
the CQ budget between 2015 and 2100 is 880 gigatonnes. (Gijs lies towards the middle of
the 590— 1240Gt CQ range from a study discussing {iddgets commensurate with a 66%
chance of staying below 2°C.

d o " Emefgy sector Cudget in the decarbonisation scenarios developed the IEA and IRENA
in this study

(Gt CO») 2015 - 2100

Total CO: 880
Industry processes -90
Land use, land- use change and forestry 0

Energy sector CO2 budget 790
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It is important to recognise that the 66% 2%Cenarios explored in this report keep the
temperature rise below 2°C not just in 2100 butoatsver the course of the 21st centutty.does
not permit anytemporary overshooting of this temperature in angay. The main reason for this
working assumption is that permitting a temporaryesshoot of a specific temperature rise
before falling back to this level in 2100 would igngelying on negativ€Q technologiegsuch as

direct air capture, enhanced rock weathering, affstation biocharand bioenergy with carbon—Page 7

capture and storageat scale sometime in the future.h& assessment of the implications of
widespreal adoption of bioenergy with carbon capture and storagBEHCQOSfor landuse
requirements or the potential uptake of neenergy technologies for G@moval is outside the
scope of this report.

Nevertheless, many of the scenarios assessed byREBE irt$ Fifth Assessment Report that aim

to limit the specific temperature rise in 2100 t6Qrely heavily upon BECCS such that the global
energy sector as a whole absorbs,@®issions from the atmosphere by the end of the tcen.

The scenarios developed in this study are therefamgbitious in terms of the timing and scope of
required energy emissions reductions for meeting tA°C goal as they offer no possibility to
delay CQ@ emissions reduction until negativamissions technologies are available at scale.
Nevertheless, the scenarios offer the possibility &chieving more stringent climate targets in
the future, should negativemissions technologies become available

To arrive at arenergy sector onl€Q budget for the 66% 2°C scenario it is necessasubtract
from the total CQbudget those C@emissions not related to fossil fuel combustiorthe energy
sector. These emissions predominantly arise frono Sources: industrial processes and from
land use, landise change and forestry (LULUGH the latter, the outlook for COemissions
from LULUCF used in this study are basethe median of 36 unique decarbonisation scenarios
analysed by the IPCEor this study, the assumption is thaQ emissions from LULUCF fall from
3.3Gt in 2015 to zeroypmidcentury. LULUCF subsequently becomes a net absoft@® over
the remainder of the 24t century, and, as a result, cumulative £€nissions from LULUCF
between 2015 and 2100 are close to zero.

The net effect of these two factors is to reducesttotal CQ budget from 880 Gt to an energy
sector only budget of 790 Gthe challenge is stark: by means of comparisorreatiNationally
Determined ContributiongNDC3¥ imply that, until 2050, the energy sector would e¢raimost
1 260 Gt, i.e. nearly 60% more than the alloweddmtd

IEA findings

Limiting the global mean temperature rise to belo®°C with a probability of 66% would
require an energy transition of exceptional scopelepth and speed.Energyrelated CQ
emissions would need to peak before 2020 and fglintore than 70% from today’s levels by
2050. The share of fossil fuels in primary energgndnd would halve between 2014 and 2050
while the share of lowcabon sources, including renewables, nuclear andifdssl with carbon
capture and stoageQC$ would more than triplevorldwideto comprise 70% of energy demand
in 2050.

The 66% 2°C Scenario would require an unparallekap up of all lowcarbon technobgies in

all countries. An ambitious set of policy measures, including tapid phase out of fossfuel
subsidies, CQOprices rising to unprecedented levels, extensiveergy marketreforms, and
stringent lowcarbon and energy efficiency mandates wouddrieeded to achieve this transition.
Such policies would need to be introduced immediatnd comprehensively across all countries
in order to achieveéhe 66% 2°C Scenario, with {ices reaching up toJS dollarsiySD 190 per
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tonne of CQ The scenarialso requires broader and deeper global efforts f@ehnology
collaboration to facilitate lowcarbon technology development and deployment.

Improvements to energy and material efficiency, aridgher deployment of renewable energy
are essential componentof any global lowcarbon transition. In the 66% 2°C Scenario,
aggressiveefficiency measures woulde needed to lowerthe energy intensity of the global
economy by 2.5% per year on average between 2012050 (threeand-a-half times greater
than the rateof improvement seen over the past 15 years); windl aolar combined would
become the largest source of electricity by 2030isTwould need to be accompanied by a major
effort to redesign electricity markets to integratarge shares of variable renewables, alongside
rules and technologies to ensure flexibility.

Figure ES. {Global emissions abatement by technology and regiorthe 66% 2°C Scenario relative to
the New Policies Scenario

Technologies Regions
o 40 - e 40 o
O New Policies Scenario Efficiency E 3 O
o 5]
Renewables SRS 30
ccs
20 Fuel switching .. 20
m Nuclear
10 mOther e e 10
0 r r T ) 0
2010 2020 2030 2040 2050 2050

Note: The New Policies Scenario reflébsimplications for the energy sector of the NDsE¢he Paris Agreement.

< C u e° B2 countries provide almost threquarters of the emissioareductionsin 2050between
the 66% 2°C and New Policies Scenarios.

A deep transformation of the way we produce and usmergy would need to occur to achieve
the 66% 2°C ScenariBy 2050, nearly 95% of electricity would be doarbon, 70% of new cars
would be electric, the entire existing building ekowould have been retrofitted, and the CO2
intensity ofthe industrial sector would be 80% lower than today

A fundamental reorientation of energysupply investments and a rapid escalation in lew
carbon demandside investments would be necessary to achieve B8% 2°C Scenaridround
USD 3.5 trillionin energy sector investments would be required on averagelegear between
2016 and 2050, compared to USD 1.8 trillion in 2@Adssil fuel investmenwould decling but
would belargely offset by a 150% increase in renewable gnaupply investment between 2015
and 2050. Total demanside investment into lovcarbon technologies wouldeed tosurge by a
factor of ten over the same period. The additiomat total investment, relative to the trends
that emerge from current climate pledges, would éguivalent to 03% of globafjross domestic
product GDBPin 2050.
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Figure EQ. { Average annual globanergysupply and demandside investment in the 66%°ZScenario

Energy supply Energy demand
i 3000
I T&D
S 2500 Other lowcarbon . ........
% Renewables ) | 9
a m Fossil fuels age
(g 2000 -

mRenewablesin

1500 i e (e e [ buildings
EVs and fuel |
switching
Industry CCS and
renewables |
W Efficiency j l
2015 201620 2021-30 203140 204150 2015 201620 2021-30 203140 204150

Note: T&D = transmission and distribution; EVseetat vehicles; CCS = carbon capture and storage.

< C u <+ Fhe{level of supphside investment remains broadly constajibut shifts away from fossil
fuels. Demandside investment in efficiency and lowcarbon technologies ramps up to almost
UsDa3trillion in the 2040s.

Fossil fuels remain an important part of the energystem in the 66% 2°C Scenario, but the
various fuels fare differentlyCoal use would decline most rapidly. Oil consumptimuld also
fall but its substitution is challenging in several sest Investment in new oil supply will be
needed as the decline in currenttyoducing fields is greater than the decline in dierd. Natural
gas plays an important role in the transition acrgsseral seors.

Early, concerted and consistent policy action woulte imperative to facilitatethe energy
transition. Energy markets bear the risk for all types of temlogies that some capital cannot be
recovered (“stranded assets”); climate policy addsaalditional consideratiorin the 66% 2°C
Scenario, in the power sector, the majority of thdditional risk from climate policy would lie
with coaHired power plants. Gaired power plants would be far less affected, pams they are
critical providers of flexibility for many years t@me, and partly because they are less capital
intensive than coafired power plants. The fossil fuel upstream sectoay, besides the power
sector, also carry risk not to recover investmenBelaying the transition by a deda while
keeping the same carbon budget would more thanl&ifhe amount of investment that risks not
to be fully recovered. Deployment of CCS offersiaportant way to help fossil fuel assets
recover their investments and minimise strandededssn a bw-carbon transition.

With well-designed policies, drastic improvements in air paibn, as well as cuts in fossilel
import bills and household energy expendituresyould compkement the decarbonisation
achieved in the 66% 2°C Scenadahieving univesal access to energy for all is a key policy goal;
its achievementwould not jeopardise reaching climate goals. The pursiditlimate goals can
have caebenefits for increasing energy access, but climptdicy alone will not help achieve
universal access.
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Figure ES. {Trends for selected key indicatois the 66% 2CScenario

Fuel expenditure per househo Pollutant emission

USD (2015)

today 2050 SQ NOx PM 5
Transport - Bjofuels Electricity M Fossifuels m2015 2050

Residential [ Bioenergy™ Electricity and heat M Fossifuels

< C u e« Prheftransition to a lowcarbon energy sector could help achieve other kayeegy policy
goals, such as reducing air pollution and househél@l expenditures.

IRENAindings

Accelerated deployment of renewable energy and eggr efficiency measures are the ke
elements of the energy transitionBy 2050, renewables and energy efficiency would ke
vast majority of emission reductiameeds (90%), with some 10% achieved by fossil fuel swvitgch
and CCS. In theEmap decarbonisation casauclear powerstays & the 2016 level and CCS is
deployedexclusively in the industry sector.

The share of renewable energy needs tocreasefrom around 15% of the primary energy
supply in 2015 to 65% in 205&nergy intensity improvements must double &round 2.5% per
year by 2030 and continue atthis level until 2050Energy demand in 2050 would remain
around today’s level due textensive energy intensity improvements. Around half of the
improvements could be attributed to renewable engrrom heating, coolingtransport and
electrificationbasedon costeffectiverenewable power.

The energy supply mixn 2050would be significantly different Total fossil fuel use in 2050
would standat a third of today’s levelTheuse of coal would decline the most, while oil derdan
would be at 45% of today’s lev&esourceshat have high production costsould no longer be
expoited. While natural gas can be a “bridge” to greatee u$ renewable energy, its role should
be limited unless itis coupledwith high levels of CCS. There is a risk of paffeddency and
future stranded assets if natural gas deploymentpaxds significantly without lonterm
emissions reduction goals in mind.

The energy transition is affordablebut it will require additional investments in lowcarbon
technologies Further significant cost reductions across the range ofergables and enabling
technologies will be major drivers for increasedvastment, but cumulative additional
investment would still need to amount to USD 29 ltibn over the periodto 2050. This is in
addition to the investment of USD 116 trillion ady envisaged in the Reference Case. Reducing
the impact on human health and mitigating climatkangewould save betweernwo- and six
times more than the costs ofecarbonisation.
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FigureES4 {Global total primary energy supply, 2018050
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< C u <+ FRerjewable energy would be the largest source of eme supply under REmajm 2050,
representing twothirds of the energy mix. This requiresn increase ofenewables’ share of about 1.2%
per year, a seveffold acceleration compared to recent years.

Early action is critical in order to limit the plat's temperature rise to 2C and to maximise the
benefits of this energy transition, while reducintpe risk of stranded assetslaking action early
is also critical for feasibly maintaining the optiof limiting the global temperature rise to 2.
Delaying decarbonisation of thenergy sector would cause the investments to risel avould
double strandedhssets. In addition, delaying action would requie use of costly technologies
to remove carbon from the atmosphere.

FigureES5 { Additional investmert needs in REmap compared to the Reference Cas&5Z2m50

Net

End-use sectors -

Power generation

. Fossil fuels

. Muclear
. Energy efficiency
| Renewable energy

C55 & others
Upstream
| Early building replacement

TED, battery & back-up

-20 -10 0 10 20 20 40
Additional investments in 2015-2050 (USD trillion)

< C u <+ MMedting the 2°C target requires investing an additial USD 29 trillion between 2015 and
2050 compared to the Reference Case.
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The energy transition can fuel economic growidnd create new employment opportunities
GlobalGDP will be boosted around 0.8% in 2QE&D 1.6 trillion)The cumulative gain through
increased GDP from now 2050 will amount to USD 1téillion. Increased economic growth is
driven by the investment stimuluand byenhanced pregrowth policies, irparticularthe use of
carbon pricing and recycling of proceeds to lowssoime taxesln a worst-case scenario (full

" Page |12 crowding out of capital), GDP impacts are smablgrstill positive (0.6%) since the effect abp

growth policies remains favourablenportant structural economic changes will takegqa#aWhile
fossil fuelindustries willincur the largest reductions in sectoral outputo#e related to capital
goods, services and bioenergy will experience tigidst increases. The energy sector (including
energy efficiency) will creataround six million additional jobs in 2050. Job losses in fossil fuel
industrywould befully offset by new jobs in renewables, with more jobsrgecreated by energy
efficiency activities. The overall GDP improvemeiilt induce further job creation in other
economic sectors.

&P uE Gloka GDP impacts in differentises of crowding out of capital

GDP increase
in REmap vs.
Reference Case

2.5%

2%

1.5%

1%

0%

Full crowding out  Partial crowding out No crowding out
(central case)

2030 [ 2050

Notes: Partial crowding out is modelled by forcsayings to be at least 5086 investment. Full crowding out imposes saving®¢o
equal to investment. Null crowding out does not inge any relation between savings and investment.

< C u e+ PGlopal GDP will béoosted by around 0.8% in 2050 (USD 1.6 trillion). In a wecsise
scenario (full crowding out of capital), GDP impacise smalller but still positive (0.6%) since théfect
of pro-growth policies is still favourable.

Improvements in human welfare, including economisocial and environmental aspectsyill
generate benefits far beyond those captured by GD&Round 20% of the decarbonisation
options identified are economically viable withogbnsideration of welfare benefits. The
remaining 80% are economically viable if benefitshsas reduced climate imp&a¢ improved
public health andimproved comfort and performancare consideredHowever, today’s markets
are distorted—fossil fues are still subsidised in many countries and the truetaafsburningfossil
fuel, in the absence of a carbon price, is aotountedfor. To unlock these benefitshe private
sector needs clear and credible loteym policy frameworks that provide the right intéves.

Deep emission cuts in the power sector are a keypogunity and shouldbe implementedas a
priority. Sectaal approaches must be broadened ®ystemwide perspectivesto addressthe
main challenge of reducing fossil fuelsein end-use sectorsThe power sector is currently on
track to achieving the necessary emissions redustiandits ongoing effortanustbe sustained
including a greatefocus on power systems integrati@md couplingwith the end-use sectors. In
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transport, the number of electric vehicles needs goow and new solutions will need tbe
developedfor freight and aviation. It is critical that new buitds are of the highest efficiency
standardsand that existingbuildingsare rapidly renovated Buildings and city designs should
facilitate renewable energy integration.

Increased investment in innovation needs to starbw to allow sufficienttime for developing

the new solutions needed for multiple sectors and processes, many of whiclkave long Page |13
investment cyclesTechnology innovation efforts will need to be coemplented by new market
designs, new policies and by new financing andriassi malels as well as technology transfer

FigureES7 {Final renewable energy use by sector and technoldgyREmap, 2050
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< C u e+ RUnder REmap, final renewable energy use is féimnes higher in 2050 than it is today.
Power and heat consume about 4086d 44% of the total renewable energy, respectively

Key messages

1. Transformation of the energy system in line with theell below 2°C” objective of the Paris
Agreement is technically possilidet will require significant policy reforms, aggressive carb
pricing and additional technological innovatioAround 70%of the global energy supply mix
in 2050 would need to be lowarbon. The largest shamd the emissiongeduction potential
up to 2050 comes from renewables and energy efficie but all lowcarbon technologies
(including nuclear and carbon capture and stora€@€$]) play a role.

2. The energy transition will require significant atitmhal policy interventions.

x Renewables will assume a dominant role in poweregation. Skiful integration of
variable renewables at very high levels becomes ailgr of a costeffective energy
sector transition.

x Power market reform will be essential to ensure tthize flexibility needs of rising shares
of variable renewables can be accommodated

x Ensuring accasto modern energy services for those currently iegd remains anigh
priority, alongside improved air quality through mleyment of clean energy
technologies
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3. Total investment in energy supply would not needie over today’s level to achieve climate
targets, while there is significant additional irstement neeadin enduse sectors.

x Investment needs in energy supply would not exctellevel of investment undertaken
by the energy sector today. It requires appropriated significant policy signats ensure
that investment in lowcarbon technologies compatible with the “well belo@PC”
objective becomes the markeiorm.

x The additional investment need# industry and householddor more efficient
appliances, building renovatisn renewables and ettrification (including electric
vehiclesand heat pumps) are significant. In order for enempnsumersto reap the
potential benefitsof lower energy expenditureoffered by the use oimore efficient
technologies, policy would need to ensure thiae higher upfront investment needs
could be mobilised.

4. Fossifuels are still needed through 2050.

x Among fossil fuel types, the use of coal would ohecthe most to meet climate targets.

x Natural gas would continue to play an important ratethe energy transion to ensure
system flexibility inthe power sector and to substitute for fuelwith higher carbon
emissiondor heating purposes and in transport.

x The use of oil would fall as it replaced by less carbantensive sources, but its
substitution is chaénging in several sectors, such as petrochemicals.

x CCS plays an important role in the power and ingusectors in the IEA analysidile
only in the industry sector in the IRENA analysis.

5. A damatic energy sector transition would require stiya longterm price signals to be
economically efficient, to allow timely adoption fwfw-carbon technologies and to minigei
the amount of stranded energy assets. Delayed actimuld increase stranded assets and
investment needs significantly.

6. Renewable energyra energy efficiency are essential for all courgrfer a successful global
low-carbon transition but they will need to be complemented by other laarbon
technologies according to each country’s circumsts) including energy sector potentials
and pdicy and technology priorities.

7. The energy sector transition would need to sgmth the power and enelise sectors.

x Electric vehicles wouldccount for adominant share of passenger and freigidad
transport.

x Renewables deployment would need to move beydhe power sector into heagupply
and transport.

x Affordable, reliable and sustainable bioenergy dyppould bea priority especially in
light of limitedsubstitutionoptions inparticularend-use sectors

8. Technology innovation lies at the core of the dderm transition to a sustainable energy
sector.

x Nearterm, scaledup research, development, demonstration and depleyrmh
(RDD&D)spending for technological innovation wolkdp to ensure the availability of
crucial technologies and to further bring dowreir costs.

x Not all of the needed emission reductions can béiaeged with existing technology
alone. Additional lowcarbon technologies that are not yet available toetmarket at
significant scale, such as electric trucks or battestorage, will be regjred to
complement existing options.
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x Technology innovation must be complemented with gogive policy and regulatory
designs, new business models and affordable fimanci

9. Stronger price signals from phasing out inefficidéossil fuel subsidies and camb pricing
would helpto provide a level playing field, but would need to bemplemented by other
measures taneet thewell below 2°Mbjective

x Price signals are critical for the energy sector nswee climate considerations are takef 29€ 11
into account in investment decisions.

x It is important to ensure that the energy needstbé poorest members of society are
considered and adequately taken intocacint.

10.The IEA and IRENA analyge=sented herdind that the energy sector transition could bring
about important cebenefits, such asessair pollution, lower fossifuel bills for importing
countries and lower household energy expenditurBath anayses also show that while
overall energy investment requirements are substahtihe incremental needs associated
with the transition to a lowcarbon energy sector amount to a small sharewafrld gross
domestic product GDB. According to IEA, additionadvestment needs associated with the
transition would not exceed 0.3% of global GDPGR@ According to IRENA, the additional
investment requiredwould be 0.4% of global GDP in 2050 with net positive impamh
employment and economic growth.

1 The Qganisation for Economic @peration and Development LD analysis of howthe IEA scenarios play out in the
broader macroeconomic policy context will peesented in a forthcoming publication titlddvesting in Climate, Investing in
Growth
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Introduction

Aroundtwo-thirds of global greenhousgas (GHG) emissions stem from energy production and
use,which puts the energy sector at the core of effortscombat climate change. The transition

to a cleaner, more efficient energy system is a kelicy goal, and the Paris Agreement, which
entered into force in November 2016, provides aqua internationa framework for collective Page |17
action towards holding the increase in the globaémge temperature to well below 2 degrees
Celsius (°C) above pradustrial levels. In addition, the importance tietenergy sector for policy
makers extends well beyond climate change mitigatioeliable, sustainable and affordable
energy supply is critical to economic activity, iabdevelopment and poverty reduction in order

to provide all people with access to modern enesgyvices.

Each country therefore faces the cledfge of meeting climate goals while also ensuringt t
other vital social and economic functions of the egesector are met in parallel. Circumstances
can vary widely across countries, depending on Iewé development, resource endowments
and policy piorities. This is well illustrated by the countriethe Group of 20 (G28)home to
more than 60% of the world’s population and respibtes for around 80% of global gross
domestic product (GDP), G20 countries are collegtivesponsible for more than086 of global
energyrelated C@Qemissions. This means that efforts made by thisugrof countries to reduce
energyrelated GHG emissions are crucial for the prospettseeting the climate targets set out
in the Paris Agreement. Yet, at the same time, 8RO region is very diverse: energy demand per
capita varies by a factor of 12 between countrias,energy access is still a major concern for
example in Indonesia, India and South Africa. Ahdeasome of the countries are net exporters
of fossil fuels, others rely heavily on imports.

The energy sector is diverse and spans a wide rangdiftérent assets irpower generation,
heating and coolingndustry,transport and buildingsAll have in common thahvestment cycles
tend to be long, which means dhinvestment decisions taken today have ldéegm implications
for the achievement of climate and other energy ipglgoalsG20 economies havelayed,and
will continue toplay, a leading role irthe transformationof the energy sectorThe challenges
vary according to each country’s own circumstanceseimerging economieand developing
countries substantial energy investment will have to be comimit to support economic growth
andalleviate energyoverty. Mature economies, meanwhile, are faced witte needto replace
an ageing capital stockA smooth and cosgffective transition towards a lowarbon energy
sector, while meeting the other multiple energy @yl goals,will require longterm oriented
policy guidance

In light of these needs, the German government hexpuested the International Energy Agency
(IEA)and the International Renewable Energy Agef&3ENAYo shed light on the essential
elements of an energy sector transition that woudd consistent with limiting the rise in global
temperature rise to well below 2°C, as set out in the B#&greement. The overarching objective
of the study is to analyse the scale and scopawdéstments in lowcarbon technologies in power
generation, transport, buildings and industry (indihg heating anatooling) that are needed to
facilitate such a transition in a cesffective manner, while working towards other pgligoals.
The analysis in this report is framed by severaldugestions which include:

x How can the energy sector achieadransition to a decarbonised, reliable and secure
energy sector at reasonable costs?

2 TheG20 is an international forum that includes 19 caigd (Argentina, Australia, BrgaZanada, China, France, Germany,
India, Indonesia, Italy, Japan, South Korea, Mesian Federation, Saudi Arabia, South Afrieke¥, United Kingdom,
United States) and the European Union.
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x What are the investment needs associated with timelgy sector transition and how do
investment patterns need to change to reach a loarbon energy system?

x What are the cebenefits br other energy policy objectives that could restrbm an
energy sector transformation?

x Assuming a timely and effective lesmrbon energy sector transition, what is the outlook
Page |18 for stranded assets? What is the impact for strattdessets if action is delad and the
transition is sharper?

x How does the trend of declining costs for renewablend other lowcarbon energy
technologies, as well as acceleration of efficiegeyns, support the decarbonisation?
How can policy accelerate this development?

x What arethe roles of carbon pricing and the phaset of fossifuel subsidies in ensuring
a costeffective decarbonisation of energy systems?

x What are the roles of more stringent regulationstter market design and/or higher
carbon prices for the energy sectwansition?

x What is the role of research, development and deripation, and how can early
deployment of a broad array of leearbon technologies support an efficient and
effective energy sector transition?

The findings of this report will inform G20 work energy and climate ithe context ofthe 2017
German G20 Presidency.

The focus of this study is on the energy sector é@sdongterm evolution towards meeting
climate goals. Its analysis is embedded in the wictentext of a report entitled fhvesting in
Climate, Investing in Growthbeingconducted by the Organisation for Economicdperation
and Development (OECDOhe OECD studyms to bringogether the growth, development and
climate agendas to better understand the economic anvesment implications of the transition
to a lowcarbon, climateesilient economy. Building on the analysis of ayersector
decarbonisatiorof this study the OEC[project takes a broader perspective on the develamn
pathways and investment flows neededdohieve the goalsf the Paris Agreement. It provides a
new macroeconomic assessment of the growth andatral implications of these pathways,
underlining how ambitious climate policies can besitive for growth provided they are €o
ordinated with progrowth reforms and a wehligned policy environment. Supported by the
German Ministry for the Environment, Nature Consgion, Building and Nuclear Safety in the
context of the German G20 Presidency, the study b releasedin conjunction with the
Peersberg Climate Dialogue May 2017 and the results of the analysis willgvevided tothe
G20 process during the German G20 Presidency.

Report Structure

In order to address the questions presented abdhe, IEA and IRENA have examined separately
the investment needs for energy sector pathwaystthauld foster putting the world on track
towards a significant reduction in energglated GHG emissions until the middle of this cent
Each institution has developed one core scenarat thould be compalile with limiting the rise
in global mean temperature to 2°C by 2100 with ahability of 66%, as a way of contributing to
the “well below 2°C” target of the Paris AgreemeBtth thelEA and IREN#nalysesstart with
the same carbon budget for the energgctor. But the pathways to reaching the gatififer
between the two analyses: the modelling analysiadiected by the IEA aims at laying out a
pathway towards energy sector decarbonisation tistechnologyneutral and includes all low
carbon technologis taking into account each country’s own circumst@s. The analysis
conducted by IRENAaps out an energy transition that stresses the guital of energy
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efficiency and renewable energy sources to achigwuime climate goal, while also taking into
consderation all other technologies

This report has four chapters, of which two havingly been formulated by the IEA and IRENA
(Chapters 1 and 4), while the other two have beaveloped by each institution separately

(Chapters 2 and 3), using their restige analytical tools.

P 19
x Chapterl Energyand climate changdauthors IEA and IRENADis chapter provides an age |

overview of the international climate change framenlk, highlights the important role of
investment for the energy sector and describibe present investmentlandscape It
spotlights the significant role of energy for climahangewith particular attention to
the situation in G20 countries. It also defines #ebon budget used for the analysis in
the subsequent chapters.

x Chapter 2Energysector investments to meetlimate goals (author IEA) This chapter
providesa full IEAanalysis of the investment challenge associatedwi66%chance of
staying below a lonterm global mean temperature rise d°C, focusing onG20
countries and puttig their investment needs into a global context. dhalyses
— sectorby-sector—the investments, technologies and policies neededneet the well
below 2°C goal compared with already announcedcgotargetsand quantifies ce
benefits on air pollutionenergy access and energy expenditures

x Chapter 3 Global energy transition prospectsand the role of renewableqauthor
IRENA) This chapteassesssthe technology options for emission reductioassociated
with a 66%chance of staying below’€with a focus on renewable energy and energy
efficiency. It discusses what this would entaiterms of coss, investment requirements,
benefits andother implications both for the world as well as for G20 countries.
Additional attention is given to the economgrowth and employmenimpacts of the
energy transition.

x Chapter 4 Key insights for policymakers (authors IEA and IRENA)Yhis chapter
summariseshigh-level policy insightshat can be drawn from the findinga Chapters 2
and 3.

Methodology

For the purpose of this study, IEA and IRENA ukenl tespective analytical tools to provide
insights into the energy sector transition.

For the IEAthe scenariodn this study were developed frotme IEANorld Energy Modg\WEM),
benchmarked againsthe IEAEnergy Technology Perspectivaedel to allow for a higtevel
extension of projections out to 2050. The IEA WEAM heen providingnedium- to longterm
energy projectionssince 1993. lis a largescaletechnology and datarich simulation model
designed to replicate hovenergy markets functiaonlt is the principal tool used to generate
detailed sectoiby-sector and regiofby-region projections for the annual IEA flagship
publication, theWorld Energy Outlookt is updated, expanded and further pmoved every year.
The model consists of three main modules: final eyerconsumption (covering residential,
services, agriculture, industry, transpasectorsand nonenergy use); energy transformation
(including powergeneration and heat, refinery and other transfornmat); and energy supply
(covering oil, natural gas, coal and bioenergyyong the main outputs from the modate the
energy flows by fuel, investment needs and costsbon dioxide €Q) and other energyelated
GHG emissionggnd enduser pries. The WEM embodies a variety of modelling techniques.
Technology choices, for example, are generally ootetl on a leastost basis, while taking into
account policy targets (for example, energy efficig and renewables policies, and climate
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gaals). Technology cost evolutions are a functioncafmulative technology additions, using
learning rates from literature. Technology cost uetions vary by scenario as different levels of
policy ambition trigger different levels of techiogly deployment ad, hence, different levels of
cost reductions. In the power sector, WEM is comated by an additional hourly model for
selected regions that quantifies the challenge iagsfrom the integration of high shares of
variable renewables and assesses the measures timise curtailment, providing additional
insights into the operation of power systems.

In order to derive insights into other aspects afspible future energy sector developments, the
WEM benefits from coupling with other wddhown models.For example, WEM has been
coupled with several macroeconomic models from tBECD (ENMnkages and YODA), which
allows the assessment of the macroeconomic impattifferent energy sector developments.
Similarly, an active link exists with tliee Greenhouse Gas and Air Pollution Interactions and
Synergies (GAINS) model of the International latitfor Applied Systems Analysis (IIASA),
which allows for the assessment of future prospeftts energyrelated air pollutants and the
impact on human health

For IRENAthe scenarios are developdmaised olRENA’s Bnap (Renewable Energy Roadntap
tool. The REmap approach is a techesmmnomic assessment of energy system developments on
a country level, for all G20 countries, assessimgrgy supply and demanily sector and energy
carrier. The REmap tool allows for assessment eféabcelerated potential of decarbonisation
technologies, and subsequent effects on costs, mdkties, investments, G@missions and air
pollution. REmap has been previously deplbyas part of the G20 toolkit of voluntary optiofts
renewable energy deploymeritThe countrjlevelperspective is combined with global sector and
sub-sector analysis irorder to strengthen theconsistency of assumptions such as cost and
potential of decarbonisation technologies acroghe power generation, district heating,
buildings, industry and transport sectors.

Additional modelling is undertaken to assess thecrnaconomic effects on GDP growth and
employment, feedingthe REmap energy mixes intogdobal macreeconometric model the
E3ME model thatcovers the global economy. This allows considenatitthe linkages between
the energy system and the world’s economies witlinsingle and consistent quantitative
framework

The IRENA analysis of thetentials for the energy sector transition draws mput provided by a
pool of technology experts, including the Institutef Sustainable Futures, University of
Technology Sydney. REmap is supplemented with tHEXPS dispatch model to assess the
technial feasibility of the power sector transformationir Avollution and human healtheffects

are calculated using method developed by IRENA and the Basque Centr€liorate Changg.

3 For furtherdetails, see Annex A or the WEM manual at:
www.worldenergyoutlook.org/media/weowebsite/2016/WWE_Documentation_ WEO2016.pdf

4 Theassessment of the possible macroeconomic implicatiof the energy sector pathways as projected by HBA is not
subject to this study, but will be subject to a oepentitled “Investing in Climate, Investing ind@ith”, currently undertaken
by the OECD under the German G20 Presidency. Therefie results of such analysis are not presertede. For details on
ENVLinkages, see Chateau, J., Dellink, R. and E. (28dZi), “An Overview of the OECD HNh\kages Model: Version 3",
OECD Environment Working Papers, No. 65, OECDhitupIRarishttp://dx.doi.org/10.1787/5jz2qck2b2ven.

5 For further information, seewww.iiasa.ac.at/web/home/research/modelsData/GAINS/GAIN&teri.

6 For more information about the REmap tool and apprbakey assumptions, data sources and related méiion, see
Annex B and www.irena.org/remap.

7 Seewww.irena.org/remap/IRENA_REmap_G20_background_mp&04.6.pdf.

8 Developedby Cambridge Econometrics. More information canftend below in Annex B, and the full descriptioninis
www.e3me.com. An application of this model to megsthe macroeconomic impacts of renewable energpldgment can
be found here: http://www.irena.org/DocumentDownlda/Publications/IRENA_Measuritige-Economics_2016.pdf.

9 Seehttp://www.irena.org/DocumentDownloads/PublicatioRRENA_REmap_externality_brief 2016.pdf
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The analysis of stranded assets uses an approacelajged by IRENA togeth with the
Environmental Change Institute at the University@fford. @cumentation regarding these -n
depth studies is available from the REmap web¥ite.

Page |21

10www.irena.org/remap
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Chapter 1: Energy and Climate Change

Authors: International Energy Agency and InternagioRenewable Energy Agency

Climate change and a changing energy investmentscape Page |23

Investment is the lifeblood of the global energytsys. Individual decisions about how to direct
capital to various energy projects— related to the collection, conversion, transport and
consumption of emrgy resources- combine to shape global patterns of energy use and
emissions for decades to come. Government energy e@imate policies seek to influence the
scale or nature of investments across the econoamd longterm climate goals depend on their
success. Understanding the energy investment langedaday and how it can evolve to meet
decarbonisation goals are central elements of tinemgy transition.

This transition has been given additional impetusl alirection by the signature and entry into
force of the Paris Agreement. Under the Agreemenirtries aim to achieve a peak in global
emissions as soon as possible and reackzeed emissions in theecondhalf of this century. The
Agreement also sets the objective of keeping thebgl average amperature rise “well below
2 degrees Celsius(°C) and pursuing efforts to limit this to 1.5°QRlthough the precise
temperature threshold implied in the Paris Agreerhém limit temperature rise to “well below
2°C” is currently uncertain, it is clear that achig the goal in a costffective manner will be a
complex and unprecedented effort.

A key mechanism to achieve thesbjectivesis via Nationally Determined Contributions (NDCs),
which were submitted by countries under the Agrearhand in most cass include coverage of
energy sectorgreenhouse gagmissions(GHG) Their aim to reduce GHG emissions and to
accelerate the transition to a lower carbon energystem, coupled with rapidly declining costs
and increased deployment of clean and enegffjcient technologies, will have significant
implications for future energy investment flowseating both new opportunities and risks.

The impact of the current pledges on future investmis in the energy sector was examined in
detail in the IEA’®Vorld Enegy Outlook 2018 It found that countries are generally on track to
achieve, and even exceed in some cases, many afsteted targets. It also found that reaching
the targets of the NDCs is sufficient to slow thmjected rise in global energglated CQ
emissions, compared with historical trends sinc®@0In line with the revievandrevise every
five-year approach incorporated into the Paris Agreemehese pledges should become more
ambitious with time. For the moment, however, theinmulative mpact, while significant, is not
nearly enough to reach a peak in global enamgated emissions and to limit the temperature
rise to less than 2°C (IEX)16a IRENA2016a). Theoledgesrepresent an important step in the
right direction, but more effortis needed.So despite some encouraging signs, an accelerated
reallocation of capital flows in the energy sector favour of efficient and lovearbon
technologies is essenti&l.

11International Energygency (201&), World Energy Outlook 2016

12 IEA andRENA both investigate possible pathways towardsiceng energy sector emissions in line with the 2t@et. For
the IEA, the analysis includes its 450 Scenariothe®6% 2°CScenario, whickaim to illustrate pathwaystowards energy
sector decarbonisationthat are technologyneutral and include all lowcarbon technologies, taking into account each
country’s own circumstances. For IRENA, the REmalysismaps out an energyransition that stresses the potentiabf
energy efficiency and renewable energy achiewe the climate goal while also taking into consideration all other
technologies.
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Energy investment today

Global energy investment in 2015 amounted to USadsl(USD 1.8trillion®® (IEA, 2016), across
the entireenergy sector from oil and gas exploration to eneedficiency Eigure 17).** Half of all
investment was dirged to oil, gas and coal supply. Fossil fuel spegmdivas dominated by
upstream oil and gas exploration, despite capitargting in this sector falling 25% compared to
the previous year on the back ah oil price collapse. However, total investment invloarbon
energy, energy efficiency and electricity networkas been growing, up 6% in 2015, and
increasing from 39% of total energy investment inl2do 45% in 2015. Its share has been
boosted in particular by the decline in fossil fuglestment and current indications are that this
share grew again in 20164ble 11).

Figure 16 { Global energy investment in 201&JSD)
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Note: Coal supply here includes mining and transpdrastructure; electricity networks include transmission and distribution kne
and gridscale storage.
Source: |IEA (20b6.

< C u e+ Falfof energy investments today are in fossil fuslipply, having declined from 60% in
2014.

In the power sector, wind and solar power, repreieg nearly USD10billion and
USD100billion of investment, respectively, are now the jmia components of investment.
Overall renewable energy capacity additions in flwaver sectorhave been growing rapidly and
are now larger than that of any other sourdeiqure 18). G20 countries accounted for around
85% of the USR88billion of global renewables investment in 2015tare that has risen from
75% a decade ago. Hydro, at around B8Dbillion, was the thirdargest component of
renewables investment in 2015.

13 A detailedanalysis of energy sector investments is availabWorld Energy Investment Outlook 201EA, 2016g).

14 Measuredin terms of overnight capital expenditures on nessats that became operational in 2032015 is themost
recentt year for which there is reliabkuchdata for all sector3.
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Table 11 { Selected 2015 energy investmentsairends in 2016 and beyond

Energy resource Investment in Recent investment and financing trends

or technology 2015(USD)

Investment fell by 26% in 2016 and is likely to reb ound only modestly
in 2017 despite oil majors and the US unconventiona | sector being in
583 hillion healthier cash flow positions. Many of t hese companies have shed
personnel and substantially increased debt, but are far from Page |25
abandoning oil and gas investment.

Oil and gas
upstream

Asset financing for onshore wind was lower in 2016 than the previous
year, largely due to the impacts of policy changes. O ffshore wind

Wind 107 billion financing edged up to an all  -time high in 2016 , but due to long -lead
times, the impacts on investment may be spread out o ver several
years.

Solar PV capacity additions may have increased by as much as 50% in
2016 compared with 2015, but asset financing for solar PV was
signific antly lower, largely because of cost declines, poli cy changes and
integration concerns in specific markets, such as C hina and Japan.

Solar
photovoltaic 98 bhillion

(PV)

The project pipeline for new hydro plants has been in decline since
2013. Investment in 2016 is expected to have fallen compared to

2015, as costs remained relatively stable and the m arket looks towards
technology improvements for existing plants.

Hydro 59 billion

The amount of new nuclear capacity connected to the grid in 2016 was
almost the same as the 10 gigawatts (GW) registered in 2015, but
investments likely rose slightly , according to IEA methodology. New
construction starts in 2016 were noticeably lower t han 2015, however.

Nuclear 21 billion

Whereas pumped hydro storage repr  esented 90% of storage investment
in 2015, lithium ion batteries (1% in 2015) are growing most rapidly in
terms of market share, with indications that around one -fifth more
grid -connected batteries were added in 2016 than in 2015

Grid- scale
electricity 10 billion
storage

Investment is estimated to have rebounded slightly in 2 016 but
remains considerably lower than levels achieved pre -2010. Investment
in Asia led the way, while the  projection for Europe is limited given that
the medium -term outlook for policy support has weaken ed.

Biofuels 3 hillion

2016 was a quiet year for CCS , but with five large -scale assets coming
online soon, more CO , capture capacity will be added worldwide in

0.7 million 2017 than during the fifteen preceding years. New in vestment
decisions, especially in industrial applications, r emain well below
decarbonisation needs.

Carbon capture
and storage

Source: |IEA analysis

Coal and gas power plant investmertigalled just USDX8billion and US31 billion in 2015,
respectively. In fact, the estimatedew lowcarbon generation- renewables and nuclear that
will be produced from capacitthat was scheduled to comenline in 2015 exceeds the entire
growth of global power demand in that year. RegibnaChina’'s share of total energy supply
investment grew from 18% in 2014 to 20% in 201Egdly the result of spending on cefded
power and electricity networks, which together accwed for 77% of the increasi power
sector spending in Chindhe United Statesshare of total energy supply investmedtopped
from 20%in 2014to 18%in 2015as oil and gas companies spent less and fewerfaeal power
plants were commissioned. Outside China, the oelgian hat did not see a drop in energy
supply investment in 2015 was Europe, whiie bverall shares of the MiddEast and Southeast
Asia were unchanged.
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Figure 17 { Renewable powegeneration capacity and annual growtrate
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< C u <+ FRenfewable energy capacity in the power sector haseh growing rapidly over the last
decade with record growth in 2015.

Energy efficiency and electricity networks are twther significant areas of investment.
Electricity networks represent nearly 40% of all\mgo sector investment, and grew by over
USD30billion to US260billion in 2015 as China improved its distributigrids and ageing

infrastructure was upgraded in North America. Eneggfficiency investments were around
USD220billion in 2015, mostly in buildings and transpatd have been largely resilient to falls
in fuel prices due to the increase in the covgraof energy efficiency standards around the
world.

Factors affecting energy investments

While trends may indicate that a reorientation of energy investmeig underway, more
consideration of three contextual elements is neddEigure 19). These are:

x macroeconomic conditions

x cost trends in all sectors, from upstream oil and ¢@a wind turbinego downstream such
as erergy-using consumer goods,

x government poliges.

Investment trends are heavily influenced by the mmszonomic environment. One reason for
the increased share of clean energy investmentdfh®was not only higher spending in this area
(which reached a new record in 2015 also in absotatms) but the 25% drop in investment in
upstream oil and gas as oil prices collapsed by 6086 between mi2014 and the end of 2015.
IEA estimates that, in 2016, spending in the upatmeoil and gas sector declined by a further
guarter. In many major markets, prices for oituralgas, coal and wholesale electricity reached
multi-year lows despite continued global economic expamsiin the power sector in particular,
low prices reflect the deployment of leearbon technologies in support of the energy tréius.

In addition, consistent downgrading of gross donmegiroduct GDB growth outlooks over
recent years has generated macroeconomic uncertathgt discourages investment in capital
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intensive projects with long payback periods. Or tither hand, macroonomic policies have,
for now at least, enabled access to low cost cdpitanany parts of the energy system.

Figure 18 {Global investment in energy supply
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< C u << Hnvdstment in renewableenergy supply increased to around UZBO0billion in 2015: its
share in overall energy supply investment risingsfar than fossil fuel investment.

Renewable energy investments are affected in défgérways by macroeconomic conditions.
Investments in renewables have traditionally beeapdndent on government policies and
weaker macroeconomic prospects and fiscal pressim@ge resulted in countries paring back
certain support schemes such as faadariffs. On the other hand, weak economic grovahd
monetary policy have combined to benefit renewablesmany regions by keeping interest rates
low. In some countries, governmeguaranteed revenues for renewables served to baibst
attractiveness of wind and solar projects by lowgrthe cost of capital.

Costs play an important role in determining investniéevels across the energy system. The fall
in costs of solaphotovoltaics P\, wind, batteries andight-emitting diodes I(ED¥as a result of
their rapidly increasing deployment is wdlbcumented, ad helps to explain why the headline
dollar figure for investment in renewable electticivas essentially flat between 2011 and 2015
despite annual capacity additions rising by 40%oating to IEA data. IRENA analysis shows that
since the end of 2009, sol PV module prices have fallen by around 80% é#dd of wind
turbines by 3040%. Biomass for power, hydropower, geothermal andhore wind can all now
provide electricity competitively compared to fdskieHired electricity generatior{Figure 1.1Q

The levelised cost of electricity of solar PV taleh by more than 60% between 2010 and 2016
based on preliminary data, so that solar PV is mlsmeasingly competitive at utility scale.
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Figure 19 { Levelised cost of electricity from utility-scalemewable technologie¢ranges and average)
2016
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< C u <+ MVeighted average costs of many renewable powerheclogies are at or below the range
of estimated fossil fueffired power generation costs. Solar PV costs alsaréasingly fall within that
range.

Such cost declines change the relative attractivsmnef investment in different energpusrces.
For example, in Europe, the investment case for m@asfired plants has been undercut by the
falling costs of onshore wind generation, alongsidentinued government support for
renewables and depressed wholesale power pricesslipd lower in large part also by the
growth of renewablebased generation with low operational costs). Some repdefrom
competition has been provided by natural gas pricemaining at relatively low levels, without
which onshore wind generation costs in more locasiavauld likely have fallen below those from
a combinedcycle gas plant in the past two years. In North An®rthe interfuel dynamic is
different and coal is the fuel being squeezed bg #tmple availability oinexpensiveshale gas
and the rise of renewables. In many parts of Ak@yever, wherenatural gas prices are higher
and existing gas networks at an earlier stage ofetlgwment, the relative costs of gas and coal
infrastructure also make investments in ¢aged power plants harder to justify than ér
levelised costs would suggestax 11).

Costs play a hugely influential role in the upstreail and gas sector and the outlook for these
fuels. After oil pricesollapsed in mie2014, spending by oil and gas companies was cudtaite
revenues fell and higherost new projects became uneconomic. Since theendmg has also
declined as a result of caesttting and average upstream costs in the oil aad gectorhave
fallen by about 30% since 2032n terms of costs, oil is therefore in a more corifee position

in 2017 than it has been for many years. If prolahgen expansion of lowarost oil supply could
impede the growth of more efficient technologies caf alternatives to oil in the transport
sector. However, the longevity of these cost redoos is an area of some uncertainty; while

15In thecase of the US shale industthie IEAestimatesthat upstream costs declined up to 50% between 2014 and 2016.
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there is a structural component notably with the efficiency and technology gains Niorth
American shale production there are also cyclical elements that are likelyb® reversed as
markets for upstream services and supplies tighten.

Improvements in vehicle efficiency and in the coatal availability of electric mobilitgptions
are major factors in the outlook for global oil darmd. As of today, threeut-of-four passenger
carsbeing sold on global markets are already subjecfueleconomy standards, constraining’age |29
total market growth. The electrigehicle (EV)narket is growing rapidly. In 2015, U8billion
was nvested inEVsales and chargingtations and global registrations dEVsfurther rose by
more than 50% in 2016. Battery and manufacturingtceeductions are now firmly on the
horizon, as vehicles that can travel further pettbey charge enter mass market price ranges in
2017. Yet, despite recent growtkVsaccountfor a very small share of the car market (0.1% of
the total fleet) (IEA, 2016b)Wider market uptake will require additional batjecost reductions
beyond those already achieved, and pokdforts to ensure existing deployment hurdles swash
limited charging infrastructure are overcome (I2816a).

However, a focus on the outlook for passenger Mekidwhere alternatives to oil are gaining
momentum) should not ignore the importance ofhet transport mode that rely on oivhere
alternative fuels or technologies are less readilyailable andefficiency standards or related
measuresare much less widespreabh the absence of further policy changes, IEA aislgoints
to the large potental for continued growth in oil use for headyty vehicles, aviation, shipping
and as feedstock for petrochemicals; these proveverful impetus for continued rises in
overall oilconsumption, albeit at a lower rate than in the pé&EA, 2016a).

Policyis the third key element of context for the discims about energy investment. In the
electricity sector, the IEA estimates that in 20h6st power generation investmentworldwide
and across all technologiesvas based on regulated prices, letggm contacts or support
policies which implies that they were not exposed to thanse revenue risks associated with
wholesale pricing. This share of investment is easing despite moves in some countries to
liberalise electricity markets. Policy ambition andmmitment by an increasing number of
governments has consistently raised investment Igwend expectations for renewables, creating
a virtuous cycle of improvement; deployment of wiadd solar technologies that benefit from
massmanufacturing techniquess a result of policy support has accelerated aesluctions,
leading to rising policy support in an increasingniper of countries and further investment. This
dynamic has not previously been typical in the dletly sector, which has traditionally bee
dominated by large engineering projecsmmissioned to particular specificatioriBhe adoption
of such enabling policies, the emergence of new kats and growing competitiveness all
contributed to increased global investment in reravie-basedpower, which saw a thredold
rise over the past decade and reached a record migk0D14. Investment in new renewahbbased
power capacity has exceeded investment in additiofedsil fuel capacity for at least three
consecutive years. The difference was largest ih52@espite the sharp decline in fossil fuel
prices.

Government policies to support renewable energy aepected to continue to underpin
investments in wind and solar capaciffo date, 173 countries have established renewable
energy targets at the ational, state or provincial level (REN21, 201®jer 150 countries have
adopted specific policies for renewablbased power, 75 have policies for renewabbesed
heat and 72 for renewables in transport (I2A816a) High capital intensities make windasolar
especially sensitive to costs of capital, and pofieeasures can provide confidence to investors of
stable remuneration thereby significantly loweritige cost of capital. Low contract clearing
prices for solar and wind auctiofrs countries suclas the United Arab Emirates (solar), Morocco
(onshore wind) and Denmark (offshore wind) therefoeflect a combination of good resources
and technology improvements, but also policy measuthat help to reduce the cost of capital. In
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Jordan (solar PV), the government established ectliproposal (auction) process for renewable
energy that standardised terms of reference and ttacts, which enabled aggregation of small
size projects and in turn lowed transaction costs. Government guarantees targeted a
mitigating offtaker risk was crucial for geothermal projects in Indaaet® access finance and
move the projectforward (IRENA, 201kdn the United States, tax credits coupled with high
predictability of electricity oftake prices from wind and solar projects make renbiga
contracting highly attractive to corporate buyeis.2015,3 GW of solar and wind were installed
in North America comparedith 1GW in 2014.

Box 11 {Challenges of shifting towards natural gas investnigin Asia

Investment in gasired power generation in many developing Asian rnies has remained modest
compared withinvestment in coafired capacity despite recent falls liquefied natural gasLNGQ
prices and the environmental and flexibility bengfiof gasfired generation In many cases,
preference is still given to ceéited plants, which emit double the G@er megawatthour (MWh) of
gasfired plants. This is mainly because economic amérgy security considerations are the
dominant decision criterion: coal is still much eper than gas and generally abundant in the region.
Another reason is the much larger investment needsociated with gaired power when the
outlays required for the full supply chain are takanto account. Midstream infrastructure, in the
form of pipelines, liquefaction and regasificatiterminals, typically represents 40% of the capital
costs of developing gd#ed power generation capacity in Asia, compareithvonly 10% for coal
based power(Figure 111). The upstream component for gas, at 25% of totakgtment needs, is
almost double that for coal power. As such, gasrem&othan coal, requires greater eardination in
terms of matching upstream development with contied gas offtakers in the power sector as well
as an appropriate market framework and financing fofrastructure development. These factors
have been generally most supportive in the Unitedt& and the Middle East, the two largest
destinations for gas power investment in 2015.

Figure 110 {Investment needs related to new gaand coalfired power generation by component in
importing Asian countries
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< C u << Frafsportation infrastructure is key to understanaly the relative economics of coaand
gasfired power generation investment.

The benefits of renewables are increasingly feamrprominently in the policy debate. The
sector has become a significant source of new emplayt in many markets around the world
(Figure 112). IRENA estimates that the number of jobs in reakle energy rose by 5% in 2015
to an estimated 8.1 million, plus an additional In8llion in largescale hydropower (IRENA,
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2016d). Solar PV was the largest single renewable enenggloyer, supporting 2.&illion jobs,

up 11% from 2014. There were similar employmenirgg in bioenergy (including liquid biofuels,
biomass and biogashut these contracted slightly in 2015. Meanwhilendipower experiened
significant growth, rising 5% in 2015 to 1.1 milliAsia provides 60% of renewable energy
employment, largely due to the solar industry inifi2h where a major share of the world’s PV

and solar thermal heating technologies are manufiaetl and instaéd (IRENA, 2049. Page 31

While renewable energy job numbers continue to risends vary by country and regi¢iRENA,
2016d) Countervailing effects of increased labour praulity, as well as automation and
mechanisation of production, contributed to slowgrowth in 2015 compared to previous years.
However, according to IRENA, the continuing growtfenewables employment contrasts starkly
with the depressed labour market in the broader egge sector(excluding energy effriciency)
(IRENA, 2018.

Figure 111 {Global employment in renewable energy
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< C u <+ Prhetotal number of jobs in renewables worldwide contires to rise and is becoming a
major source of employment particularly in solar PAhd bioenergy technologies.

For energy efficiency too, policy has been vitafiportant to securing investment, via staards,
loans and markebased instruments such as efficiency obligatione&n8ijng on energy efficiency
has risen as standards for buildings, appliances \atidcles have been implemented and their
further tightening has been signalled by governnenHoweer, much of this is indirect
consumer spending on efficiency as manufacturersspan the costs of complying with
standards. This cost pawough is often hard to distinguish among the pridifferentiation of
other characteristics of appliances and i@és, but is usually expected to be outweighediosl
cost savings. Investment in road freight efficiefags behind that for passenger vehicles, partly
due to much more limited coverage of fustonomy standards.

Through policies such as obligations for utilittiesreduce demand for electricity, direct policy
induced efficiency investments have risen. |IEA ymislshows that utilities worldwide spend
more than USD 1 billion per year on suchrogrammes more than half of it in the United States.
Thesetypes of measures in the buildings and industriadters, as well as policy tools such as
government loans, tax credits and auctions havedased efficiency investments by drawing on
the large balance sheets of electricity supplierd ajpvernments whospread costs among
ratepayers and taxpayers. Policy has so far bessa $iccessful in increasing the role of third
party finance, for which revenue based on futuresiceavings is generally required. Government
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policies can help address key challengeghich include the relatively small size of projects,
uncertainties regarding the value of future savirgsd a limited project pipeline- but only
through concerted effort and tailored approaches.

Policy lessons and future challenges for kmarbon energynvestment

Policies have played a fundamental role in attnagtiow-carbon energy investments, increasing
deployment and driving cost reductions as describedarning the lessons from past policy
efforts to accelerate the uptake of loearbon technologie (such as renewables for power
generation) and applying them to other emergingt geucial, lowcarbon technologies (such as
EVsvehiclesor carbon capture and storayevould facilitatethe transition toa low-carbon energy
sector in a coseffective mamer. A wide range of different policy tools haveebe- and are
currently being— deployed around the world with the intention of stulating and supporting
investment in lowcarbon energy technologieg dble 12). The types of measures have typically
varied between countries in line with their institanal characteristics and capacitieiRENA
suggests that they must support stable, transparamd predictable marketonditions while
being flexible enough to adjust to changirigcamstances (IRENA, 2014a).

As technologies have matured and costs héreen reduced and become more transparent,
policy instruments have evolved and in some casessalidated around standarchodels. An
example is the evolution of renewable electricitypport schemes in a number of countries from
portfolio standards and feeth-tariffs to auctions. The growing interest in auctis due largely
to their ability to achieve deployment of renable technologies in a planned, caficient and
transparent manner (IRENA and CEM, 2015). In athetors, initiatives that provide grants to
new technology projects have given way to minimuenfprmance standards when confidence in
the new technology has been assured.

Financial support for lowarbon technologies can raise cost concelMisile it is often essential

to stimulate earlydeployment of novel technologies, the level of soppthat is appropriate for
projects in a nascent sector will be t@xpensiveonce higher levels of adoption are reached.
Unless policy measures adapt to the increasing vekirand decreasing costs of mang
markets, costs can be a serious burden on governrbegets or consumers. To address this,
several governments are adopting new policy deseatures (such as degressiomechanisms
for feedin tariffs) and a new generation of support policies thetknowledge the growing
competitiveness of renewable energy technologias;hsas auctions (IRENA, 2014a). In many
countries with high (and growing) shares of vamal@newable energyechnologies the policy
focus is increasingly shifting away from finanaigkentives alone. Instead, new challenges have
emerged for renewable energy and the entire powecter, and new policy frameworks are
neededto facilitate the transition to smarter, more dectalised, more resilient and more
flexible power system@EA, 2016a; IEA, 203, 6RENA, 2017b). Measures to enhance flexibility
including policies to advance demasitle management and storage, and changes in market
design—are at the centre of attention. They look to enswdequate, reliable and safe eleicity
services at reasonable prices, while sharing systests and benefits among stakeholders. Gross
technology and crossector marketbased measures will beeededto deliver more efficient
outcomes. While likely not sufficient by itself riban pricing is expected to play a growing role in
this regard as it reaches more jurisdictiysectors and as markets become linked.

From an investment perspective, shifting the sharke new assets further towards energy
efficiency, lowcarbon technologies and algicity networks, demands that particular policy
challenges be effectively address€dThese challenges are emerging more clearly as the

16 See, forexample 20 Years of Carbon Capture aéibrage- Accelerating Futur®eploymen{IEA, 2016c)
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business models for widespread deployment of dcavbon technologies are becoming better
understood. Scaling up the westment volume requires expanding the investor das large
scale investors (such as institutional investomsho can be attracted to sizable investment
portfolios (IRENA, 2018%. Examples in some countries suggest that staridacddocumentation
and dwe diligence processes (e.g. United Kingdom andaijrdan enable aggregation of assets

and projects to capture scale and efficiency. Ferthore, by securitising a portfolio of sola—page 133

leases (as in the United States) or-giffd solar receivables in the pasyou-go model (Kenya
and Rwanda), projects can gain access to capitatetafor larger sums of debt capital.

Table 12 { Selected policy tools for a reorientation of engrgnvestment

Type of project Typical policy tools that facilitate Other measures that can affect future
investment investment decisions

- Auctions for long -term power purchase Carbon pricing; long -term arrangements
Utility- scale . . ' . .

agreements; portfolio standards; tradable with modulated market premiums
renewables o

certificates .
Distributed Feed-in-tariffs and net metering . Carbon pricing; retail electricity tariff
generation design; minimum performance building
(e.g. rooftop solar) standards .
Coal- to- gas Carbon pricing; minimum  performance Rules for export credits and multilateral
switch and standards . financing; financial disclosure rules
biomass power

A Grants to cover additional costs of CO Carbon pricing; CO | infrastructure

CCSin industry . 2 L 2

capture and storage; CO | storage tax deployment; minimum performance
and power : 2

credits . standards .
Industrial energy Utlllt_y oblllgatlons; energy (_effl(:lency Carbon prllcm_g;_mlr?lmum performance

. auctions; mandatory efficiency standards; elimination of energy
efficiency ; . o

opportunity  audits. subsidie s.

- Minimum performance standards; utility Energy performance certificates;
Buildings and LS >
appliances obligations; property tax repayment perfc_)rmance data_1 transparency; energy

- schemes; public procurement; tradable services companies .
efficiency o i ;

certificates; revolving funds

Fuel-economy standards; fuel and vehicle Differential road pricing and congestion
Vehicle efficiency taxation . policies; elimination of consumer fuel

subsidies .
Purchase subsidies; charging Differential road pricing; parking
. . infrastructure deployment; tradable restrictions; minimum performance

Electric vehicles o

credits; fleet average fuel -economy standards .

standards ; exemptions from traffic fees

Regulated rat es of return; purchase Market design to support flexible
Electricity subsidies; utility obligations . resources; deferred network investment
storage strategies; electric vehicle policies that

reduce battery costs

Source: |IEA analysis

One issue to be tackled in power geneéoatis how to mobilise capital for flexible ass#tat can
complement variable renewable technologies. Asseiduding gas turbines, biomass power
plants, electricity storge (including pumped storage hydropower), intercentors and smart
controls for flexible demand are expected to bealiat times of scarcity of renewabl@sed
power generation. However, given the low margingtes in electricity markets with wholesale
pricing and high shares of solar and wind, the bhess case for investirig as®ts that provide
the flexibility to capture infrequent high scarcipyices is likely to remain risky. Letggm price
signals are needed to provide confidence that th@seestments will provide adequate financial
returns without weakening the efficiengeof competitive markets. Combinations of carbon
pricing, more dynamic and locational pricing, intggpn with other system services will play a
role, but will rely fundamentally on careful formdktooking policyand marketdesign. Without
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these investmets, the system value of renewable generation weél inore difficult to secure at

growing shares and the expansion of renewable asgait be harder to finance.

Table 13 {Typical sources of financing for various typesesfergyprojects by region

Types of projects

Mature market
economies

Emerging markets
with a strong role for

state- directed
investment

Government and state -

Lower-income developing
markets

Oil and gas Corporate balance : Corporate balance sheet;
) owned enterp rise
upstream sheet; corporate bonds corporate bonds .
balance sheet .
Electricity Government and state - Government and state -owned

networks; oil and
gas pipelines

Corporate balance
sheet.

owned enterprise
balance sheet .

enterprise balance sheet;
development banks .

Conventional
power generation

Corporate balance
sheet; corporate bonds;
project finance .

Government and state -
owned enterprise
balance sheet; public
bank loans .

Government, state -owned
enterprise and private
conglomerate balance sheet;
development banks; export
credit agencies .

Utility- scale PV
and wind

Project finance;
Corporate balance
sheet.

Government and state -
owned enterprise
balance sheet;

corporate balance
sheet.

Development banks; project
finance; export credit agencies;
government and state -owned
enterprise balance sheet

Third -party financing;
household balance
sheet; private bank
loans .

Household balance
sheet; public and
private bank loans .

Residential solar
PV; efficient cars
and appliances

Household balance sheet; third -
party fina nce.

Government balance
sheet, via tax credits or
conditional grants;
private bank loans;
corporate bonds .

Electric vehicles;
energy efficiency
programmes for
buildings

Government balance
sheet; public and
private bank loans .

Development banks; public and
private bank loans .

Angel investors; venture
capital; corporate
balance sheet;
government balance
sheet via R&D grants .

Early stage and
pre- commercial
low- carbon
technologies

Government and state -
owned enterprise
balance shee t.

Source: |IEA analysis

Another consideration lies in ensuring that markissigns attract capital from different sources
efficiently. There is a variety of capital sourcesrently at play in the energy sectorgble 13).
Consequently, the various projects that made up th8DL.8trillion of energy investments in
2015 were not made with the same expectation oksisreturns and payback periods. Some
sources of debt or equity are not weallited to certain energy projectdor example project
finance is not well matched to the size and natwkenergy efficiency measures. This has
implications for ensuring a smooth transition tdav-carbon economy if some capital sources
need to grow in importance and others need to ballecated outside the energy sector. Policies
such as regulations, standards, taxes and deremgulahfluencerisks and returns and can explain
why some efficiency opportunities are not currentiganced despite beinpwer cost than new
energy supply from a system perspective. Unlockémgescale private capital further requires
mitigation of risks, both perceived and real, andbmisation of capital markets through the
standardisation, aggregation and, potentially, sgtisation of assets. Based on an analysis of
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best practice and recent case studies, IRENA ld®idted five action areas for government and
financers that, if addressed, would help scale epewable energy investment (IRENA, 216

x Advance projets from initiation to full investment maturitghrough capacity building,
dedicated grants and networking platforms

x Engage local financial institutions in renewablemy financethrough capacity building page |35

with local financial institutions and dendingfacilities

x Mitigate risks to attract private investotirough instruments that reduce otbiker risk
and emerging market currency risk

x Mobilise more capital market investmetitrough standardisation of project processes
and green bond guidelines, as well as project agatien

x Create facilities dedicated to scaling up renewaleleergy investmentby covering
transaction fees, supporting design of structuredafice mechanismand providing
funds.

Energyefficient building refurbishments present a partiau challenge in terms of mobilising
new sources of finance that have lower costs ofitut seek more certain returns. One
example of how progress in aggregating small guoty, managing risks and monitoring
performance is already helping to broaden this gpdoto the secondary market is the
Warehouse for Energy Efficiency Loans (WHEBEhe United States. In 2015, WHEEL became
the first assetbacked security transaction for efficiency, totadli USOL3 million, comprising
unsecured home energy efficiency loans each up &2D000. Another growing area that is
bringing transparency and interest to secondary keds is green bonds, of which 20% of the
uSD42billion of issuances in 2015 was for energy efficie with the rest going mostly to
renewable energies.

Role of G20 countries in energy and climate change

Energy production and use account for more than hinds of all anthropogenic greenhouse
gas emissions, mogtin the form of C@ This reflects the energy sector’'s heavy reliaooehe
combustion of fossil fuels, meaning that increasitegnand for energy over the past decades has
consistently been accompanied by rising ,@@nissions. Reducing greenhouse gasssmns
therefore depends, to a large extent, on changesl aevelopments in the energy sector. The
members of the G20 are central to this challenge.aAgroup, the G20 accounts for around 80%
of the world’s total primary energy demand (inclndialmost 95% of its coal demand and nearly
three-quarters of its gas and oil demand) and is respdasfbr more than 80% of total GO
emissionskigure 113).
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Figure 112 {Share of G20 members in key global indicators, 2014
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Source: |IEA data and analysis.

< C u <+ K52 countries as a group account for the majorit{ global energy demand andnergy
related CQ emissions.

The energy mix of the G20 group as a whole todgyedds largely on the use of coal (34%), oil
(29%) and gas (19%); nuclear represents a sharé&ocdrtd renewables the rest, with bioenergy
being the largest at 8% (of which, almost halhis traditional use of solid biomas§)igure 114).
But the G20 group is a very diverse set of coustaad individual energy consumption patterns
reflect factors that are unigue to each. Resource endmamis, for example, help to explain why
coal is the backbone dhe energy mix irChina and South Africa (at around tthords of the
total), while 70% of Saudi Arabia’s energy demasdnet by oil (the reminder being gas).
Another important criterion is the level of access modern sources of energy: for India and
Indonesia, bioenergy is an integral part of the |gyemix (at around onguarter of total energy
demand), mostly in the form of solid biomagghieving their quest to ensure access to modern
energy services should reduce the share of solid b&smia the mix. Brazil has the highest share
of low-carbon fuels in the total primary energy mix amdag0 countries, at around 40%.

The power sector is the largest single sector comiag energy in G20 countries. With more than
60% of total coal and nearly 40% of total gas dethhdine power sector is also the largest source
of CQ emissions in G20 countries as a whole. Amongues®lenergy sectors, thedastry sector

is the largest energy consumer in the G20. Morentlemethird of industrial energy demand is
met by coaland its usehas increased rapidly since 2000, mostly linkech® fapid expansion of
infrastructure andmanufacturingoutput in ChinaElectricity has overtaken oil as the secend
largest fuel consumed in the industry sector afteal, butoil remains prominent. The industrial
sector is the seconthrgest consumer of oil after transport. The enengyx inthe buildings
sectoris diversifed, reflecting the varied circumstances across @290’ Electricity and gas, the
mainstay of consumption in the more affluent coues, together account for around 55% of
energy consumption in buildings, but are closeljolwed by solid biomass, which is widely used
for cooking and heat in India and Indonesia. Tlasport sector is dominated by oil, although
gas plays a significant supporting role in a numbérlarge markets, including Russia and
Argentina, and biofuels provide a meaningful cdmition in Brazil, Argentina and thenlted
Sates.

17 The buildingsector includes energy used in residential, comna@nd institutional buildings, and nespecified other.
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Figure 113 {Electricity generation, energy demand by fuel an@{=missions in selected sectors in the
G20 and rest of the world, 2014
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< C u <+ HAhe{G20 accounts for the bulk of global energy demdand C@emissions.

While the G20 group is a major source of energy aedhand energyelated GHG emissions, it
also plays an integral role in combatting climataiege. Collectively, G2@untries are the key
driver of lowcarbon technology deployment: the G20 holds 98%lobal installed wind power
generation, 96% of solar PV and 94% of nuclear p@apacity, while itpassenger vehicléeet
represents almost 95% of all electric vehsckeorldwide(Figure 115).

Energy intensity (measured as total energy use per af GDP) is key indicator of movement
towards a lowcarbon energy sector, reflecting structural econonshifts but also efforts to
improve energy efficiency. Recent trends give cafe optimism: since 2000, the energy
intensity of global economic output has fallely 10% (in market exchange rate terms). This
overall trend belies some significant regional eliinces (Figure 116). In parts of the G20,
growth in GDP was at timessociated with a slight decline in primary enedgynand, reflecting
shifts in economic structure, saturation effects aefliciency gains. This has led to peaks in
primary energy demand in Japan (2004) and in Euf@pé6), where demand has since fall®n
around 15%, while demand in thenlted Sates today is 5% below its 2007 peak. For countries
outside the G20, the link between economic growthldamergy consumption remains strong; in
the period from 2000 to 2014 every one percentaganp increasein economic growth was
accompanied by a 0.6% point increase in energy dena
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Figure 114 {Share of G20 in global lovwwarbon technology deployment in the power and trapert
sectors, 2015
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< C u <+ Hhe{G20 accounts for all but a small proportionlofv-carbon technology uptake to date.

Improvements in the energy intensity of the glolealbnomy, togethewith the expanded use of
cleaner energy worldwide, have supported a slowdowwrenergyrelated CQ emissionson a
global basisthe growth in emissions stalled over 2014 and 204mid economic expansion. In
previous instances in which emissions stootl stifell compared to the previous year, they were
typically associated with global economic weakness.

Figure 115 {Changes in GDP and energy demand in selected coemtind regions, 20604
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< C u <+ RComiparing the pace of economic growth from 20002614 with energy demand growth
over the same period shows wide country and regidnariations.

Power sector

CQ emissiondrom the power sectomworldwide have grown by more than 45% since 2000 (and
at a similar rate in the G20yhile electricity demand increased by more than 50%, i§jgmy a
marginal 3% decrease in the emissions intensitygeferation. The modesty of this overall
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decrease reflects two counterbalancing factors: the one hand, the effect of the increasing
momentum d renewable energy technologies and the deploymehimore efficient combustion
technologies; and on the other, the growth of cdia¢d electricity generation was equivalent to
44% of the global increase in the total electric#typply. In total, emissi@nfrom the power
sector accounted for around 45% of all energlated C@emissions in 2014.

As describedreviouslyin this chapter, the pace of investment in renewalsiources of power Page [39
has accelerated in recent years, pushed by incrgagiolicy support and lower costs. The
majority of countries in the world now have polisipromoting the deployment of renewables in

place, in particular for power generation. This pap and falling costs have shifted the balance

of capacity additions in their favour. In 2015, esvablesbased generation technologies
accounted for more than half of total power planagacity additions outpacing the combined

total of fossiffuelled and nuclear power plant§igure 117).

In the power sector more than any other, the vamas in emission intensds between
members of the G20 group are especially large. &hewiations reflect a variety of regional
conditions, including the availability of domestiesources, access to international energy
markets, as well as the degree of industrial andremmic development. Energy policy priorities
are also an important factor that is reflected in egion intensities in the power sector. China
and India, facing the imperative to provide accésshundreds of millions of people while
securing affordable energyorf fast growing economies, are the two countriesatthhave
accounted for almost threguarters of the increase in electricity demaimdthe G20since 2000
(and 60% of the world’s increase). But, over thmegeriod, they managed successfully to bring
access to 720 million people (with 600 million peoplaining access in India alorm@d China
achieving universal access by ez@il5. Both countries are facing significant local @otlution
issues, but are pursuing ambitious efforts to irase the penetraion of renewables-based
generation intheir power systems?® China alone accounted for osikird of the total global
investment in renewablebased capacitin 2015, and has seen the growth in its emissioomfr
power generation slow in recent years. Indimaganwhile, where 245 million people still lack
access to electricity, is increasingly looking todgasolar and wind as part of its efforts to
increase its renewabldsased generation capacity (excluding large hydrogdwo 175GW by 2022.

Figure 116 { Recent power generation capacity additions
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< C u <+ Rengwables accounted for more than half of total per capacity additions in 2015.

18 See Energy amdlir Pollution: World Energy Outlook Special RefgA, 2016d)
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In the United States, the rapid increase in shale g@bduction has served to reduce natural gas
prices and increase the competitiveness of-fieed generationversuscoal, which had beea
mainstay of the system. In addition, there has beeistrong puls for power generatiorfrom
renewables with yearly net renewabkebasedcapacity additions over 1BW in several years
since 2009, mainly in wind power and more recestijar PV. The impact on the power mix (and
therefore the overall carbon intensity of power gaation) has been significant. From 2000 to
2014, the share of coal in tHeSpower generation mix has fallen from over half t0%, while
that of gasfired generation has increased from 16% to 27% #relshare of renewables has
risen by nearly five percentage points. Over thei@e the overall carbon intensity of power fell
by almost 20%Higure 118). Preliminary data for 2015 suggests that the US/gromix has
continued to move in this direction, with less coalore gas and a greater contribution from
renewables. The United States is one of only twontoes in the world where plans for carbon
capture in power generation have materialised, withe facility at the Petra Nova cefited
power plant now in operation and capturing In@llion tonnes of C®per year (The Boundary
Dam facility in Saskatchewan, Canada, is the wortdily other operationalpower plant
equipped withCCS ). A second facilityti¢ Kemper power plant in thenited Sates, is due to
become operational in early 2017, with @ower generationcapacity greater than the two
existingCCSquippedplants combined.

The switch from oifired to gasfired and renewables generation featurggominently in a
number of countriesamong the G20. In Mexico, the availability of relativelyeap natural gas
imports from the southern United States has accafed a significant shift away from oil (the
share of oil in generation has fallen from alshdalf in 2000 to just over 10% in 201dglivering

a 23% decrease in the €@missions intensity of power generation. Recenfipwer market
reform has created new incentives to tayiexicds considerable potential for wind and solar
power, including though the establishment of a clean energy certificalystem designed to
provide an additional source of income for investdm lowcarbon power. In 2016, two auctions
awarded contracts for almostGW of clean power generation capacity to privateeistors.

In Saudi Arabia, oil and gasdhaeen the sole providers of electricity until soktarted to make
in-roads in 2012. The country has recently taken stépsreform fossil fuel subsidies and
announced a substantial investment programme in mgables, both of which will serve to
reduce domestic fossil fuel use. Japan has alsertakeps to minimise the us# oil in the power
sector for many years; the share of oil in totals generation steadily declined from over 30%
in 1990 to 16% in 2000 and less than 10% in 2048.Fukushima Daiicmuclearaccident in
2011 led to an increase in the use of oil and otfassil fuels in the power sector, temporarily
raising the overall carbon intensity of power geaton. Since then, aggressive energy efficiency
measures and the increased use of renewables (mastlar PV) helped to return the share of oll
in the ppwer mix to near 10% in 2014s of midSeptember 2016, three nuclear reactors had
restarted, with others approved in principle but ldged by local opposition or judicial
proceedings.
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Figure 117 {CQ intensity of power generatia in selected countries and regions
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< C u << Prhef{carbon intensity of power generation has beemdecline in most regions, but large
variations remain.

Transport sector

The global transport sector accounts for 20% eofergyrelated greenhousegas emissions,
composed almost entirely of G&om the combustion of oil. Emissions have increabgdver
30% since 2000, largely as a result of an incréaghe vehiclestock by 300 million over this
period (Figure 119). Over half of the increase in €@missions came from the G20, with China
and India, where growing demand for mobility foretburgeoning middle classes has resulted in
130 million vehicles being added to the automotsteck, leading the way.

The increase in transporelated CQ emissions is almost entirely in line with the ingse in
energy demand irtransport, giventhe sector'sheavy reliance on olbased fuels, with every
percentage point increase itmansport energy demand bringing about a commensurate rise in
emissions. In the G20, the @&nissions intensity of theehiclestock has increased since 2000,
reflecting growth in the average size of thehiclefleet. This though does not tell the full story.
The C@emissions intensity of new cars sold in Europe,drample, has fallen by nearly 30%
since 2000, with the rate of improvement accelengtiafter 2009, when the first emissions
standard wasntroduced. Increasingly stringent standards hawes been announced, the latest
of which limits emissions to 130 grames of CQ per kilometre(g/km) (with a further target of
reducing this to 9%/km by 2021). Similarly, in the United States, the gdightening of the
Corporate Average Fuel Economy (CAFE) standardseh@ed reduce the average g€nissions
per kilometre of newpassenger vehicley around 22% since 2000. In Canada, the passage in
2010 of mandatory regulations (setting a target 3 g/km by 2025) has helped reduce the
average C@emissions for new cars sold by over 15%. In Japargndments of the Energy
Conservation Law since 1999 to introduce ewereasing fueeconomy standards have helped
reduce the C@emissions intensity afiew vehicles by more than 35%. Globally, mandatoe}
economy standards now cover around 80% of passewngleicles sold. Without these measures,
global oil demand would have been Zfilion barrels per day (bfd) higher in 2015 (IEA,
2016e). One area iwhich progress has been slower is the fgetwing freight fleet. Only four
countries (CanadaChina, Japan and thénited States) have introduced efficiency standaias
heavyduty freight vehicles Facilitating the introduction of such standards other G20
countries, through international collaboration, winuyield important climate, local air pollution
and health benefits. As an example, worldwide adoptof new emission and fuel standards
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could, by some estimates, help avoid ZKID premature deaths in urban areas annually by 2030
(ICCT, 2013).

In some citiesmodal shifts in transport have also played a proemhand increasing role in
reducing private car use. In Paris, for exampleg tintroduction of Velib’ and Autolib’
programmes, which make ailable shared bicycles and electpowered cars, and the
development of bus and bicycle lanes, has contedub a 25% reduction in car use (IEA, 2016

Figure 118 {CQ emissions in the transport sector and contributior®y region
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< C u ¢+ PCodntries outside the G20 account for a growing shaof CQ emissions from the
transport sector.

China, the world’s largest market for automotisales, has seen its stock of passenger vehicles,
trucks and buses, more than double in the last fixgars. The potential for further growth,
particularly for personal mobility, is tremendoust around 100 cars perd00 people, ownership
rates in Chinare currently low when compared to the United Sttg700) and Europe (510)
(Figure 120). While the emissions profile is currently lowelaththat of the United Stafs, this
mostly reflects the abundance of small carsdhina’sstock. This makes concerted efforts to
increase fuel economy a vital measure to avoid detation in environmental indicators as well
as a rapid increase in reliance on imported fuelsn&€mtroduced fueleconomy standards in
2005, helping to reduce average emissions per laéliwenfor new cars by around 15%, and has
been gradually tightening these since, with theetPhase IV standards, which came into effect
in 2016, setting a standard for lighiuty vehicles of 5 litres per 1®@lometres by 2020.

Energy demand for aviation and shipping has groalustly since 2000 (by 1.4% per year and
1.8% per year respectively), and accounts for atbanefifth of both energy demand an€Q
emissions in transport. Energy efficiency has ratdg further rises in aviation emissions as
engines and air traffic management have improveeguations for both aviation and shipping
still lag behind those for passenger vehicles, &ffiorts are now leing made For example,the
Energy Efficiency Design Index introduced by thermational Maritime Organisatigrwhich
enteredinto force in 2013is the first globally binding energy efficiency standi&or shipping it
mandaes a minimum 10% improvemenn the energy efficiency per tonAen of new ship
designs from 2015, 20% from 2020 and 30% from 2028 aviation, nany airlines, aircraft
manufacturers and industry associations have coradito voluntary, aspirational targets that

19 One policyunder discussion in the European Union is the dshiment of a Maritime Climate Fund under the cuntre
Emissions Trading System, which among other aimsjdifacilitate investment in technologies to readuthe sector’'s CO
emissions.
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would collectivelyachieve carbon neutral growth by 2020 and a 50%ucéidn in GHG emissions
by 2050 (relative to 2005 levels) (IRENA 2017c).

Figure 119 {Passenger vehicle ownership per 1 000 people ires&d countries and regions, 2014
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< C u <+ PNofable discrepancies between G20 countries suggésat there is large scope for
increasing vehicle ownership.

Industry sector

The global industry sector accounts for almost 48i%nal energy demand and is responsible for
onefifth of global energyE o § K  ul*FHg G2xX accounts for 85% of industrial energy
demand and is responsible for thregiarters of industriahatural gas demangdand more than
90% of industrial coal use (China consumes aroé®®h of all coal used in industry). Three
industries (iron and steel, chemicals and cemerdgoaint for almost 60% of total industrial
demand in the G20 and are responsible for more tl6®36 of industrial C{Cenergy emissions.
Process emissions, which aretenergyrelated but are generated through chemical processe
the formation of intermediary inputs, are also sifjgant in a number of industries: G@missions
related to the production of clinker, an intermedjainput for cement production, are almst
twice the energyelated CQ emissions in the cement industry globally. In abs®lterms,
energyrelated CQemissions have grown by more than 60% since 200, more than four
fifths of this increase from China alorfeédure 121), whose consumption of energy in industry is
now larger than that of the combined industrial amption of the OECEbuntriesas a whole.

So far, efforts to mitigate the increase inergy use and emissions in industry have focused on
improving energy efficiency, including through thé&roduction of regulation: in the last 15 years,
the share of global final energy consumption inustily that is covered by mandatory energy
efficiencyregulation has increased to 37% (from virtually not), led by efficiency policy in
China, which alone accounts for around thigagarters of the global industry consumption that is
covered by such regulations. While mandatory enegdficiency regulatio is not the only
instrument available to policynakers, it becomes particularly important in timefien energy
prices are low: low prices lengthen the pagk period of energyefficiency investments that
might otherwise be made on commercial grounds. Tated renewable energy use in
manufacturing has received little attention. Yetnewable energy technologies can be suitable
alternatives for process heat generation and asagban source for the production of chemical
and plastics (IRENA, 2014b).

20The industry sectancludes blast furnacesoke ovens and petrochemical feedstocks.
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Buildings sector

Energy consumption in buildings accounts for aroanthird of final energy consumption, and

less than 10% of energ¢E o0 $ K  u]ee]}veU u v]vP 8Z § §Z @ ]uv]Bve(JvSsS ve]
energy used in the buildingsector is tweto-three times lower than that of other sectors.

However, this does not tell the whole story. lingportant to take into account that buildings are

also responsible for around half the global demdod electricity and for district heatingnd

cooling; indirect emissions from these sources5& Gt, are equivalent to almost twice the

direct emissions from building&igure 122).

Direct emissions ifbuildings come from the osite generation of heat for space and water
heating and cooking. The need for space heatinggras/n at only a moderate pace in the last
15years, with the greatest increase in energy demarsiead coming from the increasingeusf
appliances and cooling systems, and higher demancét water. This is partly a result of the
geography of demand: developing countries were oesgble for 90% of population growth and
75% of global economic growth (leading to increaaedess to mdern energy servicessuch as
water heating— but also greater numbers of appliances and coobggtems). Direct emissions
have stalled over the last three decades, as growmttheat demand was partly mitigated by
increasing efficiency in buildings, due large part to more stringent buildings code. The
composition and efficiency of energy provision histsector has also been affected by other
shifts: the switch away from coal towards gas amecticity for heating (globally, the share of
coal in theenergy mix of buildings has fallen by seven peragatpoints since 1990, to just 4%);
and, particularly in more affluent countries, a fsHrom oil to gas as a source of heat has
occurred. Consumption of district heat has also loled in the same period, providing heat in
dense urban areas and shifting even more direct siniss towards indirect emissions, with most
district heating currently produced through foskikls in combined heat and power processes or
heat plants. Currently, district heating and coglimainly relies on fossil fuels, and orlyew
countries have taken advantage of their renewaldisaurce potential or put in place policies that
can promote further uptake of renewables. As eldatation and electricity use have increased,
so o have indirect emissions in the buildings sectenjch have increased by 40% since 2000.
The emissions profile here mirrors changes in tiealder electricity sector (see above). The
current use of district cooling in dense urban aresvery low: onlg few cities in Europe rely on
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district systensto satisfy cooling needs of nemesidential buildings (offices, malls, government
buildings, etc.f!

The emissions intensity of energy use in the bngdi sector has been on an upward trend
despite more dicient production of energy and efforts to promotmergy efficiency (mandatory
regulations now cover more than 30% of final enecgpsumptionin the buildings sectdr This is
attributable to several factors. First, around 2billion people still rely on solid biomass fofPage [45
cooking. Among the many associated health downsidbe traditional use of biomass is
inefficient and polluting. A further driver for ireased global emissions from buildings is the
rising wealth and energy consumption in developioguntries, particularly through the
acquisition anduse of household appliances. In India, the humbep@ople without access to
electricity has decreased by 360 million and airdiboning ownership has more than doubled,

while in Chinarefrigeratorownershiphas also almost doubled.

Figure 121 { & & A« Jv ]JE & K u]ee]}ve ]Jv 8Z plo JvPe o 3}E
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while direct emissions stalled.

Carbon budget

The important role of the energy sector for glol@HGemissionsand particularly COemissions,
puts energy into the limelight of climate changet Baw much do energyelated GHG emissisn
have to be reduced to be compatible with climategets? Recent climate studies have indicated
that the average global surface temperature riseshen almost linear relationship with the
cumulative emissions of GOThis useful relationship has resultedthe concept of a remaining
global “CQbudget” (the cumulative amount of G@mitted over a given timeframe) that can be
associated with a probability of remaining below laosen temperature target (IPCC, 2014).
Despite its importance for climate changCQ is not the only agent to affect global mean
temperature. Emissions of ne@Q forcers, such as methane (gHnitrous oxide (bD) and
aerosols, mean that the GOudget must be reduced in order to achieve the sapnebability of

a given temperaturaise. While most not€Q emissions originate from neenergy sectors (in
particular from agriculture and waste), variatioimsthe projections from these sectors affect the
necessary rates of transformation of the energyteecTo allow for this, publica&ins such as the
Intergovernmental Panel on Climate Chand®C{ Fifth Assessment Report associate a range of

21See IEAENergy Technology Perspectives 20L6wards Sustainable Urban Energy Syst@Es, 2016f)
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CQ budgets with a given probability of staying belowlefined temperature rise: higher ne@Q
emissions mean a lower ¢ludget and vice verségure 123).

Figure 122 {Relationship between temperature rise and GBudgets
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< C u << PRefnaining C®budgets are very sensitive to small changes in ®irgemperature
thresholds and probabilities.

Longterm temperature targets and probabilities ofteafer only to the temperature rise in 2100.
But it is also important to conséd the temperature rise over the course of thes2tentury. The
average global surface temperature rise could tengpily exceed, or overshoot, a given
threshold (such as 2°C), before returning to tleigel in 2100. One key consideration for this is
whether or not it might be possible for G@missions to turn negative in the future. This is
possible only if technologies are available that camove C@from the atmosphere, examples
of which include direct air capture, enhanced rogkathering, afforestdon and biochar gee
Chapter3). Another example, which is relied upon heavily in deep dboarsation scenarios
assessed by the IPCC, is bioenergy with carbon eaphd storageRECQOSThis technology uses
bioenergy, produced by photosynthesis thatmmeved C® from the atmosphere when it was
growing, to produce electricity, biofuels, hydrogenheat. With BECCS, the &missions that
occur during the transformation process are captlit@nd storedand are therefore prevented
from being remitted to the atmosphere. If BECCSenerbe deployed on a wide enough scale,
and accompanied by decarbonisation of all energy-seidiors, it is theoretically possible for the
entire energy sector to absorb g&missions from the atmosphere.

Deriving an energyector C@budget for limiting global warming to 2°C

The Paris Agreement makes reference to keeping tadpre rises to “well below 2°C” and
pursuing efforts to limit the temperature increase 1.5°C. However it offers no clear guidance
on what “well bdow 2°C” means in practice, or what probabilitid®sld be attached to the
temperature goals.

For the purpose of this reparit was chosen to focus on a scenario with a 66%balbdity of

keeping the average global surface temperature tls®ughout the21st century to below 2°C.
Understanding the CObudget consistent with this definition is a criticaonsideration for
modelling the pace and extent of the energy sedtansition (Table 14).

To generate an estimate of gBudget for a 66% chance of staying below 2°C,rieisessary to
estimate levels and rates of nddQ emissions. The IPCEfth Assessment Report scenario
database, which contains projections of RGQ emissions over the 2t century under a wide
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range of scenarios provides a measure of the lefehonrCQ emissions mitigation that is
possible under deep decarbonisation pathways

Table 14 {Energy sector C{budget in the decarbonisation scenarios developey lEA and IRENA

(GtCOy) 2015 - 2100
Total CO> 880 Page |47
Industry processes -90
Land use, land- use change and forestry 0
Energy sector CO2 budget 790

The analytical tools used in this study directlgjpct all energyrelated GHG emissions, both £O
and nonrCQ. But for the decarbonisation scenarios developeg IEA and IRENA in the
subsequent chapters, neBQ emissions originating from neenergy setors rely on the
scenarios from the IPCC database. Using the climatelel MAGICE, widely employed in
studies assessed in the IPCC repotiee distribution over the not€Q contribution to the
temperature rise in 2100 from scenarios tinis database thathave a reasonable chance of
keeping the temperature rise in 2100 below 2°C ssgghat norCQ forcers are likely to
contribute between around 0.4°C and 0.7°C of wagnim the scenarios developed in this study
that have a 66% chance of keeping the targiure rise in 2100 to below 2°C, it was assumed
that the contribution of noRCQ emissions to the temperature rise in 2100 will rewnd 0.5°C.

It is important to recognise that the 66% 2°C ScEsaexplored in thisreport keep the
temperature rise below 2°C not just in 2100 butoatsser the course of the 2tcentury. It does
not permit anytemporary overshooting of this temperature in angay. The main reason for this
working assumption is that permitting a temporaryesshoot of a specific temperature rise
before falling back to this level in 2100 would isnpelying on negativ€Q technologies at scale
sometime in the future. This is technicaflyasible, but the assessment of the implications of
widespread adoption of BECCS for lase requirements or the potential uptake of nemergy
technologies for COremoval is outside the scope of this report. Thisams that one unique
assumption as to how much €€an be removed in the future cannot be taken. didiéion, there
are also questions surrounding whether bioenergg taily be considered to be a lewr zerc
carbon fuel ¢eeChapter2).

With these assumptions, for the purpose of thisdtuwe estimate that the Cudget between
2015 and 2100 is 88@igatonnes Gt). This lies towards the mille of the 590- 1240GiCQ
range from a study discussing {édgets commensurate with a 66% chance of stayielgw
2°C (Rogelj et al., 2016). Nevertheless, as disduasove, many of the scenarios assessed by
the IPCC in itBifth Assessment Repothat aim to limit the specific temperature rise i1@0 to
2°C rely heavily upon BECCS such that the glokadjeiector as a whole absorbs &missions
from the atmosphere by the end of the century.

The scenarios developed in this study are therefardbitious in terms of the timing and scope of
required energy emissions reductions for meeting tB°C goal as they offer no possibility to
delay CQ® emissions reduction until negativamissions technologies are available at scale.
Nevertheless, the scenas offer the possibility for achieving more strimjeclimate targets in
the future, should negativemissions technologies become available

To arrive at arenergy sector onl€Q budget for the 66% 2°C scenario it is necessarylbdract
from the total CQbudget those C@emissions not related to fosdilel combustion in the energy

22MAGICC = Modédr the Assessment of Greenhou&as Induced Climate Change
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sector. These emissions predominantly arise frono sources: industrial processes and from
landuse, landuse change and forestry (LULUCF).

Annual industrial process emissions are currentiyuad 2 Gt, Bout 70% of which arises from
cement production. With material efficiency and thise of CCS becoming more widespread in a
stringent decarbonisatio scenario, projections suggest that these emissiomould rise
marginally to the mie2020s before declining over the remainder of theey: in 2050, process
emissions therefore fall to around 1 Gt. This asgtiom is used by both institutions in thisusly

in developing decarbonisation scenarios for the rgyesector.

Estimates of LULUCF emissions are uncertain. Gimeags for 2013 indicated emissions were
around 3.3 Gt, but could range from 1.5CG& to 5.1GICQ (Le Quéré et al., 2015). The high
degree of uncertainty arises from the differing mettothat can be used to generate LULUCF
estimates, the poor quality of landse change data in some key regions and the difficin
attributing emissions to human activities or to ol processes. As per agreemdny the
participatinginstitutions, the outlook for Cgemissions from LULUCF used in this study are based
on the median of 36 unique decarbonisation scenariaalgsed by the IPCC. For this study, the
assumption is thaCQ emissions from LULBJall from 3.35t in 2015 to zero by midentury.
LULUCF subsequently becomes a net absorber o@D the remainder of the 2k century,
and, as a result, cumulative €@missions from LULUCF between 2015 and 2100 ase ¢to
zero.

The net effect of these two factors is to reduceettotal CQ budget from 880 Gt to an energy
sector only budget of 790 Gt. This study analyseslatail the transformation of the energy
sector between 2015 and 2050, but also takes intwoaint the emissions that might aac
thereafter. The challenge is stark: by means of parison, current NDGmply that, until 2050,
the energy sector would emit almost2b0 Gt, i.e. nearly 60% more than the allowed katdg

Pursuing efforts to stay below a temperature risel05°C preset unchartered territories. The
IPCC indicated that to have a 50% chance of keapotzal warming to 1.5°C, the remaining,CO
budget from 2015 ranges between 400 and 45CG{IPCC, 2014). But more recent reports have
suggeted it could be as low as 50t@3 (Rogelj et al., 2015). Even if the {Ddget is at the
upper endof this range, at around 400 G, energy sector emissions would need to fall to-net
zero by around 2040, if global energgtated CQ emissions cannot turn neiegative at any
point (IEA, 2016a).
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Chapter 2.EnergySector Investment to Meet
Climate (®als

Author: International Energy Agency Page 51
age

Key messages

Limiting the global mean temperature rise to belo®°C with a probability of 66% would
require an energy transition of exceptional scopelepth and speed. Energyrelated CQ
emissions would need to peak before 2020 and fglintore than 70% from today’s levels by
2050. The share of fossil fuels in primary energgndnd would hale between 2014 and 2050
while the share of lowcarbon sources, includingnewables, nuclear and fossil fuel with CCS,
would more than triple globally to comprise 70%eokergy demand in 2050.

The 66% 2°C Scenario would require an unparallektip up of alllow-carbon technologies in
all countries. An ambitious set of policy easures, including the rapid phase out of fofssl
subsidies, CQOprices rising to unprecedented levels, extensiveergy market reforms, and
stringent lowcarbon and energy efficiency mandates would be regktb achieve this transition.
Such policies would need to be introduced immediatnd comprehensively across all countries
for achieving the 66% 2°C Scenario, with gi@es reaching up to USD 190 per tonne of.d@e
scenarioalso requires broader and deepglobal efforts on technology collaboration to féteite
low-carbon technology development and deployment.

Improvements to energy and material efficiencgnd higher deployment of renewable energy
are essential components of rg global lowcarbon transition. In the 66% 2°C Scenario,
aggressig efficiency measures woulde needed to lowerthe energy intensity of the global
economy by 2.5% per year on average between 2012050 (threeand-a-half times greater
than the rate of improvement seen over the past y&ars); wind and solar combinedould
become the largest source of electricity by 203@isTwould need to be accompanied by a major
effort to redesign electricity markets to integratihe large shares of variable renewables,
alongside rules and technologies to ensure fleijbil

A deep transformation of the way we produce and usmergy would need to occur to achieve
the 66% 2°C ScenariBy 2050, nearly 95% of electricity would be doavbon, 70% of new cars
would be electric, the entire existing building skowould have been retrofitted, and the €O
intensity of the industrial sector would be 80% Ewhan today.

A fundamental reorientation of energysupply investments and a rapid escalation in lew
carbon demand side investments would be necesstmyachieve the 66% 2°C Scenarfround
USD 3.5 trillionn energysector investments would be required on averagelegear between
2016 and 2050, compared to USD 1.8 trillion in 2(Adssil fuel investmemwould decling but
would be largelyffset by a 150% increase in renewable enesgpply investment between 2015
and 2050. Total demanside investment into lowcarbon technologies would need turge by a
factor of ten over the same period. The additiomat total investment, relative to the trends
that emerge from current climatelpdges, would be equivalent to 0.3% of global GDZObO0.

Fossil fuels remain an important part of the energystem inthe 66% 2°C Scenario, bthe
variousfuels fare differently. Coal use would decline most rapidly. Oil consumptimuld also
fall but its substitution is challenging in several sectdrszestment in new oil supply will be
needed as the decline in currengyeducing fields is greater than the decline in derd. Natural
gas plays an important role in the transition acresveral secta.
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Early, concerted and consistent policy action woulte imperative to facilitatethe energy
transition. Energy markets bear the risk for all types of temlogies that some capital cannot be
recovered (“stranded assets”); climate policy addsaalditional consideratiorin the 66% 2°C
Scenario, in the power sector, the majority of thdditional risk from climate policy would lie
with coaklired power plants. Gafired power plants would be far less affected, pams they are
critical providers of flexibility for many years tome, and partly because they are less capital
intensive than coalired power plants. The fossil fuel upstream sectoay, besides the power
sector, also carry risk not to recover investmenlaying the transition by a decad¢hile
keeping the same carbon budget would more thanlé&ifhe amount of investment that risks not
to be fully recovered. Deployment of CCS offersiraportant way to help fossil fuel assets
recover their investments and minimise strandededssn a lowcarbon transition.

With well-designed policies, drastic improvementis air pollution, as well as cuts ifossiHuel
import bills and household energy expenditures, dducomplement the decarbonisation
achieved in the 66% 2°C Scenadahieving universaccess to energy for all is a key policy goal;
its achievementwould not jeopardise reaching climate goals. The pursiditlimate goals can
have cebenefits for increasing energy access, but climpbdicy alone will not help achieve
universal access tall.

Introduction

This chapter presents detailed nelnternational Energy AgencyE@ analysis of the energy
sector transformation through 2050 that would beededif the world isto limit the global mean
temperature rise to below2°C with a probabilityof 66% as well as the major reallocation of
investment capital that would be required to do sbhis assessment uses scenarios to illustrate
the degree of difference in policies required and the&onsequences on energy markets,
investment requirementsand energyrelated emission trajectories.It is one possible
interpretation of the“well below 2C objective of the Paris Agreement.

Two main scenarios, varying in their assumptionsualthe evolution of government policies are
presented: the New PolicieScenario and the 66% 2°C Scenafibe New Policies Scenario
reflects the implications for the energy sector tife climate pledges, known as Nationally
Determined Contributions (NDCs), which were madepast of the Paris Agreement. This
scenario reflectshe result of a detailed quantitative evaluation tfe implications of the energy
related components of these pledges, as well asemsive consultation with country
representatives and other stakeholders. This assest was first published in th&/orld Energy
Outlook2016 (IEA, 2016a)but for the purpose of this report the analysiashbeen extended to
the 2050 time horizo® The other main scenario takes a different approadescribing a
trajectory for energyrelated emissions consistent with a 66% probabibtfylimiting the long
term rise in global temperatures to less thard€grees Celsius (°C), illustrating the scald an
speed of the transition that this would necessitatethe energy sector. In addition, we include a
comparison with theworld Energy Outlook’d50Scenariothe widely used reference for the
low-carbon energy sector transitionyhich maps out an energy future consistent with @%
chance of staying within a°€limit.** This scenario was introduced in 2007 and has sireen
updated on a yearly basis to take account of pofimygress, market dynamics, technology cost
declines and countries’ priorities.

The modelling and analysis incorporates the most réceformation available on an array of
factors including energy markets, prices and tedbgyg costs. On this basis, the analysis

23 The modellingime horizon of theWorld Energyutlook2016is 2040.
24 The probabilityof the temperature increase refers to the end ofgleentury.
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determinesenergy supply and demand outlooks, emissions abat#nand investment needs in
the energy supply, power generation and emsk sectors (industry, transport armliildings) in
the two main scenarios. It also examines the-lgenefits for local pollution, energy access and
energy securityn a transition to a lowcarbon energy system and its implications for theeyy
industry.

Page |53
Defining the scenarios

The scenarios discussed in this chapter are geedrasing the IEA’s largeale World Energy
Model (WEM) Developed over a period afound 3 years, theNVNEMgenerates cormrehensive
sectorby-sector and regiofby-region projections covering the whole energy systdrom
primary energy production to transformation througb final energy consumptiofAnnex A)
The starting year for the projections is 2014, elgableofficialmarket data for all countries were,
in most instances, available only up to the end 28f14. For technology costs (such as
renewables) and fuels (such as oil) for which m@eent data were available, those were fully
taken into account in the analysis.

Global gross domestic productGDR is assumed to grow at an average annual rate 0f43.1
between 2014 and 205@measured in terms of purchasing power parity [APBhsed on
economic forecasts by the International MonetarynBu(IMF, 2016), the World Bardnd the
OECD?® The world’spopulationis projected to grovat a slowerate of 0.8% although there is

a high degree of variation between regionEhese assumptions remain the same across the
variousscenarios examined in this chaptérOur analysis herdocuseson trends at the global or
regional (G20versus“rest of world”) level, although modelling within the B is carried out
with muchgreatergranularity.

The direction that policy ambitionsas stated in the NDCsvill take the energy sector is
illustrated in theNew Policies Scenaridt assesses the impact on the evolution of the energy
system of all the policies and measures that hag@rbedopted as omid-2016. It also takes
account of the targets and policy mgures that countries have announced, even if thhage
yet to be enacted into legislation or the means toeir implementation are still taking shape.
The energyrelated components of the NDCs form a key compordrhis scenario. The pledges
are assesed on an individual countyy-country basis, and, where policies exist to supgbem
and the implementing measures are clearly definedprporated into the New Policies Scenario.
However where political, regulatory, market, infrastructur@ financnhg constraints exist, the
announced targets may be met later than officiadiyticipated or not at all. Conversely, there
may also be cases in which energy demand, macramoanconditions and/or cost trends lead
countries to go further and faster than their dead objectivesBut the New Policies Scenario
incorporates policies beyond NDCs, ranging fronici@d to increase energy security, fight local
pollution and to provide energy access. Nearly Hilkon people still lacked access to electricity
(25% of which are in G20 countries) in 2014 and ovérillion did not have access to clean
cooking facilities and seoely on the traditional use of biomag$0% of which are in G20
countries). Providingnodern forms of energyo the world’s poorest peopleccupiesa priority
place in national policynaking in countriesvithout universalenergyaccess andorms a crucial
backdrop to the growth in energy demand lookingwards.

25 Basedon the scenarios examined in this chapter, the @igation for Economic Gaperation and Development (OECD) is
conducting a study examining the implications ofe tlenergy sector transition for global economic gtiow(OECD,
forthcoming).

26 Basedon United Nations Population Division forecast witledium fertility (UNPD, 2015).
27 For furtherdetails, see www.worldenergyoutlook.org.
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While the New Policies Scenario gives poliogkers investors, consumers and other
stakeholders an indication of how policy ambiticasof mid2016 are likely to shape the energy
sector, it should not be considered a forecabhe New Policies Scenarionigt an attempt to
predict shifts in policy, beyahthose already announced, thaffect energy supply and use in
response to uncertainties such as the pace of eooicogrowth and technology advancesur
analysis shows that the New Policies Scendoies not meet the Paris Agreement temperature
limiting objectives, but itprovides a sound basis for expectations about degelents in the
energy sector and their implicatiorfer the future, and serves as a guidepost for policesi
other factors that need to change in order to megbals related to economic development,
energy security and sustainabil\eA, 2016a)

The 66% 2C Scenario— the main focus of thichapter — describes an energy transition of
exceptional scope, depth and speed. This is basedtle assumption that policies are
implemented to bllow a trajectory ofgreenhouse gagGHG) emissions from the energy sector
consistent with the international target “to limithe rise in global average temperature to well
below 2Cfrom pre-industrial levels”. The interpretation of this tagin this scenario is that
energyrelated carbon dioxide €Q) emissions (fromall sources and sectos) are bound by a
tight CQ budget: as described in Chapter 1, the cumulativeoant of energyrelated CQ
emissions between 2015 arfll00 consistent with this carbon budget i®9Fgigatonnes (Gt). If
energyrelated CQemissions were to follow the New Policies Scendhie,entire energy sector
CQ budget for the 66% ZScenario would be depleted in just o\2 years.

An array of ambitious policies and approachasd unprecedented deployment of an array of
low-carbon technologies would be required to stay withihis C@ budget and to channel the
types of investment that dramaticallgcceleratethe transition to a lowcarbon energy sector.
CQ prices in the industy and power sectorsaare an essential componerdand would be
introducedacross all countries by 2020time 66% 2CScenario Staying within the C{udget of
the 66% 2CScenariovould require aprice of US dollars (USDY0 per tonne of CLt/ CQ) by
2050 in all developed countriegnore than threetimes the level ithe New Policies Scenayin
which the C@price is less thatySD60/tonne in 2050(where it exists at @iI*® In addition, to
facilitate the rapid and transformative worldwidédnanges acrosthe energy sector in the 66%
2°C Scenario,@ priceswould also be necessary @il other countries albeit at lower levels and
with a more progressive implementatidinable 21).

Table 21 {Summary of C@prices in the 66% ZScenarioUSD/CQ)

2020 2030 2040 2050
OECD countries 20 120 170 190
Major emerging economies* 10 90 150 170
Other regions 5 30 60 80

* includesPeople’s Republic of Chiflzereafter “China’)the Russia Federation (hereafter “Russia’Brazil and South Africa

Yet even at these unprecedented levels, gbices alonewould beinsufficient to stimulate the
required pace and extent of energgctor transformatiorand would need to be accompanied by
the phase out of fossil fuel subsidies and additiciue! taxation In addition, the eordinated
enforcement of mandates, standarsl energy market reforms, research, development and
deployment RD&D and other emissions reduction policies would also required These
additional measures would be essential across afioss, and, asvith CQ prices,go well beyond
those enacted to dte.

28 For furtherdetails on assumptions in the New Policies Scenagi®|EA, (2016a).
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Table 22 {Selected key policy assumptions in the New PolicBeenaricand additional measures in the
66% 2CScenario

Sector New Policies Scenario 66% 2°C Scenario
x CO, prices in specific countries in the power x CO, prices in all countries ranging fromUSD 80 to
and industry sectors implemented with a USD 190 per tonne in 2050 in the power and
variety of delays ranging fromUSD  25to industry sectors. Page |55
Cross- USD 60 per tonne in 2050. x Fossil fuel subsidies removed by 2025 in all
cutting x Cautious implementation of announced countries.
measures NDCs as part of the Paris Agreement.

x All net -importing countries and  regions
phase out fossil fuel subsidies completely
within ten years.

x Implementation of GHG emission x Widespread market reforms, including toreflect
performance standards, renewable energy the value of flexibility.
mandates and nuclear power development x Introducti on of measures to integrate high shares
in accordance with NDC targets and of variable renewables, including RD&D for
national/regional policies. storage and support for demand  -side responses.

x Comprehensive GHG emission performance

Power standards.

x Widespread renewable energy mandates.

x Expansion of nuclear power deployment (where
acceptable).

x Widespread deployment of CCS for both fossil
fuels and bioenergy.

x Existing energy efficiency mandates and x Stringent mandates to realise energy efficiency
policies extended to 2050. potentials.
x Standards and financial support for efficient x Widespread industrial use of material efficiency.
and low -carbon technologies. x Widespread deployment of CCS for both fossil
fuels and bioenergy.

Industry x Extensive support for electrification to meet low -
temperature heat demand, especially through the
deployment of heat pumps.

X Measures to stimulate widespread deployment of
direct low -carbon heat (including bioenergy, solar
thermal and geothermal)

x Fuel economy targets for passenger x Stringent fuel economy and  emissions standards.
vehicles and light -duty trucks (and heavy - x Extensive support for electrification of road
duty tr ucks in some countries). vehicles and necessary infrastructure including

x Biofuel blending mandates. catenary lines for trucks.

x Targets for the share of sales for next - x Increased taxation of oil -based fuels.

Transport . . ; .

generation vehicles. x Strong efforts to improve urban planning and

x Realisation of goals for improvements in increase low -carbon public tra nsport.
aviation efficiency. x International fuel efficiency standards for aviatio n

X Sulfur dioxide emission standards for and shipping, and incentives for biofuels.
shippi ng.

x Partial implementation of energy efficiency X Mandates to maximise insulation and retrofits for
mandates. new and existing buildings.

x Strengthening efficiency standards for x Prioritising the construction of zero -energy
appliances and lighting (including full phase buildings.
out of incandescent light bulbs). x Phase out of coal and kerosene for cooking.

o x Enforced phase out of fossil fuel boiler sa les by
Buildings

2025 in all regions, with exceptions.

x Extensive support and mandates for electrification
including the use of heat pumps, solar thermal
and biomass.

x Ban of all light bulb sales other than LEDs by
2025.

Notes:The precise policy instruments introduced in eatlthe scenarios varies across different countriegfions. NDCs = Nationally
Determined Contributions; RD&D = research, develepnand demonstration; CCS = carbon capture andaggy LEDs = light
emitting diodes.
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Slected key policy assumptions, for the New Pdali@ad 66% T Senarios arehighlightedin
Table 2.2 Additional approaches in the 669%8Q@Scenario include widespread deployment of
carbon capture and storage (CCS) in both the pawmerindustry sectors, includingitial uses of
CCS with bioenergy as a feedst@ekich removes COrom the atmospherg Box 2.}, amuch
larger push to electrify endise sectors, particularly for transporglong with the needed
infrastructure and the direct use of renewables for heat generatand as transport fuels. Given
the needfor dynamic developmento move beyond existing technologies across all asgtan
intensified effortto innovateis also a acessary component of the energgctor transition in the
66% 2CScenarido continue meeting risingemandfor energyservices. This would require both
increasedprivate and publignvestment into RD&[o lower the cost of technologies that would
otherwise entail a huge cost to deploy on a widespreadd(@#&8A, 2016b)

The analysis included in the next section focuseshe main aggregate and sector trends in the
period to 2050, with projections for the 66%6Q@Scenario compared with and benchmarked
against the New Policies Scenario. Tihintion is to highlight the differences between the
policies and implementing measures that would bguieed to meet the well below Ztarget

on the one hand, and the policies and measures thate actually pledged in the NDCs on the
other. The differences in policies encompassechmtivo scenarios have a major impact on the
projection for carborintensive fuels and consequently the outlook fossil fuelprices diverges
markedly Table 2.3. Oil andgas prices wouldnitially rise from 2015 levels in the 66% 2°C
Scenario, given the need to ensure ongoing invesiisméan oil and gas supply to offset the
observed declines in current sources of productisee Implication®f the 66% 2C Scenario
section). The lower international fossil fuel price levétsthe 66% 2°C Scenario relative to the
New Policies Scenario would not translate into lowpeices for eneuse consumers since the
decarbonisation policies (fossil fuel subsidies ogai, taxation for road fuels, market reforms in
the power sector, COprices, etc.) implemented in the 66% 2°C Scenanaldv offset these
reductions to varying degrees across difference sextord countries.

Table 23 {Fossil fueimport prices by scenario

New Policies Scenario 66% 2°C Scenario

2015 2020 2030 2040 2050 2020 2030 2040 2050
IEA crude oil (USD/barrel) 51 79 111 124 137 73 66 64 61
Natural gas (USD/MBtu)

United States 2.6 4.1 54 6.9 8.9 3.8 4.3 4.2 4.2
European Union 6.9 71 103 115 122 6.7 8.3 7.9 75
Japan 10.5 9.6 119 124 1238 8.9 10.0 9.3 8.9
OECD steam coal (USD/tonne) 64 72 83 87 90 66 63 55 53

Notes: All prices are in real USD (2015) terms. uviBtmillion British thermal units. Natural gas pecare weighted average
expressed on a gross calorfialue basis. All prices are for bulk suppbkaslusive of tax. The US price reflects the whdéepaice
prevailing on the domestic market. The Europeanodrgas import prices reflect a balanceligbiefied natural gas (lG and pipeline
imports, while the Japan import price is solely LNG

Overviewof trends in the 66% Z_Scenario

Energydemand

In the 66% 2CScenario, global primary energy demamduld be4% higher in 2050 than in 2014,
while fuelling a global economy that tisree-times larger Table 2.3.>° Indeed, between 2020

29 Primary energys measured using the physical energy content mdtf{gee www.iea.org/statistics).
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and 2030, primary energy demancbuld fall marginally, even though there is robust ecoriom
growth of around 3.7% per year. Thisuld represent a profound break with pvious historical
trends, when economic growth has typically beenampanied by steady growth in energy
consumption: for example, annual global economic growth avera@8% per year between
2000 and 2010, while primary energy demand grev28¢6 on averge over the same period.

The key reason for this trend break in the 66%& Scenariowould be the comprehensive, Page [57
systematic,immediate and ubiquitous implementation of strichnergy and material efficiency
measures These measures mean that enengguld beused much more productively, reducing

the overall energy intensity of the econorfY/A large portion of these measures assumed to

be implemented over the next 15 years amebuld result in huge changes in the levels and
manner of energy consumption @xss the eneuse sectors: for examplebout one in three

existing buildingswould be retrofitted by 2030 and conventional truckuld use 40% less fuel

than today, bending an historically flat trend fiwve first time.

Table 24 {Global pimary energy mix by fuel in the 6696 Scenario(Mtoe)

CAAGR* Difference in

2014 2020 2030 2040 2014- 50 2’(\)‘ggk£0

Coal 3926 3421 2032 1475 1318 -3.0% -68%
(e]] 4 266 4 260 3474 2534 1760 -2.4% -63%
Gas 2892 3255 3325 2789 2426 -0.5% -50%
Nuclear 662 816 1272 1807 2021 3.1% 56%

Hydro 335 381 516 639 733 2.2% 25%

Bioenergy*** 1421 1574 2038 2543 2928 2.0% 48%

Other renewables 181 395 1228 2277 3018 8.1% 120%
Total 13 683 14 102 13 885 14 064 14 204 0.1% -26%
Fossil fuel share 81% 78% 64% 48% 39% n.a. -47%
Renewables share 14% 17% 27% 39% 47% n.a. 128%
Low-carbon share**** 19% 23% 39% 59% 70% n.a. 153%

*Compound average annual growth rate. **New Policigcenario. *** Includes traditional andodern biomass usand bioenergy
from waste **** Includes nuclear, hydro, bioenergy, other renewabdadfossil fueluse with CCS.

After 2030, therewould bea slight increase in primary energy demand in t6&062CScenario.

In parallel with this massive deployment of eneegd material efficiency measures in the earlier
part of the projection period, thergvould need to bea concurrent scaling up of electrification in
a number of enduses, particularly in the transportation sector,daa massive infrastructure
build-up to accommodate the new electric car and electricck flees. However, because much
of this increase is building from a low base (éegs than 0.1% of the global vehicle fleet in 2015
was electric), this growth takes time to have a #igant impact on overall energy demand. After
2030, underpinned by this growth in electrificatigerimary energy demand therefosgould rise
marginally.

Outlook by fuel

The share of fossil fuels in the overall primarggy fuel mixwould plungefrom 81% today to
39% in 2050 in the 669%F@Scenariocompared with around 73% by 2050 in the New Radici
Scenario) Coalwould fall throughout the 66% 2C Scenario at a particularly rapid rate to less

30 Energyintensity is measured as total primary energy dewhgrer unit of gross domestic product expressed iarket
exchange rates.
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than half of today’s level just after 2030 and twotthirds lower by 2050, levels not seen since
the 1960s. Most significant is the decline of caathe power sector, which by 2058ould be
nearly 80% below today’s level. Over 65% of theaiming coal consumption in 205énost of
which is in the power and industry sectors, woutdib conjunction with CCS.

Oil usewould peak around 2020in the 66% 2C Scenario, with the decline in demand
accelerating over the course of the subsequent dlecarhroughout the 2030s, oil deme falls
by around 2million barrels per day (mb/d) every year, suchttima2050 demandvould be60%
below today’s level at less than #ib/d — also a level not seen since the 1960s. The sai®sin
which oil demandwould increase is the chemical industry, due to the diffiy of finding
alternatives to oil as a petrochemical feedsto@y 2050 the use of oil as a feedstoastould
account for around 30%f total oil consumption, up from just over 10% #&yd Such a drastic
shift for oil demand representa huge challenge both to the oil industry and tasle countries
heavily reliant upon oil exports for fiscal reven(gee Implicationsof the 66% 2C Scenario
section)

Natural gaswould fare bestamongthe fossil fuels in the 66%°@ Scenario: demand ineases
through to the mid2020s. Over 70% of this initial increase is relateduel switching in the
power sector as natural gas displaces dirald generation over the next decade in countrtbat
have or can mobilise the necessary resources afrddtructure. After 2025, however, natural
gasfired generationwould bedisplaced by lowecarbon sources of electricity and therefore gas
demand in the power sector falls, on average, B2 each year between 2025 and 2050.

Natural gas demand in the buildings sectoould fall by 400billion cubic metres (bcm) in the
period to 2050a drop ofmore than 50% as efficiency measures and-¢arbon alternatives are
widely adopted. Thisvould beoffset to some extent by an increage natural gas demand in a
number of other areas, most notably road transpdita, as a bunker fuel and petrochemical
feedstock But this growth would beansufficient to offset the lower demand in the powand
buildings sectors (alongside smaller changes elsegjh As a result, natural gaemand would
decline after 2025.

All low-carbon sources of energy exhibit rapid growththe 66% 2C Scenario. There is a
particularly quick uptake of CCS after 20262025 therewould benearly 15 gigawatts GW) of
power generation capacity equipped with C@®mpared with less than 0@W today), which
would expand to almost30 GWby 2030 andhen further swell by a factor of fowsver the next
ten years. By 2050;CSquipped generation capacity over 600GWand accounts fojust under
10%o0f total electricity generation. Thase of bioenergwould more than double in the period to
2050, and by 203Q exceed coal demand. Biofuaekould play an increasingly important role in
decarbonising the transportation stor, in particular road freight, aviation and shippirghortly
before 2050 more biofuels are consumed in the transportatiorcs® than gasolinendby 205Q
consumption of biofuelsvould reach almosi2mboe/d. The use of bioenergy with CEBECQOS
offers an important opportunity to generate netegative C@emissions in the energy sector. By
2050 power generation capacity equipped with BECCSldvtne nearly 50 GW and some
industrial subsectors (e.g. paper and cement) would also be eyiptpBECCSdenologies.

The most rapid growtlwould bein renewable sources of energyther than hydropower and
bioenergy particularly wind, solar photovoltaic (PV) andhcentrated solar power. Collectively
they increase by a factor of 15 between 2014 and®@B&djust before 2050 become the largest
component of primary energy demand, overtaking liesgy. Annual increases inlectricity
generation from windwvould be more thanl2% and from solar by 18% over the next 15 years
together, theywould account for the largest source of electricity by320
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Box 21 {Bioenergy—a precious commaodity in a lovearbon world

Today, bioenergy is mainly used in two distinct mens. The “traditional” method is solid biomass
for cooking, typically using inefficient stovespoorly ventilated spaces. In 2014, over7 billion
people—nearly 40% of the world’s populatiehdid na have access to clean cooking facilities and so
around 770million tonnes of oil equivalent (Mtoe) of bioengrgvas consumed in traditional uses.
The noxious particles emitted by burning biomass kmked to more than three million premature
deaths a year, mostly women and children (IEA, 2D18lore “modern” methods use bioenergy as a
feedstock for the production of synthetic fuels @lectricity, as a substitute for petrochemicalstor

be combusted directly for heat. In 2014, moderndsergy consumptin was around 658toe.
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The cultivation of bioenergy is based on processkephotosynthesis which remove g¢®om the
atmosphere. The G@s returned to the atmosphere when the bioenergycasumed. In our analysis,
bioenergy is considered to be a zezarbon fuel (although it is important to recognideat for this to

be the case there must have been only a negligioteount of C@ emitted during cultivation and
conversion of the land to be suitable for growinigdnergy). However, with modern bioenergges,

it is also possible to capture and store the, @t is emitted when the bioenergy is consumed. The
life-cycle emissions of this process, called bioenavgh carbon capture and storage (BECCS), can
therefore be negative. In other words, the useBRECCS technologies in the supply of electricity, heat
or liquid fuels represents a net sink of £L@hich is removed from the atmosphere and sequestie
permanently.

In decarbonisation pathways, bioenergy, both witidavithout CCS, typically becomesimportant
mechanism to lessen reliance on fossil fuels andoseduce C@emissions in a number of endse
sectors. However, the amount of bioenergy availablea given year is not unlimited. The land
required to produce bioenergy is muftinctional and can be used for a variety of purposes including
food, feed, timber and fibre production, as welltnge conservation. The level of bioenergy that can
be produced in a sustainable manner, which takés account competing uses and minimises local
factors such as water stress, is therefore a key conaiilan in assessing its potential to help in the
low-carbon energy transition. While there is a high aeg of uncertainty in the amount of
sustainable bioenergy that can be supplied for gyepurposes, a commonly quoted figure for the
global potential is around 100 exajoules (EJ) @0@ Mtoe (for use in modern technologies only)
(Rose et al., 2013).

As a result of such availability constraints, biergy becomes an increasingly valuable commodity in
the 66% 2°C scenario. In addition, when working torigtstrajectory for decarbonisation, it becomes
increasingly important to ensure that bioenergyused, wherever possible, by technologies with
higher shares of GCthat can be captured. When using BECCS, only pe&luced when the
bioenergy is converted can be captured: the vari@esiversion processes for bioenergy therefore
result in different potential levels of G@emoval. For example, when bioenergy is transfornieo
electricity or heat, it is pssible to capture nearly all of the €@uring the transformation process at a
point source. Conversely, biofuels for use in tgaors, even if produced using BECCS, will produce
CQ that cannot be captured when the fuel is combustétthile biofuels may &r an attractive
option to decarbonise some engse sectors, there may be greater benefit in prodgcelectricity or
heat with BECCS since this will remove a greateel lef CQ from the atmosphere. Allocating
bioenergy most effectively across the different emse sectors becomes an increasingly important
consideration when pursuing an ambitious decarbatian agenda. In the 66% 2°C Scenario, biofuels
play a key role in decarbonising transport, paréely in aviation and shipping. But, in 2050, the
transport sector would account for less than 25%adél modern bioenergy consumption while the
power sector would consume around 40%, given tlgh&i share of CQhat it can remove from the
atmosphere.
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Regional trends

All regionswould need to underta& a prolonged and dramatic drop in energy intensitythe
66% 2CScenario, as energy and material efficiency meastake effect. The energy intensity of
the G20groupwould need tofall by more than 60% in the period to 209€idure 2.} and total
primary energy demando peak around 2020. From 2020 to 2050, energy demends20
countries wouldfall byaround0.2% per yeaeven witheconomic growth of nearly 3% per year.
There are similarly significant improvements elseveh Energy intensity in the 66%@Scenario
falls by a similar percentage in the r@20 countries even though their total energy demand
continues to grow, led by Africa and the Middle E&&vertheless, energy demand in the G20
group would still remainmore than twice the level of the rest of the worlen by 2050. The
increase in energy demand of less than 40% betvw&8% and 2050 in countries outside the G20
is even more striking when considered alongside thieer demographic changes that occur
during this period. For example, thregiarters of the increase in the global populatioccars in
countries outside the G20 (an expansion of 1.8dilpeople), whilehe percentage of people
without access to electricity drops from oitleird in 2014 to 10% in 2050. Many of these
countries also have an expanding wealthy middlesclacreasingly seeking access to mobility
and other energy services.

Figure 21 {Primary energy demand by fuel and energy intenslty region in the 66% 2°C Scenario
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< C u <+ FEndrgyintensity decreases 60% and there is a substantial shift avfieym fossil fuels in
the G20 countries.

The use of bioenergyould need to expand substantially over the periodthe G20 and
elsewhere By 2050 irthe G20, the largest portion (ovét00Mtoe) is for use in the power sector
(increasingly withCCSo mitigate GHG emissions) while demand in the stdy transport and
buildings sectors each accosribr about 0 Mtoe. The use of solid biomass for cooking falls in
the G20 countriesn the 66% 2CScenario Decarbonisation policies help improve accesddarc
cooking facilities as renewable sources of eleityrim urban areas displace the use of liquefied
petroleum gas (LPG). This means that additionalldeoE LPGvould beavailable tobe used in
modern cookstoves in rural locations. However i thbsence of specific policies to address
access to clean cooking facilities, the energy gitton may make switching to cleaner fuels and
technologies more difficult for the pooregteople Inthe absence of dedicated policies in the
66% 2C Scenariomore than1.3billion people, mostly outside G20 countries, wouwltdl lack
access to clean cooking facilities in 2050. WHile ts a significant improvement over today’s
level of 2.7billion people lack of energy acceswnethelessemainsa significantcontributor to
premature deaths and poverty.
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Energy trends in the 66%Q@Scenario relative to the New Policies Scenario

Effective implementation of the measures assumedtie 66% 2C Scenaw would have

profound implications for global energy demand a@HG emissions. The striking differences

from the trends in the New Policies Scenario arghlighted in Figur@.2, starting with the

overall projection for primary energy demand. Whieerall global demand would flatten inthe —
66% 2Cscenario, a less dramatic policy push for energg amaterial efficiency in the New"age [61
Policies Scenario means that world primary energyndnd expands by nearly 40% between

2014 and 2050.

The contrasts are particularly sharp in relationtbe trajectories for fossil fuels. In the 66%2
Senario, demand for all types of fossil fuels wodlkline in the period to 2050; in the New
Policies Scenario, demand for all fossil fuelseiases. Coal and oil exhibit the largest difference
between the two scenarios: in the case of oil, demhan 2050 in the 66%°€ Scenario is some
65mb/d lower than in the New Policies Scenario. @iiménd in 2050 would be at least 50%
lower across all regions, with the largest absoldiferences occurring in major G20 countries.
Natural gas wouldnitially grow to 2025but by 2050 consumption would be 16% below current
levelsin the 66% 2CScenaripcomparedwith a nearly 70% increadmetween 2014 and 205

the New Policies Scenaridatural gas demand increases by nearly 50% in the G20 ciasnitn
the New Policies Scenario between 2014 and 205@ falls by almost 25% in the 66% °Z
Scenario) and by1D% in the rest of the world (but woulthrgely stay flat in the 66% °Z
Scenario)Wind and solar are the energy sources that grow tmrapidly in both scenarios, but
the rate of growth over the period to 2050 in theeN Policies Scenario is less than half that in
the 66% 2CScenario.

Figure 22 {Global pimary energy demand by fuel in the New Policiesch66% 2CScenarios
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< C u << RAll énergy sources increase to meet demand growththe New Policies Soario, while
the growth in low-carbon sources offsets the declines in fossil fa@ the 66% 2ZCScenario

On a sectoral level the largest difference is in ttasport sectorwhere nearly 1500 Mtoe less
fuel would be consumed in the 66%CScenario than in the New Policies Scenario, padha
result of increased energyefficiency and partlybecause ofa shift to electric vehicles and
bioenergy. There are also sizeable shifts in bbih industry and buildings sectors, which each
would consume around @00Mtoe less energy in 2050 in the 66%CScenario. Differences in
fossil fueluse accounfor the majority ofthis reduction (particularly coal in industry amétural
gas in buildings)put electricity consumption is also markedly lowerthe 66% 2CScenarioin
both sectors given the substantial effort to useeegy more efficientlySome 6the difference is
offset by a greater direct use of renewablesboth sectorsin the 66% 2C Scenariowhich is
drivenmainlyby solar thermal with a smaller contribution from geettmal. This change is most
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notable in the industry sector. Direase ofrenewables currently plasjan increasing but modest
role in the industry sector and their growth in tHdew Policies Scenario remains limited. In
contrast, in the 66% °Z Senariq they would grow rapidly (at over 17% per year orrage) to
contribute nearly 7% of total industrignergy demand by 2050, an order of magnitude greate
than in the New Policies Scenario

Energyrelated CQemissions

The reduction in energgelated CQ emissions in the 66%°€ Scenario would be much more
pronounced than the changes projected in energy dech Emissions would peak before 2020 in
this scenario and exhibit an accelerating declinghte 2030s, when annual emissions would fall
by just over Igigatonne per yearGt/year. Between 2014 and 2050, the rate of decline irbglo
CQ emissionswould average jusbver 3.5% per yearand, by 205Q these emissionsvould be
less than 95t, more than 70%elow current levels. This is a hugely ambitious pacelailine
that would require robust policy supporfo place it in context, global €&missions over the
past 40 years grew at less than 2% per year andabiest rate of growth sustained overten-
year period was less than 3% (during the 200@spther words, the rate of emissions decline in
the 66% 2CSenariowould surpass the fastest rate of growth ever seen oweeatended period
and sustain this pace of decline over a period®y&ars.

All regions would need to contribute to €®missioms reductions in the 66%°€ Scenario,
although there is a large degree of variation beeénehem depending on their current level of
emissions and the anticipated pace of economic dlhowver the next 35 yeargFigure2.3).
Average C@emissions per camton a global basis woulthll below 1tonne per person just
before 2050(from around 4.4 tonnes per person today)

Figure 23 { Energy-related CQ emissions by region in the 6696QScenario
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As discussed in Chapter 1, the 66%<zenario is formulated on the need to keep withitight
cap on C@emissions. But this does not mean that, in orderstay within the tempeature
threshold, efforts are required only to reduce £@hile emissions of other greenhouse gases
such as methane (GHand nitrous oxide (}O) can continue to grow. The opposite is true: the
66% 2CSenario includes a dramatic reduction inrakjor sources of norRCQ gasedoth within
and outside he energy sector. In the energy secton a CQ@ equivalent basig' global GHG
emissions fall by 35% between 2014 and 2030 (costgpanth CQ emissionghat fall by just over

31 Thereare different ways to evaluate the effects of metteaon global warming. G@quivalent figures are generated on
the basis of the 10§ear global warming potential of fossil €end N20 of 30 and 288spectively.
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30%in the same period), with edr action targeting CHemissions released during fossil fuel
production® Without determined action on reducing energgctor norCQ forcers the CQ
budget available to the energy sector would be reeld markedly, amplifying the required pace
of reduction in Cg@emissions and thukrther complicating the energgector transition.

Emissions trends in the 66%€Scenario relative to the New Policies Scenario  pageie3

The outlook for C@emissions in the 66%°2Scenario represents a very sharp contrast with that
of the New Policies Scenario. In the New Policesn&io, which takes into account countries’
pledges in their NDCs to the Paris Agreement; @@issions continue to increase to reach
slightly more than 315t by 2050. Cumulative energglated CQemissions between 2015 and
2050 in the New Policies Scenario are arour2bQ Gt, about 75% higher than the carbon budget
consistent with a 66% chance of keeping the tempaerise below 2C

An unprecedented effort to mitigate G@missions would be required to remain within the
carbon budget of the 66%°€ Scenarioln absolute terms, much of the required savings lgou
need to come from the countries witthe highest levels of G@missions in the New Policies
Scenario. For example, the G20untriescollectively account for around threguarters of the
cumulative emissions in the New Policies Scenarid050. The G2therefore also accounts for
around threequarters of the 80 Gt reduction in cumulative emissions between the6&@C
Scenario and NewdHcies Scenarid{gure 2.4.

Figure 24 {GlobalCQ emissions abatement by technology and region in t66% 2CScenariorelative
to the New Policies Scenario

Technologies Regions

o 40 - e 40 o
O New Policies Scenario Efficiency 9]
o 6

30 Renewables SRS 30

ccs
20 Fuel switching ..~ 20
= Nuclear
10 EOther e e 10
0« r r . ) 0
2010 2020 2030 2040 2050 2050

< C u e* B20 countries provide almost threquarters of the emissiomreductionsin 2050between
the 66% 2°C and New Policies Scenarios.

The largest contributions to global energglated CQ emissions abatementome from two
sourcesenergy and materiafficiency, which reduces both material and enengg** andin the
use ofrenewables in power generatigieat,and transport (i.e.biofuelg. Bothareaswould be
responsible for aroun@ne-third of the CQ savings in 205th the 66% 2C Scenariaglative to
the New Policies Scenario. Energy and materiatieffcy efforts would providehe largest
contribution to emissionsavingsup to 2030 There are numerouadditional energyefficiency

32 TheWorld Energy Outlook 2017 will contain an analydishe level of methane emissions, and the scope ansts of
efforts to reduce them.

33 Theemission reductions from efficiency measures inelditect savings from lower fossil fuel demand amdirect savings
as a result of lower electricity demand which redadGHG emissions from power generation. The resaks into account
direct rebound effects as modelled in the IEA’'s WdEnergy Model. Direct rebound effects are thoeewihich energy
efficiency increases the energy service gained femoh unit of final energy, reducing the price lé tservice and eventusl
leading to higher consumption.



Page |64

Energy Sector Investment to Meet Climate Goals © OECDI/IEA 2017

measuresg.g.for appliances and lighting in buildings, boilersndustry and buildings, anidel
economy standards in transport, that are deployedhe near term in the 66%°ZScenarigobut
which are not adopted in the New Policies Scenaai existing policies areot sufficient to
support their deploymentSupported by extensive nepolicy measures, the 66% 2°C Scenario
also contains an array of ambitious improvementsniaterial efficiency, none of which are
implemented in the New Policies Scenario. Thesesuesa includelight-weighting of products
such as plastic bottles, paper and gamadincreased recycling and #ese of materials While it
would remain a challenge to mobilise stringent @ffncy measures in such a short period of
time, doing so has an immediate impact on emissi@uhiction in this scenario.

There has been an impressive scaling up of renesvahkrgy options in recent years. In 2015,
renewables, for the first time, accounted for motiean half of all new electricity generating
capacity installed worldwide. This momentum is ntaimed in the New Policies Scenakiased
on existing and plannegdolicies forrenewableenergy In the 66% ZCScenarig the deployment
of renewablesacceleraes out to the end of the 2020s (and deployment maintaingsobust
thereafter). Nevertheless, it takes a longer period for thémebe a sizeable difference between
the two scenarios imenewable energwupply (and consequently a longer period until thés a
substantial differencan related emission reductionskglectricity generatiorfrom renewables
increases on average Yo per year over the next 15 years in #8% 2°C Scenario, compared
with 4.4% per year in the New Policies Scenénibich is similar to the average rate of growth of
4.5% seen over the past 15 year€puplel with some degreef scaleup of negative emissions
technologiesin the power sector in the 66%°@ Scenario, the contribution to emissions
reduction from renewales thereforewould become more pronounced over time.

Carbon capture and storageould become increasingly vital for reducing energiated
emissionsn the power and industry sectors. CCS accountguigrover 10% of global G&avings

in 2050 in the 6% 2C Scenario relative to the New Policies Scenario. l[tMdde electricity
generation from nuclear power nearly doubles in thew Policies Scenario over the period to
2050 while its contributionwould triple in the 66% 2CScenario with nuclear proviaj 6% of the
emissions savings in 2050. There is also a notabi#ilbution from fuel switching (3% ofthe
savings in 2050), which includes shifts from codhé power sector and from oil in transport.

Figure 25 {Global @, emission reductions by sector in the 66%CScenariorelative to the New Policies
Scenario
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The power sector provides the largest contributit;m global C@ abatement, accounting for
around halfof the cumulative abatement relative to the Newliees Scenario between 2014 and
2050(Figure 25). The rapid phase out of unabated coal plants these not equipped with CGS)
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particularly older plants with lower conversion iefénciesjs very effective in curbing global £O
emissios in the early period, while in later perigda increasingly large part of the additional
CQ savings come from increased investment in renewadb@rces for power generation as
electricity demand increases. By 2050, several G@ntries would haveclose to zero CQ
electrictyin the 66% 2CScenaripand the global average G@tensity of electricity generation

would beone-tenth of that in the New Policies Scenario. —Page 165

The transport sector would provide the secelagigest contribution to COsavings, ecounting
for around 20% of the cumulative savings betweerif2@nd 2050n the 66% 2C Scenario.
Transport makes less of a contribution in the egryt of the projection period. While policies
would underpin accelerated deployment of electric vehglé would take time — given their
current low numbers on the road and the need fofrastructure buildup —to have a sizeable
impact on oil demand and emissions reduction. N&weess, by2030there would be more than
750 million electric vehicles (motorbikes, passengercars, trucks and busey on the road and
nearly 3 billion by2050 — a twenty-fold increase from today’s level. Nearly 60% ofctie
vehicleswould bepassenger cars, but electrification also exdsto freight transportin the 66%
2°CScaario. By 2050 nearly 50% of trucksuld beelectric and a large number of motorways
would be equipped with electrified overhead (catenary) linesce batteries alonelo not
support longhaul journeys. Fuel ficiency standards and biofuel mandates in aviatiand
maritime transport also provide increasing contrilmms to emission reductions over time and
the use of biofuelsvould expand tonearly 12mboe/d by 2050, asevenfold increase on today’'s
level.

The industry sectowould provide aroundl7% d the cumulative emissions savings in the period
to 2050. The introduction of GQprices across all regions, alongside the use ofewiahging
decarbonisation and efficiency mandates, resultgha full realisation of material and energy
efficiency potentials, a&l0%increase in the use of electricity (especially fow-temperature
heat), an unprecedented increase in the use of rgable heat, and the extensive deployment of
CCS across a range of industrial processes.

Investment needs

From an investment pspective, the energy sector transition in the 6@ Senario would
require not only more capital expenditure, but also fundamental reallocation of capital
compared with today’s portfoliocCompared withcurrent trends and those projected in thdew
Poicies Scenario, a large, sustained increase inctiptal flows for lowcarbon energy options
and efficiency measuresould be anessentialprerequisite Meanwhile, ontinued investment in
fossil fuel extraction (albeit at a lower levelpuld still be neded.

Over USD120 trillion ofenergyrelated investment worldwide in the period to 2050 would be
required in the 66%2°CScenario Table 25).3* Around half of this investment i®r supplyside
technologies including fossil fuels, biofuels andctricity (generation and transmission and
distribution). The other half ifor demandside low-carbon technologigsincludinginvestment
into more effciert technologies that moderate energy and material usenduse sectors, which
accounts for aroundone-third of total investment in the 66% °€ Scenario. The remaining
investment isor technologies that help toeducedirect energyrelated emissionsiithe enduse
sectors. In the transport sector, this includes theditional capital spent on electric or natural
gas vehicles and trucks that displace the use of conventionalhiekes, excludingthe
infrastructure investmentneeds related to this electritation. In the industry and buildings
sectors it includes investment for the use of renewable smes that can generate heédr direct

34 Cumulativenvestment numbers are undiscounted.
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use e.g. solar thermal, geothermal and biomass, a#i a& expenditure to install CCS in energy
intensive industries.

Table 25 {Cumulativeglobal supply- andlow-carbon demandside investment in the 66%°ZScenario,
2016 —2050

Demand- side

Supply- side investment

investment
USD billion (2015) Oil Gas Coal Electricity Biofuels Efficiency Other**
World* 7 346 7 456 731 39 576 2221 39071 26 207 122 607
Of which: G20 4 853 4708 641 28 944 1963 30 509 22 449 94 066

*Includes interregional transport**Includes investment in road transportation, CQ®lalirect renewables in industry and buildings
but excludes investment in infrastructure

Of the total level of investment in the 66%@Xenario, around 13% would be required for the
supply of fossil fels.Most ofthis is neededfor oil and gas extractigrespite the rapid reduction
in oil demand in this scenario (averaging over 286 year between 2014 and 2050). This is
because the natural decline from producing oild&ls generally much higherah thedecline of
demand. Theaeductionin demand for natural gas is less pronounced thandil in the 66% 2°C
Scenarioand continued investment in its development remaiessential. In the New Policies
Scenario, around 85% of oil and gas upstream imvest is required simply to compensate for
declines at existing field¥ his provides a natural hedge against the risktainded assets in the
upstream sector (see Implicatiorsd the 66% 2C Senario sectior). Continued investment in
fossil fuelsupply remains a necessary feature of the doavbon transition in the 66%°€
Senario.

The largest portion of supplide investment would béor power generationthe vast majority
of which is focused on lowarbon technologiesHfectively no new unabated codited power

plants (i.e. those without CC®&puld bebuilt in the 66% 2CSenariq other than those currently
under castructionand the leastfficient coalfired powerplantswould bephased out by 2030
in most regions andn all regions by 2035. Renewablesuld account for half of the near
USD4Otrillion spent in the power sector, with a simildevel of investment jgst under

USD7 trillion) each spent on wind and solar (both solar PV and conaaett solar power

generation. G20 countriegvould account for the majority of the investment in legarbon

electricity.

On the demanekide, a cumulative USE® trillion would be spent on energy efficiency measures
up to 2050. There are also impressive cost redustianticipated imore efficien technologies

in the 66% 2C Senario, but an average annual spamglof over USDL trillion per yearwould
still be required in orar to ensure that primary energy demand remains daly constant
between 2016 and 2050. The level of investment idiieect emissionseduction technologiedn
the enduse sectors is USEBtrillion. The transport sector (principally the atldnal investnent
into electric vehiclesfor displacing conventional vehiclesyould account for &% of this
cumulative total: the stock of electric passengarswould need togrow by nearly 50% per year
over the next 15 year® achieve the targets of th66% 2C Senaria By 205Q there would be
over 1.7 billion electric passenger cars on thedso@ompared with around 1.2 million today. The
number of electric trucksvould alsoneed toexpand rapidly, in particular after 2025. By 2050,
almost50% of trucks on theoadare plug-in hybrid or full battery electric vehicles the 66% 2C
Scenario.
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Box 22 {Defining energy investment in IEA analysis

Investment figures in this chapter are generalljitdpetween supply and demaneside investmers.
Supplyside investment covers capital expenditure to const or refurbish assets that extract,
process, transform or transport fossil fuels, bieegy and power. It excludes the operating
expenditure incurred in the daily functioning ofete assetsThe main items covered by these capital
investments are the costs of engineering, procuremand construction, including all the equipment
and other material required, as well as the labaasts associated with installing a device, machine
or plant, or dilling a development well. They also include cpstsch as planning, feasibility studies,
external advisory services and all licensing angrayels (including environmental approvals), as well
as acquiring the land for the project. They do matlude research and development costs, or the
costs of abandonment or decommissioning. The inwesits are booked in the year in which new
energy supply commences; for a power plant, thithesfirst year of operation, while for upstream oil
and gas projects, this can be over a period of gear production from a new source ramps up.
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Demandside investments include both energy efficiency m@@s and direct emissions reduction
technologies such as CCS in industgnewable technologies (e.g. solar thermal, bioenergy,
geothermal)in the buildings and industry sectorand alternative fuel vehicles (e.g. natural gas,
electricity, hydrogen). In the industry and builgisectors, costs cover similar elements to supply
side investments. However investments fareegy efficiency and alternative fuel vehicles amere
difficult to quantify. For efficiency, we analyseopurement capital, i.e. the money spent by end
users on energgonsuming products. However not all of this spemyis included: only the amount
that is spent to procure equipment that is more effint than a given baseline. This baseline is
established as the 2014 average efficiency of diffié products and sectors. In other words, this
calculation reflects the additional amount that cai€mers haveo pay for higher energy efficiency
over the period to 2050. In a similar way, the istreent in alternative fuel vehicles represents the
additional cost for a vehicle over an equivaleni2@onventional vehicle.

The volume of annual supp$ide investments would be broadly constant over theriod to
2050 in the 66% °Z Scenario figure 26). There is a major shift, however, with expendiur
related to fossil fuelgincluding both extraction and investment fiassil fuelplants without CCS)
being reallocatd to renewables and other lowarbon technologies (nuclear and CCS). In 2015,
fossil fuels comprisedimost 6@% of supphside investment, a share thatould dropto less than
20% by 2050n the 66% 2CScenario. Indeedy 2025, investment in renewables exceeds total
investment into fossil fuels in the 66%CScenario.

Investment in enelise sectors would need teeean even more radical transformation over the
period to 2050. Total demandide investmeninto low-carbon technologiegrows by a factor of
ten from less tharlJSD300billion per year today t@aroundUSD3trillion by 2050in the 66% 2C
ScenarioDemandside investment to 2020 in the 66%CScenariovould bedominated by the
need to enhance energy efficiency and to deploy -lawbon options inbuildings using
technologies that are commercially available tod®getween 2016 and 2020 investment into
energyefficiert technologiess on averagéwice the levelof 2015, and withirfive years the level
of investment inenergy efficiency measures exceeds the total level of speg on fossil fuel
extraction in 2015An array of policies and measurdgdves this boost in th&6% 2CScenario
such as tighterminimum energy performance standards for a range egfuipment, more
stringent fuel eficiency standards and widespread push for neazeroenergy buildings. The
level of investment in demanside technologieshat directly reduce emissiorsso surges @r
the period to 2050, growing bground10% on average per year between 2015 and 205 doe
than USOL.4trillion.
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Figure 26 { Average annual globanergysupply and demandside investment in the 66%°ZScenario
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< C u <+ Fhe{level of supphside investment remains broadly constajibut shifts away from fossil
fuels. Demandside investment in efficiency and lowcarbon technologies ramps up to almost
UsDa3trillion in the 2040s.

Investment trends in the 66%Q@Scenario relative to the New Policies Scenario

Cumulative energy supplyand demaneside investment in the 66%°@ Scenario isover
USD120trillion, 25% more han theUSD99trillion needed in the New Policies Scenario. There
also a marked difference in the destination of tbapital between the two scenarios: in the New
Policies Scenarj®5% of the total is spent on energy supply, compangth less than 6% in the
66% 2C Senariq largely because energy is used more efficientljthe 66% 2C Senario.
Furthermore, in the New Policies Scenario, heabobf total energy supply investment is spent
on fossil fuelextraction In the 66% 2°C Scenario, Iéisan 20%o0f total energy supply investment
would be for fossil fuel extractionThe contrary situation would be reflected for investmteim
electricity supply given thieigher demand levels foelectrification éven withambitious energy
and material diciency adoption) in the 66% 2C Scenario: nearlyySD40trillion would be
needed forelectricity generation, transmission and distritatj 40% more than in the New
Policies Scenario.

In the 66% 2°C Scenario, cumulative investment owgr plants to 2050would be
usD26trillion, 50% higher than in the New Policies Sc&naln large part, this reflects the
transition from fossifuelled power plants to lovcarbon technologies, which are initially more
expensive to build though generally are less expent maintain and operate. Wind power and
solar PV exemplify this relationship, with highgofront capital costs per unit of electricity
generated than fossiuelled power plants, but zero fuel costs. Nuclaad CC&quipped power
plants are also moreapitatintensive than unabated fosdilielled power plants. The underlying
assumption is that, to facilitate the proliferatioof more capitaintensive technologies in this
scenario, market designs would need to be conduéivesuch investment. Overathe increase
in total investment is partially offset by the redeat expenditure for fuel, but, despite significant
cost reductions in renewabldsased electricity generation, the cumulative cogttbe global
power system (including transmission and distriba)i to 2050 would be around 15% higher in
the 66% 2CScenario.

Total energysupply investment in the 66%° @ Scenariowould be10% lower than in the New
Policies Scenario. This is partly because energyadd islower and partly because of theore
significantcost reductions for lovcarbon technologiet the 66% 2CScenario igure 27). The
array of ambitious policies and approaches enadredhe 66% 2C Scenario accelerates the
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deployment of lowcarbon technologiesandgreater deployment means economies of scale and
technology learning, pushing down cosespecially through 2030 as many loarbon
technologies still offer vast potential for costductions Thereafter, the pace of cost reductions
levels off for many lovearbon technologies in the 66%@Scenarigas the technologies mature.
The cost of traditional fossil fuaupply technologies experience little, if any, retlan in either

of the scemrios given their state of maturifand because the effects of depletion (i.e. seeking Page [69

produce small and harddp-access resource deposits) offset the technologyrries that
continues to occur.

Figure 27 {Cost reductions for selected lowarbon technologies in 2030 relative to 2015 in tlbé% 2C
and New Policies Scenarios
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< C u <+ Hnhénced policy efforts in the 66%°€Scenario wouldaccelerate deployment of key low
carbon technologies which yields faster cagtductions

While investment irenergy supply would be®wer in the 66% ZCScenario, investment ilow-
carbon demaneside technologies isver 9®6higher Figure 28). Much of the notable reduction
in energy demand in the 6696QScenariccompared with the New Policies Scenario is achieved
by higher investment iimore energy efficieh technologies Cumulative investment ienergy
efficiency in the 66%°Z Scenario igherefore some 50% higher than th¢SD26trillion in the
New Policies Scenario. Investmenteimergyefficiency in buildings is nearly 140% higher ia th
66% 2CScenaripas a result of the need to curtail space heating @oedling demand in both
new and existing buildings. This is achieved thiotige stringent enforcement of minimum
energy performance standards and stringent buildoagles alongside rigorous retrofittirand
deep renovation of existing buildings to yield alwetion in energy demand well beyond the
levels seen in the New Policies Scenario.

In contrast, there is a slight decrease in the lesfeefficiency investment in the transport sector
in the 66% 2CScenario relative to the New Policies Scenagince improvements in efficiency
are insufficient to generate the rapid and comprele/e emissions reductions required across
the vehicle fleet in the 66%°€ Scenario.But the lower investmenin energy efficiency in
transport is more than compensated for by a fiedd increase in the level of investment in direct
emissionsreduction technologies in the engse sectors. In 2050, there are ov@s0million
electric carson the road in the New Policies Scepain the 66% 2C Scenarigthere areover
1.7hbillion. The early uptake of electric vehicles lire t66% 2C Scenario accelerates technology
improvements and mass production, aetectric carbattery costs fall toUSD80 per kilowatt
hour kWh) in the ealy 2030s, a level not seen in the New Policiesn&te before 2050.
Nevertheless, this is insufficient to offset theditibnal cost of an electricar comparedwith its
equivalent conventional vehicgl@ndtherefore resultan an increaseaveralllevel of investment

in transport. Similarlyinvestment in direct renewables both fdahe buildings and industry
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sectorsin the 66% 2CScenario is around 80Btgherthan the New Policies Scenario, while there
is an additional USD.7trillion for CCS in the industrial sector.

Figure 28 {Global energy sector investment in the 66%2and the New Policies Scenarios
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< C u <+ Mvestment shifts significantly from supply to demna-side in the 66% ZCScenario

Box 23 {Raising the probability of reaching’2 a different enegy world?

The IEA has for many years looked into the tramsito a lowcarbon energy sector that would be
compatible withachievingthe 2°Ctemperature rise limitation target using its 458cenario. This
scenario was first developed for th&orld EnergyOutlook 2007. Since then, it has been updated
every year to illustrate the technology and investm requirements as well as the opportunities and
challenges that lie ahead, serving as a means &cktrprogress towards achievement of theC2
temperature gal. The450 Scenario is designed &chievethe 2°Ctemperaturelimitation objective
by 2100 with a probability of 50%.

In the context of this study, the IEA for the fitshe explores a more ambitious pathway for reducing
energyrelated GHG emissionshd 66% 2CScenario, developed for the purpose of this studiyns

to illustrate one energy sectoidevelopmentpathwaythat could be compatible with the goal of the
Paris Agreement to limit the global mean temperauise to “wellbelow 2C. It does sovia analysis
of a scenario with a 66% probability lirhiting the temperature rise to belov#2°Cby 2100 Here we
highlight thekey differences between the 458cenario and the 66%6@Scenario in order to illustrate
the additional energgector challengethat arise from the different pathways.

The increase in probabilifyom 50% to 66%mplies a deep cut in the GOudget that isallocated to
the energy sector: the G@missions budget for the achievement of the 45€enario amounts to
1080Gt, 290 Giabove the budget that is available to the 66%&3cenario, or roughlgine yearsat
current emissionlevels Thisvarianceis significant.The transition to a 458cenario would require
energyrelated CQ@ emissions to become netero by around 2100lo relise the 66% 2CScenatrio,
CQ emissions would need to fall to neero by around 2060, i.e. 4@ars earlier, unless negative
emissions technologiemuld be deployed ascale (IEAforthcoming.
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Clearly, the emissions trajectory to 20560 the 66% 2CScenario is a significant departure from that
of the 450Scenario. For the achievement of the 669 Scenario, energyelated CQ emissions
need to drop to less than Gt in 2050, which i8 Gt below the level achieved in the 45@enario.
Already by P30, emissions need toe nearly 15% (3.7 Gt) below the level of the 4&&nario for the
more ambitious scenarido be achievedFigure 2.9.
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Figure 29 {World energyrelated CQemissions trends by scenario
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< C u e+ BStaying within the emissions budget of the 66%CScenariowould require an addiional
CQ emissions savings afround 8 Gtby 2050 relative to the 450 Scenario.

The energy sector transformation associated witle 6% 2C Scenario is significantly deeper than
that of the 450 Scenario and the pace at which it ha®éoput in practicas faster Table 2.5. Yet,
the world of the 66% ZCScenario is nobne of just more robustefforts with the same policy and
technology levers of th&50 Scenario. To illustrate, we examine two keyidatbrs of the energy
transition. The firsindicatoris the energy intensity of economic activity (megesiias energy use per
unit of GDP), which is an important (yet imperfeirt)licator for the efficiacy of global energy use.
The drop in energy intensity to 2050, relative twlay, is very similar between th@o scenarios at
2.8%per year in the 45Gcenaricand 2.9% per yeain the 66% 2CScenarioThe main reason is that
much of the economic energy efficiency potentialitis known today is already being used as a-cost
effective measure to meet the decarbonisation targéthe 450Scenario; the additional reduction in
energy intensity of the 66%2°C Scenario is therefore largely achieved through iaying material
efficiency in the industry sector.

The second indicator is the carbon intensity of yeuse (measured as €@missions per unit of
energy use), which is a key measure for assessiogygss for the transition. It is this indicatorath
reflects most closely on the additional energy secthallenge of raising ambition from a 50%
probability to a 66% probabilityf reaching the 2Ctarget: the pace at which the energy sector would
need to decarbonise for the achievement of the 6@% Scenario is onthird above that of the
450Scenario. By 2050, the carbon intensity of energg in the 66% Z Scenario would need to be
around half of the level of an energy sector enassi pathway compatible with the 458cenario.

The second indicator is the carbon intensity of yeuse (measured as €@missions per unit of
energy use), which is a key measure for assessiogrgss for the transition. It is this indicator that
reflects most closely on the additional energy secthallenge of raising ambition from a 50%
probability to a 66% probability of reaching th&2arget: the pace at which the energy sector would
need to decarbonise for the achievement of the 6@% Scenario is on¢hird above that of the
450Scenario. By 2050, the carbon intensity of energg in the 66% Z Scenario would need to be
around half of the level of an energy sector enassi pathway compible with the 450Scenario.
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Table 26 {Key indicators of theylobalenergy sector transition in the 450 and 66%%CScenarios

450 Scenario 66% 2°C Scenario
Indicator
2014 2030 2050 2030 2050
i Energy intensity
Primary energy (toe/ 1 000 USD,MER) 0.192 0.125 0.082 0.120 0.077
demand
Carbon intensity  (ton ne CO,/toe ) 0.292 0.129 0.050 0.110 0.026
Carbon intensity (gCO,/kwh) 516 227 69 175 30
Power sector
Wind and solar PV capacity (GW) 527 2 850 5 366 3761 7131
Energy intensity
(toe/ 1 000 USD,MER) 0.132 0.090 0.059 0.086 0.052
Total final . .
energy demand Carbon intensity  (ton ne CO,/toe ) 1.81 1.53 1.12 1.38 0.65
Share of electricity in energy 18% 21% 27% 23% 3506
demand
Carbon intensity (tonne CO./value
Industry added) 0.28 0.17 0.09 0.14 0.05
sector*
Share of low -carbon fuels ** 12% 24% 41% 29% 54%
Share of electric cars in car stock 0.1% 15% 47% 27% 69%
Transport
sector Share of electric trucks in truck 0.0% 0% 0% 8% 26%
stock '
Fossil fgel**s*hare in heat 69% 59% 47% 49% 20%
Buildings production
sector Carbon intensity service sector O e O L O

(tCO,/1 000 USD value added)

* Includes blast furnaces, coke ovens and petrocivainfeedstock ** Includes lowcarbon electricity and heat and foséilels
covered by CCS; *Bxcludes traditionalise of solidbiomass
Notes: MER = market exchange ral€Q/kWh = grammes of carbadioxide per kilowatthour.

The combination of the limite@dditional potential for energy efficiency, and tliequirement to
accelerate and deepen the reduction of carbon irgiyn, requires structural energy sector changes in
the 66% 2C Scenario that go well beyond those of the 45€enario. In the power sectofor the
achievement of the 66%°€ Scenario, the carbon intensity of electricity geson in 2050 would
need to drop to less than half of the level of th80Scenario. This would require nearl3a00GW of
additional wind and solar PV capacity, both for ueithg the emissions intensity of electricity
generation and for meeting higher electricity dendhaifirom increased electrification irend-use
sectors.Much higher electrification of road transport is eyldriver of higherelectricity demand in
the 66% 2°C Scenarip with levels for passenger vehicles considerabhova those in the
450Scenario In addition,there would also be a need to electrify nearly haflifall road freight trucks
andto build the associated infrastructure includingetitatenary(overhead)linesneededin the 66%
2°C Scenario— a measurenot required forthe achievement of the450Scenario. Similarly, in the
industry sector, the sharef low-carbon fuels in total energy use would need to rise onethird
above the level of the 458cenario. In the buildings sector, the share ofilofuels for residential
heat supply would need to drop @aimost60% below the level of the 438cenario.

Achievement of the 66%°2Scenario requires energy sector investmenbweér USL20 trillion over
the period 2016 to 2050, which Bsround USD14 trillion (or 13%) greater thanthe level of the
450Scenario(Figure 210). The majority of the additional investment is recpd to increase the
uptake of lowcarbon technologies in endse sectors above the level of the 456enario, including
electric cars andrticks CCS in industryand solar and geothermal heat supplies in the buildings
sector. The rise in investment for electric carsl anucks is partially offset by lower investmentetks

to raise efficiency of conventional combustion ergpassenger vehes, which all but disappear by
2050 in the 66% “ZScenario. The secoddrgest additional investment is needed to accomratla
larger amount of lowecarbon generation in the power sector.
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Figure 210 {Global eimulative additionalinvestment needs by type in the 66%8QScenario relative to
the 450 Scenario, 20160
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< C u e¢° MNetfnvestment needs in the 66%°€Scenario ardJSD14trillion above the 450Scenario;
the largest additional investmentvould be needed for lowcarbon electricity supply and decarbonising
end-uses

Power sector in the 66%°ZScenario

The power sector is in the vanguard of the drive étecarbonisation; profound changes are
already underway in many countries and this burgegriransformation is reflected in the power
system that we project in 2050 in the New PolicBzenario. Lovearbon technologies increase
their share in the power mix frommne-third in 204 to more than half in 2050, led by solar and
wind, and the leasefficient and often most polluting fosdilielled power plants are retired. The
CQ emissions intensity of global power generation B58rammes ofCQ per kilowatthour
(oCQ/kWh) in 2050 in the New Pigies Scenario, down from 53&Q/kWh today. Althogh
electricity generation increases by more than 200Q@rawatt-hours TWH to meet rising
demand in this scenario, annual £€missions from the power sector are only slightigher
than today, 14.65t in 2050 versus the current 13.5 Gt.

While the paceof change engendered by current and announced fsdits noteworthy, it is not
sufficient to achieve the level afmissions reductiomequired to meet climate goals. #uch
more ambitious track is presented in the 6696€Scenario For its achievementhe emissions
intensity in the power sectorould needto fall much faster and furthehalved by the mie2020s
and down 95% in 2050, to around 80Q/kWh. CQ emissions from power generatiomould
then decline to 17 Gt in 2050, deliveringabout 45% of the required global COemissions
reduction, relative to the New Policies Scenarioe Teductions in emissions and intensity in the
66% 2CScenario are largely driven by increasing carbacegrand strengthened policy support
for low-carbon generation. But a major effort to redesigramkets wouldalso be needed,
alongside rules and technologies to ensure theilflidiy needed to accommodate large shares of
variables renewables.

It will be imperative for electricity market desigiand regulatory frameworks evolve and assist
the energy transition particularly to enable the level of investment edeed in lowcarbon
technologies and network infrastructure. Reformsudbneed to provide for the full participation
of low-carbon generators in electricity maree reflecting the value of various legarbon
technologies to the system to ensure a ceffective transition, while also providing a degreke
long-term revenue visibility to attract sufficient inviesent. The reliability of the power supply
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cannot be @erlooked during the energy transition and may requmarket reform to ensure the
adequacy of the power system (see Use of flexjbdiptions section). The intelligent design and
use of electricity network infrastructure would alsbe critical to managip the evolving
relationship between electricity demand and supplggquiring regulatory frameworks to support
the needed investment’

Reshaping the power mix

Power generation capacity would take on an entiregw profile in the 66% °Z Scenariop as
polides and measures support a rapid increase in thelaanent of renewables and other lew
carbon technologies, reducing the need for eledtyidrom fossitfuelled power plants that are
not equipped with CCS.0 achieve the stringent targets of tls&% 2CScenario by 2050, low
carbon options would need to reacmore than 80% of installed capagityith renewables
making up almost 90%f total low-carboncapacity. Wind power and solar PV become the two
leading technologies in terms of installed capaityhe 66% 2CScenario, botlieaching roughly
twice the level in 205®f the New Policies Scenar{gigure 2.11 Global installed capacity of
fossitfuelled power plants without CCS plunges from 63%e total in 2015 to 17% in 2050, as
their role transitions from the foundation of theogver system(as it is presently the case at a
global levelto one focusedn supporting the stability and relidity of the power supply.

Figure 211 {Global installed capacity by technology in the Nd®¥olicies and 66%°ZScenarios
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< C u << RWind and solar PV capacityould expand dramatically in the 66%°€ Scenario, leading
the dearbonisation push and replacing fosdilelled capacity as the foundation of the global per

supply.

35 Formore information on electricity market designs thatpport the energy transition, see the IEA’sfRevering Markets
(IEA 2016d).
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Related to the evolving power plant fleet, the cohbution of each source to the overall
electricity supply reveals the full extent of theabsition.By2050,nearly95% of global electricity
generation in the 66%°ZScenario would need to come from les@rbon sources, rising rapidly
from onethird today to almost 70% by 203Bigure 2.12 The share of renewables wouléed
to accelerate rapidly to nearly 70% of generatior205Q compared with 23% today. Wind and

solar PV together steadily would make up an incirgashare of power supply, reaching 35% W

2050. Nuclear generation wouldcrease its share of global generation from 11%eaioto 17% in
2050, largely reflecting support for the technology specificcountriessuch as China, Korea,
Russia and Japan as well agndia and theUnited States This support more than offsets the
reductions in other markets, including Canada aedesal countries in Europ&eneration from
fossil fuelplants that are not abated with CCS would sabstantiallyreduced it is cut in half
prior to 2035and by more than 80% by 2050.

To keep pace with the overall emissions targetshe 66% 2C Scenario, unabated cocéited
power plants, i.e. those without CCS, would neethégphased out as soon as possifilee least
efficient coalfired power plants are phased outy 2030 in most regionsaand by 2035n all
regions.In many cases, these plants are retired prior toctdag the end of their technical
lifetime and, depending on the market conditionanaesult in stranding a portion of thariginal
capital investment (see Implications for strandedets section). Existing highly efficient coal
fired plants continue to generate electricifpr somewhat longer but are almost completely
eliminated by 2040 irthe 66% 2C Scenario.The required phase out of coal also means that
effectively no new unabated coéited power plants would be built in the 66%6QScenario
beyond those that are already under constructiorday. Bridge technologies, such as efficient
combinedcycle gadired power plats, wouldplay an important role to drive down emissions
through fuel switching from codired power plants over the next decade, befordifey backas
the contribution from lowcarbon technologies rapidly increases

Figure 212 {Global electricity generation by source in the 66%¢Scenario

50

mOther renewables
Wind
Solar PV
Hydro

40

Thousand TWh

30

Nuclear

mOil

mCoal
/ Coal CCS

Gas CC<

20

10 -
Gas

0 r T T T T T T T T T T T 1
1990 2000 2010 2020 2030 2040 2050

Note: TWh = terawathours; CCS = carbon capture and storage.

< C u << PThd power generation mix undergoes a dramatic trdomation to one based on
renewables, nuclear and CCS, withabated coal phased out and natural gas on the liee.

The massive buildut of renewables is critical to the leearbon transition in the 66%°€
Scenario andvould need tooccur at an unprecedented paeegoing well beyond the historic
rates of capaty additions and those projected based on P&ggeementpledges Figure 2.13
Overall, the pace of renewabldxmsed capacity additions in the 66%Scenariovould continue
robustly through 2050, surpassing 460V per yeatowards the end of the period. Thisvel is
four-timesthe average of new capacity additions worldwide iotlee past ten years andose to
double the averagelevel of additionsreached in the New Policies Scenario. Compared with
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record installations in 2015, the pace of solar épacity additionsvould need to double by
2020 and triple by 2030gachingnearly 150GW per year. Thigould also require the solar panel
manufacturirg capacity to dramatically increase. Alongside rsalénd power capacity additions
wouldincrease steadily to nearly 148W in 2030, well above the peak of @BV reached in 2040
in the New Policies ScenariBeyond 2030, rgpowering existing wind and solar PV projects
drives continued market growth for both technologiddydropower also seehigher capacity
additions, about 40% more than announcedtle Parispledges, helping to mitigate emissions
and providing operational flexibility in electrigisystens.

Figure 213 {Global average annual capacity additions by techogy by scenario
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< C u <+ Fhe{strong decarbonisation of the power supply reiges an unprecedented buildut of
renewables and other lowcarbontechnologies that must be sustained through 2050

In order to achieve the emissions reductions in th6% 2C Scenario, nuclear and CCS
technologies also would get a boost. Capacity adiaé of nuclear power would average G4
per year to 2050, similarotthe average annual capacity additions during f1880s, but50%
higher thanin the New Policies Scenaribhe additional growtln the 66% 2CScenarids led by
stronger development in China, which had more ti2nGW under construction as of 2916,
and India pursuing its goals as laid out in its ND@er longtime leaders in nuclear power
generation also expand their fleets in thizeeariq as part of their lowcarbon strategies.

The achievement of the66% 2C Scenariowould require some degreefalevelopment and
deployment of CCS technologida the power sector, which make up 8% of globalctleity
generation in 2050. At that point, C€8§uipped power plants would account for effectivelil
the remaining electricity generated from coal andeethird of the electricity from natural gas.
Capacity additions of C@8uipped power plants would average over 30 GWymsr from 2026
to 2040, split between retrofits and new builds.eTaxpansion of CCS in t66% 2C Scenario
would be an importanfavenue to reduce COemissiondn those countries that have a sizeable
fleet of coalfired power plants.In such cases, retrofitting cefited power plants with CCS
equipment helps to reduce stranded assets in the powector. The projected retlut comes
against the background of a limited number of lasgmale CCS projects to date (15 across all
applications as of 2016) and would also require deselopment of COstorage resource?’ But
the development of CCS technologies for eaald gadired power plants has important lorg
term benefits as it layshe groundwork for nenegative power plants, namely bioenergy with
CCS (BECCShis opens up the possibility of reaching morngent climate targets beyond the
level of the66% 2CScenarig if sustainable biomass is available at sufficiecdle (sedox 21

36 For more information on the current state of the indugt priorities and opportunities for CCS, see 2@r§¥ef Carbon
Capture and Storage (IEA, 2016e).
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and Chapted). In the 66% 2CScemario, BECC®ould start to gain momentunaround 2040, in
part to offset the remaining emissions from G&fsipped fossifuelled power plants, on the
path to netzero emissions in the power sectdtearly all of the builebut of CCS technologies is
beyondthat in the New Policies Scenario, as current arappsed policies are far less aggressive
in terms of targeted C£emissiongeductionsand available policy instruments

o Page |77
CQ emissions abatement

Ambitious actions in the power sector woufeted to be rampd up right away to keep the
overall climate target in sight. In the 66%C2Scenario, COemissions from the power sector
worldwide would beless than half of current levels by 2030 deds than 15%f current levels
by 2050, on the way towards zertheG20group, taken together, accoustfor the vast majority
of the emissions reductions compared with the Newlidtes Scenario, with many individual
countries approaching netero emissions in the power sector by 2050.

In the 66% 2CScenario, renewable engy technologies taken togeth&rould account forabout
60% of Ceemissions reduction to 2050 relative to the Newi€ies Scenario in the power sector
(Figure 214). Solar PV and wind powelin particular, extendwell beyond the New Policies
Scenario, each accounting for about diiféh of the total CQ emissions reductiorfrom the
power sector The projections of the 66%°@ Scenaridouild on recent momentunfor solar PV
and wind power technologieshamelydriven by policy support and related cost reducsohut
also due totheir modular nature and short installation perigdshich facilitate a rapid uptake
Additional use of hydropower, bioenergy, geothermehd concentrated solar power (CSP)
contributes further to emissions reductions. Nualeamnd CC8quipped power plants account for
the remainingone-quarter of emissions reduction by 2050 in the 66% Scenarigo compared
with the New Policies Scenario.

Figure 214 {Global C@savings in the power sector in the 66%%C@Scenario relative to the New Policies
Scenario and the contribution of G2§roupin 2050
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< C u << MBy 2050, the power sector nears full decarbonisatjaith renewables taking the lead in
the 66% 2C Scenario. G20 countriesvould contribute the vast majority of the global C@ emission
reductions.

Power sector investment

Cumulative investment through 2050 in the power tsgcwould be US39.6trillion in the
66%2°CScenario, 40% higher than tile New Policies Scenario (U3B4trillion) (Figure 2.1%
The majority of this increase stems from incredhg&svestment in new power generation capacity,
which totalsUSD25 8 trillion in the 66% 2C Scenario, more than 50% higher than in the New
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Policies Scenario. Renewables, led by wind powdrsatar PV, account for the largest share of
the increase, with lanost USD20trillion spent on their rapid deployment over theepod to
2050. Beyond the USD1.6trillion spent in the New Policies Scenarion additional
uUsSD2.2trillion would be needed for the necessary extemsioand reinforcement of the
electricity network during the energy transition, with more th&0% of the increase spent in
support of the expanded use of renewables. Nuclaad CCS technologies would receive an
additional USD2.2trillion in investment in the accelerated transitip in addition to the
USD2.2trillion of investment in the New Policies Scenario

Figure 215 { Cumulative investment worldwide in the power sectan the New Policies and 66%8Q
Scenarios, 2012050
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< C u ee PCurhulative power sectorinvestment would need to increase by 40% in the 66%C2
Scenario, withmost additional investment going to build renewables angkinforce the grid to support
them.

In the 66% 2C Scenario, annual investment in new generation citgapeaks at about
USDI00billion in 2030, aboutwice the levelof 2015 andJSD300billion more than at any point
in the New Policies Scenario. After 2030, annuatsiment steadily declinggs most systems
start to approach a lovearbon power supply. The amount invested ingeableson an average
annual basisis double the level experienced in recent yeavkich fuelled rapid deployment of
wind and solar PV generation facilitiésgure 216). Annual expenditure for renewables peaks in
2030 at close toUSDr00billion. The investmentrepresents a massive expansion of the
renewable energy industry from manufacturing theuggment, e.g. wind turbine blades, PV
panels and their related si@m components, to the sales and installation ofwngrojects.
Additional investment beyond that for new power pta will also be needed to build the
industrial and manufacturing capaciiyr the supplyof the technologiesequiredto continue and
expandtheir widespread deploymertb decarbonigs power generation.

While nuclear power andossitfuelled power plants equipped witlCCS are important low
carbon technologies, they are less widely deploymwl would need less investment than
renewables in the 6% 2°GScenario. Annual investment in new nuclear poweyacity, at about
USD95 billion, is sixtimes more than in the past five years and 50% éigthan in the New
Policies Scenario. While CCS is a key technolog@yvémtual netnegative emissions, hamount

of investment required pales in comparison to thiat renewables. The cumulative investment in
CCS to 2050 is about equivalent ttwo years of average annual investment in renewables.
Cumulative investment in fosdilelled power plants without CCS is about USHirillion to 2050

in the 66% 2CScenario, 60% lower than in the New Policies Se@n@n an annual basis, this is
about 40%of the average investment over the past five ye@iSD130billion).
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Figure 216 {Recent and projectedlgbal annual average investment to 2050 in powemplts by type
in the New Policies and 66%6QScenarios
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< C u e<° MntHe 66% 2CScenario, average annual investment in renewables2050would need to
double compared with recent levels, along with ireased investment in nuclear and CCS technologies.

Renewables cost and competitiveness

The unprecedented level of deployment of renewalileshe 66% 2CScenario spurs technology
improvements and process gains that enable sevegahnologies to achieve low cost levels
decades ahead of the pace set in the New Policeen&io. Solar PV is one of the biggest
benefactorsof the accelerated transition and moves quickly dotihe cost curve. The global
average capital costs of utilscale solar PV fall by 50% by 2@8@ reach an average cost level
of USDBOO per kilowatt (kW) which is20 yearsearlier than inthe New Potiies Scenario~{gure
2.17).*" These reductions are in addition to the-#8% cost declines seen in major markets since
2010. Cost reductions are also accelerated for otiemewable energy technologies that are not
yet fully mature, including offshore wind power ar@SP Both technolgies achieve cost
reductions of 40% by 2030, relative to today, twecddesprior to reaching similar cost levels in
the New Policies Scenaridhe use of CCS technologies is stepped up i6@e 2C Scenario,
supported by strong cost reductions througargeted research, developmentlemonstration
and deployment.

The rapidly falling costs of renewables improveitlimpetitiveness with fossil fuels, especially
in the 66% 2C Scenarigp where CQ prices are on the rise. Comparing the levelisedt ads
electricity (LCOE) from new power plafitmdicates that the balance currentsyill tilts in favour

of fossil fuels Kigure 218). However, recent auction bids in several marketggest that
renewables, particularly solar PV, are rapidly iclgshe gap with fossil fuels. By 2030 the 66%
2°CScenario, the balance for new projects clearlytstidwards renavables, helped byegional
CQ prices that range from 50 t&50USDper tonne of C@emissions YSHCO,). Beyond 2030,
CQ prices continue to rise, further widening the gap lACOEs between renewables and fossil
fuels. The widening gap also helps new rgable energy projects to displace output from

37 Forinformation on power plant cost assumptions, renéM@aenergy technology learning rates and projectedts, see the
Investment costs section of the World Energy Outlaebsite: www.worldenergyoutlook.org.

38 The LCOE an indicator of the average cost per unit ofcttiity generated by a power plant, representirfgetminimum
average price at which electricity must be sold éoproject to “break even”, providing for the reaay of all related cost
over the economic lifetime of the project. The LCQEsented reflect the full technology costs, baseda consistent set of
assumptions designed to enable technology cost camspns and contribute to the evaluation of compiegness (when
combined with value estimates).



Page |80

Energy Sector Investment to Meet Climate Goals © OECDI/IEA 2017

existing coaland gadired power plants, essential to achieving the dgegwer sector emissions
reductions.

Figure 217 {Global average capital cost of utilitgcale solar P¥elative to installed capacity in the New
Policies and56% 2°GScenarios

= 2000
= 66% 2°C
g 2015 Scenario
g A\
a 1500 ——New Policies
% Scenario
(NPS)
1000
2030- NPS
2050- NPS
500
0« T T T T T T T T T T |
0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200
GW

< C u << Prhefaccelerated deployment of solar PV in the 66% 3cenario helps to achieve strong
cost reductions by 2030, 20 years ahead of the sille set in the New PolicieScenario

While relative costs are an important consideratitime extent to which market forces contribute
to the energy transition depends on the abilityrehewables and other lowarbon technologies
to attract investment without direct support. Gamg this fuller picture of competitiveness
requires consideration of both the costs and vabfegechnologies. In practice, this means that
variable renewables- mainly wind power and solar P¥Ymay need to reach lower LCOEs than
fossil fueled power plantsin order to attract investment without governmentugport. In
addition, competitiveness can be a moving targaetiedo the fact that the market value of
variable renewables declines as their share of ploever mix increase¥ In the presence of a
rising @, price, a declining market value also signals eeleisg ability to mitigate C£emissions,

a motivating purpose for their deployment in thesti place.Among lowcarbon technologies,
consideration of value tends to lead to more techogy diversity. 8me renewable energy
technologies— including some forms of hydropower, bioenergy andPGSare wellsuited to
shifting their output when it is most needed, aitréhat becomes increasingly valuable over time
in the 66% 2°C Scenario. As a result, while imporzost comparisons alone are insufficient to
inform a costeffective path to reduce emissionghe continued appeal of variable renewables
therefore hinges critically on the flexibility ohe electricity system, including demasdie
response. Thesmeasures help make the best use of the varyingpatuof wind and solar PV
installations, aligning electricity demand with thevailable supply of electricity in retiine,
which is the opposite of the conventional practideghe power sector today.

39 For more indepth discussion of the competitiveness of renevesbhlsee the special focus on renewable enengyorld
EnergyOutlook2016(IEA, 2016a)



© OECD/IER017 Energy Sector Investment to Meet Climate Goals

Hgure 218 {Global average levelised cost of electricity in tl6€% 2CScenario
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< C u << PRerdewable energy technologies beat fossil fuels oosts alone prior to 2030, as their
costs fall and fossifuelled power plants become more expensive duedaty to increasing CQrices

Use of flexibilityoptions

The security and reliability of power systems deghém a high degree on the reéime balance of
the demand and supply of electricitichievng this match and keapg the lights on requires the
supply or demand of electricity, or bottg be flexible. To date, flexibility has almost exclasi
been provided on the suppiside through the adjustable output of power plantossifuelled
power plants and hydropower have historically po®d the bulk of flexibility in systems, with
additional contibutions from other technologies such as bioenebgsed and nuclear power
plants (in pecificmarkets).

In the 66% 2C Scenario, demandide technologies and energy storage become incnghs
crucial to ensuring the security and reliabilitytbg electicity supply. Hydropower continues to
provide flexibility throughout the period to 2050ut as emissions get significantigduced, the
operations of fossifuelled power plants would need tbe reduced to the maximum extent
possible. In their place, deand-side response options and energy storage techne®@iould be
needed to effectively balance supply and demand,ilevhintegrating increasing amounts of
electricity generated from variable renewable engrigchnologies. By 2050, solar PV and wind
power represent 35% of global power generation, with téglshares in many regions, including
the United States, European Union and India. Taegrdate such large shares of variable
renewables, we estimate that more th&d®0 GW of flexibilityvould be needed fran demand
side response measuremd energy storage. In particular, G20 countriely teeavily on these
flexibility measures (representing 68BW)in the 66% 2CScenario to integrate higher shares of
variable renewables anlimit the use andrelated emissons from fossifuelled peaking power
plants Figure 2.19*°

40 For more indepth discussion of the integration of variable esvablesand the role of flexibility options in the outlopkee
the special focus on renewable energyMorld EnergyOutlook2016(IEA, 2016a)
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Figure 219 { Flexibility options to ensure the reliability oflectricity supply in the 66% ZScenario,
2050
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< C u << Menjandside response options and energy storage are regdialongside flexible power
plants to successfully integrate risindnares of variable renewables, especially in G20 ntries

Electricity market designs, in addition to enablingestment in lowcarbon technologies and the
network, will be critical to supporting an expandisuite of flexibility optiondncluding demand
side responseneasures and energy storage. One area for reforta &low market participation
for all forms of flexibility, enabling wider compiin across technologies that span both the
supply and demanesides of the power system. Another critical elemestthe potential for
additional revenue streams to supplement revenues énergy sold to the gridreflecting the
value of flexibility and contributions to the relidity of the system. Doing so would support the
deployment of all forms of flexibility, incluti demandside response measures and energy
storage, as well as preventing important providefdflexibility (such as gdged power plants)
from retiring early and potentially increasing tioest of the transition due to stranded assets.
This transition has already started some wholesale electricity markets, wheneethods to
provide additional revenue streams, including capamechanismsare being tested as a means
of incentiveing essential investment. Without market access additional revenuestreams, the
necessary investments in the flexibility of the pavsystem may not be forthcoming and, in turn,
threaten the overall security of the electricity [goly.

End-use sectors in the 66%°€Scenario

Overview

The world's need for energy is driven by demanddpergy services across the various e3¢
sectors, the main ones being industry, transportdabuildings® The industry sector is an
important engine of economic growth and is respthsifor almost 40% of final energy demand
today. The trasport sector encompasses personal as well as comaleactivities by roads,
airplanes, ships and rail, and requires energyparticular oil, for doing so. Transpatcounts
for 27% of final energy demand today, and, notably foe tbpic of this analysis, f@most40%
of direct fossil fueluse in enduse sectors. The buildings sector encompasses artal
commercialand publicbuildings and is responsible for nearly ethérd of final energy demand
today, and, importantly, for over half of globdgetricity demand.

41 Energyend use is the sum of consumption by the varioud-ase sectors: industry (including manufacturing anuhing,
blast furnaces and coke ovens, and petrochemicatl$tocks); transport (including for individual acommercial purposes);
buildings (including residential and services) atiter (including agriculture and neenergy use).
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With rising economic and population growth, demafat energy services from all ende
sectors is expected to continue to grow through @@Bigure 2.2 ** Economic growth implies
rising industrial output in monetary terms at angaggated levelalthough deep structural
changes are expectettd occurover the next decadedDemand for mobilityis also set to rise,
both for individual and commercial activitieparticularly in developing countries. Rising

population and income are also expected to contirteepush up demand for modern energy.ge 83

services in the buildings sector, such as watettingalighting, air conditioning and the electrigit
required to power an increasing range and numbeapjliances.

Figure 220 {Outlook for ©cio-economic(left) and economidright) drivers in the 66% ZCScenario
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< C u -+ FActiyity levels across all endses are expected to rise steadilgpinting to rising demand
for energyservices.

In all of these respects, G20 countries will coméirto play a key role in setting global trends.
With an expected share of 75% in globalRGgrowth, this diverse set of countries will alg® s
some of the strongesincreasefor energy services. Over the period to 2050, 6d%growth in
global floor space in residential buildings projected to be in G20 countries; around three

quarters for gowth in demand for personal mobility and in valueadded from the industry
sector.

Table 27 {Energy intensity improvement by sector and regiamntheNew Policies and 66%°2Scenarios

New Policies Scenario 66% 2°C Scenario
Sector
G20 Rest of World G20 Rest of World
Industry -54% -36% -66% -55%
Transport -57% -52% -74% -12%
Buildings -58% -54% -70% -62%

Note: Energy intensity refers to thetal sectoral energy consumption divided by GBIPPP terms

Policy efforts to curb the growth in energy demandenduse sectors have been ramping up in
recent years. Recent IEA analysis shows that efiigiregulated energy use in 2015 covered 30%
of global final consumption and that the averagersiency of rgulation has increased by 23%
since 2005IEA, 201§). This is notable and energy efficiency measuregether with structural
effects within the industry sector and across thebromy as a wholeontinue to constrain the

42 Assumptiondor economic and population growth are the sameass the IEA scenarias this study. For further analysis
of the macroeconomic implications of the IEA scégrsee OECD (forthcoming).

43 Measuredin vehiclekilometresdriven by passenger cars.
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level of growth projected in th&lew Policies Scenario, bringing down the energgnsity of the
various sectorsTable 27). Nonetheless, energy demand across-esd sectors still increases by
around 40% by 2050 in the New Policies Scenario hedmprovement in energy intensity falls
short of what would be required to achieve the 6@%Scenario.

The intensity with which we use energy, relativesimonomic growth or other activity variables is
a usefulyet imperfectaggregatemeasure of efficiency. The intensity with which amit carbon,
relative to energy consumption, is another critigamportant indicator of the energy transition.
Today, on a global level, energy use in final con#ion is associated with aroundt8nnes of
CQ per tonne of oil equivalent us@irectly or indirectly), reflecting the currentdh dependency
on fossil fuels in all enrdse sectors: coal (particularly in industry), pérticularly in transport)
and natural gas (particularly in buildings) and the generallgboa-intensive nature of fuels used
to generate electricity and heat in most countri@sgure 221). Existing anglanned policies, as
considered in the New Policies Scenario, pointipartant improvementsThe @rbon intensity
of final consumptionn the New Policies Scenario drops by arodddsto 2050 to whichthe
projected shifts in the fuel mix towards lowearbon fuels for power and heat productiaiso
contribute.

But much more would be needed the 66% 2CScenario: by 2050, the carbon intensity of the
buildings sector would need to be reduced by anotB8% below the level of the New Policies
Scenarioby two-thirds inthe industry sector; byhalf in transport and by more tha@0% in
agriculture. In the 66% °Z Senario, such improvementsiould bring down the direct CO
emissions of all endsesectors combined dramatically: by 2050, emissinsild bethree-times
lower than today. Indirect COemissionswould also drop, by a factor ofeven as the C©®
content of electricity generation falls by a factof more than 15 on a global average, relative to
today.

Figure 221 {Glohal carbon intensity by sector in the New Policies an@% 2CScenarios
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< C u <+ FEXxigting and planned policielead to a drop in carbon intensity, but much more radica
improvementswould be neededto achieve the 66% 2°C Scenario.

A drop in carbon intensity of the scale needed tloe 66%2°C Scenario would require a deep
transformation in the way demand for energy sengde met across all engse sectors. Radical
energy efficiencyimprovements(e.g. drastically raising the trefit rates of buildingspetter
electric motors in industry, appliances in buildindpoilers in industry and buildings, afgkl
economy standards in transport) are critical in tis@ort term. These would need to be
accompanied by major structural changes in the \waystrial processes are designed in order to
improve material efficiency(e.g. through the reuse of postconsumer scrap in iron and steel
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production increased recycling and lighteighting in bemicals, petrochemicabnd pulp and
paper). In combination, these measuresould essentially stabiliseglobal final energy
consumption(compared witha 2.2% annual growthsince 2000) in the 66%C Scenario. In
aggregate, G20 countriegould register a @cline in final energy consumption, so that, by 2050
this returns to the level seen in Q0.

Achieving the emissions reductions required in $%822°C Scenariowould requirenot only Page [85
efforts to curb demand, but also profound changeghie way that demad is met. In practice,

this means major efforts to reduce the direct udefassil fuels, notably by increasing the use of
renewable technologieswhere relevant and possible (e.g. biomass boilergnitustry, solar

water heaters in buildings, biofuels transport), and by increasing thelectrification of heat

supply and road transport vehicle@.g. replacing boilers by heat pumps, increasing th
penetration of electric passenger and freight véds)**

Such transformative actiewould fundamentally kange the fuel mix: in the 66%6Q@Scenario,
the share of coal in final energy demawduld drop from 1% today t06% in 2050 and the share
of oil from 38% today to17% (Table 28). Only natural gas retains about its current share
reflecting its importance in the industry sector and potentiadle to reduce emissions from
international shippingln addition, reducindhe carbon intensity of the industry sector requsre
large-scale deployment a£C3n the 66%@2°CScenario.

Table 28 {Global final energy demand by fuel in the 66%Scenario

2020 2030 2040 2050  (AAGR Dilterenceln
Coal 1407 1347 1064 770 601 -2.3% -869
oil 3740 3843 3264 2404 1687 -2.2% -2 839
Gas 1423 1536 1527 1435 1383 -0.1% -1138
Electricity 1710 1903 2319 20917 3366 1.9% 99
Heat 274 295 290 277 266 -0.1% -45
Bioenergy** 1157 1237 1497 1705 1855 1.3% 494
Other renewables 37 78 242 433 563 7.9% 340
Hydrogen 0 0 4 13 21 n.a. 20
Total 9747 10240 10208 9955 9741 0.0% -3938
% fossil fuels in TFC 67% 66% 57% 46% 38% -25%
;A’anewab'es in 8% 11% 22% 34% 44% 27%
Z‘;ﬁ‘;":ﬁbo" heat 9% 12% 25% 43% 55% 37%
Memo:
% low-carbon 33% 41% 68% 89% 94% 43%

electricity supply

*Compound average annual growth rate. **New Pokci8cenario. *** Includes traditional and modern ueé solid biomass.
"Includes indirect renewables contributions, excladeaditional use of solid biomas§.Includes indirect renewables contributions
and fossil fuels covered by CCS, excludes traditiose of solid biomasblote: TFC = total final consumption.

At a sectoal level, the transformation of final energy use the 66% 2C Scenario requires
success in overcoming two major policy and techgglohallenges that remain unresolved in the

44 Activity levelscould also be part of policy actions. For examplerenpublictransport could move demand for mobility
from private to public (IEA, forthcoming).
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New Policies Scenario: decarbonising the transmmttor and heat productionTransport
accounts for less than 30% of final energy demanuthy, but contributes a disproportionally high
share of direct COemissions ground 486). This reflects the continued reliance onhaked
fuels in most transport modes, such as road, aviatind shipping; the exception being ralil
where electricity constitutes nearly 40% of energgmand. Alongside a ne&erm push to
dramaticallyreducethe fuel consumption of conventional vehicles aa@dl transport modes,
the main means to decarbonise trgport in the 66% 2 Scenario are aeep electrification of
road transport (including passengand freight vehicles) and a substantial uptake of adveh
biofuels in aviation and shipping. By 2050, ne&f96 of all fuels in the transport sector would
need to be lowcarbon (from 36 today).

Box 24 {SmartQties: Opportunitiesto start from scratch

The world’s population will grow by ofthird by 2050, mostly in emerging and developing
countries and will be concentrated in cities. Theited Nations estimates that an additional
2.5billion people will live in urban areas by 20504 Billion in total. This has enormous
implications for the londerm outlook for energy, as the rapid soeconomic development in
urban areas affects people’s lifestyles: demandgdersonal mobility, appliances and space cooling
equipment rises, amongthers. If trends continue along historic patterrisyisks amplification of
common urban problems such as congestion, accidentd air pollution. But increasing
urbanisation also creates opportunities for policgakers in developing countries to foster
improved urban conditions with effective efficienstandards for buildings and more efficient ways
to satisfy mobility demand by establishing “smaities”.

Smart cities can improve services such as energgemand waste management through the
instalation of smart meters and using waste to produceeryy. Through digitalisation of the
energy sector, they can also contribute to effidigrmanaging energy services in buildings, as well
as mobility. Planning for smart cities is also adyopportunityto compare options to meet heating
and cooling demand in buildings. For example, \gitifficient density of demand, district heating
and cooling can be a viable option. However, distdystems have high capital costs and long
payback periods, meaning that their design as a moment of urban planning needs to be
effectively integrated. District cooling using istorage is an additional storage option for the
power sector as a flexible means to integrate héplares of variable renewables.

Effective urba planning also can help to curb transport energyméind growth by facilitating
“smart mobility”. Early ceprdination between urban and traffic planners is ionfant, in particular
where the development of a public transport systésenvisaged, but alscebause it can help to
ensure that dedicated spaces for pedestrians andbligutransit networks are available. Smart
mobility goes beyond the use of information and agaomication technologies to optimise traffic
flows. Improving awareness is also vital amg transport depends on the sharing of best preeti
behaviours. Innovative transport solutions suchca#iective taxis, car sharing or ganoling that
show promise and can ease traffic congestion arel nieed for parking. But smart cities require
sigrificantly more effective approaches to shift modeswalking, cycling and public transportation
—elements which go beyond the analysis in the 66@ S€enario.

“Smart cities” programmes have already been launtiwe some countries. For example, in 2015
India set out the “Smart Cities Mission”. China leatablished over 285 pilot “Smart Cities” and
Japan has launched its “Future City” programmeQh12

Heat demandin the buildings and industry sectors represeatsund half of total final energy
consunption today fFigure 2.22 Heat demandis currently linked to 9.7 Gt of direct €O
emissions from fuel combustion and 2.7 Gt of indir€Q emissionsrom electricity and district
heating or almost 40% of total energy sector emissiomsthe buildings sector, heat is needed
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mainly for space and water heating as well as cogkin the industry sectoit is usedin a large
variety of processesThe mture and scale of heat demand varies significabéjween countries.
These differences relate to climatic conditionsficdéncy of the buildings stock and heating
equipment; level of economic development and accdes modern energy servicesand
availahlity of fresh waterand industrial structure. Heat demand can direably indirectly be

satisfied by various fuels: fossil fuglmbustion in boilers and stoves; the use of elietty and Page [87

heat from district heating (which are indirectiynkied to C® emissions); and renewables
(bioenergy, solar thermal, geothermal). In the 6@% Scenario, increasing the share of near
zero-energy buildings in new constructions to 40% (frd% today) and mandates for stringent
retrofits of the entire stock by 205@ould be the key means to reduce heat demand in buildings.
In addition to further strong improvements to thdfieiency of conventional boilers, the wider
use of lowcarbon technologies (e.g. biomass boilers in indysolar water heaters in buildings)
and theexpanded use of electricitypy meet heat demandwould increase thdow-carbonshare

to more than halfof heatdemandin 2050compared to less than 10%day Figure 2.2 This
share would be considerably higher than in the New Policies Sdenawvhere lowcarbon
technologies satisfless than 20% of heat demand by 2050.

Figure 222 {Global final energy consumption by endse and fuel in the New Policies and 6696€2
Scenarios

2014 2050 NewPolicies Scenario 2050- 66%2°C Scenario

Heat Heat

Other Other

L 4

9410Mtoe 13 360Mtoe

9620 Mtoe

Transport

Transport Transport

B Lowcarbon electricityand heat Bioenergy Solar thermal and geothermal ® Hydrogen B Fossil fuels with CCS

Note: The categoryCther” includes final energy consumption in industbgildings and agriculture excluding heat.

< C u e+ Hhe{uptake of low-carbon technologiexcross all eneluses would needo rise significantly
over existing efforts to meet the challenges of thH#6% 2CScenario

Box 25 {Hydrogen Panaceao achieve a broadr energy transitior?

Thefuel mix in global energy supply in the 66% 2°G&de in 2050 would differ dramatically from
today’s mix. Overall the energy sector would switnlay from fossil fuels, their share in primary
energy demand would fall to less than 40% by 2@snpared vith 81% today. But this transition
would be more than just a shift from one fuel to ather; it would require entirely new ways of
making the energy system work. At its essence,ifi §hom a stocksystem to a flonsystem would
be needed, bringing abouthallenges to the way energy systems operate. Waléztricity is the
main energy carrier that facilitateabe transition in the 66% 2°C Scenario, there could lbermative
routes towards a deeply decarbonised energy systeng option being wider hydrogen uptake.

Like electricity, hydrogen needs to be producedirtow-carbon fuels to be considered a lesarbon
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energy carrier. Hydrogen can serve multiple purmoatng the entire energy sector value chain on &
pathway to decarbonisation. For example, ighhshare of variable renewables in the power sector
requires development of demanside response measures and storage at scale fosutzessful
integration. Hydrogen could serve as storageis turrently the storage technology with the longest
possble duration until full discharge (besides pumpegdiopower), which could enable seasonal
storage of electricity.

The use of hydrogen as a storage option for eleitjricould facilitate the energy sector transition
towards the use of more renewables étectricity generation. But hydrogen could play aah wider
role and support the lowcarbon transition also in the enalse sectors, in particular for transport,
chemical synthesis (e.g. associated with E@umethanol production) or heat production indastry
(and, to a lesser extent, in buildings). In trangpelectrification is the main route assumed in the
66% 2°C Scenario to phase out the use of oil is aad trucks. But the use of electricity for road
transport, in particular for trucks, still facegsificant barriers, such as driving range. Hydrorpemot
limited in this respect and could be an alternatiie addition, some means of heat production
(mainly in the industry sector) cannot switch frdossil fuels to renewables and electricligcause
of the need for very high temperatures. Hydrogenukbplay a complementary role here, either by
partially substituting for natural gas in the distion network or by producing a synthetic gas. In
addition, in the buildings sector, electricityné lowtemperature heat could be supplied in a
decentralised way through a combination of an etebtser with a fuel cell, so that excess heat
released by the fuel cell while producing electyician be used to meet buildings heat demand.

In the 66% 2°Gcenario, hydrogen contributes only around 1% oélfienergy demand by 2050,
mostly in demonstration projects in transport. Themature level of hydrogen technologys-a-vis
other lowcarbon options, high upfront investment costs ar tlack of availale infrastructure are
key factors for this modest contribution. Signifitafurther technology development would be
necessary on the supply and demasides for the hydrogen option to become widespre&bst
related to hydrogen technologiege.g. electrtysers, fuel cells, tankd)ave declined over the last
decade and technology performance has improved. lButh deeper costutsand more support for
the technology rotout would be requiredf the potential benefits of hydrogeare to play a more
centralrole in reaching climate goals.

Recently 13 companiesformed the “Hydrogen Council and are planning to spend around
USD10billion in the nexfive years on hydrogemelated technolog;f16 But R&D spending would need
to be much larger for hydrogen to play mainstream role in the energy transition. Hydrodeas
been part of the IEA Technology Collaboration Paogne for the past 40 years, with the aim to
accelerate hydrogen implementation and widespreaseulIn 2016, 29rojects in France were
selected tobe supported by public funding under the “hydrogemritory” call for proposals process.
These projects aim to demonstrate the technicalsiédity of hydrogen on a territorial scale and
include hydrogen mobility as well as productioapan’s ENEEARMprogramme has supported the
deployment of around 14000 residential fuel cell units. Japan aims to dgpl.4 million residential
units by 2020 and 5.3 million by 2030.

Electrification is a key mechanism to accelerate tlecarbonisation of endses inthe 66% 2C
Scenario. Energy efficiency can reduce, but nomialte energy demandgrowth, and
renewables cannot provide all heat and transporélfuneeds due to resource constraints (e.g.
bioenergy) and technology limitations (e.g. soldrermal for high temperature industnal
applications). As the power sector decarbonisegcteicity gradually becomes a legarbon
energy carrier This makes the use of legarbon electricity an integral part of the
decarbonisation pathway of the 669%6Q@Scenario; the lzare of electricity in endise energy
demand rises above the level seen in the New Rdli@icenariqTable 29). The largest change

45 CCU = carbocapture and use using G&s a raw material.
46 http://hydrogeneuropeeu/wp-content/uploads/2017/01/2017010%4Y DROGEROUNCHVisiordocumentFINAEHR . pdf
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occurs in the transport sector, wehe passengeand freight transport are electrified at scale.
Average GDP per capita outside the G20 group ie@ied to remain around 40% below that the
G20 average in 2050. For this reason, the markeepation of new or innovative technologies
with higher upfront investment costs (including thoseattrely on electricity) is expected to be
generally faster in the G20 groupthe 66% 2CScenario
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Table 29 {Electrificationof end-use sectors in the New Pol&s and 66% ZScenarios
New Policies

66% 2°C Scenario

Scenario
Indicator
G20 Rest of G20 Rest of
world world
Share of electricity in TFC 20% 18% 24% 19% 26% 22%
Industry C
?:;1‘;('-; of electricity -based heat 3% 3% 6% 4% 11% 9%
Share of electricity in TFC 1% 0.6% 5% 1% 43% 30%
Transport ; ; ;
tsort‘;rifg\e/'gc”'c vehicles in 01%  <0.1% 11% 5% 72% 53%
Share of electricity in TFC 33% 19% 50% 34% 55% 40%
Buildings i
ﬁg;rii ;f electricity for space 13% 11% 18% 16% 220 28%

Notes: TFC = total final consumption; PLDVs = passéigbeduty vehicles.

A strong increase of electrification would not nesarily be associated withigher electricity
demand. Even if the increased use of heat pumpseladtric boilers in the buildings sector leads
to higher electricity consumption to meet heat denthin some regions, energy efficiency and
electricity savings for other applications mean ttledectricity use in buildings in the 66%8C
Scenariowould be around 196 lower relative to the New Policies Scenafsee Buildings
section) Similarly, in the industry sector, the share tdatricity-based heat supplyvould grow,
but overall eletricity demandwould be lower than irthe New Policies Scenario. At a global
scale, i2050 inthe 66% 2CScenario, electricity demangould be only 3% higher than inthe
New Policies Scenario, as the reduction in buikliagd industry would beffset by increases in
the transport sectorFigure 223).

Figure 223 {Global tiangein electricity demand by sector in the 66%8QScenario
relative to the New Policies Scenario, 2050
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< C u <+ PEleétrification in 2050 rises across emnde sectors, but more efficient electricity use in
industry and buildings means that additional eleatity demandis diluted.
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Industry

The decarbonisatiorhallenge of the industry sector in the 66%€C5cenario is stark. ivould
require targeted measures that are integrated anddeed to a multitude of industrial activities.
To meet the ambition of the 66%°Q Scenario, a wide array of legarbon techndépgies and
processes would need to be adopted at a faster pawd larger scale than ever before, setting
industrial production activities globally on a realily different path of developmenir @ble 210).
The transformation depicted in the 669%(Scenario is spurred by carbon prices in all regamms
the order of USDBO - 190 per tonne of COin 2050, alongside other policy measures such as
mandatory energy manageme systems, minimum energy performance standardser:
regional energy intensity targets per sector andligies that support the ambitious early
adoption of CCS, which is central to the achieveinanthe industry sector’s decarbonisation
goals.

In the 66% 2C Scenario, energy demand in the G20 regwould decouple from the rise in
industrial production, with the region’s aggregataustrial energy demand starting to decrease
by the mid2020s. This trend is sharply different from the cinethe New Paties Scenario,
where industrial energy use keeps rising throughdle projection period. In the 66%°@Q
Scenario, many G20 economies, including Chimayld see energy émand from industry peak
by 202Q although in others, notably India and Indonesiazahtinues to risehrough 2050.

The trend in industrial energy demarid the 66% 2C Scenario reflects a combination of
measures: material efficiency, which reduces maenieeds to provide the same service; energy
efficiency, which reduces energy demaraahd changes in production routes. Increased mater
efficiency, a relatively lowost strategy, requires some changes to induspiacesses (e.g. light
weighting of products such as plastic bottles, pagmnd cars) and consumer behaviour
(e.g.increagd recycling and reise of materials}! The implications of improved material
efficiency for energy consumption vary by sectarthe G20 region, in 2050, it has the effect of
reducing production levels by approximately 2Bf6teel, 10%n aluminium, 7%n cement, 3%n
paper and 515%in high-value chemicals.

Electrification with lowcarbon electricity is a key decarbonisation optinrthe 66% 2CScenario.
In G20 countries, electricity demand to provideusttial heatwould triple by 2050(Figure2.24).
Heat pumps, to provide losemperature heat,would be responsible for over 80% of this
increase. Most heat pumps are used in the less gpattensive industries, such as food
processing and textiles, and in the chemicals amdrqzhemicals sector. Thigould be a
considerable change from current patterns of indigt heat provision: today, most low
temperature heat is supplieffom fossil fuelboilers, while the use of heat pumps is very lirdite
Although heat pumpsvould only account for about 15% dbtal electricity demand in the
industry sector in G20 countries by 2050 in the 68%Scenariothe electricity consumptiorof
heat pumpsat the global scalevould neverthelesse twice the level of total electricity demand
in Japan in that yeaOverall, total electricity demand for heat in ustry would be30% higher in
2050 in the 66% °Z Scenario than in the New Policies Scenarithe G20, and the uptake of
heat pumps thredgimes higher.

47 A detailedstudy of the material efficiency in energytensive industries is presented in thgorld EnergyOutlook2015
(IEA 2015).
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Table 210 {Globalenergy and C@energyintensity reductions anckey additional technology levers in
the industry sector in the 66%°Z Scenario relative to the New Policies Scenario

Reductions in the 66%
2°C Scenario relative to

Sub- sector* the New Policies Scenario Technology levers
Energy Carbon
intensity intensity Page |91
Energy efficiency deployment up to its economic pote ntial.
Minimum energy performance standards for electric m otors

by 2025 (min. IE4), including variable speed drives in
suitable load systems.

System-wide measures in industry systems, such as
predictive maintenance and proper systems sizing.

Cross- cutting -24% -66%

Recycling of all available scrap.

Material efficiency improvement through increased
manufacturing and semi  -manufacturing yields and re-use of
post -consumer scrap.

Switch of steel production from blast furnace to sm elting
reduction processes including CCS.

Iron and steel -26% -65%

Greater use of alternative fuels in kilns, in some ¢ ases above
50% of fuels inputs.

Cement 189%** -82% Improvement of cement  -to -clinker ratio to at least 65% for
all regions by 2050.

CCS deployment, including for biomass (BECCS).

Material efficiency improvement through increased r ecycling
and light -weighting.
Electrification of low -tempera ture heat demand through the
Chemical and 30 -55% deployment of heat pumps.
petrochemicals Direct use of renewable technologies (e.g. solar th ermal),
mainly to satisfy needs for utilities.

CCSdeployment in  production processes including
ammonia, methanol and olefins.

Maximum deployment of secondary aluminium productio n.

Material efficiency improvement through increased
manufacturing and semi  -manufacturing yields and re-use of
post -consumer scrap.

Fuel switching from coal/oil to gas in some processes |, such
as alumina re fining .

Aluminium -14% -17%

Material efficiency improvement through increased r ecycling
and light -weighting.

Greater integration of bioenergy in the production p rocess.

Electrification of low -temperature heat demand through
deployment of heat pumps.

CCS deployment, including for biomass (BECCS).

Pulp and paper -30% -81%

Greater use of bioenergy in new and existing applica tions
and substantial investment in solar thermal and geo thermal
27% -62% technologies to supply low  -temperature demand.

Electrification of low -temperature heat demand through
deployment of heat pumps.

Other
industries

* Includes energy consumption and £E€missions from blast furnaces and coke oveas well as petrochemical feedstocks
** Positivevalue represerg an increase in energy intensity in the 669€3cenariothat stems from the additional energy need
associated with CCS deploymetit: If petrochemical feedstocks were excluded, teectoral energy efficiency improvement relative
to the New Policies Sceria would be around 10%.

Notes: IE4 = super premium efficiency level according be tnternational Electrotechnical Commission (IE@ksification.
CCS-carbon capture and storage. BES>Chioenergy with carbon capture and storage. Enémggnsity andCQ energyintensities
refer respectively to the amount of energy divideg the physical productioftotal highvvalue chemicals production for the chemical
and petrochemical sector) and the total direct Gfergy emissions from the industry sector. Irgéies are given by unit of total
industrial added value for the “other industriesdtegory and at the total industry level SD2015 at market exchange rate.
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Figure 224 {Heat demand energy mix in industifop) for the G20regionand related direct CQ
emissions by sectofbottom) in the 66% 2CScenario
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The net result of these changes energy demand is that global industglated CQ emissions
in the 66% 2CScenaio would fall by almost 60% to 2@t in 2050. The global trend is broadly
mirrored by that of G20 countries, where enenggfated emissiondrom the irdustry sector
would peak at around 5.6t before 2020 and faby around60% below today’s level by 2050.
Relative to the New Policies Scenario (where emsstontinue to grow), the industry sectarg
G20 countries would save around @5 of cumulative CQemissions over the griod to 2050,
accounting for abou80% of global savings from the industry sector.

The trends for industry sector emissions in the 68% Scenario vary considerably by region,
depending on the predominant industries and thetatand outlook for industrial development.
The different pathwaysan well beillustrated by comparing the outlooks for China aimdlig
which areimportant countries for achieving the overall emss reduction relative to the New
Policies Scenario. In China, the key challenge dvdxd to decarbonise existing industrial
infrastructure; in India, the task in the 66%CXScenario would be to develop new lexarbon
industrial facilitiesMuch of theimportance of China and India ieducingindustrial emissions to
the level projected in the 66%°@ Scenario is related to their high production baseg(China
and India make up about 50% of both the world’sst&nd cement production in 2050).

By subsector, the main reductions in industrial £@nissions in G20 countries througt 2050
arise fromthe manufacturing of iron and steel (44% of emissioeductions), followed by
cement (B%) and chemicals (12%). The cement and papéisectors would have to become
almost carbon neutral in the G2@gion by 2050 in the 66%6@Scenario, which underscores the
size of the challenge. In iron and steel, emissions mhns stem from a combination of
increased recycling through the deployment of elactrc furnaces and larggcale deployment
of CCSnlthe cement sector, emissions reductiomsuld mainly be achieved from the switch to
low-carbon fuels (such as bioenergy) and becausgp@iCes as inthe 66% 2C Scenariowould
facilitate the integration of CCS into the production proce$te decarbon#ion routes are
similar in pulp and paper, although integrating GE3i0t as costompetitive as in cement,
meaning that the deployment rate of CCS is lowemelgions with already significant industrial
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production, CCS is mostly an option for retrafityegions in which industrial activity is currentl
expanding, CCS is integrated mostly in greenfiedgepts.

In the G20group, energy efficiency plays the largest role toward®wa-carbon industrial sector

in the 66% 2CScenario, followed by fuelndtching and CC@-igure 225). In addition, process

related C@ emissions in industry would nedd decline from above Z00million tonnes t)

CQ today to below 8®@ Mt CQ in 2050. Most of the latter decrease is due to impements in Page |93
the cementto-clinker ratio and favourable penetration rates o€& in cement making. Process
emissions in the aluminium sectavould fall by almost half due to advanced technological
process change in smelting, starting from the 2@80s*

Overall, CC8&ppears to ba key technologgnabling otherwise challengirgmissiongeductions

in the industry sector. It would account for around esfourth of industry’s cumulative C®
emissions savings, relative to the New Policiea&de, andwould avoidalmost halfof the coal
related and about a quarter of the gaslated CQ emissions in the G2@roup in 2050 Its
deployment at scalevould need tostart in earnest around 2020 amspan across industrial
sectors. In the cement sector, C@8uld beresponsible for the majority of energglated CQ
emissions savings, whilewbuld savearound 45%pf the emissions in the steel sector. This poses
practical challenges with regards to the sitingfuture industrial activities, whickvould either
need to be located close to sites where ,G&an be stored, or to be connected to a L£LO
transportation network (which does not yet exis§CS also forms the basis for potential future
developmen of bioenergy carbon capture and storage (BEC@38§h could facilitate negative
emissions mainly in the cement sector (and, to soceméent, in the pulp and paper sector) as a
means to offset remaining emissions elsewhere.

Largescale deployment of CCS in industry, at the leggqliredin the 66% 2CScenario, would
require a considerable nedaerm push to improve its commercialisation prospgcivith an
immediate need for further research, developmengmdonstration and deployment. In the 66%
2°CScenaio, China and India play a key role in CCS demognsontributingaround 60%of the
global C@emissions captured in industry by 2050, given theiportance for global industrial
activities.

Figure 225 {G20 region energyelated CQ emissions reduction in industry by measure
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Notes: “Other fuels” mainly refers to the electrificatioof demand in industry, but in some instances atstlides C@abatement of
fuel switching from coal/oil to gas. Material eféacyrefersto those leverghat impactoverall raw material production.

< C u e« PCorbined and aggressive deployment of efficiencyelf switching and CC&ould be
necessary to reach themissions reductions of thé6% 2CScenario in the industry sector.

48 Advanced proceseefers to the usage of Hatléroult inert anodes for the smelting afluminium which would result in
considerably decreased gé@missions compared with traditional processes.
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In terms d investment, the 66% °Z Scenario would require an additional U3SBtrillion of
cumulative investment in the industrial sector G20 countriego 2050 (threequarters of the
global increment), compared with tHevelin the New Policies Scenalieigure 226). More than
half of the additional investmentvould be for energy efficiency measures. Thiuld be
followed by aboutUSDL trillion for renewable energy depyment in industry, mostly for low
temperature heat via solar thermal and geothermathnologies in the less energyensive
industries. CCS deplment would require an additional USD6trillion in energyintensive
industries in G20 countries, whergost energyintensive industriesre currently located. Since
industrial facilities often have long lifetimes ¢aretrofitting existing higkemitting infrastructure
can be difficult and expensive), delaying the titios to a lowcarbon pathway in industryisks
imposing significant additional costsgliimate targets are to be met.

Under the assumptions of the 66%CScenario, the measures to improve energy and materi
efficiency and boost the use of renewable energy sources tiisGaheat demand in industry
would be largely costeffective overthe lifetime of the investment, facilitated by substaait
carbon price signal Yet, payback periods can be lprand mobilising the high upfront
investment is challenging in a sector where investindecisions today typically demand a
payback of less than three-five years.Bven with high carbon price, targeted policies and
measures wouldtherefore be essential to improve the visilyli and viability of lowcarbon
technologies and processes for investment planniSgich measures would include raising
awareness and stimulating the adoption of technddsgand practices to expand the use of
renewables for heat production. Another importaavenue would be to promote begtractice
efficiency options in industry, for example by stgthening incentives and requirements for
effective energy assessment and management systemsaddition to cros#order carbon
pricing schemes, international sectoral agreemeatsl benchmarking across industries can also
help to enable emissions reductions.

Figure 226 { Cumulative investment in the industry sector in th@20 region in théNew Policiesand 66%
2°CScenarios, 20160
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activities, coato-liquids and gaso-liquids.

< C u < [Effidiency measuremake upthe bulk of investmentneeds in he industry sector.

Transport

Demand for mobility and freight activity is on aimg trend and the expectation is for further
growth. The passengerehiclestock worldwide is expected to expand tvwand-a-half times to
reach more than 2.Billion by 2050with more than 80% of the increase occurring in 880
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countries.Both aviation and shippingactivities are expected to more than triple by 2050 and
roadfreight activity (measured in tonnakilometres) to rise overtwo-and-a-half times.

Meeting such demand growth without compromising egye security and environmental goals is
a key policy challenge. In the New Policies Scenaniergy demand for transport fuels grows by
more than 40% t®050, to 3700Mtoe. More than B% of the rise inmergy demand is met by
oil-based fuels, which grow from around Btb/d today to nearly 63nb/d in 2050. Further Page |95
growth of oil demand is catrained by fuel economy standards, particularly for passenger
vehicles. But the limited availability of such ddands for other transport modes, notably road
freight, and the lack of commercially viable altatiwes for oil means that, by 2050, oil demand
from transport in the New Policies Scenario is -go@rter above today’s level. In this scenario,
the contributionof alternative fuels such asaturalgas, biofuels and electricity to total transport
demand remains just below 20%, even though eleaaics make significant-tmads in passenger
transport.

Table 211 {Globalenergy and Cg@intensity reductions and additional policy actioria the transport
sector in the 66% ZCScenario relative to the New Policies Scenario
Reductions in the 66% 2°C

Scenario relative to the New
Policies Scenario

Policy actions

Energy Carbon
intensity intensity

Carbon pricing/taxes to offset the decline in oil p rices.
All modes Stringent vehicle efficiency and emissions standard S.
Agricultural and forestry land -use planning.

Purchase rebate or purchase tax exemption
Differentiated vehicle taxation based on efficiency

performance.
Sgﬁisggger -44% -76% Free access to toll road and urban centres
Biofuel blending targets.
Incentives for R&D and infrastructure deployment (e .g.
electric vehicle charging stations).
Right sizing and integrating bus and emerging mobil ity
E(‘)J ;&eﬁeind 72% -78% services to high capacity public transport.
Public procurement promoting low  -carbon vehicles.
Differentiated vehicle taxation based on GHG emissi on
performance.
Support to infrastructure deployment (catenary lines).
Trucks 65% 73% Greening financing, purchase rebate or purchase tax
exemption .
Harmonisation and wide diffusion of fuel e conomy and
emissions standards across countries.
Biofuel blending targets.
Rail -59% -88% Support full electrification.
o Blending mandates and incentives for R&D for advanc ed
Aviation -32% -82% biofuels.
Optimise routing, minimise flight distances and cut
aircraft waiting times through improvements in air traffic
management.
Lo Incentives to promote the develo  pment of advanced
Shipping -46% -57% . . ; . .
biofuel technologies for aircraft and ship engines.
Fuel efficiency and emission standards for maritime and

air transport at international level.

* For lowcarbon vehicles.
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To facilitate the transition to dow-carbon transport sector, the 66%°'Q Senario relies on a
strong and integrated policy framework, which takeg#o account the specificity of each
transport mode and goes well beyond existing pok€fprts (Table 211). Strengthenedrehicle
efficiency standards, set afn international level,would be crucial to cut emissions from all
modes of transport. But standards alone are unijked be sufficient to ensur¢he adequate
development of lowcarbon transport optionsDifferentiated vehicle purchase taxes (also known
as feebates) would complement vehicle efficiency reguas by providing clear pricing signals
rewarding the most efficient technologieEffectve planning and development of the required
infrastructure to support the buitup of recharging stations for electric vehicles &idctric Road
Systemdor electric truckgsuch asatenary[overhead]lines), carefully designed public transport
networks and an integrated strategy for biomass supply amansformation are all crucial
elements of the 66% °Z Senario. Additionally, a carbon price (taking the form offeel tax)
would be required to offset the decline in oil p& and to avoid rebound effex®® Multi-
modality, which allows taking advantage of the keamitting transport mode for passengers and
freight movement, is alsoreoption thatwould require policysupport Box 24).

Figure 227 {Global ransport fuel mix and biofuel demand by type in th&6% 2CScenario
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Note: mboe/d = million barrels of oil equivalentray.

< C u << PTransport oil demandwould fall drastically in favour of electricity and biofuels
in the 66% 2CScenarigoroad ethanolwould peak before 2040 as the conventional car fleet deels.

The net impact ofuch robusistrengthening of policy ambitiois that, in the 2C66% Scenario,
transportrelated energy demanevould peak at around Z50Mtoe by the mid2020s and then
fall to 2250Mtoe in 2050, almosi5% lower than todayThe composition of the transport fuel
mix would change entirely: oil demandould decline steeply to a mere I8b/d in 2050 and its
share in the transport fuel miwould fall to less than on¢hird (Figure 2.2Y. Alongside effds to
improve the efficiency of all tymeof vehicles, the main reason for this drop is atswitowards
electricity and biofuels. In 2050, virtually allrgasoldworldwide would either be hybrid or
electric. Transport electricity usgould increase sigficantly and account for around oréird of
global fuel demand by 2050 (from 1% todasfEctricitywould become the main mearite satisfy
road passenger andoad freight demand. The use of biofuels would also expand reach
almost12mboe/d in 205Q0from 1.6 mboe/d today. Trends differ across biofugddsin the 2C
66% Scenario. Ethanol is an important transitioel fior passenger vehicles; but its use starts to

49 Rebound effects occur when lower energy prices, thuéess energy demand, lead to a reduction of rehad energy
expenditures. The available money can then be spenbther enegy-consuming products or activities, such as drivirgren
or flyingmore often. Sipporting the transition to zero emission mobiliiyrough taxes may take the form of a fuel tax as in
the 66% 2°C Scenario, but could also take more comg@@rs, complemeting and partly shifting fuel taxes with charges
reflecting road usage and other externalitiés offset the decline in oil prices artd avoid rebound effects
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decline by around 2040 as battery costs fall areteic cars and motorbikes accumulatethe
vehicle stock, freeing up some of the limited sussédble biomass potential for other uses.
Instead, biofuels become the fuel of choice in spart modes where alternatives to oil are
scarce, such aaviation and shipping; and in road freight, wieethe buildup of the required
catenary lines is a key bottleneck for deploymehelectric trucks.

This major transformatiorwould lead to a cumulative reduction of GEmissions of 118t, Page [97
relative to the New Policies Scenario, of whialo-thirds occus in G20 countries. The radical
decoupling between transport activity growth and L£é€missionswould require contributions

from all transportation modes- passenger cars account fabout one-third of the emissions
reduction, road freight for onguarter, aviation for onefifth and shipping for ongenth (Figure

2.28. But the means to achieve such a deep and rapaddition to a highly efficient and low

carbon transport system are different by moded region.

In the 66% 2°C Scenarioelectrification of the vehicle fleet is the keyoute assumedto
decarbonise road transport for both passenger areight vehicles coupled with a switch to
biofuels and energy efficiency measures. The slmelectricity in road transport demand rises
to more than 40% ir2050, up from close to zero today. Electric engiags more than twice as
efficient as conventional gasoline engines and telecvehicles can shift transport sector
emissions from millions of mobile conventional stes to a much smaller number of statary
sources in the power sector. If the power generatis from lowcarbon sources, as in the6%
2°C Scenario, then electric vehiclesutd make a major contribution to the reduction of GHG
emissions.

Figure 228 {Contributionto global CQ reductionsby transport mode in the 66%°ZScenario
relative to the New Policies Scenario
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< C u <+ KEQgmissions reductionsvould accelerateafter 2030 as sales of electric vehicles rise and
biofuelsmake inroads inaviation andshipping

Electrifying road transport at the pace and scagquired in the 66% “ZScenario is an enormous
task: the share of electric cars in passenger cesseouldrise from less than 1% today to almost
70% in 2050more thansixtimes higher than what is achieved under existingl golanned
policies in the New Policies Scengfiaure 229). This is primarily a challenge ftve G20group,
which hold more than 8% of the global passenger car stock in 2050: #ngelst increase in
electric car sales in the 66%%CScenario occurs in the large vehicle markets s@c@lina, India,
the United States and the European Union. The nexiception among G20 countries isaBil,
which relies more on a very efficient fleet of filel and pure ethanol engine cars.

The deep transformation of transport required ineth66% 2C Scenariowould involve
electrification beyond passenger cars alone: there B billion electric motorbikes on the world’s



Page |98

Energy Sector Investment to Meet Climate Goals © OECDI/IEA 2017

roads by 2050 in the 66%6Q@Scenario (from less than 25dillion today, most of which are in
China) and more tha@00 million electric freight vehicles. While the majp of the latter are
light commercial vehicles, used for local delivarcities, the electrification challenge needs to
extend to heavy freight traffic operating over la@rgdistances. So the most frequented highway
routes would need to be equipped with electrifiestarhead lines in the 66%°@Scenario to fuel
plugin hybrid trucks, as battery ranges otherwise wouldt permit longhaul journeys® A
successful transformation of road freight transpag in the 66% °Z Scenariovould also require
improved logistic networks to optimise truck utdigon, e.g. platooning and backhaulingnd
integrate longhaul delivery with local delivery, e.g. adjust tilgito avoid trucks to travel during
congestion hours

Figure 229 {Share of electric powertrains iglobalvehicle stock by type andlobalelectricity demand
for transport in the 66% 2CScenario
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< C u << FEledtric enginesvould make big irroads in passenger and freight roadarkets, inducing
a sharp increase in electricity demand.

In aviation and shipping, key elemsmtf curbing C@emissions in the 66%°2Scenario arduel
efficiency improvements of the fleetand the largescale use of biofuels. The average fuel
consumpion of ships and aircraftvould fall by around twethirds in the 66% ZC Scenario
between now and 2050, thanks to the largeale deployment of technology improvements such
as open rotor, geared turbofan and countetating fan, as well as better traffrtanagement in
aviation and dataenabled load optimisation in navigation. In additjocdropin® biofuels from
non-edible vegetable oil and lignocellulosic mategauld substitutefor almost4 mb/d of oil in
aviation and 2nb/d in shipping by 2050 in the6€6 2C Senario, up froma combinedd.7mb/d

in the New Policies Scenario. Natural gas additlgreupports the decarbonisation of shipping,
with liquefied natural gas.(NQ replacing more than 1.5b/d of oil by 2050.

By enabling behavioural changes, ambplanning can also be a cornerstone to reducessins
from transport in an increasingly urbanising workelg. through a dense and interconnected
network of cycle lanes, lowarbon public transportation and charging statioBevelopment of
smart mobility might also help to transform traditial transportation patterns. On the one hand,

50 Alternatively, a carefully cordinated buildout of a hydrogen supply and fuelling infrastruaun tandem with the rollout
of fuel cell truckscould provide a costffective alternative tooverhead lines, depending on the potential for tedfogy
learning in electrolysers, fuel cells and other key log#n technologies.

51 Droprin biofuelsare made of the same moleculasconventional fuelssothey can be blended at a high ratedommon
engines without any modifications.
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car sharing and cgpooling could reduce the overall vehicle kilometr@y the other hand,
autonomous vehicles and lower fuel consumption ddelad to an increase of éhactivity>

The transformation of the transportation sectan the 66% 2C Scenariowould require a
cumulative investment otJSD32trillion between 2015 and 205Q)SD13trillion more than in
the New Policies Scenari@igure 230). This includes energy efficiency investment indroa

aviation and shipping sectors and investment fowr@owertrains, such as pure electric vehiclesage |99

Overhalf of thisinvestment would bededicated to new electric vehicles and the remaint
energy efficiency® The lion’s share of energy efficiency investmeniuld need tobe dedicated

to road transport to meet stringerfuel economy and emissions standards, although investment
in improving the efficiency of road vehicleould actually be lower than in the New Policies
Scenario. The reason is that because of the riselactric mobility, there are fewer highly
efficient conventional vehicles on the road in 20B0the 66% 2C Scenario lhan in the New
Policies Scenario. Investment in aviation and shigpvould jump by two-thirds in order to
improve fuel efficiencyrelative to the New Policies Scenarla addition, biofuels investment
would rise sharply to meet the larger demand for biofu@lsparticular in shipping, aviation and
road freight.

Figure 230 {Global cumulative transport investment in in the NePolicies and 66% 2°C Scenarios,
2016-50
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< C u e+ FAddjtional investment needs in the 66%¢°€Scenario stem mainly fromhte electrification
of the fleet.

Electrification of transport accounts for the budk the overallinvestment requirementdf which
more thanthree-quartersof the requiredinvestmentis for passenger cars, given the substantial
shift to electricity, and freight transport captusehe remaindemwith the rise of electric trucks),
but this sum is mitigated somewhat by significaatluctions in the cost of batteries. Batterysto

in the 66% 2CScenario falat a much faster rate than in the New Policies $cien with the unit
cost reaching the assumed floor costWBDBO/kWh* for battery electric vehicleby the early

52 These effects have ndieenincluded in the analysis of the 66% 2 °C Scenhtibare discussed iinergy Technology
Perspective2017 (IEA, forthcoming)

53 Represents theadditional cost compared with an average combustemgine vehicle today and includes a large set of
incrementl as well as breakthrough improvements. For roaticles, examples arfeybridisation higher capacity batteries
(e.g. lithium oxygen) and supéast charging stations. For aviatioexamples ardight-weighting, drag reduction, engine
improvement and newmotorisation such as open rotor. In navigation, it includesnimisingdrag and improving engine
operation.

54 This floor costvalue is based on a US Department of Energy amalliast assumes overcoming chemistry challenges,
favourablesystems engineeringnd high production volumegSarkar, 2016)See also the discussion in tki¢orld Energy
Outlook2016(IEA,20163.
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2030s, around 2@ears earlier than in the New Policies Scenari@ fdason is that the policy
push to electrification facilitates additional cumative sales of more thaf billion electric cars in
the 66% 2CSenario, relative to the New Policies Scenaricaddition to these investments, the
electrification of road transport implies significant investmeatross the whole chain value, from
R&D in battery capacity and robustness, to the agigr of the grid to meet possible local surplus
demand and the deployment of charging stations ¢ars and catenary l@s for trucks. Their
guantitative assessment would require a further &rsss.

Buildings

Today, he buildings sector accousifor around onethird of global final energy demandjmost
75% of which was in G20 countri&sRoughlythree-quartersof the globa total is required to
meet heat demand while theemaining quarteris mainly electricity for lightingappliances and
space cooling. Satisfying heat demand currentlyoants for about 46 Gt of CQ emissions,
which representaround half of the total emisions in the buildings sector (including direct and
indirect CQemissions). Almost all of the sector’s direct,@@issions arise from heat production
from coal, oil and natural gas boilemrdund 1% of direct COemissions arise from the use of
kerosene for lighting). Today, fossil fuels accolantmore than onethird of total energy use in
buildings.

The outlook for the buildings sector is one of chgrowth. In the period to 2050, the global
number of dwelling is expected to swell (by around 6086 the size of the average individual
building alsaises As a result, total floor space are&dwellingsis expected to double, pushing
up demand for energy services such as space heatwgcooling. The increase floor area is
expected to be significant in the G20 group as alhat around 80% to 2050, but not as rapid
as in norG20 countries, which include many fagbwing emerging economies. Until 20%0e
value addedy the services sector, an important driver of consurmp, almost triplesand more
than 80% of the increasomesfrom the G20group.

Such trends are expected to push up energy demarttié buildings sector. In the New Policies
Scenario, total global energy demand in this sectees byone-third, with half of the growthin
the G20 group. The intensity of energgemand in the buildings sector falls, but continued
reliance on fossil fuels in this scenario meand tha sector’'scarbon intensity barely improves.
Further steps to redueemissions fronthe buildingssector, to the level required in the 6628C
Scenario, would require major additional policyiantin three main areas. First, adopting and
implementing effective policies thatwould make enduse appliances as efficient as possib
Second, a push for near zeemergy buildings for new construction (covering amnd 40% of all
new buildings from today to 2050, the other 60%neiv buildings by 2050 being compliant with
buildings codes), along with deep retrofits of tbgerall exiing buildings stock by 2050 (to
reduce spaceoolingdemand). Third, decarbonising the remaining suppligeat to thebuildings
sectorby replacing fossil fuels with electricity, distriotdting and renewableghese policiesre
directed tospur the neessary reduction in the energy intensity of eacid-ese, or their carbon
intensity, or both Table 212). Decarbonising power and heat generation aretal\additional
step towards achieving netero CQ@ emissions in the buildings sector: indirect ;G&nissions
currently represent around twahirds of thesector’'sCQ emissions

The net effect of implementing this very ambitiopackage of policies and measures iatthn
the 66%2°C Scenario, energy consumption from the buildingsteeevould peak in the early
2020s and just about return to the level of today2050. This is the result of some offsetting
trends, with lower demand for space heating andtigg being counterbalanced by continued

55 The buildings sectancludes energy used in residential, commercial amtitutional buildings. Household and services
energy usencludes space heating and cooling, water heatligipting, equipment, appliances and cooking equipitne
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growth in all other buildingselated enduses, for which the effect of higher income levaisd
gradually improving access to modern energy sesvinaleveloping countries outpasefficiency
and conservation efforts. In G20 countries as a henergy demand in the buildings sector
drops byaround10% by 2050.

Table 212 {Global energy and C@intensity reductionsand additional policiesn the buildings sectoin
the 66% 2CScenario relative to the New Policies Scenario

Reductions in the 66% 2°C
Scenario relative to the New

Policies Scenario

End- use Policy actions

Energy Carbon
intensity intensity

New buildings: increase the share of near zero -
energy buildings on average from now to 2040

to 40% (from 1% today) and ensure other new
construction compl ies with building codes.

Existing stock: mandate stringent measures to
ensure deep retrofit of the ent  ire stock by 2050
(from less than 10% today).

Space heating 33% 79% Mandates seeking to maximise bl_JiIc}ings energy
performance for both new and existing
buildings. Phase out fossil fuel boiler sales by
2025 in all regions, except where natural gas is
a major provider today.

Extensive support and mandates for direct use
of renewables (solar and geothermal), efficient
electrification and efficient district heating in
dense urban areas.

Phase out of fossil fuel boiler sales by 2025 in
all regions, except where natural gas is a major
provider today.

Water heating -16% -84% Extensive support and mandates for direct use
of renewables (solar and geothermal), efficient
electrification and efficient district heating in
dense urban areas.

Phase out fossil fuel stoves sales by 2025 in all
regions; exceptions: regions where natural gas

Cooking -15% -74% is a major provider today; developing countries,
where LPG enables more access to modern
energy services in rural areas.

Phase out kerosene lamps sales by 2025.
Enhance deployment of electricity and clean off -
grid technologies, e.g. solar lamps.

Lighting -40% -92 o
Require lighting performance at current LED
efficacy levels or higher for all lighting sales by
2025.

Appliances 250 -90% Phase out of sales of the least -efficient major

appliance by 2025.

New buildings: increase the share of near zero -
energy buildings to 40% (from 1% today) and
ensure other new constructions comply with
building codes.

Space cooling -46 % -93% Existing stock: mandate stringent retrofits to
ensure deep retrofit of the entire stock by 2050
(from less than 10% today).

Phase out least -efficient cooling systems sales
by 2025.

Notes: NPS = New Policies Scenario; LPG = ldjyefteoleum gas. Energy intensity andrloon intensity for the buildings sector
refer respectively to the amount of energy dividied the global population and the total @@nissions (direct and indirect) linked to
the buildings sector.
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Successful decarbonisation of the buildings seatothe 66%2°C Scenariowould also require
changes in the fuels and technologies used. Th&rage in the use of renewables and electricity
for heating purposesvould precipitate a major revolution in theector'sfuel mix(Figure 231).
The required level of decarbonisation of the 68% Scenario wouldequire the share of fossil
fuels in the sectoto drop to around 10% by 2050, compared wah%today. Electricity usén
the 66%2°C Scenariowould increase by twehirds to 2050, with heat applications and other
electricity enduses (e.gappliancesand space coolingeachaccounting foraround half of the
increase; about 3% is for desalination purposes. Gtenge in energy demand in the 6@%
Scenario is particularlpotable for G20 countries, whiclvould see their share in worlgide
buildings energy demand shrink from aroutidee-quarters (and almost 834 for electricity) to
around 636 {70% for electricityjn 205Q Countries outside G20 have higher projected grofer
hot water needs (met either by electricity or solaater heaters) as well as for spameolingand
appliances.

Figure 231 {Global energy demand by fuel and electricity demabg enduse in the buildings sectan
the 66% 2CScenario
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< C u e PEletricity demand would nearly double and account fchalf of energy demandin
buildings in 2050.

The composition of electricity demand in the builgé sector in the 66%°@ Scenario reveals
some diverging trends. Compared with the New PRedicBcenario, thersvould be electricity
savings of 5 400Wh in 2050 as a result of more robust efficiency measures fighting,
appliances and space cooling, but these wouldbsially offset by an additional 2 000 TWh of
electricity needed to satisfy increasing use ofcéieity for heating purposes. In some sub
sectors, despite aggressive efficiency efforts, &leity demandwould continue to rise For
example, overall average electricity consumptiorr pmit of large appliancevould decrease
strongly €.g. refrigerators, freezers, washing machines, dishveashand dryers). But rising
ownership rates and growing amount of small appliances and equipmesmbuld lead to an
increase ofover 60% of electricity use related to appliances thrbugp 2050 in the 66% °€
Scenario (compared with a doubling of electriciphsumption in the New Policies Scenario).
Electricity demand for space coolimguld seeone ofthe highest growth among all engses,
despite efficiency efforts. In India, for exampéectricity demandwould increase by almost a
factor offour to 2050, of which around a quarter is related to spaoeling, despite the adoption
of aggressive minimum energy performance standaadd stringent building codes. The net
result is that, at a global level, etecity demand in the 66%°Z Scenariovould be 15% lower
than in the New Policies Scenario. Together witleduction in carbon intensity of power
generation, thisvould reduce indirect C&emissions by 6.6t in 2050.
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The strong worldwide push for neaerp-energy buildingsn new constructios (40% of the
additional buildings by 2050) and deep retrofittbe existing buildings stock means that, in the
66% 2C Scenario, global heat demand (mostly for space astier heating) in the buildings
sectorwould decline by 10% below today’s level by 2050. This fadical reversal of present
trends: it compares with an increase by 10% in B Policies Scenar{&igure 232). the G20

group — which today accourstfor 70% of the world’s dwellings andore than 85% of Spacep,qe (103

heating demand-would beresponsible for theentire decline in the 66%°ZScenario (countries
outside G20would stillhave a higher heat demand 2050,comparedwith today’s level). The
overall decline masks different trends: while glolmmergy demand for space heatingpuld
decline by onequarter below today’s level in 2050, heat demand ¥eater heating and cooking
with modern fuelswould increase byover 25% The latter largely reflects population and
economic growth in developing countriesib-Saharan Africa accounts for a third of the increase

The fuel mix to satisfy heat demand in the 66% Qcenario in 205@vould beentirely different
from today, with bioenergy(including the traditional use of solid biomasskgatticity andother
renewables(solar thermal and geothermasupplyingthree-quartersof total heat demand and
much of the remaindebeingnatural gas. Thiwould bring down thefossilfuel share t015% from
45% today (compared witd5% by 2050 in the New Policies Scenario). Althotnghshare of
bioenergy in heat demand(mainly traditional use of solid biomass for coakimvhich is
particularly inefficientwould behigher than that oflectricity, the number of consumers reliant
on electricitywould actually be higher, as the efficiency of heat pumps is highaart that of
other equipment. In 2050around40% of householdwould rely on electricity for space heating,
35% for water heatig and 80% fomodern forms otooking.

Direct use of renewables also contributes to megtineat demand. By 2050, in the 6692
Scenario, 20% djlobalhouseholds wouldise renewables (mostly bioenergy) for space heating
and some 40% solar water heaters.the 66% 2CScenario, many African and Asian countries
would move directly to renewable options for water heagipurposes.

Figure 232 {Heat demand by fuel and endse in the buildings sector irthe New Policies and 66%6Q
Scenarios

2014 2050 NewPolicies Scenario 2050- 66%2°C Scenario
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m Low-carbon electricityand heat Bioenergy Solar thermal and geothermal

Note: Traditional use of solid biomass is accouritedeparately from the three endses.

< C u << Prhe{use of lowcarbon technologiedor heat demand in the buildings sectorould need
to rise significantly over existing efforts, despitewer heat demand from energy efficiency
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Moving to near zereenergy buildings for new construction and deep ofits of the existing
buildings stock is a huge challenge; the requiredepof change to ZD amplifies the scale of
what is required. Tight, robustly enforced efficignstandards for equipment, appliances and
lighting would be needed to restrain energy demand growth in the desitial and service
sector,as well asd spur technology advanceBest practice and effective codes to promote
energywise design and construction of new buildings haveven useful in many parts of the
world, but would need to continue to evolve and be strengthened significantly to put the
buildings sector on trdcto achieve the 66% 2°C Scenario.

Dramaticallyimproving the energy performance of today’s stockhuafildings poses particular
challenges The required decline of space heating demand B3 2hrough 2050 in the 66%8Q
Scenario, relative to today, comparevith an expected annual growth of 0.35% in thewNe
Policies Scenario. The latter is already belowohistgrowth trends: space heating demand grew
by 0.5% per year on average over the |aStyears. The lower growth projected in the New
Policies Scenario is mostly due to relatively modiesreases in floor area in countries with cold
climates. But, given the generally slow turnovertioé building stock, this also implies that in
these countries, about 70% of today’s building &tedll still exist in @50. The absence of long
term incentive schemes for retrofitting in most aaues creates a locl effect that, unless
overcome through robust policy intervention, withrtinue to deter improvement in the energy
performance of existing buildings. Achéenent of the 66% ZCScenario would therefore require
widespread retrofit and insulation measures, supgattby financing models to overcam
barriers related to the significant capital outlagnsd long payback periods (more than ten years,
albeit in relaton to buildings lifetimes that can exceed 1yars).

Figure 233 {Total CQemissions reductior{direct and indirectpy enduse in the buildings sector in the
66% 2CScenario relative to the New Policies Scenario ananulative CQ savings by region
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< C u <+ PMugh greater policy action is neededcross all parts of the buildings energy us® put
the sector on track to achieve theeedsof the 66% 2CScenario

As in other enduse sectors, the picture of the buildings sectoatthvould emerge from our
projections in 2050 in the 6696@Scenario is one that igery different from today(Figure 233).
The contribution ofthe G20 group towards direct and indirect emissions savingsuld be
particularly large, as their share in these emissia@ould drop fromalmaost 83% today toaround
60% in 2050 in the 66%8Q@Scenario. At less than@t by 2050, global direct G®missionsvould
be almostfour-times lower than the current level. Chimgould provide the largest contribution
to direct CQ emissions savingas coato meet demand for heat in buildings would beplaced
by other fuels. The United Statesd the European Union today account for 40% obagldeat
demandmet with modern fuels in the buildings sector and, in oupjections, would behe
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second and thirdlargest contributos to direct CQ emissions savings. By 2050, the buildings
sector would represent around 20% of total G@missions (including indirect) in the 66%C2
Scenario. Energy efficiency gains in buildiwgsild contribute to these saings, but a large part
of the decline in CCemissions also reflects the reduction infoan content of the power sector.

Investment in more efficient buildings, equipmemtd. LEDighting, appliances, inductiostoves

heating and cooling systems) anehewablesbasedheat systemse.g. bioenergy boilers, solarPage |105
water heaters)would require investment ofnore than USR25trillion in the 66% 2CScenario,

over twice the levelof the New Policies Scenar{gigure 234). About 85% of the cumulative
investment is in G20 countries. The bulk of theegtment is to improve the efficiency of energy
use—including insulation and retrofits as well as mefféicient applianes and heating systems

and about a quarter is for expanding the use ofaembles to serve heating needs

Figure 234 {Cumulative investment for efficiency and renewabléy enduse in the buildings sector in
the New Policiesand 66% 2CScenarios
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< C u <+ PThe 66% 2CScenariowould require twice the level of investment in energy éfiency
and renewables than the Bw Policies Scenario

The investmentn renewableds for energy services related to hgabduction,such as biomass
boilers and solar water heaters. Efficiency expamds for heatrelated applications include

improvements inthe building envelop, high-performance heat pumps, more efficient boier

and heating/cooling equipment. These account fooward 60%of the cumulative investment

with the rest beingfor efficiency improvements in endses that rely on electricity such as
appliances and lighting.

The variety of potential stakeholders making investmh decisions related to energy use in the
buildings sector is very wide, ranging fréine administration of a major city that decides how to
equip its schools with water heating systems, ttaadlord whobuys space heating units for a
rental apartmentand to a homeowner who selects a new light bulb. Awarenetshe energy
and GHG emission aspects of their decisions vasaesdoes their assessment of the costs
involved and their potential interest in psming such efforts. Where the owner reduces the
carbon intensity ofa home, the impact will be felt directly: householahergy expenditurs in
2050 in the 66% ZScenario are lower than in the New Policies Scen@genext section). But
some of the reqired investment has long payback times, which canabbarrier toconsumers
and requires improved access to finance. In otreses, where the owner of a building is not the
tenant, pursuing effortgo retrofit the building does nohecessarily delivedirect benefits to the
owner (although the value of the property coulderias a result of the efforts taken), but rather
to the tenant whan benefits from lower energy bills. Overcoming suglitsncentives isa key
policy challengén addition to theadoption of the measures of the 66%8@Scenario.
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Implications of the 66% Z_Scenario

The primary objective of the 66%8Q@Scenario ito reduce energyelated GHG emissions to an
extent that itwould put the world on track towards achieving climateadg But energy affects
the entire economy and multiple stakeholders, whigteans that any energy policy to tackle
climate change has implications for the achievemehither policy goalsin this section, we
explore the implications of the 66%°Q@ Scenario dr the energy industry(with a focus on
stranded assetsds well as for selected energy policy goals beydimiate change, in particular
for energy security, air pollution and energy acces

Implications forstranded assets

A rapidand profoundenergy setor transition as required under the 66%8CScenario would
have significantconsequences for the energy industry. The sizeaigansion of renewables
efficiencyand other lowcarbon technologies would bring with it mangw jobs that support the
manufacturing of components, the installation of new peofs, retrofits,and maintenance of
installations. The renewable energy industry issatty a large employer, and this would be
expandedalong thetransition path. Fossil fueconsumption meanwhile would fall dramatically
in the 66% 2CScenario. A key question is whether these redudiamuld lead to severe losses
for companies and investors in the fossil fuelustry, or whether the transition to a lovearbon
economy could be managed smoothly waiio or minimumlosses. There are multiple strands to
this debate that are interelated but too often conflated and, partly as a result of loose
terminology, there is a high degree of confusiomreunding discussions of the potential value of
losses resulting from climate change poliktyis thereforerelevantto differentiate between the
variousimpacts and losses that could be incurred by thergy industry, which include:

x The extent of existindossil fuelreserves that will be left unexploited as a resaft
climate policy‘{reserves left in the grounddr “unburnable fossil fuels.

x The capital investment ifossil fuelinfrastructurewhich ends up failing to be recovered
over the operating lifetime oftte asset because of reduced demand or reduced price
resulting from climate policy ¢tranded asset9.

x The potential reduction in the future revenue geatsd by an asset or asset owner
assessed at a given point in tirbecause of reduced demand or reautprices resulting
from climate policy“(carbon bubblé&).

The carbon bubble, occasionally also referred t@ asduction in the “remaining book value” of
assets as a result of climate policy, is an impdrt@mnsideration for understanding the impacts
of the lowcarbon transition. This calculation has a wide nemiof moving parts to be
considered, many of which are quite subjective. Erample, to calculate the losses for assets
resulting from climate policy, it is necessary timpare the book valubetween a scenario that
contains climate policy and for one that does nestimates of losses are very sensitive to the
specific “counterfactual” scenario chosen. Theraliso uncertainty surrounding the possibility
that market participants could substtally modify the type and nature of their assetnfolios

in response to different climate policies; estimatef losses are therefore not static over time.
The calculation also requires a detailed knowledgprices, demand, costs (including the cokt o
capital), projecispecific discount rates and any potential altermatsources of revenue (such as
government support to ensure sufficient capacity rimintained in the systenf. Without
considering all of these elements, any estimatehaf carbon buble for a specific sector is likely
to be flawed.

56 The calculationis further complicated when estimating the carboulible for assets that do not necessarily generatg a
obvious revenue streams, such as in the buildingsamsport sectors.
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Potential losses incurred on invested capital, skanded assetspose acritical concern for
companies, investors angblicy makers. For each asset taken out of service befbtes been
able to recoverthe original capital investment, the parent compé&nyotal capital is reduced,
potentially lowering its ability to make future iastments.Here, our analysis therefore focuses
on the impacts of climate policy on fossil fuelerg utilisation and strashed assets (as defined

above) in the power, upstream and refining sectdise sectors in which stranded assets ar®ge (107

likely to be largest. While there are also potehtigsks for stranding of midstream gas
infrastructure, including pipelines and LNG terntpagiven the increase in natural gas
consumption through to the mi@020s in the 66% 2°C Scenario, this issue appesssplessing
than for the other sectors examined.

Unburnable fossil fuels

Current reportedfossil fuelreservesworldwide consist ofaround 1 000 billion tonnes of coal,
1 700billion barrels of oil and 218&illion cubic metres of ga§7 The C®emissions that would
result from combusting these reserves total arouB®B00 Gt of CQ, over threetimes the

remaining C@budget in the 66% Z Senario (8805t). This leads to the afjuoted finding that

two-thirds of today’s fossil fueleserves need to béleft in the ground to avoid dangerous
climate change.

Figure 235 {Proportion offossil fuelreserves produced in the 6698Qand New Policies Scenagp2015
- 2050
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Unused reserves by 2050

Additional production in New
Policies Scenario

m Percentage reserves produced i
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< C u <+ Klose toB0% of remaining coal reserves, 50% oil reserved 40% gas reservegould not
be produced before 2050 in the 66962 Scenario Remaining reserves would not be fully utilised the
New Policies Scenarios as well.

This is a simplification for a variety of reasortge dutlook for each fossil fuel varies markedly in
the 66% 2C Senario: coal consumption would drop by over 65%waeen 2014 and 2050, oil by
around 55% and natural gas by less than 20%. Fiedause the combustion of coal results in
significantly more CQemissions than from oil and gas per unit of enesgpplied, the energy
density of oil is significantly highéman that of coal (hence its widespread use in thensport
sector) and the substitutability of theariousfossil fuels is decidedly different, depending te t
purpose to which they are servin@omparing cumulative fossil fugloduction in the 66%
Scenario up to 2050 with the remaining reserves atle fuel individually, we find that around
40% of gas, 50% of oil and over 80% of steam amthgocoal current reservewould be
“unburnable (Figure 235). However this calculation overlooks that most ofday’'s proven

57 Here we use reserves”loosely to mean published proven reservestgcognisingthat not all the published numbers
should be considered as proven under internatiaclaksification schemes such as SEC, PRMS or UNFC.
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reserves are not produced by 2050 in any scenavienein the absence of stringent climate
policies. In the New Policies Scenario, for exampksthan 40% of coal reserves and 80% of oll
and gas reserves are produced between 2014 and 2B66ther words, over 60% coal reserves
and 20% of oil and gas reserves are not producedrbee?050 in the New Policies Scenario. The
world’s proven reserves amot synonymous with those lined up for developmettitpugh this is
the definition implied by most international claisation systems. Continued exploration for and
development of new resources remains essentiahim 66% 2CScenario.

Stranded assets

Sranded assets can occur for a number of reasomated to market conditions, technology and
performance risk, as well as changes in regulationgolicies. They can occur for all types of
technologies, including lowarbon technologies. Lowarbon techwlogies and in particular,
renewables are often supported by policies that yide consistent revenue streams, such as
feed-in tariffs in the power sector. In such cases, oattive policy changes that reduce these
revenue streams could lead some of tinéial capital investment to be stranded.

When considering the potential value of strandedsets, it is important to recognise the
difference between assets that are prematurely shiswn due to adverse demand evolution,
and assets that are prematurelghut down and lose part of the capital spent on their
development. In other words, it is possible for @sset to be shut before it reaches the end of its
technical lifetime, but for it still to have recupsed all of the capital invested into it. The deg

of capital recovery when an asset is retired reqaia detailed understanding of investment and
operating costs, utilisation and production ratemmmodity prices and other potential revenue
streams that it generated over its lifetime. Inghgectim, we build our analysis of stranded assets
on the detailed modelling of all these parameteos the different parts of the energy sector in
the IEA’s World Energy Mod@VEM)(see methodologyn Annex A) and focus on those assets
that may not recoup theicapital due to the additional climate policiestpn place in the 66%
2°CScenario.

In the power sectoy stranded assetdn the 66% 2C Scenario would totaluSD320billion
worldwide over the period to 205@n terms of fossil fuékéd power plants thatvould need tobe
retired prior to recovering their capital investmerCoalfired power plants account for ghvast
majority of the total (966), as many of them would be phasedt in the 66% 2C Scenario
(Figure 2.3h Gasfired and oiffired power plants would be far less affected, patbecause they
are critical providers of flexibility for many ysaio come and partly because they are less capital
intensive than coalfired power plants. A detailed analysis underpihese estimates of stranded
assets in the power sectobased on simulated costs and revenues for each ef &hfossil
fuelled technologies represented in each region of the $8AEM Each technology was further
broken down by the year it was completed. For ex@mpor the subcritical codired power
generation capacity that was put into service in9%9in the United States, markbtsed
revenues were simulated for each year of its op&maal life, marrying historic data and
projected market conditions concerning the mix e€hnologies in operation, fuel and g®ices.
The amount of capital recovered in each year fattbapacity could then be calculated (annual
revenues less opetiag costs) and tallied ovehe 30-40year operational life.

Threequarters of the total stranded assets in the powsactor are related to plants already in
operation today that are retired during the transih before recovering their original investnten
The remaining USD 80 billion of stranded capitathimm power sector is associated with plants
that would be built over the projection period, neyaall of which are already under construction.
The level of new power plants that would becomeastled & limited by the fact that the 66%
2°C Scenario embodies a wellanned emissions reductions schedule: market playkave
certainty of the coming transition and invest acdimgly. The apparent risk is that stranded
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assets become larger with more limited visibilityoabthe policy direction, or an unanticipated
switch in policy direction or the intensity of ersigns reductiongox 26).

Figure 236 {Cumulative sranded assets in the power sector in the 66%C5cenario 20152050

Coalfired power plants Gasfired power plants Pa 109
- o ge |
v 400 g 40
g g
s s
2 300 £ 30
2 a
fa)
0 =)

200 20

10

0 0
2015 2020 2025 2030 2035 2040 2045 2050 2015 2020 2025 2030 2035 2040 2045 2050

mExisting New

< C u ¢+ FGlobal stranded capital would surpad¢SD300 billion by 2050in the 66% 2C Scenario,
most of it related to coalfired power plants

In the 66% 2C Scenario, the installed capacity of the global fleé coalfired power plants
without CCS would fall from some9%0 GW today tmearzero by 2050with the exception of
some combined heat and power planfghis isa considerable departure from the gain the
New Policies Scenario, where unabated doed power plants remain a fixture of power
systems through 2050. However, while the phasg& of coal capacity is dramatic, not all
retirements indicate stranded capital. Of the totdpacitythat is phased out by 2050some
600 GW —about 40% of the total- would have fully recovered itgitial capitalinvestment
another 450GW would haveaecovered more than 80% of its capital and some B would
have recovered less than 6Q%gure 2.3Y.

Figure 237 {Global coaffired power plants currently in operation or under consiction
in the 66% 2CScenario
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< C u <+ Rodlfired power plantsin operation or under construction are either retiffiited with CCS
or phased out by 2050and two-thirds of retired capacity fail tofully recover the initial capital
investment.

The development and deployment €fCSechnologies provides a level of asset protection f
fossil fueled power plants. Power plants can be designed #mit with the option to be
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retrofitted with CCS technologies; for example, yading the necessary ape to add carbon
capture equipment at a later date. Retrofittirigssil fueled power plants helps to extend the
original asset’s operational life as £fxices rise and emission limits fall. In doing €&£S
technologies reduce the amount of stranded etssin the power sector and the associated
financial strain on energy companies. Where the raiens of coafired power plants without
CCS soon become incompatible with the emissiongdtary of the 66% ZC Scenario, the
continued operation ofossil fielled power plants equipped with CCS wouldfbky compatible
through to 2050.

Thefossil fuelupstream sectois, besides the power sector, the one that carriee thain risk for
stranding assets as a result of climate policyolin analysis, ttanded assets in the upstream
sectorrefer to production facilities, including coal mmeoil and gas wells and processing plants,
that fail to recover the capital investment as a result of climate poliyFor oil and gas, the
relationship between the decline in demand in th6% 2C Scenario and production declines
from existing fields provides a crucial backdroghe stranded assetsistussionIn the 66% 2
Scenario, the maximum annual decline ford®imand in any year would be just over 3.5% per
year, while the maximum decline in gas demand wdagdess than 2.5% per year. As examined
in WEQ2016, the observed decline rate for conventional odlldis that have passed their peak in
production is around 6% per year, and if all invesit were to cease entirely, this decline rate
would accelerate to the naturalecline rate, which is closer to 9% per y¢tA, 2018). The
average global decline rates for gas fields areatlhp similar. In order to keepil and gas
production at the levels required in the 66%CXScenario, these declineguld need to be offset

by developing new reserves in known figldad by discovering and developing new oil and gas
resourceqFigure 2.38.

Figure 238 {Global oil and gas deman@nd observeddecline in current oil and gas supply
in the 66% 2CScenario
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In the 66% 2CScenario, between 2014 and 2050, around 350 biliarrels of new oil resources
and reserves would need to be developed to ensuren@ooth match between supply and
demand. Similarlyaround 115 trillion cubianetres (tcm) of new gas resources and reserves
would need to be developed. In the New Policiesn&@de, oil and gas demand grows to 2050
and so around 850 billion barreld new oil resources and reserves need to be devetbpnd
around 180 ¢m of gas. The 500illion barrel and 65dm differential between the two scenarios
provides some boundaries for the discussion abdrdaraled assets in the upstream sector. It is

58 The upstream sect@ncompasses oil and gas extraction as well asrooahg.
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invesiment in these volumes that runs the most risk ofcbming surplus to requirements. In

particular, a portion of the resources that are @nped in the New Policies Scenario, but that

are not developed in the 66%6QScenario, have already had money spent on thecalisry and

appraisal. The capital already spent proving upstheeserves, i.e. the exploration costguld

not be recovered in the 66%°Z Scenario ancould therefore be considered stranded. Of the

500billion barrel and 65 dm differential tetween the two scenario projections, arouanaQeT
300billion barrels and 30cm consists of proven, but undeveloped, reservess lhat simple to

assign thé value, particularly since the costs were incurredny years ago, but we estimate the

expenditure incurred to be aroundSD400billion for oil andUSD120 billion for gas.

Beyond these exploration costs, there is no reaadry other upstream oil and gas assets should
become stranded in the transition, provided the pess is one in which a consistent and credible
course towards decarbonisation is pursued. As lith power sector, if the path towards the
66% 2C Scenario is clear and visible to investors, the@uld be little reason for oil and gas
companies to develop new resources in the expeotatif a much higher trajectory for demand
and prices.

Coal is hit harder than oil or gas in terms of thecline in demand in the 6696 QScenario.
Indeed, the decline in demand would be greater thha natural decline in coal production from
existing minesA portion of existing coal mining capacity wouldifore need to be shuin
before the mines are fully exhausted these are at risk of becoming stranded assets. In
guantifying this, it is important to recognise thaver the lifetime of a mine, the ctsof labour
and the fuel and power required for the mining epguient far outweigh the capital expenditure
necessary. For example, while capital often congariground 5675% of the total costs of a new
oil project, it can represent less than 15% of taapenditure for a new greenfield coal mine. In
the 66% 2C Scenario, around 400million tonnes of coal equivalent (Mtce) capacitne-
quarter of current production, is closed betweenl120and 2050 before the mines are fully
depleted. The value of straed assets in the upstream coal sector is less th&D12 billion,
significantly lower than stranded capital in thevper and oil and gas sectors. This is because the
majority of mines that are shut have already recmcetheir invested capital well befortney are
closed. Of more concern is the impact that clodimig level of mining capacity would have on
direct mining jobs. In the 6696 @Scenario around one million direct mining jobs vebbk lost
due to the premature closure of assets, around 28f%urrent global coal mining employment.

Besides stranded assets in the upstream sectorh whie drop in oil demand in the 66% 2°C
Scenario, there is also a risk that some oil refesewould become stranded assets. However,
while there is over 68nb/d refinery at risk of closing by 2050 in thigsario (around twethirds

of total capacity today), this is unlikely to resinl any significant stranded investmernitlost of
the current refineries that would need to close tine 66% 2°C Scenario in early years in
developed countries: these were largely built sotilme ago and have already recuperated the
capital invested into them. Some refining capatigs been built more recently (within the past
ten years), but this is mostly located in the Migldtastand Asia. Refineries in these regions
remain robust even in the 66% 2°C Scenario thankth¢ availability of cheap feedstock or
relatively resilient demand. In total, the value sifanded investment in the refining sector in the
66% 2°C Scenario would be around @8billion.
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Box 26 {Delayed action on climate change and stranded asset

The level of stranded power plant and upstream fosel assets analysed in the 66% 2°C Scenario
hinges on the assumptions that the transition seamnmediately at the pace and level needed; that
all market participants act rationally; and thattipolicy and market signals related to the loarbon
transition are credible and visible. As investodfuat to lower demand and price levels thie 66%
2°C Scenario, they avoid lessking investment that could bear the risk of bednmstranded. In
the following, we construct a “disjointed transitiocase”, in which we examine the possibility that
climate action is delayed until 2025 and an giirand unexpected stephange in mitigation policies
occurs in 2025, whatever the reason. The assumpsahat to 2025, operators invest expecting that
prices and demand will continue to rise as in thewNPolicies Scenario. In 2025, a sudden shift in
climate policy is assumed to occur, with policy makseeking to ensure that cumulative energy
sector C@emissions between 2015 and 2100 remain as in tHé @C Scenario (790 Gt). Once these
policies are enacted, the pace of the emissionsuin is then faster than in the 66% 2°C scenario
to make up for the lack of effort over the precediten years. This is a hugely disruptive case for
energy markets and the abrupt change in 2025 wqadde enormous challenges to the industifar
example, from 20250il demand would need to fall by around 4% per yEaR050, onethird greater
than the rate seen over the same period in the 6% Scenario. Gas demand would need to decline
50% faster than in the 6696QScenario, while the pace of decline for coal woukddver twice as
fast. For a transition to materialise at such a pace, sias policy intervention would be required,
leading to an unprecedented ramp up of capacitylw-carbon infrastructure.

The implication for stranded assets would accordirtae substantial; the combined effect across all
sectors would be a rise by a factor of nearly thiaeer the level of the 66% 2°C Scenario. In the
power sector, stranded assets would be some USDBil86n higher to 2050, 25% beyond the level in
the 66% 2°Cc®nario. The assets most at risk of becoming steghid the 66% 2°C Scenario would be
those currently in operation that were affected Iblye immediate impact of price reductions from
2015. In the disjointed case, the tgear period between 2015 and 202here prices and demand
follow the New Policies Scenario, provides an ed&zhopportunity for these assets to recuperate
their capital investment. Over the 2015 to 2025 ipel, however, some countries would continue to
invest in new unabated codired power plants. While these plants can operate normatly2025,
their operations would plunge thereafter, stranditige majority of their invested capital. On balance
this latter effect leads to an increase in the cakttevel of stranded assets in the povesctor.

The increase in upstream oil and gas stranded asisethe disjointed case is much larger, given the
required pace of decline of demand. While a sigatiit part of the sudden reduction in demand that
occurs in 2025 would again be absorbed by declirongput from existing fields, two types of
stranded assets would still arise (in addition tetstranded exploration capital discussed above).
First, as was the case with the power sector, prijedeveloped between 2015 and 2025 that were
expectingprices to follow the New Policies Scenario outlamduld fail to recover their invested
capital. Larger scale and higher cost assets relam high and rising oil and gas prices over a
prolonged period after 2025 would be most at rigk.addition, part of the prolonged reduction in
demand would be absorbed by shutting in fields tlmgtve already been developed. The stranded
exploration capital would largely be similar to t66% 2°C Scenario, but total stranded oil investment
would be above USDtrillion and there would be over USEDO0billion stranded natural gas assets.

Coal assets would again be less affected; indeedédkel of stranded assets in the disjointed case is
actually lower than in the 66% 2°C Scenario. Bhiecause many of the minesat get stranded in
the 66% 2°C Scenario result from investments maetevéen 2008 and 2012, a period when the
outlook for the coal market and coal prices appehte be much more promising than it does today.
Many of these mines have relatively high breakevestg and so the capital at risk is higher than for
mines we would assume to come online in the futufe.price path following the New Policies
Scenario to 2025 covers most of the critical tinaefie for these higitost mines to recoup the capital
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invested into them. The disjointed case thereforeads to stranded coal assets of around
USD7 billion, most of which stems from projects that veerecently commissioned or are scheduled
to come online over the medium term.

Taken together, it is evident #t adisjointed energy sector transition wousdgnificantlyincrease the
value of cumulative stranded assets, demonstratthg importance of early action on emission Page [113
reductions to avoid unnecessary lossegj(ire 239).

Figure 239 {Cumulative stranded assets in the 66%C5cenario and the disjointed 6696 Qtransition
case
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< C u << FAdisjointed energy sector transition would increasstranded assets by a factor of three
relative to the 66% 2CScenario

Implications for energy security and import bills

The energy security implications of the 66%€ &cenario vary byuel. Securityof electricity
supply, an issue that often takes a back seat iergy security discussions, becomes a key energy
security concern, as electricity becomes the mosedi energy carrier thoughout the economy
and as most of this electricity is produced byiahle renewables. This raises the-dfscussed
issue of ensuring adequate system reliabitifyenhancing flexibility in the power system with
combination of improved networks, energy storagemiandsideresponsemeasuresand flexible
power plants (discussed in the power section abawe in detail in theWorld EnergyOutlook
2016.% In the 66% 2C Scenario, the rising share of variable renewabksiécommodated
through the effective management of the demand for electtigisupply and a rising amount of
energy storage at utility or decentralised level,drder to guarantee system reliability. But to
facilitate the necessary investments, and to enstite reliability of power supply at all times,
wider reforms to the design and operation of electty markets will often be necessary.
Electrification and the advent of ‘@smartel’, more responsive energy system will also require
constant vigilance from policy makers on issuesytsiersecurity.

Energy security deliberationgpan well beyond the power sector, as, for many coiast it
relates to their reliance on imports to satisfy destic energy demand. Such concerns have two
main dimensions: the actual physical level of inipalependency and the monetary value that is
as®ciated with it. The latter is a particularly impant measure, as fossil fughport bills can be

59 For furtherdetails on the integration of variable mewables in the power sector, s&¥orld EnergyOutlook2016 (IEA,
2016a).
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a major economic concerAlthough te 66% 2°Gcenario is not designed specifically to this end,
its aggressive pursuit of a patb facilitate achievemenbdf climate goals helpgo achieve the
desirable cebenefit of improving the balance gfayments of net importers. Within the G20
group, the netimporting countries stand to benefit from reduceahport bills, with the value of
oil imports falling by over USD 1 600 billion, -glaports by around USD 300 billion and coal
imports by around USD 50 billigRigure2.40)

Figure 240 {Net savings in imports bills for fossil fuel importingZB countriesin the 66% 2CScenario
relative to the New Policies Scenario, 2050
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< C u e P Fossil fuelimport bills would fall in the importing countries of the G20 group
in the 66% 2CScenario

Naturally, the other side of this equation is thavenues for fossil fuglroducers and exporters
are reduced relative to the New Policies Scenalmothe 66% 2C Scenario, these revenues
remains very substantial: net export revenuedassil fuelexporters in the G20 group amount to
a cumulative USD7.7trillion for oil andgas over the years to 2050, compared with a cunmuat
USD13.4trillion for the previous 35 years. Revenues asthcale would provide the opportunity
for exporters to reduce vulnerabilities by takintggs to limit their dependence ofossil fuel
reverue, as Saudi Arabia is doing with its sweepingoWigl030 reform programme. It is,
nevertheless, clear that in the world of a 66%C5cenario, theexport market for fossil fuel
producers is much smaller thamne based on the projections of the New Pda@k&iScenario.
Without additional compensating measures, such laeugh structural reforms, this is likely to
result in economic pressure for the countries comzal.®°

Implications for household energy expenditure

The investment required to reduce emissioirs the industry,transport andbuildings sectors
would be significantly higher in th&6% 2C Scenariothan inthe New Policies Scenario. The
purchase of more efficient appliances, boilers atloeo equipment, the insulation of buildings or
the purchase o electric cars brings about higher upfront investm needs. Thdncrease of
investment limits the ability of households (whicre responsible for a large part of the
investment made) and firms to invest in other aittes. Given that household consumption, in
general, is a particularly important driver of easnic growth, this is a major policy
consideration.

Yet, there is another side to the story. For houslels, the share of disposable income that is
allocated to energy expenditures varies by countiigpending, for example, on the level of

60 For more analysief structural policy reformssee OECD (forthcoming).
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taxation and extent of domestic energy resourcesgt 8rergy expenditures, in particular for-oil
based transport fuels, can be an important burdem lmusehold budgetsAggressive efficiency
measures as assumedthre 66%2°CScenario offers some important reliedith the deployment
of more efficient technologies, as well as loarbon technologies (such as renewaldased
heat or electric cars), energy expendituffes fuel useare generally much lower. In the 6624C

Scenario, on a global average, household energemdifure for fuel consumptiomrops below Page [116

the level of the New Policies Scenario during tB2@s, and below today’s level during the 2040s,
freeing up additional resources-ifure 241). However, upfront additional investments would

remain still well above the New Policies Scenanbjch would require the development of

appropriate financing models.

Figure 241 {Global average household energglated fuel expenditures in the New Policieand the
66% 2CScenarios
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Implications for air pollution

The energy sector is the largest emitter of airlpwbn, including harmful pollutants such as
sulfur dioxide (S§€, nitrogen oxides (N and fine particulate matter (smaller than
2.5micrometreg (PM,s), which are responsible fabout6.5million premature deaths each year
(IEA, 2016)% The pursuit of strategies to reduce GHG emissioos fthe energy sector can
have imporant cobenefits for mitigating air pollution. For examplat a global level,
combustionrelated SQ emissions mainly relate to the power sector. A powsector strategy to
displace unabated codired power generation with nommitting fuels (such as remables and
nuclear power) can therefore reveal important retioos of S@ emissions. In the 66%°Q
Scenario, thigould cut energyrelated S@emissions by almost 60% in 2050, relative to theele
of the New Policies Scenarigiure 242).

Combustiorrelated NQ emissions, large parts of which are, at a globaklerelated to the
transport sectorwould alsobe drastically reduced in the 66%8@Scenario. The switch to etec
cars, both for passenger and road freight applicagids a key means for combustioglated NQ
emissions to drop by 55 % in 2050, relative to ltweel reached in the New Policies Scenario. This

61 Recognising thair pollutant emissions cannot simply be calculated applying emissions factors to fuels (as emissiare
typically very process dependent), the IEA’s assess of air pollutant emissions is conducted usintink of its World Engy Model
with the Greenhouse Gas and Air Pollution Inte@usi and Synergies (GAINS) model of the Internatidnstitute for Applied
Systems Analysis (IIASA). Results for air poll@anigsions in this study are basedBnergy and Air Pollution: World Energy Outlook
Special Reportvhichincludes an irdepth discussion otthe applied methodologylEA 201&).
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reduction is particularly importann urbanareas where traffic is a major source of air pollution
and, given proximity of human exposure, is a sigaift cause of premature deaths.

Fine particulate matter (Pp}) is one of the most harmful substances among thariousair
pollutants. There arenultiple sources: in developing countries, PMemissions are often linked
to the traditional use of biomasm inefficient cookstoves; in developed countries, yhstem
from industrial facilities and power plants, as vak road traffic. While a decarbonisation
strategyfor the energy sector is a key ingredient for their uetlon, an entire phaseut of PM 5
emissions would require wider efforts, includingeegy access policies in developing countries
and strategies to avoid traffic in urban areda some cass, the pursuit of climate targets can
create conflicts with air pollution targets if thitter are not being adequatelytaken into
account. For example, while the use wbod burning stovesfor residential heating is a
favourable option for the achievement of climategats,it can contribute to indoor air pollution
if appropriate standards are not put in place

Figure 242 {SQ, NG(and PM s emissions by scenari@015 and 2050
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While important, the pursuit of a decarbonisatiotrategy alone is not sufficierto mitigate air
pollution. The deep pollutant emissions reductioregjuired to minimse adverse impacts on
human health require more stringent pollution coatrpolicies to facilitate the uptake of
advancedair pollution controltechnologies. Their adoptiomwould further reduce emissions
beyond the level reached in the 66% B¢&nario.

Implications for energy access

Access to modern energy serviceslectricity and clean cooking facilitiess a crucial factor in
human development. Every advanced economy has redqusecure access to modern energy
services to underpin its development and foster gerity. While many countries are focussing
on energy security and decarbonising their energyx,mmany others are still trying to secure
sufficient energy to meet basic human needs. Inaleping countries, access to affordableda
reliable energy services is a building block touasl poverty, improve health and increase
productivity, and is a necessary step to promotersmmic growth. Today, billions of people lack
reliable access to either electricity or clean cimgkfacilities, or both.

Even among G20 countries, energy access remainscakproblem: around 300 million people
(6% of the population) have no access to electricdday, many of which are in India and
Indonesia. This is around a quarter of the glol@dydation without access. Maintaining access to
electricity for those already with access is alschallenge. For many who currently have access
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to an electricity connection, the supply is notiagle and the steady delivery of electricity in

many countries is daily challenge. Major strides have been taken2@i5, the government of

China announced achievement of universal electrigitcess, culminating the largest national
electrification programme in history. In India, thaectrification rate reached 81%glmost

doubling the 43% rate of access in 2000. But, gtobal level, the situation is not expected to

improve much further in the next few decades unlesere vigorous action is taken, especialW
outside the G20 group. In the New Policies Scenanimrethan 780 million people are projected

to remain without access to electricity in 2030 lggdly, of which 66 million are in G20 countries.

By 2040, while G20 countries are almost fully eléet, more than half a billion people still

remain without access at a global level.

In addition to the lack of electricity access, thare around 1.4 billion people in G20 countries
who still rely on the traditional use of biomass fiboking today, or 30% of the population of the
G20 group. This represents arouhdlf of the more than 2.7 billion people without mern
cooking access in the world. For cooking, the akls worse than for electricity access in our
projections, with nearly 1.9 billion people stillitliout access in 2040 in the New Policies
ScenarioThis is largely because in several regions, grafttooking access solutions does not
keep up with population growth. Such trends aresally apparent today. In s#Baharan Africa,
for example, the rate of access to modern cookiag fbeen decreasing geon-year in recent
years, and in general, access to electricity isrjiised in national agendas over modern cooking
access.

The projections for energy access in the 66% 28@a8i0 are similar to those of the New Policies
Scenario- while climate pdicies can have positive dmnefits for energy access, they are not
enough in isolation. Dedicated policies beyond #hdbat decrease GHG emissions will be
needed to achieve improvements in modern energyeasc Nevertheless, climate policies can
complement the challenge of meeting energy access targefibe faster deployment of
renewable and distributed technologies as a restdiltmeeting climate objectives is expected to
bring down costs of lowearbon technologies worldwide. This would allowraager deployment

of decentralised electricity access solutions inafuareas in particular, which currently account
for 83% of the global population without accessm@te policies can also provide-benefits for
modern cooking access. One example is thelatgment of LPG for water heating and cooking
services in urban areas in developing countries tigio the use of electricity and renewables.
This is a useful measure for reducing GHG emissionsban areas, but would also help to
restrain the tight LPGupply that can be observed in some rural areast{sag in India), where
the amount of LPG available is insufficient to mést needs of the poorest segments of the
population. Although there is a risk that climateligies will increase the consumer priof LPG,
targeted additional access policies can help tousaghat LPG remains available and affordable
as a clean cooking option for those without accessural areas. There may be further synergies
between climate policies and measures to improve dexm cooking access. Biomass
consumption in the 66% 2°C Scenario would reacbethie level of today in 2050, which would
increase competition for biomass and available I¢seke Box 21). Although traditional uses of
biomass today are rarely ever in competition witloaern uses of biomass, such pressure might
increase in the future with the pursuit of climagmals and could act as a spur to incentivise a
switch fromthe traditional use of biomass for cooking and areefficient use of biomass in
general.

Climate policies can be designed to complement gpexccess objectives. But achieving univeral
access to modern energy by 2030 would generallyehawnegligable impact on global energy
demand and GHG emissions. The IEA has been pmviddepth analysis related to access to
modern energy services for almost two decades amalsistently highlights that even achieving
universal access to electricity and clean caghkiy 2030 would add less than 1% to overall energy
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demand and energyelated CQ@emissions in that year (IEA, 2013). This meartstiieaadditional
contribution to climate change from achieving greaticcess to energy for the undserved is
negligiblen some cases, it can even be positive. The IEA&$tasated that, to replace kerosene
lamps, providing electricity access to the hiion people (16% of the world’s population) that
still lack access to electricity could save anneated 35 Mt of C@per year, in addition to the
multiple benefits that such a switch could providEA, 2015). Another example is the traditional
use of biomass for cooking. There is much uncetya@bbout the actual level of GHG emissions
from traditional cookstoves usingolid biomass, since their efficiency is widely atalg. But,
typically, their efficiency is low and the combuastiprocess incomplete. Their displacement is a
key priority for energy access, given their adveirspacts on human health. But this can reap
climate benefits, too, as biomass is a renewablerse only if harvested sustainably, while
burning biomass in traditional stoves may actualipittmore GHG emissions (i.e. including
methane and nitrous oxides emissions) than even &fe@es.
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Chapter 3 Global Energy Transition Prospects and
the Role of Renewables

Author: International Renewable Energy Agency

Key messages

The world has entered a period of energy transitiomhe global imperative to achieve
sustainable growth and limit climate change, conaoirwith a rapid decline in costs and rising
investment into renewable energy, has put in noot a transition of the way that energy is
produced, distributed and consumed. Innovation ahe accelerated deployment of low cost
renewable energy, energy efficiency, widespreadceitication and the use of information and
communications technologieme essential to accelerating this energy transitio

The importance of reducing energglated CQ emissions and achieving the goal of limiting
climate change is at the heart of this transitio.he carbordioxide (C@ emission intensity of
the global €onomy needs to be reduced by 85% over the nexye&'s in order to limit global
temperature increases to below°@ degrees compared to 1990 levels. This means hegluc
energy C@emissions by 2.6% per year on average, or 0.6 Gyear on absolute termslo be in
line with the aim of the Paris Agreement to reduepergyrelated CQ emissions, the global
energy transition (or decarbonisatiomust be accelerated over the next 35 years in order
prevent global temperatures from rising more tharf 2.

Gowernments have a critical role in accelerating theergy transition. Governments have the
responsibility to enact an enabling policy frameWwdhat provides longerm certainty for the
private sector and ensures a positive environmamntthe energy transition. Market signals must
be put in place that create financial incentives fow-carbon solutions. The governments of the
G20 countries play a key role in this regard gitleat they account for a large share of global
greenhouse gas emissions.

A holistic approach to the energy transition should be atehheart of the G20 effortsThe
transition is feasible and in line with the Pariseégment and the UN Sustainable Development
Goal as it encompasses all sectors of the energgsyand would ensure an affordable, secure
and sustainable supply of energy. The transitioeggbeyond the energy sector, and will have
wide-ranging benefits for the economy and for the wayigties operate.

Renewable energy and energy efficiency measures @atentially achieve 90% of required
carbon reductionsWe have a good understanding today of what the g@yetransition can look
like from a technical, policy and business perspectAccelerated deployment of renewable
energy and energy efficiency measures are the Keynents of the energy transition. By 2050,
the accelerated deployment of renewables and eneefficiency can achieve around 90% of the
emissions reductions, while the remainder woulddmhieved by fossil fuel switching and carbon
capture and storage (CCS).the decarbonisation case presented here, nucleawer stays at
today’s level until 2050, and CCS is exclusivadiogled in the industry sector.

In this decarbonisation case, energy demand in 20806uld remain around today’s level due to
intensive energy efficiency improvement&nergy intensity improvements must double to 2.5%
per year by 2030and continue at that same level until 205Dhe share of renewable energy
must meanwhile rise from around 15% of the primaenergy supply in 2015 to around 65
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2050. Around half of the incremental energy intensity irmgements could be attributed to
renewable energy. This includes efficiency gainmfrenewable energypased heating, cooling
and transport and electrification coupled with remable power. We hae witnessed accelerated
deployment of solar and wind power on a global ecal recent years, based on technology
innovations and dramatic cost reductions. Eleatdtion of enduse sectors will gather speed, for
example in electric vehicles and heat posn

The energy supply mix would change substantiallpsEil fuels will continue to play a role in
the energy transition.Total fossil fuel use in 2050 would be a third @day’s level but the use of
coal would decline the most, while oil demand would at 45% of today’s level roughly
equivalent to today’s oil production volume of OPE@e world will not run out of fossil fuels, but
it will stop using the most challenging resourchatthave high production costs, such @it
sands and #tic oil While natural gas can be a “bridge” to greater use erigawable energy, its
role will be a shortived one unless it is coupled with high levelsC@S. There is a risk of path
dependency and future stranded assets if naturad gaployment expands significantwithout
longterm emissions reductions goals in mind.

Such an energy transition is affordable but it will require additional investments in low
carbon technologies compared to the Reference Casdusinessas-usual Further significant
cost reductios will be major drivers for increased investmentsass the range of renewables
and enabling technologies, baumulative additional investment would still needat amount to
USD 24rillion over the period 201582050 to meet decarbonisation target3.his § in addition to

the investments in the Reference Case of USBXidllion in the same period. Incremental system
costs would amount to USD 1t8llion in 2050. However, reducing human health damages (a
fundamental driver for energy policy in key G20 miies) and C@emissions from fossil fuels
would save betweeltwo- andsixtimes more than the costs of decarbonisation.

From a macroeconomic perspective, the energy traimi can fuel economic growth, create
new employment opportunities and enhance human h#&aland welfare GDP will be boosted
around 0.8% in 2050 compared to the Reference C@ke.cumulative gain through increased
GDP from now till 2050 will amount to U%Btrillion. Increased economic growth is driven by
the investment stimulus and enhanced through {g@wth policies, in particular the use of
carbon pricing and recycling of proceeds to lowaoime taxes. Important structural economic
changes will take place. While fossil fuel indestriwill incur the largest reductions in seetb
output, those related to capital goods, servicesdabioenergy will experience the highest
increases. The energy sector (including energy ieffay) will create aroundsix million
additional jobs in 2050 compared to the Referena@se Job losses ifossil fuels would be
completely offset by new jobs in renewables, witloma jobs being created by energy efficiency
activities. The overall GDP improvement will inddoether job creation in other economic
sectors.

Improvements in human welfare, including economincial and environmental aspects, would
generate benefits far beyond those captured by GDRound 20% of the decarbonisation
options identified are economically viable withowbnsideration of welfare benefits. Yet
renewables improve welfare in ways that are not wapd by GDP. The remaining 80% are
economically viable if benefits such as reducedhate impacts, improved public health (a key
consideration, given theillions of deaths every year due to air pollution), amgproved comfort
and performance are considered. However, today’s metskare distorted- fossil fuel
consumption is still subsilid in many countries and the true cost of burningdil fuels, in the
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absence of a carbon price, is not accounted for.uhtock these benefifsthe private sector
needs clear and credible lofigrm policy frameworks that provide the right matkincentives.

Early action is critical in order to limit the plat’'s temperature rise to 2C and to maximise the

benefits of this energy transition, while reducintpe risk of stranded assetslaking action early

is also critical for feasibly maintaining the optiof limiting the global temperature rise to 2.

Delaying decarbonisation of the energy sector wocddise the investments to rise and woulgage 1123
strand an additional USDO trillion in assets. In addition, delaying action would requhe use of

costly technologies to remove carbon from the atpbere (known as negative emission
technologies, such as bioenergy with CCS) in amlestay below the 2C target. Also, further
development of solutions will be needed for sectomhere no significant or economically
attractive solutions exist today. Early action éeded in deploying renewables, improving energy
efficiency and establishing the enablingrastructure and supporting technologies.

Sectoral approaches must be coupled with systemsd&iperspectivesto addressthe main
challenge of reducing the direct use of fossil fagh enduse sectorsDeep emission cuts in the
power sector are a key opptunity and should be implemented as a priority.he power sector

is currently on track to achieving the necessaryissmons reductions, but it must continue
ongoing efforts and focus more on power systemggnation as the share of variable renewable
power rises. In addition, electricity accounts only favout onefifth of final energy use today.
The share of electricity in total final energy commtion needs to increase to 30% by 2050. This
means that a broader coupling between the powertse@and enduse sectors such as transport,
buildings and industry is required. In transpofetnumber of electric vehicles needs to grow and
new solutions will need to be developed for lerapge haul trucks, airplanes and shipping. It is
critical that new buildingare of the highest efficiency and that existing erae retrofitted and
refurbished at an accelerating rate. Buildings a&itgl designs should facilitate renewable energy
integration. There is an important role for goverants to facilitate enabling infistructure such
as recharging stations, smart grids and sustainbldmass supply chains.

Carbon emissions from energy use need to fall toa@by 2060 and stay at this level thereafter
to achieve targets by the end of the centurin order to limit theglobal temperature increase to
below ZCwith a 66% probability of meeting the target, arsficant effort also is required to

reduce industrial process and land use emissionartbelow zero. Without such progress in Ron
energy sectors, the climate goal cannot be reached.

Increased investment in innovation needs to starbw to allow sufficient time for developing
the fundamental new solutions that are needed for uitiple sectors and processes, many of
which have long investment cycle3.echnology transfr will also be part of this transition. For
more than onethird of all current energy applications, econoniigaviable technology solutions
are limited today, mostly in endse sectors (buildings, industry and transport)u8ons will also
be requiredto overcome institutional barriers in these sectpssich as addressing carbon leakage
in industry, and developing policies for bunker lfwse for aviation and shipping. Technology
innovation efforts will need to be complemented bew market designs, nepolicies and by
new financing and business models.



Global Energy Transition Prospects and the Rol®ehewables © IRENAR017

Introduction

This chapter presents the findings from IRENA'dyaisthat employs its REmap approach to
analyse which technologies are required for an gyetransition or a decarbonisation of the
energy sector in line with the goals of the Parige®ment and to assess the implications of@ 2

Page |124 Scenario, with a 66% probability of meeting thatrget. This work builds on the REmap

technology options analysis for 2030 and expands tutlook to 2050 Moreover, energy
efficiency and renewable energy technology optitiase been combined for the first time into a
full-scale REmap case up to 2050. In the REmap case, allhiypes of lowcarbon technologies
are assessed in detail for a decarbonisation of #mergy sector, the chapter pays particular
attention to the role of renewable energy technoleg in realising the transition. This is
complemented by a codienefit analysis and an assessment of the REmaprggnenix
macroeconomic impacts, using arsion of the E3SME econometric model that takes BREmap
findings as the main input.

Box 3.1{G20 Renewable energy toolkit and REmap

The REmap programme is part of the G20’s toolkiVofuntary Options for Renewable Energy
Deployment(G2Q 2015) In 2.6, the G20 countries, under the Chinese presideagyeed on a
voluntary action plan for renewable energy. It loisilon a toolkit with five pillars:

x Analysis of renewable technology costs, cost remurctpotentials and best practice
exchanges.

x Best pradce exchanges on enabling policy framework desigth power system integration
of high shares of variable renewables.

x Development of a renewable energy specific riskigation facility.

x Assessment of country renewable energy technologyteptials and deviepment of
roadmaps.

x Acceleration of modern bioenergy deployment.

The G20 accounts for 75% of the renewable energgrg@l worldwide (IRENA 20a5 This is
the first time this important body has started arcteon agenda on renewable energy. Earlier
REmapanalysis for G20 has shown that use of renewablergy in the global energy mix can
double by 2030, compared to the 2015 level (IRE20A6a). The results show that in each of the
G20 countries, significant renewable energy oppoities remain beyond today’s policy plans,
and that the benefits exceed the cost. These opsi@man double the global renewable energy
share by 2030, a growth rate of more than one petege point per year. (This does require
using “modern” renewable energy sources, replacamy traditional uses of bioenergy, such as
for cooking and water heating, that are inefficiemt unsustainable.) The potential to accelerate
renewable energy deployment varies by country. Sauantries may get less than a 10% share
of energy from renewable sources in 2030, whileesthcan achieve more than a 90% share. The
starting points vary, the state of the policy framerks vary and the resource endowment and
fuel pricing varies. But all countries can acceterdaheir renewable energy deployment
significantly.
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Definitions of the Reference Case and REmap

The analysis is based on a sector and technologioineup analysis for individual countries,
whose output is fed into a global maeezonometric model that assesses the macroeconomic
impacts of REmap compared to the Reference Case.

The analysis starts thi the Reference Case, which is the most likely dzased on current and Pa9¢ 1125
planned policies and expected market developmentseach country’s energy sector. IRENA has
collected data from the G20 countries about theational energy plans and goals for the period

2015 to 2050.

This Reference Case reflects the Nationally DetszthiContribution (NDC) if it is already an
integral part of the country’s energy plan (whighthe case for around 60% of the total global
primary energy supply¥ If there were any data gaps, such as missing y&aggeparation of the
Reference Case, they have been bridged using deethivd-party scenarios (e.gEA). Important
renewable energy deployments and energy efficieimgrovements are already included in the
Referene Case since each country has a goal to increasuirent renewable energy capacity
and improve the energy efficiency of its energyteys

The analysis then examines a loarbon technology pathway that goes beyond the Rafee
Case for an energy traition. This is called the REmap case. Technolegesred under REmap
include:

x Renewable energy technologfésfor energy and as feedstock for production of
chemicals and polymers (referred to as “RE” inrdt of this chapter)

x Energy efficiency meases (“EE”) and widespread electrification that alseproves
efficiency” (“ELEC?)

x Carbon capture and storage for industry (“CCS")

x Material efficiency technologies such as recyc{iif@THERS)

REmap explores the energy transition to decarboise energysystem in line with the goal in
the Paris Agreement of limiting global temperatuige to less than % above preindustrial
levels with a 66% probability. Energy@missions need to fall from 33 gigatonnes (Gt) 042

to below 10 Gt per year in 2050, then drop to zbso2060 and stay at that level (emissions must
drop below zero to limit the increase to 2®). The X target requires energelated CQ
emissiongo drop to 2022 Gt per year by 2030. Such a reduction translébes decrease in the
average C@emissions per unit ofross @mesticproduct (GDP) (or the carbon intensity of the
global energy supp)$’ by more than 85% between 2015 and 2050 (IREPRAG).

The analysis of the technology potential has beamied out at the suksector level for the world
as a whole. For example, the analysis looked at-inaking processes in the steel industfy.
Thirteen sectotspecific background summaries as part of ianovation agenda have been
prepared by IRENA (IREN®17a)’’ The analysis also estimated the potential for audial

62 This chapteemploys the physical energy content method to caifeom final to primary energy.

63 All formsof renewable energy have been included, namely bergy, geothermal, hydropower, ocean, solar anddvin
energy.

64 Electrificationis covered undr energy efficiency as electricibased technologies are generally much more effictean
those that rely on the combustion of fuels to delivthe same energy service.

65 In thisstudy, carbon emission intensity is expressed imts of C@per USDGLCP measured in purchasing power parity
(PPP).
66 A detailedoverview of the bottoraup methodology can be found onlifERENA2017b).

67 Industry: steel (referred to as “STEEL” in this chaptenent (“CEM”), chemical and petrochemical (“CHEMI)minium
(“ALUM") and pulp and paper (“PAPER”). Buildingacspheating (“SH”), wateneating (“WH”"), space cooling (“SC”) and
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renewable energy and energy efficiency in each GRhtry beyond the Reference Case. Country
results have been aggregated to assd®s developments for the G20 as a whole, and theyp al
have been scaled up to the world level based orbglaoverage factors by energy carrier and
sector.

The energy demand of each ende sector has been disaggregated to the main energ
consuming applidioons. Physical level activity (e.tonnes of steel production) has been
combined with technology options. Each technologjian has been characterised by its energy
mix and cost. The growth rates of the various ptaisievel activities were estimatearf the
period between 2015 and 2050. Estimates of the ggetonsumption for these activities under
the Reference Case were also included. For REmappdtential of increasing the use of lew
carbon technologies for each application was estedebased ormmarket growth rates, resource
availabilégy and other constrainf§.Key energy and materials system interactions weketainto
account.

The assessment pays special attention to renewaniergyenabling technologies and sector
coupling solutions, such as electric vehicles, iistheating and cooling, heat pumps and
interconnectors that allow electricity to flow beten networks.

The C@emissions in both the Reference Case and REmap lteste estimated by country and
by sector. The system boundariestbeé emission accounting have been provided latetha
chapter where relevant. This allows the assessnoéihe changes in each sector’'s £gmissions
between 2015 and 2050 with the introduction of lex&rbon technologies.

Five economic and human weléamdicators have been deployed to characterise itin@acts of
REmap. These include:

x The investment needed to achieve the REmap tecthmpfmathways.

x Macroeconomic impacts of those investments in reable energy and energy
efficiency. Those include impacts on GDP and empmdoy, along with structural effects.

x Additional proxies of welfare, since GDP is a éichimeasure of human welfare. GDP
does notcapture important components, such as improved tiedlecause of reduced air
pollutionand climate impacts avoided.

x The additional energy supply cost (i.e. system)cost

x An estimation of stranded assets, including botleryy assets (in electricity geragion
and the upstream fossil fuel supply sector) andetsén the enduse sectors of buildings
and industry.

cooking (“COOK?"). Transport: passenger cars (“CARigr road passenger (‘ROAD_OTH"), other passengarsport
(“PASS_OTH") and freighEFRE"). Power (“POWER”) and district heating amdirng (‘DHC").

68 See (IRENAR017a¥or details of this assessment.
69 Forexample, a switch to new iremaking processes reduces availability of blastdamslag as a clinker substitute. Also
biomass scarcity has been accounted for acrogzoahible applications.

70 A detaileddescription of IRENA REmap costs and externalitthadelogy can be found onlinHRENA2016d; IRENA
2014a).
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Box 3.2 {Definition of the economic and human welfare indit@'s used

x Additional investment needs (in USHllion): These needs are the muof the differences
between investment needs based on the technologyx miREmap and the Reference Case in
201550. Investment needs in 204D are estimated by summing the investment in eaehry
in that period. Investment in a given year is essd as the product of the capital
investment cost and the deployment of the technojogn that year. These include
investments for both energy generation capacityg(goower plants, heating equipment, etc.)
and for infrastructure (e.g. transmission and disfition lines, energy storage, recharging
infrastructure for electric vehicles, and hydrogand CQ pipelines). Investment needs for a
Delayed Policy Action scenario have not been egtohas that scenario is not considered as
an option in this assessmentnvestments related to delayed policy action could be
significantly higher than the investment needs the Reference Case or REmap given the
effort that would be required to remain within theame carbon emission budget to realise
the decarbonisation athe energy system.

X Macroeconomic impacts of those investments in readle energy and energy efficiency:
These impacts are measured in terms of GDP (tatalontput’™ produced by all economic
sectors in a country in a given year), employmenttfie renavable energy sector, in the
overall energy sector and in the economy as a whate structural effects (i.e. differences in
the contribution of different economic sectors td®).

x Changes in human welfare in economic, social andrenmental terms: Therés a broad
literature on human welfare and sustainable devetmgnt indicators, with significant work
having been undertaken by institutions such as TWerld Bank, the Orgasition of
Economic Caoperation and Development (OECD) and the Europeamn@ission. This
analysis does not intend to be as comprehensiveyu$ing only on two proxies to welfare: the
reduced externalities from impacts of fossil fuedeuon human health and from impacts of
climate change (in UStllion per year). They are calculated as the sum of tHéeinces
between the external costs from generation of engrglated to air pollutants and GO
emissions based on the energy mix in REmap andRéference Case in 2050. No aggregation
into a single welfare indicator has been done.

x Inaemental system costs (expressed in UtEMion per year): These are the sum of the
differences between the total capital and operatiegpenditures of all energy technologies
based on their deployment in REmap and the Refezebase in 2050.

x Stranded assts (in USDOtrillion): The calculated stranded assets are the remairbingk
value® of assets substituted for before the end of theintiipated economic lifetimes and
without recovery of any remaining value becauseths need for a deep decarbonisation of
the energy system in the 2042050 period’’

Table 3.1shows the key assumptions used in this assessnwenbdth the Reference Case and
REmap. All assumptions have been set exogenoushetanalysis.

No differentiation has been made in energy pricetween the Reference Case and REmap. The
energy prices provided inTable 3.1lare an average of both cases. Depending on regiwh a
demand/supply balance, prices would differ. For theacroeconomic analysis, lower future

71Valueof output minus the value of required inputs.
72 Bookvalue is defined here as the cost of an asset, simecumulated depreciation.
73 A detailedbackground paper of IRENA's stranded assets assessan be found online (IREN2017c¢).
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energy prices are assumed in the REmap case, #iwegerepresent relevant expenditures and
incomes for different economic agents. The pricesdiare in line with the New Policies Scenario
and the 450 Scenario of th&orld Energy Outlook 20X82A 2016).

Moreover, no carbon price has been assumed in #mialysis. The approach taken to estimate
the incremental system costs, and subsequently ¢bst of abatement of lovecarbon technology
options (in USD per tonne of gQfollows a government perspective where energyces
exclude all energy taxes and sidies, and a standard 10% discount rate is appligds shows
the cost of the transition as governments wouldaééte it. For the macroeconomic analysis, on
the contrary, a carbon price is used since it afethe energy costs that companies and
houselolds face, and the tax revenue that governmentdemtl The carbon prices assumed for
the Reference and REmap cases are, respectivedgdban the New Policies Scenario and the
450-Scenario of th&Vorld Energy Outlook 2016@ifferentiated by country andector(IEA 2016).

Since for some indicators (egnergy prices) there are differences between whatrevassumed

in Chapters 2 and 3 of this study, a sensitivitglgsis on the REmap analysis was carried out that
uses similar assumptions to quantify thbanges in the results. For instance, by makingafse
higher energy price assumptions, the sensitivitalgsis also allows the assessment of the impact
of introducing a carbon price to the energy systérhe sensitivity analyses are presented at the
end of this chapter.

Table 31 {Key assumptions

Unit 2015 2050
Population million s 7 350 9700
GDP %/yr in 2015 -2050 2.8
Average energy prices
Coal USD/GJ 2.5 3
Crude oil USD/barrel 50 80
Natural gas USD/MBtu 7 11
Biomass feedstock USD/GJ - 8
Discount rates % - 10

Note: All economic data refer to real 2015 USD. GJ=gifggoMBtu= million British thermal units.

The aim of REmap is to communicate results to ardesaudience. This includes policy makers to
technology developers, academia and the generallipulfherefore, REmap employs a unique
methodology to assess the potential of laarbon technologies. The identification of the
additional lowcarbon technology potential is the most importarteg of the process. For this
purpose, a spreadshedtased simple accounting framework was developede @m is not to
apply complex models or sophisticated tools to assthe potential, but to facilitate an open
framework with countries to aggregate the nationatergy plans, and subsequently identify
technology options. Deployment of technology optiohas been chosen independently. The
choice of a technology analysis approach insteadh afcenarios approach is also deliberate.
IRENA’s REmap is an exploratory study, and is eaintras a targesetting exercise. Instead,
countries can make informed choices as to how t@ dle identified options. REmap was
designed from the start to be practical and to-gperate directly with countries in order to
analyse and disrss their specific cases in detail. Such an appradso creates an opportunity to
discuss implementation of the options identifiedthvthe countries, and to improve the existing
analysis continuously over the years. Thus, REmap evolving exercise.

Given its nature, the REmap approach also has aoeumf limitations. For instance, REmap uses
a single time step for the years of 2030 and 20HBfe time period between 2015 and 2030/50 is
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not assessed in detail. For example, the analysissdnot take nto account interactions,
developments and dynamics across technologies edlfacks in energy prices due to demand
and supply changes (e.g. rebound effects). Moreoirggr-temporal dynamics and inertia that
determine deployment, system constraints, patBpendencies, and competition for resources,
etc. also are not explicitly taken into accounty(@a et al., 2015).

An earlier study has compared the findings of REmiip the results of the IEETSAP models atf?age [129

both national and global levels. The premise of ttbmparative analysis was that the sequence
of technology options in REmap’s casipply curves should be similar to the technologyiays
selected by the ETSAP models as they increaseetidred share of renewables in their energy
system. Thecomparison suggests that for a number of countréesl regions, the results are
directly comparable to the REmap country resulisniidener et al., 2015).

For the macroeconomic analysis, the REmap energgsvare taken as an exogenous, fixed input.
The enegy mixes are fed into a fuljedged postKeynesian global maceconometric model
(ESME) that takes into account the linkages betwdée energy system and the world’s
economies within a single and consistent quantitatiramework’*

Energy transition ® 2050: a key role for renewable energy

EnergyCQ emissions fall by more than 60% by 2050 while Giyplds

Policy makers are looking for effective approactweachieve decarbonisation. Renewable energy
is a key solution. Reducing £nission levels by increasing the deployment okesgable energy

is already affordable and would result in significaaconomic benefits. Many NDCs already
anticipate deploying more renewables in order t@oeegreenhouse gasgHG emissions. Those
efforts need to be accelerated to reduce emissions duiekiough to limit global temperature
increases.

Earlier analysis has indicated that renewable endephnologies, in combination with greater
energy efficiency gains, can achieve most of trguieed emssions reductions by 2030 and 2050
(IRENA, 2016c). Some fossil fuel switching, Ci@8uistry and nuclear could close any remaining
gap.

The Reference Case represents developments in gnetgted CQ emissions based on policies
in place and considers the latest energy policyeath G20 country as indicated in its national
energy plan. For countries outside of the G20, thsults have been scaled to the global level
based on the findings from the G20untries. In the Reference Case, GDP at purchgsngr
parity triples and primary energy demand grows B¢Hbetween 2015 and 2050. Emissions will
continue to grow, reaching 45.1 Gt by 2050 (+292€) €missions from fossil fuel combustion
only grow to40.2 Gt per year).

It should be noted that the energy plans for 40%lef world’s total primary energy supply were
not consistent with the corresponding NDCs. Ikakrgy plans matched the NDCs,,@@issions

in the Reference Case would be about 3 &tyear lower in 2030. Fully implementing the NDCs,
therefore, is a welcome first step. However, thdgre are not enough. If implemented in full,
they will reduce emissions by 20% by 2030, far fleaa the 50% decline that is needed. Revising
the NDCsni 2020 to make them more ambitious is a criticalpsttherefore, even more ambitious
plans are needed for 2030 and beyond. Given theentrgneed to reduce emissions and the long
lead times for deploying lowarbon technologies, early action should be ¥ lgart of these
plans.

74 See AnneB for details on the methodology
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Energy efficiency measures and renewable energlydsiiver the lion’s share of the emissions
reductions needed to decarbonise the global enesygtem. Energy and materials efficiency
improvements can reduce emissions by about 4 b$t2030, about 30% of the emissions
reductions needed. Electrification cuts another 155, or 10% of what is needed. Renewable
energy options that were identified based on thettoon-up analysis of the G20 countries can
reduce emissions by another 10 @s a result of these measures, 2030 emissions wialldo
25.5 Gt in 2030 (with the remaining fossil fuel darstion emitting about 2 Gt of C@emissions
per year).

This level is sufficient to put the world on &2pathway in 2030. But to keep the wbon this
pathway, efforts need to be strengthened furthertineen 2030 and 2050. This would require
energyrelated CQ emissions to drop to below 10 Gt by 2050, which lgoe 70% lower than
2015 levels and 31 Gt less than in the Referense Gsbout half of these reductions would come
from renewable energy technologies. Energy effickermprovements and electrification would
account for the bulk of the other half. The remaigi 10% of reductions would come from
additional measures in industry, notably CCS, maltezfficiency improvements and structural
changes.

Figure 31 {Primary C@emission reduction potential by technology in theeference Case and REmap,
20152050
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Notes: CQ emissions include energglated emissions (fossil fuel, waste, gas flariag)l process emissions from industry. If only
fossil fuel emissions were displayed in this figu2€ emissionswould start from 33 Gt in 2015 and would rea¢®.5 Gt and 9.5 Gt
per yearin 2050in the Reference Case and REmap, respectively.

< C u <+ FRerjewables would account for half of total emissiemeductions in 2050, with another
45% coming from increased energy efficiency andogiiication.

G20 has a key role to plag the energy transition

Meeting the goals of the Paris Agreement requires world to speed up decarbonisation of the
enrgy sector. The UN Sustainable Development G{aI3G) also call for an accelerated
deployment of renewable energy. This means scalipghe deployment of mature renewable

technologies such as solar photovoltaic (PV) anshore wind. It also requires an accelerated
rollout of emerging technologies.
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This energy transition will not happen by itselfiefe is a critical role for governmento create

an enabling policy frameworks that provide letggm assurance for the private sector and
ensures a conducive environment for the energy sidion. Market signals must be put in place
that create monetary incentives for leasarbon solutionsThe G20 will be responsible for making
80% of the global energglated CQ emissions reductions needed to reach the 2050 goals

(Figure3.2). That requires a holistic approach at the hedrtlee G20 efforts. Page [131

Figure 32 {CQ emission reductions in the G20 and ngb20 groups, 2012050
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Notes: CQ emissions include energglated emissions (fossil fuel, waste, gas flariag)l process emissions from industry. If only
fossil fuel emissions were displayed in this figu2€ emissionswould start from 33 Gt in 2015 and would rea¢®.5 Gt and 9.5 Gt
per yearin 2050in the Reference Case and REmap, respectively.

< C u ¢+ PCQ{emissions will increase to 45.1 Gt by 2050 in thefétence Case but need to be
reduced by more than 30 Gt. To reach théQ target, the vast majority of the needed emissions
reductions must be made in G20 countries.

Emissions from all sectors must be cut, with theegtest reductions coming
from power generation and buildings

Achieving a global energy transition that limitelmgl temperature change to less thafiCis
technically feasible. We also understand what this enetgnsition would look like from a
technical, policy and business perspective. It wobk achieved largely by the accelerated
deployment of renewable energy and energy effickenmeasuresKigure3.1)

The largest C&Eemitting sectors are electricity generation and ustiy. They are responsible for
about 65% of all energielated CQemissions today. The remaining 35% comes from paris
buildings and district heating. Buildings have & khare, but this increases if indirect emissions
related to electricity use are included. The sechoeakdown of C@emissions stays roughly
constant between 2015 and 2050 under the Refere@ese Eigure3.3).

Under REmap, electricity generation sector emissinsid fall to around 2 Gt per year by 2050,
a decrease of 85% compared to the 2015 level. iBheshieved by an aggressive deployment of
renewable energy technologies, especially solar aimtd. These neewable technologies would
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generate more than 80% of all electricity by 20B@&tural gas and nuclear would generate the
remaining 20%. The decrease in power sector emissi® also an outcome of the demaasitle
measures in industry and buildings to reduslectricity use for heating and cooling.

In the REmap case, emissions in the building seetmuld decrease by about 70% by 2050.
Transport and industry are the two most challengsertors. Transport’'s emissions would be
halved, while industry would beme the largest remaining emitter.

Figure 33 {CQ emissions by sector inBnap relative to the Reference Case, 200
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fossil fuel emissions were displayed in this figu2€ emissionswould start from 33 Gt in 2015 and would rea¢®.5 Gt and 9.5 Gt
per yearin 2050n the Reference Case and REmap, respectively.

< C u << FBy 2050, total energyelated CQ emissions will need to decrease to below Gt. CQ
emissions from the power and buildings sectors wig almost eliminated. Industry and transport would
be the main sources of emissions in 2050.

The breakdown of GCemission reductions in the Reference Case and mdREn 2050 are

illustrated in Figure3.4. To put this figure in perspective, it is necegs&r understand the

magnitude of emissions in each sector and the oppdties to reduce them. Developments in
each sector are discussed in the following sections
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Figure3.4 {CQ emissions reductions in REmap compared to Refeee@@@ase by technology, 2050
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fossil fuel emissions were displayed in this figu& emissionsvould start from 33 Gt in 2015 and would rea¢®.5 Gt and 9.5 Gt
per yearin 2050in the Reference Case and REmap, respectively.

< C u <+ PWhile CCS and other lowarbon technologies will play the main role in indtry,
renewables and efficiency will be the most importaror heating and cooling in buildings. Theamsport
sector requires a mix of renewables and electrifta.

Electricity generation

Electricity generation is the sector with the largg3Q emissions. Worldwide, generation is
projected to increase to about X0 terawatthours (TWh) by 2030 and sround 43000 TWh
per year by 2050. Total electricity generaticapacity would reach more than D®0gigawatts
(GW) by 2050.

In the REmap case, total electricity generation aéms just below the level in the Reference Case.
That is because improved empy efficiency and demanrside measures would offset any
increases in demand from increased electrification.

In the REmap case, renewable energy technologieddvgenerate an increasing share of that
electricity. The renewable share would rise fron?/2®f total electricity generation in 2015 to

59% by 2030 and 82% by 2050. That compares to asBi¥e by 2030 in the Reference Case.
This assessment is largely based on the countryl ks@nario work carried out by the German
Aerospace Centre (DLR) for fiiféh energy revolution series (DEBPI, 2015).

Renewable sources like wind and solar that subtifor fossil fuels in electricity generation will
achieve about a quarter of thenore than31 Gt C® emissions reductions required in 2050
compared to theReference Case. Additional emissions reductionscathe from demaneide
measures, such as energy efficiency improvemengppliances used in buildings, or using more
efficient industrial motors and implementing betténdustrial energy management sgats.
Those reductions are included in the analysis fache enduse sector. If they were also
accounted for under electricity generation, the smcwould represent onghird of all the C®
emissions reductions needed in 2050. As a resultigiier sharesf renewable energy and more
efficiency in enelise applications, overall G@missions from power generation would decline to
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2 Gt per year by 2050 compared to 13 Gt in 2015hla assessment, the deployment of CCS in
the power sector has been excludethis choice was made because of the additionalsc@ES
adds to electricity generation. With low energy qa$, power plants combined with CCS may
continue to be perceived as higlsk and not economically viable.

Industry

Industry is the seconthrgest ©, emitting sector, representing a third of all em@mss
worldwide. The industry sector as a whole accoubotsthe largest share 35% of the emission
reductions in the REmap analysis. Within the sectbremical, petrochemical and steel are
among the largst energy consumers. However, less enénggnsive sectors, such as food and
textile (covered under “other industry”) will aldtave important roles in reducing industrial £0
emiggions. Cement’s share is large because of thegss emissions that carebreduced by
CCs:

Cement production is the largest individual £nitting industry. Making cement requires the
decomposition of limestone in a process calledicalion, which produces large amounts of LO
As a result, the industry is responsible for 8%albfylobal C®emissions. This is one of the few
industries where CCS could play a role. In REn&#, & all emissions reductions in the entire
industry sector come from using CCS in the cemmustry. More emissions reductiors20% of
the total from the sector would come frommew cement typesind substitutes for clinker.

The iron and steel industry is currently a largalasser and emits about half as much,@O the
cement industry. Since the 8 century, coal and coke have been used as dbehreducing
agents in blast furnaces to make iron. That prooesslid be replaced by hydrogdrased direct
reduced ironor even electrolysis processes similar to the tembgies being employed in
aluminium making. In REmap, emissions from the strguwould decline by 90% to @Gt in
2050, compared to the Reference Case. @mnel of this reduction would be achieved with CCS,
25% would come from renewables (largely biomassl) 4006 from energy and material efficiency
measures.

Chemical and petrochemiktadustry emissions are similar in size to thaserf the iron and steel
industry. The industry’s total direct G@missions from production could be cut by G8of CQ
from 3 Gt to 13 Gt, by 2050° About 1.1 Gt of these reductions could come fromtenl
efficiency improvements and the remainder, or 0.7, @om energy efficiency measures,
renewable energy and CCS.

A unique feature of the chemical and petrochemisab-sector is that most of the carbon is
stored in chemicals and other products and, released during waste incineration. These
emissions do not fall within the modelling boundariof the chemical and petrochemical industry
as they are released in the waste sector. Howeifesne views these emissions together, more
reductions could com from replacing oil and natural gas feedstockshwinsiomass feedstocks or
recycled plastic. Biomass is already used in comialerfacilities in Brazil to produce
polyethyleneterephtalate (PET) bottles, for example. Avoidiagoon from fossil fuels in astics
and chemicals could cut waste management relatedssians by an additional 1.8 Gt in this sub
sector. But bioplastics and recycled plastics aneremtly more expensive than conventional
products. Clear economic incentives are therefoieeded toreduce emissions from post
consumer incineration of packaging and other typésvaste.

75 Procesemissions are rtoenergyrelated CQemissions. These emissions arepogducts of chemical reactions that take
place in the production of materials. In this chapttheir assessment for certain industries waduded as they represerd
high share of that industry’s total emissiorsg.cement).

76 These emissionsover those that only come from the production agh value chemicals (ethylene, propylene, butadiene
aromatics), ammonia and methanol.
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CCS is a key technology under REmap for the indestitor. However, its prospect is uncertain

and realising its potential will depend on locatjageology, water resources and other factors.

The difficulties of deploying CCS thus pose a n@jalienge to the successful implementation of

the Paris Agreement. In fact, using CCS in industewen more challenging than in the power

sector, because industry plants terid be process specific, smaller and more scattetieg

power plants. The CCS process itself may also toatee redesigned for the industry sector. IW
also reduces plant efficiency, and results in realcemissions because the capture process also

requires heat and electricity. These challenges will neelde quickly overcome if the technology

is to play a role in industry.

Buildings

The building sector is growing quickly with toda¥50 billion square metres (i) of residential
and commercial floor ag projected to increase to 27illion m? by 2050. Most of the growth
will be in urban areas. Today, half of the worldégpplation lives in cities, a share that will rise
further. Twobillion more people will live in cities over the next tweahdes, whilks will require
building the equivalent of 2 000 new cities of omdlion inhabitants. This is an unprecedented
challenge.

Heating and cooling represents 80% of the buildiagtor’s total energy demand. Space heating
alone accounts for the largest share of all therranergy needed in a building, at about 60% of
the total. The share for cooling is small today bemand for cooling is expected to increase to
more than that of space heating by 2050.

It will be critical that new cities (and in facl] aew buildings in all locations) are built acdogl
to the highest energy efficiency standards to miilsenenergy demand. Using modern building
shell insulation technology, heating and coolingnded can drop by one order of magnitude
compared to conventionabuildings. More attention will need to be paid tetrofit or replace
existing inefficient buildings. In developed coues; accelerated renovation and refurbishment
offers great potential to improve energy efficienagd reduce emissions.

There are alsenany renewable technology options for buildingseyhnclude bioenergy, solar
PV panels and solar water heaters, geothermal epengd electrification, as well as renewable
energybased district energy networks. Also, buildings desihould facilitategnewable energy
integration, along with approaches like floor hewtior integrated building envelop systems that
significantly increase the efficiency of energy €meheating and cooling. The optimal solutions
vary by country and by case.

In buildings,appliances account for orgird of all the potential (to reduce indirect ensisns
related to electricity use), followed by space hegt For emissions reductions in heating,
improvements in building shells, such as better iagah, account for 30% othe reduction
potential. Electrification of heating and other ftiions represents another 20%, and the direct
use of renewables accounts for 50% (including daplent for cooling). More efficient cooling
systems and appliances can also save emissions dfeatricity generation, but these are not
included in the building sector (because the enaisgieductions occur in the power sector).

Transport

The transport sector accounted for just above 2(Ralbenergyrelated CQ@emissions in 2015, of
which passeger cars and freight transport account for 80% awhtion for 10%. The aviation
sector alone contributes about-2% of total global CQOemissions and as demand increases,
particularly for longdistance passenger transport, aviation’s emissiaresprojeted to continue

to increase in the coming years.
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In the REmap analysis, the transport sector wowdtebute about 20% of the total emission
reductions in 2050 compared to the Reference Casesséhger vehicles have the largest
contribution followed byfreight. Passenger car emissions can be cut bydripg fuel economy,
switching to electric vehicles (EVs) or replaciitgvith liquid or gaseous biofuels or renewables
based hydrogen. The analysis shows that such stapscut transport emissions by 3& CQ
per year by 2050, which is an 85% reduction comgpdoethe Reference Case.

In the REmagnalysis people travel increasingly by buses and other camal modes within
cities and over long distances as well. They alde two- and threewheelers. Ahough the
number of trips made by nenar forms of transit is 60% higher than the numlwértrips in
passenger cars, the g@missions associated with these activities are lowlan for cars,
representing about 20% of the total.

Electrification is a kesolution for the twe and threewheelers as well as for reducing diesel use
in railways. Bus transport can also be partly eiéetl. Where electrification is not possible, £O
emissions can be cut by using more biomethane atigeroadvanced biofuels. Under REmap,
biomass is estimated to supply a quarter of all yefor noncar passenger transport (excluding
aviation and shipping), with electricity represemginearly 20% of the demand. As a result,-non
car passenger transport emissions can be redunetio-thirds.

Total aviation activity is expected to grow by 3%6% in the coming decades, higher than for any
other transport mode. Biofuels represent the maiteanative to fossil fuels in aviation.

Freight transport— mainly trucks, ships and tran-represents more than 40% of transport’s
total energy demand. The shipping industry is trechkbone of global trade and a lifeline for
island communities, transporting about 90% of thenmage of all traded goods. The freight
sector’s energy demand ixpected to increase in line with economic and p@piain growth.

Under REmap, renewable energy can reduce freigirigport’'s rapidly growing G@missions.
For delivery trucks, electric drive is already aormic option. About 0.6 Gt of G®missions
can be reduced by using biofuels (liquid and gasgoubeavy duty trucks and ships and another
1.5Gt of CQemissions can be cut by efficiency measures andtrifieation across all modes of
freight transport. By taking these steps, emissidrman freight would decline by twthirds by
2050.

In addition to these technological changes, the ibass models inransport will change over
time. This is an outcome of a number of factors;hsas changing demographics, lifestyles and
sociceconomic status of populations. As a result of théends, new approaches, such as car
sharing and capooling, are gaining popularity. While these trendee excluded from this
assessment, they may have impacts on future tramsmmergy demand, depending on the
extent of their development.

Renewables could feasibly account for twbirds of the world’s energy
supply in 2050

Thetotal energy demand in 2050 under REmap would bélairno today’s level. But the supply
mix would change substantially, compared to botlag and to the Reference Case.

In the Reference Case, the total primary energypbufs estimated to grow by merthan 50%
between 2015 and 2050. This is equivalent to averagnual growth of about 1.2% per year,
roughly half of the rate seen in the past two deeadDespite this slowdown, the total primary
energy supply would increase to about 835 exajoye3) $ 2050 in the Reference Case. Just
under 80% of this total would still be supplied fogsil fuels in 2050, down slightly from today’s
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level of 84%. Under today’s national energy plasagwable energy would bring little change in
the supply mix over thisme frame, since those plans mainly reflect markends.

Under REmap, the total global primary energy supph2050 would reach 635 EJ per year in

2050, only marginally higher than today’s level &% less than in the Reference Case. Total
non-renewable energy use would be reduced by 67%. The sbfarenewable energy in the total

primary energy supply grows to about 65% by 205@ure3.5). An overview of all renewablePage [137
energy technologies deployed between 2015 and 2i@56rovided inTable3.3.

Figure 35 {Global total primary energy supply in the Referen@ase and Bnap, 20152050
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Notes: Data include the energy supply in electricity gextm, district heatingcooling, industry, buildings and transport sectors
These sectors accounted for 85% of the global tptahary energy supply (TPES) in 2015.-Bleergy use of fuels for the production
of chemicals and polymers is excluded.

< C u <+ FRenfewable energwould be the largest source of energy supply undeEmap in 2050,
representing twothirds of the energy mix. This requires an increagethe renewables’share of about
1.2% per year, an eightold acceleration compared to recent years.

There is still amimportant role for fossil fuels in the energy tratsn. Total fossil fuel use in 2050
would be a third of today’s level. Coal use woultlthe much faster, while oil demand in 2050
would be at 45% of today’s level. For comparisbis is roughly todds oil production volume of
OPEC. In the REmap case, the world will stop ubmgnost challenging resources with high
production costs, such as oil sands akdtic oil Even the role of natural gas as a “bridge” to
renewables is a short one unless natural gas useupled with high levels of CCS. There is a risk
of path dependency and future stranded assets (gipelines, liquefied natural gag.NG
terminals) if natural gas deployment expands sigaifily without longterm emissions
reductions goals in mind. Because of the need wuce carbon emissions, most of today’s fossil
fuel reserves would remain unexploited.
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Under REmap, total primary energy supply remainsemmr less flat between 2015 and 2050.
Global GDP, however, triples over this period. Azsult, energy intensity drops from about
5 gigajoules GJ)per USD to 2.GJ per USD between 2015 and 2050his is equivalent to an
energy intensity improvementate of around 2.5% per year, representing nealydoubling
compared to the trends observed between 1990 and@0In 2015 the improvement rate was
1.8%, which is still much lower than what is regdito reach the 2050 goal.

Figure 36 {Improvements in energy intensity in the Referencase and REmap, 199B50
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< C u <+ PEnérgy intensity improved at arannual rate of about 1.8%in recent years and is
expected to be maintained in the Reference Case,il@ht would increaseto around 2.5% per year in
REmap.

Figure 3.%hows the factors that influence energy intensitylioth decline and increase in 2050
in the REmap case compared to the Reference CasrutAalf of the decline (53%) is relatendl t
energy efficiency improvements in heating. Thisfddowed by accelerated deployment of
renewables that can result in a decline on a simieder of magnitude. This includes the net
savings in primary energy use of 8% from accelerateployment of reewable energy
technologies. On the other hand, CCS in industngyuires heat for solvent regeneration as well as
for compression and pumping of €0’ hese processes increase the primary energy dentgn
7% in total. The additional demand for energy dffssome of the decline in energy intensity
improvements.

77 The reversef this indicator yields energy productivity whesatput is divided by energy consumption.
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Figure 37 { Energy intensity by factor in the Reference Casel&Emap, 2050
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< C u <+ P Refiewable energy and energy efficiency contributequally to energy intensity

improvements.

} £ 1 XThe prospect for technologies that remove ¢f@m the air

Limiting the global temperature increase to lesanh? C with a 66% probability requires emitting
no more than an additional 5751 125 Gt C® This study assumes a carbamdget of 790 Gt CO
At the 2015 level of emissions, this budget wouktl depleted in just over 20 years. The budget
would have to be onéalf as large to limit the temperature increase 105°C with a 50%

probability.

Given the likelihood of exceedingebe emissions budgets as projected in many sceraralyses,
technologies that pull carbon from the air may beguired to meet the goal of limiting global
temperature increases. These “negative emissiorhibetogies” have two main advantages. They
compersate for emissions that have already been releasedould be emitted in the shoiterm.
For example, in a scenario with delayed emissieasictions, it will be harder to reacif € without
using negative emissions approaches. Negative émniggchnolodes also offset emissions from

sectors where abatement will be challenging, sustiree manufacturing industry.

There are many negative emission technologies dinly
x Direct air capture
x Cloud treatment to increase alkalinity
x Enhanced weathering of rc
x Enhanced ocean productivity
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x Ocean and coastal ecosystem restoration.

x Afforestation and reforestation.

x Biomass combustion with CCS

x Increased use of biomadmsed construction materials.
x Biochar

x  Soil carbon sequestration.

(Carbon Brief, 2016)

BECCS dnafforestation are probably the most wédhown negative emissions technologies. Most
studies that look into BECCS estimate a role indider of 10 Gt COper year by 2050 (e.g.
(Muratori et al., 2016)). If this level of BECCSewemployed in REmap, net enerplated CQ
emissions would reach zero by 2050. BECCS isnaigbei not too different than CCS and the
implementation challenges are similar. BECCS wimdckase reliance on biomass, because the
capture and storage processes require additionalergy. With a postombustion capture
technology that requires about 3 GJ heat per torsfecaptured CQ additional demand could
easily increase to 30 EJ by 2050 if BECCS plagiphificant role. Depending on the biomass
feedstock type and how the felstocks would be sourced, there could also be addal impacts
on land use. However, these impacts could be redubg using secondeneration bioenergy.
Storing the captured GOcould also be a limitation. The estimated potent@intribution of
afforegdation ranges between -2 Gt carbondioxide equivalent (C&eq) per year, but afforestation
also requires water and land. Direct air captured@nhanced weathering also require additional
energy and there are logistical challenges assediatith such tebnologies which may hamper
feasibility (van Vuuren, 2017).

While negative emission technologies have not beensidered in this study, they may have an
important role in the future, even before 2050. Thmossibility of using negative emissions
technologes in the future should not delay action now, becaukeir prospects are uncertain.

Theinvestments needed for thenergy transitionare affordable

The REmap approach makes it possible to calcuteeverall amount of additional investment
needed to decarbonise the energy system, comparethe Reference Case. The analysis shows
not just the market potential, but also where theviestment challengzlie.

In the Reference Case, the total investments in ¢inergy sector would add up to an estimated
USD116trillion between 2015 and 2050, or U8 trillion per year on average. The largest
share would be in energy efficiency improvements featingcooling in buildings and the
secondlargest share would be investments in fossil fugiainly related to supply.

Cumulative renewable energy investments in the Rafee Case are estimated at USillion,

or US260billion per year on average beeen 2015 and 2050. That represents a continuation
of current investment levels for the next §gars. Investment needs for the power sector would
be USDL6trillion, with about half for renewable energy investments.
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Figure 38 { Tatal investment needs by area and value of strandadsets in the Reference Case,
20152050
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< C u <+ PThe{Reference Case foresees a cumulative investmeed of USO16trillion for the
energy sector between 2015 and 2050, equalling UESBXrillion per year, or 17% of global GDP in 2050.

Making the transition to a decarbonised energy systwould require a higher level of
investment than in the Reference Case. The addedsiments, however, are affordable, in part
because of expected further siisant cost reductions in renewables and other eliradp
technologies. Depending on the technology, estindat®st reductions between 2015 and 2050
range from 10% (e.dor energy efficiency) to 65% (esplar PV).

Overall, the REmap case would require additional ingestments of USP9trillion between
2015 and 2050. This has been estimated for each jetween 2015 and 2050 by summing the
product of capital costs and deployment potentidleach additional lowcarbon technology.

The additional investment needs can be split int@ icomponents:

x USD 23trillion for energy efficiency (including electrificationr) notably for building
renovation

x USD 1@rillion for renewable energy supply

x USD 8rillion for stranded assets that require early replacemémitably in buildings)
x USD 8rillion for transmission and distribution, baelp and battery storage

x USD Zrillion for CCS, material efficiency improvements and racle

These five components add up to additional investitseof USD 54rillion. However, there are
also avoided investments on fossil fuels in botksib fuel and nuclear electricity generation
capacity as well as in the upstream sectbfhose avoided investments add up to UZrillion.

As a result, net additional investment needre estimated at around USDtrillion between
2015 and 2050. This averages WSEBtrillion per year between 2015 and 2056quivalent to
0.4% of global GDP in 205@nd compares with the average annual investments of
uUSD3.3 trillion per year in theReference Case. To put these numbers in perspectiee total
additional investments needed over $Bars are equivalent to about 10% of the total glblGDP

in 2050.

78 Upstreamsector refers to the exploration and production pti the fossil fuel supply chain.

8 pa back-up Page |141
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The total investment in the fuel supply would noted to rise over today’s level to l@eve
climate targets. That is because the bulk of theliadnal investment needs will be in the end
use sectors (buildings, industry and transport)t i electricity generation. The reason is the
good progress that has already been made buildiegeweble energy capacity in the power
sector, along with the progress expected in the dogndecades as countries implement their
national energy plans, as assumed by the Refer&ase. More effort in all types of lesarbon
technologies will be needed in thend-use sectors, notably energy efficiency in buildingisat
effort requires high upfront investment costs, thglu the investments for energy efficiency
measures estimated in this analysis can be intengfeal with investments for other lowarbon
technolagies. For instance, rather than cutting emissionsitmproving energy efficiency, the
same goal can be reached using heat supplied bgritezlised renewablebased heating and/or
district systems. However, it may be challengingrobilise significantly more biofuels or install
more solar water heaters over limited roof spaceth& way the investments required to
decarbonise buildings would be high.

Additional investment needs include USD ttiion for variable renewable technologies (VRE) in
the transmission and distribution (T&D) of electricityhat is about half of the additional
investment needs of T&D for the entire power systémcluding higkvoltage direct current
transmission lines and super grids). An additionakstment of USD.8trillion is needed for
battery storage (excluding pumped hydro).

It is vitally important that the investments made energy generation equipment and related
infrastructure today and in the coming decades Qrideep emission cuts by 2050. This is
especially tue for longlived investments, such as in buildings, industgedduction facilities,
power plants, transport infrastructure, etc. Otherwisdhet risks of continued carbon loak will

be high.

Figure 39 { Additional investmentneeds by sector and technology in REmap relatiteethe Reference
Case, 2012050

End-use sectors _
. Fossil fuels
. Nuclear
Power generation - B Eneroy efficiency
Renewable energy
CSS & others
Upstream Early building replacement

T&D, battery & back-up
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Additional investments in 2015-2050 (USD trillion)

Notes: Electric vehicle charging infrastructure, hydrogeipelines and refuelling stations are included.cdHification also incldes
additional costs for electricity generation growth.

< C u <+ Medting the Z2C target requires investing an additional UZDtrillion between 2015 and
2050 compared to the Reference Case. The largeslitahal investment needs are in energy efficiency,
followed by renewables. The totainvestment cost, however, is reduced by the aved investments in
the upstream sector and in fossflelled power generation.
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Early action is critical to minimise the risks dfanded assets and achieve
climate targets

It is hard to over emphaz@ theimportance of early action. Early action is needed only in the

deployment of renewables and other enabling infrasture and supporting technologies, but

also in the development of solutions for sectorsemd no significant or economically attractivW
solution exists today. If action is delayed, tatalestment costs will rise, the chances of stranded

assets will increase and costly negative emissiohrtelogies will be needed to limit planetary

warming. These latter technologies also bring thewn risks as they have not been fully
commercialised and therefore their feasibility apdtential are uncertain (IPCC, 2014; Kartha

and Dooley, 2016).

In the REmap case, a total value of USHillion is estimated for stranded assets for the 2015
50 period.To put this in context, USD 1fillion is approximately 4% of global wealth in 2015
(estimated at USD 25fillion at current exchange rates) (Credit Suisse, 208igure3.10shows
the potential for asset stranding in a Delayed Bpl&ction case, in which the accelerated
renewables and energy efficiency deployment thapims immediately in the REmap case is
delayed until 2030. Such delayed action would casigeificant asset stranding. The total value
of the stranded assets in the upstream energy, tieity generation, industry and buildings
sectors would be USPD trillion.

Figure 310 {Stranded assets by sector in Remap and Delayedohctiases 20152050
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< C u <+ Deldying policy action will result in an addition&)SD10trillion in stranded assets.

The buildings sector would see the largest amourasset stranding on a worldwide basis. About
USD12.5trillion would be stranded in Delayed Policy Action caseremiban double the amount
in REmag?

Buildings have a low stock turnover. This is eslgctrue in Western Europe and the United
States, where the growth in building stock is slow Germany, for example, more than 85% of

79 Here, DelayedPolicy Action follows the same trend as the Refee@ase until 2030, and then emissions start dedlin
ensure the carbon emission budget between 2015 af8®is not exceeded. This requires zero emissiorthe enduse
sectors by 2050.
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the expected residential building stock in 2050 alre@dysts today. As a result, it is difficult to
avoid stranding building assets (i.e. buildingshwitefficient building envelopes, equipment,
etc.), even when all new buildings are constructedhe highest of standards in terms of energy
efficiency and renewable energy use.

In REmap, total building stock grows from aroun@ b#lion m? to 270billion m? between 2015
and 2050. It is important to distinguish betweeretbhare of buildings that will be new and those
that will need to be renovated. At a country levah) annual demolition rate that ranges from as
low as 0.1% (e.gEUropean Union countries) to 1% (e.gChina, India, Indonesia) has been
assumed. As a result, 18#lion m? of all building area in 2050 will be new. This esEnts
about two-thirds of the total stock. In REmap, it is assurtieat by 2020, all new buildings will be
fossil fuel free. The remainder of the building ctowould be from the existing building stock
today. Without any additional effort for renovatiomaround 60% of this existing building stock in
2050 would continue to rely on fossil fuels. A haf this building stock needs to be deeply
renovated in order to reduce the demand for fodsils in thke sector enough to remain within
the carbon budget. The construction value thatastldue to renovation of this building stoek
or the stranded assets in buildings as defined lvis tassessment- is estimated to be
USD5trillion in 20152050 under REnpa This includes a depreciation of the investmerdda
before renovation. If depreciation is not includetthe stranded asset value would be twice as
high.

In this chapter, stranded assets and investment dgdn buildings have been estimated
separately. An example of stranded assets wouldth® additional costs of installing single
glazed windows, then replacing them with doulglezed windows, versus installing double
glazed windows in the first place. Similarly, sttad assets would occur through thenhitious
deployment of energy efficiency technologies infboew and existing buildings. By comparison,
investments refer to energy efficiency measuresttbither replace building equipment that has
reached the end of its lifetime (e.g. efficientligoulbs) or that are implemented as an additional
feature to buildings in order to reduce energy demlg(e.g wall insulation).

The secondargest group of stranded assets would be in upstneenergy infrastructure, 75% of
which would be in oil productionakge capital investments made in this upstreamasfructure
from now until 2030 in the Delayed Policy Actiorseavould result in USBtrillion worth of
assets being stranded after 2030. The strandedtasseupstream oil would represent about 20
40% d& the estimated valuation of today’s oil upstreanroducers. In order to assess the
upstream stranded assets, existing upstream asdatt were valued based on current
(estimated) valuation of fossil fuel producers, ithehare in global production, arttie share of
company valuation related to upstream operations (@er the share of the upstream sector in
total operational income in recent years). In a seguent step, the valuation was adjusted based
on reduced net cash flows due to a reduced produttoutiook, in both the REmap and the
Delayed Policy Action cases.

Electricity generation is the thirlhrgest sector in terms of stranded assets. Undelaiped Policy
Action, USL[1.9trillion would be stranded. For example, the coal power tdamow being built in
the developing world would have to be stranded af2930 to meet decarbonisation targets.

In addition, stranded assets in industry are estiatbat USD 740illion. Relatively lower capital
expenditures for process heat equipment (comparedeectricity generation) explain the lower
amount compared to other sectors. The stranded assetindustry between 2015 and 2050 are
equivalent to USD 2hillion per year, an amount that could be recouped throdgtver energy
bills if industry achieved a 1.5% per year improeeimn energy efficiency. Industry is therefore
better placed than other sectors to anticipate aménage the effects of stranded assets.
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} A 1 )Srapded assets definition

There are a number of definitions of stranded assit theenergy context. The term "stranded
costs” or "stranded investment” is used by regulatao refer to “the decline in the value of
electricity-generating assets due to restructuring of the inglys (Congressional Budget Office,
1998). This was a major tampfor utility regulators as power markets weredihlised in the United
States and United Kingdom in the 1990s. There isumwersally settled view of what stranded
assets are. IRENA'’s analysis attempts to captuee feadth of views about the definitn of
stranded assets, and to include a number of isseéeted to climate and environmental change
from investment risk to the idea of a “just tranisih”.

Several organisations that work in the field of emerand climate have already examined what
stranded assets could mean from their own perspectiVee most commonly applied definitions
are briefly discussed below:

x The IEA defines stranded assets“#®se investments which have already been made
which, at some time prior to the end of their ecan& life (as assumed at the investment
decision point), are no longer able to earn an emmic return as a result of changes in tl
market and regulatory environment brought about binm@ate policy” (IEA, 2013and IEA,
2013b). This is focused on asstraeding caused by climate policy in the power secind is
widely recognised in the literature.

x The Carbon Tracker Initiative also uses this defmiof economic loss, but says stranded ass
are a “result of changes in the market and reguigtenvionment associated with the transition
to a low-carbon economy” (Carbon Tracker Initiatined.).

x The Generation Foundation defines a stranded a$%astan asset which loses economic value
well ahead of its anticipated useful life, wheth#rat is a resultof changes in legislation,
regulation, market forces, disruptive innovationpcgetal norms, or environmental shock:
(Generation Foundation, 2013).

x The Smith School of Enterprise and the Environmanthe University of Oxford employs
“meta” definitionto encompass these (and other) definitions: “Straddassets are assets th:
have suffered from unanticipated or premature wrti®wns, devaluations, or conversion to
liabilities” (Caldecott et al., 2013).

For this analysis, IRENA defines stranded assetseremaining book valu® of assets substituted
before the end of their anticipated technical lifetes, and without recovery of any remaining
value, to achieve 2050 decarbonisation targets.sTéefinition emphasises that assets become
stranded becausef the requirement to reduce fossil fuel use to &le a deeply decarbonised
energy system by midentury. It should be noted that the purpose of tHRENA analysis is not to
propose a universal definition of stranded assetshilé/ different approaches and definitions by
sector and asset class are used for the purpoghisfanalysis, attention is paid to make sure these
are sufficiently aligned with the overarching copte of stranded assets (which
isfundamentallyunanticipated or premature lost value). The purpadehe analysis is to point out
the potential magnitude and guide investors towartthis, not to claim high degrees of accuracy.

The clear majority of stranded oil assets would uscapstream, rather than in the power,
buildings or industy sectors. Oil is primarily used in transport. Thereasing use of ultriow
emission and electric vehicles, will cause oil dechand oil prices to drop, reducing the value of
oil reserves. Compared to oil demand from transpdfte demand for oil fromelectricity
generation, heating in buildings and industry isari

80Book value islefined here as the cost of an asset, minus accated| depreciation.
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Natural gas assets would be stranded across eatedour sectors. Gas T&D systems, including
LNG terminals, would be affected because of themngl life spans. Although gas has lov@&HG
emissions than oil and coal, it remains incompatieith required levels of decarbonisation. As a
result, there would be significant stranding upstne and in gafired power generation.

Coal assets would also be stranded across eacheofdur seobrs, but the power sector would
be most affected. Codired electricity generationis currently a major source of direct €O
emissions (producing about 25% of the global totA8 a result, much of the policy effort has
been focused on phasing out coallniting its growth. For example, the United Kdlogn, France
and Canada have recently announced plans to endudeof coafired power plants. Given the
relatively modest value of stranded cdakd power assets and the high level of emissifyom
caoal plants, this approach is an economically viaitde of achieving decarbonisation.

} /£ 1 XTihe{significance of technology lock-in: power sectmse

In calculating the value of stranded power plansets it was assumed that the economic lifetime
of apower plant equals its technical lifetime. If a plas shut down before it reaches the end of its
lifetime, the nominal value (capital expendituremas accumulated depreciation) is assumed to be
lost.

However, some might argue that often the econortifetime of a plant differs from its technical
lifetime. The economic life of a plant ends whenrgiaal costs consistently exceed marginal
revenues. This could happen due to market trendat ttannot be perfectly foreseen at the start of
operation (e.g. ising maintenance or input costs, or lower than iaitated power prices). In
practice there also exists a grey zone of old @athiat are mothballed or where operating hours
are reduced significantly compared to new plants.

To account for the risk of rehing the end of an economic lifetime, companies hihidepreciate
power plants over a shorter period than expectedthgir technical lifetime. The assumed lifetime
has significant implications on the stranded assatculations in this study. In this stdhe
following technical lifetimes were assumed to beak 50 years; natural gas, 30 years; oil, 50 years.

The resulting value of stranded assets in the REaraglysis is USB10billion (or about 3B300GW)
(Figure3.11). If all companies used these lifetimes to deprecigtwver plants on their balance
sheets, and no asset impairments occurred up to pwent of stranding, then this is the value of
asset impairments that could be expected up to 2@&@ause of decarbonisatio

However, given that some companies depreciate poplants over shorter periods of time, or have
already witnessed asset impairment in recent yefarsa variety of reasons, the impact of stranded
assets might be more limited. In some cases, theethat get shut down are those that were
already written off and have little value left ohd balance sheet.

If one assumed technical lifetimes for coal andasisets of 50 years and 30 years for gas, but only
25years for the true economic lifetimefer coal and oil and 15 years for gas, then 2 @3U of

3 800GW of total stranded assets in the REmap analysie leconomic value left at the point they
are shut down. The remaining 1 550 GW (about 40%h@total) are plants that & stranded with

no remaining economic value, but that still havemadning technical lifetime. With these
assumptions, the value of stranded assets is B@Ibillion.

It is difficult to assess the assumptions that anade on balance sheets across countries and
companies to value power plant assets. The shoemwnomic lifetimes as assumed above come
with the risk of underestimating the magnitude ofranded assets. Electricité de France, for
example, recently increased its depreciation perfod nuclearplants from 50 to 60 years. In some
countries, plants even run beyond their technigidtime (recently a 10@earold coalfired power
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plant in Peru was decommissionetf)would be advisable for companies/countries to ogpmore
transparently about the reported book value of pom@ant assets and hence their exposure to the
risk of stranded assets.

Figure 311 {Technologylock-in in power generation assets, 20125050
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< C u e+ PThé power sector could see stranded assets in thenge of between USR0O-
940billion by 2050, with most of it being coal-based genexatiassets.

Renewable energy’s share of the global energy mid weed to double by
2030 and more than triple by 2050 from today’s ldve

This analysis findthat supplying twethirds of global 2050 primary energy with renewable
sources is technically and economically feasible. AWeady have seen accelerated deployment
of solar and wind power on a global scale in recgears, in part because of technology
innovations and spectacular cost reductions. We aee increasing electrification of ende
sectors coupled with renewable power, for examppidlie areas of EVs and heat pumps.

This recent acceleration of renewable energy tedbgy has occurred in spitef slow economic
growth and low oil prices. It has been driven by timproving costompetitiveness of solar PV
and onshore wind power, as well as other factorshsas air pollution policy and regulations.

IRENA’s renewable energy statistics show thatwable energy added more capacity than fossil
fuels and nuclear combined for the each of the fmir years (IRENA, 2016e), and that the total
renewable electricity generatiooapacity reached nearly 2 000 GW in 2015. Solar\onshore
wind powercontinue to grow the fastest, while hydro still ghaces the lion’s share of renewable
power. For the past five years, the average annnatdase in the share of electricity from
renewable sources has been 0.7 percentage pointmuf 24% of all power wddwide was
generated from renewable energy sources in 2016.

Yet, when including all neelectricity sectors, the growth in renewable energmounts to only
an annual average of 0.17 percentage points in ®ita share of total energy consumption. This
is due largely to the fact that consumption of electty accounts only for onéfth of total final
energy use, and renewable energy use growth is $tokey building and transport sectors. As a
result, the share of renewables was 24% in glob#dltelectricity generationn 2016, but only
19% in the total final energy mix.

In the Reference Case, current trends continueldiig only minor changes in the energy mix. Of
the total 520 EJ final energy demand in 2050, reslgies energy covers only about a gtearof all
demand, including the consumption of electricitydadistrict heat sourced from renewables.
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Today’s renewables share is about 19% of total gneyenerated. That grows to 21% by 2030
when the national energy plans of all countries ameluded.That means that the renewable
energy share continues to grow close to today’s l@fearound 0.17 percentage points per year
for the next 15 years until 2030. This rate dropsQ05 percentage points in the 202050
period and renewable energy coverslp@a quarter of the total final energy consumption2050.
This result shows that existing policy plans fopamity additions and the importance given to
renewable energy sources in country energy plars still insufficient to make a significant
changein the total mix.

} A& T XThe{need for better statistics for solid bioenergyse

Different sources of energy statistics indicate tthi@ditional uses of solid bioenergy for cooking
and water heating in the residential sector accodat a significant lsare of renewable energy
worldwide, particularly in the no®ECD countrie$.

Given the challenges involved in assessing how niménergy is used today in these parts of the
world, it is worth pointing out the potential diffences in the available datets.

According to the energy statistics of the IEA, 04 32.5 EJ of primary solid biofuels were used in
the residential sector of the ne®ECD countries. This bioenergy was in the fornirefvbod and
charcoal. Data from the Food and Agriculture Orgation of the United Nations (FAO) statistical
database (FAOSTAT) on firewood and charcoal priaycadjusted for use in the residential
sector, show a significantly lower figure of 13.56 Ehe IEA estimate is more than ttumes larger
than the FAOSAT estimate.

The large difference has important implications falicy making. Depending on which data source
is used, the estimated current share of renewabtergy in the global final energy consumption
can range from 13% to 19%. Today, “modern” reable energy, like solar PV and wind farms, has
a 9% share. Using the lower solid biofuels estimatedern renewables now have a share more
than twotimes greater than that of traditional uses of bioergy. But with the higher estimate,
the modern and taditional renewables have a more equal share.

Sustainable Energy for All (SEforALL) has seuataoy target of doubling the share of renewable

energy in the global energy mix by 2030 comparedaay’s level. Depending on which share is
taken as a staing point, the doubling target can mean increasihg share of renewables to 26%

or to 36% by 2030. Such wide ranges make policyimgal challenging task. It also becomes
impossible to understand how countries can conttidto such global goals.

Traditional uses of bioenergy also have impacts beyorngfgn There are socieconomic impacts,

and negative effects on human health and the enmim@nt. Without better data, policies to reduce
these impacts will not be robust. These problemghlight the needo improve the statistical data
on traditional uses of bioenergy and for better jpgl making.

While the share of oil use remains constant in #wtire period in the Reference Case, the
natural gas share increases at the expense of cbalchange irthe share of electricity use is the
largest among all other energy carriers.

81 Theseare defined according to the IEA as wood, animaigdand agricultural residues that are burned in@ienstoves at
low rates of efficiency. Their use is most commans@le OECD countries (IEA, 2012), and they aienpartant source of
energy for many.
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The use of ambitious energy efficiency technologiresREmap reduces the total final energy
consumption in the 2012050 period compared to the Reference Case, wittalt@nergy
consumption at about 380 EJ. The share of renewabiergy increases to 60% by 2050
(Figure3.12). This requires a growth in the renewable energgre of 1.2percentage points per
year, equivalent to a more than sewéold increase over past rates. To achieve this rate

expanding the use of renewable energy technologiesll sectors will be required. Page [149

Figure 312 {Renewable energy share in global total final energgnsumption, 2015050
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< C u ¢+ RJUnder REmap, the renewable share of total final egg consumption will rise from 19%
to over 60% by 2050, a thre®ld increase. The growth rate in terms of renewabkhare per year will
need to increase seven-fold over past rates.

Figure 3.13shows how total energy demand develops between 2@k 2050 in both the
Reference Case and in REmap. Under REmap, dem#atirstotal final energy consumption
(TFEC) terms. The share of fossil fuels in TFHGeddcom 70% to 30%. Direct uses of renewable
energy grow from 10% to 35%. Notably, the shardimmdl bioenergy use in total final ergy
consumption rises from around 13% today to arourdd@in 2050 (from about 58J to 8@EJ).
This can be divided into 7#ansport biofuelsand 14% solid and gaseous foiels for power
generation and heatingSolar water heater use grows for industry andldinogs from negligible

to about 35 EJ. Oil share decreases significanilyy transport relying more on biofuels and
electricity. However, an amount of oil that is half today's level would be used to meet the
demand in norroad passenger transpoend freight. Compared to the Reference Case, in fina
energy terms, there is major change in oil and its products. In the Refers Case, oil use grows
from 123 EJ to 178J, while in REmap, oil demand drops to 5%CBthpared to current levels,
coal use is more than halved and remains in usg @l a few applications in the industry sector.
Gas remains as an important fuel in this transitiom supplying any heating in industry and
buildings that remains unserved by renewables. tElgty’s share increases significantly, rising
from just below 20% in 2015 to more than 30% by®@Q0Boupled with renewable energy supply,
renewable power represents 40% of all final renelgadnergy use in 2050.
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Figure 313 { Total final energyconsumption by energy carrier, 2018050
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< C u <+ RJnder REmap, renewables direct use and renewablecticity grow from 115EJ in 2015
to 250EJ in 2050, representing 65% of TFEC. Coal useltbsin

} £ 1 XChida 2050 High Renewable Energy Penetration Sdereard roadmap

China has set ambitious emission reduction and-fomsil fuel energy targets for both 2020 and
2030. There is little doubt that these targets da@ met on time, or earlier if China continues to cut
back on coal consumption to reduce its air pollatiproblems. Despite these important midrm
targets, however, China needs to give more thoughta longterm strategy for reducing carbon
emissions.

In the 2050 High Renewable Energy Penetration Saemad Roadmap Study, the China National
Renewable Energgenter (CNREC) presented enhanceddavibon scenarios for achieving shares of
renewables as high as 61% in total primary ene@ysamption and 86% in the power mix. In the
scenarios, renewables would replace coal as the idamt energy fuel in the eneygmix in 2050.
According to the study, electricity demand will aaat for at least 60% of the TFEC, compared to the
current 25%. That target requires that the roadrsport sector be substantially electrified, with 86%
of vehicles being electric powereghd 100% of trains being electrified by 2050. Thigld allow
renewable electricity to play a major role.

In the scenario, C{emissions would be reduced to 3.3 Gt by 2050 frdva 2011 level of 7.&t,
largely by reducing coal’'s share of the total prisnanergy supply by a factor of five. This means a
significant decline in coal use in the industryteeof China, where coal is exclusively used for steel
(for about a quarter of all steel production, withe remainder produced from electric arc furnage
and cement production industries.

Achieving this higishare renewable scenario will require strong podti will, consistent policy
support, effective institutional reforms in the ergy sector (and in particular, in the power sector)
and major techntogical breakthroughs in the next decade or so. |Rgpg coal with renewables in
China is an extremely challenging and loeaign task. Yet, as the Chinese proverb says, “therjey

of a thousand miles starts with a single step”.sThiudy is indeed a ep towards a lowcarbon
energy future for China.

Source: (CNREC, 2016).
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Renewables and natural gas will dominate the elecity generation mix

Because electricity generation contributes the $&ngighest sectoral share of €@missions,

decarbonising the sector by 2050 is a top priorithe sector is more on track than are emsk

sectors in terms of deploying of renewable energyt efforts to reduce the use of coal must be
strengthened to continue on that path. This is fpaularly important given the increasingp—
dependence of coal for electricity generation inas fast growing economies. Phasing out coaf9e 1151
without CCS in the electricity generatisactor, especially in China, India and Indonesia, top

priority, and no CCS deployment is foreseen in pogemeration until 2050 under REmap.

Renewable energy’s share of electricity generatieaches 31% in the Reference Case in 2030,
up from 23% in 2015. Under REmap, the renewablerggnshare reaches 82% by 2050, more
than twice the level of the Reference Case, and nefady-times higher than the level today. The
transition thus requires current efforts to scal@ significantly. Today the share of renewable
energy in the sector increases by about 0.7 peragat points per year. Meeting the
decarbonising goals will require this rate to mdhan triple to 2.4 percentage points per year
until 2030, so that the share of renewables reacbh886 of energy generation. The increase must
continue at a rate of at least one percagie point per year until 2050.

Figure 314 {Power generation capacity and total electricity geration by technology
in the Reference Case and REmap, 22050
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< C u <+ Prhefpower sector will see the highest share of reneblas. In REmap by 2050, a diverse
mix of renewables will provide more than 80% of eleicity, with wind and solar providing the largest
shares. Coal and oil in power generation will Béminated.

Total installed electricity generatiocapacity at the endf 2015 was about 6 200 G\#igure
3.14). In the Reference Case, this increases by 180 &Wear to reach 12 400 GW by 2050. The
largest additions are in solar PV and wind onshamd offshore power, representing ®8D% of
the total. Total installed coal capacity remaingngaas today in the mire period to 2050. By
comparison, gas capacity increases by 1 400 GW, fr&@0 GW to 2 900 GW, representing the
largest share in total generation capacity by 2050.

In the REmap case, more renewable power capac#gded than in the Reference CaSelar PV
capacity climbs to 6 000 GW, while wind capacitgches 4 800 GW. While -bihsed capacjt
drops to zero, total installed nuclear capacity remairsm® as today. The remaining fossil and
nuclear (though typically the least flexible of albtions) capacity offer flexible generation,
supplemented with a baekp natural gas capacity of aroundOBOGW worldwide by 2050.
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Arange of renewables, including biomass, concemigs$olar power (CSP) and hydropower, also
offer flexible generation. With theschanges, total installed electricity generatioapacity in
REmap reaches more than @00 GW, a thredeld increase from today.

Renewable energy has the potential to meet more tinaalf of all final
energy demand in 2050

While the power sector holdsgat potential for renewables, electricity accourgsly for around
20% of final energy use today. As a result, thislysis points to an essential role for renewable
energy technology deployment in ene sectors. Such a role is especially importartaibse
these sectors today account for approximately 8(@albglobal energy demand.

In the enduse sectors, IRENA’'s REmap shows that the renewablgy share can grow to 78%
in buildings, 39% in industry and 50% in transgort2050 Table3.2). The renewable energy
share reaches B% of TFEC, which includes the use of electricity district heat sourced from
renewables. If these uses are excluded (i.e. bysiclaming the direct uses of energy only), the
renewable energy shia would reach an estimated 53%, thereby coveringrenthan half of all
energy demand by 2050.

Realising the renewable energy potential in the REroase requires that the renewable energy
share in TFEC increases to 36% by 2030 and to $@#60. In 2030consumption of renewable
power would account for around 34% of the totaldimenewable energy use, with the remaining
65% being renewable energy used in heating andikgobnd the transport sector. Renewable
power’s share in the total final renewabdmergy use increases to 40% by 2050.

d o 1>Global total and sector-specific renewable enerdyases, 20152050

Reference Case

(excl. NEU, electricity & DHC) 9% 12% 15% 28% 44%
Industry (incl. electricity & DHC) 9% 13% 16% 23% 38%
(incl. NEU, electricity & DHC) 10% 14% 17% 33% 46%
(excl. electricity & DHC) 46% 42% 41% 59% 79%
Buildings
(incl. electricity & DHC) 37% 36% 38% 57% 78%
(excl. electricity & DHC) 3% 7% 10% 15% 44%
Transport
(incl. electricity & DHC) 4% 7% 10% 17% 53%
Power generation 23% 31% 37% 59% 82%
District heating and cooling 7% % 15% 20% 30%
(excl. NEU, electricity & DHC) 18% 18% 19% 32% 54%
TFEC
(incl. electricity & DHC) 19% 21% 23% 37% 61%
TFC (incl. NEU, electricity & DHC) 18% 19% 22% 36% 56%
TPES 16% 20% 24% 40% 65%

Notes: NEU = norenergy use; DHC = district heating and cooling;CTEEtotal final energy consumption; TFC = totaalfin
consumption; TPES = total primary energy suppl¢. includes the usé fuels for the production of chemicals and polyrsie

In the Reference Case, total final renewable energgy would grow from around 65J in 2015 to
88 EJ in 2030 and 125 EJ in 2050. In comparisaler BREmap, the figure would reach5IEJ in
2030 and 235 EJ in 20%Figure 3.1} Half of the total final renewable energy use in 30d&as
accounted for by traditional uses of bioenergy, modernrenewable energy was about .
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In REmap, the use of traditional bioenergy drops to@dt zero, so the IBEJ in 2030 (and 235)
in 2050) would come almost entirely from modern esvable energy. Overall, under REmap,
modern renewable energy use is sawimes higher than today by 2050.

Direct uses of renewable energy for transport, hiegtand cooling would account for less of the

total final renewable energy use in 2030 compareddday, falling from a share of 80% in 2015

to 66%, because of greatefficiencies and the growing share of renewablectieity. The Page[153
potential in enduse sectors remains equally high in 2050 as wh#. share of endise sectors in

total final renewable energy use is high despite thignificant decline in traditional used
bioenergy.

Between today and 2050, the way heat is produceduldoalso change. Solar water heaters
would play a greater role under REmap for both istty and buildings, covering aroud&% of
all final renewable energy use. This is equivaken®% of all final energy use worldwide and
would mean a huge market for solar heaters. In dings, total installed solar water heating
capacity under REmap reache$million m? by 2030 and 1Z00million m? Industry use
would be significantly higher thait is today, with capacities reachingd20million m? by 2030
and 3695 million m? by 2050.

The use of heat pumps would increase significaimlynany developed markets. Heat pumps
would replace fuels for heat generation with renévesbased electricif. In industry bioenergy
for to generate process heat from combined heat grmiver plants would also grow.

In transport, which has the lowest renewable enesgipare among all sectors today, the share of
liquid biofuels and biomethane in total renewablaezgy use would grow from 4% in 2015 to
12% in 2030 and &6 in 2050. In absolute terms, this represents ffmid growth, from
129hbillion litres in 2015 to approximately 50fllion litres per year by 2030. After 2030, the
amount would more than double, tb 120 billion litres per year by 2050earlyhalf of this total
amountwould come from advanced liquid biofuets205Q which are made from a wider variety
of feedstocks than are conventional biofuels, butieh supply just 1% of biofuels today.

Dauntirg challenges remain in lorgnge freight transport, aviation and shipping. $aeuses
account for about half of the global transport secs total energy demand. The potential for
electrification is limited. Biofuels are currentlyet main solution forliese transportation modes.

If the aviation sector switches from today’s contienal petroleumderived kerosene to
advanced biofuels, it would consume about 40% af thtal production of such fuels. But in
general, bioenergy in transport will require a claleapproach because growing its feedstocks
may take land away from growing crops for food protion. Possible hydrogen or breakthrough
electricity storage solutions could reduce the ndedbiofuels.

Transport has the lowest share of renewable enetggay, but the sector is undergoing
fundamental change. EVs are revolutionising the waymove. In combination with information
and communication technologies (ICT), the wholesmort concept is changing. As performance
improves and battery costs fall, sales of EVs,tetebuses and electric twand threewheelers
are growing. In countries such as the Netherlandd Borway, 1830% of all cars sold today are
electric. Many other countries, such as China, ytng to boost the sales of EVs by setting
targets or offering incentives. In REmap, the numbé fourwheel EVs in use would reach
195million by 2030 and 83tillion in 2050. Carmakers already offer affordable modeé&t can
travel more than 38&m on a single charge, reducing drivers’ anxigiyput being stranded
without power, thanks to improvements in battery gineering and recharging options.

The numbers of electric buses and electric wioeelers are growing as well, especially in China.
In the REmap analysis1 million electric busesand lightduty vehicles would be on the road in
2030 and 2million by 2050.
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Achieving these numbers will require at least 10P%he total passenger car vehicle stock in 2030
and more than onghird in 2050 to be batterelectric cars or plugn hybrids Yearly sales of
these cars would need to average aroundn2iflion. Still, total renewable energy use in transport
would remain relatively small. To begin with, thegehicles are much more efficient than
conventional vehicles, so small amounts of renewablectricity would go a long way. In

" Page [154 addition, not all of the electricity cars use wouddme from renewables, and passenger vehicles

account for only half of total transport energy ugks a result, the significant deployment of EVs
would increase trasport’s renewable energy share by only eight petage points under REmap
in 2050, from 42% (including biofuels and hydrogenb0%. Electricity use share would climb
from 0.6% in 2015 to 21% in 2050. Because of tleatgr efficiencies of using electricity, this
increased share would keep transport’s total enedgmand relatively constant from 2015 to
2050 in the REmap analysis. In contrast, demandvgr60% over that time period in the
Reference Case.

Hydrogen also plays a role in ende sectors. Uret REmap, renewabldsased hydrogen use
grows to 0.9EJ by 2050 (1% of all industrial energy demargln#in use would be to replace gas
in the process of direct reduction of iron ore ion making. It also would be used for the
production of ammonia and methanol. In addition,etk has been much discussion about
possible other applications, such as in fuel-pellvered electric cars or other hydroggrowered
vehicles. The technology remains far from commdisagion, but some countries see a potential
for hydrogen as a transport fuel. In the passencgarand freight segments, its use in 2050 would
be just below 10% of all energy demand with a tatahsumption of about EJ. More innovation
is needed if hydrogen is to play larger roles apdibed in mre applications.

Figure 315 {Final renewable energy use by sector and technoldgyREmap, 2030 and 2050
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< C u e+ RUnder REmap, final renewable energy use is féimnes higher in 2050 than it is today.
Power and heatconsume about 40% and 44% of the total renewableeegy, respectively, while
transport uses about 16%.

} /£ T XTeardsforming the energy market through regional effs and corporate sourcing of
renewables

Recent years have seen the emergence of actora subnational level committing to significantly
scaling up their sourcing and use of renewable ggerMany cities, regional governments,
communities and ceperatives have set a goal of getting 100% of tlegiergy from renewables.
Most of the time, thegoal is to source 100% renewable power, but son@qmts are also looking
to power transport, heating or cooling with renewlabenergy. The GO100% initiative tracks these
projects. As of early 2017, it shows that 25dlion people live in areas that hawhifted, or are
committed to shifting within the next few decadet® 100% renewable energy in at least one of
these sectors. The initiative shows that there ararently 166 regions, cities or communities that
have projects in place to go tL00% renewlles (GO100%, 2017



© IRENAR017 Global Energy Transition Prospects and the Rol&ehewables

Companies are also increasingly seeking to achseygficantly higher levels of renewable power.

The RE100 initiative brings together and tracks panies that have committed to sourcing 100%

of their electricity from renewable eneyg RE100’s latest annual report lists 87 companies,

including some of the world’s leading companiestthave made such commitments (The Climate

Group, 2017). These companies collectively consur@@TWh, the same amount of power

consumed in the Netherlands. The list is growingckiy. In the last two years, there has been an page |155
increase in interest from heavy industry in the B&Initiative, as some of the world’s largest car
manufacturers and cement companies have become meEmbThere are many more compas

that also have similar aims but are not formallytpaf the initiative.

These corporate commitments have benefits that grgydnd just the increase in renewable power
capacity. The companies’ efforts can spur innovatim energy service areas whenmew
technologies are badly needed, such as in heavystig and transport. The companies can also
serve as test beds for innovative technologies &rdenergy service models that can pave the way
for wider adoption of renewables on regional andinaal levels.

More focus is needed on power systems integratiamdasector coupling

The growth of solar PV and wind capacity is adthnge amounts of variable renewable energy
(VRE) to the electricity mix. Indeed, more and mooeintries already achieve VIREneration
shares above 20%. Under REmap, the share of widdsalar increases to 31% by 2030 and to
52% by 2050. In terms of capacity, this changes lblagance of dispatchable versus non
dispatchable capacity, with the natispatchable capacity rising sround half of the total. This
growth, in turn, increases the challenges of inedgrg the variable power into the electricity
system and will require the establishment of newsmess models.

The influence of VRE already becomes noticeablghates ofjust 510%. The main technical
challenges begin when variable renewables push deirfar nonrenewable generation below
the minimal operating level of a country’s dispatie fleet. When renewable power is
abundant, dispatchable power plants must produess or switch off entirely. As a result,
balancing supply and demand is difficult, and stepsst be taken to ensure system flexibility.
The options for meeting these challenges genertallyinto four groups: strengthening the grid
and interconnectorspr adding flexible generation, demasile management and storage.

There are synergies between the eunde sectors and renewable electricity generatidrthése
synergies are utilised, they provide the means f#mmandside management and storage,
thereby increasing the flexibility of the power system.eyhalso provide benefits for engse
sectors by increasing the share of renewable en€imy heating, cooling and transport. For
example, the power and road transport sectors candwoupled by rechargingVs at times of
renewable power surpluses, a form of demaside management. EVs can also provide a storage
function, feeding power from pluggeid car batteries back into the grid when more ehggity is
needed in the system.

The power sector can also leupled with heating and cooling. Heat pumps thaemte on a
flexible schedule can adjust their operation to agot for peaks or dips in electricity supply in
combination with cold or heat storage. For examglegy can turn off temporarily when ovetal
system demand jumps, thus reducing peak load. Sntlaetmal grids (district heating and
cooling) offer even more flexibility by adding theal storage. Surplus renewable electricity could
also be used to make liquid fuels. In one plan geionsidered, llandoned oil and gas platforms
in the North Sea off the coast of Europe would leéurbished into units that would convert
electricity from offshore wind farms into hydrogand synthetic gas.
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Electricity storage is another key option for intating higher shares of variable renewables. In
the REmap analysis, electricity storage capacitghea more thart 000GW by 2030, when the
total installed solar and wind capacity will beDBOGW. This storage capacity is split into:
600GW from electric vehicle§25GW from pumped hydro, 126W from stationary battery
storage and 50 GW from secohdnd car batterie§? Total storage capacity grows to nearly

" Page [15€ 3000GW by 2050, with EVs in operation accounting foljomity of this total. REmap gives a

large importanceto natural gas backip capacity as well. Total installed gas capacitysfah
purposes would reach 5 000 GW by 2050.

} A 1 XEnefgy innovation trends and initiatives

Innovation will continue to be crucial to decarbsimg the energy sector. While technical solutions
for the power sector already exist, continued inatien will enhance their performance, reduce
their costs and help scale up the deployment of Hest available technologies.

Non-power sectors have greater innovation challengearttthe power sector does. For around
one-third of all energyrelated CQ@emissions (primarily from the industry and transpsectors), no
economically viable renewable energy supply altéives exist today.

For example, renewables account for only 3% of ¢herent energy demand for the transport
sector. Promising developments in EVs may incrélaseshare of renewables for passenger road
transport. But the share of renewables in aviatiand freight will notrise unless advanced liquid
biofuels quickly become competitive with fossil slewhich currently looks unlikely. In the industry
sector, renewable options for higiemperature heat generation, which typically accourits a
large share of the energy deand in energyintensive industries like iron, steel and chemicatsye
not yet commercially emerged. Alternatives, such esctricitybased iron production (electro
winning), a process similar to that used for Aenrous metal production, need to be filner
developed.

Figure 316 {R&D spending on renewable energy, 260815
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< C u e+ PThdre is an urgent need to increase R&D investmeR&D for renewables is no
currently growing and for enelise sectors R&D investment is miniscule.

82 Battery storage capacity from secchdnd car batteries can be higher depending on thusiability, which still needs to be
determined.
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Additional research and development (R&D) effortgsenewables will also further bring down the
costs of zerecarbon technologies and decrease the overall cofdecarbonisation. Unfortunately
R&D investment in renewable energy technologies Ima¢ grown in the last seven years.
Moreover, most R&D investments for renewables couéid to be in power sector technologies
(such as PV and wind) rather than in technologies dnduse sectors (suclas biofuels and
biomass), where they are urgently required.

In order to enable this energy transition, thereéorG20 countries should increase their R&D
investments to find technology solutions for secavhere more innovation is required.

The magnitude of the challenge means that interoaél collaboration is required. Innovations
must be shared, materialised and widely replicatgd others. There is a big opportunity for G20
countries to engage, eordinate efforts and demonstrate political leadeigh

To meet this need for collaboration, several intational initiatives aimed at nurturing R&D in
clean energy technologies have been created. Thelude:

x  The Mission Innovation initiative in which 22 coues and the European Union have committed
to doubling their government R&D investments for clearery over the next five years.

x |IEA’s Technology Collaboration Programmes (3@iort R&D for the energy sector through a
collaborative platform that brings expertegether to exchange experiences and-ordinate
efforts. The 39TCPs operating today involve abou@® experts from government, industr
and research organisations in more than 50 coustrie

x The Clean Energy Ministerial seeks the diffusionl@dn energy technologies through initiatives
focused on specific technologies, including rgrnds, smargrids, PV and wind grid integration,
and superefficient appliances.

Other areas of important innovation for the decarbsation of the energy sector have often been
overlooked. IRENA has seveeffbrts aimed at identifying them including IREMAdvation Week,
which is held every other year. The most recentrdyén 2016, focused on the power sector and
highlighted the need for innovation in market desidousiness models, financial instrumeratsd
infrastructure. Similarly, the Ministerial Roundtatof the 7" session of the IRENA Assembly, which
includes ministers as well as private sector leademphasised that the transformation will not
move forward without innovative policy and regulaydrameworks.

While the power sector has a long history of polfcgmeworks that encourage deployment of
renewables, such frameworks are lacking in mostntoes for enduse sectors. In addition, there
are difficult policy choices, including additiomabrket regulations that will need to be made in
these sectors to decarbonise their energy systemsamples include limits on sales or higher taxes
for inefficient cars, stricter energy efficiencygrdations for existing buildings or requirements to
demoish and replace old buildings, or structural chamgéd relocation of plants in industry. The
G20 has the advantage of including developed asl wel emerging economies, so it has a
comprehensive picture of the different innovatioreds and complementariynovative solutions
for different constituencies.

As innovations emerge, continuing to share exper@&nand best practices is crucial. The G20 has a
large opportunity to use all these initiatives tocelerate the decarbonisation of the energy sector.

Renewable energy use in G20 countries: contribuidry each and all

All countries have opportunities to increase thaimounts of renewable energy beyond the
Reference Case. However, there are stark differsnoetween countries and regions in their
starting points of renewable energy use, renewable ra@seuavailability, access to financing,
policy frameworks and many other factors. Thesdedinces explain why some countries can
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achieve a tripling or even a quadrupling of theanewable energy shareshile others are less
likely to achieve significant growth.

Figure 3.1&hows the implications for individual countriestbé global objective of doubling the
share of renewables (to 36%) in the global energy by 2030 and increasing that to 60% by
2050. The starting points are the renewable enesggres in 2015. The global average renewable
energy share was 19%. While Japan, the Russian &gmerSaudi Arabia, the United Kingdom
and others are below 5%, some others, sastBrazil, India and Indonesia are above 20%.

In most countries, the Reference Case foresees mbtereases in renewable energy shares
based on the countries own lorigrm plans. For instance, Canada and the UnitedeSthave
rather conservative policgmbitions. In Mexico, the demand for all energygiswing as fast as
the uptake of renewable energy technologies, so tkeewable energy share remains the same
for the entire period. In some countries, howevére renewable energy shares are forecast t
decrease between 2015 and 2030. For India and Iadian this is explained by reductions in
traditional bioenergy use, as more efficient coaksts that use modern bioenergy or fuels like as
liquified petroleum gafkerosene come into use.

For all countries, REmap identifies additional pdi for renewable energy technologies. For
countries with high starting points or existing aititius plans for growth, the additional potential
in the REmap case over the Reference Case is rhthieed. Many othersgdo not have ambitious
plans, however, REmap shows that they have sigmifiextra potential. Canada, India, Turkey
and the United States, for instance, all have highels of renewable resources that remain
untapped, both today and in the countries existipigns until 2030/50.

For some countries, the renewable energy potentigly be greater than what was identified in
REmap. But more work is needed by policy makersathdr stakeholders to identify options,
especially in countries where fossil fuelayph large role in the economy. The transitiontfurse
countries in adopting renewables might take moraei.

REmap shows that the G20 as a whole could reacB% fnewable energy share by 2050,
equivalent to around 175 EJ final renewable enargg. Tls represents’0%of the total global
final renewable energy use in 205235 EJ)While each country has the potential for additadn
renewables beyond the Reference Case, theftep G20 countries in terms of total renewable
energy use- Brazil, Chinalndia, Indonesia and the United Statesiccount for half of the total
global renewable energy use in 2050 and 70% of @R9. That means decisions in a few
countries are critical for the success of a globatewable energy acceleration. But those
countries alone will not be able to put the world on a paty that limits global temperature
increases to .
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Figure 317 {Renewable energy share in TFEC in G20 countritiserReference Case and REmap, 2015-
2050
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< C u << Hn the Reference Case, the renewable energy share in Gantries would range from 5
40% by 2050. As REmap shows, achieving ti@ target would require that shares increase to beten
30-80% in all G20 countries.
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d o i>XSummary of Reference Case aR@nap results

Reference REma Reference
Case p Case

2030 AU 2050

Renewable energy in
electricity generation

Page [16C  Hydropower GW 1208 1413 1671 1391 1628
Pumped hydro GW 155 300 325 300 325
Wind GW 417 1312 2 665 2331 4 801
Onshore GW 405 1286 2 565 2243 4 401
Offshore GW 12 27 100 88 400
Solar PV GW 219 1220 2921 2703 6 348
CSP GW 5 47 224 150 719
Biomass GW 103 166 251 269 415
Geothermal GW 12 36 126 63 283
Marine GW 0.5 6 9 12 80
Battery storage GWh 0.5 1096 2980 3095 10 400
Electric vehicles GWh 0.4 596 2080 1995 8 500
Two - and three -wheelers GWh 0.1 500 900 1100 1900
Renewable energy use in
transport
Electric Vehicles v'gir']'iiglgs 1.26 60 208 200 851
Passenger vehicles V@u'iiglgs 1.24 59 197 198 830
Buses & Light -duty vehicles million 002 0.64 11.0 15 21.9

vehicles
2/3 wheelers vzir']'ii;zs 200 500 900 1110 1940
Bioliquids billion litres 129 280 500 580 1120
Ethanol billion litres 94 195 255 320 635
Biodiesel billion litres 25 55 135 155 310
Biojet billion litres 29 111 105 175
Biomethane billion m? 0.4 1 24 3 200
Renewable energy use in
industry
Biomass heat (incl. CHP) EJlyr 8.0 12.8 16.8 19.6 31.2
Biomass feedstocks EJlyr 0.8 2.0 4.0 8.5 16.0
Solar thermal - GWih 01 0.7 95 9 144
S\?;?Lg‘tgmﬁ'be' flat plate, million m2 1.0 17.1 2440 221 3695
Geothermal (direct heat) EJlyr 0.02 0.04 2.90 0.54 441
Heat Pumps million units 0.2 25 34.2 5.6 79.5
Renewable energy use in
buildings
Biomass - traditional EJlyr 28.0 12 0 4 0
Biomass - advanced Ediyr 25 31 13.9 5.6 8.3

cooking
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Traditional cookstoves million units 568 252 0 76 0

Modern cookstoves million units 48 206 1007 400 813

Biomass heat EJlyr 4 17 16.6 185 14.3

Solar Thermal million m? 622 1364 5542 1962 11 695

Geothermal (direct heat) EJdlyr 0.3 0.9 2.7 14 R
Page |161

Heat Pumps million units 4 23 102 47 232

Total final renewable

energy use

Total final renewable Elyr 64 88 145 120 235

energy use

Renewable energy share in % 19 21 37 23 61

TFEC

The economic case for the energy transition

Renewables offer a wide range of benefits, welldray thoserelatedto energy securityclimate

and environment. There igrowing evidence that they can support economic vgito and
improve human welfare. Renewables are key to adhgevthe United Nations’ Sustainable
Development Goal (SDG) of providing all people witfordable clean energy (Goal, Tyhile
reinforang other SDGs. They facilitate access to basic servicespwauman health, enhance
incomes and productivity, and promote gender edquyaliand educational opportunity.
Renewables also create new jobs and spawn new lguddistries, and can contribute to
sustainatte urban development (IRENA, 2017this section discusses the benefits of the REmap
energy transition in detail.

Mitigating climate change through renewable energyeployment would
yield macroeconomic benefits

The worldis faced withan urgent need to écarbonise. At the same time, many major advanced
and developing countries are suffering from slugggonomic growth and high unemployment.
The traditional view has been that there is a tramlié between economic growth and
decarbonisation. Much of the limate change mitigation literature, notably the miel
comparison exercises compiled in the IPCC’s Fdédegsment Report, has estimated negative
economic impacts of decarbonisation (Clarke et2014). Howevetthe literature is now several
years old and its authors admit the significant uncertainties ara their estimations,
acknowledgingthe possibility of positive economic impacts, esp#g if the technologies
required for decarbonisation (e.g. renewables) i in cost and performance (Box 3)1

} /£ 1 X Bxisting literature acknowledges the possibility positive economic impacts

Forecasting the economic impacts of global decarbmiion is a daunting task. The IPCC itself,
being the most scientifically sound reference ore ttopic, admitsthe uncertainties. The Fifth
Assessment Report forecasts negative economic itspdmut allows for positive ones, if certain
circumstances take placeircumstances either alreadxisting, or likely to come about.

The role of technologyithe past ten years have been a period of outstagditechnological
advances and cost decreases for renewable energhntelogy, which the IPCC Fifth Assessment
Report was not able to capture. Citing IPCC: “Bsedachnology will underpin the transition to a
low-carbon eonomy, the availability, cost, and performance etlinologies will exert an influence
on economic costs” (Clarke et al., 2014). Thdé Aissessment Report was published in 2014, witt
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most model comparisons being done between 2009 a6d4, with model ras done using data
that could be even older.

Modelling approach:most of the underlying models are based on r&assical economics (i.e.
computable general equilibrium (CGE) techniquesicivlassume that markets are perfect, agents
fully rational and theeconomy works at full capacity. This is largelystiomable, as postulated by
postKeynesian economics. The IPCC’s Fifth Assessmenttt Rdmits the large uncertainty around
assuming perfect markets. Citing IPCC: “The agtgem@nomic costs reported.() assumed (...) in
many cases an idealized implementation environmeith perfectly functioning economic markets
devoid of market failures (...) The reality that asgtions of idealized implementation and
idealized implementation environment will not be e practice means that reatorld aggregate
mitigation costs could be very different from thoseported here” (Clarke et al., 2014). In fact,
recent research is trying to relax some of thesécstassumptions in several CGE models (e.g. by
including unemployment or explicitly representingpney supply). Also interestingly, several recent
CGEbased analyses are showing positive impacts of naonditious decarbonisation or renewable
energy deployment, such as in the case of Brazittuna (CNREC, 2016j &ad Liu, 2016; Wills and
Grottera, 2015).

The role of the “doubledividend”: the IPCC states that climate policy does not happeran
idealised, perfect market environment, and if theege synergies between climate and other
policies, economic impacts could be more positifeis is for instance the case of climate and fiscal
policy. A “doubledividend effect” could take place if carbon priceveaues are used to reduce
distortive taxes (such as those on labour). Thieeiry much in line with the literature on “green tax
reform”, with the findings of OECD’s G20 reportthe case of “pregrowth policies” being
implemented (OECD, forthcoming), and with the emwimental taxation initiatives advocated by
institutions (e.g. the OECD, the European Commisglte International Monetary Fund (IMF) or
the European Environment Agencyiting the IPCC, “literature has also looked inte tise of
carbon revenues to reduce psxisting taxes (generally known as th@#ouble-dividend=t
literature). This literature indicates that total itigation costs can be reduced through such
recycling of revenues. (...) Climate policies w#ratt with preexisting policy structures as well as
with other market failures (...) and these interan8acan either increase or decrease policy costs. A
number of authors have argued that costs could bech lower or even negative [i.e. positive
economic impacts] compared to those produced bydsts assuming idealized policy and
implementation environments"Glarke et al., 2014).

Rapid technological advancements in renewables gmdeed taking place, and in many
circumstances renewables are becoming the cheapestce of energy, a trend which is likely to
continue in the future (IRENA, 2016f). Such chamgesbe a driver for the economic impacts of
decarbonisation to become positive.

These, among other factors, are beginning to foaceethinking of the traditional view of the
trade-off between economic growth and decarbonisation.efié is growing evidencehat
mitigating climate change through renewable energyuld actually bring positive economic
impacts stimulating growth and employment worldwide. Sonoé this evidence is for G20
members: the United States (ICF Resources LLC; 39h&pse Energy Econigs et al., 2015),
China (CNREC, 2016; Dai and Liu, 2016), Japatt &all., 2014), Germany (Blazejczak et al.,
2011; Lehr et al., 2012), France (Callonnec e2@16) or Brazil (Wills and Grottera, 208)

Overall, a policy intervention that redas greenhouse gas emissions while simultaneously
boosting economic output is particularly compellirand there is growing evidence that this
could be the case. This section explains the imp&athe REmap energy transition on GDP at an
aggregate leveland then describes the changes in economic strectand the effects on

83 These positiveesults forBrazil and China are obtained witbmdassical CGE model
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employment. The analysis in this section has besmied out using the global posteynesian
macroeconometric model E3ME.

Decarbonising the energy sector can yield globd Gdwh

Achieving the energy transition in the G20 as oetli by REmap would increase global &b

1.1% in 2030 and by 0.8% in 285@mpared to the Reference Cagdgure3.18). The additional Page |163
economic activity generated betwearmow and 2058 would be an estimated USDtrillion,®

which is similar to the total value of all the coempes tradedon the New York Stock Exchange,

the largest stock exchange in the woffdin 2050 alone, the additional output would be
USDL.6trillion, similar to the combined GDP of Indonesia and Tutkeiay (IRENA, forthcoming

a).

The main driver of the global economic surge is itteestment boost from the high capital
requirements of renewables and energy efficiencgfront investment is, for botha larger share
of total lifetime cost than it is for fossil fublased technologies.

The additional investment in the REmap case, comnbato the Reference Case, is about
USD0.83trillion per year globally (on average between now and 20%D) that, 40%is in
renewables supply and 60% is in energy efficienuy the electrification of end uses. These
investments more than offset the reduced investmémtconventional energy sectors, increasing
overall investment in the energy sectoas(seen in Figure3.9). These investments take place
mainly in the power sector and in the ende sectors where energy efficiency measures are
implemented (e.g. residential or transport sectgrapd lead to higher economic activity across
the emnomy (even after accounting for a partial compietit for capital across the economy
(Box3.11).*° It should be noted that there are uncertainties aral the estimates of investments
required, especially in the case of energy effickenGiven the key role that these investments
play in driving GDP growth, the current economiaaion of low interestrates and low growth
present an ideal opportunity for such an intervemtj as also pointed ouh (OECD, forthcoming).

An additional driver increasing GDP is the growthdusehold expenditure. Such expenditure is
caused by a larger real disposable imeodue to: reduced income taxes as a result of the
increased government revenue from carbon pricing. tihe doubledividend effect of a green tax
reform™); andreduced expenditures on energy that can be allodati® otherexpensecategories

84 For further detailssee Anex B

85 While the GDP measure fails to capture the broader improents in human welbeing €.g. including social and
environmental aspects), it would still increasetive energy transition. Estimates of the welfare ahbader sustainable
developmentimplications of renewable energy deployment are tloeus of current and recent IRENA work (IRENA7®01
201649, 2016h, forthcoming a)

86 Estimatesof the impact of renewable deployment on the GDPtfee G20 countries alone are slightly higher. Asoofy,
the G20 represents 86% of global GDP, and by 20886rthe Reference Case it would account for 82%.

87 Discountedat asocialdiscount rate of 3%

88 Allmonetary figures are expressed in constant 2016qxi

89 Totalmarket capitalisation of all listed companies (N¥&#ket Data, 2017)Since the market capitalisation of a company
could be interpreted as the discounted value offature cash flows expected by the market, it imaaningful comparisorof

a discounted cumulative additional GDP, even ifdiseount rates used are arguably different (prevagrsussocial).

90 The onlyinvestments that are assumed to be financed by daf# those in the power sector. Such debt is assutoeoe
private and not public, a key difference from th&0D G20 report (OECD, forthcoming). As such, therlsiedsation does
not directly increase public debt.

91 Thepresent macroeconomic analysis assumes carbon iiitdine with IEA'SVorld Energy Outlook 2016lew Policies
Scenaio and 450Scenario respectively for the Reference and REnsaesc (in terms of value, geographical and sectoral
application). The analysis also assumes that capsming is revenuaeutral for the government, by reducing income {ae.
“revenue recycéhg” through reducedncometaxes). Such reform is a sort of “green tax reforaid is widely considered by
the literature to yield positive GDP impacts, adfirg also consistent with the upcoming OECD G2Mrtep(OECD,
forthcoming).
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(electricity prices fall in many countries where renewables amere costcompetitive and
prices of fossil fuels drop).

Figure 318 {Global GDP impacts of the REmap energy transitiatditional and absolute GDP values,
2015 2050
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Notes:The top graph illustrates the additional real glbk&DP in each year (US015trillion, undiscounted) and is equivalent to the
area between the two GDP lines in the bottom grafithe figure of the additional cumulated GBBmsthese yearly figures,

discainted at a social discount rate of 3%. The bottorapd represents the global GDP in real terms (208B) in each of the two
cases. All GDP figures are expressed in markehegehrates.

< C u <+ Medarbonising the energy sector in line with REmapreases global GDP by around 0.8%
by 2050 compared to the Reference Case. In cumuéaterms this constitutes almost USDBtrillion in
increased economic activity between today and 2050.

Overall, this analysis suggests that it is possiblearry out a fundamental transition in the
energy sector without slowing GDP growth. In fabke rates of GDP growth may increase.
However, important changes in the sectoral conttibos to GDP can bexpected.

} /£ 1 X GDP impacts in case of full capital crowding outdatme double-dividend effect

The investments required in the decarbonisationec#as outlined by REmap) could displace (i.e.
“crowd out"%) capital available to other productive sectorsyimg a possibly depressing effect on
the economy. There is no clear evidence in the ecoit literature for whether this happens in
reality, with different schools of thought (mainbpst-Keynesiarversusneo-classical) following very
different assumptions. This analysis follows a gésynesian approach, which is different than the
mostly neaclassical approaches used in the existing literatom the economic impacts of climate

92 The analysisonsiders the cost of integration of renewables as arkup in the price of electricity for each country.€Th
mark-up increases with the share of variable renewalitethe country.

93 In the economic literature, the expression “crowding oudtaapital” is used with two different meanings. dome cases it
means that public investment can hinder privategatment. In some other cases, it means that investit(either public or

private) in a sector reduces capital availabildy ihvestment in other sectors. In this report, tsecond meaning is adopted.
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change mitigation, but is still grounded on solm@rical evidence (Anger and Barker, 2015; Arestis
and Sawyer, 2011).

One of the main differences between the schools bbught is that pure posKeynesian
approaches assume no crowding out of capital. Rergurpose of this angsis, the central scenario

assumes a partial crowding out. Furthermore, a #érity analysis is carried out under full and null  page |165

crowding out conditions (see the sensitivity anédysection below). In the full crowding out case
(the closest to a nealassical approach, such as the one used in OECD cforting), GDP impacts
are reduced, but remain positive, because the setayg driver increasing GDP (increased
expenditure) is not significantly affected.

The main reason for the increased expenditure e oubledividend effect of recycling the
proceeds from carbon pricing to reduce income tax@éfe positive economic effect of such
recycling method is in lin@ith the: i.) literature on “green tax reform”; ii.) narn&e included in the
IPCC'’s Fifth Asssment Report (when it refers to the synergiesviitn climate and other policies);
iii.) findings on “pregrowth policies” in OECD’s G20 report; and iv.) thei®nmental taxation
initiatives proposed by relevant international iitstions such as the OECD, the European
Commission, the IM&ndthe European Environment Agency.

Decarbonisation will bring about a shift in the qmosition of the economy

The transition towards a decarbonised energy sectall bring structural changes in the
economy. Somesectors and industries will see reduced activityhiler others will thrive. In a
decarbonisationcasewhere investment in capitahtensive renewables and energy efficiency is
significantly scaled up, sectors related to capifabds and services would receive a boost, while
those related to fossil fuels would see reductionoutput. This dynamic is reflected in the GDP
impacts experienced by different countries deperglion the relative importance of various
sectors. Accordingly, countries relying on fossdl$ for a large share of their GDP could face
declines in economic activity. This has importamtategic, policy and political economy
implications for countries and for the global delanisation of the energy sector (OECD,
forthcoming). Continuegolicy interventions, including towards economiwetssification, could
help mitigate the negative economic impacts in fbskel exporting countries (OECD,
forthcoming). The structural effects of the REmapemyy transition are represented in
Figure3.19in terms of changes in output per sector compatedhe Reference Case.

The main negative impacts of decarbonisation woatdtur in the fossil fuel industry and in
utilities. As the demand for fossil fuels fallslated actvities, including exploration, production,
refining and distribution, would experience slowdasv Prices would drop as well, combining
with lower demand to reduce overall sectoral outpihe coal industry would be hit the hardest,
with output falling by about 20% in 2030 and cldse30% in 2050 in comparison with the
Reference Case. The oil and gas industries wouldrxqe smaller reductions due to a lower
substitution effect (the carbon content of their guucts is relatively lower and their productse
harder to substitute). The production of the oilcagas sector in real terms would fall by 10% and
20% in 2030 and 2050, respectively, compared toRe&erence Case.

Utilities also would experience a slowdown. Desfiiereased electrification in gheconomy (the
share of electricity in global final energy consuiop goes from 24% in the Reference Case to
29% in REmap by 2050), energy efficiency measucesdwimit final consumption enough to



Global Energy Transition Prospects and the Rol®ehewables © IRENAR017

reduce overall power generation by around 10% coredato the Reference Case. As a result,
output from the power sector falls by 4% by 203@ ai% by 2058!

Within the power sector, however, there are somepiontant differences across technologies
that are not evident in the macroeconomic analybscause of methodological limitatioris.
Some power technologies, such as coal power gei@raiwill decrease their output, while

Page |16€ others, such as renewables, and other activitieshsas T&D, smart grids or demand response,
will increase. Some light is shed on thespeass in the jobs analysis in the next section, mehe
estimates have been made for employment by techggl¥f Beyond the power sector, other
utilities would also experience reductions. Gas arader supply activities decrease by 5% (mainly
because of theaduction in gas demand).

94 While generation (in TWh) falls around 10%, sectoral atitfn USD) falls around-2%. These figures are not directly
comparable, since there are significant price effeplaying a role. For instance, generation mayfééng more (in TWh
terms) in a country with cheaper electricity ovéralo the effect on global output would be small&he difference between
generation and output changes does not relate te tfifferent electricity prices between scenarios,the measure of output
is in real terms, so such price effects are strigbpet of the calculation.

95 The macroeconomic representation does not includmeasure of output for each power generation teclogy, only

showing the sector as a whole. This is a consequearicdhe available data and the definitions usednational economic
accounts. Some acadécnliterature has attempted to split the power sectinto different technologies and a similar bottem
up approximation based on employment factors hasiesed for the jobs analysis in the next section.

96 Indeed, structural impacts can be analysed from gwent of view of sectoral output (measured in U&Pms) but also

from the employment perspective. As such, the enyphent analysis by technology in the section belam be used as a
proxy for structural impacts and changes in outpatoss power generation technologies.
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Figure 319 {Structural changes of the REmap energy transiti@d30 and 2050

Notes: Thevertical red line indicatesthe global output change (2030 and 2050 averaga),cbmparisonwith output change per
sector. Output and GDP differ since the latter discountermediate inputs. Importantly, it should be natehat representing oytut
changes in percentage terms has the drawback of ingakhe impacts in large sectors seawlatively smaller than they are in

absolute USD terms.
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< C u <+ PFosgil fuel industries see the largest reductions sectoral output, while the highest

increases are in sectors related to capital goodsyvices and bioenergy.
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The activities that stand to gain the most from theergy transition are those that benefit from
the capitalintensive nature of renewables and energy efficignand from the overall economic
improvement (as seen above through GDP increases).

The additional investments in renewablaesad energy efficiency more than offset the reduced
investments both in fossil fuels upstream and imwentional power plants. As a result, the
activities supplying capital goods and servicegeiase their overall output. In particular,

activities relatedto construction, engineering and manufacturing afogs required for the
transition (such as renewable energy equipment ¥sEwill increase their output bkground 1%.

At the next level of the supply chain, activitie®wding goods for the constructioengineering
and manufacturing sectors would increase their emmic output by aroundd.5%. Examples
include basic metals and nanetallic mineral products (e.g. cement). Going lert upstream in

the supply chains, activities extracting and delivgrraw materials would see an increase,
although this is a relatively small sector and tharges in output would be so limited that they
do not show up in the analysis.
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Output also increases in many areas of the servesedor. While some services are part of the
supply chains for renewables and energy efficieaiyvities (e.g. planning ordansport), most of
the impacts are the result of induced economide effects due to the overall GDP increase. For
example, higher household income increases demamdidod, education and health services.
Distribution and retail, hospitality, ICT and buesia services would increase their output between
1% and 2%.

In addition, output from the agricultural sectorsal would increase, mainly due to the rise in
bioenergy feedstock production.

Overall, the decarbonisation of the energy sector whb bring about a major economic
transformation. Sectors related to sustainable egerincluding those in the supply chain for the
required investment goods and services, increaseirtiparticipation in the economyThese
transformations, and the economyide structurd changes that will take place, imply a transfer
of labour from activities related to fossil fuels those related to renewable energy or energy
efficiency. The next section describes the likelpacts on jobs in the energy sector and across
the wider gbbal economy.

The energy transition will increase employment asrthe energy sector and in the
economy as a whole

The energy transition will increase employment leveThis is a key finding, given the
fundamental role of jobs in social and economic elepment, which goes well beyond wage
generation (World Bank, 2012).

Global jobs in the overall energy sector

The decarbonisation of the energy sector will briigher employment levels in energy, since the
number of new jobs created in renewables andergy efficiency more than offsets job losses in
fossil fuels Figure3.20). Global energy sector employment today standaratund 40million jobs
(direct and indirect}” Of these, IRENA estimates gniflion jobs to be in rerwables’® a number
that has been growing consistently in recent yediRENA, 2016i).

In the Reference Case, global renewable energy (dibect and indirect) would reach Ibillion

by 2030 and 1'illion by 2050. In comparison, in the REmap case, the munob jobs would
increase to 24million by 2030 and 2@énillion by 2050. Although employment in renewables is
higher in the REmap case, these estimates suggpessible plateau, as increases in renewable
energy jobs are limited by a combination of eneedfyciency improvements (which reduce total
energy demand) and growing labour productivityatfdition, bioenergy, one of the most labeur
intensive renewables, would reach a supply liffit.

Overall, the increased employment from renewablésna would ofset job losses in the fossil
fuel sectors (which would be aroundmillion in 2030 and 8nillionin 2050). Furthermore, when
jobs related to the increased rates of energy ééicy are considered @illion in 2030 and
around 5million in 2050), the ovall energy sector (including efficiency) employgngicantly
more people in the REmap casedure3.20).

However, many individual workers in the fossil feglctors may suffer if they cannot easily
transfer to renewable anénergy efficiency jobs. As a result, the transiti@quires a consistent

97 All jobsfigures include direct and indirect jobs. The 2048ues for fossil and nuclear energy employment ERENA
estimates based on the literature.

98 Includinglarge hydropower.
99 Total primarysupply of bioenergy feedstock reaches a maximumroéind 150 EJ/year in REmap.
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and comprehensive mix of policies, including retiiag programmes. For instance, significant job
losses will happen in the coal sector. But somel awarkers are already shiftingotthe
decarbonised energy sector, taking jobs as solatdelnicians, for example, or as construction
workers employed in energy efficiency retrofits (@&zi, 2014; Renner, 2016).

Figure 320 {Employment in the overall energyestor, 2015, 2030 and 2058%
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Note: Due to methodological limitations, energy efficignpbs are only computed for the REmap case basedhe additional
investments needed in energy efficiency (in REnmBeference Case).

< C u <+ MNew jobs in renewables and energy efficiency mofeah offset job losses in fossil fuel
sectors.

Renewable energy jobs by technology and country

Most of the renewable energy employment in the Rpntase would be in solar (fillion jobs
by 2030 and ®nillion jobs by 2050), bioenergy (7 andr8llion, respectively), hydropower (6 and
5 million, respectively) and wind (3 andrdillion, respectively}®* The ranking of technologies
remains unchanged from that of todayFigure3.21). Compared to current levels, global
employment increases in all renewable technologies.

100 Thelevel of employment in energy efficiency is not oejed for the reference case as no figure is awddgrom current
data (energy efficiency is not defined as a sepausctor). The results therefore only show the adtlitions for the REmap
case. This limitation does not affect the conclusiowhich compare the REmap and reference cases.

101 Solarjobs include all electric and thermal applicatiorBioenergy jobs include feedstock and power gerierat
Hydropower includes large and small hydropowershbuld be noted that there are significant data gaghat affect the
analysis presented here, dire part to the existing informality in some of thesoour markets considered.
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Figure 321 {Renewable energy employment by technology, 2015320and 2050
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< C u <+ PRerfewable energy jobs can reach around m8lion by 2050, with solar and bioenergy
being the main employers.

The largest employment in absolute terms will betie G20 countriesHigure3.22). Employment
in renewables will be dominated by China, IndisazZirand tle United States. Large domestic
deployment and equipment manufacturing will make irizh the global leader in terms of
renewable energy employment, with sevanillion jobs by 2030 and close to eighillion by
2050. The number of renewable energy jobs inidnid expected to grow significantly as the
country’s already significant ambitions are furthecaled up. Meeting India’s 2022 target of
100GW of solar is, alone, expected to create rillion jobs (CEEW and NRDC, 2016) , and there
could be about foumillion jobs in renewables in India by 2050. Brazil alstksan the top five
employers with close to 2.&illion by 2050, due to its bioenergy sector (consistingimyaof
feedstock harvesting and processing). In the Unightes, a strengthening of paks to
encourage emissions reductions could yield twidion renewable energy jobs by 2050.

It is also important to note that key fossil futporting countries like the Russian Federation and
Saudi Arabia also gain substantial numbers of job®newables. In Saudi Arabia, many of the
jobs are related to the construction and instaltati of solar energy, while in the Russian
Federation there are large numbers of jobs in bieeyy feedstock production (both for domestic
use and exports).
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Figure 322 {Renewable energy jobs in the highest employing ctues, 2030 and 2050
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< C u <+ Hhe{largest renewable energy employers are all GBOintries.

Employment impacts in the whole economy

Looking beyond the energy sector aitsl supply chains, econonwide (i.e. net) employment is
higher in the REmap case than in the Reference Caseto increased rates of overall economic
growth (GDP is higher in the REmap case by 1.12638 and by 0.8% in 2050h addition to
direct and indirect job creation in sectors likenstruction and manufacturing, a significant
induced job creation takes place in sectors relatedservices, because of the increase in
economic activity described above. Global econamge employment increases karound 0.1%
by 2030 and 2050. Many of the new jobs are createthbourintensive sectors like construction
and hospitality.

Reaping the benefits depends on implementing catitezaergy and economic
policies

The analysis in this section shows that timegy transition can fuel economic growth and ceeat
new employment opportunities. Thanks to the growibgsiness case for renewable energy,
climate change mitigation and economic growth am@ longer an “eithetor” choice. This is a
significant conclusioim the current context of sluggish economic growth

Job creatiorin renewables and energy efficiency, for instaneeuld more than offset job losses

in fossil fuel sectors. Millions of new jobs wiKist in activities related to deployment and

maintenance of renewables, construction, implemedida of energy efficiency measures,

manufacturing of required equipment and bioenergypply. Many of these labour requirements

could be met with workers from fossil fuel indusj as in many cases the skills are
complementary. Active labour and retraining polgiwill need to underpin such shifts. This
highlights the importace of looking beyond energy policy.

Macroeconomic benefits will only be realised if oties implement a coherent mix of economic
policies to complement the energy policies underpimy decarbonisation Figure3.23).
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Therebre, policy makers should place renewable energlicgon the broader context of the
energy sector while also considering a range oksowitting policies beyond energy, such as
industrial, fiscal, trade and labour policies (IRERBL6h, 2013, forthcomg b; IRENA ande®,
2014).

Figure 323 {A broad and coherent mix of policies
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< C u << PA Hroad and coherent mix of policies is needed teap the positive macroeconomic
impacts of the energy transition.

Policieswill remain central for decarbonisation, beginning with reneable energy
deployment

Within the realm of energy policy, renewable enengglicy is a key pillar of decarbonisation.
Supportive policies can attract investments, in@eaeployment and drive cost redumtis. Since
the early 2000s, a wide variety of measures haverbased to promote deployment, starting
with nationatlevel frameworks that are translated into specifiteasures such as regulatory
instruments and fiscal incentives. The measures a@&sable favourable conditions for sector
development related to grid access and financiakchaisms Figure3.24). By the end of 2015,
146countries had implemented renewable energy suppedlicies, which cover electricity
generation heating and cooling, and transport. In fact, £blintries had implemented power
policies, 6&ountries transport policies, and Zbuntries heating and cooling policies (REN21,
2016).

In the power sector, the appropriate policies muse tailored to country priorities and
conditions, including the maturity of the countryy@wer markets, the level of development of
the renewable energy sector and whether demandiging, stable or falling. Based on these
factors, renewable energy policies should corsidly provide transparent, predictable and
stable market environmentswhile allowing enough flexibility to adjust to matk changes
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(IRENA, 20B). Among a wide range of instruments, recent trengisve seen the gradual
evolution of renewable power policies from tarifised mechanisms to hybrid instruments such
as auctions, which are gaining importance as théywatenewable energy to be deployed in an
efficient, wellplanned and flexible manner (IRENA, 2015).

Figure 324 {Overview of the types of renewable energy policiaad measures adopted
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Up to now, renewable electricity support policieavie concentrated primarily on deployment
measures to create markets. Falling costs and grgwdeployment have now brought new
chdlenges to making renewables an even greater congpbnof the power sector. The
integration of growing shares of variable renewa@éneration, in particular, is crucial to a cost
effective energy sector transition. In responseuetries are increasingly shifting their policy
focus towards the deeper integration of renewablesoss the broader energy sector.

Policiesalso needo focus on heatingnd coolingfor buildings andndustry, andon the potential

of renewablesto fuel transport. Renewabledbased thermal applications, combined with
continued advances in energy efficiency, will @agritical role in the future energy system. More
focus should be placed on policies for thermal neables, which clearly lag behind those for
power applications. Renewable heat sources are locaspecific and vary in quality and
guantity. In addition, each sector has specificrelateristics. As such, thermal renewable energy
policies will need to be tailored at countrgnd sectorspecific levels. Teh potential synergies
between renewables and energy efficiency requirerendolistic approaches to energy policy
than current ones.

Renewables can contribute to the transport seciarthree ways liquid biofuels used in blends
with conventional fuels; gaeous biofuels used in flefiiel vehicles; and renewable electricity to
power electric and hybrid vehicles. Liquid biofueisrrently represent the larger share of
renewable energy use in the transport sector. Theie has historically been driven by rtodéng
mandates that support biofuels markets. Howeverestment in new production capacity has
declined in recent years, due in large part to lowed prices. Looking forward, EVs will play a key
role in decarbonisation. They introduce high shanésenewables in transport and also facilitate
the integration of renewables in power markets. ieigs will need to support investments in the
required infrastructure, and to provide economigsals that encourage charging at times that
take advantage of therofile of variable renewable generation.
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A systemlevel approach to policymaking is needed to acceltr the transition

Not only must renewable energy policy shift from exclusive focus on deployment to ensuring
deeper integration, it must also provide incentivies enhance system flexibility. For example,
there is a need fompolicies that advance demarside management and storage, as well as
electric mobility and industry load shifting. Thelated changes in market design should be
geared towards providing adequate, reliable andoedfble electricity services, while sharing
system benefits and costs in an equitable manneve the larger share of distributed energy
sources, the positions of established players aad stakeholders will also need be balanced.
Efforts towards the smooth integration of renewableill also benefit from the coupling of the
power sector with heating and cooling, and trangpotogether with energy efficiency
improvements.

Implementing a systerevel approach will relypn strong institutional capabilities, central to
supporting the energy transition. The pace of thansition will be strongly influenced by the
abilities of institutions and individuals, in theergy sector and beyond, to take decisions that
are informed, sound and consistent with losigrm decarbonisation goals. For instance, energy
efficiency improvements require the right decisiolosbe made by a myriad of actors who face
very different, and sometimes conflicting, interesitn many countries, institutional capacities
remain weak, affecting awareness, policy design anglementation processes. Where such
capacities exist, they are commonly restricted dgek of resources.

To strengthen and empower institutions, it is calcto identify, assess dnaddress existing
barriers to their operation and development. Cresctoral needs assessments should guide the
elaboration of national capaciyuilding programmes for the energy sector. Suchiatives
should focus on establishing appropriate steeripgpcesses, institutionalising inteectoral
coordination mechanisms, and creating or strengtingn specialised renewable energy and
energy efficiency institutions. The transition to decarbonised energy system also requires
strategies that achieve bettesynergies between different stakeholders in trec®r. Targeted
capacitybuilding activities should be provided to stakeharsl including ministries in charge of
energy, renewable energy funds or facilities, regoty authorities, and electricity pragttion,
distribution and transmission companies.

The energy transition requires the implementationf appropriate economic policies

Reaping the full benefits of the energy transitimyuires aligning energy policies with a broader
set of economiolicies. These include policies related to labaud training, domestic value
creation and industry development (IRENA, 2013NKR&nd EM, 2014).

Labour and training policies will be key enablers

Jobs will be created in all segments of the valbaimr (construction, installation, feedstock
supply, manufacturing and operation and maintenanaed will form a global workforce with an
array of skills. Construction and installation @newable energy plants will be the largest
segment by employment numbers followed by feedstscipply (bioenergy), manufacturing and
operations, and maintenance. As in any industnjllsskequired for these jobs will vary by
technology, geography and segment of the value chiigure3.25 illustrates an example of

labour needs for a solar PV project (IRENA, fortting b).

Job creation in renewables and energy efficiendyofiset jobs losses in fossil fuel sectors only if
a skilled and versatile workforce can easily trandfom fossil fuelsectors to renewable and
energy efficiency jobs. Such a transfer could telprcome the skills gap that is already being
seen in the renewable energy sector in some coestrposing a key barrier for the development
of the industry.



© IRENAR017 Global Energy Transition Prospects and the Rol&ehewables

Forwardlooking policies have a major role to play in aip@éting skills gaps and labour shortages

in a timely manner. These policies should consideraspects. First, shortages of necessary skills

in the renewable energy sector could slow down faee of deployment. Secdneducation and

training policies should facilitate the retrainiraf workers from other industries in renewable

energy technologies. Furthermore, energy sectoatgtgy should take into account the evolution

of skill needs in the future in the context odipid technology changes, in particular to buiIW
manage and operate smart power systems (IRENA,)2013

Figure 325 {Workforce requirements for a 50AW solar PV plant

In addition to renewable energy technologpecific skills, training programmes should provide
skills that increase workers’ employment flexilyilitn many countries, the majority of renewable
energy jobs will be in installing, operating and imaining enewable energy production
facilities, rather than in manufacturing equipmeritherefore, workers need transferable skills
that allow them to be employed flexibly in line Withe evolution of technologies and the
automation of production. Therefore, it Wibe crucial to align education and training pigfc
with the respective support policies to allow adede planning for the longerm energy
transition.

Domestic value can be created through industrialljpies

The activity increase in sectors relatam needed technologies (e.g. renewables and EVd) an
other capital goods required for the transition gemetals and cement) will create new markets
and trade flows. There will be opportunities fof parts of the economy to take part, including
current fossil fuel exporters, who can embrace the energgnsition as a contribution to
economic diversification. Countries will have thggportunity to localise different segments of the
renewable energy value chain, depending on the etaind competitiveness folocal
complementary industries, as well as on the progectongterm demand for goods and services
(for which a stable enabling framework is key). S@agments, such as construction materials
and services, are more easily localised than othemsch asmanufacturing of advanced
components.

Countries may need active industrial policies tsune that suitable capacity is in place, a key
strategic consideration for the energy transiticBupplier development programmes, industrial
upgrades, cluster cultation, quality standards and specifications, argiring could contribute

to enhanced industrial competitiveness and prodantguality. Nascent industries can be further
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supported through measures that create demand focdl goods and services. Howeyvtrese
measures need to be planned with a target deadlemed designed in a way that ensures
technology transfer and leverages existing indastdapabilities. Policy makers should keep in
mind that these measures could increase the costugfply and ptentially deter some suppliers.

Scaling up investment towards decarbonisation

Page |17€

Targeted use of public funds to cover eastgage financing and to provide guarantees for sarhe
the investment risks associated with capital castsenewable energy and engy efficiency can
have a significant impact on the sector’s attraetiess to private investors.

To scale up investments, limited public funds ndedbe used in a way that maximises the
mobilisation of private finance, including from d@rscale institutional investors. This entails a
shift from traditional public financial instrumen{g.g grants and loans) towards risk mitigation
instruments such as guarantees that cover politi@irrency and powenpff-take risks. New
capitatmarket instruments, suchs green bonds and yieldcos, are increasing avaifaiance by
offering new groups of investors access to renewatahergy investment opportunities (IRENA,
2016j).

Human welfare benefits offset increased energy system st

The transition in the energsystem provides a unique opportunity to meet decamisation goals
while also fuelling economic growth, increasingomes and creating jobs. Looking forward,
systemlevel, adaptable frameworks that take into accouhe multiple impacts of renewable
energy and energy efficiency can tip the balance iraof lowcarbon investments.

Accelerating the decarbonisation of the energy systrequires continued focus on the mix of
policies covering energy, economic investment aachhology frameworks that ardriving the
transition. Accelerating the transition requires strategies thansider the synergies between
renewables and energy efficiency, and promotes dgpient across endise sectors.

Improved human welfare thanks to reduced pollution

IRENA analysishows that in the case of renewables, a quadruplaighe share of modern
renewable energy from 9% to 36% between 2015 an8026an create benefits in terms of
reduced climate change damage and reduced healitaitts from local air pollution that exceed
the cost by a factorfour to fifteen. Reductions in outdoor and indoor air pollution cba
contribute 40% to these benefits while 20% is rethto avoided CPemissions (IRENA, 2016c).
Indeed, the goal of reducing air pollution is cuntlg a fundamental driver of energy policy in a
number of G20 countries.

In the context of this study, IRENA has expande@iternality analysis to cover the period until
the end of 2050. Comparing costs and reduced exitias for 2050 shows the scale of the
savings from increased share of renewables andérigihares of energy efficiency combined
with other lowcarbon technologies. These technologies would gbsovide reductions in
externalities related to the impact of nemenewable energy use on human health and clienat
change. When these reduced externalities are caargid, total benefits would be between two
and sixtimes greater than the incremental system costsletarbonisation, which are estimated
to be USOL.8trillion per year worldwide in 2050F{gure3.26). In absolute terms, reduced
externalities can bring benefits of up to USDrillion annually by 2050. Outdoor air pollution is
a major externality, and it accounts for about twoZ]E + }( $Z]e $}S oX K & p S]}ve
important, but their relative importance depends dhe assumed social costs of carbon (here,
between USI30 and UB 110per tonne CQin 2050).
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However, there remain uncertainties in valuing extities. While developing policies to
internalise external costs, it will also be impartato enhance the understanding of these
uncertain external costs. The analysis in this repoerely refers to the impact of renewable
energy technologies (pathways with more efficierdnrrenewable energy uses, for example,
have not been considered).

On a sector level, the effect of implementing ddmamisation varies, but in all sectothere are Page [177
incremental system costs. The largest savings freduced externalities are found in the power

sector, mainly due to the drop in the use of co@itansport would see the secotighest
reduction in externalities, largely because of thigher assessment of air pollution costs
stemming from the combustion of fuels in urban eoviments. In buildings there are some
savings from C&related externalities, but overall there is a sligicrease in air pollution related
externalities as the share dfioenergy for heating increases as gas use decredsettal, if
quantifying the cost and reduced externalities ttiger, all sectors except buildings result in
moderate to significant savings when the energyteysis decarbonised.

Figure 326 {Costs and reduced externalities of decarbonisati®50

< C u - PBerefits from reduced externalities exceed the cesbf decarbonisation by a factor
between two and six in 2050. Health benefits froreauced air pollution health bbne exceed the costs.

The costs of decarbonisation are small comparacthfroved human welfare
through reduced externalities

A dramatic reduction in carbon emissions is notgiole without significant additional spending.
As noted above, additionalvestments needs on average amount to UBEB per year between
2015 and 2050.

When these investments are annualised, and any taathl operation & maintenance costs of
individual lowcarbon technologies are included, the portfolio ta#chnologies identied in
REmap requires incremental system costs on top hid Reference Case that amount to
USDL1.8trillion per year by 2050 globally. This assumes a crudericg of USIBO per barrel, and
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a discount rate of 10%. In the REmap analysis,e@tssions ee reduced by about 31.6t per
year in 2050 compared to the Reference Case. Taislates to a cost of USID per tonne of
CQ emissions eliminated.

Despite significant technological learning that heeduced, and will continue to reduce,
renewable enegy capital costs, some of the technologies will b&8 more expensive than their
non-renewable counterparts even by 2050. The incremésisstem costs of renewable energy
technologies are calculated to be U$Btrillion per year in 2050. This includes about
USD500billion per year in incremental system costs related to ttsts of integrating variable
renewable energy to the power system. It also idels the costs of grid integration measures
such as energy storage, flexibility from dispatdealpower, national T&D grids and
interconnectors, as well as curtailment. Howeves, BoxX3.12 explains, new technologies could
unleash new business opportunities and actually dpréavings. For instance, if there were no
costs asociated with integrating variable renewables tcetpower system, implementing the
electricity generation mix under REmap would resualsavings of up to USED0billion per year

in 2050. This is explained by the much lower vdeiaiosts (i.e. avoided spending on fossil fuels)
of generating electricity with solar, wind and otheenewables compared to nemnewable
technologies. Electrification in transport and hiegt'cooling also has incremental system costs,
as does CCS.

It is necessary to put these costs in the contexthe total CQ emissions that would be avoided
in 2050. This is indicated with the dotskigure3.27 that show the average cost of abatement
for each technology. The most expensive technolisgZCS foindustry, where the abatement
cost is USD20 per tonne of COEnergy efficiency measures, by comparison, hauehnower
costs: around USBB per tonne of CO Abatement costs of electrification (excluding any
investments associated with charging intrasture) and renewable energy are estimated at
USD22 and USD5 per tonne of CO

Figure 327 {Incremental system costs and the average cost oatment by technology, 2050

< C u <+ BVhén abatement cost is viewed in ternaf cost per tonne of Cg energy efficiency is the
most economically viable, followed by renewable ergy. The bulk of the system costs lie in renewables
and enduse sector electrification technologies.



© IRENAR017 Global Energy Transition Prospects and the Rol&ehewables

} /£ 1 X System integration costs of variable rem@&ble power

When assessing the cost of a power system that hdsgrated variable renewables, the
comparison is often made to the costs of a legamy-down power system, characterised by few
large dispatchable thermal generators, synchrongusinnected to the grid and often centralised.
In this power system, vertically integrated utéii with generation, transmission, distribution and
sales are the norm.

In contrast, variable renewables are more distribdit usually located where the resources aretbes
They are typically nesynchronous (i.econnected to the power system through powered
electronics), nordispatchable, connected to the distribution systeather than to the transmission
system, and owned by a variety of entities. Thipetyof power system thus has fundamentally
different characteristics. There are reductionssystem inertia and in the ability to provide fault
clearing short circuit current. The system requieefaster rate of change of frequency (RoCoF) and
an increase in reservelatation to compensate for generation forecast epamong other things.

Given the relative novelty of the technologies atitt processes to deliver such power system
services, the changes associated with variable wai#es can be considered sourcesagdfitional

or incremental cost, when compared to the extensioh conventional technology to maintain
traditional operational parameters.

However, it is very likely that innovation in teaiagy and institutional design will reduce the
additional or incemental cost of a system that can reliability operén a new, more dynamic and
decentralised environment, by reducing both the amo of services required and the cost of
providing them.

For example, the increasing use of ICT will enablaster market that is more responsive to the
balancing needs of a power system, with less iaeaind faster rates of change. Key technologies
and upgrades in this space include improvementgrid monitoring speed and the establishment of
standard communication protads over Power Line Communication. These advandésnake it
possible to create an “internet of energyh which aggregators will be able to compete inyiding
services to the grid through efficient use of distited resources such as rooftop PV, tidlsited
and fastresponding electricity and thermal storage, EVandad response and other sources that
have not yet been invented.

Such developments will significantly reduce the iiddal costs that are typically associated with
the deployment of vaable renewables. In theory, new business oppottiesi unleashed by new
market designs and ICT may mean that deployingWilREo longer be seen as a cost at all.

On the institutional side, as markets move towajdisit procurement of energy and servieeloser
and closer to real time, the forecast errors of VB&neration and the associated costs for
operational reserves decrease. As variable reneesgbiiemand response and energy storage are
allowed to compete in providing services to thedgrthe need to commit additional generation
units just to ensure that sufficient reserves areadable to compensate for (reduced) forecast
errors is reduced, as such services will be providgdan optimised mix of “always committed”
sources.

The potential for— and uncertainty around- the developments above make it very difficult to
estimate a realistic 2050 figure for the incrementzost of global power systems that have
successfully integrated variable renewables. The sif that potential, however, suggegtsgat most
estimates using the paradigm of the “old grid” diteely to be lower than predicted when compared
to real future costs. Examples around the world derstrate that markets with large shares of
variable renewables incurred significantly lessegiation costs than expected, as a result of
technology cost declines and the ability of markiet®xploit lowcostflexibility options.
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The abatement costs of individual technologies barranked to show their contributions to the
312 Gt of CQ emissions avoided in 2050 in the REmap analysispamd to the Reference
Case. The marginal abatement cost curve showRigure3.28 ranks the abatement costs and
the relative contributions of each technology aglabal evel**

The costs of emissions mitigation rise exponentiadith the emissions reduction percentage. The
total costs are largely determined by the tail erick. the last few percentages of emissions
reduction. At this moment, these costs are highhcertain. Figure3.28 starts with technologies
on the far left that result in savings and endstbe far right with technologies that cost more
than the fossil fuel equivalent they substitute faCosts of technologies range froms low as
USD-200 to as high as USID00O0 per tonne of COThe average cost of abatement is LE&Dper
tonne of CQ(and USA0/t CQ excluding grid integration costs).

Technologies that bring savings are mostly enefffjgiency measures. Those measuieslude
early replacement of condensing gas boilers for ewéspace heating, smart home systems,
efficient industrial motor systems, heat pumps, ssnmsulating measures and renewable
electricity generation technologies (excluding thed integration cots). These technologies
represent about 20% of the mix.

Other technologies cost more. When these technadegare ranked, the curve follows a flat line
until it reaches about USEB0 per tonne of CO

Many of the industry technologies come with additad costs, such as CCS, biombased
plastics and some biomass use process heatingahsport, advanced biofuels have high costs
compared to their petroleum equivalents at the cruail prices assumed in this analysis. In
buildings, tripleglazed windowsand some insulation measures for walls and doonhieavith
additional costs.

Technologies with much higher costs also includes¢hrelated to demolishing buildings before
the end of their normal life spans and replacingriwith new buildings, as indigal earlier in
the stranded asset discussion. However, such newefficient buildings offer benefits, such as
better comfort and welbeing, which have not been included in the estingatshown in
Figure3.28 If these werea be quantified, the costs of abatement would bgrsficantly lower.

The costsupply curve provides important information abouhigh technologies would require
policy support to improve their economic viabilifjhese technologies fall under the area cba
as “costs” inFigure3.28and they result in a total incremental system costUsD2.1 trillion per
year in 2050. To improve the economic viabilitytttése technologies, different measures need
to be implemented. One dhem is providing subsidies. Some improvements alilb happen by
learning investments and some will require correns to the market. One instrument to correct
for market distortions is a carbon price. Carborices are today typically used in the power
generation or the industry sectors. For instandeprie assumes a carbon price of URIper
tonne of CQ in 2050, all lowcarbon technologies for power generation covered thris
assessment reach cesbmpetitiveness. Technologies that remain more exgpee are typically
located in eneuse sectors.

If the same carbon price were applied for technadsgidentified for the industry sector, only
about half of them would be costompetitive. Likewise in buildings and transportamg
renewable energy technobies remain costly by 2050. In transport for im&te, national
emission policies and regulations are aimed at ltheal level (e.g. tighter emissions regulations
for internal combustion vehicles that encourage tgpnent of EVS) can improve the cost
competitiveness of some costly technologies. Marketrimsients, such as correcting for harmful

102 Eacluot on the figure refers to a lowarbon technology (e.g. biomabased boilers to generate industrial process heat).
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effects of fossil fuels from air pollution exteriteds that are not priced, are also important

(similar to a carbon price). Subsidies may be nemgsfor some building sector technologies, as
their upfront costs to households are significafihe various required subsidies in different
sectors would add up to about USDObillion per year.

Figure 328 {Marginal abatement cost curve foolv-carbon technologies beyond the Reference Case,
2050

Notes: Each dor on the figure refers to a loarbon technology (e.g. biomabsased biolers to generate industrial process heat).
Prices: Crude oil USED/bbl; coal USB0/tonne; natural gasdJSD11/MBtu. Discount rate: 10%. Grid integration coefsrenewable
energy are excluded from the figure.

< C u << POnéfifth of the carbon emissions reductions can be aeted without any additional
costs. Average cost of abatement is USMIt CQ, with the marginal cost to reach the ®2C target
estimated to be USI250/t CQ. Costs rise steeply beyond 32 per year in avoided emissions of €O
compared to the Reference Case.

The marginal abatement cesupply curve presented iRigure 3.28epresents just one possible
mix of technologies. There are many other possitiedels and scenarios. So it would be
beneficial to compare the technology and cost firgh with the outcomes of other studies.
Alternative portfolios also ecabe generated based on different views of the paeters that
constitute a decarbonisation of the global energgtor.

With any given mix of technologies, such as thaivah in Figure3.28 decision makers will be
tempted to pick lowcost options, from the left end of the curve, amalgkip highcost options on
the right side. But the figure gives a global pedpve, and not all options are available
everywhere. To the right of the cost curve, someheology options havkigher costs. This does
not, however, mean that the potential for loaost technologies has been exhausted, or that only
technologies with high costs remain for implemembat Therefore, the cost curve should not be
misinterpreted as a series of steps from left tght, in order of costs that can be chosen in
isolation; rather, there are interactions, and aflthese options need to be exercised together to
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achieve this level of costs and the indicated reabie energy shares. For instance, some options
produce savings or improvements in efficiency thalp reduce the costs of more expensive
options.

While this cossupply curve is static, the energy system in gehé instance, the process of
meeting electricity or heat demand) is dynamic. Egample, there are institutional barriers or
transaction costs along with technology costs. hpooating these could change the ranking of
technologies. The position of individual technoksgion the cost curve can also change,
depending on taxes, subsidies damxternal effects. Macroeconomic effects can chanpe
ranking as well. The focus on the cheapest ind&idytions will not result in the least expensive
overall transition. Instead, a holistic approachrégjuired. Only when all of these options are
pursued simultaneously can the energy sector be deamaised.

Key sensitivities and robustness of the findings

This analysis outlines a path for limiting glokehperature change by 2100 tdQ with a 66%

probability of meeting the target. But there still a oneout-of-three chance that temperatures
will rise more than ZC even with this ambitious emissions reduction pah a result, there is no
room for complacency. Policy makers would be wellised to aim for even more ambitious
reductions, espeally given the limited success of efforts in thstlthree decades.

The pathway presented in this analysis is consisteitih a temperature limit of 2C (with 66%
chance) if:

x Energyrelated CQ emissions follow the designated path until 2050 athén drq to
zero by 2060, and remain at zero thereafter.

x Procesgelated CQemissions (that today amount to@t per year) drop and cumulative
process emissions from 20300 remain below 6Gt. This implies a very significant
effort to reduce process emissiorfsom cement production, where no immediate
solution is available.

x Land use, landise change and forestry (LULUCF) net emissionthdqueriod 20152100
amount to zero. Today these areas are major souofeéSHG emissions. These emissions
need to drop ovetime and turn negative in the seco#lf of the century. That means
massive reforestation, restoration of peat bogs arher restoration measures.

x Reduction of energyelated CQ emissions must be supplemented with a substantial
reduction of all other forms of anthropogenic Gld@issions.

x Modern energy access puts emphasis on renewablegynsolutions.

Although the LULUCF and most other #{©&@ GHGof emissions are outside the scope of
traditional energy policy, they will still need lmensidered in tb context of decarbonising the
energy sector. For example, lande changes will be needed to increase the capdoitywind
and solar PV. Moreover, many of these measures dimé reducing emissions, such as
reforestation, can take decades to show an effe and they may turn out to be ineffective. If
that is true, the emissions that might have beefoakd because of the expectation of future
reductions from these measures could not be revets@s a result, there is a risk that the
ambitious energy trasition outlined in this analysis will not limitrolate change to C, even if it
is implemented successfully.

In addition, this chapter proposes only one pathwaydecarbonise the energy sector. There are
uncertainties around realising this foreseen poteht and alternative pathways should be
sought. Therefore as a last step, this study comgllica sensitivity analysis for some of the
technology and the key economic parameters ($able3.4).
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Incremental system costs are sensitive to energggs; discount rates and the capital costs of
technologies. Fossil fuel prices are the most intgat; followed by finance costs and technology
costs. These finance parameters are more or lesgkyimportant in terms of Cemissios: a
change of +/ 30% from the default value will result in a changle+/- 10% in avoided GO
emissions.

If a crude oil price of USED per barrel instead of USED is assumed, G@missions would be 4Page |183
Gt per yearhigherin 2050. As a result, realising théC2target will require additional carbon

pricing. Lower prices for natural gas and coal wwduhve comparable effects. Similarly, higher
discount rates or a slower decline than anticipatéd the capital costs of cleaenergy
technologies would make it much harder to meet theget.

The analysis is much less sensitive when it comebd assumptions on energy efficiency and
bioenergy. If improvements in energy intensity éwever than expected or the biomass supgy
smaller by 2050, the changes in results are ndiégiThe reason is that other legarbon
technologies with similar or slightly higher costsabatement can fill any gaps to meet the same
emissions budget.

d o i>)Ran@es used for sensitivity ahsis of the key parameters and findings

Analysed impacts

Nominal Sensitivity Incremental system costs Avoided CO2 emissions in
omina ;
T (nominal in 2050 2050
VE)) (USD billion/ yr) (Gt CO2/ yr)
Default High Low Default High
See table 105-55
Fossil fuel prices* USD/barrel 1.8 -0.3 3.8 31.2 335 28.3
31
(80)
. See table 7-13%
*
Cost of finance 31 (10%) 1.8 2.6 1.0 31.2 29.2 32.9
Renewable energy See:
(IRENA, +/ - 30% 1.8 3.1 04 31.2 28.0 334
*
technology costs 20161)
Incremental system costs Additional investments in
in 2050 2015- 2050
(USD billion/ yr) (USD trillion)
Default High Low Default High Low
Energy intensity
improvement 2.60% 2% 1.8 - 2.0 39 - 41.5
rates**
Biomass supply 150 EJ 100 EJ 18 - 1.8 39 - 395

potential**

Notes: *Impactson incremental system costs in 2050 and, €@issions reductions were estimated, assuming @St CQ as cut
off criteria for abatement costs.

** Impacts onincremental system costs in 2050 and additionale8tient needs in 20322050 are measured, assuming the
deployment of lowcarbon technology options other than the tested eology to fulfil the same carbon budget.

A sensitivity analysis has also been done in theragmnomic analysis on the critical issue of
crowding out of capital. The investment requiremgnfor a capitalntensive decarbonisation
based on renewables and energy efficiency couldlacsp(i.e. “crowd out”) capital that would
normally be available to other productive sectansyving a depressing effect on the economy. If
that occurs, the overall GDP increase driven byadmanisation could be significantly reduced or
even turned negative (IRENA, 2016h). This is tee,dar instance, ithe displaced investments
have a larger multiplier effect in the economy th#éime ones driven by decarbonisation (e.g.
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because the needed goods are produced domestiaaljead of imported), or if they reduce
potential GDP growth (e.g. a reduction in puative capacity like railways or factories).

To take this effect into account, our analysis ases partial crowding out of capital in the central
case presented above, while a sensitivity analysissisting of two additional model runs has
been done with full and null crowding out. The ritsware shown irfFigure3.29and highlight the
same policy conclusion as IRENA’s analysis in Zb&6energy transition raises GDP significantly
compared to the Reference Case as longhasrequired investments do not fully compete with
investments elsewhere in the economy. If there igls competition, the increase in GDP is
smaller, but still positive. In other words, in therst-case scenario, GDP impacts are small, and
if finance isavailable, GDP impacts are more positive.

Figure 329 {Global GDP impacts in different capital crowdingtatases

Notes: Partial crowding out is modelled by forcing sasirio be at least 50% of investment. Full crowdingimposes savings to be
equal to investment. Null crowding out does not inge any relation between savings and investment.

< C u << M tHe worstcase scenario (full crowding out of capital), GDRpiacts are small; otherwise
(if dedicated finance is avtable), GDP impacts are more positive

The question of whether capital crowding out occurgeality is a difficult one to address, and it
is not something that can easily be tested. Diffareschools of economic thought suggest
different outcomes and all macroeconomic modelliegercises must make assumptions about
the degree of crowding out. It is important for theeader to be aware of this issue when
interpreting results-this is an important difference between this anasyand the one carried out
in the forthcoming OECB20report (OECD, forthcoming).
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The modelling assumptions relate to the balancewss#n investment and savings in the
economy'® The difference between the schools of thought isahthis balance (which is an
accounting identity) is maintained. In strict netassical economics, the approach is relatively
basic: if investment is to increase (at least at thebal level), then therenust be an increase in

savings to fund it. More savings mean lower expamds on current consumption, and therefore

lower GDP. In contrast, pekeynesian economics includes the banking systemalas—Page|185

intermediary. So when a bank advances a loan eiaters both a liability to the company getting
the loan and an asset on its own balance sheet. Gdlance between investments and savings is
thus maintained, but the resulting increase in mgnsupply allows for additional investment
without forcing higher viumes of saving elsewhere in the economy.

103 In economicterminology, both terms are differeanwhich can be confusing talay reader who is used to thinkgnin
terms of personal finance, wherein putting moneyarbank account can be considered an investmentjenh economic
terminology it is a saving.
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Chapter 4: Key insights for policy makers

Authors: International Energy Agency and InternagioRenewable Energy Agency

1. Transformation of the energy system in line with theell below 2°C” objective of the Paris
Agreement is technically possitidet will require significant policy reforms, aggressive carb Page [191
pricing and additional technological inration. Around 70%of the global energy supply mix
in 2050 would need to be lowarbon. The largest shard the emissiongeduction potential
up to 2050 comes from renewables and energy efficie but all lowcarbon technologies
(including nuclear and daon capture and storage [CCS]) play a role.

2. The energy transition will require significant aifefial policy interventions.

x Renewables will assume a dominant role in poweregation. Skiful integration of
variable renewables at very high levels become®w fillar of a coseffective energy
sector transition.

x Power market reform will be essential to ensure ttttze flexibility needs of rising shares
of variable renewables can be accommodated

x Ensuring access to modern energy services for tlooseently deprived remains high
priority, alongside improved air quality through mleyment of clean energy
technologies

3. Total investment in energy supply would not needite over today’s level to achieve climate
targets, while there is significaatdditional investment neeeldin enduse sectors.

x Investment needs in energy supply would not exctellevel of investment undertaken
by the energy sector today. It requires appropriated significant policy signals to ensure
that investment in lowcarban technologies compatible with the “well below 2°C”
objective becomes the markeiorm.

x The additional investment need#& industry and householdsor more efficient
appliances, building renovatisn renewables and electrification (includinglectric
vehicles and heat pumps) are significant. In order for enempnsumersto reap the
potential benefitsof lower energy expenditureffered by the use oinmore efficient
technologies, policy would need to ensure ththe higher upfront investment needs
could bemobilised.

4. Fossifuels are still needed through 2050.

x Among fossil fuel types, the use of coal would iecthe most to meet climate targets.

x Natural gas would continue to play an important ratethe energy transition to ensure
system flexibility inthe power sector and to substitute for fuelsith higher carbon
emissiondor heating purposes and in transport.

x The use of oil would fall as is replaced by less carbentensive sources, but its
substitution is challenging in several sectors hsas pérochemicals.

x CCS plays an important role in the power and inqusectors in the IEA analysihile
only in the industry sector in the IRENA analysis.

5. A damatic energy sector transition would require stiya longterm price signals to be
economically efficient, to allow timely adoption fwfw-carbon technologies and to minigei
the amount of stranded energy assets. Delayed actimuld increase stranded assets and
investment needs significantly.

6. Renewable energy and energy efficiency are esskefatiaall countries for a successful global
low-carbon transition but they will need to be complemented by other laarbon
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technologies according to each country’s circums&s) including energy sector potentials
and policy and technology priorities.

7. The energ sector transition would need to spdoth the power and enelise sectors.

x Electric vehicles wouldccount for adominant share of passenger and freigidad
transport.

x Renewables deployment would need to move beyond plogver sector into heasupply
and transport.

x Affordable, reliable and sustainable bioenergy dyppould bea priority especially in
light of limitedsubstitutionoptions inparticularend-use sectors

8. Technology innovation lies at the core of the ldagn transition to a sustainablenergy
sector.

x Nearterm, scaledup research, development, demonstration and deployment
(RDD&Dgpending for technological innovation would hetp ensurethe availability of
crucial technologies ant further bring down their costs

x Not all of the neededemission reductions can be achieved with existiaghhology
alone. Additional lowcarbon technologies that are not yet available toetmarket at
significant scale, such as electric trucks or battestorage will be required to
complement existing optics

x Technolog innovation must be complemented witbupportive policy and regulatory
designs, new business models and affordable fimapci

9. Stronger price signals from phasing out inefficiéossil fuel subsidies and carbon pricing
would helpto provide alevel playing field, but would need to be complentesh by other
measures taneet thewell below 2°Mbijective

x Price signals are critical for the energy sector nswee climate considerations are &k
into account in investment decisions.

x It is impatant to ensure that theenergyneeds of the pooresinembers of societyre
considered and adequatetgkeninto account.

10.The IEA and IRENA analygezssented herdind that the energy sector transition could bring
about important cebenefits, such asessair pollution, lower fossiffuel bills for importing
countries and lower household energy expenditur@ath analyses also show that while
overall energy investment requirements are substahtihe incremental needs associated
with the transition to a lowcarbon energy sector amount to a small sharewairld gross
domestic product GDB. According to IEA, additional investment needsoamsded with the
transition would not exceed 0.3% of global GDPOBR®* According to IRENA, the additional
investment required would be 0.4% of global GDP in 2050 with net positive impawh
employment and economic growth.

104 The Qganisation for Economic @iperation and Development (BCD analysis of howthe IEA scenarios play out in the
broader macroeconomic policy context will peesented in a forthcoming publication titlddvesting in Climate, Investing in
Growth
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Annex A: IEA Methodology

Author: International Energy Agency

World Energy Model Page |193

Since 1993, thdEAhas provided mediumto longterm energy projectionaising the World
Energy Model (WEM). The model is a lasgale simulation model designed to replicate how
energy markets function and is the principal toskd to generate detailed sectdy-sector and
regionby-region projections for the World Energy OutlooKWEQ scenarios®™ The model
consists of three main modules: final energy conption (covering residentialservices,
agriculture, industry, transport and neenergy use); energy transformatiancluding power
generation and heat, refinery and other transforriwat; and energy supplyt is updated every
year. Among the mainuiputs from the modelare theenergy flows by fuel, investment needs
and costscarbon dioxide ©Q) and other energyrelated greenhouse gas (GH&pissionsand
enduser pries. While the general model framework covers 25 worlelgions, individual
countries are also modelled, depending on the sfieanodule of the WEM: 12 in demand; 101 in
oil and gas supply; and 19 in cosdipply. The current version of WEM covers energy
developments by year to 2040. For the specific g of this study, a higlevel extension of
WEM results out to 2050 was conducted, benchmarkgdinst outputs from the IEEnergy
Technology Perspectiv@sTH model ! Therefore, results for the period 2040-50 do neflect a
full modelling analysis.

The WEM is a very datich model covering the whole global energy systé&uch of the data
on energy supply, transformation and demand, as wvasllenergy pdes are obtained from IEA
databases of energy and economic statistfésSubstantial additional data are used to generate
projections: for example, all engse sector modules base their projections on théstxg stock
of energy infrastructure, includinghé number of vehicles in transport (by type), pratan
capacity in industry and floor space area in buiigi. Such data stem from a variety of sourt®s.

The model embodies a variety of modelling technigiju€echnology choices, for example, are
generallyconducted on a leastost basis, while taking into account policy tasy€ior example,
including energy efficiency and renewables policiesd climate goals). Technology cost
evolutions are a function of cumulative technologgditions, using typical learning rates from
literature. Technology cost reductions vary by srém as different levels of policy ambition
trigger different levels of technology deploymentdy hence, different levels of cost reductions.

The model operates in three stepf#st, final energy demand projections are generated bglfu
and enduse sector, based on projections of sec$pecific activity variabledrivers (such asteel
production in industry, household size in dwellingsr passengerand tonneskilometres
travelledin transport), taking into account expected changeslemand structures. Each ende
sector is split into subsectorS] which are generally modelled bottomp with a detailed

105 For further details on the WEM methodology, see the “WEO Modsdttion of the World Energy Outlook website:
www.worldenergyputlook.org.

106 For detailsabout theETPmodel, see www.iea.org/etp/etpmodel/.
107 See wwwiea.org/statistics.
108For furtherdetails, see the “W& Model” section of the World Energy Outlook websitevw.worldenergyoutlook.org.

109 For examplethe industry module comprises the ssbctors aluminium, iron and steel, chemical andrpethemical,
cement, pulp and paper, and other industry. Thensport module covers road transport (passenger caasious truck types,
buses and twdthree-wheelers), aviation, rail and navigation. The binigg module separately covers a number of -@3gs
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representation of technologies that could be demdyto satisfy the energy demd. An
additional demanekide response module assesses the amount of e@gtrdemand that could
potentially be shifted in time to facilitate highgrenetration of variable renewables in power
generation.

In asecondstep, final energy demand is converted to primanersy demand by fuel through
transformation modules. The refinery module, foraexple, projects capacity development and
utilisation for 134 individual countries and 11 iegs and defines refinery yieldsutput and
trade for the product categories of liquefied peleom gas, naphtha, gasoline, kerosene, diesel,
heavy fuel oil and other product3he power sectomodule covers 25 regions and ensures that
enough electricity is generated to meet the annwalume of demand in each region and that
there is enough generating capacity in each regimmmeet the peak electrical demand, while
safeguarding security of supply to cover unforeseeiages. Policies as well as the regional {ong
run marginal costs of 106 different power plant ggpdetermine new capacity additions in each
region. The eventual annual level of operation lmyvpr plant by region is determined by two
modules: a classical merit order module determirgedeastcost power mix for each year,
differentiating annual electricity demand in four difent segments (baseload, lemidload,
highrmidload and peak load). For selected regions, aditamhal hourly model (designed as a
classical hourly dispatch model, representing evieoyr of the year) quantifies the challenge
arising from the integration of high shares of ahle renewables and assesses the measures to
minimise curtailment, providing additional insighitdo the operation of power systems.

In athird step, primary energy demand by fuel fied into the fossil fuel and biomass supply
modules, iterating with demand modules over fuelicer assumptions until the level of fuel
production from supply models matches demand. Thpply models broadly follow a similar
methodology across fuels. Indhoil supply module, for example, production in kBammuntry or
group of countries is separately derived, accordimghe type of asset in which investments are
made: existing fields, new fields and roonventional projects. Standard production profil®
applied to derive the production trend for existifiglds and for those new fields (by country and
type of field) which are brought into production &vthe projection period. The profitability of
each type of project is based on the capital anémpng costs of different types of projects, and
the discount rate, representing the cost of capitihe net present value of the cash flows of
each type of project is derived from a standard gwotion profile. Projects are prioritised by
their net presentvalue and the most potentially profitable projecase developed. Constraints,
derived from historical data and industry input$) bow fast projects can be developed and how
fast production can increase in a given country als® applied.

In order to akrive insights into other aspects of possible f@twnergy sector developments, the
WEM benefits from the coupling with other wédhown models. For example, WEM has an active
link with the ENM.inkages model of the Organisation for Economico@aration and
Development (OECD), which allows the assessmetiiteofnacreeconomic impacts of different
energy sector developments® Similarly, an active link exists with tttee Greenhouse Gas and
Air Pollution Interactions and Synergies (GAINSJehof the Intenational Institute for Applied

for the residential and services sector includingtev heating, space heating and cooling, applian@eg. refrigerators and
washing machines), lighting and cooking.

110The assessmemf the possible macroeconomic implications of diffiet energy sector pathways as projected by WEM is
not subject to this report, but will be subject sostudy currently undertaken by the OECD under teen@an G20 presidency.
The results of the OECD analysis are not presenéed. For details on ENMnkages, see Chateau, J., R. Dellink and E. Lanzi
(2014), “An Overview of the OECD HNWages Model: Version 3", OECD Environment WorRiagers, No. 65, OECD
Publishing, Paris, http://dx.doi.org/10.1787/5jz2@b2vden.
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Systems Analysis (IIASA)which allows for the assessment of future prospefits energy
related air pollutants and the impact on human Heal
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111Seewww.iiasa.ac.at/web/home/research/modelsData/GAIGHINS.en.html for details.
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Annex B: IRENA Methodology

Author:International Renewable Energy Agency
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IRENA has published renewableergy roadmaps for specific countries and regisinse 2014 as
part of its REmap programni&’ REmap scenarios represent worldwide renewable eperg
potential assembled from the bottorap, starting with separate country analyses done in
collaboration with ountry experts and then aggregating these resultsarrive at a global
picture. As of early 2017, these analyses covecdibntries, representing 90% of global energy
use.

The REmap approach is an assessment of energymsyleelopment, specifically engy supply
and demand, the accelerated potential of decarbatitsn technologies, and subsequent effects
on costs, externalities, investments, £¥nissions and air pollution.

The analysis is based on a sector and technologitmtip approach at the individual country
level utilising an internally developed REmap tddiis tool is used to analyse two scenarios:

a) The Reference Case (also called the baselinesindssasusual), which is based on national
energy plans or similar reputable sources tHatecast expected developments in energy
demand for a country.

b) The REmap Case (also called the decarbonisaties),cis an accelerated renewables case
based on decarbonisation targets and the REmaprteldgy options assessment approach.

The assessment of both the Reference Case and RElaap is referred to as the REmap
approach, while the additional potentials for aceedting renewable energy, energy efficiency
and other decarbonisation options are generallyereéd to as the REmap Options.

For the purpose of this analysis, the botteap approach using the REmap tool for each country
is complemented with a topgown global demand assessment done at the sectal subsector
levels. A combination of both an iterative botteap country approach andop-down sector
approach allows for a better representation of cagnplans in energy use forecasts, in addition
to a more cohesive global set of technology develept assumptions and costs relating to
decarbonisation technologies.

To do the topdown asessment, energy demand by energy carrier is groupén three enduse
demand sectors: buildings (including residentialmemercial and public), industry (including
agriculture) and transport. Two supply sectors aso analysed: power and district heat
generation. The REmap scenario has a preference for renewahkrgy, energy efficiency
technologies and sectaroupling solutions, such as electric vehicles, distréating and cooling,
and heat pumps, over other decarbonisation appraselsuch as carboocapture and storage
(CCS) and nuclear energy, though these optionslameincluded.

The enduse analysis is carried out at a ssdxtor level. Activity level growth rates were
estimated for the period between 2015 and 2050. litanduse sector is dividkinto the main
energy consuming applications. To assess the patefar both energy and materials efficiency,
the analysis looks at technology options for redigcenergy use for a given level of activity. The
technology potential of renewable energydtso analysed at the stdector level. The potential

112 For a complete overview of REmap atéd publications, assessments, datasheets and woulogies, see
www.irena.org/remap
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of the relevant lowcarbon technologies for each application is estindateased on market
growth rates, resource availability and other caastts.

To assess interactions between the demand and supettors, specifically the power sector,
additional analysis was carried out. For Europeainkl countries, the PLEXOS dispatch model
was used to model capacity requirements in a highekgables scenario (Collins et al.180
IRENA, 2017bJor other large regions/countries, the analysBeas on studies and modelling by
other institutions(NREL, 201 ZNREC, 2015)

Based on the results of the two scenarios, addiloassessments were carried out. The,CO
emissions have been estimatedr footh the Reference and Remap scenarios by cousegtor
and fuel for 2015 and 2050. In addition, the effech air pollution, and the subsequent benefits
for human health, are calculated using a methodeleped by IRENA with leading expertsThe
REnap tool also includes a cost and investment assesshf and an analysis concerning
stranded assetRENA, 2017c)

A complete overview of the REmap methodology usedhis report, including assumptions
used to arrive at the decarbonisation potential,aigailable in atandalone methodology paper
(IRENA, 2017a)

The E3MEpproach formacroeconomicnalysis

The REmap approach does not assess larger, macroeuo effects. For this purpose, IRENA has
conducted an additional macroeconomic modelling rexse. It is carried out by feeding the
REmap energy mixes developed for this report intéuldy-fledged global macr@conometric
model that takes into account the linkages betweémre energy system and the world's
economies within a single and consistent quantitatiramework.

The model used, E3ME covers the complete global economy and is therefoomplementary

to REmap, which focuses only on the energy se&8ME simulates the economy based on post
Keynesian principles, in which behavioural parametare estimated from historical time series
data. Interactions across sectors are based on tilpiput relations obtained from national
economic statistics. The model is flexible and bartailored to different technological, sectoral
and geographical disaggregation. The version usetlides 24 different electricity generation
technologies, 44 economisectors and 58ountries/regions globally, which have been seléecte
to be consistent with the REmap G20 analysis.

The model has a proven track record of policy amdicg-relevant projects. Those projects
include the impact assessments for energy anchate policy carried out by the European
Commission; contributions to the Intergovernmenidnel on Climate Change on the economic
impacts of climate change mitigation; participatiém intermodel comparison exercises in the
context of climate change nigtation, both global and regional (e.g. in Latine&ita); and work
on the macroeconomic impacts of energy policy ipafaand in India. In the academic sphere,
close to 50scientific journal and book publications have usleel E3ME model.

The basic strucire of the version of E3ME used is illustrated igufe B.1. A full description of
the energy sector of each country, derived from REmap analysis, has been fed into the model
(right-hand side of the figure). The ldfland side shows how the main commmts of E3ME fit
together, with arrows showing linkages. For the poses of this analysis, the links feeding into

113For detailson the methodology, seRENA, 2016b)
114 For thecomplete cost methodology, s€ERENA, 2014).
115Developedoy Cambridge Econometrics and with a full desaiptt: www.e3me.com.
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the energy system have been disabled (dotted greypws in the figure) to match and fix the
energy sector parameters (e.g. installed capesj energy mixes) obtained from REmap.

Figure Bl {IRENA’'s macroeconomic analysis methodology: REnesplts feeding into the E3SME model

Page |199

In order to strengthen the analysis, IRENA engagéthi a panel of severinternationally
renowned experts, independent from the modellingate. The experts were strategically
selected from diverse countries (Brazil, China, Gayn India, United Arab Emirates, United
Kingdom and United States) and from varied backgdsy (someare experts in fundamentally
different modelling approaches, such as computatpmeral equilibrium models [so they can
bring different perspectivds All the experts were requested to critically assethe key
assumptions and approach of the analysisaireview that took place in December 2016. Close
350 comments were received. Those comments havenldeeorporated into the macroeconomic
analysis and will also inform future work by IRENA.

Compared to the Reference Case, the macroeconomalyais assumes lower future
international fossil fuel prices than the REmap eéCaghe values used are, respectively, in line
with the New Policies Scenario and the 450 Scenafithe World Energy Outlook 201@EA,
2016) Carbon prices are usexhd areset consistently with these scenarios (in termsvafue,
and geographical and sectoral application). Thelysig assumes that carbon pricing is revenue
neutral for the governmenthy using the proceeds to reduce income taxes, $ord of “green tax
reform”.

Importantly, a sensitivity analysis has been carwait for the key assumption of crowding out of
capital. This is one of the key differences betwgestKeynesian and nedassical approaches
to macroeconomic modelling, and is expected to haveaningful effects on the results. Such
expectation is grounded on an extensive expert cdtasion and on previous IRENA analyses
with EBME. While the analysis assumes partial ciogvdut in the central case, two additional
model runs have been done with total and null cromgl out. Further methodological details,
from previous IRENA work using E3ME, can be fauftkhewable Energy Benefits: Measuring
the EconomicRENA, 2016a)
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